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Beckwith-Wiedemann syndrome (BWS) is a clinically variable disorder characterized by somatic overgrowth,
macroglossia, abdominal wall defects, visceromegaly, and an increased susceptibility to childhood tumors. The
disease has been linked to a large cluster of imprinted genes at human chromosome 11p15.5. A subset of BWS
patients has been identified with loss-of-function mutations in p57%2, a maternally expressed gene encoding
a G, cyclin-dependent kinase inhibitor. Some patients display loss of imprinting of IGF2, a fetal-specific
growth factor that is paternally expressed. To understand how the same disease can result from misregulation

of two linked, but unrelated, genes, we generated a mouse model for BWS that both harbors a null mutation
in p57%P? and displays loss of Igf2 imprinting. These mice display many of the characteristics of BWS,
including placentomegaly and dysplasia, kidney dysplasia, macroglossia, cleft palate, omphalocele, and
polydactyly. Some, but not all, of the phenotypes are shown to be Igf2 dependent. In two affected tissues, the
two imprinted genes appear to act in an antagonistic manner, a finding that may help explain how BWS can

arise from mutations in either gene.
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Beckwith-Wiedemann syndrome (BWS) is a clinically
variable disorder characterized by somatic overgrowth,
macroglossia, abdominal wall defects, and visceromega-
ly (Elias et al. 1998). Children with BWS are also suscep-
tible to a variety of childhood tumors, including Wilms’
tumor, hepatoblastomas, and rhabdomyosarcomas. The
disease, which affects 1 of every 13,700 live births each
year, is genetically heterogeneous with the majority of
cases occurring sporadically. Familial cases, which rep-
resent [15% of BWS patients, have helped link BWS ge-
netically to human 11p15.5, a region containing a large
cluster of imprinted genes (Koufos et al. 1989; Ping et al.
1989). That defects in imprinted genes might explain the
etiology of the syndrome was first suggested from obser-
vations that sporadic cases can be associated with
11p15.5 partial paternal uniparental disomies (UPDs)
and trisomies with paternal duplications (Turleau et al.
1984; Henry et al. 1991).

Many of the key defects found in BWS patients could
be explained by alterations in the control of cell prolif-
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eration, either in the context of organogenesis or tumori-
genesis. Thus, along with being imprinted, candidate
genes should be tied in some respect to the control of cell
proliferation. Two candidate imprinted genes with these
properties map to 11pl5.5, IGF2, and p57X/"2. These
genes have strikingly similar patterns of expression dur-
ing development in mice and are expressed in all of the
tissues affected by BWS (Lee et al. 1990, 1995; Matsuoka
et al. 1995).

IGF2 encodes a fetal-specific growth factor that is pa-
ternally expressed in both mice and humans (DeChiara
et al. 1991; Giannoukakis et al. 1993; Ohlsson et al.
1993). When the expression of IGF2 was examined in
BWS patients, it was shown to be elevated as the result of
deregulation of its imprinting in some, but not all, cases
with normal karyotypes (Weksberg et al. 1993a; Reik et
al. 1995). Furthermore, paternal trisomies and UPDs
would be expected to increase the expression of IGF2 and
could potentially account for the overgrowth observed in
these cases of BWS.

Maternally inherited loss-of-function mutations in the
p57%P2 gene have also been identified in [6%-10% of
sporadic BWS cases examined (Hatada et al. 1996b;
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O’Keefe et al. 1997) and 30%-50% of familial cases (Lam
et al. 1999). p57%™%encodes a member of the CIP/KIP
family of cyclin-dependent kinase inhibitors (CKIs), and
is maternally expressed in all mammalian species exam-
ined to date (Hatada and Mukai 1995; Lee et al. 1995;
Matsuoka et al. 1995, 1996; Hatada et al. 1996a). CKIs of
this class inhibit G,/S-phase cyclins, and the absence of
p575P2 has been shown to affect the ability of cells to
exit from the cell cycle. The gene lies (800 kb from IGF2
in both mouse and human (Lee et al. 1997; Caspary et al.
1998; Paulsen et al. 1998).

A small number of patients (<1 %) have been identified
with balanced translocations or inversions 3’ of p57%/"2
in a neighboring imprinted gene, KvLQT1 (Weksberg et
al. 1993b; Mannens et al. 1994; Hoovers et al. 1995). This
gene encodes a voltage-gated potassium channel that is
maternally expressed in humans in all tissues except the
heart, but mutations in the gene have been implicated
only in the cardiac arrhythmia long QT syndrome, not
BWS (Wang et al. 1996; Lee et al. 1997). It has been sug-
gested that the regulation of other genes in the locus,
particularly p57%/%2and IGF2, may be disrupted by the
translocations. In one such family, IGF2 expression has
been shown to be biallelic (Brown et al. 1996). Finally,
the methylation imprint and expression of a recently de-
scribed paternally expressed transcript within an intron
of KvLQT1, LIT1, has been shown by two groups to be
disrupted in >50% of BWS patients examined (Lee et al.
1999; Mitsuya et al. 1999; Smilinich et al. 1999). These
groups suggest that this transcript may mediate the im-
printing of other genes in the locus, although they dis-
agree on the likeliest candidate (Lee et al. 1999; Mitsuya
et al. 1999; Smilinich et al. 1999).

Several mouse models that shed light on the etiology
of BWS have been generated. These studies have con-
firmed that embryonic growth in mice is very sensitive
to the levels of the growth factor IGFII. When a mutated
copy of the Igf2 gene was inherited paternally, the off-
spring were 60% the size of their wild-type littermates
(DeChiara et al. 1990). In contrast, in mice in which the
cis-acting sequences that control Igf2 imprinting were
deleted (H19A13), Igf2 was expressed from both parental
chromosomes, and the offspring displayed somatic over-
growth and placentomegaly, but none of the other symp-
toms of BWS (Leighton et al. 1995; Eggenschwiler et al.
1997). This mutation raised the tissue levels of IGFII
twofold, but had a less pronounced effect on its circulat-
ing levels.

Mutations in the type-2 Igf2 receptor gene (Igf2r),
whose product binds IGFII and targets it for lysosomal
degradation, also caused elevation of IGFII (Filson et al.
1993; Lau et al. 1994; Wang et al. 1994). Circulating IGFII
levels were elevated approximately fourfold, and em-
bryos died late in gestation with many, but not all, of the
phenotypes of BWS, such as somatic overgrowth, pla-
centomegaly, heart hypertrophy, omphalocele, and adre-
nal cysts. In Igf2r and H19A13 double mutants (Eggen-
schwiler et al. 1997), IGFII levels were increased 7- to
11-fold, and the severity of the phenotypes were more
pronounced than in either single mutant. In these mice,
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however, the macroglossia, renal dysplasia, and adrenal
cytomegaly commonly found in BWS patients were
missing. Overexpression of IGFII has also been achieved
in mice carrying Igf2 transgenes (Sun et al. 1997). These
animals exhibited overgrowth, polydactyly, and polyhy-
dramnious, all symptoms of BWS patients. Together,
these animal models support the hypothesis that BWS
results from elevated expression of IGF2.

The impact of loss-of-function mutations in p57%%?
has also been examined in mice (Yan et al. 1997; Zhang
et al. 1997). These mice show abdominal wall defects
reminiscent of those seen in Igf2r/H19 double mutants.
They also display a unique set of defects such as renal
dysplasia and adrenal cytomegaly, defects seen in BWS
patients but not observed in mice with elevated IGFII
expression. The somatic overgrowth commonly associ-
ated with BWS, however, was not observed. In addition,
phenotypes not previously associated with BWS, such as
lens and gastrointestinal tract abnormalities as well as
skeletal defects were present in p57%72-null mice.

These mouse models have failed to provide a good ex-
planation for the fact that BWS patients with loss of im-
printing of IGF2 and those with mutations in p57%/"2 are
phenotypically indistinguishable. Unfortunately, it has
not been possible to measure the levels of expression of
these genes in the relevant tissues at the relevant times
in development, and thus a mechanistic connection be-
tween them could have gone undetected. Zhang et al.
(1997) suggested that IGFII and p57 may act in opposing
manners to control cell proliferation during develop-
ment of human fetuses; that is, that a gain of function of
IGF2 would act similarly to a loss of function of p57%7%2,
We reasoned that if IGFII and p57 act antagonistically
during development, a double mutant in which both
BWS-potentiating mutations are present might exhibit
phenotypes that are more severe than the sum of those in
the single mutants. Such a mouse strain would mimic
patients with UPD of 11p15.5, with respect to IGF2 and
p57%P2 To generate such a mouse, we bred a loss-of-
function p57%P? mutant to an Igf2 loss-of-imprinting
mutant (H19A13) and screened for meiotic recombina-
tion between these tightly linked genes. The double-mu-
tant mice exhibit aspects of BWS that have not been
observed in other mouse models, such as macroglossia.
In addition, they show an exacerbation of the placental
and kidney dysplasias caused by the p57%72 mutation
alone. Significantly, we observed that reduced levels of
Igf2 can overcompensate for these severe placental and
kidney dysplasias, leading us to suggest that the two
genes act in an antagonistic manner in some tissues in
the mouse.

Results

Generating a p57%*%/H19 double mutant

The phenotypic consequences of mutations in p57%7?
and H19 are manifested only when the genes are in-
herited from mothers. Because these genes lie (800 kb
apart in the mouse, a double-mutant strain could be gen-



erated by meiotic recombination between the existing
mutations. Toward that end, we crossed heterozygous
p575P2/~ H19A137* males to C57BL/6 females and
screened progeny for animals that were heterozygous for
both p57%#2 and H19A13 (p57H19). Among 481 off-
spring, we identified two p57H19 recombinants, a fre-
quency consistent with the estimate of the genetic dis-
tance between the genes (0.5 cM). One recombinant, a
male, was fully viable and fertile and was used to estab-
lish the line. The other recombinant, a female, failed to
give birth to viable p57H19 mice.

Loss of Igf2 imprinting, and the absence of maternal
p57%%2 and H19 expression were confirmed by RNAse
protection and RT-PCR assays. The imprinting and ex-
pression of Kvigtl was unchanged (data not shown).

Perinatal Ilethality

Maternal inheritance of a null allele of p57%%#2 is lethal,
with 10% of offspring dying in utero and the remainder
dying within the first 2 weeks after birth (Zhang et al.
1997). We were unable to recover live p57H19 mice at
birth, suggesting that the double-mutant phenotype is
more severe. Furthermore, parturition invariably oc-
curred at 19 d.p.c., at least 1 day earlier than in p57%¥?
single mutants. At 18.5 d.p.c., p57H19 embryos were
present at approximately the expected frequency (Table
1), suggesting that death occurred during or shortly after
delivery.

Prenatal growth

One of the characteristics of BWS is prenatal somatic

Table 1. Genetic crosses

No. of No. of
Cross litters Genotype embryos
p57H19+/~ x C57BL/6 24 170
p57HI19 99
+/+ 71
C57BL/6 x p57H19*/~ 7 55
p57HI19 32
+/+ 23
p57H19*/~ x Igf2+*/~ 10 75
p57HI19 14
p57H19; Igf2+/- 26
Igfo+/~ 15
+/+ 20
H19A13*/~ x C57BL/6 4 26
HI19A13*/~ 12
+/+ 14
p57Kpe+/= « C57BL/6 4 30
p57Kip2+/— 16
+/+ 14
p57KIp2l=  [gf o/~ 2 22
p57K1'p2+/— b)
Igfo+/- 7
p57K1'p2+/—; Ig](z +/- 6
+/+ 7

Embryos of the crosses indicated were genotyped between 12
and 18.5 d.p.c. Female parent indicated first.
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Figure 1. Embryonic growth of p57H19 mutants. p57H19 fe-
males were crossed to C57BL/6] males and the wet weights of
wild-type (O) and p57H19 () embryos (A) and placentas (B)
were determined throughout the last third of gestation. The
values are the mean of 9-28 embryos and placentas at each time.
(C) Correlation between embryo and placenta weights.

overgrowth. It had been shown previously that offspring
inheriting the H19A13 mutation maternally are born
30% bigger than their wild-type littermates (Leighton et
al. 1995; Eggenschwiler et al. 1997). p57%?? mutants, on
the other hand, display no somatic overgrowth at birth
(Yan et al. 1997; Zhang et al. 1997). Although p57H19
embryos were indistinguishable in weight from wild-
type littermates at 18.5 d.p.c., they were (R0% larger at
16.5-17.5 d.p.c. (Fig. 1) just as was seen in the single
H19A13 deletion at the same time (Eggenschwiler et al.
1997). 1t is conceivable that the gain in growth rate me-
diated by the loss of Igf2 imprinting is compromised
later in gestation by p57%%2.induced defects.

BWS patients often display specific organomegaly,
most often affecting the tongue and adrenal glands, and
less frequently the liver, kidney, and heart. To distin-
guish specific organ overgrowth from generalized over-
growth in p57H19 mutant mice, we calculated organ
weights at 18.5 d.p.c. as a percentage of total body mass.
By this criterion, neither H19A13 nor p57%?? mutant
mice showed specific organ overgrowth (data not
shown). In p57H19 offspring, the only organ that dis-
played significant overgrowth was the tongue, which
was 122% of wild type (P < 0.001) (Table 2). If we tabu-
late those animals whose normalized growth was one
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Table 2. Growth of p57H19 mutant embryos

P57H19  p57H19 Igfo/- p57H19; Igfot/-
(BL/6) (BL/6-129) (BL/6-129) (BL/6-129)

Tissue n =20 n=2_8 n=10 n=19
Embryo 1.04 1.06 0.58~ 0.93
Placenta  1.94* 1.53* 0.55* 1.0
Tongue 1.22* 1.11 0.86 1.00
Heart 1.03 1.17 1.03 1.16
Kidney 1.13 N.D. N.D. N.D.
Liver 0.83 0.98 0.75 0.89

The wet weights of embryos and internal organs of the geno-
types indicated are expressed as a fraction of that of wild type
littermates. The p57H19(BL/6) animals were derived from
crosses to C57BL/6 males; all others were derived from a
p57H19+/~ x Igf2*/~ cross. (N.D.) Not determined.

*P < 0.05.

standard deviation above the mean of their wild-type lit-
termates, overgrowth of the kidney and heart, as well as
overall somatic overgrowth, are observed more fre-
quently in p57H19 mutants than in wild-type litter-
mates (Table 3).

Placental defects

The most dramatic overgrowth phenotype observed in
p57H19 embryos was placentomegaly, with 18.5-d.p.c.
placentas weighing, on average, 190% of those of wild-
type littermates (Fig. 1B). On histological analysis, mu-
tant placentas were highly disorganized in the labyrin-
thine layer, in which both p57%%2 and Igf2 are expressed.
Mutant placentas also displayed fibrin cysts, apoptotic
cells, and large accumulations of red blood cells (Fig. 2B).
A similar disorganization was seen at 16.5. and 17.5
d.p.c., suggesting that this effect occurs before the nor-
mal degeneration of the organ late in gestation. It is un-
clear whether red blood cells accumulate because the
tubule networks through which maternal and fetal blood
flow are not established, are breaking down through cell
death, or are blocked by surrounding cellular over-
growth. p57%%#2 single-mutant animals showed related
morphological placental defects, including reduced vas-
cularization of the labyrinthine zone caused by an over-
proliferation of trophoblast cells (Fig. 2C). In addition,
hyaline membranes, a response to endothelium damage,
had been observed and was thought to result in a block-
age of the blood supply (Zhang et al. 1998). The p57H19
phenotype that we observed, however, was far more se-
vere.

In p57H19 mutants, there was a direct correlation be-
tween the placental weights and disruptions in placental
cellular architecture, suggesting that the observed pla-
centomegaly is caused primarily by the increase in red
blood cell volume. Interestingly, there was actually a
modest positive correlation (R = 0.37) between the disor-
ganization of the placenta, as reflected by its weight, and
the size of the embryo (Fig. 1C). Thus, the placental dys-
morphologies did not compromise fetal growth.
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The placental morphology of BWS patients has been
examined in a few cases in which disease was antici-
pated prenatally or following stillbirths or neonatal
death. In these cases, placentas contained large cysts in
stem villi. Some of the terminal villi in individual cases
were filled with blood, and the trophoblast layer was
hyperplastic in some, but not all, cases (McCowan and
Becroft 1994). Despite the significantly different archi-
tectures of the human and mouse placentas, these phe-
notypes are similar to those we observe in the p57H19
mice.

Kidney dysplasia

Kidneys in p57H19 mice were underdeveloped in the
medullary region, in which p57%? is normally ex-
pressed. This region normally consists of stromal mes-
enchymal cells surrounding a duct collection system. In
the mutant mice, fewer collection ducts and dilated re-
nal pelves were observed. Kidneys varied from normal to
kidneys in which there was no evident medulla or which
contained large cystic-looking regions disrupting the me-
dulla (Fig. 3B). In general, the degree of disorganization in
the medulla was significantly more pronounced than had
been observed in the p57%P? single-mutant strain, in
which slightly fewer collection ducts, less mesenchymal
tissue, and a reduced medulla as well as more stromal
cells were reported (Fig. 3C; Zhang et al. 1997).

There was a strong correlation between the severity of
the placental and kidney phenotypes within individual
p57H19 mutant embryos. It is possible that the disorga-
nized placenta, through ineffective nutrient transfer, re-

Table 3. Summary of phenotypes in BWS animal models

Percent observance

Phenotypes BWS p57HI9 +/+
Macroglossia 95 60 (12/20) 11(1/9)
Adrenal defects

cytomegaly 94 0 0

cysts 69 0 0
Placentomegaly 92 96(27/28) 13 (2/15)
Visceromegaly

hepatomegaly 85 16 (3/19) 11(1/9)

nephromegaly 69 40 (8/20) 13 (1/8)

cardiomegaly N.D. 15 (3/20) 13 (1/8)
Somatic overgrowth 60 39.2(11/28) 13(2/15)
Renal dysplasia 59 61.5(8/13) 0
Abdominal wall defects

omphalocele 60 4(1/23) 0

umbilical hernia 32 48 (11/23) 0
Cleft palate 7.1 26 (6/23) 0

subcutaneous cleft palate 20 N.D. N.D.
Cardiac defects 20 39 (5/13) 0
Polydactyly 55 30(7/23) 0

The frequency of the phenotypes is expressed as a percentage
of all individuals examined. The BSW data are adapted from
Eggenschwiler et al. (1997). The p57H19 and +/+ data are taken
from 18 d.p.c. p57H19 x C57BL/6J litters. (N.D.) Not deter-
mined.
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sults in the defects in kidney development. Alterna-
tively, both tissues might independently be sensitized to
excess IGFII in the absence of p57%P2 expression. The
variability in the kidney phenotype was observed be-
tween animals, not between the two kidneys of a single
animal, suggesting that genetic background could play a
critical role in its severity.

Renal dysplasia is a common feature of BWS. Specifi-
cally, patients with a reduction in the collecting ducts
and numerous fluid-filled cysts as well as hypertrophy of
the mesenchymal tissue have been reported. In humans,
renal dysplasia is thought to result from abnormal meta-
nephric differentiation (Oski et al. 1994). We did not ob-
serve hypertrophy in p57H19 kidneys, which may reflect
the fact that most BWS kidneys analyzed are from adults,
not fetuses. In all other respects, p57H19 dysplastic kid-
neys appear to mimic most of the aspects of the human
disease. In contrast to the kidney dysplasias, we saw no
defects in adrenal architecture or size in p57H19 mice.
This was surprising in light of the previous finding of
adrenomegaly in p57%?2 mice (Zhang et al. 1997).

Abdominal wall defects

Closure of the ventral abdominal wall in mice occurs
around 16.5 d.p.c. and is preceded by the retraction of the
midgut into the abdominal cavity. Failure of the intes-
tine to retract results in an umbilical hernia, whereas
failure of the abdominal wall to close results in an om-
phalocele, in which the midgut protrudes from the ab-
domen. Approximately 60% of BWS patients need surgi-
cal correction of omphalocele at birth, and another 32%
display umbilical hernias (Table 3). One or the other of
these phenotypes was seen in 52% of p57H19 embryos,

and eosin-stained sections from 18.5-d.p.c
placentas generated by crossing p57H19 fe-
“% | males to Igf2*/~ males (A,B,D) or p57<ir2/~
< wie!  females to C57BL/6] males (C). The section
c : - at right of each group is a magnification of

E g the section at left. (sp) Spongiotrophoblast
r - layer; (lab) labyrinthine layer.

consistent with the previous report that p57%7? mutants
display omphalocele as well as body wall muscle dyspla-
sia. Although this condition is not observed in H19A13
mutants, it is seen in Igf2r and Igf2r/H19A13 double mu-
tants, in which IGFII levels are elevated more than two-
fold (Filson et al. 1993; Lau et al. 1994; Wang et al. 1994,
Eggenschwiler et al. 1997).

Cleft palate and skeletal abnormalities

BWS patients occasionally display cleft palate, a condi-
tion that results from the failure of the palatal shelves to
elevate, rotate or fuse. Previous studies had detected
cleft palate in Igf2r/H19A13 as well as in p57%7? mutant
mice but not in either H19A13 or Igf2r mutant mice,
implying that either significantly elevated IGFII or re-
duced p57 could lead to the developmental defect. In
p57H19 mutants, the frequency and severity of cleft pal-
ate, which was detected in 26% of offspring, was similar
to that seen in p57%72 single mutants (Table 3), suggest-
ing that the primary cause of cleft palate is loss of p57<#?
function. It has been proposed that the cleft palate in
p57%P2 mutants results from the failure of p57%2 mu-
tant cells to exit the cell cycle and to inappropriately
undergo apoptosis (Yan et al. 1997).

Polydactyly has been observed in [5% of BWS patients
(Table 3). This phenotype has also been observed in mice
displaying elevated IGFII, with the frequency and sever-
ity increasing with the dosage of IGFIL. p57%%? single
mutants do not display polydactyly, whereas H19A13
mice do display postaxial polydactyly 68% of the time
on a 129/Sv background (Eggenschwiler et al. 1997). As
expected for an Igf2-dependent phenotype, p57HI19
double mutants also show postaxial polydactyly in two
genetic backgrounds examined (Table 4).

GENES & DEVELOPMENT 3119



Caspary et al.

A B p37HIY
o
e
. -d 1 b
A |
.-I. ._I
< L
- . =Y
s .
- e
< awir F B -.n:'_-_;'af
% . n..l'.-ﬁ:'
L S
i Pl T
F s, iy :i__ 'E‘-!u_.::
el
C phme
o T,
S .;r_
| med
i"-':I'.".' ¥
alL o odee -

Figure 3. Histological analysis of kidney dysplasia in p57H19
mice. Hematoxylin and eosin-stained sections from 18.5-d.p.c
kidneys generated by crossing p57H19 females to Igf2*/~ males
(A,B,D) or p57%iP2+/~ females to C57BL/6] males (C). The bot-
tom section of each panel is a magnification of the top section.
(Cor) Cortex; (med) medulla; (duc) collecting duct; (str) stromal
cells.

The role of Igf2 in the p57H19 phenotype

The dramatic increase in the severity of kidney and pla-
cental dysplasia in p57H19 double mutants occurred in
animals overexpressing IGFII. Although the somatic
overgrowth observed in H19A13 mutant animals was ge-
netically shown to be the consequence of the overpro-
duction of IGFII (Leighton et al. 1995), it is possible that
the novel defects observed in p57H19 mice are due to
effects of the H19 deletion on genes other than Igf2 or
possibly even due to the loss of the H19 mRNA itself. If
the new phenotypes are due to IGFII overproduction, a
reduction in IGFII levels should ameliorate them. To test
this possibility, p57H19 females were crossed to Igf2*/~
males with a null allele of Igf2 (p57H19; Igf2) (DeChiara
et al. 1990). Previous studies had determined that al-
though the expression of Igf2 mRNA from the maternal
chromosome in H19A13 mice in mesodermal tissues
such as skeletal muscle and heart was essentially equiva-
lent to that from the paternal chromosome, its derepres-
sion was less pronounced in endodermal tissues such as
liver (Leighton et al. 1995). Furthermore, the circulating
levels of IGFII were only modestly elevated (Eggenswiler
et al.1997). Thus, overall maternal expression of IGFII in
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p57H19; Igf2 mutants is lower than that from a wild-
type paternal chromosome.

At 18.5 d.p.c., triple-mutant fetuses (p57H19; Igf2)
were indistinguishable in size from wild-type, or p57H19
fetuses (Table 2). In contrast, Igf2*/~ offspring were 58%
the size of wild type, as had been observed previously
(DeChiara et al. 1990). Thus, in the absence of p57572,
prenatal growth was relatively insensitive to the ap-
proximately twofold differences in the levels of IGFII
between p57H19 and p57H19; Igf2 mice. The complete
absence of IGFII in p57XiP2-/*, [gf2*/~ double mutants, on
the other hand, results in embryos that are the same size
as their Igf2*/~ littermates (data not shown).

In contrast to the insensitivity of somatic growth to
the reduction in Igf2, the placental overgrowth and dys-
plasia in p57H19 embryos were almost completely sup-
pressed in triple mutants (Fig. 2D; Table 2). That is, the
mean weight of placentas did not differ from that of wild-
type littermate placentas, but did differ substantially
from that of the p57H19 placentas, which were 53%
oversized in this cross. On histological examination,
triple-mutant placentas were morphologically normal,
lacking even the moderate level of disorganization seen
in p57%? single mutants. Thus, the placental dysplasia,
which is p57%%#2.dependent, can be suppressed by reduc-
ing the levels of IGFIL

The same situation appears to hold for the kidney dys-
plasia. None of the triple mutants had cystic kidneys,
and the only discernible differences observed in a few
fetuses were a slightly less-developed medulla and a
slight increase in mesenchymal tissue between the renal
tubules (Fig. 3D). However, in most animals, the kidneys
were less affected than in p575%? animals. Finally, the
macroglossia observed in the p57H19 mutant was com-
pletely absent in the triple mutant, indicating that over-
growth of the tongue is also Igf2 dependent (Table 2).
This is consistent with the finding of macroglossia in
Igf2 overexpressing transgenic mice (Sun et al. 1997).

The frequency of abdominal wall defects in p57H19
mice was unaffected by reducing the levels of Igf2 ex-
pression in p57H19; Igf2 mice (Table 4). This result is
somewhat surprising, as omphalocele was induced in the
presence of highly elevated levels of IGFII in Igf2r and
Igf2r/H19 mutant mice. Thus, in p57H19 mice, this de-
fect appears to be entirely attributable to p57%%#2 loss of
function. Likewise the frequency of cleft palate is not
affected by a loss of Igf2 in the triple mutant, even
though cleft palate was observed in Igf2r/H19 double

Table 4. Effect of reducing IGFII in p57H19 mice

Genotype
Phenotype p57HI9 p57H19; Igf2
Postaxial polydactyly 50 (4/8) 0(0/15)
Cleft palate 12.5(1/8) 20(3/15)
Omphalocele 37.5(3/8) 20 (3/15)
Umbilical hernia 25(2/8) 27 (4/15)

The frequency of the phenotypes in 18 d.p.c. fetuses are ex-
pressed as a percentage of all individuals examined.



mutants. Lastly, the postaxial polydactyly that is ob-
served in both p57H19 and H19 mutants was completely
rescued by the reduction in Igf2 expression.

Discussion

This study was prompted by the clinical findings in BWS
that mutations in p57%/"2 and overexpression of IGF2
have each been proposed as causes of the disease. Yet,
the phenotypes of the mouse models for loss of function
of p57%iP2 and loss of imprinting of Igf2 are readily dis-
tinguished (Leighton et al. 1995; Yan et al. 1997; Zhang
et al. 1997). McLaughlin et al. (1996) have shown that
mice containing a UPD of a large portion of the distal
end of mouse chromosome 7 die at 9.5 d.p.c., presumably
as a consequence of the reduced expression of Mash2, a
gene that is required for placental development and is
maternally expressed (Guillemot et al. 1994, 1995). By
creating a mouse model in which only the two candidate
genes are affected, we hoped to gain more precise insight
into the ways in which misregulation of these two ap-
parently unrelated genes could lead to the same disease.

The p57H19 mice exhibited a dramatic increase in the
severity of several BWS phenotypes such as placental
overgrowth and dysplasia and kidney defects. Further-
more, macroglossia, one of the hallmarks of BWS, was
seen in these mice. A direct interaction between the
p57%%2 and Igf2 pathways is implied by the ability of
reduced levels of Igf2 to compensate for the placental
and kidney dysplasias that arise from mutations in
p57%P2 Thus, in the absence of p57%P?, the disorganized
development of those tissues is enhanced in an Igf2-de-
pendent manner. When signaling through Igf2 is re-
duced, the loss of p57%%#2 is no longer detrimental. Thus,
our analysis of p57H19 mice suggests a resolution to the
dilemma of how both loss-of-function mutations in
p5751P2 and gain-of-function mutations in IGF2 can lead
to BWS. That is, in the mouse, the two genes act in an
antagonistic manner in a subset of the tissues in which
they are coexpressed.

A pathway that is affected by both genes is that which
regulates G, cell cycle progression. Both IGFII and p57
are involved in regulating the progression of cells
through the G, /S phase of the cell cycle, with IGFII pro-
moting the G, /S transition (Zhang et al. 1999a) and p57
inhibiting the G, cyclin-dependent kinases (CDKs) (Lee
et al. 1995; Matsuoka et al. 1995). p57 has not been im-
plicated in regulating embryo size, but is involved in the
cell cycle arrest that precedes terminal differentiation of
tissues such as skeletal muscle, lens, and placenta
(Zhang et al. 1997, 1998, 1999b). IGFII, on the other
hand, is a direct regulator of fetal growth, and has been
shown to promote progression through the G, phase of
the cell cycle, possibly through its ability to increase the
level of the G, cyclin D1 (Zhang et al. 1999a). The deci-
sion to proceed through the G,-to-S phase transition is
controlled by the ratio of cyclin/CDK complexes to
CKIs, which determines the overall activity of G;-cy-
clin/CDK complexes. It is possible that the exacerbation
of the p57%P2 phenotype in the presence of excess IGFII

A mouse model for Beckwith-Wiedemann syndrome

and its alleviation when the concentration of the growth
factor is reduced reflects cell-type-specific sensitivity to
CDK activity in placenta and kidney. Excess IGFII in the
absence of p57X%2 could lead to hyperproliferation, as
seen in the placenta, to increased apoptosis, which is
observed in both p57%72 and p57H19 mutant placentas
and kidneys, or to a failure to differentiate, as is sug-
gested by the reduction of medullary cells in the kidney.
Increased apoptosis has also been reported in the palatal
shelves of p57%? single mutants, and presumably re-
sults from alterations in the orderly progression through
cell cycle checkpoints (Yan et al. 1997).

Several p57%P2.dependent phenotypes such as cleft
palate and omphalocele are neither enhanced by overex-
pression of Igf2, nor rescued by its reduction. It may be
that the insensitivity of cleft palate and omphalocele
phenotypes to changes in IGFII levels reflects the fact
that these tissues regulate the CDK-to-CKI levels by use
of growth factors other than IGFIL. On the other hand,
both cleft palate and omphalocele are observed in the
most severe IGFII gain-of-function mouse model, the
Igf2r/H19 double mutant, in which IGFII levels were 7-
to 11-fold higher than normal (Eggenschwiler et al.
1997). These animals also displayed the lens abnormali-
ties and skeletal defects that were seen in the p57%?
mutants but are not associated with BWS. Thus, it may
be that in the presence of p57%2, very high levels of
IGFII are required to alter the CDK-to-CKI balance.

One of the surprising findings in this study was that
the somatic overgrowth that has been shown to be Igf2-
dependent in HI19A13 mice was less pronounced in
p57H19 mice. We considered the possibility that the
lack of somatic overgrowth was due to the failure of the
dysplastic placenta to provide nutrients to the embryo in
the later stages of gestation. However, the subset of
p57H19 mice in which the placenta was relatively nor-
mal were not oversized at birth (data not shown). Fur-
thermore, there was a modest positive correlation be-
tween the degree of placental hyperplasia and the size of
the embryos in general (Fig. 1C). The fact that p57%#?
mutants are reduced in size in the presence of a null
mutation in Igf2 argues that the p57%??> mutation does
not completely desensitize the embryo to changes in
IGFII concentration. Rather, it may be that the approxi-
mately twofold changes in IGFII expression between
p57%P2 p57H19, and p57H19; Igf2 mice do not shift the
ratios of CDKs to CKIs sufficiently to effect a change in
overall growth rate. Of the Cip/Kip family of CKIs, only
p27%P1 has been directly implicated in overall fetal
growth (Deng et al. 1995; Fero et al. 1996; Kiyokawa et
al. 1996; Nakayama et al. 1996).

Our results suggest a model in which p57 and IGFII act
antagonistically in the control of cell proliferation and
development in several tissues affected in BWS patients
including the tongue, kidney, and placenta. The affected
tissues in the mouse are those in which some rate-lim-
iting step is controlled by the two growth regulators,
whereas other tissues, like the liver, presumably utilize
other positive or negative growth signals. Although the
nature of these other pathways are unknown, IGFI has
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been shown to function redundantly with IGFII to pro-
mote cell growth (Efstratiadis 1998). Likewise, several
instances of redundancy between CDK inhibitors have
been observed. For example, p21 and p57 are redundant
for control of muscle and lung development (Zhang et al.
1999b); p27 and p57 are redundant for control of lens
development (Zhang et al. 1998); and p18 and p27 work
together to control pituitary gland, spleen, and thymus
embryonic growth (Franklin et al. 1998). We propose that
BWS phenotypes are observed when the overall balance
of regulators is shifted in favor of proliferation by either
an increase in IGFII, or a decrease in p57. A shift in the
balance of other regulators with differing tissue specifici-
ties would presumably produce a phenotype distinct
from that of BWS.

The fact that the p57H9 double mutant does not com-
pletely recapitulate the BWS phenotype may reflect spe-
cies-specific differences in the tissues in which the two
genes act directly in opposition to one another. Further-
more, because the changes in the cell number in an organ
due to a change in the rate of proliferation is an expo-
nential function, the more rounds of cell division a tis-
sue undergoes, the greater will be the effect of a small
increase in proliferation rate. Because human organs
such as the tongue, kidney, and placenta undergo signifi-
cantly more cell division, a relatively small change in
proliferation rates afforded by p57 loss or increased IGFII
may have a more pronounced effect in humans relative
to the mouse. It is worth noting that this mouse model
would predict that BWS patients with UPD would ex-
hibit more severe defects than patients with different
genetic defects. This has not been observed, however,
presumably because UPDs are often mosaic.

The variability in the phenotypes in the p57H19 mice
is reminiscent of the highly variable phenotypes of BWS
patients (Table 3). The mice in this study were not on
completely inbred backgrounds, and at least some of the
variability we observed could be attributed to genetic
modifiers. Another explanation for the variability in the
human syndrome is suggested by the curious clinical
finding that 10 sets of female identical twins have been
reported who are discordant for BWS (Clayton-Smith et
al. 1992). Although the high level of discordancy is not
understood, it has been suggested that disruptions in epi-
genetic mechanisms such as X-inactivation and imprint-
ing might explain the occurrence, an explanation that
could extend to sporadic cases as well.

In conclusion, the analysis of the defects in p57H19
mice demonstrates that some, but not all, tissues are
highly sensitive to the ratio of p57 and IGFII. Perturba-
tions in the levels of either protein may be sufficient to
generate the variable range of phenotypes in BWS.

Materials and methods

Generation of the p57H19 double knockout

The mutant mice used in this study have been described previ-
ously (DeChiara et al. 1991; Leighton et al. 1995; Zhang et al.
1997). Male p57%»2+/~/H19A13*/~ heterozygotes were crossed
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to C57BL/6] females and the offspring genotyped for the two
mutations by Southern blot analysis of tail DNA as described
previously (Leighton et al. 1995; Zhang et al. 1997). For geno-
typing by PCR, the yolk sac or tail DNA was digested overnight
at 55°C with 10 ng of proteinase K in buffer containing 50 mm
KCl, 10 mm Tris-Cl (pH 8.3), 2 mm MgCl,, 0.45% NP40, and
0.45% Tween 20. The reaction was boiled for 10 min and cen-
trifuged in the microfuge for 10 min. The conditions for H19
and Igf2 PCR reactions have been described previously (Louvi et
al. 1997; Caspary et al. 1998). The p57¥¥2 mutation was de-
tected by PCR under the following conditions: 94°C for 30 sec;
55°C for 58 sec; 72°C for 60 sec for 35 cycles followed by one
cycle of 72°C for 4 min in buffer containing 15 mm MgCl,, 60%
sucrose, and 0.15 mm cresol red. The p57X¥2 primers were as
follows: forward primer, 5'-GCTGCTAAAGCGCATGCTC-3’
and reverse primer, 5'-AGTTCTCTTGCGCTTG-3'.

Growth analysis

Mice were mated, and noon of the day that the vaginal plug was
observed corresponded to 0.5 d.p.c. Embryos and placentas were
collected and weighed, and fixed in 4% paraformaldehyde over-
night. They were washed successively in saline, 50% ethanol,
and 70% ethanol. Organs were dissected from embryos and
weighed, with excess liquid removed on absorbent paper.

Histological analysis

Organs, placentas, or 12.5 d.p.c. embryos were embedded in
paraffin, and cut in 10-um sections. The sections were stained
with hematoxylin and eosin and examined by a pathologist in a
single blind manner.
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