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Executive summary

This report provides an overview of the process of animal cloning and reviews the
current scientific knowledge pertaining to genetic anomalies and biomarkers that may
be characteristic of cloned animals. Such biomarkers, if sufficiently robust and
distinct from those present in naturally conceived animals, may be applied for
detecting food products derived from cloned animals and their offspring in the food
chain. In summary, four different types of biomarker (telomerase length/activity,
epigenetic modifications, gene expression and protein expression) have been studied
to varying degrees in cloned animals. However, to date such studies have been
limited in size and scope and have often resulted in conflicting findings. Therefore, at
this point in time reproducible traits discriminatory for healthy adult cloned animals
cannot be defined. Further scientific research on larger numbers of cloned animals
will be required before consensus among the scientific community as to the validity of
potential biomarkers can be reached.

Introduction

The cloning of animals has always been a contentious issue as it is commonly viewed
as tampering with nature. Animal welfare campaigners believe that cloned animals
suffer far more than standard animals, and many consumers acknowledge the ethical
dilemma of the practice of animal cloning. Somatic cell nuclear transfer (SCNT) is a
process used to create genetically identical animals by transferring the nucleus (a cell
structure that is termed as an organelle which contains most of the cell’s genetic
material) from a donor adult cell (somatic cell) of the animal to be cloned, into an egg
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devoid of a nucleus. If the egg begins to divide normally it is transferred into the
uterus of the surrogate mother. Although the nuclear DNA is transferred from the
donor animal, the resultant clones are not strictly identical to the donor adult as the
DNA in the mitochondria will be distinct from the donor adult. Mitochondria are
organelles that provide energy for all cellular processes. Mitochondrial DNA of the
clone will be inherited solely from the mother, which in this case is the enucleated
donor egg rather than the surrogate birth mother. In spite of the risk of low level
mitochondrial DNA carry-over during the process of SCNT, there are only reports of
mitochondrial DNA inheritance from the egg donor.

Dolly the sheep was the first animal cloned from an adult cell using SCNT by
scientists at the Roslin Institute in 1996 (1). The news was released in February 1997
sparking a global media frenzy as the moral, social, medical and legal ramifications of
this work were brought into question (2); (3). Numerous species have been cloned
since Dolly, including pig (4); (5), cattle (6); (7), dog (8), cat (9); (10); (11), mouse
(12); (13); (14), rat (15), rabbit (16), horse (17), mule (18), camel (19), goat (20), deer
(21) and fish (22).

The process of SCNT is highly inefficient and expensive, with a 0.1-3 % success rate
of a clone surviving birth as a healthy animal (23). This has led to investigations into
the cause of the high failure rate and ways to improve on the success rate of cloning
(24); (25); (26). However, the technique may offer the potential benefit of producing
‘copies’ of desirable animals to allow more farmers to rear animals of the highest
genetic merit (e.g. product yield, food quality, and disease resistance) more quickly
(27). Nonetheless, the process is accompanied by a high mortality rate during
gestation, abnormal placentas and increased incidence for spontaneous abortions
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during the second trimester (6); (28); (29). For animals that survive birth, there have
also been reports of aberrantly high birth weight, respiratory and metabolic
abnormalities as well as a high incidence of sudden death syndrome of the adults (30);
(31); (32); (33).

Given the high reported incidence of abnormalities with cloned animals, there are
public concerns regarding animal welfare and food safety associated with the
consumption of meat and diary products derived from cloned animals. Admissions by
farmers complicit with the sale of meat or milk from cloned animals or the offspring,
as well as by official bodies such as the Foods Standards Agency (FSA) investigating
such claims, have fuelled the debate. Under European Union (EU) laws, the milk and
meat from cloned animals are categorised as “novel foods” which require the supplier
to obtain special authorisation prior to their sale. The EU rules state that novel foods
cannot be legally sold without a scientific assessment of safety, and a breach of this
rule may lead to a fine of up to £5K.

In 2008, the European Food Safety Authority stated there was "no clear evidence" to
suggest differences between food products from clones or their offspring compared to
products from conventionally bred animals on the grounds of food safety. The United
States Food and Drug Administration (FDA) had previously arrived at the same
conclusion in December 2006, and published a risk assessment report approving the
human consumption of meat and other products from cloned animals without special
labelling being granted (34). Since the FDA approval, food products derived from
cloned animals have been regularly consumed in the US. However the consumption
of such food products has caused much public concern in the UK.
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In the case reported in August 2010, relating to meat sold from a Highland farm by
farmer Steven Innes, the FSA traced two bulls born in the UK from embryos
harvested from a cloned cow in USA. The investigation revealed that one of the
cloned animal offspring was slaughtered in July 2009 and its meat subsequently
entered the food chain. The FSA reported that the farmer and butchers were in breach
of the rules as the so-called “novel food” licence had not been obtained. In July 2010,
the second bull was slaughtered, but its meat was stopped from entering the food
chain. Claims regarding the retail of milk from the offspring of a cloned cow by an
anonymous UK dairy farmer also emerged in August 2010, and that the same farmer
was reputed to be selling embryos from the same cow to breeders in Canada.

The public debate led a review of scientific investigation by the FSA. In March 2011,
the FSA concluded that there was no scientific evidence to suggest that cloned meat
or milk could not be eaten safely, but stipulated that a licence for the sale of such
products was necessary. Currently there is no existing test for the detection of
characteristics of a cloned animal or its offspring. To avoid reliance on the paper trail
in investigations of suspect food, there is a need for the development of a robust foodbased test. Hence, it is necessary to establish the robustness of putative indicators of
cloning in animals should food products derived from the cloned animal or possibly
their offspring enter the food chain. In this paper, we evaluate the scientific research
conducted to characterise anomalies with reputed links to the cloning of animals. The
comparability and robustness of these studies will be assessed to determine the
validity of any reported detectable traits of a cloned animal or its offspring to form the
basis of food testing.
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Much scientific research has been untaken to evaluate genetic changes in cloned
animals. Four main areas have been reviewed: (1) telomere length and activity, (2)
epigenetic aberrations, (3) gene expression and (4) protein expression.

(1) Telomeric length and activity

Figure 1: An illustration of telomere shortening during the process of cell division.
The image is obtained from:
http://telomeres.net/wpcontent/uploads/2011/10/telemeres-science21.jpg

A telomere (Figure 1) is a region of repetitive sequences of nucleotides (the building
blocks of DNA) at the end of a chromosome, which is a highly ordered structure
comprising of a single piece of coiled DNA and protein that is found in cells. The
telomere cap protects the end of the chromosome from deterioration or from fusion
with neighboring chromosomes. During cell division, enzymes that duplicate DNA
cannot continue their duplication completely to the end of chromosomes. Without
telomeres acting as buffers at the ends of the chromosomes, genetic information
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within the ends of the chromosomes will be lost. The telomeres are consumed during
cell division, and are replenished by an enzyme, telomerase reverse transcriptase. The
link between telomere shortening and cellular ageing has been much documented, and
can shorten between 50-200 base pairs in somatic cells of most mammals (35); (36);
(37); (38). There have been numerous investigations evaluating the telomerase
activity and telomere length within cloned animals and their normal counterparts
given concerns that cloned animals suffer from premature ageing as the clone may
inherit its age from its cell donor (39); (3). Telomerase activity is measured by
telomere repeat amplification protocol and the mean telomere length is determined by
terminal restriction fragment (TRF) analysis using a variety of commercial kits.

The length of telomeres in Dolly and other cloned sheep appeared shorter than in
normal age-matched sheep (40); (41), albeit signs of premature senescence were not
observed in such cloned animals. In 1999, Shiels et al. reported that the telomeres
shorten by approximately 172 base pairs (bp) in sheep during each cell division event.
In this study, there were three cloned sheep; one was Dolly who had received nuclear
DNA transferred from mammary epithelial cells from a sheep (aged six years), the
second clone had nuclear DNA from embryos (aged nine days), and the third had
DNA derived from fibroblasts from a fetus (aged 25 days). Although the telomere
length of all three clones (19.14, 20.37 and 21.19 kilobases (kb) for clones 1 (Dolly),
2 and 3, respectively) were shorter than the mean length in the age-matched controls
(23.9 ± 0.18 kb), the telomere length of the third clone derived fibroblasts was not
statistically significantly different at 95% confidence intervals (40). A more recent
study in 2007 supports the observation that sheep clones derived from cultured
somatic cells have shorter telomeres compared with their age-matched normal
counterparts (41). Of the four adult sheep clones incorporated in this study, the mean
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telomere length was shorter than the mean derived from the 35 age-matched controls.
The length of the telomeres of the four clones ranged from 11.3-14.45 kb. However
the telomere length for one of the clones was not statistically significantly shorter at
95% confidence limits.

Overall, the investigations with sheep telomere length may indicate that telomere
length in the clones may not be fully restored. However this conclusion is drawn from
a total population of only seven cloned sheep (from two studies) including two clones
not exhibiting a statistically significant difference in telomeric length from the control
animals. Hence, this may not be a robust indicator given the low level of replication.

Only a single investigation of telomere length of cloned goats has been conducted.
Betts et al. reported significantly shorter telomeres in six goat clones derived from
cultured cumulus-granulosa cells (13.28 ± 0.41 kb) compared with age-matched
controls (14.96 ± 0.25 kb) (42). The same study showed that this phenomenon is
likely to be dependent on the donor cell type as four goat clones derived from fetal
fibroblast donor cells appeared shorter than the controls (12.60 ± 0.51 kb compared
with 14.03 ± 0.44 kb, respectively) but this difference was not statistically significant
at 95% confidence limits.

Three investigations of telomere length in cloned pigs have been performed. The first
investigation by Jiang et al. in 2004 revealed that there was no significant difference
between the telomere length of skin samples derived from six cloned pigs and their
age-matched controls (43). These findings are consistent with the later (and most
recent) study on the subject by Kurome et al. in 2008 who evaluated the average
telomere lengths of serially cloned pigs up to three generations. The mean TRF length
of the first, second and third generation clones were 16.3, 18.1 and 20.5 kb,
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respectively, and these values were comparable to those in age-matched controls (17,
18.4, and 22.1 kb, respectively) (4). However, these two investigations contrast the
findings of the third study which chronologically predates the study by Kurome et al
in 2008. In 2005, Jeon et al. documented the elongation of the mean TRF length in
cloned pigs (24.8 ± 0.5 kb) compared with age-matched control piglets (21.8 ± 0.5
kb), albeit without any difference in the telomerase activity between the two groups
(44). Overall, the investigations in cloned pig telomere length are very limited, and a
single report of elongated telomeres in cloned pigs by Jeon et al. must be further
substantiated.

More studies of telomere length have been performed with cattle than with other
animals. However these investigations have generated greater variability in findings
Miyashita et al. have also reported shorter telomere length in cloned cattle when
donor cells were sourced from the oviductal and mammary epithelial cells of an adult
cow, or oviductal epithelial cells from younger cattle (45).

However, normal telomere lengths in cloned cattle has been documented in numerous
independent investigations (46); (47); (48); (49); (7); as well as normal levels of
telomerase activity (44). Tian et al. reported that the telomere length from four live
clones (15.38 ± 0.62 kb) was not statistically different from the mean TRF length
from the four age-matched controls (15.38 ± 0.62 kb). Furthermore, the same study
also established that the telomere length of cloned animals that died shortly after birth
(15.87 ± 0.40 kb derived from 6 clones) was not statistically different from the four
live clones (46). Hence aberrant telomere length is not the inherent cause of lethality.
In addition to evaluating the length of telomeres in the first generation of cloned cattle
(where a mean TRF length of 15.4 ±0.5 kb from 4 clones was derived), Kubota et al.
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also reported normal length telomeres in second generation cloned cattle (16.1 ± 0.5
kb from 2 clones) with the analysis of fibroblasts from the animals (7). TRF analysis
of the same animals using blood leukocytes also generated the same findings (7). The
telomere length of cloned calves was reported by Betts et al. as approximately 20 kb,
and was not significantly different from the age-matched controls at 95% confidence
limits, when the cloned animals were derived from fibroblasts and cumulus cells (49).
These studies may suggest the reversal of inherited genomic modifications acquired
from the donor cell.

However, in contrast to the above findings, there have been reports of cloned cattle
exhibiting longer telomeres than the control normal calves (50); (45). The Lanza et al.
study have reported that fetal calf clones exhibit longer telomeres than their agedmatched control animals (50). Other investigators have documented that embryonic
cell-cloned cattle (n=6) have significantly longer telomeres than their control
counterparts at 99% confidence limits (45). Additionally, the telomere length of the
offspring of one of these female clones was determined to be somewhere between the
length of the embryonic cell-cloned cattle and their controls. These two reports
suggest that fetal donor cells may cause telomerase elongation in cattle. However in
practice, the cloning of adult farm animals is more realistic given the desire to retain
particular commercially advantageous traits of cattle as aforementioned. Hence this
phenomenon may not be of relevance for detecting evidence of cloning if the farm
animal has been cloned from an adult donor cell which is the more realistic scenario.
Table 1 summarises the telomere lengths reported in cloned animals.
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Donor Cell
Species

Origin

TRF (kb)

Cell type

Note

Sheep

Adult
Female

Sheep

Fetal
Female

Mammary gland
Very short
culture
Embryonic
time

Fetal
Female

Extremely
long
culture
time

Cattle
Cattle
Cattle

Cattle

Adult
Female
Adult
Female
Adult
Male

Cattle

Adult
Male
Adult
Male
Adult
Female
Adult
Female
Adult
Male
Adult
Male

Cattle

Fetal

Cattle

Adult
male

Cattle
Cattle
Cattle
Cattle
Cattle

Fibroblast

Donor

15.2

19.14

Shorter

Blood

(40)

23.9

21.19

Similar

Blood

(40)

18.3

20.1

Longer

Blood cells

12.4

14.7

15.4

Similar

Fibroblast

Fibroblast

13.68

20.9 (fetal)

17.95 (fetal)

Similar

Fibroblast

20.5 (calf)

15.3 (calf)

Similar

17.85

Goat

Fetal

(50)
(46)
(49)
(49)

High in
blastocyst

22.74 (fetal)

Similar

21.33 (calf)

Similar

(49)

Ear

Longer

(48)

Ear

Similar

(48)

Epithelial

Shorter

(45)

Oviduct

Shorter

(45)

Muscle

Similar

(45)

(49)

Skin fibroblast

Similar

(45)

Embryonic cells

Longer

(45)

14.7
± 0.4

G1:

G1:

18.5

Similar in
clone &
control

(7)

Similar

Similar in
clone &
control

(7)

Similar

Similar in
clone &
control

(7)

Similar in
clone &
control

(7)

18.0 ± 0.5

Similar in
clone &
control

(44)

Similar in
clone &
control

(44)

15.4 ± 0.5
(1st Gen)
16.2 ± 0.7
(2nd Gen)
15.3 ± 0.8
(1st Gen)
15.7 ± 0.8
(2nd Gen)

Similar

Similar

Fibroblasts

Blood
leukocytes

Fibroblast

21.8 ± 0.5

24.8 ± 0.5

Longer

Fibroblast cell line

18.0 ±1.4

18.7 ± 2.2

Similar

(43)

G1:

17.1 ± 0.1

18.7 ± 2.2

Similar

(5)

G2:

18.4 ± 0.2

18.7 ± 2.2

Similar

(5)

G3:

22.1 ± 0.4

18.7 ± 2.2

Similar

(5)

Pig

Goat

High in
blastocyst
High in
blastocyst

20.5 (calf)

Adult
Female

Fetal

High in
blastocyst

20.9 (fetal)

G2:

Pig

Ref

23.9

Fibroblast
cumulus

Fibroblast

Telomerase

Clone

15.7
± 0.8

Pig

Tissue
assayed

Control

G2:

Cattle

Clone
vs.
Control

Fibroblast

14.03 ± 0.44

12.60 ± 0.51

Shorter (but not significant at 95%CL)

(42)

Cultured cumulus-granulosa cells

14.96 ± 0.25

13.28 ± 0.41

Shorter

(42)

Table 1: A summary of the telomere lengths reported in cloned animal (reproduced from Xu and
Yang 2003, and supplemented with further updates since 2003). G1, G2, G3 denote 1st, 2nd and 3rd
generation animals.
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The discrepancy between the observation of shortened telomeres in “Dolly” the sheep
and normal length or even elongated telomeres within cattle may be attributed to a
number of reasons. The studies involving the use of multiple types of donor cells
indicate that differences in telomere lengths among cloned cattle may be attributed to
the donor cell types and age. The Lanza et al. investigation that reported longer
telomeres in clones used fetal donor cells (50), whereas the study by Tian et al.
utilised adult donor cells rather than fetal. Hence, the use of different sources of donor
cells cultured in distinct culturing conditions may be a factor for the differing
conclusions between the two studies. There is also speculation that the duration of the
cell culturing period may account for contrasting reports on the telomere length of
cloned sheep (51). The length of telomeres could perhaps be dependent upon the
species and the source of DNA used in the analyses by terminal restriction fragment
to ascertain the telomere length. It is also possible that the observation of short
telomeres within sheep was atypical, as this conclusion was based on only five out of
a total of seven cloned sheep from two studies. The Tian et al. study which showed
that adult-derived cloned cows have normal length telomeres was based on ten cloned
animals (46). Hence, the low level of efficiency in producing sufficiently healthy
cloned animals for these studies is a real limitation.

Overall, there no robust conclusion may be drawn regarding the correlation in the
length of the telomeres in cloned animals without taking into consideration the species
cloned, the source of the donor cell and its age, in addition to period of the cell
culturing. Given that this information would not be known when screening meat at the
point of entry into the food chain, there is no possibility of utilising telomere length as
an indicator of a cloned animal. The assessment of telomere length would serve no
purpose for detecting the entry of offspring of adult cell cloned animals into the food
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chain as all reports indicate normal length telomeres. The telomere length among the
offspring of cloned sheep derived by natural mating are reported to be of normal
length (41), as are serially cloned bulls (up to the second generation) (7), and serially
cloned pigs (up to the third generation) (4).

(2) Epigenetic aberrations

Figure 2: An illustration of epigenetic mechanism sourced from:
http://en.wikipedia.org/wiki/File:Epigenetic_mechanisms.jpg

Epigenetics is the study of heritable changes in gene expression or cellular phenotypes
as a result of mechanisms (Figure 2) that do not alter the underlying DNA sequence.
DNA methylation and histone modifications are the primary epigenetic modification
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implicated in gene regulation. The histone modifications can take the form of
methylation (addition or removal of methyl groups) or acetylation (the addition or
removal of acetyl groups) (Figure 3) and these cause the chromatin (a structure with a
combination of DNA and proteins that make up the contents of the nucleus of a cell)
to open or close which regulates gene transcription, the first step leading to gene
expression.

Figure 3. An illustration of the effects of histone acetylation and deacetylation on
chromatin structure obtained from
http://journals.prous.com/journals/dof/20073201/html/df320045/images/image01.jpg

The different levels of chromatin organisation are shown in Figure 4. The DNA wraps
around eight histone proteins forming nucleosomes. Euchromatin is the light
packaged form of chromatin where the DNA is loosely wound around the histones in
the "beads on a string" structure. Multiple histones may then wrap into a 30 nm fibre
consisting of nucleosome arrays in a tightly packed form known as heterochromatin.
Higher-level DNA packaging of the fibre into the chromosome then occurs during cell
division.
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Figure 4: A schematic of the levels of organisation of chromatin, obtained from
http://www.nature.com/scitable/content/18847/pierce_11_5_large_2.jpg

Heavy DNA methylation of heterochromatin has been observed in cloned bovine
embryos by immunofluorescent staining, contrasting the occurrence of low
methylation in normally fertilised embryo chromatin prior to implantation (52). Dean
et al. have documented aberrant time dependent methylation during the early
development of some cloned embryos (53). This aberrant epigenetic reprogramming
may result in the high incidence of physiological anomalies occurring during the
progression of the pregnancy or after the birth of the cloned animal. Abnormal DNA
methyltransferase 1 (DNMT1) expression, a key enzyme that catalyses the transfer of
methyl groups to DNA, has also been reported in cloned bovine embryos (54).

In spite of reports of global aberrant methylation patterns within various genomic
regions in bovine cloned embryos (53); (55), there is no statistical difference in the
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methylation patterns of centromeric satellite DNA (the DNA in the middle of the
chromosome) of cloned pig embryos and their normal counterparts (56). This may
suggest there are species-specific differences in epigenetic reprogramming of a cloned
donor genome. Tissue-specific DNA methylation has also been documented with
cloned embryos, such as the DNA hypermethylation at the Spalt-like gene 3 locus in
the placenta of mice carrying the clones (57).

DNA methylation is the primary mechanism for repressing the expression of
imprinted genes (the genes whose expression is determined by the parent). The degree
of DNA methylation at imprinted genes is influenced by the donor cell type (55). The
loss of DNA methylation at imprinted genes may be less pronounced in some species
(e.g. sheep (58)) than others (e.g. mouse (59)).

Hypomethylation of the imprinted Igf2 and H19 genes has been detected in liver and
placenta of cloned bovine calves that either died immediately after birth or required
sacrifice shortly after birth due to complications linked to large offspring syndrome
(60). However, as this study did not incorporate apparently healthy live clones, there
is no suggestion that this hypomethylation is characteristic of cloned cattle that
survive birth without severe lethal aberrations necessitating immediate termination.
Indeed, a recent study by Sukuzi et al. also suggests that embryos with widespread
demethylation of H19 are unable to implant (61). Hence, the detectable epigenetic
aberrations at the embryonic stage may require significant reprogramming to give rise
to viable animals, with tolerance of minor but variable epigenetics aberrations that
cannot be pinpointed as a characteristic of all cloned animals. Cezar et al. reported
reduced genome-wide methylation in bovine cloned fetuses, but not in adult clones
(62). This is consistent with the investigation by Yang et al. reporting that the
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expression of Igf2, Igf2r and H19 genes are relatively normal in surviving adult
clones (63). Hence aberrant hypomethylation of Igf2 and H19 genes is more likely to
be indicative of clonal lethality.

Abnormal histone modifications (acetylation and methylation) accompany changes in
DNA methylation. Aberrant hyperacetylation of histone H3 lysine 9 (AcH3K9) has
been documented in cloned preimplantation bovine embryos created by SCNT, in
addition to abnormal DNA methylation (55). At the eight-cell stage of development in
cloned bovine embryos, the level of acetylated histone H4 lysine 5 (AcH4K5) is
significantly lower than in control embryos (64). More recently, high levels of
trimethylation of histone H3 lysine 27 (i.e H3K27me3) have been reported in the
cloned mice at the blastocyst stage (structures formed during early embryogenesis
which have the potential to develop into cloned animals) (65). Incomplete nuclear
programming may generate abnormal epigenetic marks on the X chromosomes of
cloned cattle which may be attributable to a number of aberrant histone modifications
(i.e. the presence of H3K9me2 and H3K27me3 amidst the absence of H3K4me3)
(66). However a major limitation of this particular study was the analysis of bovine
somatic cell lines derived from ear skin cells from the animals rather than use of
tissues from live animals. Aberrant DNA methylation and histone H4 acetylation have
been reported in the tissues extracted from clones that died prior to or during birth
(67). However, these findings may possibly be irrelevant to live clones.

Numerous investigations have been undertaken to identify possible epigenetic
aberrations that may be characteristic of a cloned animal. However, none of the
investigations have incorporated the analysis of tissues directly from live cloned
animals that survive birth. The cloning of bovine embryos using bovine fetal
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fibroblast nuclei as donors typically results in a 30-50% chance of development to the
blastocyst stage and only 2-5% of the embryos will result in live births (68). Given the
low success rate of SCNT, epigenetic aberrations characterised in embryos or
blastocysts may not necessarily yield live animals, as the abnormalities may prove to
be lethal. Any further downstream genetic reprogramming during later stages of
embryonic development is also not taken into account. Given the desire to screen for
the entry of healthy cloned animals and their offspring into food chain, any epigenetic
markers need to be linked to these populations specifically. Currently there are no
robust epigenetic markers indicative of the healthy cloned animals or their offspring.

(3) Gene expression

There have been a number of reports of abnormal gene expression linked to the
cloning of animals. Differential gene expression (351 out of 13,610 genes) has been
established with uterine tissues with SCNT pig embryos by microarray analysis (69).
Global changes the gene expression profile of placental tissue of the cows carrying
SCNT cloned embryos have also been documented, with 291 genes exhibiting more
than a two-fold elevation, and 77 genes with expression reduced by at least 50% (70).

Abnormal expression of developmental genes characterised in cloned embryos
include Oct4 (71); (72), IL6, FGF4, and FgFr2 (73), G6PD and Xist (74) to name but
a few. Rideout et al. reported that the aberrant expression of imprinted genes may
cause abnormal overgrowth in cloned animals that survive beyond birth, although it
cannot be linked to just a single imprinted gene (75). Irregular expression of imprinted
genes (e.g. H19, Igf2, Peg1/Mest and Meg 1/Grb10) in cloned mice have been
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reported to result in the abnormal development of the fetus and placenta (76); (77);
(78). The abnormal expression profiles of two imprinted genes Xist and Ndn have
been observed during various stages of early development of cloned bovine embryos
(64). A more recent study by Guillomot et al. identified the reduced expression of the
imprinted gene Phlda2 in cloned bovine placenta (79). However, this is a marker
inherent to the placenta of the surrogate mother carrying the bovine clone, rather than
the cloned animal.

A study by Xue et al., revealed that the pattern of expression of X-linked monoamine
oxidase type A (MAOA) and Xist and eight other X-linked genes from skin and blood
samples taken from four live cloned cattle (produced by SCNT using ovarian donor
cells) were indistinguishable from those of their control counterparts, in spite of
aberrant expression patterns exhibited by the cloned animals that died within 24 hours
of birth (80). This investigation suggests that the success of nuclear transfer in
producing viable, healthy cloned animals is dependent on epigenetic modifications
required to reprogramme gene expression in the genome of the differentiated cell. Xchromosome inactivation (a mechanism for dosage compensation in mammals that is
achieved by the silencing of one X-chromosome in female somatic cells) involving
Xist expression was reported to be normal within cloned mice (81); (82). Hence there
is concordance between different investigators that X-chromosome inactivation is
normal within healthy full-term cloned animals. Thus the conflicting reports of
aberrant Xist expression from investigations using cloned blastocysts or embryos may
not be of relevance for healthy cloned animals (81); (82).

Aberrant expression of Acrogranin, Cdx2, and ERR2 have been also documented in
cloned bovine blastocysts (83). In a more recent study, abnormal expression of
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selected genes in defined tissues (i.e. reduced beta actin in lung, and elevated spleen
VEGF , lung Oct4, liver TERT, spleen H19, heart and kidney Igf2) was established in
cloned cattle (67). However, as the tissues were derived from clones that died prior to
or during birth the findings from this study may not be of relevance to live clones.
Kremenskoy et al. have reported on differential expression of leptin and POU5F1
genes in bovine fetal clones at 59 of the pregnancy compared with the gene
expression in fetuses produced by artificial insemination 48 days into the pregnancy
(84).

Aberrant expression of wide variety of target genes has been characterised as potential
traits of cloned animals. However, the lack of independent verification of findings for
some of the targets is a limitation, as is the use of embryonic, fetal, or uterine cells or
placental tissue for the studies as opposed to tissues from live healthy cloned animals.
For food analysis purposes, reports of aberrant gene expression must be linked to
clones that survive birth, which is not the case with many of the reported
investigations to date. Only Xue et al. investigated aberrant expression of X-linked
genes using non-invasive samples from healthy adult cell-derived cloned animals, and
no abnormalities were reported for the subset of genes evaluated (80); this was
concordant with reports of normal Xist expression in mice.

(4) Protein expression

Aberrant protein expression has been documented in placenta from cloned mice (29),
cat (85), pig (86) and cattle (87); (88). A recent study by Bang et al. identified a set of
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differentially expressed proteins that are linked to oxidative damage, senescence and
apoptosis within the placentas of cloned cat embryos (85).

Kim et al. reported abnormal expression of key developmental proteins (tissue
inhibitor of metalloproteinase-2 (TIMP-2), superoxide dismutase (SOD), vimentin
and plasminogen activator inhibitor-1 (PAI)) in the placentae of SCNT cloned Korean
native cattle that died immediately after birth (88). The upregulation of TIMP-2 and
SOD expression in SCNT placenta, and accompanying downregulation of vimentin
and PAI may have resulted in clonal mortality. In pigs carrying clones, the placenta
exhibits increased osteopontin, and decreased expression of retinol-binding protein
and fibroblast growth factor 7 (FGF7) (86). All of these markers are linked to the
placenta from the birth of an unhealthy cloned animal, and therefore are unlikely to
serve as biomarkers in healthy cloned animals.

The major limitation of these reports of aberrant protein expression is the analyses of
the placenta of the surrogate mother of the clones rather than tissues from live healthy
cloned animals. Abnormal protein expression inherent to live cloned animals have not
been characterised per se. Hence there is no suggestion that these reported
abnormalities will be detected in an adult cloned animal that may enter the food chain.

Conclusions

In summary, robust biomarkers that reliably distinguish naturally conceived animals
from live cloned animals or their offspring have not been identified following a
review of current literature. The limitation with many of the investigations is the use
of embryos or even derived cell lines for the analyses of anomalies rather than tissues
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from full term healthy cloned animals. The studies utilising tissues from full term
clones have not necessarily included sufficient numbers of healthy cloned animals
that do not necessitate immediate termination. The majority of the scientific
investigations focus on the lethal aberrations linked with cloning. The main obstacle
to these studies is the low efficiency of SCNT for the production of viable cloned
cattle. The occurrence of conflicting reports may be attributable to the variability of
the SCNT procedure itself, as well as the age and type of donor cell, and species of
the clone. One robust study citing the use of blood and skin extracted from healthy
live cloned cattle (n=4) reports normal X chromosome inactivation that is
indistinguishable from the four control animals (80). Potential genetic or protein
markers identified from the analyses of real samples from the live healthy clones
would be more robust than cell line derived from somatic cells of a live clone, given
the cell culturing is a process which may introduce variability. There is also
concordance among independent investigators that the offspring of the cloned cattle
do not exhibit any detectable difference in telomerase length compared with control
animals (41); (7); (4). These robust studies may suggest that the healthy cloned
animals and offspring are indistinguishable from animals without any legacy of
SCNT. Hence further scientific research is required to identify if there are markers
that may ultimately form the basis of a food test for cloned animals and their
offspring.
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