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Cloning by nuclear transfer (NT) is an inefficient process in which most clones die 
before birth and survivors often display growth abnormalities. In an effort to 
correlate gene expression with survival and fetal overgrowth, we have examined 
imprinted gene expression in both mice cloned by nuclear transfer and in the 
embryonic stem (ES) cell donor populations from which they were derived. The 
epigenetic state of the ES cell genome was found to be extremely unstable. 
Similarly, variation in imprinted gene expression was observed in most cloned mice, 
even in those derived from ES cells of the same subclone. Many of the animals 
survived to adulthood despite widespread gene dysregulation, indicatingthat mam- 
malian development may be rather tolerant to epigenetic aberrations of the ge- 
nome. These data imply that even apparently normal cloned animals may have 
subtle abnormalities in gene expression. 

Nuclear transfer technology has been used to enucleated oocytes, which were then transferred 
derive live clones in several species including into surrogate mothers and delivered by caesar- 
sheep (I), cattle (2), goats (3), pigs (4, 5), and ian section (c-section) at 19.5 days post coitum 
mice (6) ,  but only a few percent of nuclear (dpc) as previously described (10). Total RNA 
transfer embryos develop to term. Even those was isolated from placentas and organs of new- 
clones that survive to term frequently die of born mice, and Northern hybridization analysis 
respiratory and circulatory problems and show (18)was used to quantify expression of HI9 and 
increased placental (7-9) and birth (1 0) weights, Igf2 in normal and cloned neonates. H19 and 
often referred to as "large offspring syndrome" Igf2 RNA levels were similar in placentas of 
(11). Abnormal regulation of imprinted genes normal pups (Fig. 1 A, lanes 1 through 3) and in 
has been shown to affect fetal growth (12, 13), placentas derived from normal zygotes that had 
and it has been proposed that improper expres- been cultured in vitro to the blastocyst stage 
sion of these genes may contribute to the abnor- before transfer to surrogate mothers (lanes 4 and 
malities observed in cloned offspring (14, 15). 5). In contrast to controls, expression of both 

With one notable exception, poor survival genes varied widely between the placentas of 
of NT embryos has so far been independent of cloned embryos. Some clones expressed both 
the donor tissue; a significantly higher fraction genes at levels similar to control placentas (lanes 
of blastocysts cloned from ES cell nuclei than 6, 13, 14, 26, 27, 32, 33), whereas most clones 
from any somatic cell type survive to adulthood showed aberrant levels of H19 and/or Ifl tran-
(10, 16, 17). This result is consistent with the scripts. In many clones, H19 was silenced and 
idea that the nucleus from an undifferentiated Igf2 was expressed at higher levels than normal 
embryonic cell might be more amenable to or (lanes 8,9, 18 through 22,24,29), as one would 
require less reprogramming than the nucleus predict from the usual reciprocal expression pat- 
from a differentiated somatic cell. In an effort to tem of these two genes (19). However, the 
correlate changes in gene expression with the reciprocal expression of HI9 and Igf2 was not 
survival and fetal overgrowth of cloned ani- observed in a few clones (lanes 15 through 17). 
mals, we have examined imprinted gene ex- Similarly, Northern analysis of the imprint- 
pression in mice cloned by nuclear transfer and ed genes PegllMest and MegllGrblO revealed 
in the donor ES cell populations from which variability in the RNA levels amongst the 
they were derived. clones, although the extent of variation was less 

Cloned embryos were produced by transfer than that observed for H19 (Fig. 1A). Expres- 
of low passage (p8 to p12) ES cell nuclei into sion levels of these genes were noticeably lower 

than for controls in many clones (Pegl, lanes 
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imprinted gene loci (Fig. 1A). 
It has been established that the differentially 

methylated region (DMR) upstream of the H19 
gene affects its expression with the expressed 
maternal allele being hypomethylated and the 
silent paternal allele being methylated (20). To 
determine whether the abnormalities in gene 
expression were associated with epigenetic al- 
terations in the imprinted domain upstream of 
H19, we analyzed the methylation pattern of the 
H19 DMR as previously described (21). As 
predicted, the DMR was highly methylated in 
those placentas that had silenced the H19 gene 
and was partially unmethylated in those that 
showed H19 expression (22). In contrast, we 
did not observe a difference in DNA methyl- 
ation levels between control and cloned off- 
spring at the IgfZr DMR 2 (data not shown), 
again indicating that epigenetic alterations at 
one imprinted locus did not necessarily predict 
changes at other loci. 

To determine whether similar alterations in 
HI9 and Igf2 expression were present in the 
organs of newborn clones, we examined RNA 
isolated from the kidney, heart, and liver of NT 
mice. H19 expression was silenced in the heart 
and kidney and reduced in the liver of all four 
clones examined (Fig. 1B). I@ expression was 
increased in kidney and heart but was compa- 
rable to controls in the liver (Fig. lB, lanes 15 
through 18). The less dramatic elevation in 
hepatic I@ expression compared with meso- 
dermal expression changes is consistent with 
previous observations (19). 

Increased placental and birth weights are 
common phenotypes of cloned animals (7,lO). 
We investigated, therefore, whether the altered 
expression of imprinted genes observed in 
cloned animals correlated with fetal overgrowth 
and neonatal mortality. The results summarized 
in Fig. 1A show that the majority of NT pups, 
regardless of their postnatal survival, exhibited 
increased birth and placental weights and dis- 
played stochastic changes in the expression of a 
number of imprinted genes. However, no sig- 
nificant correlation between any of these pa- 
rameters was established. 

The results described so far indicate that 
expression and methylation of imprinted genes 
varied widely in placentas and tissues of neona- 
tal ES-cell NT mice. Because these clones were 
derived from ES cells that had been cultured in 
vitro, we investigated whether faulty reprogram- 
ming during nuclear cloning caused improper 
imprinted gene expression or whether these er- 
rors were the result of preexisting losses of 
imprinting in the donor cell population, as has 
been previously observed (23). The ES cell lines 
used in the nuclear transfer experiments were 
differentiated in the absence of feeders or LIF 
(Leukemia Inhibitory Factor) in media contain- 
ing 10-'M all-trans retinoic acid. H19 expres- 
sion was then determined by Northern analysis. 
Wide variation in expression was observed in 
different ES cell lines; the J1 and V26.2 lines 
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showed the lowest HI9 expression levels (Fig. 
lC, lanes 3 and 6) and exhibited the highest 
degree o f  HI9 DMR methylation, as determined 
by Southern analysis (data not shown). 

Given the variability o f  HI9 gene expres- 
sion i n  the placentas o f  cloned mice even 
when derived from the same cell line, we 
assessed the extent o f  heterogeneity in H19 
expression and methylation among subclones 
derived from individual colonies o f  the V6.5 
ES cell line (24). As judged by  Northern 
analysis, ES-cell subclones differed widely i n  
HI9 expression after differentiation i n  reti- 
noic acid (Fig. 2A). Subclones that expressed 
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HI9 (subclones 39 and 72) showed a meth- 
ylation profile consistent with one hypo- 
methylated HI9 allele (Fig. 2B), whereas 
subclones that silenced HI9 (subclones 10, 
23, 43, 89) were hypermethylated in both 
alleles (Fig. 2, A and B). Methylation differ- 
ences between subclones were often more 
dramatic than the differences observed be- 
tween the various ES cell lines. 

To assess the epigenetic heterogeneity 
among individual clonally related cells, we 
investigated whether gene expression would 
be similar i n  animals derived from cells o f  the 
same subclone. We attempted to generate 

mice from each o f  four subclones that ex- 
pressed both Pegl and HI9 (subclones 39 
and 72), Pegl but not HI9 (subclone 89), or 
neither Pegl nor HI9 (subclone 23, Pegl 
expression not shown). Mice derived entirely 
from donor ES cells were generated by  two 
different methods: (i) tetraploid embryo 
complementation and (ii) nuclear cloning. 

Tetraploid embryo complementation is 
technically easier than nuclear transfer and 
involves production o f  composite embryos by 
injecting ES cells into a tetraploid blastocyst 
(10,25,26). Because the host tetraploid blas- 
tocyst cannot contribute to embryonic lineag- 

Fig. 1. Perinatal silencing of H I 9  
in placentas and tissues of mice 
cloned from ES cells. (A). North- 
ern blot analysis of H79, IgfZ. 
Peg7lMest, MegllGrblO, and 
Gapdh in placentas after c-sec- 
tion at 19.5 dpc. The ES cell line 
used as a nuclear donor is indi- 
cated above the lanes. Genetic 
backgrounds of the ES cell lines 
are given in (70). V18.6,11, and 
V26.2 are inbred lines, whereas 
the remainder are F, lines. Sam- 
ples in lanes 1 through 3 were 
from normal embryos and those 
in lanes 4 and 5 were from em- 
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6 e  same bldt, whereas the blots 1 2 3 4 5 6 7 8 9  

shown for H79, PegllMest, and 
Meg7lGrb70 are from equivalently loaded blots showing similar Gapdh 
expression. Placental and birth weights for the mice examined are 
indicated below the respective lanes [solid bar indicates that the mouse 
initiated normal breathing, hatched bar indicates death soon after deliv- 
ery; compare results with (70)]. For controls, an average birth weight is 
indicated for normal mice (70). (B) Northern analysis of newborn kidney, 
heart, and liver from wild-type 129 mice (lanes 1,2, 7,8, 13, and 14) and 

mice cloned from the J1 and V6.5 ES cell lines. The blot was sequentially 
probed, without stripping, for H79,lgf2, and Gapdh. lgf2 transcripts from 
multiple promoters are present, including one just smaller than the 
prominent H79 transcript (see, for example, lanes 9, 10, 15, and 16). (C) 
Northern analysis of ES lines for H79 and Gapdh after 7 days differen- 
tiation in retinoic acid (RA). Undifferentiated F,,,-, ES cell RNA (lane 1) 
is included for comparison. 
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The blot was probed with an H19 DMR Sac I probe. The profile seen for Birth subclone 72 most closely resembles the pattern observed in control 
placentas at term. The intense low molecular weight band prominently Weight (g) -1 
visible in subclones 39 and 72 is the primary restriaion fragment seen in 
~ n m t l - I -  ES cells (27). (C) Comparison of H79 and Pegl expression by Northern analysis in neonatal kidney and liver from mice generated via 
tetraploid embryo complementation and nuclear transfer from three (89,23,39) of the different V6.5 (861129) subclones characterized in (A) and (B). 
Neonatal RNA (lanes 1 and 2) from 129 inbred mice is shown for comparison. Peg7 expression was analyzed because subclone 23 had failed to  express 
Pegl upon RA differentiation. Placental and birth weights and postnatal survival are indicated as in Fig. 1. 
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es, the composite embryos give rise to mice 
that are entirely derived from descendants of 
the injected ES cells. We successfully gener- 
ated tetraploid ES-cell pups from three of the 
four subclones (Table 1). Most pups had in- 
creased birth weights relative to normal but 
not in vitro cultured controls, and they initi- 
ated normal breathing after delivery by c-
section. Fig. 2C shows the great variability 
observed among pups derived from both dif- 
ferent and identical ES-cell subclones. For 
example, two pups derived from subclone 89, 
which had silenced H19 in the donor cells, did 
not express H I 9  in kidney and liver (lanes 3 
and 5), but one did (lane 4). Consistent with 
the expression pattern found in the donor cell 
population, none of the pups derived from 
subclone 23 expressed H19. Two of the pups 
generated from subclone 39 showed high HI9  
expression levels (lanes 15 and 16), which is 
consistent with the donor cells; however, a 
third pup had silenced H19 (lane 14). Normal 
Peg 1expression was seen in all pups derived 
from ES cell subclones 39 and 89 but not in 
pups derived from subclone 23. 

Roughly 10 donor ES cells were injected 
into each blastocyst for tetraploid embryo 
complementation. To analyze gene expression 
in animals derived from a single nucleus, we 
used nuclear transfer to generate animals from 
different ES-cell subclones. A total of 613 enu- 
cleated oocytes were reconstituted with nuclei 
from the four ES-cell subclones, and five viable 
pups were obtained: two from subclone 23 and 
three from subclone 89. We were unable to 
obtain mice from subclones 39 and 72 (Table 
1). Low but variable levels of HI9 were present 
in the kidney and liver of all five clones (Fig. 
2C, lanes 6 through 8, 12, and 13), whereas 
Pegl expression levels were similar to expres- 
sion levels observed in the donor subclones. 
Pegl was not expressed in the ladney and was 
barely detectable in the liver of two NT pups 
derived from subclone 23 (lanes 12 and 13) but 
was present at levels comparable to controls in 
NT pups derived from subclone 89 (lanes 6 
through 8). 

Unlike NT placentas, which are derived 
exclusively from oocytes reconstituted with 

ES cell nuclei, the embryonic component of 
placentas generated by tetraploid comple- 
mentation was largely derived from the tet- 
raploid host blastocyst and to a lesser extent 
from the injected ES cells (27). Consistently, 
H I 9  expression was normal in the placentas 
of pups generated by tetraploid complemen- 
tation but frequently abnormal in those from 
nuclear transfer animals (22) 

We conclude that expression of HIY, Pegl, 
and presumably other imprinted genes varies 
widely between individual ES-cell subclones. 
Surprisingly, expression was significantly dif- 
ferent among mice derived from cells of the 
same ES-cell subclone, whether originating 
from several cells after tetraploid complemen- 
tation or from a single cell after nuclear transfer. 
The variability of gene expression in these mice 
likely reflects epigenetic changes that occurred 
during in vitro culture among sister cells de- 
rived from a single cell, consistent with the 
notion that the epigenetic state of ES cells is 
extremely unstable. The level of HI9  expres- 
sion was not a useful criterion to predict wheth- 
er given donor cell populations could be used to 
generate viable mice by either of the two meth- 
ods. Because ES cells are a potential in vitro 
source of many cell types for transplantation 
medicine, it will be important to assess whether 
the epigenetic state of human ES cells is as 
unstable as that of murine ES cells. It should be 
emphasized, however, that epigenetic instabili- 
ty of murine ES cells does not impair the rou- 
tine generation of normal chimeric mice. 

No significant correlation between the 
anomalous fetal growth of cloned mice and 
abnormal expression of any single imprinted 
gene was seen (see weights in Fig. 1A and 
Fig. 2C). It is possible that the disturbance of 
placental and fetal growth is due to the cu- 
mulative action of many abnormally ex-
pressed genes which may have opposing in- 
fluences on fetal growth (12, 13) and that the 
effect of a single imprinted gene is insuffi- 
cient to produce a significant correlation with 
the overgrowth. 

The widespread dysregulation of genes in 
cloned animals suggests that, contrary to previ- 
ous conclusions (23), mammalian development 

Table 1. Summary of pups derived by nuclear transfer (NT) and tetraploid (Tetra.) embryo complemen- 
tation for V6.5 subclones. Percentage of live embryos at each stage are indicated. No., number; SUN., 
surviving manipulation; activ., activated wi th psuedo pronuclei; trans., transferred t o  recipient. 

No. oocytes No. embryos No. at 19.5 dpc 
Subclone 

Surv. Activ. (% SUN.) Trans. (% activ.) Dead Live Breathing (% trans.) 

NT 23 9 4  75 (80%) 
NT 39 156 105 (67%) 
NT 72 348 321 (92%) 
NT 89 156 1 12 (72%) 
Tetra. 23 
Tetra. 39 
Tetra. 72 
Tetra. 89 

may be rather tolerant to epigenetic abnormali- 
ties and that lethality may only result from the 
cumulative effects of a stochastic loss of normal 
gene regulation at multiple loci. Our results 
Indicate that even apparently healthy cloned an- 
imals can have gene expression abnormalities 
that are not severe enough to impede develop- 
ment to blrth but that may cause subtle physio- 
logical abnormalities which could be difficult to 
detect. 
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