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MiRNAs as regulators of gene expression modulate development and energy

metabolism of skeletal muscle

It is important to understand the molecular networks affecting biological properties of
muscle in order to improve the efficiency of meat production and meat quality in
domestic animals. The discovery of miRNA represents an important breakthrough in
biology in recent years. MiRNA function identification has become one of the active
research fields in muscle biology addressing muscle development, growth and
metabolism. This thesis aims at the identification of miRNAs differentially expressed in
skeletal muscle at various developmental stages and in pig breeds differing in
muscularity. Moreover, links between miRNAs and mRNAs should be shown in order
to address biofunctions affected by miRNAs in muscle. Finally, miRNAs impacted on
muscle metabolism should be validated exemplarity by in vitro cell culture experimants.
The first approach demonstrates the comprehensive miRNA expression profiles of
longissimus dorsi (LD) during muscle development and growth. A comparative study
on two distinct phenotypic pigs were performed using miRNA custom designed arrays.
Two different key stages 63 and 91 days post-conception (dpc), and one adult stage
(180 days post-natum) were analysed in German Landrace (DL) and Pietrain (Pi)
breeds. Several potential candidate miRNAs are significantly up-regulated and
associated with muscular developmental stages and breed types. The Affymetrix
GeneChip porcine genome microarrays were also used to obtain the differential
transcriptional profile of mRNA targets of the same animals. The combination of
miRNA-mMRNA expression data and Ingenuity Pathway Analysis established complex
miRNA-dependent regulatory networks. A number of miIRNA-mRNA interactions,
that were associated to cellular growth and proliferation and lipid-metabolism
functions, revealed insights into their role during skeletal muscle development and
growth.

The second approach involves in muscle growth in post mortem pig traits (crossbred
[PIx(DLXDE)] population, n = 207). The experiment integrated miRNA and mRNA
expression together with network analysis by using weighted gene co-expression
network analysis (WGCNA). In this part, we identified the negative miRNA-mRNA co-

expression networks which revealed several biological pathways underlying the



difference of meat properties and muscle traits (i.e. glucose metabolic process,
mitochondrial ribosome and oxidative phosphorylation).

In the last approach, C2C12 in vitro model studies revealed that miRNAs are modulated
in cellular ATP production and energy metabolism processes during myogenic
differentiation. Correlation analyses were performed between ATP level, miRNA and
MRNA microarray expression profiles during C2C12 differentiation. Among 14
significant miRNAs as representing cellular ATP regulators involved in mitochondrial
energy metabolism, miR-423-3p is a novel regulator for cellular ATP/ energy
metabolism via targeting the group of mitochondrial energy metabolism genes (Cox6az2,
Ndufb7, and Ndufs5).

In conclusion, the present study further adds a comprehensive knowledge on the
systems perspective of the skeletal muscle miRNAs and their target genes regulation
networks that influence on skeletal muscle starting from early muscle development to

mature muscle growth.
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MiRNAs regulieren die Genexpression und modulieren die Entwicklung und den

Energiestoffwechsel der Skelettmuskulatur.

Das Verstandnis von molekularen Netzwerken mit Einfluss auf die biologischen
Eigenschaften des Muskels ist notwendig, um die Effizienz der Fleischproduktion und
die Fleischqualitidt in Nutztieren zu verbessern. Die Erforschung von miRNAs stellt
einen entscheidenden Durchbruch in der Biologie in den letzten Jahren dar. Die
Identifizierung von miRNA-Funktionen wurde seit dem eines der aufstrebenden
Forschungsschwerpunkte in der Muskelbiologie mit Bezug auf Muskelentwicklung, -
wachstum und -stoffwechsel. Das Ziel dieser Dissertation ist die Identifizierung von
miRNAs mit differenzieller Expression in der Skelettmuskulatur im Hinblick auf
verschiedene Entwicklungsstadien und Schweinerassen mit unterschiedlichem
Muskelansatz. Im Weiteren soll die Verkniupfung von miRNA- und mRNA-
Datensétzen helfen, durch miRNA beeinflusste Biofunktionen im Muskel zu benennen.
Abschlielend sollen exemplarisch einige miRNAs mit Einfluss auf den
Muskelmetabolismus durch in vitro Zellkulturstudien validiert werden.

Der erste Forschungsansatz lieferte umfassende miRNA-Expressionsprofile des
longissimus dorsi (LD) wahrend der Muskelentwicklung und des Wachstums. Dazu
wurden Schweine mit unterschiedlicher phanotypischer Ausprdgung unter der
Verwendung von spezifisch gefertigten miRNA-Arrays vergleichend analysiert. Tiere
der Deutschen Landrasse (DL) und der Rasse Pietrain (Pi) wurden zu zwei wesentlichen
pranatalen Entwicklungszeitpunkten (am 63 und 91 Tag nach Empfangnis) sowie im
adulten Stadium (180 Tage nach Geburt) untersucht. Fur zahlreiche potentielle
Kandidaten-miRNAs konnte gezeigt werden, dass diese signifikant hochreguliert sind
und Assoziationen zu muskuldren Entwicklungsstadien und der Rasse aufzeigten.
Zusétzlich wurden porcine Genommikroarrays (Affymetrix GeneChip) verwendet um
Profile der differentiell exprimierten mRNA-targets im gleichen Tier zu untersuchen.
Durch die Kombination von miRNA- und mRNA-Expressionsdaten gekoppelt mit
Ergebnissen aus der Analyse von regulierten Signalwegen (Ingenuity pathway analysis)
konnte ein Komplex aus miRNA-abhangigen regulatorischen Netzwerken etabliert
werden. Zahlreiche miRNA-mRNA-Interaktionen im Zusammenhang mit Funktionen

des zelluldaren Wachstums, der Proliferation und des Fettstoffwechsels, ermdglichten
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Einblicke in die Funktion dieser Wechselwirkungen wahrend der Entwicklung und des
Wachstums der Skelettmuskulatur.

Der zweite Forschungsansatz beriicksichtigt das Muskelwachstum in relevanten post
mortem Merkmalen (Kreuzungsrasse [Pi x (DLxDE)], n=207). Fur diesen Ansatz
wurden die Expressionsdaten der miRNA- und mRNA-Analysen in einem Ko-
Expressionsnetzwerk integriert. Dabei wurden die Wechselwirkungen zwischen
verschiedenen Komponenten berlcksichtigt und gewichtet. Negative miRNA-mRNA.-
Ko-Expressionsnetzwerke konnten identifiziert werden. Diese deuten auf biologisch
relevante Signalwegen hin, welche mit unterschiedlichen Auspragungen der
Fleischeigenschaften und Merkmalen der Muskulatur in Zusammenhang stehen (z.B.
Prozesse des Glucosemetabolismus, mitochondriale Ribosomen und oxidative
Phosphorylierung).

Im abschlieBenden Forschungsansatz konnte durch Analysen des C2C12-
Muskelzellmodells gezeigt werden, dass miRNAs im Zusammenhang mit der zelluléren
ATP-Produktion und mit Prozessen des Energiemetabolismus im Rahmen der
myogenen Differenzierung reguliert werden. Dazu wurden zum Zeitpunkt der C2C12-
Zelldifferenzierung ermittelte ATP-Gehalte und miRNA- und mRNA-Mikroarray-
Expressionsprofile miteinander verknipft. Unter den 14 miRNAs, die als zellulére
ATP-Regulatoren am mitochondrialen Energiemetabolismus beteiligt sind, konnte miR-
423-3p, durch den Einfluss auf Gene aus der Gruppe des mitochondrialen
Energiemetabolismus (Cox6a2, Ndufb7 und Ndufs5), als neuer Regulator fur zelluléres
ATP bzw. den Energiemetabolismus bestéatigt werden.

Zusammenfassend liefern die vorliegenden Studien wesentliche Erkenntnisse zu
systemischen Funktionen der miRNAs in der Skelettmuskulatur und verdeutlichen ihren
Einfluss auf Gennetzwerke, welche die Prozesse von der friilhen Muskelentwicklung bis

hin zum Muskelwachstum beeinflussen.
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CHAPTER 1

General introductions



General introductions

1.1  Overview of miRNAs

MicroRNAs (miRNAs) are a class of single-stranded, non-coding RNAs (ncRNAS)
molecules that control gene expression in animals, plants, and unicellular eukaryotes.
MiRNAs function as 21-24-nucleotide (nt) in length and interact with mRNAs which
contain complementary sequences, and thereby regulate transcriptional and/or post-
transcriptional repression. Recently considerable evidence indicates that miRNAs can
play a major role in regulating gene expression and likely influence the output of many
protein-coding genes in a variety of eukaryotic systems. MiRNAs are involved in
several diverse biological processes including cell determination, cell death, cancer,
animal development, cell development, differentiation, apoptosis and physiological
(Bartel 2004; Ambros 2004 ). Now the miRNA database ‘“miRNABase’’ is the online
repository for all miRNA sequences and annotation (accessible at
http://www.mirbase.org/) contained more than 24,000 hairpin sequences and over

30,000 mature sequences in over 140 species (miRBase 20).

1.1.1 Biogenesis of microRNAs

The biogenesis of miRNAs in animals occurs through a multi-step process that involves
several different enzymes first in the cell nucleus and finally in the cytoplasm (Fig. 1.1).
In the nucleus, Primary microRNAs (pri-miRNAS) are transcribed by RNA polymerase
Il (pol ). Pri-miRNA transcripts consist of one or more hairpin structures of 100-1000
nt. Pri-miRNAs fold into hairpin structures containing imperfectly base paired stems
and a terminal loop which harbor 7-methylguanosine (m7G) 5’-cap, spliced and poly-A
tails. Then, pri-miRNAs are further processed by microprocessor complex (RNase 11l
complex) that mainly composed of a processing enzyme (Drosha). The pri-miRNA
hairpins are recognized by RNA binding protein DiGeorge syndrome critical region
gene 8 (DGCRS8) in mammals or Pasha in Drosophila melanogaster (Filipowicz et al.
2008; Krol et al. 2010) at the base of the stem, positioning the enzyme in the correct
spatial configuration for asymmetric cleavage (5’ phosphate and two nucleotide 3’

overhang).
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Figure 1.1: The biogenesis of miRNAs. MiRNAs are endogenously encoded in the
genome. They are generally transcribed by Pol Il into the primary miRNAs (pri-
miRNAS) as long several 100-1000 nt. The pri-miRNAs are processed (cropping) by
RNase Ill-type enzyme Drosha with its parther DGCR8 (also known as Pasha in
invertebrates) into the precursor miRNAs (pre-miRNASs) consisting of approximately
70 nt in the nucleus. Then pre-miRNAS are exported into the cytoplasm by the nuclear
export factor Exportin 5 through, a RAN-GTP-dependent process. In the cytoplasm,
pre-miRNAs are further processed (dicing) by another RNase Ill protein Dicer-TRBP
complex into the double stand ~19-25 nt long miRNA duplex structures consisting of
the ‘guide strand” (miRNA) and the ‘passenger strand’ (miRNA%*). The
miRNA/MiRNA= duplexes are loaded into Argonaute effector complexes as known as
RNA-induced silencing complex (RISC). One of the thermodynamically less stable at
5’-end of the two strands in the duplex will become the mature miRNA. Then, mature
mIiRNA is preferentially retained in RISC and form miRISCs complex which regulates
protein expression.

cytosol

Microprocessor complex will sever one dsRNA spiral away from the attachment
site (11 bps), releasing a precursor microRNA (pre-miRNA) ~60-70 nt stem loop
intermediate containing a ~2 nt 3’ overhang, essential for nuclear export by exportin 5

and theirs cofactor RAN-GTP (Bartel 2004). In the cytoplasm, the RNase 11l enzyme
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Dicer complex removes the loop region from pre-miRNAs into ~19-25 nucleotide
duplex miRNAs. Dicer interacts with the double-stranded RNA-binding protein TRBP,
which likely bridges the initiator and effector steps of miRNA action. Next, the
duplexes are loaded into miRNA-class Argonaute effectors (in mammals, Agol-4).
MiIRNA duplexes are unwound by helicase. One of the less stable which has its 5’
terminus at this end will be mature miRNA or ‘guide strand’ (Khvorova et al. 2003).
The other strand is often called the passenger strand or miRNA*. The mature miRNA is
preferentially retained in Ago and it is incorporated into a multiple-protein nuclease
complex to form the functional miRNA-induced silencing complexes (miRISCs),
whereas the miRNA* is degraded (Kim 2005; Wienholds & Plasterk 2005; Kim & Nam
2006; Krol et al. 2010; Siomi & Siomi 2010; Yang & Lai 2011 ; Pasquinelli 2012 ).

1.1.2 Mechanism of miRNAs

The mature miRNAs function as components of ribonucleoprotein (RNP) complexes or
RNA-induced silencing complexes (RISCs), referred to as either micro-
ribonucleoproteins (MiRNPs) or miRNA-induced silencing complexes (miRISCs).
MiRNAs bind to complementary sequences in the 3’-UTR of target mMRNA. MiRISCs
regulate their target mRNA/protein by different mechanisms including, translational
repression, mMRNA cleavage, mRNA deadenylation or alteration of mRNA stability
(Pillai et al. 2007; Filipowicz et al. 2008; Pasquinelli 2012 ), see in Figure 1.2. These
actions are based on the degree of complementarity between miRNA and target gene in
combination with Argonaute (Ago) family proteins. It is now clear that miRNAs effect
on protein synthesis by mRNA destabilization or suppression of translation. MiRNAs
activate the decapping and deadenylation complexes, leading to mRNA degradation or
inhibition of protein translation (Meister 2007; Filipowicz et al. 2008; Huntzinger &
Izaurralde 2011; Pasquinelli 2012 ).

> MiRNAs promote mRNA degradation by either of two mechanisms in Figure
1.2B). First mechanism, when miRNAs bind to complementary mRNAs with complete
or nearly complete complementarity. A miRNA guide RISC-mediated endonucleolytic
cleavage between nucleotides pairing 10 and 11 nt of the 5’-UTR on the miRNA.
Through this process, the target mMRNAs are degraded by siRNA like effect which occur
much more frequently in plants than in mammals (Bartel 2004; Bracken et al. 2011).
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Second mechanism is deadenylation and exonucleolysis of mRNA target. This is the
predominant in mammals. In this case, miRNAs bind to targets with only partial
complementarity (imperfect base pairing). MiRISC and the associated GW182 [glycine-
tryptophan (GW) repeat-containing protein of 182 kDa] family proteins complex recruit
the CCR4-NOT complex to promote the deadenylation of poly(A) tail of target mRNA.
These lead to the dissociation of poly(A)-binding protein complex (PABPC) and re-
localization of target mRNA to the processing bodies (P-bodies) (Mathonnet et al.
2007; Fabian et al. 2010; Pasquinelli 2012 ).

> Protein translational inhibition of miRNAs occurs also at imperfect base pairing
condition (Fig. 1.2C). The expression of target proteins will be down-regulated through
different mechanisms either at initiation or post-initiation stage of translation. Several
published papers provide important supporting mechanistic insights into the repression
at the initiation step by using artificial luciferase reporters with multiple 5’-end mMRNA-
binding site constructs (Pillai et al. 2005; Meister 2007; Filipowicz et al. 2008). The
investigation revealed that miRNAs repress the mRNAs translational initiation by (i)
miRNAs interfer the elF4F complex (comprising elF4e, elF4AG and elF4A) to function
on m7G cap recognition (refer as ‘decapping’), (ii) MiRNASs obstruct the formation of
the 80S ribosomal complex, and (iii) MiRNAs have a positive or negative effect on the
activity of PABPC to bound at the 3°-UTR (Huntzinger & lzaurralde 2011; Pasquinelli
2012 ). The suppression effect was also observed at the post-initiation stage of
translation by inhibiting ribosome elongation. MiRNAs caused ribosomes to get free
from 3’-UTR of mRNAs (ribosome drop-off). In all protein translational inhibition
processes, MiRNASs repress or inhibit protein translation machinery without causing
MRNA degradation (Petersen et al. 2006; Filipowicz et al. 2008; Fabian et al. 2010).
The effect of miRNASs on protein production has been examined (Baek et al. 2008). The
result suggested that relatively low extents of miRNAs expressions are able to alter the
expression of most of the target proteins. Whereas, some of these protein targets were
directly repressed by miRNAs in mRNA levels (Baek et al. 2008). The degree of
translational repression is dependent on the number, and also positioning of miRNAs to
binding in the 3’-UTR of the target (Fabian et al. 2010).
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Figure 1.2: Model of miRNA mediated translational repression. (A) General outline
of most eukaryotic MRNA translational initiation where the interaction of elFs with
both (m7G) cap and PABPC allows for the establishment of a closed loop. Following,
recruitment of the ribosome to the 5’-end of mMRNA which is required for efficient
translation initiation. (B) Two mechanisms lead to mRNA target degradation: first is
endonucleolytic cleavage of the target, in case, direct cleavage by Ago-2 when miRNA-
MRNA paired with nearly or complete complementarity. Second mechanism is
deadenylation at 3’-end mRNA target even if, imperfect pairing between miRISC and
target 3’-UTR (partial complementarity). MIiRISC interaction with GW182 and the
CCR4-NOT complex cause mRNA deadenylation and dissociation of PABPC in P-
bodies. (C) Initiation and post-initiation translational repression (partial
complementarity), ribosomes drop off mMRNAs when miRNAs bind to the 3’-UTR and
blocking translation initiation through recruitment of CCR4-NOT by GW182. (D)
MIRNAs up-regulate target expression via a mechanism involving with Ago-2 and
fragile X mental retardation protein 1 (FMR1). (modified from (Pillai et al. 2007;
Keller et al. 2011; Pasquinelli 2012)).
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1.1.3 MIiRNA target recognition

The principle of miRNA-mRNA interctions has been observed. Plant miRNAs follow
the strategy of perfect or nearly complete complementarity and lead to endonucleolytic
MRNA cleavage by an RNAI-like mechanism (Bartel 2004). While, in most cases,
animal miRNAs imperfectly pair with their related targets as previously mentioned. The
most stringent requirement of imperfect mMiRNA-mRNA complementarity in animals is
usually composed of matched nucleotides between the 5’-end of the miRNA called the
‘seed region’ and the 3’-UTR of the target mRNA. This seed region starts from the
second nucleotide of the mature miRNA. Positions 2-8 nt of the 5’-end of miRNA are
referred to as the seed region which is most important for the miRNA-mRNA
recognition and most conserved among species (Kim & Nam 2006; Lytle et al. 2007;
Bartel 2009). Seed pairing algorithms and evolutionary conservation became a powerful
tool for identifying miRNA-regulated genes. One perfectly complementary site is
sufficient for the siRNA or miRNA induced cleavage of mMRNA. However, in many
cases, even though containing a canonical 7-8mer site, it is not enough for down-
regulation of the target gene. Mismatches in the seed sequence of a miRNA or even for
unknown context reasons outside of the seed sites must also play important roles for
target recognition (Grimson et al. 2007). Some target sites with imperfect seed
matching i.e. one nucleotide bulge, gaps, a single mismatch or G:U wobble bases can
also be if supported by extensive complementarity to the miRNA 3'-end. The 3’-end
supplementary site improve binding specificity and affinity, or it can even compensate
for a mismatch of the seed by ideal pairing on miRNA nucleotides 13-16 (Doench &
Sharp 2004; Brennecke et al. 2005). However, the effectiveness of translational
repression is dependent on the number of imperfect reorganization sites by the same or
several different miRNAs (Pillai et al. 2007). Consequently, it allows us to predict the
miRNA targets by computational approaches. Computational prediction of miRNA
targets are commonly used algorithms that place variable weight on: degrees of
complementarity of miRNA seed region, conserved regions on miRNA site recognition
among related species and thermodynamics of mMIRNA-mRNA heteroduplex
(heteroduplex free energy (AG)) (Kertesz et al. 2007; Thomas et al. 2010). At present,
several computational approaches have been used to successfully identify potential
miRNA relevant to genes or identify potential mRNA targets for experimental

validation.
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Some of the most commonly (web-based or non-web-based) used computational
prediction tools are available like: TargetScan (http://www.targetscan.org/) (Grimson et
al. 2007; Friedman et al. 2009; Garcia et al. 2011), PicTar (http://pictar.mdc-berlin.de/)
(Chen & Rajewsky 2006), miRanda (http://www.microrna.org) (Betel et al. 2008; Betel
et al. 2010), PITA (http://genie.weizmann.ac.il) (Kertesz et al. 2007) and RNAhybrid
(http://bibiserv.techfak.uni-bielefeld.de/) (Rehmsmeier et al. 2004). The general
description for miRNA target prediction algorithms and software is give in several
reviews (Zhang et al. 2006 ; Betel et al. 2008; Thomas et al. 2010; Tan Gana et al.
2012).

1.2  Skeletal muscle growth and development

1.2.1 Anoverview of muscle growth and development

In domestic animal species such as the pig, muscle fibres characteristics play a key role
in meat quality and quantity involving in meat tenderness, pH, water-holding capacity,
color and flavor. The proportion, size and cross sectional area of skeletal muscle fibre
are reported to correlate with many meat quality traits (Rehfeldt et al. 2000; Ryu & Kim
2005; Bérard et al. 2011). Increases in muscle quantity (improving growth rate and
muscularity) could be achieved by controlling either the total number of muscle fibres
(TNF), and/or the average size of muscle fibres (Ashmore et al. 1973; Picard et al.
2002). TNF in porcine is exclusively defined by myogenesis processes which have been
restricted since prenatal stages of muscle development. The development of muscle is a
complex process. Muscle fibres or myofibres are the structural units of skeletal muscle.
In livestock, all muscle fibres are formed during the prenatal stage. “Myogenesis” is the
term of new muscle fibres formation process, where pluripotent mesenchymal stem
cells are converted into committed muscle cells. Myogenesis processes comprises many
events; proliferation, differentiation and migration of myoblasts (Perry & Rudnicki
2000 ; Rehfeldt et al. 2011; Yan et al. 2012).

Myogenesis in mammal begins very early during embryonic life. The appearance of
two distinct populations of myoblasts established the origin of the different types of
muscle fibres (Picard et al. 2002). The biphasic nature of the fibre formation has been
well established in the pig (Ashmore et al. 1973; Wigmore & Stickland 1983). The first

population of fibres, called primary muscle fibres, is formed in the presumptive muscle
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by cell fusion during the embryonic stage (primary myogenesis). Only a small number
of these fibres are then used as a template for the attachment and formation of
myoblasts to form secondary fibres which occur during the fetal stage (secondary
myogenesis) (Bérard et al. 2011). Due to this mode of formation developing muscle
fibres can be classified into two generations: primary myogenesis to develop primary
fibres and secondary myogenesis to develop secondary fibres. Completing these
processes the TNF was fixed. In the late foetal or early postnatal period of muscle
formation, the adult muscles stem cells called satellite cells, will contribute to the third
myogenic generation into new fibres when muscle damaged or injured (Picard et al.
2002; Rehfeldt et al. 2011; Yan et al. 2012). Recently, there is increasing evidence
demonstrated that prenatal and early postnatal development of skeletal muscle has
dramatic impact on postnatal development and growth and physiological function in
both animals and human. Moreover, understanding mechanisms that control prenatal
development and growth are critical to define strategies to reduce the incidence of

developmental disorders and their long-term consequences.

1.2.2 Myogenesis of skeletal muscle cells (prenatal development)

There are two new concepts of general interest in muscle developmental biology, how
myoblasts recognise and fuse with one another and how signalling and transcriptional
networks contribute to muscle progenitor specification. In early vertebrate embryo
(embryogenesis), skeletal muscle forms from paraxial mesoderm as the un-segmented
mesoderm (in mammals), which separates into blocks of cells called somites (epithelial
spheres of paraxial mesoderm). Somites are transient structures, they are extremely
important in organizing the segmental pattern of vertebrate embryos. Each somite is
composed of three zones around a cavity. The ventral part of the somite called the
sclerotome, will contribute the cartilage and bone of the vertebrae and ribs. Whereas the
dorsal part of the somite called the myotome and dermomyotome, which contain the
group of cells to form the skeletal muscles (back and body) and deep dermis layer,
respectively (Gilbert 2000; Brent & Tabin 2002 ; Bentzinger et al. 2012).

In details, the primary myotome is composed of a group of committed cells named
precursor cells (embryonic/myogenic precursor cells or progenitor cells) which lie
between the dermomyotome and the sclerotome. Later precursor cells have proliferated
into committed embryonic myoblasts (which give rise to primary fibres), foetal



General introductions

myoblasts (which give rise to secondary fibres) or satellite cells (which contribute to
further growth and repair of the myotome) followed by the differentiation of myoblasts
into myocytes (Rehfeldt et al. 2011). After that myocytes fuse to form a multinucleated
myotube and finally differentiating into muscle fibres (Knight & Kothary 2011 ;
Bentzinger et al. 2012).

1.2.2.1 Myogenic factors/ transcription factors

Current investigations of muscle development during early embryogenesis are
providing exciting insights into molecular genetic regulatory mechanisms as well as
fundamental knowledge of the transcriptional and signaling mechanisms. Myogenic
regulatory factors (MRFs) are the specific transcriptional activator factors of muscle-
specific genes. MRFs are organized in hierarchical gene expression networks that are
spatiotemporally induced or repressed during lineage progression (Bentzinger et al.
2012). Currently MRFs include myogenin, myogenic regulatory factor 4 (MRF4),
myogenic differentiation (MyoD) and myogenic factor 5 (Myf5) were identify (Yan et
al. 2012). Myf5 is the earliest MRF which expressed during embryonic development
followed by MyoD, Myogenin and MRF4 respectively. MyoD and myf5 play roles in
early myoblast determination while, myogenin and MRF4 are required for
differentiation (summarized Fig. 1.3) (Knight & Kothary 2011 ; Bentzinger et al. 2012).
The expressions of MRFs are under the control of a panel of positive and negative
signals from surrounding tissues (Maroto et al. 1997; Chargé & Rudnicki 2004; Knight
& Kothary 2011 ). Specific proteins including the regulatory proteins wingless (Wnt),
paired box gene (Pax) 3, 7 and sonic hedgehog (Shh) have been found to control the
expression of MRFs. Wnt signaling is very important for activating and maintaining
myogenesis during myotome formation. Wntl, expressed by neural tube, especially
activates the expression of Myf5, while Wnt7a, which is expressed by dorsal ectoderm,
activates MyoD. Shh expressed from the notochord and floor plate induces both Myf5
and MyoD expression. The expression of Pax 3 and Pax 7 from mesechymal stem cells
induces the expression of MyoD, Myf5, and myogenin, which lead myoblasts to
myogenic differentiation (Maroto et al. 1997; Brent & Tabin 2002 ; Bryson-Richardson
& Currie 2008; Bentzinger et al. 2012).When myoblast cells stop proliferation
themselves and switch to become terminally differentiated myocytes they express the
late MRFs; myogenin and MRF4, and later muscle specific genes such as myosin heavy

10
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chain (MHC) and muscle creatine kinase (MCK) (Charge & Rudnicki 2004). Finally,
mononucleated myocytes specifically fuse to each other to form multinucleated
myofibres, which ultimately mature into contracting muscle fibres (Fig. 1.3). During the
course of muscle development, muscle satellite cells remain lying between the basal
lamina and the fibre plasma membrane of the developing myofibre in a quiescent un-
differentiated state (Bentzinger et al. 2012). The expression of Pax7 is important for the
specification or expansion of these satellite cell populations. Myocyte enhancer factor 2
(MEF2) factors do not have direct function on myogenic activity. MEF2 activates the
function of MRFs transcription and also cooperatively associated histone
acetyltransferases and deacetylases during later stages of terminal differentiation (Brent
& Tabin 2002 ; Bryson-Richardson & Currie 2008).

1.2.2.2 Myogenesis timing of pig muscle

Like are other vertebrates, prenatal muscle fibres in pig were classified as either
primary or secondary processes. Primary muscle fibre formation starts around ~35 days
of post conception (dpc) and proceeds until around 60 dpc. Secondary fibres develop
from fetal myoblasts by using the primary myofibres as a template. Secondary
myofibres appear on the primary fibres surfaces (Wigmore & Stickland 1983). The first
secondary fibres were seen to start and cease around 55-90 dpc (Ashmore et al. 1973;
Lefaucheur et al. 1995; Rehfeldt et al. 1999; Wigmore & Evans 2002; Te Pas et al.
2005; Murani et al. 2007). The time of muscle fibre formation appeared to be nearly the
same in both large and small animals. Due to their formation, each primary fibre
became surrounded by secondary fibres. The number of muscle fibres is prenatally
determined during primary and secondary muscle fibre formation during prenatal
development (Wigmore & Stickland 1983; Wigmore & Evans 2002). The adult muscle
was apparent by around 100 dpc. The full gestational age of pigs is very constant at 114
days. At this time, most fibres were of a uniform size and connective tissue septa
divided them into fascicles. Thereafter, the postnatal growth mainly increases in the size
of the muscle fibres (Fig 1.4.) (Wigmore & Stickland 1983; Zhao et al. 2003; Rehfeldt
etal. 2011).
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Figure 1.3: Transcription factors regulating progression through the myogenesis
process.

A graphical representation of myogenesis is shown. Start from uncommitted
mesodermal cells specific to form satellite (adult muscle) or precursor cells (embryo).
Then precursor cells that are involved in embryonic muscle differentiation skip the
quiescent satellite cell stage and directly become proliferating myoblasts. Some
precursor cells remain as satellite cells in adult muscle. After that, myoblasts will
differentiate into myocytes that gives rise to fuse to form a multinucleated myotube.
Finally maturation of myotubes into fibres is completed by innervation. The myogenic
transcription factors are required for this process in specific order. Many genes
regulating myogenesis are well known. Six1/4 and Pax3/7 are master regulators of early
lineage specification, whereas Myf5 and MyoD commit cells to the myogenic program.
The differentiation of myoblasts into myocytes and fusion of myocytes to form
myotubes, are performed by both myogenin and MRF4. Another distinctive muscle
transcription factor is MEF2, which often represented with contractile protein enhancers
and also cooperatively associated with MRFs. The starting point of the arrow assigned
to the myogenesis-stages requirement, dashed line assigned to low expression levels,
bold line assigned to high expression levels, the thickness of the lines indicates their
expression levels (Adapted from (Knight & Kothary 2011 ; Bentzinger et al. 2012)).
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Figure 1.4: The hierarchy of porcine skeletal muscle myogenesis with
developmental time. Diagram details from the embryonic state until the terminal
modulation into muscle fibres and muscle growth in postnatal stage. Muscle precursors
during development enclose embryonic myoblasts, fetal myoblasts and satellite cells.
Embryonic and fetal myoblasts generate to primary and secondary fibres, respectively.
Satellite cells appear at the end of gestation and are responsible for postnatal growth
and regeneration. An indicative life-timing of porcine development is described. dpc,

days post conception.

In the pig, a series of studies are dealing with the biological mechanisms
involved in the determination of the meat quality. Many conditions including age,

breed, and feeding can affect meat quality by altering the biological characteristics of
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muscle development during prenatal stage (Dwyer et al. 1994; Picard et al. 2002). TNF
have a positive correlation with postnatal growth potential. The littermates with a high
numbers of fibres grew faster and more efficiently than littermates with a lower number
of fibres. Futhermore, effects of maternal nutrition on secondary muscle fibre

hyperplasia occurrs in early gestation (Dwyer et al. 1994; Foxcroft et al. 2006).

1.2.3 Skeletal muscle growth (postnatal development)

Skeletal muscle grows by both the hyperplasia and hypertrophy of muscle fibres.
Hyperplasia is a process to increase in the number of fibres and basically TNF is limited
at birth. Hypertrophy is the primary method for increase in individual
myotube/myofibre cells size in both fibre diameter and/or length which were formed
during myogenesis. Thus, normal postnatal muscle growth intended to increase in
skeletal muscle mass and responded to appropriate stimuli. A recent study revealed that
satellite cells only requested for the formation of new fibres and for muscle
regeneration (postnatal myogenesis) upon skeletal muscle injury in adult but not appear
to be necessary for muscle hypertrophy (McCarthy et al. 2011; Bentzinger et al. 2012).
Postnatal muscle hypertrophy of the individual fibre cell is negatively correlated to the
number of muscle fibres. Muscle cross-sectional area is positively correlated with both
fibre thickness and the number of fibres (Rehfeldt et al. 2000; Picard et al. 2002). Adult
skeletal muscles are composed of a mixture of myofibres. The fibre-type composition in
terms of metabolic and contractile properties (Knight & Kothary 2011 ). Three main
fibre types can be classified based metabolic characteristics and contractile fibre type:
type | (slow-twitch/ oxidative), type A (fast-twitch/ oxido-glycolytic) and type 1IB
(fast-twitch glycolytic). It is generally determined that primary fibres be grown as type |
slow fibres and secondary fibres mostly be grown as fast fibres (Rehfeldt et al. 2000;
Chargé & Rudnicki 2004). In general, muscle mass increases by hypertrophy, which is
associated to strength training and anaerobic training. By all case, there increased in
cellular protein content. Hypertrophy controlled by the complex coordination of
consequence of genetic conditions, protein composition, metabolic enzymes and
contractile phenotype (Braun & Gautel 2011; Knight & Kothary 2011 ). Currently,
numerous molecules including growth factors, different MHC isoforms and regulatory
factors have been identified to govern these processes. Myostatin (MSTN), mammalian

target of rapamycin (MTOR), forkhead box protein family (FOXO), or insulin-like
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growth factor 1/v-akt murine thymoma viral oncogene (IGF-1/Akt) pathway are all
known as a crucial regulator of skeletal muscle hypertrophy and energy metabolism
(Chargé & Rudnicki 2004; Lee 2004; Favier et al. 2008 ; Braun & Gautel 2011;
Schiaffino & Mammucari 2011).

1.2.4 Mitochondria and energy metabolism in the skeletal muscle

The main functions of the mitochondria are the production of the energy and regulation
of cell metabolism. Mitochondrial functioning is necessary for cellular metabolism such
as cell survival (apoptosis), calcium signalling, cellular proliferation and ATP
production. During this metabolism, mitochondria produce electrical charged
molecules, by folding through the electron transport chain complexes (phosphorylation)
and finally combine with oxygen (oxidation) from respiration process, to synthesis ATP
as the end product. The overall process is called oxidative phosphorylation which
proceeds in the inner membranes of mitochondria. Chemical energy of ATP synthesis is
comprised of two functionally independent of the ATP synthase, rotary motor enzymes
complex units. The F1 and FO-ATP synthase units worked either in collaboration to
generate ATP through mechanical rotation (Noji & Yoshida 2001). Skeletal muscle is
the major energy consuming, substrate turnover and storage organ. The most of
produced energy is used for the demands of muscle contraction. In skeletal muscle
fibres, mitochondrial density and activity mainly varies according to fibre types and
physiological functions. The main appropriate sources of energy for the muscle ATP
production are glycogen, glucose, and free fatty acids (FFAs). There are three major
systems responsible for the ATP resynthesis: the phosphagen system, the glycolytic
system, and mitochondrial respiration (Hocquettea et al. 1998; Baker et al. 2010).
Focusing in mitochondrial respiration, decarboxylation of pyruvate and p-oxidation of
fatty acids results in the formation of acetyl-coenzyme A (acetyl-CoA). Metabolism of
acetyl-CoA through the tricarboxylic acid cycle (TCA cycle) generates nicotinamide
adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH2). Both drive
electron transport along the mitochondrial respiratory chain to produce ATP (Baker et
al. 2010). In pig, the oxidative metabolism represents the principal source of energy
during foetal life. The oxidative and glycolytic fibres can be distinguished from 21 to
28 days of postnatal life (dpn) (Lefaucheur et al. 1995; Picard et al. 2002). The
difference between the fibre types or the dynamic of the phosphate groups and
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metabolite transportations in the ATP production and metabolism, finally affected meat
quality like tenderness and acid pH (Hocquettea et al. 1998; Picard et al. 2002).
Recently there are increasing evidence show that ATP also influence myoblast and
satellite cell activity during myogenesis (Ryten et al. 2001; Ryten et al. 2002;
Martinello et al. 2011). ATP is now recognized as an important messenger molecule in
cell to cell communication (cell signaling) via reacting with two families of widely
distributed surface purinergic P2 receptors: ionotropic P2X and metabotropic P2Y
receptors. The trophic effects of ATP on P2X and P2Y receptors have been studied in
many cell and tissue types, that are involved in, cell proliferation, differentiation, and
program cell death (apoptosis) (Burnstock et al. 2012). All of these processes are of key
importance in skeletal muscle myogenesis and regeneration. Thus, ATP known to be a
critical power source for viable cells and skeletal muscle activity, ATP is also expected

to play an important role from the early development processes of the muscles as well.

1.3 Biological function of miRNAs in muscle growth and

development and muscle metabolism

The biological functions of miRNAs have been abundantly investigating in many
animal species and in many tissues or though varietal cell types. Single miRNA may
target numbers of different mMRNAS and on the other hand each mRNA can be targeted
by number of miRNAs, resulting in complex regulatory networks. Not surprisingly,
miRNAs are involved in many biological processes especially they have an important
role in muscle development, growth and metabolism processes which directed affect
meet quality. Recently several miRNAs have been identified by validated
experimentation methods in order to known their crucial functions that are related to
muscle development/myogenesis, muscle growth as well as muscle metabolism (listed
in Table 1.1)
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Table 1.1 Examples of microRNA and their functionally characterized

sensitivity, adipogenesis

PPARG, FABP4,
ADIPOQ

Related in muscle Validated
. . . target
miRNA Family Functions development gr;gO\e/\;]t:r:Egn Egigg)él?snrg proteins/ References
g MRNASs
(Chen et al. 2006;
MyoD Huang et al. 2008)
SRF, HDAC4 (Chen et al. 2006)
induced myogenesis (muscle- v MEF2 (Liu et al. 2007)
miR-1 miR-1 | SPecific) (Hirai et al. 2010;
Pax3 Goljanek-Whysall
et al. 2011)
Pax7 (Chen et al. 2010)
modulates muscular v IGF1, Akt, (Clop et al. 2006 ;
hypertrophy FOXO03, MSTN | Eliaetal. 2009)
cell and tissue morphology SMAD?2, (O'Donnell et al.
miR-20a/b muscle contraction/ extension v v SMAD4, 2005; Li et al.
of cells TGFBR2, E2F1 2012b)
. . . SMAD?2 (Li et al. 2012b;
- v ) )
miR-18a/b 7 proliferation of muscle cells SMADA4, Dicer Tao et al. 2012 )
SMAD2, (Li et al. 2012b)
. . . SMAD4 (O'Donnell et al.
17- v )
miR-17-5p proliferation of muscle cells TGFBR2, 2005; Pullamsetti et
CDKNI1A, E2F1 al. 2012)
miR-106a proliferation of muscle cells v RB1 (Li etal. 2012a)
. proliferation of muscle cells/ CCNEL, cDkp, | (Takanashietal.
miR-103 | tracti v CREB1 CDK6 2009; Liao &
muscle contraction ) Lénnerdal 2010)
) (Gambardella et al.
miR-103 ) CAV1, DMPK 2010; Trajkovski et
MiR-107 Insulin and glucose v al. 2011)

(Xie et al. 2009)
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Table 1.1 (continued)

Related in muscle Validated
. . . target
miRNA Family Functions development gr;gO\e/\;]t:r:Egn rlir;gg)cl)l?snrg proteins/ References
g MRNASs
o Moo, SR (Chen et al. 2006)
proliferation of muscle
cells/myoblast (muscle- v MEF2 (Liu et al. 2007)
specific) cror (Chen et al. 2006;
miR-133a/b miR-133 Duisters et al. 2009)
. v ¢-MET, HGF, (McCarthy & Esser
Increase muscle cells size LIF, IGF-1 2007)
controls brown adipose v PRDML16 (Yin et al. 2013)
determination
proliferation and .
differentiation of cells (liver- v CUTLL, SLC7AL gfuhgt”gle;g'ioz)oo‘l’
miR-122 miR-122 | specific) '
. . FASN, ACC2
‘/ ) 1
lipid metabolism ACC2. SCD1 (Esau et al. 2006)
o _— promotes myogenic v
miR-148 miR-148 differentiation ROCK1 (Zhang et al. 2012a)
miR-181a/b | miR-181 | 0 2nd terminal v HOXALL, MyoD, | Gad!Prees =t
differentiation of muscle cells MHC ’ '
2012a)
MMP-2,-9,
miR-188 miR-188 | proliferation of cells v v TIMP-1,-3,-4, (Mishra et al. 2009)
NOX-4
. . . . NFATC, (da Costa Martins et
miR-199a/b miR-199 | proliferation of cells v DYRK1A al. 2010)
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Table 1.1 (continued)

Related in muscle

Validated target

MIRNA Family Functions development growth and Energy and proteins/mRNAs References
regeneration | metabolism
HLH, MyoD (Kim et al. 2006 )
. . (Hirai et al. 2010;
induced myogenesis (skeletal v Pax3 Goljanek-Whysall et
) ) muscle-specific) al. 2011)
miR-206 miR-206 Pax7 (Chen et al. 2010;
Dey et al. 2011)
modulates muscular v MSTN (Clop et al. 2006 )
hypertrophy
v SOX6, PURB, (van Rooij et al.
SP3, CBX5 2009)
_ _ Regulate MHC (Type | MED13 (known as | (van Rooij et al.
miR-208a/b miR-208 | muscle fibres specific) v Thrapl), B-MHC, 2007; Callis et al.
a cardiac-specific MSTN 2009)
v ESRRG (Gan et al. 2013)
(Dong et al. 2012;
. . proliferation/ differentiation v Li et al. 2012a;
miR-21 miR-21 of muscle cells CSE, SP1 Pullamsetti et al.
2012)
. . . . EZH2, MHC, (Flynt et al. 2007;
- - v
miR-214 miR-214 | Skeletal muscle differentiation PROX1, PTCH1 Li et al. 2012a)
CDKN1B,
miR-222 CDKN1C, MHC, (Esau et al. 2006;
. . . KIT (known as c- Cardinali et al.
miR-221 | proliferation of muscle cells v Kit), SMA, CNN, 2009; Williams et
miR-221 TAGLN2 (known al. 2009)
as SM22q)
miR-223 miR-233 | Glucose uptake v SLC2A4 (Lu et al. 2010)
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Table 1.1 (continued)

Related in muscle Validated
MiRNA Family Functions growth and Energy and target proteins/ References
development . X mMRNAS
regeneration | metabolism
KLF4, MYH11 (Kuhn et al. 2010)
miR-25
miR.25 | growth and proliferation of , , p63 family (Manni et al. 2009)
) cells
miR-92a (Bonauer et al.
ITGA5 2009; Manni et al.
2009;
Early proliferation/ v Pax3 (Crist et al. 2009),
. . differentiation
mir-27 a/b miR-27 -
negative regulator of muscle v MSTN (Huang et al. 2012;
growth Miretti et al. 2013)
. . INSIG1, CAV2 (He et al. 2007;
_ - \/ 1 1 1
miR-29 miR-29 | Glucose transport SLCI6AL Pullen et al. 2011)
: ot (Duisters et al.
_ _ dlfferent_latlon of cells/ muscle v CTGF 2009: Tao et al.
miR-30 miR-30 | contraction 2012)
lipid synthesis v APOB (Soh et al. 2013)
. _ growth and proliferation of v v IGF-1 (Wang et al. 2009 )
miR-320 miR-320 | cells
Regulates glycolysis v PFKM (Tang et al. 2012)
Pax7 (Dey et al. 2011)
miR-486 miR-486 | Skeletal muscle differentiation v
P13-kinase, Akt (Smalla et al. 2010)
Thrapl, B-MHC, .
v
MiR-499 MiR-499 Regulate MHC (Type | muscle MSTN (Callis et al. 2009)
fibres specific) v ESRRG (Gan et al. 2013)
miR-99a/b miR-99 proliferation of muscle cells v TGF-B (Carraro et al. 2009)
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1.4 The objectives of the PhD thesis

As explained in the previous sections, miRNAs are involved in various processes of
muscle biology. A better understanding of miRNAs and their targets regulatory
networks will support the understanding of molecular mechanisms implicated in
muscle. The overall objective of this study was to reveal and integrate the mRNA and
mIiRNA expression profiles in skeletal muscle, in order to identify the regulatory
networks of miRNAs and their target genes, i.e. mMRNAs, which influence muscle
development, structural and metabolic properties of muscle and subsequently meat and

carcass traits and energy metabolism.

The objectives of the study can further be detailed for the following chapters:

Chapter 2: To investigate the differential expression of mature microRNAs at different
stages of skeletal muscle development in two pig breeds (German Landrace (DL) and
Pietrain (Pi)), that are known to be distinct in muscle, meat and carcass traits.

Chapter 3: To determine differentially expressed mRNA and miRNA transcripts and
to elucidate biological functions of mMRNA - miRNA pairs at different stages of skeletal
muscle development in the two pig breeds German Landrace (DL) and Pietrain (Pi).

Chapter _4: To evaluate trait-dependent mMRNA and miRNA expression by detecting
groups of co-expressed genes (MRNASs) and on the hierarchically superior level of
miRNAs that are correlated with organismal traits related to carcass and meat quality in
commercial crossbreed pigs [Pietrain (Pi) x German Large White (DE) x German

Landrace (DL)] population.
Chapter 5: To identify the differentially expressed mRNA and miRNA transcripts and

to elucidate miRNA-mRNA pairs which modulate energy metabolism during the

C2C12 murine myogenic differentiation.
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1.4.1 The experimental design
The general strategy taken in this study is shown in Fig. 1.5

skeletal muscle development mature muscle growth

Figure 1.5: Schematic overview of the design of this study
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Pre- and postnatal muscle microRNA expression profiles of

two pig breeds differing in muscularity

Abstract

MicroRNAs (miRNAs), though non-coding themselves, post-transcriptionally regulate
gene expression via translational repression, degradation, or deadenylation of target
MRNAs. The evolutionary conservation of miRNA functions across species suggests
that miRNA-mediated gene regulation is critical in biological pathways, including
muscle development. In order to elucidate miRNA functions it is first essential to
develop comprehensive miRNA expression profiles. In the present study a comparative
expression analysis of miRNAs expressed in the longissimus dorsi muscle at two
prenatal stages (63 and 91 days post-conception (dpc)), and one adult stage (180 days
post-natum) in both German Landrace (DL) and Pietrain (Pi), pig breeds was performed
using a custom-designed array (Affymetrix). During the prenatal stages, miR-199 and
the miR-17 family were significantly up-regulated at 63-dpc, whereas miR-1 and miR-
133a were overexpressed at 91-dpc (g-value < 0.1). The abundance of several miRNAs
was increased in the adult stage compared to 91-dpc including miR-1, miR-133, miR-
22(a/b) and miR-29a. The up-regulation of some miRNAs was breed-specific, such as
miR-199 and the miR-17 family which were all up-regulated in Pi pigs, while miR-133,
miR-181 and miR-214 were up-regulated in DL pigs. Several pathways related to
muscle development were enriched with predicted targets for the differential miRNAs
by Ingenuity Pathway Analysis. The dynamic expression of porcine muscle miRNAs
suggests a functional role for miRNA-mediated gene regulation during muscle
development. Breed-associated regulation of miRNAs was also observed in this study
suggesting that miRNAs likely contribute to phenotypic variations of pig muscle traits;

however functional validation of each miRNA-target relationship is still needed.

Keywords porcine, microRNA, microarray, muscle development, skeletal muscle
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Introduction

MicroRNAs (miRNAs) are short (~22 nucleotides), single-stranded, non-coding RNA
molecules that regulate gene expression by translational repression, degradation, or
deadenylation of target mRNAs. The binding of a miRNA-loaded RNA-induced
silencing complex (RISC) to the 3’ untranslated region (3’-UTR) of a target mRNA
leads to the degradation of the mRNA or inhibition of protein translation depending
upon the degree of complementarity [1-3]. Numerous studies have demonstrated that
miRNAs regulate the expression of target genes in diverse cellular processes including
differentiation, proliferation, and apoptosis and hence play important roles in an array
of physiological processes including developmental timing, patterning, embryogenesis,
organogenesis, cell lineage and growth control [4-7]. Similar to protein-coding genes,
miRNAs show spatio-temporal expression patterns during normal cell/tissue
development including muscle growth, as well as in pathology [8-10]. Indeed, altered
expression patterns of miRNAs during myogenesis have been associated with muscular
disorders [11].

The total number of muscle fibres in pigs is exclusively defined during
myogenesis prenatally. Myogenesis involves a commitment of pluripotent
mesenchymal stem cells to enter the myogenic lineage, followed by proliferation,
differentiation/migration of myoblasts resulting in the formation of two
morphologically/ functionally distinct types of multinucleated myotubes [12-15].
Primary muscle fibre formation starts around ~35 days of gestation and proceeds until
around 60 days post-coitum (dpc). The primary myofibres serve as templates for the
secondary myofibre formation during 54-90 dpc [16-18]. Postnatal growth of the
muscle mainly increases in length and girth of the muscle fibres. Anyhow, around 60-
90 dpc are key time points to elucidate biology of the porcine skeletal muscle
development. It is of interest to elucidate regulatory pathways underlying the
development using a comparative profiling of miRNAs during the key-stages in DL and
Pi pigs which showed significant differences in muscle traits [19]. Moreover,
comprehensive profiles of mMiIRNA expression are important prior knowledge needed for
MIRNA functional studies. The miRNA expression profiles in porcine muscle during
different developmental stages have been previously reported in several studies [20-23].
However, the association of miRNA expression with developmental stages and pig

breed differences is relatively unknown. This information will be valuable for a
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functional gene study to understand muscle biology for the improvement of pork
production and it may also provide additional information interesting to biomedical
research using pigs which share both physiological and genomic similarities with
humans, as an animal model [24].

The aim of the present study was to determine the miRNA expression profiles
in skeleton muscle at three developmental stages of two different porcine breeds. We
used a custom-designed mMIRNA microarray to determine the muscle miRNA
expression in 63- and 91-day-old foetuses which covers secondary muscle fibre
formation and in adult muscle tissue. Selected differentially expressed miRNAs were
validated by real-time PCR. Several miRNAs were found differentially expressed

during muscle developmental stages and between breed types.

Materials and methods

Animals and tissue collection

German Landrace (DL) or Pietrain (Pi) sows on the 2nd - 4th parity mated with boars of
the same breed type were obtained from two large pedigreed farms. Productive
performance of these two animal resources has been previously described by Ponsuksili
[19]. The sows were on a standard gestational diet program throughout the experimental
period. At 63 and 91 dpc, foetuses were obtained from 5 sows of each breed type.
Musculus longissimus dorsi (mld) samples were dissected from the foetuses and snap
frozen in liquid nitrogen. For the adult stage (180 day postnatum), mld samples were
collected from 18 pigs from each breed (the same herds as foetuses). All pigs received
ad libitum standard diets according to the German performance test’s recommendation
(ZDS 2003). Guidelines of the Animal Protection under the German law were followed
for animal care and tissue collection procedures. The experimental protocol was
approved by the Animal Care Committee of the Leibniz Institute for Farm Animal

Biology.

RNA isolation and pooling
Total RNA enriched for small RNA, including miRNAs was isolated from frozen
tissues using a miReasy Mini kit and RNeasy MinElute Clean up kit (Qiagen) according

to the manufacturer's recommendation. The RNA quality and quantity were determined
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using an Agilent Small RNA kit and an Agilent 2100 Bioanalyzer (Agilent
Technologies) according to the manufacturer's protocol. Six individual RNA samples,
three pairs of male and female littermate foetuses obtained from 3 out of 5 sows
mentioned above, were pooled in equal amounts. Sex determination of foetuses was
confirmed by PCR amplification of a sex-determining region on the Y chromosome

[13]. For the adult stage, six individual RNA samples were also pooled.

MiRNA microarray

A total of 18 RNA pools (enriched for small RNA and miRNA), 3 for each stage and
breed type, were used for miRNA microarray analysis. Briefly, 250 ng of RNA was
poly(A)-tailed by ATP—poly-A-Polymerase and then end-labelled with FlashTag Biotin
using a FlashTag™ Biotin RNA Labeling kit (Genisphere) according to the
manufacturer’s recommendations. Each biotin-labelled RNA sample was then
hybridized to a custom porcine mMiRNA array (Affymetrix GeneChip). After
hybridization (16 hours) and washing, the expression of miRNAs was detected using a
Streptavidin-PE (Phycoerythrin) conjugate and the signal was recorded as an image file
by a GeneChip scanner 3000. Our custom array was designed from 284 known pig
miRNA (miRBase 14.0) and 391 porcine miRNA candidates obtained from a BLAST
search of conserved sequences of various species mature miRNA (miRBase 14.0)
against the pig genome. These 675 miRNAs were clustered into 159 miRNA families.
Details of miRNA array were shown in Supplemental Table S8. The expression data
including the probe information was deposited in the Gene Expression Omnibus (GEO)
public repository with the GEO accession number GSE34213: GSM844738-
GSM844755.

Statistical analysis

The GeneChip image file was quantified using the Affymetrix GCOS software (version
1.1.1) with the default parameters and all probe sets scaled to a target intensity of 500.
Data pre-processing and normalization were performed on JMP Genomics 4 (SAS)
using a Robust Multi-array Average (RMA) background correction, log2 transformation
and quantile normalization methods. Differential expression was analyzed by procedure

GLM using the method of least squares to fit general linear models (JMP Genomics 4).
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Breed, stage and their interaction were considered as fixed effects. The resulting P-

values were adjusted using a g-value method [25].

Pathway and Cluster analyses

To explore functional roles of miRNAs potentially regulating muscle development and
muscle characteristics in the two pig breeds, lists of differentially expressed miRNAs
for stage and breed type were analysed using Ingenuity Pathway Analysis (IPA)
(Ingenuity Systems, http://www.ingenuity.com). In addition, two-way hierarchical

clustering (HCL) analysis was performed using the top 60 differentially expressed
miRNAs found to be statistically significant for either breed, stage or breed-stage

interaction effects on TMeV version 4.7.4 [26].

Validation of microarray result

Eight individual RNA samples for each stage and breed (3 stages X 2 breeds) were used
for validation of the miRNA microarray results by stem-loop real-time PCR. Single-
stranded cDNA was synthesized using 500 ng of total RNA, enriched for small RNA
and miRNAs, 50 Units of Superscript Ill reverse transcriptase (Invitrogen) and
Megaplex™ Pools containing 380 stem-looped reverse-transcription (RT) primers
(Applied Biosystems) according to the manufacturer’s protocol. The reaction mixture
was pre-incubated on ice for 5 min, followed by 40 cycles of 16°C for 2 min, 42°C for
1 min, and 50°C for 1 sec, and terminated by an incubation at 85°C for 5 min.
Quantitative real-time PCR (qPCR) was performed in duplicates on a LightCycler®
480 system (Roche) using 20 ng of cDNA, a standard LightCycler 480 SYBR Green |
Master Mix, a forward primer specific each miRNA and a universal reverse primer
(Applied Biosystems). The PCR conditions were 95°C for 10 min followed by 45
cycles of 95°C for 15 s and 60°C for 1 min. The following primers were used for gPCR:
Universal PCR-reverse primer (5’-GTGCAGGGTCCGAGGT-3"); forward primers for
miR-214 (5’-CGACAGCAGGCACAGACA-3"), miR-17 (5°-
CCCGCAAAGTGCTTACAGT-3"), miR-20b (5’-CCCGCAAAGTGCTCACAGT-3"),
miR-133a  (5’-TTTGGTCCCCTTCAACCAGCT-3"); U6-forward primer (5°-
CTCGCTTCGGCAGCACA-3") and U6-reverse primer (5°-
AACGCTTCACGAATTTGCGT-3"). U6, a small nucleolar RNA, was used as an

internal control. The relative abundance of miRNAs was calculated using a comparative
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threshold cycle AACt method [27, 28]. Correlation coefficient analysis (r) between the

gPCR and microarray data was performed using SAS version 9.2.

Results

To identify miRNAs involved in muscle development, we carried out a longitudinal
comparative miRNA microarray analysis. M. longissimus of DL and Pi pigs at two
prenatal stages (63 and 91 dpc) and an adult stage (~180 days old) were obtained from
two animal resources previously found to have significant differences in performance
traits [19]. Applying a custom-designed miRNA microarray, we first assessed
differentially expressed miRNAs between breed types within each stage to identify
changes in miRNA expression associated with breed type. Secondly, we analysed
expression differences between different developmental stages within the two breeds to
determine divergent ontogenetic shifts in expression patterns. The numbers of

differentially expressed genes are summarized in Figure 2.1.

Differentially expressed miRNA between ontogenetic stages

A total number of 606 probes on the array passed filtering and normalization and were
further analyzed. The majority of the miRNA probe sequences on the array were
derived from multiple species with nearly perfect sequence matches. There were 1-3 nt
variants at the 3’-ends of some probes including those for cfa-, xtr-, bta- and ssc-miR-
181a. A proportion of false positives (false discovery rate) incurred from a multiple
hypothesis testing was estimated using a g-value method [25]. A g-value < 0.1 was used
to control a false discovery rate for a p-value. Comparisons of miRNA expression
between two consecutive developmental stages were performed for each breed to
identify miRNAs whose expression alterations are associated with ontogenetic stages.
Overall three stages, as expected, miR-1 and miR-133 (muscle-specific miRNAS)
gradually increased from 63 dpc to 91 dpc and were also highly expressed at the adult
stage. In the prenatal stages (63- vs 91-dpc), 115 and 201 probes were differentially
expressed in DL and Pi, respectively (g < 0.1) as shown in Figure 2.1 Of these, 54
probes were commonly found in both DL and Pi with the same direction of either up-
(63-dpc < 91-dpc) or down-regulation (63-dpc > 91-dpc). Among these probes, up-
regulated miRNAs at 63-dpc included the miR-17 family (miR-17/18a,b/20/93/106),
miR-122, miR-181b, miR-199, miR-216, miR-217, miR-455, miR-499, miR-500 and
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miR-503, whereas up-regulated miRNA at 91-dpc were miR-1, miR-23b, miR-26b,
miR-133a/b and miR-181a.

63 dpc 91 dpc adult
' ' ~ time
324 R 714 .
DL 25— B
- | -
B3 (B0 Bl Cu e
v 85 v v
. A Y 434 - [
Pi 62 v > Pi 69 v >|Pi
4 up regulation [ ] high regulation in DL ‘
¥ down regulation [ high regulation in Pi

Figure 2.1: The number of significantly differentially expressed miRNA probes (q
< 0.1) identified in Musculus longissimus dorsi tissue of DL vs Pi breed types at 63-
dpc, 91-dpc and the adult stage (180 days old). The number of differential probes
between DL and Pi within each stage is shown as vertical arrows with an open box
representing up-regulation in DL pigs and closed boxes represent up-regulation in Pi
pigs. The number of differential probes compared between two ontogenetic stages
within each breed is indicated on the horizontal arrows with the number of up- (1) or
down-(]) regulation and common probes identified for both DL and Pi are indicated in
the overlaps.

A total of 241 and 218 probes were differentially expressed when compared between
93-dpc and the adult stage in DL and Pi, respectively (Figure 2.1). Of these, 106 probes
were common to both DL and Pi with the same direction, either up- (91-dpc < adult) or
down-regulation (91-dpc > adult). The up-regulated miRNA were miR-1, miR-22, miR-
29, miR-30, miR-122 and miR-181c, while the down-regulated miRNA include the
miR-17 family (miR-17, -18a/b, -20, -106), miR-25, miR-103, miR-107, miR-125,
miR-130a/b/c, miR-199, miR-320 and miR-500.
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Differentially expressed miRNA between breed types

A variance component analysis showed 221, 0, and 146 probes with significant
differences of transcriptional abundance (q < 0.1) when compared between DL and Pi at
63-dpc, 91-dpc, and the adult stage, respectively. Among 221 probes which were
differentially expressed at 63 dpc, 117 and 104 probes were up-regulated in DL and Pi,
respectively (Figure 2.1). These probes represent several miRNAs including let-7, miR-
23, miR-92, miR-122, miR-125, miR-133, miR-181, miR-214 and miR-320 which were
up-regulated in DL, whereas the miR-17 family, miR-24, miR-27, miR-103, miR-107,
miR-188 miR-199 and miR-30 were over-expressed in Pi. At 91-dpc, none of the
probes passed a control of the g-value < 0.1 (Figure 2.1). At the adult stage, miR-30,
miR-133 and miR-181 were up-regulated in DL, while let-7, the miR-17 family, miR-
23, miR-24, miR-103, miR-107, miR-133, miR-143, miR-199 and miR-221 were over-
expressed in Pi. Interestingly, miRNAs that were consistently up-regulated at both 63-
dpc and the adult stage in the same breed include miR-133, miR-181 and miR-23 for
DL and the miR-17 family, miR-24, miR-27, miR-103 and miR-107 for Pi.

Validation of differentially-expressed miRNAs by gPCR

Four differential miRNAs were selected based on their biological functions related to
muscle cell growth and significant association with the experimental group (breed and
developmental stage) listed in Table 2.2 miR-17, miR-20b, miR-214, and miR-133a
were validated by quantitative real-time PCR as shown in Figure 2.2. A comparison of
the expression data obtained from miRNA microarray and gPCR showed an agreement
with a correlation coefficient (r) range from 0.57 to 0.77 suggesting reliability of the

results.

Ingenuity Pathway Analysis

To explore biological pathways potentially regulated by miRNAs that showed
differential expressions associated with muscle developmental stage and/or breed type,
a computational target-gene prediction and gene functional classification were
performed using IPA. The lists of differentially expressed miRNAs were assessed to

identify potential targets based on bioinformatic predictions implemented in IPA.
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Figure 2.2: Validation of the microarray results using quantitative real-time PCR
of selected miRNAs (A) miR-20b, (B) miR-17, (C) miR-214, and (D) miR-133a. Log2
transformed microarray data is plotted on the primary y-axis, while the relative
expression level (2" method) from quantitative real-time PCR is plotted on the
secondary y-axis.

The Ingenuity® Knowledge Base integrates bioinformation of miRNAs and targeted
genes curated in TargetScan, TarBase and miRecords that have been annotated either as
computationally predicted or experimentally validated targets. Functional categorization
of genes targeted by the differentially expressed miRNAs (p<0.05) is presented in Table
2.1. Genes targeted by differential miRNAs during prenatal stages (63- and 91-dpc)
were enriched in important biological pathways such as cell and tissue development,
cell growth and proliferation and cell cycle. Interestingly, at 63-dpc, up-regulated
miRNAs in DL were associated with the functional categories “cell death” and “skeletal
and muscular system development and function” which were not observed in the Pi
associated gene category. Genes classified in pathways related to muscle development
were more pronounced in the adult stage and targeted by miRNAs that were up-
regulated in Pi. Differentially expressed miRNAs, associated biological functions and

their experimentally validated targets are summarized in Table 2.2.
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Cluster analysis

Cluster analysis was applied to the expression data of the top 60 differentially expressed
probes using TMeV (version 4.7.4). Normalized log2 expression data of 18 samples, 2
breeds X 3 stages X 3 biological replicates, were hierarchically clustered and the results
are shown as a heat map in Figure 2.3. Figure 2.1-3A shows that all samples were
correctly grouped together into breed and stage according to the expression pattern of
these probes which represent 34 unique miRNA species. The two prenatal stages (63-
and 91-dpc) were closely clustered together and were well separated from the adult
stage. Interestingly, the 63-dpc Pi was distantly grouped from 63-dpc DL and the 91-
dpc DL and Pi samples which were all closely clustered together. Figure 2.1-3B and 3C
demonstrate different expression patterns grouped by breed and stage, respectively.
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Figure 2.3: Hierarchical cluster analysis of the top-60 differentially expressed
mMiRNA probes (p-value < 0.0001) using TMeV version 4.7.4. (A) Cluster analysis of
all samples (B) Cluster analysis by breed type either DL or Pi (C) Cluster analysis by
different ontogenetic stages. A pseudocolor scale bar represents the expression value for
each miRNA with red, white, and blue indicating high, average, and absent expression,
respectively.
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Table 2.1 Functional categories (IPA) of predicted targeted genes of differentially expressed miRNA between breed type (DL vs Pi)

at three ontegenetic developmental stages of muscle

Stage MiRNA Functional category of predicted targets p-value No. of gene
63-dpc  up-regulated in DL Connective Tissue Disorders 1.79E-21 - 2.90E-05 18
Genetic Disorder 1.79E-21 - 3.72E-02 30
Organismal Injury and Abnormalities 1.79E-21 - 1.63E-02 18
Cellular Development 1.58E-11 - 4.80E-02 21
Cellular Growth and Proliferation 1.58E-11 - 4.91E-02 24
Cell Death 2.34E-08 - 3.84E-02 18
Cell Cycle 4.21E-05 - 4.44E-02 7
Connective Tissue Development and Function 4.21E-05 - 7.11E-03 6
Skeletal and Muscular System Development and Function 2.71E-03 - 3.76E-02 6
up-regulated in Pi Connective Tissue Disorders 1.06E-23 - 4.22E-02 17
Genetic Disorder 1.06E-23 - 4.80E-02 31
Organismal Injury and Abnormalities 1.06E-23 - 2.18E-02 15
Cellular Development 1.93E-08 - 4.16E-02 17
Cellular Growth and Proliferation 1.93E-08 - 4.71E-02 17
Cellular Function and Maintenance 4.09E-08 - 1.40E-02 6
Cell Cycle 6.17E-07 - 4.71E-02 8
Organismal Development 1.70E-09 - 3.90E-02 7
Connective Tissue Development and Function 1.65E-05 - 6.00E-03 4
Embryonic Development 2.13E-04 - 3.90E-02 4

36



Pre- and postnatal microRNA expression profiles of pig

Table 2.1 (continued)

Stage MiRNA Functional category of predicted targets p-value No. of gene
91dpc up-regulated in DL Developmental Disorder 6.94E-04 - 2.87E-02 6
Cellular Development 7.65E-06 - 4.10E-02 7
Cellular Growth and Proliferation 7.65E-06 - 4.49E-02 9
Cellular Movement 1.57E-04 - 3.97E-02 4
Cell Death 5.80E-04 - 3.27E-02 5
Organismal Development 1.44E-05 - 1.44E-05 2
up-regulated in Pi Developmental Disorder 1.06E-06 - 4.84E-02 6
Connective Tissue Disorders 6.15E-04 - 6.15E-04 2
Cellular Development 4.22E-04 - 4.55E-02 3
Cellular Growth and Proliferation 5.49E-04 - 4.92E-02 4
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Table 2.1 (continued)

Stage MiRNA Functional category of predicted targets p-value No. of gene
adult up-regulated in DL Cell Cycle 2.62E-06 - 9.61E-03 3
Cellular Development 6.25E-05 - 2.03E-02 7
Cellular Growth and Proliferation 6.25E-05 - 4.26E-02 8
Cell Morphology 1.21E-03 - 4.83E-02 2
Connective Tissue Development and Function 2.62E-06 - 1.07E-02 5
Organ Morphology 4.82E-03 - 2.50E-02 2
up-regulated in Pi Genetic Disorder 4.36E-25 - 4.95E-02 27
Skeletal and Muscular Disorders 4.36E-25 - 8.22E-03 17
Developmental Disorder 3.37E-23 - 2.25E-02 14
Connective Tissue Disorders 9.37E-22 - 8.22E-03 18
Cellular Development 9.73E-08 - 4.39E-02 19
Cellular Growth and Proliferation 9.73E-08 - 4.95E-02 18
Cellular Function and Maintenance 8.57E-06 - 4.39E-02 6
Organismal Development 5.66E-07 - 3.70E-02 8
Embryonic Development 2.01E-04 - 3.70E-02 4
Organ Development 2.01E-04 - 3.70E-02 4
Tissue Development 2.01E-04 - 3.70E-02 6
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Table 2.2 Differentially expressed miRNAs, associated biological functions and

their experimentally validated targets

Breed-associated up-
regulation

Validated tagets

miRNA Family = o Biological function (protein/ MRNA) References
adult
dpc dpc
miR-103 . Pi DL | Pi proliferation of cells/ CCNEL, CDK2, [53, 54]
miR-103 .
miR-107 Pi DL Pi muscle contraction CREBL, CDK6
CUTL1, MAP3K12,
: ) I LAMB2,CCNG1 [55]
miR-122 miR-122 DL DL ns proliferation of cells cytochrome P450
family LETFs
proliferation of muscle
miR-133a/b | miR-133 DL ns DL cells/ proliferation of i‘_?_';’FMEFZ’ HDAC4, [30, 37]
cardiomyocytes
cell and tissue morphology [44, 45]
miR-20a/b Pi ns Pi muscle contraction/ TGFBR2, E2F1 '
extension of cells
. . . SMAD2, SMAD4, [44, 56]
miR-18a/b miR-17 Pi ns Pi Dicer
liferation of |
miR-17-5p Pi | DL |Pi E;’IS' eration of muscle TGFBR2, p21, E2F1 | 14445571
miR-106a Pi DL Pi RB1, Stat3, Mapk14 [58, 59]
. . . . [50, 60]
miR-181 miR-181 DL DL DL differentiation of cells MHC, MCK, HOXA11
. . . . . Ici in/NFAT
miR-199a/b | miR-199 Pi Pi Pi proliferation of cells calcineurin/ ' [61]
Dyrkla
. . . . [39, 60]
miR-214 miR-214 DL ns ns proliferation of cells MHC, Prox1, ptcl
miR-222 DL |ns ns - p27(Kipl), p57(Kip2),
miR-221 Egﬂlslferatlon of muscle MHC, c-Kit, SMA, [62-64]
miR-221 ns ns Pi CNN, SM22a
. L c-Myc, E2F2
miR-24a miR-24 Pi DL Pi differentiation of mus.CIe Myogenin, MEF2, a- [46, 48]
cells/ muscle contraction - .
actin and caveolin3
. . [65]
miR-25 Pi ns ns KLF4, MYH11
miR-25 gc;;cl)l\gvth and proliferation of 063 Tamily, -
miR-92a DL ns DL DeltaNp63beta, T

Integrin a5 subunit

ns means no significant difference
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Discussion

To identify miRNAs that might have functional roles in porcine muscle development
and therefore may contribute to the emergence of phenotypic differences, we performed
a comparative mMIiRNA expression profiling of skeletal muscle across three
developmental stages in two distinct breed types, DL and Pi. The 63- and 91-dpc stages
encompass secondary muscle fibre formation and are critical for muscle development
that predetermines muscle characteristics in adult pigs [29,30]. The adult stage of 180
days was chosen to represent fully developed muscle tissue. Although the high
throughput sequencing approach may offer more advantages for expression profiling, a
microarray platform was used in the present study due to its accessibility and cost-
effectiveness. Our custom array was designed from porcine miRNA sequences archived
in miRBase (version 14.0) as well as those that are publicly available but not yet present
in miRBase [31,20]. In addition, miRNA sequences from other species with nearly
perfect matches to the pig genome were also used in the array. The rapid growth of
sequencing technologies has resulted in miRNA discovery rates which greatly exceed
the capacity of validation, annotation and incorporation of new miRNAs into the
repository. This includes several probes in our custom array such as hsa-miR-720 and
mmu-miR-720, mml-miR-660, ptr-miR-188, and rno-miR-188. The expression of
muscle miRNAs in the present study generally agreed with previous reports [32,20].
Many miRNAs expressed in the present study, for example let-7, miR-17, miR-19,
miR-23, miR-25, miR-27, miR-106, miR-133, miR-199 and miR-214 have been
reported in numerous other studies of miRNA expression in vertebrate muscles [33-
36,21,32,20,22]. These studies include miRNA expression analysis in mouse myoblast
cell lines, adult mouse muscles, zebrafish skeletal muscle, mesenchymal stem cells and
porcine skeletal muscle, suggesting that in addition to sequence convervation, these
miRNAs are likely functionally conserved across species.

In this study, two muscle-specific miRNAs, miR-1 and miR-133 were
observed to be up-regulated during prenatal developmental stages and also abundantly
expressed at the 180 days postnatal stage. Co-expression of miR-1 and miR-133 has
been observed to modulate skeletal muscle proliferation and differentiation in vitro
cultured myoblasts and in vivo frog embryos [33]. MiR-1 directly targets HDAC4, a
transcriptional repressor of muscle gene expression to promote myogenesis, while miR-

133 down-regulates SRF to enhances myoblast proliferation. The functional roles of
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muscle-specific miRNAs, especially miR-1 and miR-133 in muscle development have
been extensively reviewed in model organisms including mice [37] . Recently, it has
been shown that miR-1 and miR-206, a closely related miRNA, are crucial regulators
for myogenic differentiation in C2C12, a mouse myoblast cell line. Several genes
known to play roles in skeletal muscle development and/or differentiation have been
experimentally validated as direct targets of miR-1 and miR-206 including Meox2,
Fzd7, MAP4K3, Smarcd2 and Smarcbl [38].

It is noteworthy that miR-17, miR-18a/b, miR-20, miR-93 and miR-106 all of

which belong to the miR-17 family and miR-17-92 cluster were up-regulated at 63-dpc,
down-regulated at 91-dpc and then up-regulated again at the adult stage. This dynamic
regulation was observed to be associated with breed type: these miRNAs were
consistently higher expressed in Pi pigs compared to DL pigs. This is of interest
because DL and Pi pigs are considerably different in numerous traits including growth
rate, body composition, muscularity and fat content: Pi pigs are leaner and have a lower
ration of fat/meat content compared to DL pigs [39,19]. The miR-17 family has been
demonstrated to regulate cell growth and development via down-regulation of several
key genes. It has been experimentally confirmed that transforming growth factor, beta
receptor 1l (TGFBR2) is a direct target of both miR-17 and miR-20a and SMAD?2 and
SMAD4 are regulated by miR-18a [40]. Together the miR-17-92 cluster may inhibit
proliferation inhibition and collagen synthesis in palatal mesenchymal cells induced by
the transforming growth factor, beta 1-pathway (TGFB-pathway). Moreover, miR-17
and miR-20a are known to establish a regulatory network with two transcription factors,
c-MYC and E2F1, which modulate cell proliferation, growth and apoptosis [41].
c-MYC up-regulates the expression of E2F1 to promote cell cycle progression and
simultaneously activates the expression of miR-17 and miR-20a which serve to tightly
control proliferation by directly targeting E2F1.
Several other miRNAs were also found up-regulated in Pi pigs including miR-24 and
miR-26. MiR-24 has been linked to the inhibition of skeletal muscle differentiation by
transforming TGFB, which can regulate the expression of miR-24 via modulation of
SMAD3, a transcriptional regulator [42]. During retina morphogenesis and
development, miR-24a plays an important role in regulating apoptosis [43]. A
functional study of miR-26 suggests it is an inhibitor of post-mitotic cell proliferation as
its over-expression increased G1-cell arrest [44].
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MiRNAs up-regulated in DL pigs at 63-dpc and/or the adult stage include miR-122,
miR-133, miR-181, and miR-214. MiR-122 has been suggested to be a regulator of
cholesterol and fatty-acid metabolism. Inhibition of miR-122 function by injection of
miR-122- specific antisense oligonucleotides in mice showed a significant reduction of
both plasma cholesterol levels and liver fatty-acid and cholesterol synthesis rates as
well as an accompanying increase of hepatic fatty-acid oxidation [45]. MiR-214 is
involved in the determination of muscle cell fate during somitogenesis in zebrafish by
targeting of suppresor of fused (Su(fu)) gene, a negative regulator of the signaling
pathway [35]. MiR-181 likely influences muscle phenotypes via the down-regulation of
homeobox protein HOXALL, in the early stage of muscle differentiation [46]. In
addition, the direct down-regulation of connective tissue growth factor (CTGF) by miR-
133 and miR-30 is associated with hypertrophy of cardiac myocytes [47].

Genetic variations can alter the expression and function of miRNAs and target genes.
Bioinformatics analyses of vertebrate genomes identified a number of polymorphisms
within the seed region of miRNAs that might influence its function and ultimately
contribute to phenotypic variations of complex traits [48]. Recently, 12 SNPs
segregating in Berkshire, Landrace and Yorkshire have been identified in the genomic
region of the miR-206/ miR-133b cluster and shown to be associated with muscle fibre
characteristics, lean meat production and meat quality traits [49]. It has been proposed
that these SNPs somehow influence the processing and maturation of the miRNAs. It is
of interest that the expression of some miRNAs was associated with breed type (DL or
PI) which differs in several muscle traits. An association analysis between SNPs and
mIiRNA transcriptome may shed light into a new genetic factor underlying muscle
traits. It is evident that miRNAs have functional importance in numerous biological
processes. It is of interest whether the differentially expressed miRNAs identified in the
present study significantly influence the muscle phenotypic variations observed
between DL and Pi breeds. It is likely that a set of differential miRNAs can
concurrently target a large spectrum of mRNAs and pathways since an individual
MIRNA targets numerous gene targets. The IPA analysis showed that predicted targets
of the differentially expressed miRNAs were enriched for in cellular growth and
development as well as cell proliferation and the cell cycle. Altogether suggests that a

dynamic expression pattern of miRNAs is involved in porcine muscle development.
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Conclusions

The present study identified differentially expressed miRNAs at different muscle
developmental stages of two pig breeds divergent in muscle traits. The results presented
here provide a primary evidence of miRNAs that could have a significant influence on
muscle traits. Breed and/or stage differences of miRNA expression observed in this
study further suggest that miRNAs could play a key role and have an impact in
phenotypic variations in the porcine muscle; however underlying genetic factors and a

functional validation of each miRNA-target relationship still remain to be determined.
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Transcriptional profiling and miRNA-dependent regulatory
network analysis of longissimus dorsi muscle during prenatal

and adult stages in two distinct pig breeds

Summary

MicroRNAs (miRNAs) and mRNAs establish a complex regulatory network
influencing diverse biological pathways including muscle development and growth.
Elucidating miRNA-dependent regulatory networks involved in muscle development
could provide additional insights into muscle traits largely predefined during prenatal
development. The present study aimed to determine differentially expressed transcripts
and functional miRNA-mRNA relationships associated with different stages of skeletal
muscle development in two pig breeds, German Landrace (DL) and Pietrain (Pi)
distinct in muscle characters. A comparative transcriptional profiling of longissimus
dorsi (LD) muscle tissues from foetuses at 35, 63 and 91 days post conception (dpc) as
well as adult pigs (180 days post natum, dpn) were performed using the Affmetrix
GeneChip porcine genome microarray. Differential expression patterns were identified
to be associated with muscularly developmental stages and breed types. The integration
of miRNA expression data and IPA pathway analysis revealed several miRNA-
dependent regulatory networks related to muscle growth and development. The present
results provide insights into muscle biology for further improvement of porcine meat
quality.

Key words: Microarray, muscle development, skeletal muscle, pig, microRNA
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Introduction

The formation of muscle fibres (myogenesis) is a primarily prenatal process in
mammalian species determining muscle growth and meat quality. Muscle growth is
influenced by the number, size and type of muscle fibres. Muscle fibres are formed
during prenatal stages and the total number of muscle fibres is mainly predefined before
birth with the total number of myofibres being almost fixed at around 90 days of
gestation (dg), whereas contractile and metabolic maturations mostly occur during the
first three postnatal weeks (Picard et al. 2002). Understanding the prenatal development
of skeletal muscle is therefore critical for improvement of meat quality because of its
dramatic impacts on postnatal development and growth.

In the pig, formation of the total number of fibres (TNF) involves two major waves; a
primary generation (myoblasts start differentiating into primary myofibres) from ~35-
60 days post conception (dpc) and a secondary generation (secondary myofibres
develop from new myoblasts using the primary myofibres as a template) from ~54-90
dpc (Rehfeldt et al. 1999). However, only recent counting of number of muscle fibres
from birth to weaning in M. semitendinosus cross section suggested a postnatal increase
may be related to both elongation of existing muscle fibres and genesis of tertiary
myofibres (Bérard et al. 2011). Anyhow, around 35-, 60- and 90 dpc are key-time
points to elucidate the biology of the prenatal skeletal muscle development.
Relationships between muscle mass, fibre number and structure have been well
demonstrated in comparative studies between pig breeds differing in muscle traits
(Murani et al. 2007). German Landrace (DL) and Pietrain (Pi) pigs considerably
contrast in growth rate, body composition, muscularity and fat content: DL is more
obese and Pi is more lean (Rehfeldt et al. 2000; Ponsuksili et al. 2007).

MicroRNAs (miRNAs) are short (~20-30 nucleotides) single-stranded, non-coding
RNA molecules which are highly conserved in closely-related species. MicroRNAs
repress gene expression post-transcriptionally via hybridization to their target mRNAs
at the 3’-untranslated region (3°-UTR) (Kim & Nam 2006). The miRNAs-dependent
gene regulation has been shown to play vital roles in developmental processes and
cellular functions (Chen et al. 2009; Williams et al. 2009). Transcriptome analyses of
different muscle fibre types and/or muscle tissues at different developmental stages in
pigs have revealed several regulatory genes involving in myogenesis including growth

factors, regulatory proteins, receptors, and transcription factors (Lin & Hsu 2005; Te
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Pas et al. 2005; Cagnazzo et al. 2006; Murani et al. 2007; Te Pas et al. 2007; Davoli et
al. 2011). In addition, an increasing evidence have shown a dynamic change of miRNA
expression during developmental stages of the porcine skeleton muscle (Huang et al.
2008; Chen et al. 2008 ; McDaneld et al. 2009 ; Xie et al. 2010; Zhou et al. 2010 ).
Only a few reports have demonstrated the miRNA-dependent regulatory networks of
the muscle in pigs. This study aims to identify differentially expressed genes by a
comparative transcriptional profiling of porcine skeletal muscle at developmental stages
35-, 63- and 91-day-old foetuses as well as at 180 days postnatal in adult pigs for DL
and Pi breed types and to explore miRNA-dependent regulatory networks by an
integration of miRNA profiling data derived from the same samples with the identified
differentially expressed genes using Ingenuity Pathways Analysis (IPA) software. The
results of the present study showed that differential expression patterns are associated
with development and growth stage as well as pig breed and these transcriptional
signatures are potentially regulated by the differential expression of miRNAs in muscle
tissue. Our study provided additional insights into muscle molecular biology for further

improvement of meat quality.

Materials and Methods

Animals and tissue collection

At each prenatal stage of 35, 63 and 91 dpc fetuses were obtained from 5 sows per
breed, German Landrace (DL) or Pietrain (Pi). Sows in their second, third or fourth
parity were selected from two large herdbook farms. The average performance of
animals has been previously reported (Ponsuksili et al. 2007). Sows were mated to
boars of the same breed (DL or Pi) and slaughtered at 35, 63 or 91 days of pregnancy.
Uteri were taken out of the abdomen and fetuses were obtained immediately. The
longissimus muscle tissues were isolated from fetuses, snap frozen in liquid nitrogen
and stored at -80 °C. The longissimus dorsi (LD) muscle samples of 36 adult pigs (180
days of age on average) of the two breeds were obtained from the same herds. All pigs
were fed ad libitum according to the guidelines of the German performance test (ZDS

2003). Animal care and tissue collection procedures followed the guidelines of the
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German Law of Animal Protection and the experimental protocol was approved by the

Animal Care Committee of the Leibniz Institute for Farm Animal Biology.

Total RNA isolation

Total RNA was isolated from the LD muscle tissue using Tri-Reagent according to the
manufacturer’s protocol (Sigma-Aldrich, Taufkirchen, Germany) followed by on-
column DNase treatment using the RNeasy Mini kit (Qiagen, Hilden, Germany). The
quality and quantity of the RNA samples was checked and measured using a NanoDrop
ND-1000 Spectrophotometer (PEQLAB, Erlangen, Germany) and an Agilent 2100
Bioanalyzer for RNA (Agilent Technologies, Santa Clara, CA).

Microarray hybridization and data analysis

A pooled RNA was generated from an equal amount of six RNA samples extracted
from three pairs of male and female littermate of different sows/litters which were
assigned to each experimental condition as mentioned above. Sex determination of the
35-dpc fetuses was performed using a PCR amplification of a sex-determining region
on the Y chromosome (Muréani et al. 2007). Three RNA pools for each stage and breed
(2 breedsx4 stagesx3 biological replicates) were used for cDNA and biotin-labeled
cRNAs syntheses and chip hybridizations according to the manufacturer’s protocol. A
total of 24 Affymetrix GeneChip porcine Genome Arrays (Affymetrix, St. Clara, USA)
each containing 24,123 probe sets were utilized. The biotin-labeled cRNA was
fragmented and hybridized to an array for 16 hours at 45 °C. Hybridization, washing,
and scanning of the arrays were performed on a Fluidics Station 450. The expression
data was quality controlled and preprocessed using the Affymetrix GCOS 1.1.1

software with global scaling to a target signal of 500.

Data pre-processing, normalization and statistical analysis

The Expression Console software (Affymetrix, Santa Clara, CA, USA) was used for
GC-RMA normalization and log 2 transformations. The assignments of present or
absent calls of probe-sets were using the MAS5 algorithm. The transcripts that were
expressed less than 50 % of the pools within breed and stage were discards. For a
second filtering step standard deviations were calculated for each probe set over all

subsets of arrays. Probe sets with a small standard deviation (SD < 0.25) across the

55



MRNA and miRNA-dependent network in two distinct pig breeds

experimental conditions were filtered out due to their uninformative signals to increase
detection power via a reduction of the number of tested hypotheses in multiple-testing
adjustments (Bourgona et al. 2010) The expression data was deposited in the Gene
Expression Omnibus public repository (GEO accession number GSE38518:
GSM944473-GSM944496).

Statistical analyses were performed using the procedure in JMP Genomics 4 (SAS
Institute, Cary, NC). Breed, stage and their interaction (breedxstage) were treated as
fixed effects. Essentially the SAS MIXED procedure fits linear models on a row-by-
row basis to pre-normalized data. The adjusting for multiple tests across the Type 3
tests for all of the fixed effects was calculated using the post hoc Tukey-Kramer test.
For controlling false discovery rate, we choose the FDR according to Benjamin and
Hochberg, 1995.

IPA pathways analyses

The identified differentially expressed genes between the DL and Pi breed at each stage
were analyzed using the Ingenuity Pathways Analysis (IPA) software (Ingenuity
Systems®, http://www.ingenuity.com). Essentially, IPA associated gene annotation
(GO) terms to the gene lists, functionally categorized genes into functional groups and
statistically identified overrepresentation for each group using B-H Multiple Testing
Correction (FDR) at p <0.05. IPA integrated the Ingenuity Knowledge Base and the
submitted gene expression profiles to generate biological relevant gene regulatory
networks.

To identify miRNA-dependent regulatory networks, differentially expressed miRNAs
of the same samples at 63 and 91 dpc and the adult stage of 180 days were identified
from miRNA microarray data (GEO accession number GSE34213: GSM844738-
GSM844755). Details of miRNA microarray analysis are available in Supplemental
Method. The resulting list of differential miRNAs was then analyzed using the
microRNA Target Filter in IPA to identify their potential mRNA targets based on
TargetScan, TarBase, miRecords, and the Ingenuity® Knowledge Base. The expression
data of differential mRNA from the present study was integrated with the miRNA
expression using the expression pairing function (IPA) to obtain miIRNA-mRNA

relationships with expression changes in opposite direction. The miRNA-mRNA
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interacting networks were further extracted for biological pathways related to muscle

development and growth, cellular growth and proliferation and lipid-metabolism.

Validation of microarray results using Quantitative real-time PCR

Twelve individual RNA samples from each breed and stage (2 breeds x 4 stages) were
used for quantitative real-time PCR (gPCR) to validate the microarray results. Total
(DNase treated) RNA was reverse-transcribed into cDNA using 200 U of SuperScript Il
and Oligo(dT) in a total volume of 10 pl reaction. The qPCR was performed in a 10 pl
reaction containing 5.0 pl of LightCycler 480 SYBR Green I Master (Roche), 600 nM
of each primer and 2 pl of cDNA (20 ng) using the LightCycler 480 system (Roche,
Mannheim, Germany). All reactions were performed in duplicates. The PCR program
was 95 °C for 10 min, followed by 40 cycles of 95 °C for 15 sec, 60 °C for 10 sec and
72 °C for 15 sec. Seven genes were selected (MDH1, PRDM5, PDHAL, IGF1, IGF2,
CYP19A1 and SMPX) and the primer sequences are available in Table S1. A standard
curve was generated for each gene using serial dilutions of specific PCR product, for
the absolute quantification method. The expression value was normalized to two
reference genes, Hypoxanthin-Phosphoribosyl-Transferase 1 (HPRT1) and Ribosomal
Protein S3 (RPS3). Correlation coefficient analysis (r) between the microarray and
gPCR data was performed using SAS version 9.2 (SAS Institute, Cary, NC).

Results

Differentially expressed genes

The Affymetrix GeneChip porcine genome array was used to profile the transcriptional
difference of LD muscle at four developmental stages (35, 63, and 91 dpc and 180 dpn)
for DL and Pi. To simplify the statistic model, we first compared expression profiles
between the two breed types at each developmental stage. Then we analysed gene
expression profile between two adjacent ontogenetic stages for each breed.

A total number of 14,573 out of 24,123 probes on the microarray passed our filtering
and were used for further analyses. The number of differentially expressed genes (FDR
< 0.05) identified in a comparison between DL and Pi at each stage is shown (vertical
arrows) in Figure 3.1. The highest number of 3276 differential probes was observed at

the adult stage. Of these 1787 and 1489 probes showed higher transcript abundance in
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DL and Pi, respectively. Among these, probes representing CYP7B1 DDX3X, ALB,
EIF2S3, EIF1AX, TMSL3, CASQ2, FGB and HSPA2 differed more than six-fold. At 35
dpc, 1422 probes were differentially expressed. At 63 dpc, 970 probes significantly
altered between the two breed types. At 91 dpc, there were 1787 differentially
expressed probes and 367 probes changed more than two-fold. A complete list of all
differentially expressed genes between DL and Pi is available in Table S2-S5. A total of
21, 20, 24 and 30% of expressed probes on the array were differentially altered in either
DL or Pi at 35, 63 and 91 dpc and adult stages, respectively.
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Figure 3.1: The number of differentially expressed probes (FDR < 0.05) identified
in longissimus dorsi (LD) muscle tissue between DL and Pi breed types at 35, 63 and
91 dpc as well as adult stage (180 days old). The numbers of up-regulated genes
associated with either DL or Pi at each stage are shown on vertical arrows. The number
of differentially expressed probes determined between ontogenetic stages in either DL
or Pi is depicted on horizontal arrows and probes commonly identified in both breed
types are shown in the overlaps. Arrow head shows up- (1) or down- (|) regulations.

We then compared the expression profile between two adjacent ontogenetic stages
within each breed. Three comparisons (period I: 35 vs 63 dpc; period II: 63 vs 91 dpc
and period I11: 91 dpc vs adult) for each breed type were investigated. Figure 3.1 shows
the number of differentially expressed probes identified between two consecutive
ontogenetic stages (horizontal arrows). In Pi, the number of 9916, 5433 and 10858
probes were declared differentially expressed at period I, 11 and 111, respectively (FDR <
0.05). There were 8969, 4716 and 10567 differential probes in DL at period I, Il and I1I,
respectively. A comparison of the gene lists showed 7495, 3040 and 9097 probes
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commonly identified in both Pi and DL at period I, 1l and Ill, respectively. These genes
that showed the same shift of abundance along stages in both breeds, thus, can be
assumed to reflect ontogenetic processes that do not contribute to breed differences. In
this regard differentially expressed probes exclusive to either DL or Pi are of interest
(Figure 3.1).

Validation of differentially expressed genes by gPCR

Seven genes MDH1, PRDM5, PDHAL, IGF2, CYP19A1, SMPX and IGF were selected
based on their functions in muscle development for a qPCR assay to validate the
Affymetrix gene expression result. Results from microarray and gPCR showed good
agreement with the coefficient of correlation (r) ranging from 0.44 to 0.92 among all

validated genes (Figure3.2).

MDH1 IGF1
——microarray - -=-qRT-PCR | r =0.7288 ——microarray --=--qRT-PCR r = 0.6116
200 p =<0.0001 |- 206408 15.0 P = 0.0015 T.0E405
> 15.0 1,5E406 = 5.0E405
£ —_— % Eo 3
-] _-‘—‘-——._____.——-" 3 - Fl
3 100 108406 5 O - l—-__../\ 3.0E405 71
o L o o 3 3
E ~ & g os0q Te-ol -4 X . g
5.0 e ~ Sae 5.0E+05 - b S ~~e ~.r___‘+‘_‘ 1.0E405
e ——— J_""f ~§‘_7—_{__L77-E R ~~u
0.0 + 0.0E+00 0.0 + “1.0E+05
35 dpe 63 dep o1 dep Adult 35 dep 63 dep o1 dep Adult 35 dpe 63 dep 91 dep Adult 35 dep 63 dep 91 dep Adult
oL Pi DL Pi
Breed-Stage Breed-Stage
PRDMS5 IGF2
——microarray --+-gqRT-PCR | r = 05168 —+— microarray --=--qRT-PCR | r = 0.6806
12.0 p = 0.0097 B.0E+04 200 p = 0.0003 S.0EHM4
> 6.0E+04 > 15.0
& a0 a F B4
5 3 5 E
g 4.0E+04 Tg' 8 10 3
3 5] o
= 40 3 m 1.0E404 R
2 ;}——\ }\\ R E ,, o-d T
~Ea__ Sag T
0.0 + = = 0.0E+00 0.0 + “1.0E+04
35dpc  63dep 91 dep Adult  35dep 63dep 9 dep Adult 35dpc 63 dep oL 91 dep Adult 35dep 63 dep . o1 dep Adult
D P
Breed-Stage Breed-Stage
PDHA1 CYP19A1
——nmicroarray - < -qRT-PCR ] r o= 04367 ——microarray --+-qRT-PCR | ro= 09178
20.0 p o= 0.0329 1.0E406 20,0 p = <0.0001 | 50E+05
a 158 8.0E+05 o 150 4.0E405
g a @ a
= B0EH5F & 3.0E+05 %
3 10.0 H O 100 % o
5 ._______/ 40EHSO O L 20EHSD)
- a -
E s % E 5o -1 =]
- o, 3-----" [ N —— 2.0E+05 : . __{" 1.0E405
- 1 e $---""1 e .
0.0 + 0.0E+00 0.0 +—* L 0.0E+00
35dpc  63dcp oL 91 dep Adult 35dep 63 dcp - 91 dep Adult 35 dpe 63dep  91dep Adult 35decp  B3dcp  91dep Adult
D
Breed-Stage Breed-Stage
SMPX
——microarray --—-qRT-PCR Fo= 07449
200 4 p = <0.0001 | 45E+06
> 150 358408
& ./——o——_, “—/_;._____‘
£ T T 258406 5,
o 100 ,‘{ ----- - | o
o * s }—*-" ~ 1.5E406 0
E - N et 15 2
sof L Thg | S0E05

<5.0E+05

e
o

35dpc 63 dcp 91 dep Adult 35 dcp 63 dep @1 dep Adult
D
Breed-Stage

Figure 3.2: Validation of the microarray results using Real-time PCR method in 7
genes; MDH1, PRDM5, PDHAL, IGF2, CYP19A1, SMPX and IGF. Microarray results
(on the primary Y-axis) and QPCR (on the secondary Y-axis) for each gene are
depicted in the same graph with r and p-value.

59



MRNA and miRNA-dependent network in two distinct pig breeds

Ingenuity Pathways Analysis

To gain further insight into molecular function of differentially expressed genes, we
interrogated our gene list using IPA. Lists of up-regulated genes in each stage and breed
were used in this analysis. GO categories related to muscle growth and development

2 ¢ 29 ¢¢

including “cellular growth and proliferation”, “cellular function and maintenance”, “cell
death”, “cell cycle”, “cell morphology” and “lipid metabolism™ were overrepresented
with different significant levels associated with breed and stage (Figure 3.3). A
complete list of IPA result is available in Table S6. It is noteworthy that the number of
up-regulated genes differed between DL and Pi for the biological terms “muscular
development and function”, “cellular growth and proliferation” and “lipid metabolism”
(Table 3.1). The number of up-regulated genes associated with “muscle development
and function” and “cellular growth and proliferation” is higher in DL than Pi at all
prenatal stages except for the adult stage which is much higher in Pi. There were more
lipid-metabolism related genes identified in DL than in Pi at 91 dpc and adult stages. In
addition, top canonical pathways regulating cell growth and development such as
PTEN, EIF2, mTOR and p70S6K signalling were identified. A complete list of the

identified canonical pathways is available in Table S7.
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IPA analysis of differentially expressed genes identified biological

pathways associated with porcine skeletal muscle development stages in either DL

Figure 3.3:

(light box) or Pi (gray box) breed types. Only fifteen biological pathways related to
muscle development and growth were selected. Log p-value is depicted on the Y-axis

with threshold B-H Multiple Testing Correction P < 0.05 and pathway names are on the

X-axis.
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Table 3.1. The number of up-regulated genes in either DL or Pi at each stages

associated with three selected functional categories derived from IPA analysis

Skeletal and Muscular
System Development Cellular Growth and Lipid Metabolism
Stage | Breed and Function Proliferation
No. B-H correction p- No. B-H correction p- No. B-H correction p-
genes value* genes value* genes value*
354 DL 95 3.64E-05-1.52E-01 195 6.84E-11-1.52E-01 13 9.23E-02-1.52E-01
pe Pi 29 1.60E-01-1.92E-01 104 1.26E-01-1.92E-01 11 1.41E-01-1.92E-01
63 dpc DL 36 1.18E-02-9.25E-02 108 7.24E-03-9.25E-02 30 4.59E-04-9.25E-02
Pi 14 1.70E-01-2.03E-01 61 1.70E-01-2.03E-01 37 1.46E-01-2.03E-01
DL 58 1.43E-02-1.67E-01 189 5.41E-06-1.67E-01 57 1.57E-05-1.67E-01
91 dpc Pi 23 1.10E-01-1.76E-01 109 6.68E-02-1.76E-01 22 4.45E-02-1.76E-01
adult DL 59 4.89E-02-2.88E-01 102 5.37E-02-2.88E-01 7 8.98E-03-2.88E-01
Pi 116 5.51E-04-2.97E-02 322 2.65E-12-3.92E-02 29 1.62E-02-3.25E-02

* B-H correction p-value = Benjamin-Hochberg correction for multiple testing was
applied by the IPA.

Analysis of microRNA-dependent regulatory network

Analysis of the miRNA microarray data identified 221, 44 and 152 miRNAs
differentially expressed at 63 and 91 dpc and 180 day adult stage, respectively. The
expression of both differentially expressed miRNAs and mRNAs at each stage was then
analyzed to determine the miRNA-mRNA relationship using the microRNA Target
Filter tool in IPA. The expression of the miRNAs and mRNA targets was matched
using the IPA pairing function. Several miRNA-mRNA pairs in our dataset showed
either positive (the same direction) or negative (the opposite direction) expression
correlations. A total number of 217, 145 and 343 miRNA-mRNA pairs (both direction)
were identified at 63, 91 dpc and adult stage, respectively (Table S8). These accounted
for 30, 9 and 17 miRNA families and 76, 82 and 159 target genes at these three stages,
respectively. At 63 dpc, a total number of 111 miRNA-mRNA interactions with a
negative correlation of gene expression were identified. These comprised of 55 mRNAs
targeted by 26 miRNA families (let-7, miRNA-1/206, -103/107, -105, -124, -125, -128,
-129, -133, -16/195/497, -181, -18/4735, -199a-3p, -199a-5p, -19, -17/20/106 , -216, -
218, -24, -30, -320, -324, -374, -455, -9 and -32/92). At 91 dpc, 9 miRNA families
(miR-1/206, -103/107, -125, -181 -199a-3p, -17/20/106, -24, -30 and -374) were

identified to regulate 51 mRNAs and generate 77 interaction pairs with a negative
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expression correlation. Furthermore, 16 miRNA families (miR-103/107, -125, -129, -
133, -16/195 /497, -181, -18/4735, -194, -199a-3p, -199a-5p, -17/20/106, -218, -24, -
30, -628 and -32/92) were found related to 144 mRNAs generating 178 negatively
correlated expression patterns in adult stage. Interestingly, miR-24, miR-30, miR-199a-
3p, miR-103/ 107, miR-125, miR-18land miR-17 families (-17/ 20/ 106) were
differentially expressed at all three stages studied. MiR-30 and miR-199a-3p were up-
regulated in the Pi breed throughout muscle development stages while, miR-181was
overexpressed in DL. A list of important genes associated with cell growth and
proliferation and muscle development is given in Table 3.2 together with their potential
miRNAs derived from an expression pairing analysis in IPA. To explore the miRNA-
dependent regulatory network, we further extracted miRNA-mRNA pairs with a
negative correlation and generated a miRNA-dependent regulatory network focusing on
biological function “cell growth and proliferation” and “lipid-metabolism” (Figure 3.4).
These two categories were selected because of their close relations with muscle

development.

Table 3.2. Expression pairing analysis (IPA) of differentially expressed genes and

potential MiRNAs in longissimus dorsi tissues

Function Gene Potential miRNA?

muscle contraction/ extension of cells | KPNA3 miR-103, -16, -24, -20

growth of cells AKT1 miR-374
CALM1 miR-133a, -181a, -218, -92a
proliferation of cells TSC1 miR-128, -320b, -92a, let-7a

PIK3R1 miR-103, -129, -16, -17-5p, -20
TGFBR2 | miR-103, -17-5p, -19b, -216, -9
growth and proliferation of cells NTRK2 | miR-103, -17-5p, -374
JARID2 miR-125b, -181a, -30e-5p, -92a
RAP1B miR-181a, -24, -30e-5p, -92a

synthesis/ oxidation of fatty acid ACSL4 miR-129, -16, -17-5p, -181b, -19b, -374
development of muscle ELAVL1 | miR-125b, -129, -19b, -324-5p, -9
length of myotube BCL2 miR-1, -16, -17-5p, -181b, -20

#Lists of miRNAs potentially targeting the 3’-UTR of the differentially expressed genes
with expression changes in an opposite direction.
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Figure 3.4: IPA microRNA Target Filter analysis revealed miRNA-dependent
regulatory networks associated to cellular growth and proliferation and lipid-
metabolism functions. MiRNA-mRNA interactions with negative-correlations were
extracted and used to generate miRNA-dependent regulatory networks using IPA
pathway designer. MiRNA-mRNA regulatory networks (A) at 63 dpc comprising 26
miRNAs, 55 mRNAs and 111 interaction pairs (B) at 91 dpc with 9 miRNAs, 51
MRNAs and 77 interaction pairs (C) at adult stage with 16 miRNAS, 144 mRNAs and
178 interaction pairs. Nodes representing miRNAs are colored by green. Light-orange
nodes mMRNAs connected to miRNA by bold edges are regulated solely by a single
miRNAs. The mRNAs regulated by more than two miRNAs are grouped and shown in
yellow color nodes and all their edges colored by gray. Edges represent the relationship
between two nodes.

Discussion

Our LD muscle transcriptome analyses of these critical stages showed a number of
differentially expressed genes and provided a comprehensive list of transcriptional
differences underlying muscle development and growth and the muscular distinction
between the two pig breed types. The IPA analysis identified overrepresentation of the

molecular function and cellular processes categories. It is noteworthy that during
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prenatal period, the number of identified up-regulated genes overrepresented in the
category muscle growth and development is higher in the DL than in the Pi breed type
(Table 1). However, this number is inversely observed in the adult stage: the number of
up-regulated genes is higher in Pi than in DL. This result suggests that at early stage of
muscle fibre formation is unique and complex in these two breed types. Interestingly,
our results showed a higher number of lipid-metabolism associated genes for DL breed
type at almost all stages compared to Pi. Lipid deposition within myofibres occurs as
early as during myogenesis (Karunaratne et al. 2005). The hepatic expression profile
from our previous study also showed an association between the obese DL breed type
and genes in lipid metabolism pathways (Ponsuksili et al. 2007).

GO and IPA pathways analyses (Table 1 and Table S6) identified several candidate
genes related to muscle growth and development including TNNC2 and AKT1. Both
genes are directly involved with the regulation of the myoblast determination factor
(MyoD) and have been identified to be excellent model genes for skeletal muscle
development studies (Li et al. 2008; Rotwein & Wilson 2009). Troponin C type 2-fast
(TNNC?2) is a fibre-specific gene expressed during myoblast differentiation and skeletal
muscle development in fast twitch skeletal muscle. TNNC2 encodes the Troponin C
subunit that binds calcium ions leading to the inhibitory of actin filaments and
ultimately contraction of skeletal muscle (Chen et al. 2011). The v-akt murine thymoma
viral oncogene homolog 1 also known as a serine/threonine protein kinase (AKT1) is a
critical mediator in myogenic differentiation (Sumitani et al. 2002; Rotwein & Wilson
2009) and plays an important role determining size and number of type Il muscle fibres
(Goncalves et al. 2010). Insulin-like growth factor 2 (IGF2) is functionally classified in
“Cellular Growth and Proliferation” as well as “Skeletal and Muscular System
Development and Function” pathways. It has been reported that IGF2 modulates the
transcription activity of MyoD, which in turn regulates the expression of numerous
muscle-specific genes (Wilson & Rotwein 2006; Lobjois et al. 2008). Moreover, IGF2
is well known as a genetic factor which plays a stimulatory role in the initiation of
skeletal myogenic programing and is used as a biomarker for muscle mass and fat
deposition (Van Laere et al. 2003).

The present result showed that the majority of miRNAs simultaneously target several
mMRNAs and over 80% of an individual mMRNA is targeted by more than one miRNA.
This phenomenon tremendously adds complexity to gene regulatory networks (Lee et
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al. 2009; Williams et al. 2009). It has been estimated that 60% of all human genes are
regulated by miRNAs (Friedman et al. 2009). In this study, we focused on a regulatory
network involved in cell growth and proliferation and the lipid-metabolism since they
are related to muscle development and growth. Analysis of miRNA-dependent gene
regulation at 63 dpc, six genes ACSL4, ELAVL1, PHC3, PRKAB2, TGFBR2 and TSC1
showed the highest number of mMiIRNA-mRNA interactions. ACSL4 has been reported to
be involved in fatty acid metabolism and lipid biosynthesis and to play an important
role determining intramuscular fat content and meat quality in pigs (Mercadé et al.
2006; Rus¢ et al. 2011). TGFBR2 which was also more abundant in DL than Pi is
known to drive fibroblasts differentiation into myofibroblasts (Inamoto et al. 2010).
TGFBR2 has been experimentally observed to be directly targeted by miR-17/20a
cluster (especially: miR-17 and miR-20a). Mixed miRNA mimics or miRNA inhibitors
of miR-17-92 components transfection affected the TGF-b pathway and resulted in
induced proliferation inhibition and cell growth arrest in mouse embryo cell line (Li et
al. 2012), keratinocyte cell lines (Schultz et al. 2011) and in another study in mice
neuroblastoma cell (Mestdagh et al. 2010). At 91 dpc, ACSL4, BCL2, FRS2 and NTRK2
established several miRNAs interactions and were found to be down-regulated in the
DL breed type. These genes were reported to play important roles in early stage of
skeletal muscle growth and development (Biral et al. 2002; Hoch & Soriano 2006; Kerr
et al. 2009). At the adult stage, several genes including ACVR2B, CALM1, JARID2,
KPNA3, PIK3R1, RAB8B, RAP1B and ZAK were targeted by a number of miRNAs.
CALM1 was down-regulated in DL. The gene has been implicated to play a role in
muscle contractions and transduction controlling of slow fibre gene expression
specifically in skeletal muscle (Frey et al. 2000). MiR-133 and miR-1 targeting on the
3'UTRs CALM1 genes led to down-regulation of the genes (lkeda et al. 2009).

Conclusions

In the present study, we identified a number of differentially expressed genes between
DL and Pi breed types at critical stages of skeletal muscle growth and development. We
used IPA to functionally categorize these genes and to extract important biological
pathways underlying porcine muscle development. We further integrated miRNA
expression profile to our microarray results and identified several miRNA-dependent

regulatory networks. Our results showed that a number of identified differentially
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expressed genes are potentially regulated by miRNAs. This suggests a complex
miRNA-dependent regulatory network during muscle development. The present result
further adds a comprehensive knowledge on the regulation of transcriptome during

muscle development in pigs.
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Correlated mRNAs and miRNAs from co-expression and
regulatory networks affecting porcine muscle finally meat

properties

Abstract

BACKGROUND: Physiological processes aiding the conversion of muscle to meat
involve many genes associated with muscle structure and metabolic processes.
MicroRNAs regulate networks of genes to orchestrate cellular functions, in turn
regulating phenotypes.

RESULTS: We applied weighted gene co-expression network analysis to identify co-
expression modules that correlated to meat quality phenotypes and were highly
enriched for genes involved in glucose metabolism, response to wounding,
mitochondrial ribosome, mitochondrion, and extracellular matrix. Negative correlation
of miRNA with mRNA and target prediction were used to select transcripts out of the
modules of trait-associated mMRNAs to further identify those genes that are correlated
with post mortem traits.

CONCLUSIONS: Porcine muscle co-expression transcript networks that correlated to
post mortem traits were identified. The integration of miRNA and mRNA expression
analyses, as well as network analysis, enabled us to interpret the differentially-regulated
genes from a systems perspective. Linking co-expression networks of transcripts and
hierarchically organized pairs of miRNAs and mRNAs to meat properties yields new
insight into several biological pathways underlying phenotype differences. These
pathways may also be diagnostic for many myopathies, which are accompanied by
deficient nutrient and oxygen supply of muscle fibres.
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Introduction

Muscle is the major energy consuming and storage organ. An imbalance of nutrients,
energy, and oxygen supply-and-demand in muscle cells is evident following cardiac
muscle or skeletal muscle attack, injury, or damage. The consequences of these
imbalances depend on muscle structure and metabolism and, thus, the muscle’s entire
complement of proteins and their expression patterns. Similar changes, i.e., termination
of nutrient and energy supplies and anoxia, also occur in muscle cells post mortem.
Indeed, these changes underlie the conversion of muscle to meat in food production.
The physiological processes accompanying the change of muscle to meat involve
expression of many genes associated with muscle structure and metabolic features [1,2].
Genes active in the muscle could therefore potentially have pathogenetic effects by
disturbing muscle energy and oxygen homeostasis in vivo, as well as conferring traits
related to meat quality post mortem.

Meat quality is complex and is affected by genetic and environmental factors as well as
slaughtering procedures [3]. The conversion of muscle to meat is important not only as
an economic factor in pork production, but also because these events mimic
pathological processes associated with muscle injury or damage in humans. Post
mortem traits for meat quality and carcass are influenced by a complex network of gene
interactions in muscle; therefore, elucidating the relationships between genes and how
these genes, in turn, influence meat quality and carcass traits is critical for developing a
comprehensive understanding of the muscle to meat conversion as well as muscle
pathologic processes including muscle atrophy, dystrophy, and hypoxia. Additionally,
pigs share many genomic and physiological similarities with humans and, therefore,
provide a good model to study the genetic determination of complex traits and as a
biomedical model [4,5].

Recent advances in functional genomic screening, which can help determine molecular
processes underlying phenotypic differences [6-8], have identified roles for microRNAs
(miRNAS) in regulation of myogenesis [9-11] and adipogenesis [12-14]. miRNAS are
small, non-coding RNA molecules of approximately 22 nucleotides. The primary
miRNA transcript has a stem-loop structure that is recognized and cleaved via RNA
processing enzymes to produce a double-stranded duplex. miRNAs target mRNA
transcripts via base-pair complementarity, typically in the 3’ untranslated region

[15,16], but also in the coding sequence [17]. This targeting can induce transcript
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cleavage, degradation, destabilization, or repression of translation, thereby modulating
protein levels. It has been recently shown that reduction of transcript level account for
most of the regulatory, repressive effects of miRNAs [18]. Target genes that are
regulated by miRNAs through degradation of their respective transcripts consequently
show negative correlation of their mRNA with the miRNA regulator. Moreover, one
miRNA can target several — even hundreds of — genes. Therefore, a unique approach
for identifying miRNA-mRNA regulatory modules was recently introduced, whereby
paired miRNA-mRNA expression profiles were constructed to predict putative target
genes of miRNAs [19,20].

Many studies used the network analysis for dissecting the complex traits [21,22].
Weighted gene co-expression network analysis (WGCNA) [23] has been successfully
applied in a variety of different settings [24-28]. WGCNA groups genes into modules
based on their co-expression across a set of samples and finally relates these modules to
the traits of interest in order to elucidate relevant modules or genes.

In order to identify groups of co-expressed genes (MRNASs) and on the hierarchically
superior level of miRNAs that are correlated with organismal traits related to carcass
and meat quality, we first applied weighted gene co-expression network analysis
(WGCNA) and subsequently we adapted the paired expression profile approach. We
identified co-expression networks regulated by miRNA after filtering of negatively-
correlated miRNA-mRNA pairs and predicting target genes. The integration of miRNA
and mRNA expression analyses as well as network analysis enabled us to interpret the
differentially-regulated genes from a systems perspective, yielding new insight into

several biological pathways underlying phenotypic differences.

Results

Meat quality and carcass traits phenotypes

Elucidating the relationships between genes and how these genes, in turn, influence
muscle metabolic and structural properties is critical for developing a comprehensive
understanding of the muscle to meat process as well as muscle pathologic and
regenerative processes related to muscle atrophy, dystrophy and hypoxia. In total, 207
performance-tested crossbred pig [PIx(DLxDE)] samples were used to investigate meat

quality and carcass traits. Descriptions of 7 carcass traits and 13 meat quality traits, as

77



Regulatory networks of mRNAs and miRNAs related in meat properties

well as means and standard deviations, analysed in this study are shown in Table 4.1.
High correlation coefficients were found between the same biochemical and biophysical
parameters measured at different positions and at different time points post mortem, like
fatness traits or pH. The other cluster covers the traits drip loss, protein content, and
conductivity. This cluster was negatively correlated to pH or fatness (supplementary
Figure 4.1).

Table 4.1 Measured carcass and meat quality traits

Traits Definitions of traits Mean+SD
(N=207)

loin eye area (LEA) [cm?] area of M. longissimus dorsi (MId) at 52.96+5.7

13"714" rib

fat area (FA) [cm?] fat area on MId at 13"/14" rib 14.97+3.2

meat to fat ratio (MFR) ratio of meat and fat area 0.29+0.1

fat depth at shoulder (FDS) depth of fat and skin on muscle, mean of 3 3.44+0.4

[cm] measures at thickest point

fat depth at tenth rib (FDTR) depth of fat and skin on muscle, mean of 3 1.92+0.4

[cm] measures at thinnest point

loin fat depth at loin (FDL)  depth of fat and skin on muscle, mean of 3 1.34+0.4

[cm] measures at thinnest point

average back fat (ABF) [cm] mean value of shoulder fat depth, back fat 2.23+0.4
tenth rib and loin fat depth

% of weight loss of Mld collected at 24 h ~ 5.37+2.2
post mortem, held for 48 h at 4°C

Drip loss (DL) %

LF24MLD Conductivity in MId at 13"/14" rib24 h  5.35+2.2
pOSt mortem
LF45MLD Conductivity in MId at 13"/14" rib 45 min  4.98+1.6

post mortem
Intramuscular fat content Intramuscular fat content of Mid at 0.791£0.4
(MLDIMF) % 13"/14" rib
Protein content (MLDP) %  Protein content of Mld at 13"/14" rib 23.65+0.5
Water content (MLDW) %  Water content of MId at 13"/14" rib 74.7+0.6
Ash content (MLDA) % Ash content of Mid at 13"/14" rib 1.06+0.1
meat colour (OPTO) meat colour 24 h post mortem in Mld at 68.56+6.4
13"/14" rib; OPTO star

IMP24MLD Impedance of Mld at 24 h post mortem 44.63+15.6

pH45MLD pH value in MId at 13"/14" rib 45 min 6.15+0.3
post mortem

pH24MLD pH value in MId at 13"/14" rib 24 h post ~ 5.48+0.1
mortem

pH45MSM pH value in M. semimembranosus (Msm)  6.24+0.3
at 45 min post mortem

pH24MSM pH value in M. semimembranosus (Msm)  5.53+0.1

at 24 h post mortem
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Gene co-expression network construction for mMRNA

To investigate the role of transcriptional networks in muscle, we performed a weighted
gene co-expression network analysis (WGCNA) using expression data from M.
longissimus dorsi necropsies of the 207 performance-tested crossbred pigs
[PIx(DLxDE)]. Expression analysis using GeneChip Porcine Genome Arrays
(Affymetrix) containing 24,123 probe sets identified 11,191 probe sets with consistent
expression according to MASS analysis; these were used for further analysis. Using
WGCNA, residuals derived from the mixed-model analysis of expression levels of
11,191 probe sets were used for constructing the muscle transcriptional network.
WGCNA grouped genes into 22 modules based on patterns of co-expression. Each
module was labelled with a unique color identifier and was characterized for
enrichment of genes of specific gene ontology (GO) categories (Table 4.2). To
represent the gene expression profiles of the highly correlated genes inside a given
module, we used the first principal component, which is referred to as the module

eigengene (ME). We tested each ME for correlation with meat and carcass traits.

Module-trait associations of mMRNA

Sets of genes (modules) with common expression patterns that were associated with
particular traits were identified based on the correlation between ME and organismal
phenotype. We identified five modules that significantly associated with meat quality.
Modules dark-turquoise and orange were correlated positively to pH traits and
negatively to drip 10ss (MEigark-trquoise]: PH24MLD r=0.34, p:5.3><10’7, DL r=-0.19,
p=5.6x10"%, ME[oange;: PH24MLD r=0.32, p=3.7x10"°, DL r=-0.31, p=5.8x107°)
(Figure 1). Module dark-turquoise (31 annotated genes) was highly enriched for genes
belonging to the cluster “glucose metabolic process” (GO: 0006006) and the KEGG-
pathway “insulin signaling” with an enrichment score (ES) of 2.65. Module orange (26
annotated genes) was enriched for transcripts of the functional annotation clusters
“response to wounding”, “defense response” and “inflammatory response” (ES=2.42).
Modules red, black, and tan were correlated negatively to pH traits and positively to
drip loss (MEpeq: pH45MLD r=-0.22, p:1.8><10‘3, DL r=0.20, p:3.9><10‘3; ME plack]:
pH45MLD r=-.23, p=8.8x10, DL r=0.16, p=1.8x10%, MEpy: pH45MLD r=-0.22,
p=1.4x10"3 DL r=0.19, p=6.9x10"%) (Figure 4.1).
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Table 4.2 List of the top GO terms in the most significant DAVID functional

clusters for each muscle network module

No. of
genes % Top term

Module Top term in ME  count! P-value
blue G0:0044451~nucleoplasm part 524 8.97 1.32E-11
light-green G0:0044429~mitochondrial part 97 59.79 3.24E-54
dark-orange GO0:0006414~translational elongation 24 41.67 1.37E-14
grey60 G0:0030163~protein catabolic process 105 12.38 3.10E-04
magenta GO0:0046907~intracellular transport 208 10.58 3.43E-05
red G0:0005761~mitochondrial ribosome 315 5.08 4.41E-16
black G0:0005739~mitochondrion 436 27.06 4.88E-46
salmon G0:0006414~translational elongation 137 4599  4.93E-107

G0:0032446~protein modification by
green small protein conjugation 246 4.07 7.90E-05

G0:0030036~actin cytoskeleton
dark-grey organisation 37 16.22 8.94E-05
tan G0:0031012~extracellular matrix 154 31.17 7.96E-39
midnightblue G0:0042060~wound healing 122 7.38 5.38E-05
pink G0:0000323~lytic vacuole 265 10.57 2.78E-16
dark-turquoise G0:0006006~glucose metabolic process 31 16.13 3.00E-04
purple G0:0006986~response to unfolded protein 143 6.38 8.28E-08
light-yellow G0:0006954~inflammatory response 85 14.12 7.94E-07
orange G0:0009611~response to wounding 26 23.08 1.37E-03
brown G0:0031981~nuclear lumen 1436  15.48 2.72E-27
dark-red G0:0031981~nuclear lumen 183 21.86 8.14E-10

G0:0044265~cellular macromolecule
cyan catabolic process 182 13.19 1.61E-06

G0:0019941~modification-dependent
dark-green protein catabolic process 38 13.16 2.93E-02
grey G0:0008219~cell death 3616  23.84 7.09E-17

Y(number of genes in term/number of genes in ME)x100)

Further, modules red (315 annotated genes), black (436 annotated genes), and tan (154
annotated genes) were enriched for genes of the top functional annotation clusters of
“mitochondrial ribosome”, “mitochondrion”, and “extracellular matrix” with ES of
10.23, 15.15, and 27.05, respectively. Only one module (MEgark-orange) Showed

association with traits related to fatness (Figure 4.1).
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Module-trait relationships
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Figure 4.1: Correlation matrix of module eigengene values obtained for mRNAs
and phenotypes. Weighted gene co-expression network analysis (WGCNA) groups
genes into modules based on patterns of gene co-expression. Each of the modules was
labelled with a unique color as an identifier. Twenty-two modules were identified; each
module eigengene was tested for correlation with meat and carcass traits. Within each
cell, upper values are correlation coefficients between module eigengene and the traits;
lower values are the corresponding p-values.

Co-expression networks and module-trait associations for miRNA

Transcriptional networks of muscle microRNAs were studied with a WGCNA using
miRNA expression data on M. longissimus dorsi from the same animals as above.
Residuals, derived from the analysis of expression levels after correction for systematic
effects according to the mixed model, were used for constructing the muscle miRNA
transcriptional networks, i.e., modules. Nine modules were identified (Figure 4.2). Only
2 modules were associated with meat quality at a significance level of p<0.05. Module
purple was correlated positively to LF24MLD at p=0.03 and negatively to pH24MLD
and IMP24MLD at p=0.04 and p=0.03, respectively. Module purple consisted of 8
miRNA families (miR-17, miR-30. miR221, miR-185, miR-324, miR362, miR-500,
and miR-542). Module blue was positively correlated to pH45MLD and IMP24MLD at
p=0.02 and p=0.01, respectively. Module blue comprised 29 miRNA families (let-7,
miR-15, miR-17, miR-31, miR-95, miR-103, miR-105, miR-122, miR-124, miR-130,
miR-138, miR-154, miR-184, miR-185, miR-197, miR-202, miR-204, miR-212, miR-
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214, miR-320, miR-326, miR-335, miR-346, miR-383, miR-467, miR-491, miR-744,
miR-1224, and miR-1296).

Module-trait relationships
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Figure 4.2: Correlation matrix of module eigengene values obtained for miRNAs
and phenotypes. Weighted gene co-expression network analysis (WGCNA) groups
miRNA into modules based on patterns of their co-expression. Each of the modules was
labelled with a unique color as an identifier. Nine modules were identified; each module
eigengene was tested for correlation with meat and carcass traits. Within each cell,
upper values are correlation coefficients between module eigengene and the traits;
lower values are the correspondent p-value.

Individual miRNA expression profiles and correlated traits

In addition to miRNA modules, the expression of 675 individual miRNAs probe sets,
which corresponded to 513 unique sequences belonging to 159 miRNA families, were
profiled and examined for correlation with meat and carcass traits. In total, 225
MiRNA-phenotype pairs revealed correlations at p<0.01. Table 4.3 lists the top 20
miRNAs with highly significant correlations to phenotypes (p<0.005).
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Table 4.3 Correlation coefficient of carcass and meat quality traits with abundance

of individual miRNAs and the positions of miRNAs

Trait miRNA_family r p-value Chromosome Paosition (bp)
DL miR_184 -0.23 1.35E-03 7 5.38E+07
DL miR_142 0.23 1.77E-03 12 3.59E+07
DL miR_23 -0.21 4.42E-03 10 3.29E+07
DL miR_181 -0.20 4.62E-03 10 2.74E+07
IMP24MLD miR_217 -0.25 6.01E-04 3 8.87E+07
IMP24MLD miR_184 0.25 6.41E-04 7 5.38E+07
IMP24MLD miR_221 -0.24 8.12E-04 X 4.34E+07
LF24MLD miR_221 0.25 4.49E-04 X 4.34E+07
MLDP miR_185 -0.21 3.86E-03 14 5.58E+07
MLDIMF miR_467 0.24 1.03E-03 9 1.29E+08
OPTO miR_1827 0.24 1.03E-03 1 2.33E+08
PH24MLD  miR_133 -0.27 1.86E-04 6 9.92E+07
PH24MLD  miR_217 -0.26 2.36E-04 3 8.87E+07
PH24MLD  miR_181 0.25 4.74E-04 10 2.74E+07
PH24MLD  miR_130 -0.23 1.26E-03 2 1.31E+07
PH24MSM  miR_133 -0.24 8.24E-04 6 9.92E+07
PH24MSM  miR_363 0.23 1.39E-03 X 1.17E+08
FDS miR_103 -0.24 6.65E-04 17 3.65E+07
FDS miR_107 -0.24 7.63E-04 14 1.11E+08
FDS miR_17 -0.24 8.61E-04 X 1.17E+08

Endogenous correlation of expression profiles between miRNA and mRNA

We performed pairwise correlation coefficient analysis to evaluate association of
expression levels between 675 miRNA probe sets and 11,191 mRNA probe sets.
Among the 7,553,925 Pearson correlation coefficients, we detected significant
correlation in 5,933 miRNA-mRNA pairs at p-values < 8.97 x 10 (FDR=0.1). The
5,933 pairs comprised 408 miRNA probe sets belonging to 128 miRNA families that
were correlated with 2,296 mRNA probe sets. Of these 5,933 pairs, 4,005 and 1,928
pairs showed positive and negative correlations, respectively. Positive correlations
tended to be more dramatic than negative correlations; the correlation between miR-122
and VTN was the most significant (FDR=4.33x10™). The most significant negative
correlation was between miR-154 and LOC387820 (FDR=1.1x10"). The most
frequently involved miRNA family was miRNA-221, which was correlated with 616
MRNAs. In total 96 miRNA families showed significantly negative correlations with
groups of up to 253 genes. We evaluated GO classification for each miRNA-correlated
gene set of more than 50 genes (Table 4.4). The most striking findings were from gene

sets that were negatively correlated with miR-23, miR-30, miR17, miR154, and miR-
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132. For miR-23 and miR-17 the set of negatively correlated genes was highly enriched
for genes belonging to the clusters “translation” (GO:0006412) and “translational
elongation” (GO:0006414). The set of genes negatively correlated with miR-30 was
enriched for “cytoskeletal protein binding” (GO:0008092). The set of genes negatively
correlated with miR-154 was enriched for “threonine-type peptidase activity”
(GO:0070003), while miR132-correlated genes were enriched for “proteasome
complex” (GO:0000502).

Table 4.4 List of the top GO terms in the most significant DAVID functional

clusters of genes negatively-correlated with the listed miRNAs.

. No. of % Top term P-
mMiRNA Top term N 5
genes count® value

miR-23 G0:0006412~translation 253 6.14 2.25E-11
miR-30 G0:0008092~cytoskeletal protein binding 96 14.03 1.83E-03
miR-17 G0:0006414~translational elongation 87 24.69 1.60E-25
miR-154  G0:0070003~threonine-type peptidase activity 72 5.88  3.98E-05
miR-132  G0O:0000502~proteasome complex 64 484 1.63E-02

Tnumber of genes with negative correlation to the respective miRNAs

2(number of genes in term/number of genes in ME)x100)

Integration of negative correlation of mMiRNA and mRNA with module-trait
association and target prediction

A total of 1,928 pairs of miRNAs and mRNAs that showed negative correlations at p-
values < 8.97 x 10° (FDR=0.1) belonged to 1,073 mRNA probe sets (929 gene) and
264 miRNA probe sets (96 miRNA families). Of these, 286 pairs were assigned to
modules dark-turquoise, red, black, and tan, which showed correlation with traits
related to meat quality (Figure 4.3). However, no genes in module orange were
negatively correlated with miRNA at FDR < 0.1. Only one gene (CREM) in the module
dark-turquoise was negatively correlated with miR-153 (r=-0.34 p=2.11x10"
FDR=0.02). In module black, 69 genes were negatively correlated with 21 miRNA
families, totaling 140 miRNA-mRNA pairs. In total, 101 and 43 pairs of miRNAs and
MRNAs were identified in modules red (22 miRNAs and 52 genes) and tan (17

84



Regulatory networks of mRNAs and miRNAs related in meat properties

miRNAs and 26 genes). Known genes belonging to modules dark-turquoise, red, black,
and tan and their negatively-correlated miRNAs are shown in Table 4.5.

Out of 1,928 pairs of miRNAs and mRNAs that showed negative correlations at p-
values < 8.97 x 10™ (FDR=0.1), 62 pairs were assigned to modules blue and purple,
which correlated with meat quality (Figure 4.4). These 62 pairs of miRNAs and
MRNAs belonged to 14 miRNA families and 40 genes (Table 4.6).
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Figure 4.3: Regulatory network of negatively-correlated mRNAs and miRNAs.
Genes in modules dark-turquoise, orange, red, black, and tan that were significantly
associated with meat quality and were negatively correlated with various miRNAs as
indicated by the arrows. Colors of symbols of mMRNA encoded proteins indicate the
assignment to the respective module (grey=black).
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Enzyme G-protein Coupled Receptor Kinase
Peptidase Phosphatase Transcription Regulator
Transporter Unknown Mature Micro RNA

Figure 4.4: Regulatory network of negatively-correlated miRNAs and mRNAs.
miRNAs in modules blue and purple that were significantly associated with meat
quality and were negatively correlated with various mMRNAs as indicated by the arrows.
Colors of symbols of miRNAs indicate the assignment to the respective module.

Further, TargetScan and RNAhybrid were used to scan miRNA and mRNA sequences
(porcine RefSeq), to obtain additional evidence for their functional link; these
sequences corresponded to 1,928 pairs of negatively-correlated miRNAs and mRNAs.
In total, 474 pairs of miRNA and mRNA were confirmed by either of the two in silico
prediction methods: 331, 195, and 32 miRNA-mRNA pairs were predicted by
RNAhybrid, TargetScan, or both methods, respectively. The 474 miRNA-mRNA pairs
covered 121 probe sets of miRNAs (65 miRNA families) and 331 targets probe sets
(297 genes). When focusing on genes of the trait-correlated modules dark-turquoise,
orange, red, black, and tan, 73 out 286 pairs of miRNAs and mRNAs were confirmed
with at least one in silico method. These 73 pairs comprised 26 miRNA families and 51
genes (Tables 4.5 and 4.6 in bold).
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Table 4.5 Genes belonging to the modules dark-turquoise, red, black, and tan and

their negatively-correlated miRNAS

Modules miRNA  Genes within modules negatively correlated with miRNA®

family
Dark- miR-153 CREM
turquoise
Black miR-1 NDUFB9, ATP5C1, DNAJC12, NDUFC2, TOMM6, RRN3, PSTK,
Clorfls1
miR-103 GLRX3, LOC202051
miR-130 SLC22A23, LOC727762
miR-132 NDUFB9, ACBD6, GHITM, DNAJC12, GLRX3, CBR1, ANAPC13, RRNS3,
HIBCH, MCEE, GYG1, UFC1, COPS4, GALK2, LOC665103, VTI1B
miR-133 RRNS3, COPS4, FLJ11506
miR-146  GLIS2
miR-15 KIF1B, TACC2, Wipf3, SLC22A23
miR-154 NDUFB9, GHITM, GLRX3, LOC100132911, CHPT1, GYG1, UFC1,
LANCL1, LOC728620, ATP6V1G1, MRPL35, VTI1B, CHCHD2
miR-17 SLC25A3, PRDX3, GHITM, SAR1A, ATP5C1, COX17, BIN1, GLRX3,
MYL2, TPM3, LOC647081, CNPY2, dJ196E23.2, LOC727762, MSRA
miR-181
miR-19 SSBP3
miR-205 SH3PXD2A, PEAR1
miR-324 CIC, UBAP1
miR-330 DNAJC12, VTI1B
miR-339  Ncorl
miR-375 VTI1B
miR-379  C15o0rf24, GHITM, CIP29, TSPANS3, GLRX3, PSMA2, ANAPC13,
C8orf38, SRP14, CXorf26, LOC100132911, MRPS14, MCEE, GYG1,
UFC1, LANCL1, LOC728620, COPS4, PSMAG, FLJ11506, VTI1B,
TMEM126B
miR-425 BIN1, DBI, LAPTM4A
miR-467 DNAJC12
miR-503 SPCS2, GHITM, BIN1, PARK7, DBI, LOC728620, H2AFY, dJ196E23.2,
CHCHD2
miR-99 Ncorl
Red miR-1 FDPS, GCHFR, C200rf24, STRA13

miR-103  PPP1R7, PSMC3

miR-124 HSBP1, STRA13

miR-130 STRA13

miR-132  SNRNP25, PPP1R7, PSMC3, FDPS, N6AMT2, MRPS26, PSMB5, Snf8,
DHDH, COPS6, HSD17B8, PQBP1, MRPS7, C70rf30, TFDP1, NHP2,
LOC152217, PBXIP1, DNPEP, C120rf44, UROD, MRPL48

miR-133  FDPS, TTC28

miR-146  CHCHD7

miR-154 PSMB2, WBSCR22, PPP1R7, PSMC3, LSM4, FDPS, PIH1D1, MRPS26.
5330431N19Rik, PSMB5, Snf8, JTB, DHDH, COPS6, PSMB?7,
LOC646330, MRPS34, PQBP1, SIVAL, MRPS7, STK24, RUVBL1,
MRPL23, PFDNG6, SSSCAL, PBXIP1, PRPS1, MRPL55, COMTD1, UROD,
ROBLD3, Clorf144

miR-17 MYOZ1, CHCHD4, RUVBL1, PRPS1

miR-196  MRPS7

miR-202  STRA13

miR-204  MRPS26, STRA13

miR-214 RUVBL1

miR-26 STRA13

miR-330 PPP1R7, FDPS, MRPS7

miR-335 PIH1D1
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Red miR-342 MRPS7, RUVBL1
(continued)  miR-375 FDPS, LOC100039220, MRPS7, MRPL48
miR-379 MRPS7, MRPLA48
miR-467 WBSCR22, PSMC3, FDPS, MRPS7, STRA13, STRA13
miR-503 MYOZ1
miR-676  WIBG
tan miR-132 COLG6A1
miR-133 COLG6Al
miR-145 POSTN
miR-148 DPYSL3
miR-154 COLG6Al
miR-181  COL12A1, FKBP10, Aebpl, OGN
miR-204 COL6A1
miR-205 COL1Al, COL6A3, DPYSL3, MAGED1, DPYSL3, COPZ2, COL5A1
miR-320 COLG6A1l
miR-330 COLG6A1l
miR-342 COL6A1
miR-375 COL6Al
miR-423 COLG6Al
miR-425 DCN, COL3A1, FBN1, COL6A3, LOC100129547, COL5A2, COL1A2,
COLG6A1, FSTL1, COL14A1
miR-455 COLG6Al
miR-488 CRISPLD2
miR-9 NID2, COL6A1, YWHAQ, CNN3, NID1, TSPANG

Igenes predicted as potential targets of the corresponding miRNAs are shown in bold.

Table 4.6 MicroRNASs belonging to modules blue and purple and their negatively-

correlated genes

Modules miRNA

Genes within modules negatively correlated with miRNA*

family
Blue Let-7 CARS

miR-124  STRA13, IER3IP1, HSBP1, CCNL2, LOC100133632, SYTL4

miR-130 STRA13, LOC727762

miR-154 PCM1

miR-202  SCARB2, STRA13, TFAM

miR-204  STRA13

miR-467  STRA13, MRPS7, STRA13, NUCKS1, PSMC3, FDPS, DNAJC12, WBSCR22
Purple miR-17 BEND5, PTP4A2, BEND5

miR-185 SEMAGC, Nfia, RSU1, USP11, SEMA6C, ZNF704

miR-221  RNF220, CHDS, P14KA, FLJ25076, DVL2, FZD8, Sh2b1, LOC100157073

miR-324  CIC, UBE2E1, UBE2V1, MYLPF, UBAP1

miR-362 IGFBP5, HERC1, PSMB3

miR-500 IGFBP5, UBE2E1, HERC1

miR-542 RSU1

'genes predicted as potential targets of the corresponding miRNAs are shown in bold.
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Discussion

Here, we present an integrative approach to identify transcriptomic differences that may
contribute to variation of the kinetics of metabolic processes under diminished oxygen
and nutrition supply that is evident during muscle conversion to meat. The speed and
extend of the switch from aerobic to anaerobic ATP production, until final total failure
of energy production, and of protein degradation processes largely affect meat quality
[29]. In order to identify functional networks of genes contributing to these processes an
approach was used based on a multi-level integration of weighted gene co-expression
network analysis (WGCNA) of mRNA and miRNA with mRNA-miRNA pair
correlation and miRNA target prediction.

MRNA abundance and co-expression networks linked to muscle and meat
properties

We used transcriptional network analysis to identify co-expression modules (dark-
turquoise, orange, red, black, and tan) that correlated to meat quality phenotype. These
modules were highly enriched for genes involved in “extracellular matrix”, “glucose
metabolic ~ process”, and  "mitochondrion”  (“oxidative  phosphorylation”
KEGG_PATHWAY); i.e. processes affecting structural and metabolic properties,
oxidative phosphorylation that depends on oxygen supply. When oxygen is limited
(post mortem or during prolonged vigorous exercise) the glucose metabolism occurs by
anaerobic respiration, a process that is independent of the mitochondria. A shift from
aerobic to anaerobic metabolism - favouring the production of lactic acid - results in a
pH decline post mortem and thereby influence the meat quality [29]. So the biological
process of mitochondria as well as the way of glucose metabolism play a significant
role in the muscle cell and finally impact on meat quality. Indeed, mitochondrial
dysfunction resulting in decreased cellular energy production is also responsible for a
variety of human myopathies and cardiomyopathies [30-33].

Genes assigned to the GO category of “extracellular matrix” encode proteins belonging
to the myofibrillar scaffold. The characteristics of the myofibrillar scaffold and the
kinetics of their fragmentation were associated with tenderness and water-holding
capacity of meat. In particular, the proteolysis of muscle proteins affects the shrinkage
of myofibrils, the development of pores in the cell membranes, so called drip channels,

and the non-covalent binding of water molecules [34,35]. Collagens are major
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constituents of the extracellular matrix (ECM). In our study there were many collagen
genes that are reported to be correlated with various muscle disorders [36-39]. For
example, collagen type VI (COLVI), an important component of skeletal muscle ECM,
is involved in maintaining tissue integrity [40]. Col6al™ mice show a complete
absence of collagen VI chains and display a myopathic phenotype, abnormal

mitochondria, and increased apoptosis of muscle fibres [41,42].

mMiRNA abundance and co-expression networks linked to muscle and meat
properties

Our finding of the relevance of mitochondrial metabolic pathways, including oxidative
phosphorylation, and muscle structural protein composition to post mortem processes
affecting meat quality is in line with our previous results obtained in other populations
[1,6,7]. Additionally, while the previous studies focused on trait-associated mMRNA
expression, here another hierarchical level in the regulatory network relevant to
processes occurring under conditions of insufficient oxygen, energy, and nutrient
supplies is provided. In fact, miRNA was integrated into this study as a regulator
molecule of muscle transcripts. miRNAs with identical seed sequences (the same
family) [43] or that are closely located on the same chromosome (the same cluster)
[44,45] have similar expression trends. This was confirmed in our study, where most of
the modules consisted of the same families of mMiIRNAs or miRNAs located on the same
chromosome. In this study, marginal association of miRNA co-expression modules to
organismal traits was found compared to mMRNA co-expression modules. On the one
hand, co-expressed miRNAs of the same family or cluster might not regulate the same
trait. On the other hand, this may be caused by indirect regulation of organismal traits
by miRNAs via their effect on mRNA transcripts. Accordingly, individual miRNA
correlation to phenotypes was also considered. Recent studies have revealed key roles
for miRNAs in the regulation of skeletal muscle differentiation, and changes in miRNA
expression are associated with various skeletal muscle disorders [46-48]. In this study,
several miRNAs were correlated with carcass and meat quality traits. This includes
miR-221, previously identified in studies of myotube maturation and in the maintenance
of the myofibrillar organization [49] and found to contribute to muscle pathogenetic
mechanisms [50]. Interestingly, miR-133, which showed highest correlation with
pH24MLD and pH24MSM, has been widely studied for roles in the regulation of
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skeletal muscle development, including in proliferation and myogenesis [10,51] as well
as muscle disorders [47]. Recently, a study reported that mice with genetic deletions of
miR-133a-1 and miR-133a-2 developed adult-onset centronuclear myopathy in type 11
(fast-twitch) myofibres, which was accompanied by impaired mitochondrial function,
fast-to-slow myofibre conversion, and disarray of muscle triads [52]. These are changes
of muscle structure and metabolism that also impact meat quality. In addition to its well
established role in translation (table 4), miR-23a was also recently identified as a key
regulator of skeletal muscle differentiation and is predicted to target multiple adult fast
myosin heavy chain (Myh) genes, including Myh1, 2, and 4 [53]. For fat traits, miR-103
and miR-107 were highly correlated (table 3). This is consistent with previous reports
of miR-103 being involved in adipogenesis, lipid metabolism, and adipocyte
differentiation [54,55] and of miR-103/107 being involved in glucose homeostasis and
insulin sensitivity [56]. In this study we showed for the first time more complex
correlations among mMiRNAs and between miRNAs and post mortem organismal
phenotypes in swine, while also confirming previous studies in human and mouse

muscle as well as C2C12 myoblasts.

Links between miRNA and mRNA that relate to muscle and meat properties

This study also sought to evaluate to what extent the co-expression modules of trait-
associated mRNAs are themselves regulated by miRNAs. A regulatory link between
miRNA and mRNA and a functional link to the organismal phenotype was suspected if
(1) the mRNA belonged to either one of the co-expression modules associated with the
traits (i.., MEgark-trquoisex MEorange, MEred, and MEgwn), (2) mMRNA abundance was
significantly negatively correlated with its miRNA regulator, and (3) the mMRNA was
predicted to be a target gene of the respective miRNA. Therefore, RefSeqs of the genes
with present calls from the 3"-IVT-Affymetrix arrays were explored to predict the
targets of mMIRNAs by either seed sequence complementarity [57] or by
thermodynamics-based modeling of RNA:RNA duplex interactions [58]. Currently, no
publicly-accessible database covers porcine miRNAs and their predicted target genes.
Moreover, annotation of porcine genes is not yet finalized. Accordingly, the target
predictions should be interpreted with caution.

Interestingly, no miRNA regulator was identified by negative correlation or target

prediction in the module orange, which was enriched for genes related to “response to

91



Regulatory networks of mRNAs and miRNAs related in meat properties

wounding”, “inflammatory response”, and “defense response”. Genes assigned to
biofunctions related to response to exogenes stimuli, change their transcription rate
immediately due to many factors. As suggested by finding no correlated miRNAs —
their regulation of transcription obviously occurs without major involvement of
miRNA. However, many genes in the module orange were previously confirmed as
transcriptional regulators in myogenesis or were located in QTL regions for muscle
fibre traits like BTG2, EGR1, ANKRDS1 and FOS [59,60]. Interestingly, the genes in
module orange like Egrl, FOS and JUN that are associated with oxidative stress
response were found upregulated in muscle in response to mechanical ventilation and
immobilization in a porcine model for critical illness myopathy (CIM) [61,62].

Co-expressed genes in module dark-turquoise were significantly associated with meat
quality and based on the current knowledge of gene functions some links among them
are suggested to be relevant For example, one member of this module, CREM, is a
transcription factor binding to cAMP-responsive elements (CRES) in the promoters of
various genes. This transcription factor plays important roles in various organismal
functions [63-67]. Crem inactivation or knockout has been shown to increase the rate of
apoptosis in testis tissue [68,69]. The main cellular change associated with apoptosis
processes also occur during post-mortem [70]. Post mortem biochemical processes in
muscle lead to pH decline. A high expression of CREM being positively correlated with
pH at 24 hours, may indicate a slowdown of apoptosis related post mortem processes
paralleling anaerobic metabolic processes that led to a decrease of pH. This indicates
that the abundance of CREM transcripts in muscle plays a significant role in meat
quality. Further, CREM and miR-153 were highly negatively correlated (FDR<0.01)
which is known to induce apoptosis in a glioblastoma cell line DBTRG-05MG [71].
Thus a consistent link of affetcs on apoptosis and mMRNA-miRNA interaction is
obvious. miR-153 also inhibits the protein kinase B (PKB/Akt) pathway by reducing
the protein level of insulin receptor substrate-2 (IRS2) [72].As recently shown, miR-
135a targets IRS2 levels by binding to its 3'UTR and this interaction regulates skeletal
muscle insulin signaling [73]. Insulin signalling plays a pivotal role in the regulation of
glucose uptake by skeletal muscle [74]. The glucose uptake in skeletal muscle has a
large effects on meat characteristics [75,76]. In our study, Irs-2 also belonged to module
dark-turquoise and was negatively correlated with waterholding capacity related traits
like DL (p=0.004) and positively with pH (pH24MLD, p=7.05E-07; pH24MSM,
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p=1.30E-03; pH45MLD, p=3.39E-03). Thus another plausible functional link of
members of the module dark-turquioseand miRNAs can be shown.

Supply energy for physiological functions and play a significant role in the
regulation of other cellular events including apoptosis, calcium homeostasis, and
production of reactive oxygen species. Mitochondrial metabolism is affected by
miRNA regulation [77]. Here, we found many miRNAs being negatively correlated to
target genes of modules red, black, which were enriched for genes related to
mitochondrial pathways. Indeed, miR-338 modulates energy metabolism, oxidative
phosphorylation, and mitochondrial functions [78,79], and miR-15b, -16, -195, and -
424 decrease cellular ATP levels in cardiomyocytes [80]. Additionally, miR-181c can
enter and target the mitochondrial genome, ultimately causing electron transport chain
complex 1V remodeling and mitochondrial dysfunction [81]. Here we found miR-181
was correlated with DL and pH24MLD as well as S100 calcium binding protein A6
(S100A6). Further, mitochondrial genes like Kiflb, Atpévlgl, Atp5cl, Park7, Chchd2,
Ruvbl1, Mrps7, and Mrpl48 were highly negatively correlated with, and some of them
were predicted as targets of, miR-15, -154, -17, -503, -214, -330, -342, and -375.

Many genes of module tan were assigned in the GO category “extracellular matrix”
including Collal, Colla2, Col3al, Col5al, Col5a2, Col6al, Col6a3, Coll2al,
Col14al, Crispld2, Ddn, Fbnl, Nidl, Nid2, Ogn, and Postn. These genes were
negatively correlated with, and some of them were predicted as targets of, miRNA.
Interestingly, Col6al was found as a target for many miRNAs including miR-132, miR-
205, miR-320, miR-330, miR-375, miR-423, and miR-425. Moreover, miR-205 was
identified as a regulator of Collal, Magedl, and DpysI3. Gandellini et al. (2012) [82]
reported that miR-205 controls the deposition of laminin-332 and its receptor integrin-
B4 as well as participates in a network involving ANp63a, which is essential for
maintenance of the basement membrane in prostate epithelium. Similarly, other
miRNAs, including miR-29, miR-133, and miR-30, are involved in the regulation of
development and maintenance of extracellular matrix of bone and muscle [83,84].

Much evidence suggests that a group of miRNAs (cluster and family) may contribute to
the regulation of a set of common targets [46,85,86], and are, therefore, associated with
phenotypes. WGCNA was used here to group miRNA products and revealed 2 modules
associated with meat quality (purple and blue). The miRNA from these modules were
negatively correlated to mRNAs, and some of these were predicted as targets. Most
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MiRNASs in module purple were related to genes in the categories “ubiquitin” or
“protein catabolic process” (Ube2el, Ube2bl, Ubapl, Igfbp5, Hercl, Psmb3,
Fl1j25076). Differential expression of genes of the ubiquitin system depending on
muscle and meat quality was previously shown [1]. Recently association of genes of the
ubiquitin system with meat quality was shown [87]. In particular, miR-324 was highly
negatively correlated and predicted to target Ube2el, Ube2vl, Bapl, Lpf and Cic.

Most previous muscle mRNA and miRNA expression studies focused on cardiac
muscle or skeletal muscle injury [50,88]. In these injuries, the degree of damage results
from an imbalance of energy, nutrients, and oxygen supply-and-demand in muscle cells.
Similarly, nutrient, energy, and oxygen depletion occurs post mortem. Many changes in
expression associated with muscle injury would therefore overlap with post mortem
processes in conversion of muscle to meat, and vice versa. In this regard, functional
annotation of MRNA co-expression and trait-correlated expression identified key post
mortem pathways and functions, including glucose metabolic process, mitochondrial
metabolic pathways, and muscle structural components, involved in muscle-to-meat
conversion that will be relevant to muscle injury as well.

In this study, for the first time, expression and co-expression of miRNAs functioning as
a fine-tuning of mMRNA transcription and translation was integrated with mRNA
transcript abundance measures and phenotypic data on meat quality. By this an
additional hierarchical level, i.e. miRNA affecting mRNA, was considered in the
molecular regulation of muscle-to-meat conversion. miRNAs are necessary for proper
skeletal and cardiac muscle development and function, and have a profound influence
on multiple myopathies, such as hypertrophy, dystrophy, and conduction defects.
Consequently, an expression biomarker panel (whether from mRNA or miRNA)
derived from this study may not only be predictive for quality of meat post mortem, but
also for many muscle pathologic processes including muscle atrophy, dystrophy, and
hypoxia [89,90]. The abundance of mMRNAs and their fine-tuning by corresponding
miRNAs in molecular pathways related to mitochondrial metabolic balance and
oxidative stress, cell proliferation and differentiation, as well as muscle structural
protein composition play an important role in these myopathies and meat maturation.
Functional studies of the interactions among and between mMRNAs and miRNAs will
provide additional experimental data for validation of the relationships on the level of
mRNAs, miRNAs and organismal phenotype that were stressed in this study.
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Material and Methods

Animals, tissue collection, and phenotyping

Animal care and tissue collection procedures followed the guidelines of the German
Law of Animal Protection, and the experimental protocol was approved by the Animal
Care Committee of the FBN. This study was based on trait measurement and expression
profile association analyses done with 207 performance-tested pigs from commercial
herds of the crossbreed Pietrain x (German Large White x German Landrace). Animals
were raised and slaughtered under standardized conditions in the experimental facilities
of the Leibniz Institute for Farm Animal Biology (FBN). Sample collection was
performed thoroughly after exsanguination, tissue samples were rapidly dissected, snap-
frozen in liquid nitrogen and stored at -80 °C. The average age of the pigs at sampling
was ~180 days. Technological parameters of meat quality, i.e., pH-value, conductivity,
and colour, were measured by using Star-series equipment (Rudolf Matthaeus
Company, Germany). Measures of pH and conductivity were at 45 min post mortem
(pH45) and 24 h post mortem (pH24), in both M. longissimus dorsi between 13"/14™
rib (pH45MLD, pH24MLD, LF45MLD, LF24MLD) and the ham (M.
semimembranosus) (symbol: pH24MSM, LF24MSM). Muscle colour was measured at
24 h post mortem by Opto-Star (Matthaeus, Klausa, Germany). Drip loss was scored
based on a bag method with a size-standardized sample from the M. longissimus dorsi
collected at 24 h post mortem and weighed, suspended in a plastic bag, held at 4 °C for
48 h, and re-weighed [91]. To determine cooking loss, a loin cube was taken from the
M. longissimus dorsi, weighed, placed in a polyethylene bag, and incubated in water at
75 °C for 50 minutes. The bag was then immersed in flowing water at room temperature
for 30 minutes, and the solid portion was re-weighed. Thawing loss was determined
similarly after at least 24 h freezing at -20 °C. Drip loss, cooking loss, and thawing loss
were calculated as a percentage of weight loss based on the start weight of a sample.
Shear force was measured using Instron-4310 equipment, and average values of four

replicates were used for analyses.
Customized miRNA microarrays design

Our custom porcine miRNA array was designed from 284 pig miRNAs obtained from
the mIRBASE (miRBase 14.0). Because miRNAs are highly conserved between
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closely-related species [10], we could predict novel porcine miRNA candidates by
inter-species alignments requiring 100% mature miRNA similarity. Accordingly, we
used previously known miRNA sequences from humans and mice, as well as other
species, to perform BLAST searches against the porcine genome database porcine; 391
miRNA candidates were identified. In total, 675 miRNAs probe sets, corresponding to
513 unique sequences belonging to 159 miRNA families, were used for hybridisation
with the target samples described above. Microarray data related to all samples were
deposited in the Gene Expression Omnibus public repository (GEO accession number:
GSE41294: GSM1013731-GSM1013920).

Customized microarrays, pre-processing, and normalization of miRNA

Total mMiIRNA was isolated with Qiagen miReasy Mini kit and RNeasy MinElute Clean
up kit (Qiagen, Hilden, Germany) according to manufacturer's protocol for small RNA.
Quality and quantity of isolated total RNA and miRNA were determined using an
Agilent 2100 Bioanalyzer for RNA (Agilent Technologies, Santa Clara, CA).
Affymetrix customized microarrays from our porcine miRNA candidate dataset were
used. Targets for hybridisation were prepared from miRNA with the FlashTag™ Biotin
RNA Labeling Kit for Affymetrix GeneChip miRNA arrays (Genisphere, Hatfield, PA,
USA) according to manufacturer’s recommendations. Briefly, 250 ng of miRNA of
each individual were poly(A)-tailed using ATP—poly-A-Polymerase, then FlashTag
Biotin end-labelled. After hybridisation of biotin-labelled complementary RNA, chips
were washed and processed to detect biotin-containing transcripts by Streptavidin-PE
(Phycoerythrin) conjugate, then were scanned on GeneChip scanner 3000 7G
(Affymetrix, Santa Clara, US). Data were extracted from the images, and spots were
quantified and processed by quality filtering. Hybridization quality was assessed in all
samples by using JMP Genomics 5 utilizing Robust Multi-array Average (RMA)
background correction and log2 transformations. To acquire the expression value, data

were normalized between chips using the quantile normalization method.
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Whole-genome expression profiling (MRNA)

Gene expression profiling of M. longissimus dorsi samples of pigs was conducted with
the same animals (207) as for miRNA. In brief, total RNA was isolated using TRI
Reagent (Sigma, Taufkirchen, Germany) and used for target preparation for microarray
hybridisation. According to Affymetrix protocols, 500 ng of total RNA were reverse-
transcribed into cDNA, transcribed into cRNA, and labelled using Affymetrix One
cycle synthesis and labelling kit (Affymetrix, UK) to prepare antisense biotinylated
RNA targets. Quality of hybridisation was assessed in all samples following
manufacturer’s recommendations. Data were analysed with the Affymetrix GCOS 1.1.1
software, using global scaling to a target signal of 500. Data were processed with
MAS5.0 to generate cell intensity files (present or absent). Quantitative expression
levels of present transcripts were estimated using the PLIER algorithm (Probe
Logarithmic Intensity Error) for normalization that was implemented in Expression
Console (Affymetrix). Based on BLAST comparison of the Affymetrix porcine target
sequences with the porcine genome sequence (Ensembl_Sscrofa_10), 20,689 of the
24,123 probe sets on the Affymetrix Porcine GeneChip were localized and annotated
[92,93]. Microarray data related to all samples were deposited in the Gene Expression
Omnibus public repository [GEO accession number: GSE32112: GSM796045-
GSM796251].

Pre-processing of phenotype and expression data

Phenotypes and expression levels were adjusted for systematic effects by analysis of
variance performed with the procedure “Mixed” of the SAS software package (SAS
version 9.1 SAS Institute, Cary, NC) before analysing their correlation and by using co-
expression network. Sex and RYR genotype was used as a fixed effect, “sire” and
“slaughter day” as random effects, and “carcass weight” as a covariate. Subsequently,
the residuals of log2-transformed expression intensities (MiRNA and mRNA) and
muscle phenotype were used for further analysis. Pearson correlation of miRNA
expression level and gene expression level was calculated using 190 individuals;
correction for multiple testing was done by controlling the FDR level (g-value
according to Storey and Tibshirani, 2003, [94]) at 10%.
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Weighted Gene Co-expression Network Analysis (WGCNA)

A weighted gene co-expression network was constructed for 207 muscle biopsies using
the blockwise Modules function from the WGCNA package in R [23]. Residuals of
gene expression, after correcting the effect, were used for WGCNA. The blockwise
Modules function allows the entire dataset of 11,191 probe sets by mRNA and 675
miRNA to be utilised in the construction of the weighted gene co-expression network.
Extremely outlying individuals were removed from the following analysis based on
hierarchically clustered using the average linkage function, and common Euclidean
distance. Pearson correlation matrix of all gene-gene comparisons were calculated
across all microarrays. Adjacency matrix was then calculated using the correlation
matrix of the expression sets. Finally, the Topological Overlap Matrix (TOM) was
converted from the adjacency matrix and used to derive a TOM-based distance matrix
for the hierarchical clustering of expressions. In the next step, modules of expression
profiles, (i.e. sets of genes with high topological overlap) were formed based on
hierarchical clustering, with empirically specified minimal module size (30 for gene
expression, 10 for miRNA). According to the WGCNA methodology, rather than
traditional distance or correlation based similarity measures, it utilizes the topological
overlap matrix o=[w,] (TOM),

3+ Budy

“i = min{zuaiu,zuaju} +1-a;

a; = ‘cor(xi,xj)‘ﬁ

where x; and x; are the gene expression profiles of the i-th and j-th gene and «;; is the
adjacency. TOM based distance matrix is a robust and powerful measurement in
building co-expression network. Selection of appropriate value for the power B were
derived according to the pickSoftThresholding function of the WGCNA package
[23,95]. Accordingly, by manually inspecting the fit of the scale free topology model
with the candidate -values for each set of expression profile, minimal -values giving
a coefficient of determination R? higher than 90% were adopted.

Modules were further merged based on the dissimilarity between their “eigengenes”,
which were defined as the first principal component of each module. Genes that were
not assigned to another module were assigned to the grey module. A threshold of 0.2
for the dissimilarity as recommended by the WGCNA author was used. Module—trait
associations were estimated using the correlation between the module eigengene and

the phenotype, which allows easy identification of expression set (module) highly
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correlated to the phenotype. For each expression profile, Gene Significance (GS) was
calculated as the absolute value of the correlation between expression profile and each
trait; module membership (MM) was defined as the correlation of expression profile
and each module eigengene, enabling further identification of key players in the

regulation network.

Gene ontology and pathway enrichment analysis
We performed a gene ontology (GO) enrichment analysis for network modules using
the Database for Annotation, Visualization and Integrated Discovery (DAVID,

http://david.abcc.ncifcrf.gov/ [96,97]. Each analysis was performed using the functional

annotation clustering option. Functional annotation clustering combines single
categories with a significant overlap in gene content and assigns an enrichment score
(ES, defined as the -log10 of the geometric mean of unadjusted p-values for each single
term in the cluster) to each cluster, making interpretation of the results more
straightforward. To assess the significance of functional clusters, we created 22 sets of
11,191 probe sets corresponding to 8,036 genes (size of the average module identified

in this study).

Predicting porcine targets of miRNAs by RNA hybrid and TargetScan
We used two methods to predict the targets of porcine miRNA. First, we predicted

targets using the computational software RNAhybrid (http://bibiserv.techfak.uni-

bielefeld.de/rnahybrid), which detects the most energetically favourable hybridisation

sites of a small RNA within a large RNA [98]. Here, we tested the miRNA probe sets
with the following parameters: number of hits per target = 1, energy cutoff = —25
kcal/mol, and maximal internal or bulge loop size per side = 4. Most targets found were
located on the 3’-UTR of genes. Second, TargetScan (http://www.targetscan.org) was
used to detect target gene candidates based on seed complementarity on UTR database
6.0 and our porcine RefSeq transcript with our miRNA seed sequence [99]. TargetScan
was applied considering both conserved and non-conserved targets. The porcine RefSeq
transcripts, which derived from 11,191 probe sets that showed consistent expression in

porcine muscle, were used as input targets for RNAhybrid and TargetScan.
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MicroRNAs regulate cellular ATP levels by targeting mitochondrial

energy metabolism genes during C2C12 myoblast differentiation

Abstract

MicroRNAs (miRNAs) regulate various biological pathways through miRNA-
dependent networks. In a previous study, we identified an miRNA regulatory network
involved in energy metabolism in porcine muscle. To better understand the involvement
of miRNAs in cellular ATP production and energy metabolism, here we used C2C12
myoblasts, in which ATP levels increase during differentiation, to identify miRNAs
modulating these processes. Correlation analyses were performed between ATP level
and miRNA and mRNA microarray expression profiles during C2C12 differentiation
into myotubes. The results suggest 14 miRNAs (miR-423-3p, miR-17, miR-130b, miR-
301a/b, miR-345, miR-15a, miR-16a, miR-128, miR-615, miR-1968, miR-1a/b, and
miR-194) as cellular ATP regulators targeting genes involved in mitochondrial energy
metabolism (Cox4i2, Cox6a2, Ndufb7, Ndufs4, Ndufs5, and Ndufvl) during C2C12
differentiation. Among these, miR-423-3p showed a high inverse correlation with
increased ATP level. Besides, it has been implicated in promoting cell growth and cell
cycle progression, yet its function in cellular ATP regulation is unknown. Therefore,
miR-423-3p was selected for a functional validation together with 3 of its potential
target genes, Cox6a2, Ndufb7, Ndufs5, which also have predicted miRNA-423-3p
binding sites on the 3’-UTR. Overexpression of synthetic miR-423-3p mimics in
C2C12 myogenic differentiation produced decreased cellular ATP level and decreased
expression of Cox6a2, Ndufb7, Ndufs5 compared to the negative control. These results
identify miR-423-3p as a novel regulator of ATP/energy metabolism via its targeting of
Cox6a2, Ndufb7, and Ndufs5.

Keywords: C2C12, myogenesis, microRNA, miRNA-423-3p, ATP
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Introduction

MicroRNAs (miRNAs) are evolutionarily conserved, short (~22 nucleotides), single-
stranded, non-coding RNA molecules that regulate gene expression often by degrading
or repressing translation of target mRNAs. miRNAs contain a 5° “seed sequence”
(nucleotide positions 2-8) used to predict binding sites on the 3’-UTR of target genes;
however, the entire miRNA sequence can influence its binding affinity and effects.
Functional miRNAs undergo biogenesis pathways including transcription, pre-
processing, maturation, and, finally, formation of the RNA-induced silencing complex
(RISC) [1-4]. Mature miRNAs play important roles in regulating of diverse biological
processes including cellular development, differentiation, growth, proliferation,
apoptosis, and metabolism [5-8]. Further, accumulating evidence indicates that
miRNAs are involved in numerous regulatory networks. For example, estrogen-related
receptor v (ERRY) establishes a nuclear receptor/miRNA regulatory network dictating
the fibre-type composition in muscle [9]. The involvement of miRNAs in many cellular
processes implies a likely contribution to energy metabolism. Energy metabolism
produces ATP, the energy source vital to cellular functions, through several pathways
including oxidative phosphorylation in the mitochondria. We previously identified an
miRNA-dependent regulatory network implicated in energy metabolism in porcine
muscle [10]. However, knowledge on which miRNAs are involved in ATP
production/energy metabolism remains scarce, and functional validation is needed to
confirm the contribution of miRNAs to these processes.

Here, we used a myogenesis model to study miRNAs regulating cellular energy
metabolism. Myogenesis is a multistep pathway in which myoblasts form from
mesodermal precursor cells, withdraw from the cell cycle, express muscle-specific
genes, and, eventually, differentiate into myotubes [11, 12]. To identify miRNAs that
can modulate expression of genes involved in energy metabolism, we performed
correlation analyses between ATP levels and both miRNA and mRNA expression
profiles during the C2C12 murine myotube differentiation. The resulting list of
ATP/miRNA/mRNA correlation interactions revealed several candidate miRNAs, from

which miR-423-3p was selected for functional validation.
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Experimental Procedures

Cell culture

Mouse skeletal muscle C2C12 myoblasts passage no. 7-9 (ATCC® CRL1772™) were
cultured in Dulbecco's modified Eagle's medium (DMEM, Invitrogen) containing 1 g/L
glucose and supplemented with 10% FBS (PAA). At 80-90% confluence, myogenic
differentiation was induced by switching to 2% (horse) serum-supplemented DMEM.
Differentiation medium was changed every day during the course of myotube induction
(see experimental scheme, Figure 5.1A). All cultures were maintained at 37°C under
5% CO,, and all media were supplemented with 1% penicillin/streptomycin

(Biochrom).

Bioluminescent luciferase assay

Intracellular ATP content was measured during the induction of myogenic
differentiation on days 0 (DO) to 8 (D8) using an Adenosine 5'-triphosphate
Bioluminescent Assay kit according to the manufacturer’s recommendations (Sigma).
Briefly, C2C12 myoblasts were grown in 10 mL growth medium in a 75-cm’ flask at a
density of 4x10° cells/flask. Cultured cells were harvested at 24-hour intervals from DO
to D8 post-induction for an ATP measurement (Figure 5.1A). Cell suspensions were
adjusted to a concentration of 5x10° cells/mL by the Trypan Blue solution (Sigma)
exclusion test and resuspended in a lysis buffer from the kit. Cell lysate was mixed with
ATP assay solution, and bioluminescence was measured immediately with a DTX 880
Multimode Detector (Beckman Coulter). All measurements were performed in
triplicate. Cellular ATP content was calculated from an ATP calibration curve

generated from ATP standard solutions.

RNA isolation

Total RNA was extracted from cultured C2C12 cells using Tri-Reagent (Sigma-
Aldrich, Germany) followed by an on-column DNase treatment. For small RNA
isolation and enrichment, an miReasy Mini kit and an RNeasy MinElute Cleanup kit
(Qiagen, Germany) were used according to the manufacturer’s protocols. RNA quality
and quantity were assessed with an Agilent 2100 Bioanalyzer (Agilent) using an
Agilent RNA 6000 Nano kit (total RNA) and an Agilent small RNA kit (small RNA).
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Figure 5.1: Experimental scheme. (A) ATP measurement and expression profiling of
microRNA and target mRNA. C2C12 myoblasts were maintained in growth medium
(GM) for 2 days (80-90% confluence). Myogenic differentiation was then induced from
D0 to D8 by switching to differentiated medium (DM). Cells were harvested for (1)
intracellular ATP measurement (2) expression profiling of mIRNA (Affymetrix
GeneChip miRNA 3.0 Array) and target mMRNAs (Qiagen RT? Profiler PCR Array
focusing on mitochondrial energy metabolism genes). (B) miR-423-3p overexpression
by transfection of synthetic miR-423-3p mimic. C2C12 myoblasts were transfected
with miR-423-3p mimic 24 hours prior to myotube induction (D -1), D3 and D7 post-
induction and were then collected on DO, D4, and D8, respectively, for miRNA and
target gene gPCR as well as ATP measurement.
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MicroRNA-microarray analysis

MicroRNA expression profiling was performed using Affymetrix Gene Chip Micro 3.0
Array (Affymetrix, Inc, Santa Clara, CA, USA) containing 16,772 entries representing
hairpin precursor (miRBase v17), total probe set 19,724 for detection most of miRNA
from 153 species, provides >3-log dynamic range, with >95% reproducibility and 85%
transcript detection at 1.0 amol, for a total RNA input of 130-500 ng. A total of 9
enriched small-RNA pools derived from DO, D4, and D8 post-induction of C2C12
myoblasts (three each) were used in the array hybridizations. Each RNA pool was
generated from 5 individual RNA samples extracted from independent cultures. 200 ng
of small RNA were used in sample preparation with a FlashTag™ Biotin RNA
Labeling Kit for Affymetrix GeneChip miRNA arrays (Genisphere). The labeled RNA
was then hybridized for 16 hours to an Affymetrix GeneChip miRNA array according
to the manufacturer’s recommendations (Affymetrix), washed and stained in the
Affymetrix Fluidics Station 450, and scanned on the Affymetrix G3000 GeneArray
Scanner. The image files were analyzed using the Affymetrix software (Expression
Console), Robust Multi-array Average (RMA) background correction, log-2
transformations and quantile normalization methods implemented in JMP Genomics 5.1

were performed for data pre-processing, normalization, and statistical analysis.

RT? Profiler PCR Array

Expression levels of 89 genes functionally associated with mitochondrial energy
metabolism were determined using Mouse Mitochondrial Energy Metabolism RT?
Profiler™ PCR Array (Qiagen). The array is a pre-optimized gPCR panel of pathway-
focused genes in a 96-well plate format including five standard housekeeping genes.
Briefly, the real-time PCR was performed according to manufacturer’s
recommendations using SYBR Green PCR Master Mix and 20 ng (total RNA)
cDNA/reaction well on a LightCycler 480 (Roche). The thermal cycler program was 10
min at 95°C, followed by 45 cycles of 15 sec at 95°C and 1 min at 60°C. Dissociation

curve analysis was performed immediately after the last PCR amplification cycle.
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mmu-miR-423-3p mimic transfection

Cells were seeded at a density of 1.5x10° cells/well on a 6-well plate in 2 mL of the
growth medium. The C2C12 myoblasts were transfected with 150 nM mmu-miR-423-
3p miScript miRNA mimic (5-AGCUCGGUCUGAGGCCCCUCAGU -3', Qiagen) as
double-stranded RNA oligonucleotides using the HiPerFect transfection reagent
(Qiagen) at three different time points: 1 day prior to myotube induction and D3 and D7
post-induction (Fig 5.1B). Transfected myoblasts were harvested 24 hours post-
transfection on DO, D4, and D8 post-induction for RNA extraction and gPCR. A
random-sequence double-stranded RNA oligonucleotide was used as a negative control
in all transfections (Qiagen). Transfection conditions were pre-optimized using the
siGLO Green transfection indicator (Thermo Scientific) according to the manufacture’s

recommendations; resulting transfection efficiencies exceeded 97%.

Validation of microRNA-microarray results

Expression differences for differentially-expressed miRNAs identified from microarray
analysis (mmu-miR-423-3p, mmu-miR-128-3p, and mmu-miR-301a-3p) were validated
by two-step real-time PCR. First, single-stranded cDNA was synthesized from total
RNA using a Megaplex™ RT Primers kit, Rodent Pool Set v3.0 (Life Technologies)
containing rodent-specific stem-loop primers of 641 and 373 unique microRNAs for
mouse and rat, respectively. Real-time PCR was performed using a standard
LightCycler 480 SYBR Green | Master (Roche) on the LightCycler 480 system
(Roche). U6 was used as an internal standard and the relative abundance of miRNAs
was calculated using a comparative threshold cycle AACt method [31]. Validation of

mmu-miR-423-3p mimic transfection was carried out using the same method.

Bioinformatic and statistical analysis
We predicted targets using the computational software = RNAhybrid
(http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/),  which  detects the  most

energetically favorable hybridization sites of a small RNA (miRNA) within a large
RNA (mRNA) [14, 15]. Here, we tested the miRNA probe sets with the following
parameters: energy cutoff (mfe) = —20 kcal/mol, allowing the G:U wobble base-pair, 1
mismatch seed, and <5 internal bulging nucleotides in the seed region. Identified targets

were located on the 3’-UTR of genes. Statistical analysis for microRNA microarray and
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RT? PCR array data was performed using a general linear model on JMP Genomics 6

(SAS Institute Inc., http://www.jmp.com). Adjustment for multiple tests across the

Type 3 tests for the fixed effects was calculated using the post-hoc Tukey-Kramer test.
For controlling false discovery rate, we chose the FDR according to Benjamini and
Hochberg, 1995 [32]. Correlation coefficient analysis (r) between miRNA or
mitochondria gene expression and ATP level was performed using SAS version 9.3.
The expression data are available in the Gene Expression Omnibus public repository
with the GEO accession number GSE52410: GSM1265694- GSM1265710

Results

Increased intracellular ATP during C2C12 myotube induction

To identify a critical time point for a functional study of ATP-miRNA regulatory
pathways, intracellular ATP content was measured during the myotube induction of
C2C12 myoblasts using a luciferase assay. At DO, cells were mononucleated and 80—
90% confluent. After 4 days post-induction in low serum medium, they gradually
differentiated and, by D8, were predominantly multinucleated myotubes (Figure 5.2A).
Induction of differentiation was confirmed by measuring mRNA expression of
myogenic markers Tnntl, Myh1, and Myh3, all of which were up-regulated (Figure
5.2B). Intracellular ATP content was determined in the differentiating cells at an
interval of 24 hours during the course of induced differentiation (DO to D8). ATP level
increased gradually from DO-D5, increased sharply from D5-D6, and reached an
approximate two-fold increase at D6-D8 compared to DO (Figure 5.2C).
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Figure 5.2: Characteristics of myogenic differentiation. (A) Morphological change
of C2C12 myoblasts differentiating into myotubes at the post-induction DO
(undifferentiated mononucleated cells), D4 (elongated confluent cells), and D8 (long
multinucleated myotubes). (B) Myogenic differentiation was accompanied by the up-
regulation of Tnntl, Myhl, and Myh3. (C) An increase in intracellular ATP level
(umoles) during the course of myogenic differentiation. The ATP level is shown as
mean = SEM (n=5).

Altered miRNA expression during C2C12 myogenic differentiation

Expression of miRNA during myogenic differentiation of C2C12 myoblasts was
profiled at DO, D4, and D8 post-induction. After data pre-processing, 5,040 probes
passed the quality control and filtering criteria and were analyzed further. To identify
differentially-expressed miRNAs, the expression level of miRNAs was compared
between pre- (DO0) and post- (D4, D8) myotube induction. At D4 and D8, 179 and 188
probes, respectively, had significant expression changes from DO (FDR < 0.05). To
focus on mMIRNA-ATP regulatory pathways, a correlation analysis between the
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expression of miRNA probes which significantly changes from DO and ATP level was
applied; this filtering resulted in 95 (D4) and 103 (D8) probes of interest. Of these, 46
probes representing 13 unique miRNAs (miR-301, miR-301a/b, miR-423-3p, miR-615-
3p, miR-130b, miR-140-3p, miR-17-3p, MiR-183, miR-345, miR-15a, miR-16, and
miR-16a) were down-regulated (compared to DO) and negatively correlated with ATP
at D4 post-induction. In contrast, 49 probes representing 10 miRNAs (miR-296, miR-
128, miR-128a/b, miR-1968, miR-206, miR-194, miR-1968 and miR-1a/b) were up-
regulated and positively correlated with ATP level at D4. At D8 post-induction,
expression of 55 out of 103 probes was lower compared to DO. These corresponded to
15 unique down-regulated miRNAs whose expression level negatively correlated with
intracellular ATP content (miR-130b, miR-140, miR-15a, miR-16, miR-16a, miR-17-
3p, miR-296-3p, miR-301, miR-301a/b, miR-345-3p, miR-423-3p, miR-542, miR-615-
3p, and miR-183). Expression of 48 probes was higher, corresponding to 9 up-regulated
miRNAs positively correlated with the ATP level (miR-194, miR-1968, miR-206, miR-
128, miR-128a/b and miR-1, miR-1a/b). Notably, among them, well-known muscle
miRNAs miR-1 and miR-128 were highly up-regulated (> 10-fold). The majority of
differentially-expressed miRNAs were found at both D4 and D8 (Figure 5.3).

A Down-regulated miRNAs B Up-regulated miRNAs
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g = —miR-16 S = mis-ta
23 —miR_16a LS 5 —miR-1b
# = 100 P @& 400 —miR-128
E o miR-17-3p g,_; Py :
o B0 —miR-296-3p -1 miR-128a
: g 0.90 —miR-301 5 g 3.00 —miR-128b
<< miR-301a « < —miR-194
Z v 0.80 —miR-301b Z e« 2.00 miR-1968
=i miR-345 & e miR-206
Ea o0 —miR—423-3p 3 100 f———
a\c miR-542-5p °\=
miR-615-3p
0.60 —miR_183 0.00
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Figure 5.3: Alteration of miRNA expression in C2C12 myoblasts post-myotube
induction. (A) 15 down-regulated miRNAs that were negatively correlated with the
ATP level (correlation coefficient, r = -0.67 to -0.83, P< 0.05). (B) 9 up-regulated
MIiRNAs that were positively correlated with the ATP level (r = 0.67 to 0.79, P< 0.05).
MiR-423-3p, miR-128-3p and miR-301a-3p were random selected for validation by
real-time PCR. A highly correlation coefficient (0.93-0.99) between microarray and
real-time PCR results was found (Figure 5.4).
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Figure 5.4: Confirmation of microRNA-microarray results by qPCR. miR-423-3p,
miR-128-3p, and miR-301a-3p were selected for gPCR validation. Mean £ SEM (n=4)
of the log2 transformed microarray result (—-— on primary y-axis) and relative
expression (2" derived from QPCR (--»--secondary y-axis) are overlaid. A
correlation coefficient (r) and p-value are indicated.

Identification of genes associated with cellular ATP content during C2C12
differentiation

To functionally link miRNAs to cellular ATP production, mMRNA targets must be
identified. We therefore performed an expression analysis of target genes on the same
samples used in miRNA profiling. Here, the RT? Profiler PCR Array system containing
a panel of 89 mitochondrial energy metabolism-related genes was used. Analysis of this
array identified 35 and 49 genes that were differentially expressed at D4 and D8,

respectively, compared to DO. Further, a correlation analysis of these differentially-
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expressed genes with ATP content, performed as with the miRNA analysis, narrowed
down the gene list to 13 genes significantly positively correlated with ATP level (r =
0.63 — 0.92, p-value < 0.05) (Table 5.1). Of these, the mRNA abundance of 7 out of 13
genes significantly increased as early as D4 and all 13 genes were ultimately up-
regulated at D8. Among them 8 genes showed > 2-fold change at D4 and/or D8 post-

myotube induction.

Associations between miRNAs and mitochondrial energy-metabolism genes

A pairwise correlation analysis was carried out between the expression level of
miRNAs (5,040 filtered probes) and 89 focused genes derived from the RT® PCR array
analysis. A Pearson correlation coefficient analysis revealed 4,260 significant
correlation interactions (FDR < 0.05). Further filtering criteria were applied to consider
only those interactions in which both miRNAs and target mMRNAs were significantly
associated with differentiation and ATP level (FDR < 0.1) of C2C12 myotube
induction. These resulted in 168 positive and 77 negative correlation interactions.
Among these, 14 miRNAs (miR-423-3p, miR-17, miR-130b, miR-301a/b, miR-345,
miR-15a, miR-16a, miR-128, miR-615, miR-1968, miR-1la/b, and miR-194) and 6
target MRNAs (Cox4i2, Cox6a2, Ndufb7, Ndufs4, Ndufs5, and Ndufvl) were identified.
The miRNAs and mRNAs with high correlation interactions included miR-1 and
Ndufvl (r = 0.988, p = 5.486E-07) and miR-423-3p and Cox6a2 (r = - 0.971; p =
1.401E-05). Although most miRNAs inhibit their target mMRNAs, some, particularly
those miRNAs encoded within mRNAs, are positively correlated with expression of
their targets [13] However, positive correlations could also indicate a connection via as-
yet-undetermined indirect regulations. Therefore, we included both positive and
negative correlation interactions in an IPA pathway analysis (Figure 5.5). Additionally,
a computational bioinformatic web tool (RNAhybrid) [14, 15] was used to scan
significant correlation pairs of miRNA-mRNA to obtain additional evidence for their
functional links (Table 5.2). This analysis identified a miR-423-3p as an miRNA of

interest for potential interactions with several mMRNAS in energy metabolism.
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Figure 5.5: A regulatory network of differentially-expressed miRNAs and genes in
C2C12 myogenesis, focusing on mitochondrial energy-metabolism pathways.
Pearson correlation coefficient analysis identified a number of mMiIRNAs-mRNA
correlation interactions. Only those interactions in which both miRNAs and target
mRNAs significantly associated with differentiation and ATP level (FDR < 0.1) during
C2C12 myotube induction were utilized to model an miRNA-regulatory network (IPA
pathway designer tool). White nodes indicate mRNA target; edges indicate regulatory
interaction between mMIRNA and target gene. Solid line label denotes negative
regulation with negative correlation interaction; dashed line denotes indirect positive
regulation with positive correlation interaction.

miR-423-3p as an ATP-regulated miRNA candidate

Our microarray and correlation analysis indicated that expression of miR-423-3p
decreased > 2-fold (FDR < 0.05) and was negatively correlated with the up-regulation
of mitochondrial energy metabolism-related genes throughout the course of C2C12
myotube induction. In silico investigation of miR-423-3p showed that the miRNA is
highly conserved across several species (Figure 5.6A). Moreover, the target genes
Cox6a2, Ndufb7, and Ndufs5 in our energy metabolism gene list (see also Table 5.1)

each possess at least one predicted binding site for miR-423-3p in the 3’-UTR
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(RNAhybrid; Figure 5.6B). To our knowledge, miR-423-3p has not yet been associated

with ATP metabolism. Therefore, miR-423-3p was selected for functional validation.

Overexpression of miRNA-423-3p mimic negatively regulated ATP level in C2C12
differentiation

To determine whether miR-423-3p regulates ATP metabolism, synthetic miRNA-423-
3p mimics were transfected into C2C12 cells one day prior to differentiation induction
and on D3 and D7 post-induction. A random-sequence double-stranded RNA
oligonucleotide was used as a negative control and baseline at each time point. Gene
expression analysis by real-time PCR for miR-423-3p, Cox6a2, Ndufb7, and Ndufs5 and
ATP measurements (see experimental scheme, Figure 1B) were performed 24 hours
after transfection. miR-423-3p expression was detected in cells after transfection, and
endogenous miR-423-3p expression was significantly lower in the negative control
(Figure 7A). ATP levels tended to decrease in miR-423-3p mimic-treated cells
compared to the negative control at DO and D4 and were significantly lower at D8
(Figure 5.7B). Additionally, expression of Cox6a2, Ndufb7, and Ndufs5 was
significantly down-regulated at D4 and D8 (Figure 5.7C). These results suggest that
miR-423-3p modulates the ATP level partly by regulating the expression of Cox6a2,
Ndufb7 and Ndufs5. Additionally, mRNA expression of myogenic marker Tnntl was
significantly down-regulated at D8, while Myh1 was significantly down-regulated at D4
and D8 in miR-423-3p mimic-treated cells (Figure 5.7D).
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Figure 5.6: miR-423-3p as a candidate miRNA for functional validation. (A)
Conservation of miRNA-423-3p across species; Bos taurus (bta), Pan troglodytes (ptr),
Mus musculus (mmu), Homo sapiens (hsa), Rattus norvegicus (rno), and Sus scrofa
(ssc). The seed region (2-8 nt) is highlighted in a gray box and underlined. (B)
Predicted targets of mmu-miR-423-3p in the 3'-UTR of Cox6a2, Ndufb7, and Ndufs5
(RNAhybrid). The prediction criteria include free energy > - 20 kcal/mol and allowing
the G:U wobble base-pair and bulging nucleotides in the seed region. The seed match is
underlined.
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Figure 5.7: Transfection of synthetic miR-423-3p mimic negatively regulates
Cox6a2, Ndufb7, and Ndufs5 as well as ATP level during C2C12 myotube
induction. (A) Relative abundance of miRNA-423-3p by gPCR post miRNA-423-3p
mimic transfection (n=3). (B) 24 hours post-transfection, the cellular ATP level was
lower (not significant) in the miR-423-3p mimic-transfected cells compared to the
negative control at DO and D4 and was significantly lower at D8. (C) Significant down-
regulation of Cox6a2, Ndufb7, and Ndufs5 by gPCR 24 hours post-transfection. (D)
Myogenic differentiation marker genes. * and ** denotes p-values < 0.05 and < 0.01,
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Discussion

Using differentiating C2C12 myoblasts, we identified correlations between miRNAs,
target mMRNAs, and cellular ATP levels. Importantly, C2C12 myoblasts exhibited
changing ATP levels during differentiation, gradually increasing at first (days 0-5), then
rapidly (days 6-8) reaching 200% of the baseline level, demonstrating the increased
production of ATP during induced differentiation. Previous work on ATP level and
myogenic differentiation showed that extracellular ATP has an inhibitory effect on cell
proliferation while simultaneously promoting myogenic differentiation of satellite cells
[16]. The changing ATP level during myoblast differentiation provided a good model to
search for potential regulators of ATP production.

In the correlation analyses of miRNA expression changes and ATP level, we first
considered down-regulated miRNAs that were negatively correlated with the increased
ATP level. Of the miRNAs identified in this group, miR-15a shares its seed sequence
with that of miR-15b, which has been reported to modulate cellular ATP levels and
degenerate mitochondria by targeting the down-regulation of Arl2 in rat myocytes [17].
MiR-301 and miR-17-3p function in mitochondrial metabolism by regulating ATPase
and translocase [18]. Consistent with previous findings [19], the expression of miR-140,
a chondrocyte-specific marker [20], decreased during myogenic differentiation. On the
other hand, the miRNAs those were up-regulated and positively correlated with ATP
level during C2C12 myogenic differentiation have not been well-described. Of these,
miR-206 and miR-1 are muscle-specific miRNAs with important functions in muscle
development, as regulators of cell proliferation and differentiation during myogenesis
[21-23].

Because mitochondria produce ATP through oxidative phosphorylation to provide
energy for cellular activities, like growth and differentiation, our microarray expression
analysis focused on mitochondrial energy-metabolism genes. A number of genes were
differentially expressed during C2C12 myogenic differentiation; however, only
Cox6a2, Ndufb7, Ndufs5, Ndufvl, Bcsll, Ndufs4, and Cox4i2 were significantly up-
regulated and simultaneously correlated with increased ATP throughout DO-D8.

Cox4i2 and Cox6a2 are nuclear genes localized in the inner mitochondrial membrane
and specifically expressed in heart and muscle tissues. The COX complex functions in

electron transfer in oxidative phosphorylation, which is responsible for 90% of ATP
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synthesis for muscle energy [24]. The COX4I2 protein encoded by Cox4i2 is up-
regulated in a limited-oxygen environment to increase ATP levels and enhance the
efficiency of cellular respiration [25]. Cox6a2, expressed in heart and skeletal muscle,
encodes one of thirteen subunits of the respiratory chain complex IV protein, the
COX6A subunit. It has been implicated in stimulating enzymatic activity of the
functional complex IV and directly affects ROS production in skeletal muscle [24].
Cox6a2 null mice have severely reduced skeletal muscle complex IV activity, decreased
ATP levels, enhanced respiratory uncoupling, and increased thermogenesis, energy
expenditure, mitochondrial biogenesis, and muscle-fibre type switching. These changes
explain the unique phenotype of the null mice, which includes leanness and resistance
to diet-induced obesity [24].

Ndufb7, Ndufs5, Ndufvl, and Ndufs4 are members of the NADH dehydrogenase
(ubiquinone) family of mitochondrial respiratory chain complex I, which represents the
largest and first complex mediating electron transfer through the electron transfer chain.
These enzymes transfer electrons from NADH to ubiquinone and through the
respiratory chain, resulting in the generation of ATP, which is important for energy
metabolism [26, 27]. Ndufs4 and Ndufs5 are classified in the “iron—sulfur group” with a
phosphorylation function, while Ndufb7 is classified in the “hydrophobic group”.
Ndufvl is classified in the “flavoprotein group” with NADH-binding and oxidizing
properties [27, 28].

A correlation analysis (considering both positive and negative relationships) between
the expression of miRNAs and mitochondria-related mRNAS during myogenesis was
used as the first line of evidence to build an miRNA-mRNA network. A negative
correlation interaction between an miRNA and an mRNA could imply direct regulation;
in contrast, a positive correlation interaction could suggest indirect regulation via
(unknown) intermediate pathways. Additionally, positive correlation interactions can
indicate direct positive regulation of mMRNA transcript abundance by miRNAs [13]. The
finding of significant negative correlations of miR-15a and miR-16a with Cox4i2,
Cox6a2, Ndufb7, Ndufvl, and Ndufs4 is supported by previous work identifying miR-15
and miR-16 as ATP modulators affecting oxygen consumption [17] as well as direct
regulators of Bcl2 to induce apoptosis through the regulation of mitochondrial function
[17, 29].
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Analyzing each miRNA-mRNA correlation interaction to identify mRNAs targets with
3’-UTRs containing potential binding sites for the corresponding correlated miRNAs
revealed three mitochondria-related genes (Ndufb7, Ndufs5, and Cox6a2) sharing at
least one binding site on the 3’-UTR for the same miRNA: miR-423-3p. We therefore
concluded that these genes compose a potential mMiRNA-mRNA network for cellular
ATP production and energy metabolism. miR-423-3p has been previously shown to
involve in promoting cell growth and cell cycle progression [30]. This supports our
hypothesis that down-regulation of miR-423-3p is required for C2C12 myogenic
differentiation. Overexpression of miR-423-3p during C2C12 myogenic differentiation
resulted in dramatically lower ATP levels and significantly lowers expression of
Cox6a2, Ndufb7, and Ndufs5. Similarly, two myogenic markers were down-regulated
following miRNA-423-3p overexpression. These results suggest the first time that miR-
423-3p not only modulates ATP production by targeting Cox6a2, Ndufb7, and Ndufs5

but also regulates myogenesis.
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Table 5.1 List of differentially-expressed genes affecting ATP level during myogenic differentiation in C2C12 cells

SGrﬁrt])f)l Ref. sequence Description corfg:—;ion clj)-lyr?elll:iiigg cﬁglndg-e (Baﬁgi) (Dg)l?(RD4) F?é%—)c_?ggge ( lgo\;a(l gt; ) (Dg)l?(RDS)
Y coefficient coefficient (D0)-(D4)
Cox4i2 NM_053091 Cymhmmeiscocf’;‘r'gfze subunit IV 0.9234 0.0004 1.7275 0.0297 0.0890 22130 0.0050 0.0350
Ndufs7 NM_020272 | NADH dehggfg%igi‘;en(gb'q”'”one) 0.8551 0.0033 1.2272 0.0644 0.1504 1.3591 0.0150 0.0626
NADH dehydrogenase (ubiquinone)
Ndufb7 NM_025843 L boa ool 5 0.8314 0.0055 1.4096 0.0033 0.0279 16771 0.0005 0.0104
Cox6a2 NM_009943 CWOChromEglsgé%i‘fgé 52“'““”” Via, 0.7727 0.0147 37.5828 0.0011 0.0142 57.3876 0.0002 0.0060
Ndufs4 | NM_oloss7 | ADH dehg’gg%ergi‘;en(zb'q“'”"”e) 0.7673 0.0158 17275 00257 | 0.0860 20411 00092 | 0.0478
NADH dehydrogenase (ubiquinone)
Ndufb3 NM_025597 Lo st 8 0.7624 0.0169 1.1345 0.2601 0.4037 1.3560 0.0288 0.0873
Ndufvl NM_133666 | VAPH deh%{dmge”as.e (ubiquinone) 0.7415 0.0222 1.5569 0.0052 0.0350 16888 0.0024 0.0217
avoprotein 1
Bestl NM_025784 BCSL-like (yeast) 0.7417 0.0222 1.1163 0.0237 0.0828 11914 0.0047 0.0343
Phospholysine phosphohistidine
Lhpp NM_029608 | ;R et ahocpratase | 07161 0.0300 1.1991 0.2450 0.3874 15080 0.0265 0.0864
Ndufs3 | NM_oze688 | OH dehgg_g%?gi‘;en(gb'q”'”one) 07122 0.0313 13031 00526 | 01360 13041 00261 | 00862
Ndufs5 | NM_001030274 | APH dehg’g_rg%?gi‘sfn(gb'q“'”one) 0.7089 0.0325 14526 00051 | 0.0350 15977 00018 | 0.0180
Ndufa2 NM_ologgs | NADH dehydrogenase (ubiguinone) 0.7021 0.0350 1.1060 0.1315 0.2486 12449 0.0114 0.0538
- 1 alpha subcomplex, 2
Atpevod2 | NM_ 175406 | AATPase He transporting, lysosomal 0.6921 0.0388 3.6774 0.2224 0.3647 18.2860 0.0059 0.0383

VO subunit D2

Data are shown as fold regulation levels compared to control group (D0O) and normalized to mean of housekeeping genes
(Actb, B2m, Gapdh, Gusb, and Hsp90abl), then assessed for correlation with ATP levels.
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Table 5.2 Predicted binding sites for miRNAs in the 3°-UTRs of their correlated mRNAs (RNAhybrid)

3'-UTR site No.*

Regulator
intgractior): N/a me Sequence [mfe (kcal/mol)]
Cox6a2 Ndufb7 Ndufs5 Ndufvl Ndufs4 Cox4i2
. 3 1 1
miR-423-3p AGCUCGGUCUGAGGCCCCUCAGU (-33.1t0-22.7) (-202) (-22.8) 4
miR-17-3p ACUGCAGUGAGGGCACUUGUAG (_22 7 4 1
miR-301a-3p | CAGUGCAAUAGUAUUGUCAAAGC nfa** n/a n/a 1
. 2 1
miR-345-3p [ CCUGAACUAGGGGUCUGGAG (26.110-22.1) (209) .
negative miR-345-3 CCUGAACUAGGGGUCUGGAGAC 2 L 1 4
P (-27.2t0-25.4) (-20.9)
. 1 1 3 1
miR-15a-5p | UAGCAGCACAUAAUGGUUUGUG (187) n/a (183) (2080187) | (194
miR-16-5p UAGCAGCACGUAAAUAUUGGCG n/a nla 2
. 3 1
miR-615-3p UCCGAGCCUGGGUcucccucuu (:28.0t0-19.8) (-19.1) n/a n/a 1
miR-130b CAGUGCAAUAAUGAAAGGGCAU (_1; 2) n/a 2 1
. 1 1 1
miR-128-3p UCACAGUGAACCGGUCUCUUU (-226) nla (-22.6) n/a (-206)
. 5
miR-1b UGGAAUGUAAAGAAGUAUGGGU nla nla n/a n/a (-23.1t0-18.0)
L. miR-1a UGGAAUGUAAAGAAGUAUGUA n/a nla n/a n/a 1
positive (-19.1)
. 2
miR-1-3p UGGAAUGUAAAGAAGUAUGGAG n/a n/a n/a n/a (-205t0-18.1)
miR-194-5p UGUAACAGCAACUCCAUGUGGA n/a n/a 1 n/a 4
. 2 nla 1 1
miR-1968-5p | UGCAGCUGUUAAGGAUGGUGGACU | oy g0 o o) (212) (227) 4 2

The gray zone highlight the paired miRNA-mRNA that were significantly correlated by Pearson correlation coefficient analysis.

* The number of binding sites at the 3"-UTR of genes and the free energy hybridizations of miRNA and target (in parentheses) .

** n/a, no binding site available at 3"-UTR of gene.
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Skeletal muscle is the most abundant tissue which is a primary product of animal
breeding, known as “meat”. Improving the quality of meat is always in the interest of
scientific research these days. Rational approaches for enhancing the quality of the meat
production depended implicitly on the fundamental knowledge of the skeletal muscle
tissue growth and development controlling mechanisms. Skeletal muscle growth and
development are very complicate processes and involve with many factors. These are
included their genetic control, environmental factors, muscle structure and metabolism
as well as slaughtering procedures,which impact on muscle development and meat
quality (Sellier 1994; Rehfeldt et al. 2011). Of these factors influence and/or play a role
in the meat production control from early prenatal development to postnatal growth.
After the discovery of miRNAs and its function, numerous studies have demonstrated
that miRNAs regulate the expression of target genes in diverse cellular processes.
Hence, miRNAs play important roles in an array of physiological processes including
muscle development and growth control (Chen et al. 2006; Chen et al. 2009; Chen et al.
2010; Braun & Gautel 2011) as well as metabolic control (Esau et al. 2006; Granjon et
al. 2009). This significantly increases our understanding in the regulatory mechanism
and gene-regulatory networks complexity of miRNAs in muscle. However, factors that
govern miRNA synthesis and expression in response to changes in the cellular
environment are still largely unknown and inherent challenges. Therefore, the
involvement of miRNAs in the complex of skeletal muscle growth and development
processes warrants further investigation. Thus, this thesis explaining the potential
miRNAs and their target genes regulation networks that involve in skeletal muscle by
understanding their biological roles and regulations under different physiological
conditions of muscle. That starts from skeletal muscle development period until fully
developed skeletal muscle tissue.

In this discussion section, it is firstly focused on the determination of interesting
miRNAs and their mRNA target relationships or their genes regulation networks and
their biological function. Then the results of the study are discussed and finally the

future prospects are mentioned.
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Interesting mMiRNA-mRNA relationships and their biological function associated
with different stages of skeletal muscle development in two pig breeds (DL) Vs.

(Pi)

In the chapter 2, we first used custom miRNA array to identify the miRNASs expression
profile that are involved in porcine muscle development and therefore may contribute to
the emergence of phenotypic differences in muscularity. This part performed
comparative miRNA expression profiling of skeletal muscle across three developmental
stages in two different breeds, DL and Pi. Muscle samples (Musculus longissimus dorsi)
collected at 63 and 91 dpc, during secondary muscle fibre development which is critical
for predetermines muscle characteristics in adult pigs (Rehfeldt et al. 1999; Berard et
al. 2011) as well as adult age of 180 days was chosen to represent the ultimate muscle
phenotype (2 breedsx3 stagesx3 biological replicates). Our custom miRNA array was
designed from 100% homology search of multi-species miRNA to the porcine genome
sequence and known porcine miRNA (miRBase version 14.0) as well as those that are
public literature studies reported (Huang et al. 2008; Reddy et al. 2009).

In this result, most of our differentially expressed miRNAs between two different
muscle breeds (i.e. let-7, miR-1, -17, -19, -23, -25, -27, -106, -133, -181, -199 and -214)
were generally concurred with the previous findings (Chen et al. 2006; Flynt et al.
2007; Huang et al. 2008; Chen et al. 2008 ; Chen et al. 2009; Nielsen et al. 2009;
McDaneld et al. 2009 ; Zhou et al. 2010 ). Confirmed with numerous of previous
studies, these miRNAs may have expression abundance in muscles and are likely
conserved across species and play an important role in muscle. Information of the
Ingenuity Knowledge Base was used in order to assign biological functions of the
miRNAs found to be differentially expressed. Many miRNA regulations were observed
to be associated with breed type. Such as let-7, miR-30, -15, -199 and -17 families
(miR-17, -18a/b, -20 and -106) were consistently higher expressed in Pi pigs compared
to DL pigs. All of these are involve in porcine skeletal muscle growth and development
and play a role in proliferation of cells (Huang et al. 2008; Chen et al. 2008 ; Duisters
et al. 2009; Zhou et al. 2010 ). Some miRNAs such as miR-143, miR-30 and miR-103
were also higher expressed in Pi at 63 dpc and adult stage. These miRNAs are
important for adipocyte differentiation and enhanced adipogenesis in human rat as well
as porcine adipose tissue (Xie et al. 2009; Keller et al. 2011; Li et al. 2011; Soh et al.
2013). MiRNAs up-regulated in DL pigs at 63-dpc and/or the adult stage include miR-
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122, -133, -181, and -214. Of these miR-133 is well known as a muscle-specific
miRNA (Chen et al. 2006) that also controls brown adipose tissue regulation (Yin et al.
2013). MiR-181and miR-214 likely influence muscle development (Naguibneva et al.
2006; Flynt et al. 2007; Li et al. 2012a). Interestingly, MiR-122, which plays a crucial
role in cholesterol and lipid metabolism (Esau et al. 2006; Li et al. 2011; Chen et al.
2011 ) showed high abundance in DL at both prenatal stages.

The results reflected the expression pattern of miRNAs in muscle which were enriched
by genes belonging to cellular growth and development as well as cell proliferation and
the cell cycle. Thus, revealing that multiple miRNAs have similar biological functions
to their targets. Manner several miRNAs were associated with breed type and expressed
in a developmental-specific. This is of interest because DL and Pi pigs are considerably
different in numerous traits including growth rate, body composition, muscularity and
fat content: Pi pigs are leaner and have a lower ration of fat/meat content compared to
DL pigs (Rehfeldt et al. 2000; Ponsuksili et al. 2007).

An integration of miRNA and mRNA expression profiling data (in chapter 3) derived
from the same samples is useful for systems-level studies of gene regulation to establish
miRNA-MRNA co-expression networks. The second part of this study, a total of 24
Affymetrix GeneChip porcine Genome Arrays was used. Differentially expressed genes
compared between two ontogenetic stages within each breed showed the same shift of
abundance along ontogenetic stages in both breeds. The highest number of significantly
different probes was found at the adult stage, 35 dpc, 63 dpc and 91 dpc, respectively.
The bio-functions of differentially expressed genes from IPA analysis represented
groups of gene which related to muscle growth and development including “cellular

2 13 2 13

growth and proliferation”, “cellular function and maintenance”, “cell death”, “cell
cycle”, “cell morphology”, “skeletal and muscular system development and function”
and “lipid metabolism”. These were overrepresented with different significant levels
associated with breed and stage. Moreover, the number of differential expressed genes
involved in lipid-metabolism were perpetually overrepresented in DL breed type at
almost all stages of muscle development compared to Pi concordant with the trait
characteristics (Rehfeldt et al. 2000; Ponsuksili et al. 2007). IPA microRNA Target
Filter analysis revealed miRNA-dependent regulatory networks sorted by negative-
correlations between miRNA-mRNA and focused on cellular growth and proliferation

and lipid-metabolism functions.
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The miRNA-mRNA interactions are known to play important roles in many biological
processes of skeletal muscle including skeletal muscle development; TGFBR2 (Inamoto
et al. 2010), JARID2 (Walters et al. 2013) and BCL2 (Biral et al. 2002), muscle
hypertrophy; CALM1 (Frey et al. 2000), muscle mass; ACVR2B (Walsh et al. 2007),
and muscle energy metabolism; ACSL4 (Mercadé et al. 2006; Ru$¢ et al. 2011). These
results emerged a complex miRNA-dependent regulatory network during muscle
development and further added a comprehensive knowledge on the regulation of

transcriptome during muscle development in pigs.

Co-expression and regulatory networks of mMRNA-miRNA pairs of mature skeletal
muscle of pig affecting on meat properties

This part of study aimed to expose a complex network between miRNA and gene
interactions in skeletal muscle that associated with meat quality and carcass
composition of meat production. Previous studies introduced methods for identification
of mMiIRNA-mRNA regulatory networks, by predicting putative target genes of miRNAs
(Peng et al. 2009; Liu et al. 2010). In order to achieve our aim of constructing miRNA-
MRNA co-expression networks, weighted gene co-expression network analysis
WGCNA (Langfelder & Horvath 2008) was applied for clustering genes/ miRNA into
modules based on their co-expression across a set of samples and finally to relate these
modules to the traits. The gene in the module which negatively correlated and targets of
miRNAs were used to construct miRNA-mRNA networks.

In chapter 4, total of 7 carcass traits and 13 meat quality traits were determind from
207 performance-tested crossbred pig [PIx(DLxDE)] samples. WGCNA grouped the
genes into 22 modules based on patterns of co-expression. Of these only 5 modules
(dark-turquoise, orange, red, black, and tan) were significantly correlated with meat
quality. The functional annotation of the genes in modules was performed by using the
database annotation from GO enrichment analysis and DAVID (Huang et al. 2009).
Modules dark-turquoise and orange that positively correlated to pH traits and negatively
to drip loss were highly enriched for genes belonging to the cluster “glucose metabolic
process” and “response to wounding”, respectively. Whereas, modules red, black, and
tan which negatively correlated to pH traits and positively to drip loss were enriched for
genes functional annotation clusters of “mitochondrial ribosome”, “mitochondrion or

oxidative phosphorylation”, and “extracellular matrix”, respectively.
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All processes largely impact on postnatal development and growth and also on
improvement of meat quality by playing a significant role in the cellular energy
production of muscle cell (Rosenvold & Andersen 2003; Figueiredo et al. 2008;
Romanello et al. 2010; Gan et al. 2013).

For the microRNA part, WGCNA revealed only 2 modules that were associated with
meat quality. Module purple (consisted of 8 miIRNA families: miR-17, -30, -221, -185, -
324, -362, -500, and -542) was positively correlated to LF24MLD and negatively to
pH24MLD and IMP24MLD. Module blue (consisted of 29 miRNA families: let-7,
miR-15, -17, -31, -95, -103, -105, -122, -124, -130, -138, -154, -184, -185, -197, -202, -
204, -212, -214, -320, -326, -335, -346, -383, -467, -491, -744, -1224, and -1296) was
positively correlated to pH45MLD and IMP24MLD. Pairwise correlation coefficient
analysis was performed and integrated to module-trait expression set and further
confirm the miRNA targets by TargetScan (Friedman et al. 2009; Garcia et al. 2011)
and RNAhybrid (Rehmsmeier et al. 2004) prediction tools. Final results identified
major groups of co-expression gene (MRNA) - miRNA networks that are correlated
with organismal traits and related to carcass and meat quality. According to the
fundamental function of miRNA, an inverse expression relationship between miRNA
and their target mMRNAS can be expected in most cases (Huang et al. 2007; Pasquinelli
2012 ). Therefore, only the negative correlation between mMRNA-miRNA pair
relationship was concerned. In module dark-turquoise, we found that, the important
apoptosis promoters CREM (Kosir et al. 2012) was highly negatively correlated with
miR-153. Many miRNAs were found to negatively correlate to their target genes in
modules red and black. These modules were enriched for genes related to mitochondrial
pathways. Some important miRNA were energy metabolism modulator such as miR-
338 (Aschrafi et al. 2008; Aschrafi et al. 2012), ATP production modulators like miR-
15b, -16, -195, and -424 (Nishi et al. 2010) and electron transport modulator; miR-181c
(Das et al. 2012). In module tan, one of the major fibrillar collagen family Col6al
(Gelse et al. 2003) was found as a target for many miRNAs including miR-132, -205, -
320, -330, -375, -423, and -425. Also, skeletal muscle specific miRNAs including miR-
1, miR-133, and miR-181 (Chen et al. 2006; Naguibneva et al. 2006; McCarthy &
Esser 2007) were found in many modules. Altogether, this part of study enabled us to

interpret the differentially-regulated genes from a systems perspective, yielding new

141



General discussions

insight into several biological pathways underlying carcass and meat quality traits

differences.

MiRNA-mRNA correlations in mitochondrial energy metabolism function during
C2C12 myoblast differentiation

Related to the previous part, to precede the presumption that an mMRNA-miRNA
regulatory network involved in the muscle energy and metabolism, mouse C2C12
myoblast cells were used as a model tool for muscle differentiation. C2C12 is a well
characterized C2C12 myogenic cell that reflects a concerted and controlled activation
of transcription starting from mononucleated myoblasts until their fusing to form
multinucleated myotubes (Burattini et al. 2004). This part of the study intended to
identify miRNAs that can modulate the expression of genes involved in energy
metabolism. The correlation between miRNA, mitochondrial energy metabolism genes
and cellular ATP levels was analyses. In chapter 5, the ATP levels were increased
during myogenic differentiating of C2C12 myoblasts. The relationship between ATP
levels and myogenic differentiation has been previously analysed (Higham et al. 1993;
Martinello et al. 2011), suggesting that ATP has an inhibitory effect on cell
proliferation while simultaneously promoting myogenic differentiation of satellite cells
(Ryten et al. 2002). Thus, changing ATP level during myoblast differentiation provided
a good model to search for potential regulators of ATP production. Correlation
coefficient analysis of miRNAs, mitochondria-related mRNAs, and cellular ATP levels
at DO, D4, and D8 post-differentiation induction was used to build an miRNA-mRNA
network. Both negative and positive correlation relationships were considered. The final
results suggest 14 potential miRNAs (miR-423, -17, -130b, -301, -345, -153, -16a, -128,
-615, -1968, -1a/b, and -194) as cellular ATP regulators targeting genes interacting with
6 mitochondrial energy metabolism genes (Cox4i2, Cox6a2, Ndufb7, Ndufs4, Ndufs5,
and Ndufvl). Cox4i2 and Cox6a2 are specifically expressed in heart and muscle tissues
and functions in electron transfer in oxidative phosphorylation, which is responsible for
90% of ATP synthesis for muscle energy (Quintens et al. 2013). Ndufb7, Ndufs5,
Ndufvl, and Ndufs4 are members of the NADH dehydrogenase (ubiquinone) family of
mitochondrial respiratory chain complex I, which represents the largest complex
mediating electron transfer through the respiratory chain (Triepels et al. 2001; Mimaki
et al. 2012). Therefore, all of them are important for ATP generation and energy
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metabolism. By considering the down-regulated miRNAs which were negatively
correlated with the increase ATP level, a group of miRNA was identified including
miR-423, -17, -130b, -301, -345, -153, -16a, and -615. Of this miR-15 and miR-16 have
been reported to modulate cellular ATP levels by down regulation of Arl2 target (Nishi
et al. 2010) and directly targeting BCL2 which leads to apoptosis induction through the
regulation of mitochondrial function (Cimmino et al. 2005). MiR-301 and miR-17 also
function on mitochondrial metabolism by regulating ATPase and translocase
(Demongeot et al. 2013). The other group of miRNAs which was up-regulated and
hence positively correlated with the ATP level during C2C12 myogenic differentiation
includes miR-1a/b, -128, -194, and -1968. MiR-1 is well known as skeletal muscle-
specific mMiRNA which play important functions on muscle development by regulating
cell proliferation and differentiation during myogenesis (Chen et al. 2006; Goljanek-
Whysall et al. 2012). MiR-128 also regulates muscle cell proliferation and
differentiation by repressing one of the myogenic gene Pax3, in muscle side population
cells (Motohashi et al. 2012). Among these potential miRNAs, miR-423-3p was selected
for further functional validation with 3 of its potential target genes, Cox6a2, Ndufb7,
Ndufs5, due to the reason that miR-423-3p showed a high inverse correlation with
increased ATP level. Besides, it has been implicated in promoting cell growth and cell
cycle progression (Lin et al. 2011), yet its function in cellular ATP regulation is still
unknown. The RNAhybrid tool (Rehmsmeier et al. 2004) was used under the default
criteria, and revealed at least one binding site on 3°-UTR of target mMRNAs for the miR-
423 (miR-423-3p in mouse). As a functional validation, miR-423-3p was overexpressed
during C2C12 myogenic differentiation using mouse synthetic miR-423-3p mimic
transfection. After 24 hours post-transfection, miR-423-3p mimic produced decreased
cellular ATP level and decreased the expression of Cox6a2, Ndufb7, and Ndufs5 and
increased the expression of two myogenic markers, Tnntl and Myhl compared to the
negative control. In conclusion of this section, the results suggested that miR-423-3p
function as an ATP/energy metabolism modulator by targeting Cox6a2, Ndufb7, and
Ndufs5 and may be required for C2C12 myogenic differentiation.

The multistate study was designed to meet the need for new, fundamental information
about the molecular and cellular processes that regulate the development of skeletal
muscle. Each chapter of this thesis could be considered as a stand-alone study, but the
common purpose of each was to gain and identify the potential miRNAs and their
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candidate target in muscle. Taken together, this thesis has identified the potential
miRNAs and their candidate target genes in regulatory networks that provide insight
into the mechanism underlying of skeletal muscle development, growth and metabolism
which affect meat quality. Many miRNA-mRNA correlations were identified that need

to be further validated in functional studies of these miRNAs in skeletal muscle.

Future perspectives

In future efforts, we will continue to clarify the the relationship of particular miRNAs
and mRNAs on an experimental level in biological functional analyses for a concrete
and consistent validation of current results. More studies are required to fully
comprehend how miRNAs impact on skeletal muscle development, growth and
metabolism. Future experiment will be including the in vitro functional validation of
transient over-expression or knockdown of miRNAs using a design shRNA vector and
also the determination of their target at the protein levels.

At present, numerous reports show that the expression profiling of miRNAs is a
useful diagnostic and prognostic screening tool. MiRNAs may serve as novel
biomarkers for some physiological and pathological conditions (Chen et al. 2008; Bader
et al. 2011; Mo et al. 2012). Circulating miRNA biomarkers are commonly used. A
remarkably stable form of miRNAs can be readily detected in serum (Chen et al. 2008;
Fang et al. 2012), plasma or whole blood (Heneghan et al. 2010). Some of muscle
specific miRNA: miR-1, -133 and -208 have been reported as circulating markers for
muscular disorders such as cardiomyocyte death in myocardial infarction (Wang et al.
2010; Kuwabara et al. 2011; Wang et al. 2013) and other myopathies (Eisenberg et al.
2008; Cacchiarelli et al. 2011). The up-regulated miRNA in peripheral circulation is
mainly originated from different types of injuries of body compartments (Schéler et al.
2010 ). These intracellular actions of miRNAs are suggesting that they may have roles
distant from the cell from which they originate. Moreover, one recent observation from
Zhang et al. (2012) provided a groundbreaking new possibility on the environmental
dietary effects across broad phylogenies. Intake of exogenous plant miRNA by food can
pass through gastrointestinal track and enter in the bloodstream, then resulting in cross-
kingdomly modulated target gene regulation in animals (Zhang et al. 2012b).
Consistent with all of these evident discoveries, in future work, it would be a challenge

to further investigate and discover new generations of miRNA biomarkers of some
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specific phenotype correlated with the meat quality traits. This could allow extending
the area of investigation of the direct oral RNA delivery to improve the meat
characteristics in domestic animals. In conclusion, we expect that our further validation
results will help to develop further new miRNAs biomarkers to aid in the prevention or

selection of meat quality traits or diseases in farm animals in the future.
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In domestic animals, skeletal muscle is a tissue of major economic importance for meat
production. Maintaining skeletal muscle function throughout the lifespan is necessary
for good health and living, which finally influence in meat production. For the
improvement of the muscle function at optimal levels, the efficient regulation of
complex processes that control muscle development, growth and metabolism are
required.

At present, molecular genetic methods are used to identify genes that control variation
in phenotypes like meat quality. Recently, a new regulatory factor which is able to
regulate gene expression at the post-transcriptional level has been discovered. MiRNAs
are a set of small, non-protein-coding RNAs. Mature miRNAs comprise single-stranded
~22 nucleotides in length. The regulation of miRNA expression can occur both at the
transcriptional and at the post-transcriptional level, by binding to the 3’-UTR of the
target genes and either repression of protein translation or induction of mRNA
degradation. Due to general target recognition capability of miRNA, several miRNAs
consent to target the same 3°-UTR and a single miRNA can directly inhibit the
expression of numbers of mRNAS/genes, thus creating a complex regulatory network.
Therefore, the potential miRNAs and their target gene regulation networks may enable
providing new directions in molecular animal breeding. It will extend the fundamental
knowledge of the factors controlling skeletal muscle function including muscle
development, growth and metabolism and resulting in improved efficiency of meat
production.

The aims of the thesis have been achieved; the potential miRNAs and their target genes
regulation networks which are involved in skeletal muscle have been identified and the
understanding of their biological roles and regulations under different physiological
conditions of muscle has been extended. In chapter 2, custom miRNA array were used
for comparative miRNA expression profiling of skeletal muscle across three muscle
fibre developmental stages and adult pigs in two different breeds. German Landrace
(DL) and Pietrain (Pi) pigs are considerably different in numerous traits including
growth rate, body composition, muscularity and fat content. Differentially expressed
miRNAs were identified between the two breeds. Several miRNAs were observed to be

associated with breed type and expressed in a developmental stages-specific manner.
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Such as, Let-7, miR-103, -143, -15, -199, -17 families and miR-30 were consistently
higher expressed in Pi pigs compared to DL pigs, whereas, miR-122, -133, -181, and -
214 were up-regulated in DL pigs compared to Pi. Related to the previous study, in
chapter 3, Affymetrix GeneChip porcine Genome Arrays were used to perform the
profiling of differential gene expression upon each developmental stage. A combination
of mMRNA and miRNA expression profiling data derived from the same samples (in
chapter 2) was achieved by Ingenuity Pathway Analysis. This method has shown to be
effective in identifying the most prominent interactions from the databases of putative
targets as well as validated information. The analysis established a complex miRNA-
dependent regulatory network and revealed insights into their role during skeletal
muscle development and growth. Interestingly, a number of mMIRNA-mRNA
interactions was associated to cellular growth and proliferation and lipid-metabolism
functions. During prenatal stage, the differential expression genes overrepresented in
these bio-functions tend to be higher expressed in DL than in Pi. But at adult stage, they
are overrepresented in Pi breed. Chapter 4 addresses post mortem pig traits obtained in
a crossbred [PIx(DLxDE)] population (n = 207). To identify miRNA-mRNA co-
expression networks correlated with muscle phenotypes, both custom miRNA arrays
and Affymetrix GeneChip porcine Genome Arrays were used. This study integrated
miRNA and mRNA expression results as well as network analysis by using WGCNA,
pairwise correlation coefficient analysis and miRNA target prediction tools. The final
results identified groups of negative miRNA-mRNA co-expression networks enriched
in several biological pathways underlying the difference of carcass and meat quality
traits for example glucose metabolism, mitochondrial processes and oxidative
phosphorylation. Moreover, some of these established miRNA-mRNA co-expression
interactions have confirmed miRNA binding sites according to TargetScan and
RNAhybrid. The functional study of such mRNAs-miRNAs regulatory networks
involved in the muscle energy metabolism was further demonstrated. In chapter 5,
mouse C2C12 cells were used as a model tool for muscle differentiation starting from
myoblasts to form multinucleated myotubes. Previous publications revealed the
relationship between ATP levels and myogenic differentiation. Therefore, changing
ATP level during myoblast differentiation provided a good model to search for potential
regulators of ATP production. This chapter identify miRNAs that can modulate

expression of genes involved in energy metabolism and revealed a link between
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miRNA, mitochondrial energy metabolism genes and cellular ATP levels by correlation
coefficient analysis. Both negative and positive mIRNA-mRNA correlation
relationships were considered. The final results suggest 14 miRNAs (miR-423, -17, -
130b, -301, -345, -15a, -16a, -128, -615, -1968, -la/b, and -194) as cellular ATP
regulators targeting genes including 6 genes of mitochondrial energy metabolism genes
(Cox4i2, Cox6a2, Ndufb7, Ndufs4, Ndufsb, and Ndufvl) Of these, miR-423-3p was
selected for further functional validation with 3 of its potential target genes, Cox6az2,
Ndufb7, Ndufs5. Overexpression of miR-423-3p during C2C12 myogenic
differentiation decreased cellular ATP level and decreased the expression of all target
genes as well as down-regulated the expression of two myogenic markers, Tnntl and
Myh1 compared to the negative control. In conclusion, the results suggest that miR-423-
3p functions as an ATP/energy metabolism modulator by targeting Cox6a2, Ndufb7,
and Ndufs5 and may be required for C2C12 myogenic differentiation.

In summary, many miRNA involved in regulation of biological processes of muscle
development, growth and metabolism and finally meat quality or quantity were identify.
This thesis was performed, mainly by in vivo studies that relate miRNAs abundance in
muscle development at different stages, and abundance in mature muscle to phenotypic
carcass and meat quality traits. The in vitro study, identified potential miRNAs, which
are involved in the process of muscle differentiation and mitochondria energy
metabolism. Finally, this thesis brought together the potential miRNAs and their
candidate target genes and established regulatory networks that provide insight into the
mechanism underlying skeletal muscle growth and development and muscle
metabolism. Many miRNA-mRNA correlations were identified and need to be further
validated in functional studies of these miRNAs in skeletal muscle.
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Zusammenfassung

Zusammenfassung

Bei Nutztieren ist die Skelettmuskulatur von entscheidender 6konomischer Bedeutung
fur die Fleischproduktion. Die Aufrechterhaltung der Funktion der Skelettmuskulatur
Uber die gesamte Lebensdauer ist zudem essentiell fiur die Gesundheit und das
Wohlbefinden der Tiere und beeinflusst die Fleischqualitat. Die effiziente Regulation
von komplexen Prozessen, die der Steuerung von Muskelentwicklung, -wachstum und -
stoffwechsel dienen, ist notwendig, um die Muskelfunktionen nachhaltig zu verbessern.
Mit den erst kirzlich entdeckten miRNAs steht ein groRes Repertoire an Regulatoren
zur Verfugung, welche die Genexpression und damit die Merkmalsauspragung
beeinflussen konnen. Reife miRNAs bestehen aus 22 Nukleotiden langen
Einzelstrangen, die nicht fur Proteine kodierenden. MiRNAS kénnen die Genexpression
sowohl auf transkriptioneller als auch auf post-transkriptioneller Ebene regulieren. Auf
post-transkriptioneller Ebene binden miRNAs an das 3’UTR von regulierten
Zieltranskripten und koénnen dadurch die Translation des Proteins hemmen oder den
Abbau der mRNA induzieren. Aufgrund der Interaktion von miRNAs mit
Zieltranskripten Uber kurze Erkennungssequenzen kénnen mehrere miRNAs das gleiche
3’UTR binden und dementsprechend auch einzelne miRNAs zahlreiche mRNAs bzw.
Gene direkt inhibieren. Dadurch entstehen komplexe regulatorische Netzwerke die neue
Mdoglichkeiten fir die molekulare Tierzucht darstellen. Die Analyse derartiger
Netzwerke wird wesentlich zum Wissensstand Uber Faktoren beitragen, die an der
Regulation der Muskelfunktion, insbesondere der Muskelentwicklung, des
Muskelwachstums und des Muskelstoffwechsely, beiteiligt sind und mit einer
effizienten Fleischproduktion einhergehen.

Die gesteckten Ziele dieser Arbeit konnten erreicht werden; potentielle miRNAs und
von diesen regulierte Gennetzwerke, die fiir die Skelettmuskulatur relvant sind, konnten
identifiziert werden und haben darliber hinaus wesentlich zum Wissensstand tber die
biologische Funktion von miRNAs und ihrer Regulation im Kontext unterschiedlicher
physiologischer Zustdnde des Muskels beigetragen.

In Kapitel 2, konnten unter Verwendung von spezifisch gefertigten miRNA-Arrays
vergleichende  miRNA-Expressionsprofile  der  Skelettmuskulatur ~ ber  drei
Entwicklungsstadien der Muskelfaser sowie in erwachsenen Schweinen von zwei

verschiedenen Rassen erzeugt werden. Die Schweine der ausgewéhlten Rassen
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Zusammenfassung

Deutsche Landrasse (DL) und Pietrain (Pi) unterscheiden sich deutlich in zahlreichen
relevanten Merkmalen, einschlieRlich dem Wachstum, der Korperzusammensetzung,
dem Muskelansatz und dem Fettgehalt. Auf dieser Grundlage konnten differenziell
exprimierte miRNAs zwischen beiden Fleischrassen aufgezeigt werden. Weiterhin
konnte in Bezug auf die Regulation einiger miRNAs nachgewiesen werden, dass diese
sowohl rassenspezifische, als auch entwicklungsspezifische Expressionsmuster haben.
Die miRNAs der Let-7, miR-103, -143, -15, -199 und -17 Familien und miR-30 waren
in Pi konsistent hoher exprimiert als in DL. Im Gegensatz dazu waren miR-122, -133, -
181, und -214 in DL hochreguliert. Im Zusammenhang mit der vorausgehenden Studie
zeigt Kapitel 3 die unter Verwendung von porcinen Genommikroarrays (Affymetrix
GeneChip) erzeugten Profile der differentiell exprimierten Transkripte in jedem
Entwicklungsstadium. Auf dieser Grundlage erfolgte die Integration der Analysen mit
den miRNA-Expressionsdaten der gleichen Proben (Kapitel 2) mittels Ingenuity
Pathway Analysis. Dieses Verfahren hat sich als effektiv erwiesen, um die wichtigsten
Interaktionen aus den Datenbanken der Zieltranskripte zu identifizieren und die
Informationen zu validieren. Aus den Analysen geht ein komplexes miRNA-abhangiges
regulatorisches Netzwerk hervor, welches Einblicke in die Rolle der miRNAs wéhrend
der Entwicklung und dem Wachstum der Skelettmuskulatur ermdglicht.
Interessanterweise sind zahlreiche Interaktion von mIRNAs und mMRNAs mit
Funktionen des Zellwachstums, der Proliferation und des Lipidstoffwechsels assoziiert.
In der prénatalen Phase sind die meisten der differentiell exprimierten Gene der
genannten biologischen Funktionen in DL tendenziell starker reguliert als in Pi,
wahrend sich diese Verhéltnisse im adulten Stadium umgekehrt darstellen. Kapitel 4
beinhaltet Untersuchungen zur Auspragung von post mortem Merkmalen erfasst in
einer Population von Tieren der Dreirassenkreuzung PIx(DLxDE) (n = 207). Um Ko-
Expressionsnetzwerke von miRNA und mRNA zu identifizieren, die mit bestimmten
phanotypischen Auspragungen der Muskulatur korrelieren, wurden sowohl spezifisch
gefertigte miRNA-Arrays als auch porcine mRNA Mikroarrays verwendet. Die
Ergebnisse der miRNA- und mRNA-Expressionsanalysen wurden im Weiteren mittels
gewichteten Netzwerkanalysen (WGCNA), paarweisen  Analysen  von
Korrelationskoeffizenten und Programmen zur Vorhersage von miRNA-targets
integriert. Die Ergebnisse zeigen, dass negative Ko-Expressionsnetzwerke in

Signalwegen angereichert sind, die fir die phéanotypischen Unterschiede der
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Zusammenfassung

Schlachtkérper- und Fleischqualitdtsmerkmale ursdachlich sind. Dazu gehdren
beispielsweise Prozesse des Glucosestoffwechsels, des mitochondrialen Stoffwechsels
und die oxidativen Phosphorylierung. Zudem konnten fir einige der nachgewiesenen
Interaktionen zwischen miRNA und mRNA entsprechende miRNA-Bindungsstellen in
den Transkripten mittels Targetscan und RNAhybrid identifizierten werden. Die
funktionelle Untersuchung solcher mRNA-miRNA regulatorischen Netzwerke mit
Anteil am Energie- und Muskelstoffwechsel wurden weiter fokussiert. In Kapitel 5 sind
die Untersuchungen am murinen C2C12-Zellensystem dargestellt, welches als in vitro
Modell fir die myogene Differenzierung ausgehend vom Myoblasten bis hin zum
vielkernigen Myotuben dient. Aufgrund des nachgewiesenen Zusammenhangs
zwischen dem ATP-Spiegel und der myogenen Differenzierung eignen sich die
verénderlichen ATP-Spiegel wahrend der Differenzierung der Myoblasten als gutes
Modell, um potentielle Regulatoren der ATP-Produktion zu identifizieren. Dabei
wurden miRNAs identifiziert, welche in der Lage sind, die Expression von Genen des
Energiehaushalts zu modulieren. Zudem konnten durch die Analyse der
Korrelationskoeffizienten ~ Zusammenhdnge zwischen miRNAs, Genen des
mitochondrialen Energiemetabolismus und zelluldaren ATP-Gehalten aufgezeigt
werden. Sowohl negative als auch positive miRNA-mRNA-Korrelationen wurden dabei
berucksichtigt. Die endgultigen Ergebnisse legen nahe, dass 14 potentielle miRNAs
(miR-423, -17, -130b, -301, -345, -15a, -16a, -128, -615, -1968, -1a/b, und -194) als
zelluldare ATP-Regulatoren fungieren und mit Genen interagieren, einschlieBlich 6
Genen (Cox4i2, Cox6a2, Ndufb7, Ndufs4, Ndufs5 und NDUFV1) des mitochondrialen
Energiestoffwechsels. Davon wurden miR-423-3p und die potentiellen Zielgene
Cox6a2, Ndufb7 und Ndufs5 zur weiteren funktionellen Validierung ausgewahlt. Die
Uberexpression von miR-423-3p wahrend der C2C12-Differenzierung filhrte zu
reduzierten zellularen ATP-Konzentrationen, zur verringerten Expression aller Zielgene
sowie der verringerten Expression der myogenen Marker Tnntl und MYH1 im
Vergleich zur Negativkontrolle. Die Ergebnisse deuten darauf hin, dass miR-423-3p
durch die Interaktion mit Cox6a2, Ndufb7 und Ndufs5 als Modulator des ATP- bzw.
Energiemetabolismus fungiert und somit fur die myogene Differenzierung von C2C12-
Zellen notwendig ist.

Insgesamt konnten zahlreiche miRNAs identifiziert werden, die an der Regulation von
biologischen Prozessen der Entwicklung, des Wachstum und des Stoffwechsel der
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Zusammenfassung

Muskulatur beteiligt sind und im Endeffekt flr die Fleischqualitat und -quantitat von
Bedeutung sind. Insbesondere aus den durgefiihrten in vivo Studien geht hervor, dass
miRNAs in verschiedenen Stadien der Skelettmuskelentwicklung prasent sind und auch
im ausdifferenzierten Muskeln mit Merkmalen des Schlachtkérpers und der
Fleischqualitat im Zusammenhang stehen. Die in vitro Studien fuhrten zur
Identifizierung potentieller miRNAs, die an Prozessen der Muskeldifferenzierung und
dem mitochondiralem Energiestoffwechsel beteiligt sind. Durch die Studien im Rahmen
der vorliegenden Dissertation konnten die miRNAs und ihre potentiellen Zielgene zu
komplexen regulatorischen Netzwerken verknipft werden und ein Einblick in die
zugrundeliegenden Mechanismen des Wachstum, der Entwicklung und des
Metabolismus der Skelettmuskulatur ermdéglicht werden. Ein Kernpunkt zukiinftiger
Studien wird die experimentelle Validierung der identifizierten Zusammenhénge
zwischen miRNAs und mRNAs durch funktionelle Studien der miRNAs in der

Skelettmuskulatur sein.
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A. List of abbreviations

acetyl-CoA Acetyl-coenzyme A

ACTAl Actin, Alpha 1, Skeletal Muscle

ADIPOQ Adiponectin, C1Q And Collagen Domain Containin

Ago Argonaute

Akt V-akt murine thymoma viral oncogene cellular homologue

APOB Apolipoprotein B

ATP Adenosine triphosphate

BMP Bone morphogenetic protein

BMP4 Bone morphogenetic protein 4

C/EBP CCAAT/enhancer-binding protein

CAV1 Caveolin 1

CAV3 Caveolin 3

CBX5 Chromobox Homolog 5

CCNE1 G1/S-specific cyclin-E1

CCNG1 Cyclin G1

CDKN1A Cyclin-Dependent Kinase Inhibitor 1A (P21, Cipl)

CDKN1B Cyclin-Dependent Kinase Inhibitor 1B (P27, Kipl)

CDKN1C Cyclin-Dependent Kinase Inhibitor 1C (P57, Kip2)

c-MET Hepatocyte growth factor receptor

c-MYC V-myc myelocytomatosis viral oncogene homolog (avian)

CNN Smooth muscle calponin

CREB1 CAMP responsive element binding protein 1

CSE Cystathionine gamma-lyase

CTGF Connective tissue growth factor

CTGF Connective tissue growth factor

CUTL1 Cut-like homeobox 1

CYP Cytochrome P450

DE German Large White

DGCR8 DiGeorge syndrome chromosomal region 8

DL German Landrace

DM Differentiated medium

DMPK Dystrophia Myotonica Protein Kinase

dpc Days Post Conception

DYRK1A Nuclear NF_AT kinase dual-specificity tyrosine-(Y)-phosphorylation
regulated kinase 1a

E2F1 E2F transcription factor 1

E2F2 E2F transcription factor 2

elFs Eukaryotic initiation factors (cap-binding protein)

ESRRG Estrogen-related receptor gamma

FABP4 Fatty acid binding protein 4, adipocyte

FADH2 flavin adenine dinucleotide

FDR False Discovery Rate

FFAs Free fatty acids

FMR1 Fragile X mental retardation protein 1
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FOXO Forkhead Box

FOXO03 Forkhead Box O3

GLM General Linear Model

GM Growth medium

GW182 Glycine-tryptophan (GW) repeat-containing protein of 182 kDa
HDAC4 Histone Deacetylase 4

HGF Hepatocyte growth factor

HLH Helix-loop-helix

HNF Hepatocyte nuclear factor

HOXA11 Homeobox All

IGF-1 Insulin-like growth factor 1

IPA Ingenuity Pathways Analysis

ITGAS Alpha 5 (Fibronectin Receptor, Alpha Polypeptide)

KIT V-Kit Hardy-Zuckerman 4 Feline Sarcoma Viral Oncogene Homolog
KLF4 Kruppel-like factor 4

LAMB2 Laminin gamma 1

LD Longissimus dorsi

Liver-enriched transcription factors (including C/EBPa HNFla

LETFs HNF3b and HNF4a)

LIF Leukemia inhibitor factor

m7G 7-methylguanosine (m7GpppN cap)

MAP2K Mitogen-activated protein kinase kinase

MAP3K12 Mitogen-activated protein kinase kinase kinase 12

MAP4K3 Mitogen-activated protein kinase 3

MED13 Mediator Complex Subunit 13

MEF2 Myocyte Enhancer Factor 2

Meox2 Mesenchyme homeobox 2

MHC Myosin heavy chain

mMiRNA MicroRNA

mid Musculus longissimus dorsi

MMP Matrix metallopeptidase

MRF4 Myogenic regulatory factor 4

MRFs Myogenic regulatory factors

MSTN Myostatin

mTOR Asmammalian target of rapamycin

MYC V-Myc Avian Myelocytomatosis Viral Oncogene Homolog

Myf5 Myogenic factor 5

MYH11 Myosin heavy chain 11

MyoD Myogenic differentiation

NADH Nicotinamide adenine dinucleotide

NcRNAs Non-coding RNAs

NEATC Nuclear Factor Of Activated T-Cells, Cytoplasmic, Calcineurin-
Dependent

NOX-4 NADPH oxidase 4

nt Nucleotides
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ORF
PABPC
Pax3

Pax7
P-bodies
PFKM

Pi
P13-kinase
Pol Il
PPARG
PRDM16
pre-microRNA
pri-miRNA/ pri-
microRNA
PROX1
PTCH1
PURB
gPCR/ qRT-PCR
r

RB1

RISC
RNAI
ROCK1
Shh
SiRNA
SLC2A4
SM22a
SMA
SMAD2
SMAD3
SMAD4

Smarcbl

Smarcd?

SOX6
SP1
SP3

SRF

TAGLN2
TCA cycle
TGF
TGFB
TGFBR2
Thrapl

Open reading frame
Poly(A)-binding protein complex
Paired box 3

Paired box 7

Cytoplasmic processing bodies
Phosphofructokinase, Muscle
Pietrain

Phosphatidylinositide 3-kinases
RNA polymerase 11

Peroxisome Proliferator-Activated Receptor Gamma
PR-Domain Zinc Finger Protein 16
Precursor miRNA

Primary miRNA

Prospero homeobox1

Patched 1

Purine-Rich Element Binding Protein B
Quantitative real time RT-PCR
Correlation coefficient

Retinoblastoma 1

RNA-induced silencing complexes
RNA interference

Rho-associated coiled-coil containing protein kinase 1
Sonic hedgehog

Small interfering RNA

Solute Carrier Family 2 (Facilitated Glucose Transporter), Member 4

Transgelin 2 -alpha homolog

Smooth muscle actin.

SMAD family member 2

SMAD family member 3

SMAD family member 4

SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily d, member 1

SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily d, member 2

SRY (sex determining region Y)-box 6

Spl Transcription Factor

Sp3 Transcription Factor

Serum response factor (c-fos serum response element-binding
transcription factor)

Transgelin 2

Tricarboxylic acid cycle

Transforming growth factor

Transforming growth factor beta 1

Transforming growth factor beta receptor Il

The thyroid hormone receptor associated protein-1

175



A Enclosure

TIMP Tissue inhibitors of metalloproteinases
TNF Total number of muscle fibers

Wnt Wingless and Int

B-MHC Myosin heavy chain beta
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