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Summary

Genetic imprinting in mice results in functional differ-
ences in the oocyte and spermatocyte genomes, as
evidenced by both genetic and pronuclear transfer
experiments. To gain insights into the molecular
mechansims involved in the imprinting process, re-
searchers have studied methylation phenotypes and
expression of hemizygous transgenes associated with
parental origin. In this report, we describe a transgenic
mouse lineage in which expression of hoth the transgene

and an endogenous gene at the insertion site are
determined by the parent of origin. The mutation caused
by transgene insertion shows variable expressivity and
incomplete penetrance in addition to a modified domi-
nant pattern of inheritance.
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Introduction

In mice, the paternal and maternal genomes are not
functionally equivalent during the early stages of
development (for review see Solter, 1988). This
observation suggests that embryonic genomes are
differentially modified in each sex during gametogen-
esis. Thus, specific genes probably bear an imprint
which predetermines transcriptional activity, unique to
each parental lineage. This functional imprinting is
believed to be responsible for the opposite and
complementary phenotypes seen in gynogenetic em-
bryos, which contain two maternally derived pronuclei,
and androgenetic embryos, which contain two patern-
ally derived pronuclei (McGrath and Solter, 1984;
Surani et al. 1984). Studies on the mechanism of
imprinting and the nature of the imprint require the
isolation of suitable molecular probes.

In lieu of having isolated endogenous imprinted
genes, researchers have used transgenes as molecular
indicators of imprinting. Specifically, the addition or
removal of methyl groups on CpG residues within
transgenes was studied. Methylation was ascertained
since it is an epigenetic DNA modification known to
affect gene expression, is transmissable to daughter
cells, and is thought to be involved in imprinting. This
approach has enabled indentification of methylation
phenotypes dependent on parental origins for a number
of transgenes. Transgenes are unique within the mouse
genome, and thus, when hemizygous, can easily be
scored for any methylation changes associated with
passage through each parental lineage.

However, the generalization of these transgene data
to mechanisms of endogenous imprinting may not be
wholly appropriate for the following reasons. There is a
relatively high frequency of transgenes that show
methylation differences (for a review, see Surani ef al.
1988), higher than what would be expected from the
mouse genetic imprinting map (Beechey er al. 1989 and
Cattanach, 1986); with one exception (Sapienza et al.
1987), paternal transmission is associated with trans-
gene hypomethylation; the possibility of nonrandom
integration of the transgene into the host genome
exists; and, transgenes may be treated as foreign DNA
and not as endogenous DNA at insertion site.

Transgenes do display some features that we could
predict for imprinted endogenous genes. An imprint
must be eraseable such that at the conclusion of
gametogenesis the imprinting effect of only the most
recent germ cell lineage remains. For example, a
transgene that has been passed through a male and then
a female should bear the methylation pattern typical of
maternal inheritance. In general, transgene methyl-
ation phenotypes are reversible upon passage through
the opposite lineage, although there are exceptions,
such as the hepatitis B surface antigen gene, which was
permanently hypermethylated with maternal trans-
mission (Hadchouel et al. 1987).

An important consequence of imprinting should be
its effect on gene expression. Swain et al. (1987) were
the first to identify a transgenic lineage in which
parental origin of the transgene c-myc fused to the Rous
sarcoma virus (RSV)-LTR determined both the extent
of methylation and expression of the transgene. Only
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mice receiving the paternally contributed RSV-mvc
fusion gene expressed the transgene in myocardial
tissue, which is consistent with the promoter specificity
of the RSV-LTR to mesodermal derivatives in trans-
genic mice (Overbeek er al. 1986). Transgene hyper-
methylation and transcriptional inhibition were ob-
served when this construct was maternally inherited.
McGowan er al. (1989) described another line of mice in
which methylation and transgene expression (the
Escherichia coli lacZ driven by the murine hsp68
promoter) were concordant. Transgene expression,
limited to the floor of the developing neural tube from
10-14 days gestation, was found only when the
transgene was hypomethylated. Those authors also
described an intermediate methylation phenotype that
was correlated with an intermediate level of transgene
expression. This intermediate methylation phenotype
seemed to be controlled by trans-acting factors which
vary according to the genetic background of the
nontransgenic female. Sapienza er al. (1989) have also
reported methylation intermediates of a troponin I
transgene related to the nontransgenic maternal geno-
type.

To summarize, transgene methylation phenotypes
are often associated with and dependent on parental
legacy. Methylation modification is apparently se-
quence-independent, since a diverse array of transgenes
has been modified. Transgene expression can be
affected by the pattern of methylation, which appears
to be either permissive or restrictive for transgene
expression. However, the temporal and spatial regu-
lation of transcription is more strongly influenced by
regulatory elements unique to each transgene. An
assumption in all of these studies is that methylation
phenotypes reflect the chromosomal insertion site, even
though the location of most of the transgenes within the
genome is unknown.

In this report, we provide evidence to support this
assumption, by showing that in one transgenic mouse
line parental origin controls both transgene expression
and presumably expression of the endogenous gene at
the transgene insertion site. In these mice, phenotypic
abnormalities occur as a consequence of transgene
insertional mutagenesis, but only with paternal inheri-
tance. Similarly, transgene expression, which in this
line is evidenced by the appearance of skin papillomas,
occurs only in those phenotypically abnormal animals.
From this correlation of endogenous gene and trans-
gene expression, we suggest that the transgene has
inserted into a region of the genome which is imprinted
such that the endogenous allele is more transcription-
ally active in male-derived chromosomes. Perturbation
of the paternally inherited gene by insertion of the
transgene results in a decrease in gene product levels
below some critical value necessary for normal develop-
ment. Conversely, expression of the transgene becomes
possible because it inserts in a transcriptionally active
domain. The mutation was studied in detail to
determine when and where the endogenous gene is
expressed.

A transgene insertion that causes paw deformity

Line Adp (Acrodysplasia) was derived from zygote
microinjection of a linearized plasmid (pL116), a
derivative of pdBPV-MMTneo (Law er al. 1983),
containing the entire genome of the bovine papilloma
virus (BPV) and the human growth hormone-releasing
factor (hnGRF) under the transcriptionai control of the
mouse MT-1 promoter. Upon breeding, the original
founder male for this line was identified as carrying an
insertional mutation; approximately half of the off-
spring presented with deformity of both fore- and
hindlimbs (Fig. 1). Both male and female progeny were
affected equally, a transmission pattern consistent with
an autosomal dominant mutation. However, with
further breeding, a significant number of mice that
carried the transgene appeared to be phenotypically
normal, specifically, those that inherited the transgene
maternally. Mice that received the transgene from
males were deformed, indicating a modified dominant
pattern of inheritance (DelLoia et al. unpublished data).

Fig. 1. Paw deformity in transgenic mice. Two littermates.
one normal (left side) and one deformed (right side) are
shown. In A. the forepaws of the transgenic animal have
no distinct digit formation: the hindpaws (B) arc not as
severely affected. which is typical in this line of mice.
Magpnification is §X.



The mutation also shows variable expression, ranging in
severity from barely detectable to complete absence of
digits (Fig. 2), and incomplete penetrance, not all mice
with paternally inherited transgenes are affected.

Other laboratories have reported insertional mu-
tations affecting digit or limb development in transgenic
mice. One of these mutations mapped to a previously
identified limb mutation, limb deformity (/d) (Woychik
et al. 1985), whereas two others, legless (McNeish et al.
1988) and a mutation causing fusion of the digits
(Overbeek er al. 1986), did not. These new mutations
were all detected as autosomal recessive disorders when
the transgenic lines were bred to obtain transgene
homozygosity. In contrast, Adp mice express the
mutation as heterozygotes, with a modified dominant
transmission pattern.

Transgene expression in Adp mice

Northern analysis of total RNA collected from limb bud
regions revealed no evidence of either BPV or hGRF
expression during the critical period of limb develop-
ment, embryonic days 12-14, suggesting that the
observed mutation in Adp mice is not due to
interference in the developmental pathway by trans-
gene product. Rather, it seems more likely that the
observed phenotype is a consequence of integration of
the transgene into or near an endogenous gene
necessary for normal development. BPV is expressed in
the Adp line in adult animals, as evidenced by the
appearance of papillomas at about 6 months of age.
Interestingly, only deformed mice developed papil-
lomas, whereas non-deformed transgene-bearing ani-
mals survive up to a year without papilloma formation.
Restriction of BPV expression to a single parental
lineage does not appear to be sequence-dependent
since another BPV transgenic line does not show any
such restricted pattern of expression (Lacey et al. 1986).
From the data, we conclude that the transgene has
inserted into an endogenous gene that functions in limb
bud development, and postulate that this integration
site controls expression of the transgene.

Developmental analysis of the mutation

Microscopic examination of the skeletal structures of
normal and mutant animals, using alizarin red S stain to
visualize ossified structures and alcian blue for chondri-
fied structures (MclLeod, 1980), revealed ossification of
the radius, ulna, metacarpals and phalanges, but not of
the carpals in a newborn forepaw of a nondeformed
mouse (Fig. 2A). Figures B-D show skeletal structures
of deformed mice, with diferent degrees of deformity;
four digits, with noticeable but not severe involvement
of the phalanges, metacarpals and carpals (Fig. 2B); a
paw with only the fifth digit, and loss of almost all
phalanges and metacarpals, with apparent fusion of the
metacarpals from digits 4 and 5 (Fig. 2C); and no
phalanges and only two very shortened metacarpals
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with reduction and fusion of the carpals (Fig. 2D). The
loss of normal structure of the digits makes it difficult to
identify precisely which of the digits is absent or
abnormal. Regardless of the degree of deformity seen
in the small bones (carpals, metacarpals, phalanges),
the long bones were not affected. Thus the Adp
mutation appears to affect the number, size and shape
of the small bones; synostosis of some of these bones
was frequently observed.

Analysis of skeletons of newborn mice permitted
detection of the bones affected by the mutation. We
then addressed the question of when during develop-
ment the small bones of Adp mice were affected by the
mutation. Bone formation involves three distinct
processes: (1) formation of the blastema, a clustering of
precartilage mesenchymal cells that give rise to specific
structures of the limb; (2) secretion of cartilage matrix
or chondrification by chondrocytes in the blastema; (3)
removal of the cartilage matrix by invading osteoclasts
and replacement with osseous tissue deposited by
osteoblasts. In mice, chondrification centers are present
in the metacarpals, metatarsals and tarsals by embry-
onic day 13 (day 0 is day of vaginal plug) (Rugh, 1968).
To determine if chondrification centers in the small
bones of deformed animals were forming at the
appropriate time, females with staged pregnancies were
collected and the fetuses processed for visualization of
cartilage (McCleod, 1980). Fig. 3 shows limb buds from
normal and deformed embryos at 13.5 days post cottum.
In both the fore- and hindlimb buds, only three digit
rays are evident in the deformed animal, compared to
five rays in the normal littermate. Although reduced in
number and size, the mutant digit rays have begun the
process of chondrification on schedule, suggesting that
the primary defect in this mutation occurs earlier than
embryonic day 13.5, and affects blastema formation. In
fact, examination of whole fetuses prior to the onset of
chondrification revealed that the mutant phenotype was
already apparent by 12.5 days post coitum (Fig. 4). By
this time in normal development, indentations between
the digit rays are evident, causing the limb buds to
appear more polygonal than round (Fig. 4B, left),
whereas the mutant embryo still has rounded limb buds
(Fig. 4B, right). This difference is even more pro-
nounced 24 h later (Fig. 4A). At 11.5 days post coitum,
before the blastemas of the five digits have formed, the
mutant and normal embryos appear similar (Fig. 4C).

The apical ectodermal ridge is intact in mutant
embryos

Limb development is one of the most extensively
studied systems of pattern formation in vertebrates and
much is known about the establishment of the
anteroposterior and the proximodistal axes of polarity.
Establishment of the anteroposterior axis requires
release of the morphogen retinoic acid by a group of
mesenchymal cells on the distal posterior margin of the
limb called the zone of polarizing activity (ZPA) (for a
review, see Brockes, 1989). In chick embryos, surgical
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A

Fig. 2. Skeletal preparations of normal and deformed newborn pups. Animals were processed by the procedure of McLeod
(1980). Following death, the skin and viscera were removed and the carcasses were fixed in 95 % ethanol for at least § days
and acetone for 2 days. Staining was done in 0.3 % alcian blue 8GS and 0.1 % alizarin red S for 3 days at 37°C. Soft tissue
was cleared in 1 % KOH followed by graded solutions of glycerol in 1 % KOH over a 2 week period. All of the limbs
shown are right forelimbs, oriented ventral side downward. (A) A nondeformed control: (B-D) 3 different transgenic
animals showing the variation of deformity present in this line, with progressively more loss of distal structures. Carpals.
metacarpals and phalanges are affected; long bones of the limb appear normal. Magnification 1s 20X,

removal of the ZPA results in lack of digit formation,
whereas the implantation of a second ZPA on the
anterior margin causes duplication of the anteropos-
terior axis with consequent duplication of digits (Tickle
et al. 1975). A second structure believed to be involved
in anteroposterior organization is the apical ectodermal
ridge (AER), a band of columnar epithelial cells at the
distal border of the developing limb. The AER is also
crucial for the proximodistal axis; its presence keeps the
underlying mesenchyme developmentally labile and
permits continued growth of the limb at the distal
margin. Studies with chick embryos showed that
complete removal of the AER results in dramatic
shortening of the proximodistal axis, with loss of
progressively more distal structures related to the
timing of removal. Partial AER removal causes digit
loss along the anteroposterior axis (Rowe and Fallon,
1987).

To determine whether the integrity of the AER was
affected by this mutation, we used a genetic cross
between our line of mice and a second transgenic line,
671 (kindly provided by R. Behringer and R. L.
Brinster), in which the transgene Escherichia coli lacZ,
is under the transcriptional control of the murine Hox
1.4 promoter and lacZ expression within the limb bud is
restricted to the AER (R. Behringer, personal com-
munication). Expression of lacZ is easily ascertained by
an enzyme assay for the protein product,
p-galactosidase. By crossing 671 females with Adp
males, we obtained deformed fetuses with lacZ
expression confined to the AER of the limbs. Fig. 5
shows such a mouse at 13.5 days post coitum. Both fore-
and hindlimb buds show developmental defects (com-
pare with developmentally normal limb buds in
Fig. 4A). These mice lack the digit rays and inden-
tations, but the AER is revealed as a single, intact band



along the distal border of the limb buds. Thus, the AER
is probably not the primary site of the mutation. The
primary defect must occur earlier in development,
before day 12.5 and most probably at the time of
blastema formation.

Fig. 3. Pattern formation in mutant limbs. (A) Cartilage
formation in the forelimbs and (B) hindlimbs of normal
(left side) and deformed (right side) littermates collected at
13.5 days post coitum Carcasses were prepared as before
with some modifications (McLeod, 1980). Mice were kept
in acetone for 7 days in lieu of skinning and put directly
into 20 % glycerol in 1% KOH following staining to avoid
disintegration of fetuses. By this stage the deformed fetuses
have fewer and shorter digit rays than normal fetuses.
Magnification is 25X.

Fig. 4. Macroscopic morphology of developing limbs in
transgenic fetuses. Fetuses were fixed in 0.02 %
glutaraldehyde, their extraembryonic membranes removed
and analyzed by the polymerase chain reaction for the
presence of the transgene. Nontransgenic mice are on the
left side of each pair of littermates. (A) 13.5-day fetuses,
magnification 8X; (B) 12.5-day fetuses, magnification 10X}
and (C) 11.5-day fetuses, magnification 12.5X. Arrows
indicate the indentations between the digits in normal mice
and where these indentations should appear in the
deformed fetuses. By 12.5 days, the developmental
retardation is clearly visible in the mutants.
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Discussion

The concept of genomic imprinting is now well
established; however, the mechanism underlying the
imprinting process has remained elusive. Molecular
studies have been hindered by lack of any cloned
imprinted sequences. In this report, we have described
a transgenic line in which expression of both the
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Fig. 5. Detection of lacZ expression in the AER of
transgenic fetuses. Fetuses that were compound
heterozygotes for two transgenes, a lacZ gene driven by
the Hox 1.4 promoter and pL116 were assayed for the
presence of S-galactosidase activity in the AER. Whole
fetuses were fixed in 0.2 % glutaraidehyde and stained
overnight in a buffer containing X-gal (2 mm
5-bromo-4-chloro-3-indolyl-g-p-galactoside, S mm potassium
ferricyanide. 5 mum potassium ferrocyanide, 2 mm
magnesium chloride, 0.01 % sodium deoxycholate, 0.02 %
NP40 in phosphate-buffered saline, pH7.3). The
photograph is of a single fetus at embryonic day 13.5,
showing that the AER of deformed fetuses remains intact.
Magnification is 32X,

transgene and the neighboring endogenous gene show
imprinting effects. The coupling of expression of these
endogenous and exogenous genes can result from
integration of the transgene into an imprinted region of
the host genome, which affects the transgene, or from
modification of the transgene on integration into the
genome, an effect which might then spread to
neighboring sequences. We are attempting to clone the
endogenous gene to discriminate between these two
possibilities.

The mutation in the Adp line of mice is unlike other
previously described limb mutations (Green, 1981).
The inheritance pattern is a modified dominant
transmission; only mice that inherit the transgene
paternally are affected. Additionally, penetrance is
incomplete; not all mice with the paternally contributed
transgene are deformed, and those that are show
variation in severity of deformity. Incomplete pene-
trance and variable expression might result from allelic
differences in gene activity determined by parental
inheritance, such that maternal genes express 0-50 %
activity and paternal genes express 50-100 % activity.
Disruption at the paternal allele would cause deformity,
the severity of which depends on the activity of the
intact maternal allele. The paternally active gene would
compensate disruption of the maternal allele, with no
apparent phenotypic anomaly. A second explanation
for the incomplete penetrance, which does not necess-
arily exclude the first possibility, is somatic mosaicism
of endogenous gene expression. Erasure of the imprint,

which inactivates the maternal allele, may occur
gradually over time, such that partial but incomplete
erasure occurs in the developing limb, permitting some
transcriptional activity of the maternal gene and partial
rescue of the phenotype. The intermediate levels of
transgene methylation and expression reported by
McGowan er al. (1989) suggest that mosaicism between
cells within individual tissues does occur. Interestingly,
in 7", a deletion mutation on mouse chromosome 17
which is lethal with maternal inheritance, the affected
fetuses die over a period of several days rather than at a
specific time in development. Survival of affected
fetuses varies with 7genetic background; 33% of
maternally inherited 777 animals survive to birth on a
Balb/c background, while only 20% survive on a
C57BL background. In the case of paternal inheritance,
tail malformations that are concordant with the
mutation also show a degree of phenotypic heterozygo-
sity. Additionally, there is reduced litter size with
paternal inheritance of T, suggestive that there is
embryonic loss in utero (Johnson, 1974).

Close examination of the mutation in Adp mice
provides insight as to when during development the
endogenous gene normally functions. The observed
mutation affects only the small bones of the fore- and
hind-paws, with variation involving the number of small
bones affected. The primary site of gene action appears
to be the blastema organization, with chondrification
and ossification occurring on schedule. Any gene(s)
suspected of mutation should be expressed during this
time. Of the transgene insertional mutations involving
limb development that have been reported (Woychik ef
al. 1985; Overbeek er al. 1986; and McNeish er al. 1988),
one of these (Woychik er al. 1985) involved insertion of
the transgene into a known site, the /d locus. Using the
transgene as a starting site for cloning, those authors
have isolated the putative /d gene and used it to analyze
Id mutations (Zeller et al. 1989). A similar strategy
might be fruitful in identifying and isolating the
endogenous imprinted gene in Adp mice.
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