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Maternal sources of transforming growth factor-p1 (TGF-p1) are shown here to contribute 
to the normal appearance and perinatal survival of TGF-p1 null newborn mice. Labeled 
TGF-p1 crossed the placenta and was recovered intact from various tissues after oral 
administration to mouse pups. TGFp-1 protein was also detected in cells recovered from 
breast milk. In immunohistochemical analyses, TGF-p1 null embryos and null newborn 
pups born to TGF-p1 heterozygotes stained positive for TGF-p1, whereas those born to 
a null female were negative and had severe cardiac abnormalities. These results suggest 
an important role for maternal sources of TGF-p1 during development and, more generally, 
provide evidence for maternal rescue of targeted gene disruption in the fetus. 

Targeted disruption of TGF-PI gene ex- 
pression in mice results in diffuse and lethal 
inflammation (I) and provides a valuable 
model of autoimmune disease. TGF-P1 be- 
longs to a large family of proteins known to 
be important for normal development (2); 
this family includes the other TGF-P iso- 
forms (TGF-p2 and TGF-P3 in mammals), 
the activins, inhibins, bone morphogenetic 
proteins, and the Miillerian inhibiting sub- 
stance (3). Although the embryonic ex- 
pression pattern of TGF-P1 mRNA and 
protein suggests that this protein has a vital 
role during development (4, 5), TGF-P1 
null newborns from a cross of TGF-P1 
heterozygotes are indistinguishable from lit- 
termates that are homozygous or heterozy- 
gous for the normal allele. Histological 
abnormalities in TGF-p1 null mice appear 
at 7 days of life, when mononuclear cells 
begin to adhere to vascular endothelium 
and then initiate a progressive inflamma- 
tion involving the liver, lungs, heart, skel- 
etal muscles, and other organs. Both class I 
and class I1 antigens of the major histocom- 
patibility complex (MHC) are aberrantly 
overexpressed in the tissues of TGF-P1 null 
mice (6), which is analogous to the en- 
hanced expression often observed in au- 
toimmune disease (7). 

The absence of a phenotype in TGF-P1 
null newborns has led to the suggestion that 
there is redundancy in the expression of the 
various isoforms of TGF-@ and that TGF- 
p l  is not essential for normal development 
(8). An alternative explanation is that 
TGF-P1 is supplied to the fetus or newborn 
from maternal sources. Transplacental 
transfer has been documented for other 
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growth factors (9), and TGF-P isoforms 
have been detected in human and bovine 
colostrum and in bovine milk (1 0). 

To determine if TGF-P1 is transferred 
from mother to fetus, we injected a 12'1- 
labeled mixture of active and latent TGF- 
p l  into the hearts of pregnant female mice 
that were TGF-P1 heterozygotes (I I). La- 
tent complex was included because it has a 
longer half-life than active TGF-P in vivo 
(1 2). Each fetus was delivered by cesarean 
section at specified time intervals, and la- 
beled protein was immunoprecipitated from 
both maternal and fetal tissues with TGF- 
p l  antiserum (Fig. 1A). Identification of 
labeled protein as TGF-P1 was substantiat- 
ed by the protein's characteristic shift in 
molecular mass from 25 to 12.5 kD when 
analyzed by SDS-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) under nonreduc- 

ing versus reducing conditions. There was a 
time-dependent increase of radioactivity 
(an eightfold increase from 15 to 45 min) 
within fetal tissue (131. . , 

To delineate patterns of incorporation, 
we ~rocessed one fetus from each ex~eri- 
ment for autoradiography. Intracellular lo- 
calization of radioactivity was apparent in 
fetal lung (Fig. 1B) , muscle (Fig. ID), and 
liver tissues. Extracellular localization was 
also evident in areas surrounding hyper- 
trophic chondrocytes in bone (Fig. 1C) and 
in the bone matrix. Thus. TGF-01 crosses 
the placenta to the fetus, where it is taken 
up by cells and bound by extracellular 
matrices. 

Maternal sources of TGF-P1 may also be 
important during the neonatal period. We 
detected approximately equal concentra- 
tions of TGF-P1 (112 to 236 pM) and 
TGF-P2 (128 to 216 pM) in murine milk 
from TGF-p1 heterozygotes at the first 
week postpartum (1 4). In addition, immu- 
nohistochemical studies of cells present in 
mouse milk showed intracellular localiza- 
tion of TGF-P1 (Fig. 2). This observation 
suggests that maternal cells with a biosyn- 
thetic capacity for TGF-P1 [including lym- 
phocytes and macrophages, which are 
transferred to the newborn during suckling 
(15)] could serve as a continuing source of 
this protein. Furthermore, gastrointestinal 
absorption of intact TGF-P1 was observed 
after the administration (by gavage) of ra- 
diolabeled TGF-P1 into the stomachs of 
5-day-old pups. As early as 15 min after 
administration, TGF-P1 was found in neo- 
natal lung, heart, and liver tissues (Fig. 
3A). At 45 min, there was a greater accu- 

Fig. 1. Transfer of 1251-TGF-p1 from mother to fetus. Pregnant female mice (days 15 to 20 of 
gestation, anesthetized with sodium pentobarbital) received an intracardiac injection of 1251-TGF-pl 
(65 ng of active TGF-p1 in physiological saline; specific activity, 1.7 ~Cilpmol) (1 1). (A) Tissues 
from the mother (serum, lung, and liver), fetus, and placenta were homogenized in ice-cold 
immunoprecipitation (IP) buffer [1% Triton X-100, 0.5% sodium deoxycholate, 2 mM phenylmeth- 
ylsulfonyl fluoride (PMSF), and 0.25% SDS]; the homogenates were clarified by centrifugation and 
incubated with rabbit polyclonal antibody to TGF-p1 (1% in IP buffer) overnight at 4°C (this 
antiserum was not affinity-purified and was used only for IP experiments). Protein Mepharose 
beads (Pharmacia) were added during the final 2 hours, after which the beads were washed three 
times with IP buffer. Protein was eluted by boiling in SDS loading buffer, and samples were 
subjected to SDS-PAGE analysis on 4 to 20% tris-glycine gels under both reducing and 
nonreducing conditions (each lane contains equivalent counts per minute). (B through D) 
Localization of maternally transferred 1251-TGF-pl. After administration of labeled TGF-pl , each 
fetus was delivered by cesarean section, fixed in formalin, embedded in paraffin, and sectioned for 
autoradiography. Sections were counterstained with hematoxylin and eosin (H&E). Radioactivity 
was concentrated in areas surrounding blood vessels and airways in the lung (B), in matrix 
surrounding hypertrophic chondrocytes in bone (C), and in muscle (D), in a pattern resembling the 
normal immunohistochemical localization of TGF-p1 in these tissues (magnification, ~1250). 
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mulation of TGF-P1 in the kidney, which 
suggests renal excretion (Fig. 3B). These 
data identify maternal milk as a source of 
TGF-P1 for the neonate. 

The functional importance of maternal- 

Fig. 2. TGF-pl localized in mouse milk cells. 
Lactating TGF-pl heterozygous mothers were 
milked during the first week after delivery of a 
litter; smears and cytospins were prepared 
from milk suspensions. Slides were stained for 
TGF-$1 with the antibody LC(1-30) (4). TGF-p1 
was found intracellularly (A and 8); controls 
stained with normal rabbit serum were negative 
(C and D). Slides were counterstained with 
H&E. (A) and (C), magnification x810; (6) and 
(D), magnification x 1250. 

Fig. 3. Absorption of orally administered TGF- 
81. Mouse pups (5 days old) received 1.5 pCi 
of 1251-TGF-pl in saline through a gastric tube 
and were killed 15 min (A) and 60 min (8) later. 
Tissues were homogenized and processed as 
described in Fig. 1A for immunoprecipitation of 
TGF-pl . 

ly derived TGF-P1 was documented by the 
birth of several TGF-P1 null mice to a 
homozygous null female. Although these 
animals always die before breeding age, 
survival was improved by daily intraperito- 
neal iniections of dexamethasone. which 
suppresses the function of lymphocytes and 
macrophages and reduces the expression of 
MHC antigens (1 6). Improved survival was 
accompanied by histologic evidence of di- 
minished tissue inflammation (1 7), and this 
intervention allowed for successful preg- 
nancy in a single homozygous null female, 
resulting in seven live-born pups. Four were 
homozygous for the mutant allele and died 
within 1 day. All four displayed severe 
cardiac abnormalities (Fig. 4), including 
poorly formed ventricular lumina and dis- 
organized ventricular muscle and valves. 
u 

Notably, these cardiac abnormalities were 
not seen in the three heterozygous pups, 
which suggests that endogenous synthesis of 
TGF-P 1 during embryogenesis can rescue 
the phenotype, even when there are no 
maternal sources of the protein. More im- 
Dortant. these results indicate that in the 
absence of endogenous synthesis, maternal 
sources of TGF-01 are vital for normal 
cardiogenesis and embryonic development. 

Immunohistochemical studies of TGF-P1 
showed substantial differences between null 
mice born to heterozygous females and those 
born to the null female. TGF-01 null mice 
born to heterozygous females showed strong 
staining of TGF-P1 in many tissues, includ- 
ing skeletal muscle (Fig. 4E), whereas a null 
mouse born to the TGF-01 null female 
showed no staining in the same tissues (Fig. 
4F). This finding suggests that maternally 
acquired TGF-P1 protein is partially respon- 
sible for the characteristic staining patterns 
seen during embryogenesis. 

Flg. 4. Abnormal cardiac development in TGF- 
p1 null mice in the absence of maternal TGF- 
81. A TGF-pl null female was treated with daily 
intraperitoneal injections of dexamethasone 
(1.5 mg per kilogram of body weight), starting 
at day 15 of life and mated with a heterozygous 
male. All seven offspring (delivered at day 71 of 
the female's life) were killed and embedded in 
paraffin, and serial, sagittal step-sections of 
their tissues were stained with H&E. IA) Heart 
from a pup heterozygous for the TGF-bi allele. 
(B through D) Hearts from TGF-pl null litter- 
mates. Ventricular lumina were poorly formed; 
this was occasionally accompanied by a disor- 
dered proliferation of myocytes and unusual 
atrioventricular junctions. (i, inferior vena cava; 
s, superior vena cava; v, ventricle; a, atria). (E) 
Skeletal muscle from a TGF-$1 null mouse born 
to a TGF-$1 heterozygous female and (F) skel- 

It is unclear whether active or latent 
TGF-P1 is the most physiologically rele- 
vant form transferred to the fetus and 
whether this protein is transferred in a 
complex with carrier proteins. Immuno- 
globulin G (IgG) has been shown to asso- 
ciate with TGF-P1 in a form that is 
capable of regulating lymphocyte function 
(18). Thus, IgG transferred from mother 
to fetus through the placenta (1 9),  and to 
the neonate through the milk (20), may 
also be an important source of TGF-P 1. In 
addition, there is evidence that maternal 
blood cells are transferred to the fetus 
through the placenta (2 I), which suggests 
that active production of TGF-P1 may 
actually occur within the null fetus. Sim- 
ilarly, maternal leukocytes (delivered to 
the neonate during suckling) have been 
shown to transit both gastric and intesti- 
nal epithelia (1 5) ; these cells may not only 
provide an important component of cellu- 
lar immunity but may be another source of 
TGF-PI. 

Although our data have not defined the 
precise contribution of maternal TGF-P1 
to normal postpartum development, they 
substantiate the hypothesis that maternal 
TGF-P1 is critical for the null fetus. Thus, 
the normal appearance at birth of TGF-P1 
null mice born to heterozygous females 
may not be solely attributable to a redun- 
dant expression pattern of the three 
TGF-P isoforms. Our results do not ex- 
clude a role for redundancy, as we did not 
detect gross abnormalities in organs other 
than the heart in the TGF-P1 null off- 
spring of the null female. The embryonic 
lethality observed in homozygous null 
progeny of TGF-P1 heterozygotes (I)  also 
remains unexplained but suggests the ex- 
istence of other important and apparently 

eta1 muscle from a TGF-p1 null mouse born to the TGF-p1 null female, each stained for TGF-p1. 
Animals were killed, embedded in paraffin, sectioned, and stained for TGF-p1 with the antibody 
LC(1-30) (4). The TGF-$1 null newborns of the null female were negative for TGF-p1 protein (F), 
whereas progeny of TGF-pl heterozygotes were clearly positive (E). (A) through (D), magnification 
x45; (E) and (F), magnification x165. 
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uncompensated functions of TGF-P 1. 
Finally, although targeted gene disrup- 

tion may be a valuable tool for evaluating 
the roles of cytokines, oncogene products, 
and other proteins during embryogenesis, 
our data show that in some instances, a 
gene knockout is not equivalent to a pro- 
tein knockout. The potential contribution 
of maternal protein to the fetal phenotype 
should be considered in other gene disrup- 
tion experiments, particularly those target- 
ing genes that encode secreted proteins. 
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Implications of FRA 16A Structure for the 
Mechanism of Chromosomal Fragile Site Genesis 
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Fragile sites are chemically induced nonstaining gaps in chromosomes. Different fragile 
sites vary in frequency in the population and in the chemistry of their induction. DNA 
sequences encompassing and including the rare, autosomal, folate-sensitive fragile site, 
FRA16A, were isolated by positional cloning. The molecular basis of FRA16A was found 
to be expansion of a normally polymorphic p(CCG), repeat. This repeat was adjacent to 
a CpG island that was methylated in fragile site-expressing individuals. The FRA16A locus 
in individuals who do not express the fragile site is not a site of DNA methylation (im- 
printing), which suggests that the methylation associated with fragile sites may be a 
consequence and not a cause of their genesis. 

Fragile sites are points on chromosomes 
that tend to break nonrandomly when ex- 
posed to specific chemicals or conditions of 
tissue culture. A major group are the rare 
folate-sensitive fragile sites, which segre- 
gate in families in a non-Mendelian manner 
(1). The only fragile sites that have been 
cloned [FRAXA (2) and FRAXE (3)] are in 
this group and are both on the X chromo- 
some. One of these (FRAXA) is associated 
with the most common form of familial 
mental retardation, fragile X syndrome (2). 
The two X chromosome fragile sites are 
unstable p(CCG), trinucleotide repeats ad- 
jacent to CpG islands that become hyper- 
methvlated when the number of co~ies of 
the repeat exceeds certain limits. None of 
the autosomal. folate-sensitive fragile sites 
have .been cloned, and nothing is lkown of 
their 'clinical significance, perhaps because 
none have been reported in homozygous 
form. To gain further understanding of the 
relations between DNA sequence, position 
in the genome, and chemistry of cytoge- 
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netic expression of fragile sites, we have 
characterized the rare folate-sensitive frag- 
ile site (FRA16A) in band p13.11 of human 
chromosome 16. 

A long-range restriction map in the 
vicinity of FRA16A (Fig. 1) was generated 
by means of anonymous DNA sequences. 
These sequences had been localized by 
physical mapping to somatic cell hybrid 
breakpoint intervals (4) and by genetic 
linkage analysis (5). Because differential 
methylation has been observed for the pre- 
viously characterized X-linked fragile sites, 
DNA from normal and FRAI 6A individu- 
als was subjected to restriction endonucle- 
ase digestion with methylation-sensitive 
enzymes (Not I and Bss HII). 

This analysis demonstrated distinct pat- 
terns of digestion for the FRA16A chromo- 
somes associated with clustered Not I and 
Bss HI1 sites, suggesting differential-meth- 
ylation of a CpG island associated with 
expression of the fragile site (6). Yeast 
artificial chromosomes (YACs) containing 
DNA from this region were isolated and 
analyzed for the presence of these clustered 
Not I and Bss HI1 sites (7). One of the 
YACs (769H1) was found to contain these 
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