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Abstract 

Cattle are the species used most frequently for the development of assisted reproductive 

technologies, such as nuclear transfer.  Cattle cloning can be performed by a large number of 

laboratories around the world, and the efficiency of nuclear transfer in cattle is the highest among 25 

all species in which successful cloning has been achieved.  However, an understanding of the 

expression of imprinted genes in this important species is lacking.  In the present study, real time 

reverse-transcription polymerase chain reaction (RT-PCR) was utilized to quantify the 

expression of the bovine Igf2, Igf2r and H19 genes in eight major organs (brain, bladder, heart, 

kidney, liver, lung, spleen and thymus) of somatic cell cloned calves that died shortly after birth, 30 

in three tissues (skin, muscle and liver) of healthy clones that survived to adulthood, and in 

corresponding tissues of control animals from natural reproduction.  We found that, deceased 

bovine cloned calves exhibited abnormal expression of all three genes studied in various organs.  

Large variations in the expression levels of imprinted genes were also seen among these clones, 

which were produced from the same genetic donor.  In surviving adult clones, however, the 35 

expression of these imprinted genes was largely normal, except for the expression of the Igf2 

gene in muscle, which was highly variable. Our data showed disruptions of expression of 

imprinted genes in bovine clones, which is possibly due to incomplete reprogramming of donor 

cell nuclei during nuclear transfer, and these abnormalities may be associated with the high 

neonatal mortality in cloned animals; clones that survived to adulthood, however, are not only 40 

physically healthy but also relatively normal at the molecular level of those three imprinted 

genes. 
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INTRODUCTION 

Since the initial report of cloning an animal from a differentiated adult somatic cell in  

sheep (Wilmut et al. 1997), cloning, or somatic cell nuclear transfer, has succeeded in numerous 45 

species including the mouse (Rideout et al. 2000; Wakayama et al. 1998; Wakayama et al. 1999; 

Wakayama et al. 2000), cattle (Galli C 1999; Hill et al. 2000; Kato et al. 1998; Kubota et al. 

2004; Kubota et al. 2000; Renard et al. 1999; Tian et al. 2000; Wells et al. 1999), goat (Keefer et 

al. 2002), pig (Lee et al. 2003), gaur (Vogel 2001), cat (Shin et al. 2002), mule (Woods et al. 

2003), horse (Choi et al. 2002), and rat (Zhou et al. 2003).  Among these species, cattle are used 50 

most often to improve nuclear transfer techniques; they have the highest nuclear transfer 

efficiency, and can be successfully cloned by the largest number of laboratories in the world.  

However, even in cattle, the cloning efficiency is normally less than 10% (Kubota et al. 1998; 

Rhind et al. 2003).  Additionally, symptoms of large offspring syndrome (LOS) (Young and 

Fairburn 2000), such as oversized calves, reluctance to suckle, difficulty breathing and standing, 55 

and greater rates of fetal and neonatal deaths, have been consistently observed in cloned cattle 

(Galli C 1999; Hill et al. 2000; Kato et al. 1998; Kubota et al. 2004; Kubota et al. 2000; Renard 

et al. 1999; Tian et al. 2000; Wells et al. 1999). 

Genomic imprinting is an epigenetic mechanism by which the expression of a subset of 

mammalian genes is dependent on whether they are inherited from the mother or the father.  60 

Most imprinted genes are involved in fetal growth regulation (Bartolomei and Tilghman 1997; 

Hall 1990; Jaenisch 1997; Moore and Haig 1991; Young and Fairburn 2000).  To date, more than 

73 imprinted genes have been identified and they code for proteins as well as conserved 

untranslated RNAs (Bartolomei and Tilghman 1997; Morison et al. 2001; Young and Fairburn 

2000).  In the mouse these genes include insulin-like growth factor 2 (Igf2), a paternally 65 
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expressed fetal-specific mitogen; Igf2 receptor (Igf2r, also known as mannose 6-phosphate 

receptor), a maternally expressed scavenger receptor for Igf2 (Barlow et al. 1991; Lau et al. 1994; 

Wang et al. 1994) which suppresses fetal growth; and H19, a maternally expressed untranslated 

RNA believed to be important in the regulation of Igf2 imprinting (Bartolomei and Tilghman 

1997; Bartolomei et al. 1991; Brannan et al. 1990).  The Igf2 and Igf2r genes are among the best 70 

studied imprinted genes involved in fetal growth regulation, and are essential for normal 

development (Ferguson-Smith et al. 1991; Jinno et al. 1995; Latham et al. 1994).  Both the Igf2r 

and Igf2 genes are imprinted in cattle and have similar allelic expression patterns as in the mouse 

(Killian et al. 2001a; Killian et al. 2001b). 

The developmental defects in cloned cattle, consistently observed by nearly all cloning 75 

research teams, indicate that these defects may be related to systematic mistakes of a certain set 

of essential growth regulating genes.  Because many of these defects are similar to 

experimentally created imprinting disruptions (silence or biallelic expression of imprinted genes) 

in mice, and naturally occurring imprinting diseases in humans (Reik 1989; Reik and Constancia 

1997; Young and Fairburn 2000), and most imprinted genes regulate fetal growth and many are 80 

essential (Bartolomei and Tilghman 1997; Hall 1990; Jaenisch 1997; Moore and Haig 1991), it is 

likely that imprinting disruptions may be associated with the defects found in clones.  To this 

end, abnormal expression of imprinted genes has been studied in cloned mice (Humpherys et al. 

2002; Inoue et al. 2002; Ogawa et al. 2003; Yamazaki et al. 2003), however, similar studies are 

lacking in cloned cattle. 85 

We have generated 10 clones from an elite 13-year-old dairy cow (Xue et al. 2002), and 

all but one suffered from varying degrees of LOS; herein we report the levels of three imprinted 

genes, Igf2, Igf2r and H19, in eight major organs of six deceased clones.  To study whether or 
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not expression of these imprinted genes is normal in clones that survived to adulthood, we 

collected biopsies of skin, muscle, and liver from six genetically identical, healthy, clones 90 

ranging from 11 to 36 months of age.  We found that both normal and abnormal expression 

levels of imprinted genes were present in various organs of these cloned calves, and the 

expression levels of these imprinted genes were highly variable among animals cloned from the 

same donor.  In the surviving adult clones, however, expression of these genes was mostly 

normal, indicating the aberrant expression of imprinted genes may be correlated with the death 95 

of the deceased cloned calves. 

 

MATERIALS AND METHODS 

Sample collection, RNA preparation, and reverse transcription polymerase chain reaction 

(RT-PCR) 100 

Organ samples were collected post-mortem from five newborn cloned calves, of a 13-

year old Holstein cow (Xue et al. 2002), that died shortly after birth, an additional fetus (105 

days of gestation) which was a clone’s clone, and five normal newborn calves from natural 

reproduction.  Two of the clones, Clones E1 and E2, were from a twin pregnancy and another 

clone, Clone I, was produced from a vitrified cloned embryo.  The organs sampled were brain, 105 

bladder, heart, kidney, liver, lung, spleen, and thymus. 

Tissue biopsies from liver, muscle, and skin were obtained from six healthy clones that 

survived to adulthood.  These clones were generated from fibroblast cells of an adult Holstein 

cow (Chavatte-Palmer et al. 2004).  Briefly, the optimal intercostal liver biopsy location was 

determined by ultrasound imaging on the right flank.  The area was prepared surgically and 110 

biopsy was performed using a percutaneous liver biopsy instrument (Bard MonoptyBillerica, 
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MA, USA) under local anaesthesia. The muscle samples were collected surgically from the 

semitendinous muscle under local anaesthesia, at the same time as the skin samples.  As controls 

for the adult clones, liver, skin, and muscle samples were collected at a local slaughterhouse 

from six naturally reproduced cattle.  115 

All samples were immediately frozen in liquid nitrogen after collection and stored at –

80ºC until RNA isolation.  Total RNA was isolated using Qiagen RNeasy mini kit (Qiagen, 

Valencia, CA).  Reverse transcription of 200 ng of total RNA (final concentration of 10 ng/µl) 

was conducted using Omniscript reverse transcriptase with random hexamers (Qiagen) at 37ºC 

for 60 min.  All animal procedures were approved by the Institutional Animal Use and Care 120 

Committee at the University of Connecticut and Institute National Agronomique, France. 

 

Validation of real time PCR with SYBR Green 

Real-time PCRs using ABI Prism 7000 Sequence Detection System (Applied Biosystems 

Inc., Foster City, CA) were carried out in a final reaction volume of 50 µl with SYBR Green I 125 

(Qiagen), a fluorophore that binds to all double-stranded DNA.  The reaction mixture contained 

RT products, 0.5X to 1X Q-solution depending on the gene to be amplified, 1X SYBR Green 

PCR mix and 0.3 µM of each specific primer.  Templates were amplified by one cycle of pre-

incubation at 50ºC for 2 min to eliminate dUMP-containing amplicons resulting from possible 

carryover contamination by AmpErase UNG, and at 95ºC for 15 min to activate the hotstart Taq 130 

polymerase.  The reaction was subsequently followed by 40 cycles of denaturation at 94ºC for 15 

sec, annealing and elongation at 61ºC for 1 min.  The fluorescence values were determined after 

each elongation step.  Dissociation curve analysis was performed following the final cycle to 

determine the specificity of the amplification.  Real-time PCR products were also subjected to 
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agarose gel (1.5%) electrophoreses and stained with ethidium bromide to ensure specific 135 

amplification of a single PCR product.  The primers used for PCR were: β-actin: 5’-

ACCGTGAGAAGATGACCCAGA-3’ and 5’-TCACCGGAGTCCATCACGAT-3’, Igf2r: 5’-

CCGGGAGATGGTAATGAGCA-3’ and 5’-TCTCGTTCTCGTCGGCCT-3’; H19: 5’-

CTTGGAACACGGACTTCTTCAAG-3’ and 5’-GGTCAACCTTCCAGAGCTGATT-3’; Igf2:

5’-TCTACTTCAGCCGACCATCCA-3’ and 5’-GTAAGTCTCCAGCAGGGCCA-3’.  The sizes 140 

of the PCR products were 101 base pairs (bp) for β-actin and Igf2, 106 bp for H19 and 107 bp 

for Igf2r. 

The comparative critical value (Ct) method (the 2-∆∆Ct method) was applied to quantify 

the relative levels of mRNA using the following formula: 

The relative amount of target = 2-∆∆Ct, where Ct = threshold cycle for target amplification, 145 

∆Ct = Cttarget gene- Ctinternal reference, and ∆∆Ct = ∆Ctsample - ∆Ctcalibrator. 

The calibrator chosen for this study was a pooled sample of RNA from all tissues.  This 

sample was included in every real-time amplification.  The target genes were Igf2, Igf2r and H19 

and the internal reference gene was β-actin. 

Validation of the amplification efficiency of imprinted genes and the internal reference 150 

gene was completed for each gene before using the 2-∆∆Ct method for quantification.  Briefly, 

different dilutions of cDNA were amplified by real-time PCR using specific primers.  The 

corresponding ∆Ct values were plotted against the log of each cDNA amount, and the data were 

plotted using least-squares linear regression analysis (Fig. 1).  The values of the slopes of the 

validation curves for all genes were less than 0.1, suggesting the same amplification efficiency 155 

was obtained for samples with both high or low amounts of target cDNA. 
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After validation, the quantitative expression analysis of Igf2r, Igf2 and H19 in each tissue 

was conducted by using a sample of 10 – 40 ng of cDNA in real-time PCR, depending on the 

gene to be analyzed.  Each sample analysis was conducted in triplicate.  The relative expression 

level of each gene was calculated based on the expression of a calibrator, in this case a pool of 160 

RNA all tissues. 

 

Statistical analysis 

The difference in gene expression between controls and clones in specific tissues was 

analyzed using GLM sub-routine of the Statistical Analysis System (Cary, NC), and P < 0.05 165 

was considered statistically significant.  Homogeneity of variance between the controls and 

clones was determined by the ratio of the variances of the two groups, as described by Steel and 

Torrie (1960). The individual variances of gene expression in different tissue from each animal 

were compared for cloned and control cattle with a completely randomized design. Inspection of 

the individual clones showed that specific animals had variable gene expression.  A log 170 

transformation of the data reduced the differences of variance between the clones and the 

controls but did not change the outcome of the statistical analyses.  Correlation between the 

expression of H19, Igf2, and Igf2r with birth weight, and the correlation of H19 expression with 

Igf2 were calculated using Microsoft Excel function CORREL and significance determined as in 

Steel and Torrie(Steel and Torrie 1960).   175 

 

RESULTS 

Birth weights of deceased cloned and control calves, adult clones, as wll as the main 

pathological findings of the deceased cloned calves are listed in Table 1.  Two clones, out of the 
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five cloned calves, Clones E1 and E2 from a twin pregnancy, were 2 standard deviations (SD) 180 

below the average of all 10 clones generated from the donor animal (Xue et al. 2002), while 

another two (Clones F and I) were 2 SD heavier than the average birth weight of all ten clones, 

indicating symptoms of the LOS.  All deceased cloned calves had under-developed lungs, which 

failed to completely inflate (atelectasis) after birth.  Breathing difficulty after birth is a typical 

symptom of the LOS. 185 

The expression of the Igf2r gene in the bladder and brain of cloned calves was greater 

(P<0.05) than the expression in the same tissue from control calves (Fig. 2a).  The expression of 

the Igf2r gene in all the other tissues was similar for cloned and control calves.  In general, the 

expression of Igf2r in controls was relatively uniform with a coefficient of variance (CV) of 33%, 

while in cloned animals, even though from the same genetic donor, large variations (CV= 100%) 190 

were found which are significantly different (P<0.001). The variance within the clone group was 

greater than that in the control group for some tissues and genes as indicated by a significant 

increase (P<0.001) in the variances of the gene expressions in the clones as compared to controls.  

Despite no significant differences found between controls and clones in Igf2r gene expression in 

most tissue, individual clones showed extremely high expression in some tissues, as evidenced 195 

by the large standard error bars for the clones (Fig. 2a).  For instance, Clone E2 had 10 times 

more Igf2r gene expression in the heart, liver, and spleen than the average expression levels of 

the controls. Clone E1 expressed 7 times more Igf2r in the heart, spleen, and thymus, and Clone 

F had 5 times more expression in the spleen and thymus than the average of the controls. 

The Igf2 gene was significantly over-expressed by clones in heart, kidney, lung, and 200 

spleen compared to that in controls (Fig. 2b).  The variations of Igf2 gene expression in the 

control and clone groups were similar to those of the Igf2r gene, i.e., uniform in controls while 
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highly variable in clones.  Examples are: Clone E1 had approximately 7 times, and E2 20 times 

more Igf2 gene expression in their bladders than the average level of the controls. 

The untranslated, imprinted gene in cattle, H19, was significantly over expressed in the 205 

bladder, brain, heart, and lung of all clones (Fig. 2c) compared to the expression in these tissues 

of control calves.  Clones E1, E2, and F had 10 times greater expression of H19 in spleen than 

controls, while Clones E2 and F had approximately 30 and 8 times more expression, respectively, 

in the liver, when compared to the average of controls. 

Because H19 is believed to regulate expression of Igf2 in the mouse and human, we also 210 

determined the correlation between the expression of these two genes.  The expression of Igf2 

and H19 genes were positively correlated in both controls (r=0.895; P<0.01) and cloned calves 

(r=0.702; P<0.01).  However, we were unable to find a significant correlation between birth 

weights and the expression of any gene examined. 

In clones that survived to adulthood, the expression levels of all genes were similar to 215 

those of controls in all tissues, with the exception of the levels of Igf2 in muscles, which clones 

over-expressed (P<0.01), compared to controls (Fig. 3b), and the expression levels were highly 

variable.  Gene expression in muscle was also found highly variable in both control calves and 

adults.  Interestingly, the levels of Igf2 and H19 gene expression were significantly higher in 

newborn controls than in adult controls, reflecting the need for a greater amount of the growth-220 

enhancing Igf2 during the post-natal growth period.  In contrast to newborn calves, we found a 

very low correlation between the levels of expression of Igf2 and H19 in adult control animals (r 

= 0.013; P>0.05). 
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DISCUSSION 225 

In the present study, we determined expression levels of Igf2, Igf2r, and H19 in organs of 

newborn and adult cattle from natural reproduction and from nuclear transfer.  We conclude that 

ten of the 24 parameters analyzed in calves (three genes in eight organs) and one of the nine 

measured in adults (3 genes in three tissues), were abnormal.  For all of these 11 abnormal 

parameters, clones had significantly greater gene expression than controls.  In general, we also 230 

found that the expression levels of the three genes were more variable in clones than controls, 

except for the expression of Igf2 in adult muscles, which was also highly variable in controls. 

The large variation of Igf2r expression in clones made it difficult to obtain statistically 

significant differences, except for the expression in tissue from bladders and brains.  Previously, 

expression levels of Igf2r have been measured in mice cloned from somatic or embryonic stem 235 

(ES) cells, and in cloned bovine embryos.  Both normal (Humpherys et al. 2002; Inoue et al. 

2002) and reduced levels of Igf2r expression have been reported in the placenta of mice cloned 

from somatic cells (Inoue et al. 2002).  In cloned bovine embryos, expression of Igf2r was found 

statistically indifferent from that of controls from in vitro fertilization (IVF) (Han et al. 2003), 

and largely agreed with the results for full term cloned calves of the present study.   240 

Contrary to the similarities in expression levels of the Igf2r gene, the levels of Igf2 

mRNA were significantly higher in cloned, compared to control calves, in multiple tissues 

including hearts, kidneys, lungs, and spleens.  A previous study in cloned bovine embryos also 

showed higher expression of Igf2, when compared to IVF controls (Han et al. 2003).  The 

abnormally higher levels of expression of this gene in deceased full-term clones was much more 245 

severe than its scavenger receptor gene, indicating an overall fetal growth promoting effect, 

rather than an inhibiting effect, in these clones.  In cloned mice, conflicting data have been 
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reported for Igf2 expression.  For instance, Igf2 mRNA levels were found elevated in the liver of 

mouse ES clones (Humpherys et al. 2002); reduced in fetuses and placenta of ES clones (Ogawa 

et al. 2003); and not different in the placentas of ES (Humpherys et al. 2002) and somatic clones 250 

(Inoue et al. 2002) compared to naturally reproduced control mice.  These discrepancies may 

reflect the large variations in gene expression in individual cloned mice, which was also seen in 

cloned calves in the present study.  The documented differences in gene expression from clones 

of different species, and clones of the same species, further suggests the incomplete and random 

nature of gene reprogramming in both the mouse and bovine. 255 

In this study, we also determined the expression level of H19. This is because the H19 

and Igf2 genes are closely linked, and H19 contains the imprinting control element for Igf2 in the 

human and mouse (Wutz and Barlow 1998; Young et al. 2003).  It is known that H19 is also 

linked to Igf2 in the bovine (Larkin et al. 2003), however, the mechanism of imprinting control 

for Igf2 by H19 has not been established.  We found that expression levels of H19 were more 260 

variable and were significantly higher, in 4 out of 8 cloned calves' organs, than in controls.  In 

mouse ES clones, levels of H19 expression were also highly variable and, as for the expression 

of the Igf2 gene, the findings are controversial.  H19 has been found reduced in the fetuses and 

placenta (Ogawa et al. 2003) and in the livers of ES clones (Humpherys et al. 2001), not different 

from controls in the placenta in somatic cell clones (Inoue et al. 2002), and silenced in placenta 265 

of ES clones (Humpherys et al. 2001).  However, cloned mice did not show higher H19 

expression than control mice, which we did find in the cloned calves.  This may indicate species 

differences. 

In mice from natural reproduction, expression of H19 and Igf2 is negatively correlated 

(Li et al. 1993).  A similar negative relationship was also found in mouse embryos cloned from 270 
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ES cells.  These cloned mice had relatively low expression of H19 and an over expression of Igf2 

(Humpherys et al. 2001).  However, this reciprocal expression of H19 and Igf2 was not always 

observed in each cloned mouse (Humpherys et al. 2001).  In the present study, we found a 

positive correlation between the expression of Igf2 and H19 in both somatic cloned and control 

calves, which indicates an interaction between the regulations of these 2 genes.  This positive 275 

correlation, however, suggests a possible difference in the mechanisms of Igf2 and H19 

imprinting regulation between cattle and mice. 

In IVF sheep with LOS, no aberrant levels of Igf2 expression were found, while there 

were reduced expression levels of Igf2r in various organs (Young et al. 2001).  Because Igf2r 

inhibits fetal growth, reduced Igf2r would have less growth suppression effect and therefore was 280 

believed to be one of the mechanisms for LOS in sheep.  In the present study, although the 

cloned calves survived to near or full term, they suffered various symptoms of LOS, and died 

shortly after birth.  We found an overall higher expression of Igf2 in these calves compared to the 

controls, suggesting that, in these animals, Igf2 may be correlated with LOS.  However, we did 

not find a strong correlation between the birth weights of these deceased clones with the 285 

expression levels of Igf2r in their organs.  For instance, two of the cloned animals, Clones I and 

F, were abnormally “large” (2 SD more than the mean birth weights of all clones).  Clone I, 

produced from a vitrified cloned embryo, suffered the most severe form of LOS, and died in a 

veterinary hospital despite intensive care.  Yet, neither Clone F nor I had particularly abnormal 

Igf2r expression.  The only animal in which there may be a negative correlation between Igf2r 290 

expression and birth weight is Clone E2, who had the highest levels of Igf2r in most of her 

organs, including brain, heart, liver, lung, and spleen, and was the smallest clone produced from 

this donor.  It is possible that the high Igf2r levels inhibited her growth.  Nonetheless, the 
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abnormal expression of imprinted genes could have contributed to the clones’ death, although a 

few genes cannot be correlated to a complex syndrome such as LOS, which is likely the result of 295 

the combined effect of the aberrant expression of many genes. 

 In contrast to newborn calves, clones that survived to adulthood, even those that suffered 

some forms of LOS at birth, appear to be more or less normal in the expression of the three 

imprinted genes studied.  Among all parameters analyzed, only one of them, Igf2 in muscle, was 

significantly different between adult controls and adult clones, indicating cloned animals that 300 

survived are not only generally healthy, but are also relative normal at the molecular level of 

those imprinted genes.  
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Figure legends 445 

 

Fig. 1. A representative validation curve of real time RT-PCR for the Igf2r gene. a) The 

amplification plot of Igf2r with RNA diluted from 10 ng to 0.5 ng.  b) The dissociation 

curve of PCR products for Igf2r. Only one dissociation temperature was observed, 

demonstrating that the amplification is specific to one PCR product.  c) The validation 450 

curve for multiple dilutions of RNA.  The slope of the curve was <0.1, demonstrating that 

the same efficiency has been achieved for samples with different amounts of Igf2r 

mRNA. 

 

Fig. 2. Relative levels of expression, expressed as folds over the calibrator, for a) Igf2r, b) Igf2, 455 

and c) H19 in organs/tissues of deceased cloned (black bars) and live control newborn 

calves (open bars). Bars with different superscripts are significantly different within the 

tissue (p<0.05).  

 

Fig. 3. Relative levels of expression for a) Igf2r, b) Igf2, and c) H19 in liver, muscle and skin of 460 

newborn controls (open bars), adult controls (dotted bars) and live adult clones (gridded 

bars). Bars with different superscripts are significantly different within the tissue 

(p<0.05). 
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