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Since the first success in cloning sheep, the production of viable animals by somatic cell nuclear transfer
(SCNT) has developed significantly. Cattle are by far the most successfully cloned species but, despite this,
the technique is still associated with a high incidence of pregnancy failure and accompanying placental
and fetal pathologies. Pre- and early post-implantation losses can affect up to 70% of the pregnancies. In
the surviving pregnancies, placentomegaly and fetal overgrowth are commonly observed, but the inci-
dence varies widely, depending on the genotype of the nuclear donor cell and differences in SCNT
procedures. In all cases, the placenta is central to the onset of the pathologies. Although cellular orga-
nisation of the SCNT placenta appears normal, placental vascularisation is modified and fetal-to-maternal
tissue ratios are slightly increased in the SCNT placentomes. In terms of functionality, steroidogenesis is
perturbed and abnormal estrogen production and metabolism probably play an important part in the
increased gestation length and lack of preparation for parturition observed in SCNT recipients. Maternal
plasma concentrations of pregnancy-associated glycoproteins are increased, mostly due to a reduction in
turnover rate rather than increased placental production. Placental glucose transport and fructose
synthesis appear to be modified and hyperfructosemia has been observed in neonatal SCNT calves. Gene
expression analyses of the bovine SCNT placenta show that multiple pathways and functions are affected.
Abnormal epigenetic re-programming appears to be a key component of the observed pathologies, as
shown by studies on the expression of imprinted genes in SCNT placenta.

� 2012 Published by IFPA and Elsevier Ltd.
1. Introduction

The cloning of mammals by somatic cell nuclear transfer (SCNT)
has been most successful with cattle. However, the efficiency of
producing a viable calf (6e15% of transferred embryos) is still low
when compared with in vitro produced (IVP) embryos (45e60%).
Most gestational losses occur during the preimplantation period
[1,2]; thereafter, abnormal placentation associated with hydral-
lantois and fetal overgrowth, known as the large offspring
syndrome (LOS) account for the remaining losses in themid- to late
gestation period [2]. Observations from many studies implicate the
placenta in the onset of SCNT pregnancy losses [1,3]. This article
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focuses on the underlying mechanisms and the role of the placenta
in late fetal losses in SCNT pregnancies.
2. Pathological findings

About 40% of transferred SCNT blastocysts fail to develop
through the elongation stage. This rate of loss is similar to that for
IVP embryos. For those SCNT embryos that survive to Day 30 of
pregnancy, impaired allantoic development and poor vasculariza-
tion of the allantoic sac appear to be the main cause of embryo
mortality [4]. Allantoic development appears crucial as the allantois
and proper development of its vascular network is essential for the
formation and function of the bovine chorio-allantoic placenta.
During the period of the initiation of placentome formation (Day
35e50), SCNTembryos can show impaired cotyledon formation [1],
but also advanced cotyledon development and vascularization [5].
Many of the cotyledonecaruncle interactions fail to successfully
form placentomes, resulting in far fewer placentomes. The
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likelihood that these SCNT pregnancies will be lost by Day 90 of
gestation is high when placentome numbers are decreased by as
much as 80% [5]. Overall, placentome numbers andmorphology are
far more variable in SCNT pregnancies compared to artificially
inseminated (AI) controls, suggesting a deregulation of placental
development.

Fetal losses continue to occur sporadically throughout the
second and third trimesters in bovine SCNT pregnancies, affecting
25e75% of pregnancies from Day 90 onwards, depending on donor
genotype and cell line. Whether the numbers of placentomes are
decreased or are normal, there is increased total placental mass
[3,5,6] and the enlarged placentomes aremuch larger and thicker in
their sagittal cross-sections. Between Days 150 and 200, many of
these pregnancies develop hydrallantois (a rapid and uncontrolled
increase in allantoic fluid volume) and edema of the fetal
membranes and placental tissues (Fig. 1A). Hydrallantois accounts
for most of the fetal mortality in the second half of gestation in
bovine SCNTcompared to<1% in normal bovine pregnancies. These
placental abnormalities are additionally associated with other fetal
Fig. 1. SCNT placental morphology and histology. (A) Edematous placentomes from a Day 25
pregnancy. The histology is essentially similar to that of normal placentomes. The fetal villi (F
by bands of uterine stroma (MS). (C) Microplacentome “mats” on the uterine wall of a S
microplacentomes.
lesions, such as enlarged umbilical cord and ascites (excessive fluid
accumulation in the abdominal cavity), cardiac enlargement, liver
steatosis [7,8] and renal lesions, such as hydronephrosis, all of
which compromise fetal viability.

2.1. Morphological abnormalities

Despite the placental edema, fetal and maternal tissues both
appear grossly normal on histological sections (Fig. 1B) and there is
little or no lymphocytic infiltration [3,9,10]. There are, however,
indications that placental development and structure have been
modified. The overall mean surface area of the placentomes is
increased, together with differences in placentome types [11,12].
Stereological analyses of histological sections show that the
proportion of fetal connective tissue is slightly increased and that of
the maternal epithelial height is slightly decreased. These struc-
tural modifications may be physiological adaptations to increase
the efficiency of maternalefetal exchange [3,9]. Occasionally,
microplacentomes are observed, where large numbers of
0 pathological pregnancy; and (B) histological section of a placentome from a Day 213
V) are inserted within the uterine crypts lined by the uterine epithelium and separated
CNT pregnancy at Day 150. White arrow: ordinary placentome; small black arrows:
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contiguous, small (<1 cm diameter) placentomes aggregate in
“mats” (Fig. 1C). These microplacentomes and the observation of
reduced numbers of placentomes suggest that placentomes, which
should only be located in areas on the endometrium, are either
forming indiscriminately on the endometrium (mats of micro-
placentomes) and/or are failing to form (reduced placentome
numbers).

Ultrasound imaging of the fetal umbilical cord shows that mean
umbilical vessel diameter is consistently larger in SCNT compared
to control AI pregnancies (Fig. 2). Histological examination of term
umbilical cords revealed a lack of luminal folds in the arterial and
venous lumens, resulting in enlarged luminal space. The smooth
muscle layers were thickened and there was edema in the outer
vascular walls [9]. The distension of the umbilical vessels in SCNT
fetuses may hamper vessel contraction at birth, resulting in higher
incidence of umbilical hemorrhage in the neonate and the need for
umbilical ligation to prevent bleeding and infection through the
navel [6,9,11].

In terms of blood flow, we hypothesized that the thickened
umbilical vessel walls could induce increased vascular resistance
and alter placental hemodynamics, resulting in the previously
observed increased branching of the capillary networks in SCNT
placentomes, compared with placentomes from controls [9].
However, repeated umbilical Doppler and quantitative 3D Power
Doppler ultrasonography of placentomes failed to demonstrate any
significant difference in blood flow characteristics between
controls and SCNT (unpublished observations).

Finally, the cause of hydrops and the accompanying edema
remains unclear. The mean total protein content in fetal fluids [13]
and fetal plasma are not significantly different between SCNT and
gestation-matched controls (unpublished data). Fetal anemia may
also be involved in the onset of edema as low hematocrits have
been observed in SCNT fetuses (unpublished observations) and
neonatal calves [8].
2.2. Functional adaptation to morphological abnormalities

Although a larger placenta may have a greater surface area for
nutrient transfer, aberrant vascular development may alter perme-
ability and the increased mass requires a greater share of the
nutrients to maintain function. Placental mass is not always
Fig. 2. Mean diameter of the umbilical vessels according to gestational age in 19 SCNT
and 11 control pregnancies. Diameters were measured by trans-abdominal ultrasound
using a Voluson-i (GE Medical Systems) with a multifrequency probe (2.2e6.5 MHz).
The two venous and the two arterial vessels were averaged for each animal.
positively correlated with fetal weight in bovine SCNT pregnancies.
The mean fetal/placental weight ratio is 4.7�1.5 in controls, with
a positive correlation with gestational age, r¼ 0.76, p< 0.01,
whereas the ratio is 3.7�1.1 in SCNT, with no correlation with
gestational age [3]. Therefore, afinebalance in the placenta between
supply anddemand is required tomaintain appropriate fetal growth
rates. Glucose, which is an important energy source for the growing
fetus, is transported across the placenta from the maternal circula-
tion. Mean glucose concentrations in fetal fluids are not different
between SCNT and normal pregnancies up to mid-gestation [13]. In
contrast, in apparently failing SCNT pregnancies or when the
placenta was exceptionally large or in instances when placentome
numbers were much reduced, glucose levels in fetal fluids were
much lower. Placental tissues themselves use 60e75% of the glucose
leaving the uterine circulation, so the excessively large placenta,
commonly encountered in SCNT in the second half of gestation,
could out-compete and reduce glucose availability to the fetus.

Another functionof theruminantplacenta is to synthesize fructose
fromglucose. Generally, this function did not appear to be impaired in
SCNT placentas. However, allantoic fluid glucose and fructose levels
were lower in some SCNT pregnancies that were associated with
placental and fetal overgrowth. Placental fructose synthesis in these
cases appears to be limited by glucose availability [13].

At term, the expression of the glucose transporter GLUT3 is
increased in the SCNT placenta, and there is a negative correlation
between pre-partummaternal blood glucose and birth weight [14].
In the absence of neonatal hypoglycemia, this implies that glucose
uptake and transport from the maternal circulation is increased in
SCNT in late gestation, probably to meet increasing fetal and
placental requirements [14], as the rate of placental growth in SCNT
is not reduced in late gestation, unlike in normal pregnancies [3].
Hyperfructosemia was also reported by some in SCNT neonatal
calves which may indicate either increased placental production or
decreased fetal utilization near term [11].

2.3. Steroid hormone production

The bovine placenta is a very important source of steroid
hormones during pregnancy [15], producing both progesterone and
the estrogens. However, it is not until after about Day 200 of
gestation that it can produce sufficient progesterone to support the
pregnancy in the absence of a corpus luteum. Maternal proges-
terone profiles are not different between SCNT and control preg-
nancies from about mid-gestation onwards, although transient
differences have been observed in the first half of gestation, when
progesterone levels were higher in some SCNT lines (Morrow and
Lee, unpublished observations), and lower in other lines [16].

The bovine placenta is the main source of estrone and there are
two stages in gestation when estrone production is up-regulated.
The first rise, at the beginning of the second trimester, is crucial
for pregnancy progression. This rise was absent in the majority of
SCNT pregnancies that failed around mid-gestation (Morrow and
Lee, unpublished observations). Another study showed that
maternal estradiol levels are consistently higher in SCNT preg-
nancies from Days 80e240 of gestation [16]. As the estrogen
receptor alpha is present in placental tissues [17], placental-derived
estrogens likely affect placental development and function. Estro-
gens affect many signaling pathways and, additionally, can alter
vascular permeability and extracellular fluid distribution. Hence,
elevated estradiol levels may contribute to the placental and
chorio-allantoic edema and fetal ascites frequently encountered in
SCNT pregnancies. The effects of estrogens on fetal development
are less well understood.

Available estrogens are controlled by a balance of placental
synthesis and sulfoconjugation to the water-soluble form for
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excretion. The placenta expresses both steroidogenic genes and
estrogen sulfotransferase, which catalyzes the sulfoconjugation of
estrogens. Therefore, the placenta regulates the level of estrogens
that it and the fetus are exposed to. Deletion of the estrogen sul-
fotransferase gene in mice resulted in fetal mortality arising from
placental thrombosis caused by the resultant elevation in estradiol
levels [18]. Evidence of micro-thrombi in the form of tiny brownish
clots have occasionally been observed during perfusion-fixation of
mid-gestation SCNT placentomes (Lee, personal observations and
[10]) and increased placental blood extravasation at term has also
been reported [9].

The second rise in estrogen occurs close to term and is associated
with theonsetof parturition.One function forestrogens is toprepare
the mammary gland for lactation. It is a common observation that
recipients carrying SCNT fetuses show little signs of preparation for
parturition and poor mammary gland development near term. This
could be due to a combination of lower estrogen levels resulting
from increased estrogen sulfotransferase gene expression near term
[19] and the absence of a pre-partum decline in maternal proges-
terone concentrations, as observed in a few cases [20].

2.4. Pregnancy-associated glycoproteins

In addition to steroid hormones, the ruminant placenta secretes
several proteins including the pregnancy-associated glycoproteins
(PAGs) [21], also known as pregnancy serum protein B (PSPB) or
pregnancy serum protein of 60 kD (PSP60) that were first identified
in cattle. These constitute a large family of glycoproteins that are
synthesized specifically by ruminant trophoblastic cells. In the cow,
PAGs, which are only expressed in the binucleate cells (BNCs), are
released into the maternal circulation after migration and fusion of
the BNC with uterine epithelial cells [22]. Maternal plasma
concentrations of PSP60 increase gradually from Day 27 until
parturition in normal pregnancies. A drop in concentrations indi-
cates pregnancy failure [23], but the presence of significantly
higher concentrations at Day 50 also appears to be correlated with
impending fetal death in SCNT [2].

Abnormally high concentrations of PAGs (3- to 4-fold increase)
have been reported in the plasma of SCNT recipients that subse-
quently developed placental anomalies [2]. Although there are
contradicting reports about an increase in BNC numbers in SCNT
placenta [24,25], recent work from our laboratory showed that
these very elevated concentrations do not appear to result from
placental hypertrophy or from an increased placental expression of
the PAGs, nor from a higher proportion of BNC in the placenta, but
likely from a higher transport through the placental barrier and/or
an increase in PAG half-life in the maternal circulation [26]. This
longer half-life is not related to a higher degree of glycosylation, but
is possibly due to alterations in the terminal glycosylation, resulting
in a decrease in the PAG clearance rate from the circulation in
abnormal NT pregnancies.

A change in the glycosylation of secretory PAGs has been re-
ported in late pregnancy in control animals, which could result
from the pre-partum shift in placental steroidogenesis, particularly
a shift from predominant production of inactive conjugated estro-
gens to that of active free estrogens [27]. Excess sulfoconjugated
estrogens were reported in SCNT pregnancies showing delayed
parturition [19] and this may therefore be related to the high PAG
concentrations in cases of SCNT placental anomalies.

3. Gene expression

The variability of the placental and fetal abnormalities, the
different SCNT procedures used, the variation in stage of gestation
at sample collection and the different micro/macroarrays used, all
make it difficult to find sets of genes or pathways that are consis-
tently affected in SCNT. Transcriptomic analyses just around the
time of placentation are probably more indicative of initial causes
of placental defects rather than analyses of late pregnancy stages,
when adaptative mechanisms have already occurred. Indeed, the
early dialog between the maternal endometrium and the tropho-
blast is disturbed in bovine SCNT pregnancies, and BNC function is
already altered at that time [28e30].

The greatest variation in placental gene expression can be
accounted for by the stage of gestation (pre-term versus term), the
source of the placental samples (AI, IVP or SCNT) and the fetal
pathology [31]. In the Everts study in 2008, 94% of the genes
differentially expressed between placentas from healthy versus
hydrops SCNT overlapped with genes that were differentially
expressed between AI controls and SCNT, suggesting that gene
expression in healthy SCNT pregnancies is mostly normal [31].
Many of the differentially expressed genes and overlapping func-
tional networks among the IVP and SCNT gene lists support the
hypothesis that early embryo culture conditions likely affect the
same pathways in both SCNT and IVP. However, SCNT itself affects
the expression of an additional w200 genes that may ultimately
contribute to the abnormal placental phenotype seen only in SCNT.
The most prominent functional effects involve cell cycle, cell
signaling pathways, molecular transport, DNA replication, recom-
bination and repair; most of these molecular pathways and func-
tions appear to be down-regulated in SCNT.

3.1. Epigenetics and the role of imprinted genes

Incomplete epigenetic re-programming of the differentiated
somatic cell donor nucleus has been postulated to be an important
contributor to the low success rate of SCNT and a major contributor
to the pathogenesis of LOS [32] in all species cloned so far. Both
global and gene-specific DNA methylations have been studied in
SCNT embryos, fetal tissues and in SCNT-derived offspring of
several species including mouse, pig, buffalo and cattle. Hyper-
methylation of the entire bovine blastocyst has been reported,
using immunostaining for methylated cytosine residues in the
embryonic genome. Such techniques mainly reveal themethylation
status of repetitive and heterochromatic regions of the genome
[33]. In studies where specific regions of the genome were studied,
findings have ranged from hypermethylation to hypomethylation
of the SCNT genome, depending on the genomic site studied, the
tissue used, the degree of abnormality and the age of the SCNT
offspring (embryo, fetus or calf). In one study, most of the 16
genomic regions examined were appropriately methylated in
tissues from mid-gestation SCNT fetal organs. However, two
genomic regions (SNRPN and KCNQ1OT1) showed greater aberrant
methylation in SCNT compared with AI control fetal tissues [34].
Both regions are implicated in the control of the expression of
imprinted genes associated with these regions.

A loss of methylation in the DMR (differentially methylated
regions maintaining the imprinting of genes) was found for IGF2R
[35] and SNRPN [36] genes in SCNT. In contrast, the overall meth-
ylation level in the DMR of the IGF2 gene was found to be similar
between SCNT blastocysts and either IVP or in vivo derived blas-
tocysts in cattle [37]. Finally, it must be noted that a high variability
in the level of global methylation has been reported in healthy adult
SCNT cattle [38]. Altogether, these studies highlight the importance
of analyzing the DNA methylation status of larger numbers of
specific loci and inmore SCNTembryos and offspring to understand
the epigenetic dysregulation associated with the SCNT procedures.

Many of the pathologies reported with bovine clone pregnan-
cies resemble abnormalities reported with either mutations or
deletions of imprinted genes or dysregulation of imprinted gene
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expression. The placenta itself expresses many of these imprinted
genes (Igf2r, Igf2, Mash2, Esx1, Cdkn1c/p57Kip2 and Phlda2/Ipl/Tssc3
[39]); all have been shown in mouse mutants to regulate placental
growth and differentiation [40,41].

Over-expression of Igf2 in the mouse results in placental over-
growth and overgrowth of some fetal organs [42]. These same
organs are often the ones that show disproportionate overgrowth
in bovine SCNT fetuses. Although increased expression of IGF2
(with reference to house-keeping genes) was not observed in
bovine SCNT placental tissues, the increased placental mass means
that overall there is more IGF-II produced and available to promote
growth, assuming there is no difference in translational efficiency.
The bioavailability of IGF-II is regulated through binding to the type
2 receptor (IGF2R) or to the IGF binding proteins (IGFBPs). The
expression of IGF2R was shown to be altered in ovine LOS [43];
however, this was not the case in bovine SCNT. Aberrant expression
of the IGFBPs [24] and reduced expression of IGFBP2 [44] in bovine
SCNT placenta have been reported. Even though the genes for these
proteins are not imprinted, these proteins regulate IGF-II bioavail-
ability in a tissue-specific manner and, therefore, alter free IGF-II
levels.

Loss of imprinting of the maternally expressed Phlda2 gene in
mice, leading to biallelic expression, causes fetal and placental
growth retardation [45], whereas when the Phlda2 gene is deleted,
the mice are fertile but present with enlarged placentas during
pregnancy [39]. In bovine SCNT pregnancies, a reduced expression
of PHLDA2 in the trophoblast is associated with pathological over-
growth of the placentomes and the level of expression of PHLDA2 is
negatively correlated with total placentome weight [46]. Alto-
gether, these data strongly support the idea of PHLDA2 acting as one
of the regulators of placental growth and its involvement in bovine
SCNT placental overgrowth.

In addition, imprinted genes may regulate fetal growth by
affecting placental function, such as the supply of nutrients to the
fetus via specific transporters and ion channels. Some of these
transporter genes, like the SLC22A genes, are linked to IGF2R and
Phlda2 [47]. It is not known if the expression of the SLC22A genes is
affected in the SCNT placentas.

Finally, in female mammals, one of the two X-chromosomes is
randomly inactivated in somatic cells in the body but in the
placenta, the paternal X-chromosome is preferentially inactivated
[48] due to imprinting. Random X-chromosome inactivation has
been reported in SCNT placenta and it has been postulated to be
deleterious to the development of the SCNT placenta or fetus.
However, SCNT with male donor cell lines showed similar pathol-
ogies as when female donor cells lines were used (personal
observations). Thus, aberrant X-chromosome inactivation is
unlikely to be a major contributor to the poor outcome associated
with SCNT in cattle.

4. Conclusion

As evidenced by LOS and the variability in placentation in some
bovine IVP pregnancies, placental development and function can be
altered by transient exposure to sub-optimal conditions during the
very early stages of embryo development. Some of the placental
pathologies associated with SCNT share common features with IVP
placentas; however, the greater variation and severity of the SCNT
placental phenotype suggest additional contributing factors.
Incomplete nuclear re-programming after SCNT and failure to re-
establish appropriate epigenetic marks during development,
particularly in regions controlling the expression of imprinted
genes, may be critical in the development of the highly variable
morphological and functional abnormalities in SCNT placentas.
Thus, SCNT pregnancies are an invaluable animal model for the
study of epigenetic regulation of placental development and the
long-term consequences for the well-being of the resultant
offspring.
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