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ABSTRACT:  Callipyge (CLPG) is a major gene responsible for a pronounced muscle hypertrophy in sheep. Genetic characterization of the locus has demonstrated a unique model of inheritance termed “polar overdominance”, where only heterozygous offspring inheriting the mutation from their sire express the phenotype. We recently constructed bovine‑and ovine‑specific contigs that span the callipyge region on ovine chromosome 18. Comparative analysis of ovine sequence from this region and the corresponding region on human HSA14q allowed identification of six genes. Two of the six genes, DLK1 and GTL2, have been characterized in humans, mice, and cattle. The remaining four genes, DAT (DLK1‑associated transcript), PEG11 (paternally expressed gene 11), antiPEG11, and MEG8 (maternally expressed gene 8), are novel. DLK1 and PEG11 code for protein products while the other four genes apparently act via non‑coding RNA products. Use of single nucleotide polymorphisms (SNPs) identified in the region demonstrated that DLK1, DAT, and PEG11 are paternally expressed while GTL2, antiPEG11, and MEG8 are maternally expressed. In the curent study, Northern blot analysis showed altered expression of GTL2, DLK1, and PEG11 in a genotype‑, age‑, and muscle‑specific manner. In homozygous normal lambs, GTL2 and DLK1 were expressed prenatally in longissimus dorsi but mRNA levels declined after birth. The callipyge mutation resulted in overexpression of GTL2 and DLK1 in this tissue through 8 wk of age. Expression of PEG11 was very low in longissimus dorsi of prenatal normal and callipyge lambs, but was elevated postnatally in callipyge tissue at 2 wk and 8 wk of age. There was no difference in expression of these three genes between callipyge and normal lambs in the supraspinatus, tongue, and heart, which are tissues that are not affected by the mutation. In summary, the callipyge mutation has altered postnatal expression of at least three genes from this imprinted gene cluster. 
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Introduction
In 1983, a male lamb exhibiting a pronounced muscular hypertrophy, particularly noticeable in the hind quarters, was born into a commercial Dorset flock in Oklahoma.  The ram, called Solid Gold, subsequently produced offspring expressing the unusual phenotype, which is referred to as callipyge. Animals demonstrating the callipyge phenotype produce leaner, higher yielding carcasses (Jackson et al., 1997a, b), but there is concern with decreased tenderness of the loin (Koohmaraie et al., 1995).  Skeletal muscle tissue derived from callipyge animals exhibits hypertrophy of the fast twitch muscle fibers (Carpenter et al., 1996).  

The callipyge phenotype was shown by linkage analysis to be under the control of a single locus (CLPG) that maps to the telomeric end of ovine chromosome 18 (Cockett et al. 1994).  Marker-assisted segregation analysis revealed that the callipyge phenotype is subject to a novel mode of inheritance with a parent-of-origin effect referred to as polar overdominance;  only heterozygous individuals having inherited the CLPG mutation from their sire express muscular hypertrophy (Cockett et al. 1996; Freking et al. 1998).
As part of an effort to positionally clone the callipyge gene, bovine- and ovine-specific contigs spanning the  callipyge region have been developed.  The bovine contig contains the interval between microsatellite markers IDVGA30 and OY3 and includes one bovine YAC and 39 BAC (four ovine and 35 bovine) clones, has an average depth of 6.38 BACs per STS, and is approximately 1400 Kb in length  (Shay et al., 2001).  The ovine contig contains 21 ovine BACs spanning about 900 Kb, with an average depth of 3.2 BACs per STS (Segers et al. 2000).  Two gaps in the ovine contig (10 and 7.5 Kb, respectively) were bridged by long range PCR.

Our earlier work (Cockett et al., 1994) localized callipyge to the distal end of ovine chromosome 18 based on linkage to markers TGLA122, CSSM18 and GMBT16.   The position of callipyge was then more precisely mapped to a 4.6 cM interval between IDVGA30 and OY3 by breakpoint mapping using lambs produced in crosses of the four callipyge genotypes and assuming a polar overdominance model (Shay et al., 2001).  In Berghmans et al. (2001), eight new microsatellites as well as previously available IDVGA30, BMS1561 and OY3 were genotyped on a recombinant panel of 25 informative chromosomes.  The callipyge locus was subsequently assigned to a 450 Kb chromosome segment within the MULGE4-OY3 interval.  

A 250 Kb segment of the MULGE4-OY3 interval was sequenced and compared against the orthologous human genomic sequence (Charlier et al., 2001a).  Extensive conservation was found between the human and ovine sequences, with an overall similarity of 44.7%.  Based on this alignment, six genes were predicted to reside within the analyzed region (Charlier et al., 2001a).  Two of these genes, DLK1 and GTL2, have been previously reported in humans (Schmidt et al., 2000), mice (Sma et al., Schuster-Gossler et al., 1998), and cattle (Fahrenkrug et al., 2000), while the remaining genes, DAT, PEG11, antiPEG11, and MEG8, are novel.  DLK1 is part of the EGF-like homeotic protein family involved in cellular differentiation, including adipogenesis  (Laborda, 2000).  PEG11 (paternally expressed gene) is predicted to be a single exon gene and has highly significant similarity to the genes for gag and pol proteins of gypsy-like LTR-retrotransposons, but PEG11 does not have LTR sequences expected for retroviral-like sequences.   GTL2 may act as a non-translated RNA based on the absence of a conserved open reading frame, a lack of bias in codon usage, and the occurrence of frameshift insertions and deletions when comparing orthologous human and ovine exons.  DAT (DLK1-associated transcript) corresponds to a cluster of eleven human ESTs that is found 2.5 Kb from the 3' end of DLK1.  AntiPEG11 represents several ESTs that are transcribed from the opposite strand of PEG11.  Identification of MEG8 (maternally expressed gene 8) was based on a cluster of physically connected ESTs at the end of the sequence alignment. 

All six genes are expressed in skeletal muscle.  By tracing the alleles expressed in muscle back to the lambs’ parents, the parental imprinting status of each gene was determined.  These results demonstrated that DLK1,  PEG11, and DAT are paternally expressed, while GTL2, antiPEG11, and MEG8 are maternally expressed (Charlier et al., 2001a).  
In Charlier et al. (2001b), poly A+ RNA was isolated from the longissimus dorsi of animals of the four callipyge genotypes at 8 wk of age.  Northern blotting and/or RT-PCR were used to examine expression of  the six previously identified genes.  Differential gene expression of these genes occurred across the four genotypes.  Thus, the callipyge mutation dramatically enhances the expression level of all identified genes in the callipyge domain.

Characterization of the expression pattern of genes within the callipyge region is critical for understanding the mechanism of callipyge.  Therefore, we have extended our studies to include age- and muscle-specific expression of DLK1, GTL2 and PEG11.  
Materials and Methods
Tissue samples were obtained from two NN and two CPNM lambs (where the "P" and "M" superscripts refer to the paternal and maternal homologs, respectively) at 2 wk preparturition and 2 wk of age, and from two lambs of each of the four genotypes at 8 wk of age.  Muscles samples were taken from the longissimus dorsi, gluteus medias, and semimembranosus (hypertrophied in callipyge animals) and  supraspinatus and tongue (non-hypertrophied).  Heart, lung, kidney, and adipose samples were also collected.  All tissues were placed in 5 volumes of RNAlater (Ambion Inc., Woodlands, TX) and total RNA was extracted using Trizol (Lifetechnologies, Rockville, MD) according to the manufacturers’ instructions.  Poly A+RNA was isolated from the pooled RNA using Oligotex Direct (QIAGEN, Valencia, CA).  Ten µg of total RNA or 1 µg of poly A+ mRNA was electrophoresed and then transferred onto positively charged nylon membranes using standard methods.  Hybridizations of the blots were carried out for 15-18 h at 65°C in a solution containing 7% SDS, 10% polyethylene glycol (8000MW), 64 mM sodium phosphate, and 260 µg/ml denatured salmon sperm DNA. Antisense cDNA probes were labeled by asymmetric PCR using gene-specific primers.  After hybridization, blots were washed 1 time in 2X SSC/0.5%SDS, 3 times in 1X SSC/0.1%SDS, and 1 time in 0.1X SSC/0.1%SDS; all washes were performed at 65°C for 30 min.  The blots were exposed to Kodak XAR autoradiography film for 12-15 h at -80°C. 


Results and Discussion
Northern blot analysis of RNA from longissimus dorsi demonstrated that expression of DLK1, GTL2 and PEG11 were altered in a genotype- and age-specific manner.  In homozygous normal (NN) lambs, DLK1 and GLT2 were expressed prenatally but expression declined after birth.  Expression of DLK1 remained high through 8 wk of age in CPNM and CC lambs, while GTL2 expression remained high through 8 wk of age in NPCM and CC lambs.  Expression of PEG11 was not detected in longissimus dorsi of prenatal NN or CPNM lambs but was elevated in CPNM lambs at 2 wk and 8 wk of age.  Although not detected  by Northern blot hybridization, PEG11 RNA was also found in 8-wk-old CC lambs using PCR (Charlier et al., 2001b).  

Thus, expression remained high (DLK1 and GLT2) or increased (PEG11) through 8 wk of age in those genotypes with the paternally expressed mutated allele.  Because DLK1 and PEG11 are paternally expressed, the paternal C allele in CPNM  and CC genotypes was associated with elevated levels of these two genes. Likewise, GTL2 is maternally expressed, with lambs receiving the C allele from their mother (NPCM and CC genotypes) having higher levels of GTL2 mRNA at 8 wk of age.  It should be noted that mRNA levels of GTL2 in CPNM lambs, although low, was higher than in NN lambs at 2 wk and 8 wk.  Using an expressed SNP, GTL2 in the CPNM lamb was determined as being from the maternal allele, but given the extensive alternative splicing of GTL2, paternal expression of the C allele cannot be conclusively ruled out by a single SNP.

The callipyge mutation also altered expression of both GTL2 and DLK1 at 2 wk of age in a muscle-specific manner.   Increased expression of these two genes was found in callipyge longissimus dorsi, which is hypertrophied in callipyge animals (Carpenter et al., 1996), when compared to the same tissue in normal animals.  There was no difference in expression between callipyge and normal animals in the supraspinatus, a muscle that is not affected by the mutation (Carpenter et al., 1996).  Furthermore, expression levels of GTL2 and DLK1 in heart and tongue were similar among genotypes.

These results suggest that the callipyge mutation modifies the activity of a common regulatory element, which could be either an enhancer (boosted by the callipyge mutation) or a silencer (inhibited by the callipyge mutation), in an age-dependent and muscle-specific manner.  This altered regulatory element is then responsible for the enhanced expression of DLK1, GTL2 and PEG11, and possibly other untested genes as well.  It is likely that increased expression of one or more of these genes initiates the manifestation of the callipyge phenotype.  However, the callipyge mutation itself is not yet known.  


Implications

Characterization of the callipyge trait will contribute to a better understanding of muscle development, fat accumulation, and tenderness.  In addition, identifying the causative mutation responsible for callipyge will help in understanding the molecular basis of polar overdominance. 
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