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embryos, we observed a high amount of E-
cadherin in all hepatocytes (Fig. 2f,h). At
E14.5, the Prox1—/— liver is approximately
70% smaller than that of wild type (data not
shown), and hepatocytes remain clustered
(Fig. 1l). Most of the mesodermal compo-
nents, including the deÞnitive haematopoi-
etic progenitors, are present in the mutant

liver (Fig. 1k,m). Analysis of E14.5
liver cells by ßuorescence-activated
cell sorting showed no differences
between the myeloid and lymphoid
cell populations of wild-type and
Prox1—/— embryos (data not shown).
Genes controlling different steps of
liver morphogenesis (c-jun,
SF/HGF, c-met) have been identi-
Þed1. RTÐPCR analysis showed no
signiÞcant differences in their

expression in Prox1—/— liver (data not shown).
Our Þndings indicate that Prox1 controls

hepatocyte migration from the endodermal
epithelium into the septum transversum.
This possibility is supported by the arrest in
lymphatic endothelial cell budding and
sprouting found in Prox1—/— embryos12.
Impaired migration of Prox1—/— hepatocytes

may result from their failure to degrade the
surrounding basal membrane and their
maintenance of strong cellÐcell contacts
mediated, at least in part, by elevated levels
of E-cadherin. E-cadherin misexpression
was detected in Prox1—/— lens11. Prox1 may
modulate normal basal membrane
turnover by regulating an unknown prote-
olytic cascade. Alternatively, it might regu-
late the rate of synthesis of basal membrane
components in the developing liver.
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Fig. 2 Alterations in basal membrane and
E-cadherin in Prox1-mutant liver. a, Nor-
mally, E11.5 albumin-expressing hepato-
cytes (green) are dispersed throughout
the hepatic lobes, where low amounts of
laminin (red and arrow) and collagen IV
(arrow in c) are detected (arrowhead, gall
bladder). b , Prox1-deÞcient hepatocytes
(albumin, green) are abnormally clus-
tered and surrounded by a membrane
rich in laminin (red and arrow) and colla-
gen IV (arrow in d), similar to the basal
membrane of the gall bladder epithelium
(arrowhead). e, Except for hepatocytes
still delaminating (arrows) from the
hepatic gut epithelium (dotted line),
migrating hepatocytes (albumin) in wild-
type embryos express relatively low levels
of E-cadherin ( g , arrowheads). f , In
mutant littermates, all hepatocytes (albu-
min, arrows) maintain elevated levels of
E-cadherin (h , arrows). gb, gall bladder.
Scale bar, 100 mm.
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Mammals have been cloned from
adult donor cells1Ð3. Here we

report the Þrst cases of mitochondrial
DNA (mtDNA) heteroplasmy in adult
mammalian clones generated from fetal
and adult donor cells. The heteroplasmic
clones included a healthy cattle equivalent
of the sheep Dolly, for which a lack of het-
eroplasmy was reported4.

In mammals cloned by nuclear transfer
of embryonic cells, the mtDNA is derived
mainly from the recipient cytoplast5Ð8,
with a minor contribution from the donor
cell6Ð8. The recognition and proper pro-
cessing of foreign somatic mitochondria

by the cytoplasmic machinery after
microinjection into a zygote has been pre-
viously demonstrated9, but donor mtDNA
was not found after nuclear transfer of dif-
ferentiated somatic donor cells such as
fetal and adult cells4. We analysed hetero-
plasmy in ten somatic cattle clones gener-
ated from three donor cell types: primary
cultures of fetal Þbroblast (FF) cells10,
adult epithelium-derived (AE) cells of the
mammary gland, and adult Þbroblast (AF)
cells derived from ear skin11. We found
that the ratios of donor cell to recipient
cytoplast mtDNA copy number were
0.6%, 0.4% and 0.8% for the FF-, AE- and

AF-cell types, respectively, before nuclear
transfer. Ratios were inferred from real-
time quantitations6 in the donor and
recipient cells. We quantiÞed the percent-
age of donor mtDNA in the cloned ani-
mals by allele-speciÞc real-time PCR (ref.
7) using single-nucleotide polymorphisms
in parental mtDNAs and mismatched
allele-speciÞc primers (Fig. 1 and Table 1).
Overall, the donor-to-recipient ratios of
parental mtDNAs before fusion remained
the same throughout embryogenesis or
development to term of 7 of our 10 cattle
clones. Tissues of the other three clones
showed a signiÞcant reduction or absence
of donor mtDNA, due to an unknown
mechanism. In detail, from the 6 FF cell
clones (Table 1), we observed hetero-
plasmy in four clones at ratios ranging
from 0.4% to 4%, including the transmis-
sion of heteroplasmy to the male germ line.
We detected donor mtDNA in all Þve fetal
tissues of CFI325-sFF at ratios of 1% in
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