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INTRODUCTION 
Using forward genetics to study larval mutants in the nematode C.elegans, the Ambros and 
Ruvkun laboratories (e.g. Lee et al. 1993, Reinhart et al. 2000) identified a new class of genes.  
These so-called called microRNAs (miRNA) hybridize to and thereby control the expression of 
target mRNAs in trans.  Since then it has been shown that metazoan genomes contain hundreds 
to thousands such miRNA , and that a large proportion of our protein encoding genes are under 
the control of multiple miRNA.  Thus the existence of an entirely new gene regulatory 
network, related to other RNA interference phenomena (RNAi), has been uncovered. 
 
Our laboratory has been involved in the positional identification of genes underlying four types 
of muscular hypertrophies in livestock: double-muscling of Belgian Blue Cattle (Grobet et al. 
1997), hypermuscled Piétrain pigs (Van Laere et al. 2003), hypermuscled callipyge sheep 
(Cockett et al. 1996) and hypermuscled Texel sheep (Clop et al. 2006) .  miRNAs were shown 
to play a key function in the determinism of two of these phenotypes, thus highlighting the 
importance of miRNA dependent gene regulation in shaping phenotypic variability in 
livestock.    
 
MIRNAS: A NOVEL CLASS  OF ABUNDANT RIBOREGULATORS 
In their seminal 1961 paper, Jacob and Monod surmised that protein encoding genes might be 
regulated in trans by the RNA products of regulator genes.   The recent discovery of a novel, 
important class of  miRNA genes (e.g. Bartel 2003, Kim 2005, Plasterk 2006) renders this 
prediction remarkably insightful. 
 
In recent years, molecular geneticists have come to realize that the genome of most metazoans 
may contain as many as thousand miRNA-encoding genes.   Approximately halve of these 
seem to be evolutionary conserved, sometimes shared between organisms as distantly related 
as human and C. elegans.   The remainder might be lineage or even species specific. 
 
 miRNAs are processed from capped polyadenylated polymerase II transcripts that form 
characteristic hairpin loops referred to as pri-miRNAs.  Pri-miRNAs are primarily found in the 
introns and even exons of coding as well as non-coding “host” transcripts. In animals, pri-
miRNAs are processed into mature single-stranded ~22nt cytoplasmic miRNAs by the 
successive action of two RNA III-like endonucleases: Drosha in the nucleus, and Dicer in the 
cytoplasm.   They are then loaded into so-called RNA-induced silencing complexes (RISC) 
containing at least one member of the Argonaute protein family.  The miRNA guides the RISC 
complex to target mRNAs exhibiting one or more sites of complementarity in their 3’UTR.  In 
animals, most miRNA-target complementarities are imperfect, except for a heptamer “seed” 
corresponding to bases 2 to 8 of the mature miRNA.  Known miRNAs can be grouped in 
approximately 60 families on the basis of their seed sequence.  The RISC complex 
downregulates the target gene by a combination of mRNA cleavage, translational repression 
and compartmentalization. 
 
The typical miRNA might regulate as many as 200 target genes, and at least 30% of the protein 
encoding genes (excluding housekeeping genes) seem to be under combinatorial miRNA-
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mediated control.  The main function of miRNA remains a matter of debate.  The first 
identified miRNAs, isolated via forward genetic analyses of developmental defects, supported 
key “developmental switch” functions.  However, the maintenance of at least some 
developmental capacity in Dicer knock-outs, and the confrontation of target-site content and 
expression profile, suggest canalization roles such as curbing of undesired leaky transcription 
and buffering of genetic noise.  Genes that are highly expressed in a given tissue are under 
selective pressure to avoid target sites for coexpressed miRNAs and are referred to as anti-
targets. 
 
miRNA are only one class of a growing list of small interfering RNA detected in eukaryotic 
cells targeting both exogenous and endogenous transcripts.   
 
POLAR OVERDOMINANCE AT THE CALLIPYGE LOCUS: MIRNA MEDIATED 
TRANS-INTERACTION BETWEEN RECIPROCALLY IMPRINTED GENES 
The callipyge phenotype is a monogenic muscular hypertrophy described in sheep.  It is due to 
an increase in the proportion of fast twitch muscle fibres, manifests itself at approximately one 
month of age and exhibits a rostro-caudal gradient.  It is characterized by a non-mendelian 
inheritance pattern referred to as polar overdominance: only heterozygotes receiving the CLPG 
mutation from their sire express the phenotype (Cockett et al. 1996).   
 
The CLPG mutation has been mapped to the 1Mb DLK1-GTL2 imprinted domain on distal 
OAR18.  This evolutionary conserved region is characterized by paternally expressed protein 
encoding genes (BEGAIN, DLK1, PEG11 and DIO3) and maternally expressed long non-
coding RNA genes (GTL2, MEG8, RIAN and MIRG) hosting many snoRNA and miRNAs.   
The CLPG mutation was identified as an A to G transition in a highly conserved dodecamer 
motif thought to be part of a locus control region (LCR) acting as a post-natal, muscle-specific 
silencer element.  Indeed, paternal inheritance of the CLPG mutation causes ectopic expression 
of DLK1 and PEG11 mRNA, while maternal inheritance causes ectopic expression of the non-
coding RNAs in skeletal muscle of the hind-quarters.   As a consequence, callipyge 
+Mat/CLPGPat animals have a unique expression file characterized by the overexpression of the 
padumnal DLK1 and PEG11 in the absence of an overexpression of the madumnal non-coding 
RNA genes (e.g. Georges et al. 2004). 
 
But how does this account for the restriction of phenotypic expression to the +Mat/CLPGPat  
genotype?  Novel insights into the underlying mechanisms were obtained when it was found 
that DLK1 protein is present in skeletal muscle of +Mat/CLPGPat animals, but not of 
CLPG/CLPG animals, although high levels of DLK1 mRNA are found in both genotypes.  
Moreover, transgenic mice expressing DLK1 ectopically in skeletal muscle exhibit a muscular 
hypertrophy reminiscent of the callipyge phenotype.   Ectopic expression of this member of the 
Notch/Delta/Serrate protein family thus seems to be directly responsible for the callipyge 
muscular hypertrophy (Davis et al. 2004). 
 
The absence of detectable DLK1 protein in CLPG/CLPG animals despite high levels of DLK1 
mRNA supports a posttranscriptional repression, mediated by the madumnal non-coding RNA 
genes that are not present in skeletal muscle of +Mat/CLPGPat  animals.   Obviously – because 
of their known riboregulator function - the abundant miRNAs hosted by the maternally 
expressed non-coding RNA genes are the prime candidate mediators of this trans-effect.   A 
direct involvement of madumnal miRNA in translational inhibition of DLK1 has not yet been 
demonstrated.  However, the demonstration of miRNA-mediated cleavage of padumnal PEG11 
transcripts by madumnal miRNA processed from PEG11 antisense transcripts lends a lot of 
support to this hypothesis (Davis et al. 2005). 
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What’s the evolutionary meaning of all this? Both DLK1 and PEG11 seem to be involved in 
placental and foetal growth.  Hence, it is possible that the evolutionary forces at the heart of the 
parental conflict hypothesis have recruited madumnal miRNAs to counteract padumnal growth 
enhancers.  
 
AN ILLEGITIMATE MIRNA TARGET SITE IN THE MYOSTATIN GENE OF 
HYPERMUSCLED TEXEL SHEEP: IDENTIFYING POLYMORPHIC MIRNA-
TARGET INTERACTIONS   
Texel sheep are known for their pronounced muscular development.  To identify the genes 
responsible for this interesting racial feature we performed a whole genome scan in a Romanov 
x Texel intercross counting more than 250 F2 animals.   The strongest QTL was mapped to a 10 
cM confidence interval (CI) in the centromeric region of OAR2.   Two strategies were 
employed to refine the map position of the QTL.  The first consisted in determining the QTL 
genotype of an F2 ram having inherited a chromosome recombining in the CI using progeny 
testing.  This positioned the QTL on the CI halve corresponding to the long arm or OAR2q.  In 
the second approach we identified a signature of positive selection confirming the previous 
findings and pinpointing a chromosome segment harbouring the myostatin gene (GDF8).   
Loss of GDF8 function causes double-muscling in mice, cattle and human thus making this 
gene the perfect positional candidate.  Initial sequencing of the open reading frame and 
Northern blot analysis didn’t reveal any obvious GDF8 anomaly in Texel.   Sequencing of the 
entire GDF8 gene identified 20 non-coding single nucleotide polymorphisms (SNP).  None of 
these reside in highly conserved sequence elements. Genotyping 40 Texels, 90 controls et four 
rams known by progeny-testing to be heterozygous Qq for the QTL allowed us to: (i) 
demonstrate the virtual monomorphism of GDF8 in Texel, contrasting with extensive variation 
in other breeds and thus revealing the effect of a selective sweep on the locus, (ii) exclude all 
20 SNPs except one (g+6723G-A) located in the GDF8 3’UTR on the basis of homozygosity 
of at least one of the four Qq rams, (iii) demonstrate the virtual privacy of the g+6723 A allele 
in Texel.  Genetically, g+6723G-A  thus appeared as a very strong QTN candidate.  
 
Closer examination of the g+6723G-A SNP indicated that the G to A transition reveals an 
octamer motif predicted to correspond to a target site for miRNAs miR-1 and miR-206.  This 
suggested that g+6723G-A might expose the mutant GDF8 allele to miRNA-mediated 
translational inhibition and hence promote muscle growth.  This hypothesis makes four 
predictions: (i) miR-1 and miR-206 exist in sheep and are expressed in skeletal muscle, (ii) 
Texel sheep have reduced levels of GDF8 protein, (iii) steady state concentrations of mutant 
GDF8 mRNA are lower than wild-type mRNA as a result of preferential miRNA-mediated 
degradation in P-bodies, (iv) miR-1 and miR-206 interact with the mutant but not wild-type 
GDF8 3’UTR.  All four predictions were readily verified.  miR-1 and miR-206 were cloned 
from the sheep genome, shown to be perfectly conserved and to be strongly expressed in 
skeletal muscle.  Circulating levels of GDF8 were shown to be three times lower in Texel when 
compared to wild-type controls.  mRNA corresponding the A allele were shown to be 1.5 times 
more abundant than the G allele in skeletal muscle of heterozygous animals.  Luciferase 
reporter vectors including the mutant GDF8 sequence but not the wild-type sequence were 
shown to be downregulated when coexpressing miR-1 and miR-206 but not control miRNAs.   
These findings thus lent strong support to our hypothesis (Clop et al. 2006). 
 
To verify whether polymorphic miRNA-target interactions might be commonplace and 
possibly contribute to phenotypic variation in other organisms we examined how many SNPs 
located in the 3’UTR of human and mice genes altered the content in octamer motifs thought to 
correspond to putative miRNA target sites.  More than 5,000 candidates were found in both 
species and compiled in the public Patracles database (http://www.patrocles.org).  Patrocles 
sorts these candidate SNPs in five distinct classes: (i) SNP destroying evolutionary conserved 
target sites (DC), (ii) SNPs destroying non-conserved sites (DNC), (iii) SNPs creating non-
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conserved sites (CNC), (iv) SNP altering the non-conserved octamer content for which the 
ancestral state is unknown (PNC), (v) SNPs shifting the location of octamers without altering 
their content (D).  Patrocles SNPs that have the highest likelihood to perturb gene function are 
(i) of the DC and (ii) of the CNC class if the gene is expressed in the same tissue as the 
miRNA, i.e. is an anti-target gene. Expression data are being included in the Patrocles database 
to identify putative polymorphic miRNA-antitarget interactions.        
 
CONCLUSIONS 
Our work indicates not only that miRNA contribute to the regulation of metabolic pathways 
that underlie agronomically important traits, but that polymorphic miRNA-target interactions 
contribute to the heritability of these traits.  These findings should encourage the community to 
further examine the effects of polymorphisms in miRNA genes and target sites.  It is tempting 
to speculate that part of the phenotypic variability accrued through the domestication process 
reflects alterations of the miRNA dependent regulatory network.     
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