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Distinct mesodermal signals, including
BMPs from the septum transversum
mesenchyme, are required in combination
for hepatogenesis from the endoderm

Jennifer M. Rossi,’> N. Ray Dunn,® Brigid L.M. Hogan,* and Kenneth S. Zaret>*

'Department of Molecular Biology, Cell Biology, and Biochemistry, Brown University, Providence, Rhode Island 02912,
USA,; >Cell and Developmental Biology Program, Fox Chase Cancer Center, Philadelphia, Pennsylvania 19111, USA;
3Department of Cell Biology, Vanderbilt University Medical Center, Nashville, Tennessee 37232, USA

Mesodermal signaling is critical for patterning the embryonic endoderm into different tissue domains.
Classical tissue transplant experiments in the chick and recent studies in the mouse indicated that
interactions with the cardiogenic mesoderm are necessary and sufficient to induce the liver in the ventral
foregut endoderm. Using molecular markers and functional assays, we now show that septum transversum
mesenchyme cells, a distinct mesoderm cell type, are closely apposed to the ventral endoderm and contribute
to hepatic induction. Specifically, using a mouse Bmp4 null mutation and an inhibitor of BMPs, we find that
BMP signaling from the septum transversum mesenchyme is necessary to induce liver genes in the endoderm
and to exclude a pancreatic fate. BMPs apparently function, in part, by affecting the levels of the GATA4
transcription factor, and work in parallel to FGF signaling from the cardiac mesoderm. BMP signaling also
appears critical for morphogenetic growth of the hepatic endoderm into a liver bud. Thus, the endodermal
domain for the liver is specified by simultaneous signaling from distinct mesodermal sources.
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The vertebrate liver develops from the ventral foregut
endoderm, a multipotent tissue that also gives rise to the
lung, pancreas, and thyroid (Wells and Melton 1999; Za-
ret 2000). Studies of model organisms such as Drosophila
have shown that different regions of the gut are pat-
terned by signals from the overlying mesoderm. For ex-
ample, Dpp, a member of the TGFB/BMP superfamily of
signaling molecules, is secreted from the embryonic fly
mesoderm to promote the differentiation of the gut en-
doderm (Immergliick et al. 1990; Panganiban et al. 1990).
Dpp synergizes with ligands that activate growth factor
receptors in the fly midgut (Szuts et al. 1998). In this
study, we investigated how different mesodermal signal-
ing molecules converge to pattern tissue development
within the mammalian gut.

Transplantation studies with chick and mouse em-
bryos have demonstrated that successive inductive in-
teractions occur between the mesoderm and the endo-
derm to promote hepatic development (LeDouarin 1975;
Houssaint 1980; Fukuda-Taira 1981; Gualdi et al. 1996).
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The first inductive signal, by the 7-8 somite stage, was
shown to originate from the cardiac mesoderm and cause
the activation of liver-specific genes and the prolifera-
tion of the nascent hepatic endoderm (LeDouarin 1975;
Gualdi et al. 1996). Recently, fibroblast growth factors
(FGFs), which are secreted by the cardiac mesoderm,
were shown to be necessary and sufficient for cardiac
induction of liver gene expression and endoderm prolif-
eration in an explant assay (Jung et al. 1999b). Classical
tissue explant studies also revealed a second step of he-
patic induction from the septum transversum mesen-
chyme, a tissue originating from the lateral plate meso-
derm (LeDouarin 1975; Sherer 1975; Fukuda-Taira 1981).
Septum transversum mesenchyme cells contribute to
the epicardium and diaphragm and promote outgrowth
of the liver bud into the septum transversum. The sep-
tum transversum mesenchyme cells are tightly associ-
ated with the cardiac mesoderm and, therefore, could
contribute to the initial stage of hepatic induction as
well. In this study, we investigated the hypothesis that
the septum transversum mesenchyme cells work in con-
junction with cardiac mesoderm to promote the initial
phase of hepatic induction. The work serves as a model
to define how multiple mesodermal signals converge to
pattern the endoderm into different tissues.
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Many developmentally important proteins are ex-
pressed in the mesoderm surrounding the foregut endo-
derm at the time of liver specification. These include
bone morphogenetic proteins (BMPs), of which, BMP2,
BMP4, BMP5, and BMP7 are highly expressed in the car-
diac mesoderm and/or septum transversum mesen-
chyme (Lyons et al. 1989; Winnier et al. 1995; Zhang and
Bradley 1996; Dudley et al. 1999; Solloway and Robert-
son 1999). However, detailed analyses of the specific
sites of BMP expression in relation to the events of hepa-
togenesis have not been performed. The BMP receptors
BMPRIA, BMPRII, and ActRIIA are clearly expressed in
the endoderm (Mishina et al. 1995; Roelen et al. 1997).
BMPs have been shown to foster a variety of epithelial-
mesenchymal interactions (Hogan 1999). For example,
during tooth development, BMP4 from the epithelial ec-
toderm is necessary for Msx1 expression in the nearby
mesenchyme (Vainio et al. 1993). Msx1 expression in the
dental mesenchyme also requires FGF, establishing a
precedent for a combination of the BMP and FGF signal-
ing pathways effecting tissue development (Bei and Maas
1998).

Because of the difficulty in dissociating the septum
transversum mesenchyme from the cardiac mesoderm
or the endoderm, it is conceivable that some of this
mesenchyme tissue was present in the early studies of
cardiac induction of the liver, but not detected as a result
of the lack of a distinct septum transversum marker
(LeDouarin 1975; Gualdi et al. 1996; Jung et al. 1999b).
Using newly discovered septum transversum mesen-
chyme markers, we were able to carefully monitor the
presence of this tissue and find that it is included in
typical explant cultures. Therefore, we investigated the
possibility that the septum transversum mesenchyme
contributes to the initial specification of the liver during
endodermal patterning in conjunction with signals from
the cardiac mesoderm. The results provide a new view of
the classical paradigm of hepatic induction and illustrate
how different mesodermal signals converge on a single
domain of endoderm to promote tissue specification and
subsequent morphogenesis.

Results

Septum transversum mesenchyme cells express Bmp4
at the time of hepatic specification

We used several different approaches to investigate a
possible role for septum transversum mesenchyme cells
in the initial phase of hepatic induction. First, we used a
LacZ reporter gene inserted into the Bmp4 locus; this
null allele faithfully reconstitutes the normal Bmp4 ex-
pression pattern (Winnier et al. 1995; Lawson et al.
1999). At E8.5, Bmp4 was shown previously to be ex-
pressed in the mesodermal regions of the foregut and
hindgut (Jones et al. 1991). We found that at the 8 somite
stage, the time of hepatogenesis, Bmp4©“ is strongly
expressed in the septum transversum mesenchyme as
well as in the cardiac mesoderm (Fig. 1A, stm and cm).
Notably, expression in the septum transversum mesen-
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chyme is particularly strong and is located immediately
adjacent to the ventrolateral endoderm that becomes the
liver. Bmp4™9°“ is not expressed in the prospective he-
patic region of the ventral foregut endoderm itself (Fig.
1A, fe). At E9.5, BMP4 continues to be highly expressed
in the septum transversum mesenchyme into which the
liver bud is migrating (Fig. 1B, stm and see sections in
Fig. 2B,C, below).

As a second approach to investigate whether the sep-
tum transversum cells are present during hepatic induc-
tion, we examined tissue explants of ventral foregut en-
doderm that were shown previously to induce a liver
phenotype when exposed to either cardiac mesoderm or
FGF (Gualdi et al. 1996; Jung et al. 1999b). In cocultures
of ventral foregut endoderm with cardiogenic mesoderm
isolated from the 2-6 somite stage, the cardiac cells prog-
ress to the beating stage within a day of culture and are
readily distinguished (Gualdi et al. 1996).

Studies of Mrgl, a new septum transversum mesen-
chyme marker, recently revealed its expression in the
mesenchyme cells closely apposed to the prospective he-
patic endoderm (Dunwoodie et al. 1998). Our in situ hy-
bridization revealed extensive Mrgl-positive cells per-
meating the endodermal portion of foregut endoderm-
cardiac mesoderm cocultures (Fig. 1C, arrows pointing to
purple patches); the sense strand control probe revealed
no signal (Fig. 1D). Similarly, an antisense probe revealed
Bmp4-positive cells intermingled with portions of the
endoderm (Fig. 1E, arrows pointing to orange patches), as
did B-galactosidase expression in a foregut endoderm-
cardiac mesoderm explant from a Bmp4*“* embryo (Fig.
1F, green-blue patches). Most significantly, endodermal
explants isolated free of cardiogenic mesoderm, as judged
by the absence of beating cardiac cells, exhibited a con-
siderable number of B-galactosidase-positive cells from
Bmp4"2°“ embryos (Fig. 1G, green-blue patches). There-
fore, we believe that in our endodermal explants from
mouse embryos, and perhaps in earlier studies with the
chick, septum transversum mesenchyme cells accom-
pany the definitive endoderm cells and could play an
inductive role for the liver. Such cells would be insuffi-
cient to induce hepatogenesis, however, because these
foregut endoderm-septum transversum mesenchyme
cultures neither express hepatic genes nor exhibit much
outgrowth in the absence of cardiac mesoderm or FGF
(Gualdi et al. 1996; Jung et al. 1999D).

BMP4 null embryos exhibit a marked delay
in liver bud formation

The lack of BMP4 becomes lethal in homozygous mu-
tant mice between 6.5 and 9.5 days of gestation, depend-
ing on the genetic background (Winnier et al. 1995;
Dunn et al. 1997; Lawson et al. 1999). To study the role
of BMP4 in early liver development, we used a Black
Swiss x 129 background, in which Bmp4 homozygous
null embryos die at about 9.5 days of gestation (Lawson
et al. 1999). Histological sections show that at the 12-13
and 17 somite stages (E9.0), as for wild-type embryos

GENES & DEVELOPMENT 1999


http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cship.org on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press

Rossi et al.

Figure 1. Bmp4'®? expression in the
mouse embryo and explant cultures. (A)
At the time of hepatic specification, [8 so-
mite stage, Bmp4~““? is expressed in the
cardiac mesoderm (cm) and more strongly
in the septum transversum mesenchyme
(stm), but is absent in the ventral foregut
endoderm (fe). By 9.5 d of gestation, the
liver bud has migrated away from the cm,
and into the stm, which continues to ex-
press Bmp4*e¢Z (B). (C) In situ hybridiza-
tion with an antisense probe to Mrgl (D,
sense control). Mrgl is expressed in ex-
plant cultures from 8.25 d mouse embryos,
indicating that stm tissue is present in the
cultures (beating cardiac cells in the cul-
ture are circled with a broken line). BMP4
is expressed in the cultures as well, both
within the beating cardiac cells and the
mesenchyme, as indicated by in situ hy-
bridization (E). The same Bmp4 expression
pattern was observed within beating car-
diac tissue and mesenchyme in Bmp4teZ
mouse explants (F) and in the mesen-
chyme of cultures that do not contain
beating cells (G).

X

(Kaufman 1992), the foregut endoderm of Bmp4~“° het-
erozygous embryos begins to thicken adjacent to the
mesenchyme of the septum transversum (Fig. 2A,B, ar-
rowhead). The septum transversum mesenchyme cells
clearly express BMP4 at this time, as demonstrated by
B-galactosidase staining (Fig. 2B, arrow), whereas BMP4
is not expressed in the foregut endoderm itself at this
stage (Fig. 2A,B; arrowheads). By the 22 somite stage, the
hepatic endoderm has migrated into the BMP4-express-
ing septum transversum mesenchyme (Cascio and Zaret
1991) and some, but not all, of the latter tissue expresses
BMP4 (Fig. 2C, arrow).

BMP4 homozygous null embryos at the 14-17 somite
stages do not display the same thickening of the foregut
endoderm observed in the Bmp4 heterozygotes. Rather,
the foregut endoderm remains as a single layer of epithe-
lium at this stage (Fig. 2D, arrowhead). Interestingly,
morphological analysis of some Bmp4 mutants revealed
ectopic expression of the Bmp4~?““ gene in the foregut
endoderm (Fig. 2D, blue-green staining cells at arrow-
head). Others have also observed evidence for regulation
of BMP gene expression by BMP signaling (Vainio et al.
1993).

By the 20 somite stage, some thickening of the foregut
endoderm is evident in BMP4 homozygous null embryos
(Fig. 2E, arrow). However, a distinct liver bud has not
developed like that observed for heterozygous and wild-
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type embryos. Therefore, we detect a morphological de-
lay in liver bud formation in the Bmp4 null embryos.

To explore the role of BMP4 in hepatogenesis further,
early liver bud tissue was dissected from mid-teen so-
mite stages of Bmp4 homozygous null and heterozygous
embryos and subjected to RT-PCR analysis for albumin
mRNA. The albumin gene is among the first liver-spe-
cific markers to be induced during normal mouse liver
development (Gualdi et al. 1996). Albumin mRNA was
present in tissues from embryos of all Bmp4 genotypes
(Fig. 2F). Thus, the initial induction of hepatic gene ex-
pression takes place in the absence of BMP4 protein, de-
spite the retardation of morphological outgrowth. In the
limited number of embryos assayed, the levels of albu-
min mRNA, relative to the actin internal control, were
lower in homozygous than in heterozygous embryos.
This effect is probably due to there being fewer hepatic
cells at the same stage in the null embryos (Fig. 2, cf. B
and D).

BMP signaling is required for endodermal induction
of albumin gene expression

As noted in the introductory section, multiple BMPs are
expressed in the ventral foregut region. BMP2, in particu-
lar, is highly expressed at this time, in a pattern similar
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to BMP4 (Lyons et al. 1989; Furuta and Hogan 1998).
Significantly, BMP2 and BMP4 share 92% amino acid
identity and common receptors and exhibit similar em-
bryonic lethal homozygous null phenotypes (Zhang and
Bradley 1996). To investigate the possibility of redun-
dant BMP signaling, explants of ventral foregut endo-
derm, septum transversum mesenchyme, and cardiac
mesoderm from 2-6 somite embryos were cultured in
the presence of the Xenopus noggin protein (Xnoggin)
(Smith and Harland 1992). This tissue explant system
allows hepatic induction of the endoderm to occur in
vitro (Gualdi et al. 1996). Noggin is an extracellular an-
tagonist that binds to BMPs and prevents them from
binding to their receptors (Zimmerman et al. 1996). Ini-
tial experiments were with ventral foregut explant cul-
tures treated with purified Xnoggin; later experiments
utilized a Chinese hamster ovary (CHO) cell supernatant
collected from cells overexpressing Xnoggin or a control
cell line (generously provided by R. Harland, UC Berke-
ley). After 48 h in culture, RNA was isolated from the
explant colonies and assayed by RT-PCR for albumin
gene induction. Because other early liver genes, such as
a-fetoprotein and transthyretin, are expressed at a low
level in the undifferentiated gut endoderm, but albumin
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Figure 2. Delay in liver bud morphology in
BMP4 homozygous null embryos. Transverse
paraffin sections of Bmp4l9? heterozygous
embryos (A-C) and homozygous null embryos
(D,E) showing the developing liver bud region.
All sections at the same magnification. Twelve
somite stage BMP4 heterozygous null embryos
display a thickening of the hepatic endoderm
(A, arrowhead), and this tissue begins to move
into the septum transversum mesenchyme (ar-
row) by the 17 somite stage (B). At 22 somites,
a liver bud (LB) is distinguishable embedded
within the stm (C). By contrast, 14-17 somite
Bmp4 null embryos do not display the thick-
ening of the foregut endoderm (arrowhead) evi-
dent in Bmp4 heterozygotes of comparable
stage (D), but the foregut endoderm (arrow-
head) does begin to thicken by the 22 somite
stage (E). Therefore, there is a marked delay in
formation of the liver bud of BMP4 homozy-
gous null embryos. (F) RT-PCR analysis of he-
patic regions (liver bud plus surrounding mes-
enchyme, lanes marked LB) from mid-teen so-
mite stage embryos indicates the presence of
albumin in both Bmp4 heterozygous and ho-
mozygous null embryos. Neural head tissue
(lanes marked H), which does not express
BMP4, isolated from the same embryos is used
as a negative control.

is not, we view albumin expression as a more discrete
marker of hepatic induction (Gualdi et al. 1996; Jung et
al. 1999b).

When eight explant colonies were cultured in 200 ng/
mL purified Xnoggin protein, six of them failed to induce
albumin mRNA, relative to the actin internal control
(see three samples in Fig. 3A, lanes 1-3), whereas two
explants exhibited albumin expression nearly equal to
actin levels (data not shown). By contrast, 9 of 10 un-
treated cultures exhibited levels of albumin expression
equal to or greater than actin (Fig. 3A, lanes 4,5). Treat-
ment of explant cultures with Xnoggin-containing super-
natant also resulted in a dramatic inhibition of albumin
gene induction; 17 of 27 explants failed to express albu-
min and 4 of 27 explants displayed markedly lower levels
of albumin, relative to the actin internal control (low,
Fig. 3B, left panel). By contrast, 19 of 23 explants cul-
tured in the presence of control CHO cell supernatant
expressed albumin levels equal to or greater than an ac-
tin internal control (medium and high levels, respec-
tively, Fig. 3B). The control results were comparable
with the range observed in the absence of CHO cell su-
pernatant in the medium (Gualdi et al. 1996). The results
indicate that BMP signaling is required for albumin gene
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Figure 3. BMP signaling is required for hepatic specification in
vitro. Foregut endoderm, cardiac mesoderm, and septum trans-
versum mesenchyme tissue was dissected from 2-6 somite
stage mouse embryos and cultured for 48 h in the presence of
CHO cell supernatant containing noggin protein or control su-
pernatant. (A) RT-PCR for albumin gene expression was per-
formed on RNA isolated from the explants. Treatment with
noggin (lanes 7-3) resulted in diminished albumin levels, com-
pared with an actin internal control. By contrast, explants cul-
tured in the presence of control CHO supernatant (lanes 4,5)
expressed albumin in all cases, usually at levels higher than an
actin internal control. (B) The data represented graphically il-
lustrate a summary of multiple experiments; N, number of ex-
plants expressing no, low, medium, or high levels of albumin
mRNA, relative to actin. Low, markedly lower levels of albu-
min than actin; medium, equal levels; high, higher levels of
actin than albumin. (C) RT-PCR analysis of explants of foregut
endoderm and cardiac mesoderm were cultured 48 h in CHO
supernatant, noggin, or control, with the addition of exogenous
factors.

expression in the explant assay. We speculate that the
inability of noggin to inhibit albumin expression in all of
the explants is likely due to the requirement of Xnoggin
to penetrate through multiple layers of cells to antago-
nize BMPs, as will be addressed below.

To explore the specificity of BMP signaling, explants
of foregut endoderm, septum transversum mesenchyme,
and cardiac mesoderm tissue were cultured in the pres-
ence of CHO cell supernatant from Xnoggin-expressing
cells or from the control CHO cell line, along with added
BMP2, BMP4, BMP7, or BMP9. Five of six BMP2-treated
colonies, six of eight BMP4-treated colonies, and two of
two BMP7-treated colonies, all with BMPs at 200 ng/mL,
expressed levels of albumin equal to or greater than the
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actin control (Fig. 3C, lanes 1-4). Therefore, these BMPs,
which are expressed in the ventral foregut region (Furuta
et al. 1998), are individually able cause albumin induc-
tion in noggin-inhibited explants. BMP9, which is ex-
pressed after liver bud formation (Song et al. 1995), was
able to rescue noggin inhibition of albumin in only three
of six colonies (Fig. 3C, lane 5). One of two colonies
treated with TGF-B1 rescued albumin expression (Fig.
3C, lanes 6,7). In limited experiments in which BMPs
were added at a 50 ng/mL concentration to noggin-
treated explants, BMP2, but not BMP4, BMP9, or TGF-32
(data not shown) efficiently caused albumin induction.
Together, these data support the hypothesis that redun-
dancy in BMP signaling contributes to the delayed liver
bud phenotype in the Bmp4 homozygous null mice, and
suggest that BMP2, expressed in the ventral foregut re-
gion, can partially compensate for the absence of BMP4.,

BMP activity is required for the initial induction
of the albumin gene induction and the exclusion
of expression of a pancreas gene

Next, we asked whether exogenous FGF signaling could
induce hepatic gene expression when BMP signaling is
blocked. Explants containing ventral foregut endoderm,
septum transversum mesenchyme, and cardiac meso-
derm were treated with Xnoggin and 5 ng/mL FGF2, and
cultured for 2 d. RT-PCR analysis of RNA isolated from
the explant cultures revealed that FGF2 was not able to
efficiently restore albumin gene induction, as only two
of eight explants exhibited albumin expression (Fig. 3C,
lane 8). This low frequency is similar to the 4 of 27 nog-
gin-treated cultures that were shown to express normal
levels of albumin, probably reflecting the inefficiency of
noggin accessibility to the mesenchyme. Therefore, nei-
ther cardiac mesoderm nor FGF2 are able to induce or
maintain albumin gene expression in the absence of
BMP signaling. These results show that the function of
BMP is not solely to induce FGFs in the cardiac meso-
derm.

We took two approaches to determine whether BMP is
an inducing factor, essential for initial liver gene expres-
sion, or whether BMPs are responsible for maintaining
albumin gene expression after hepatic specification.
First, explants containing foregut endoderm, septum
transversum mesenchyme, and cardiac mesoderm were
isolated from 3-6 somite mouse embryos, prior to he-
patic induction and cultured in vitro to determine the
time required for albumin expression to be initiated. We
found that 8 of 10 RNA samples isolated from colonies
cultured between 10 and 13.5 h expressed albumin,
whereas none of the explant colonies assayed after only
6.5 h expressed albumin (Fig. 4A). Therefore, induction
of albumin gene expression requires 10-13 h in culture,
compared with the @4-8 h it would take in vivo (Gualdi
et al. 1996). According to models in which BMPs are
required only for the maintenance of albumin expres-
sion, albumin induction might be initiated, then dimin-
ish in the presence of noggin. However, when explants
were cultured in CHO-noggin containing supernatant for
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Figure 4. BMPs are necessary for primary hepatic induction.
(A) Explants of foregut endoderm and cardiac mesoderm were
isolated at the designated time points and assayed for albumin
expression by RT-PCR. (B) RT-PCR data demonstrate the el-
evation of pdx-1 expression simultaneously with the suppres-
sion of albumin expression, in noggin-treated cultures, com-
pared with the control. (C) RT-PCR data of endoderm cultured
alone demonstrate that BMP and TGFB2 were not efficient in-
ducers of albumin gene expression in cultures of ventral foregut
endoderm in the absence of cardiac mesoderm, whereas FGF2
was efficient.

10-23 h, only one of seven colonies (isolated at 23 h) was
albumin positive by RT-PCR analysis. Apparently,
when BMP signaling is inhibited, albumin expression is
not initiated, indicating that BMPs play a role in the
initial induction of the gene.

As a second approach to investigate how early BMP
signaling is required for hepatogenesis, we evaluated the
effect of noggin on pancreatic gene induction within the
endoderm. Deutsch et al. (2001) showed recently that,
when liver specification does not occur within the ven-
tral foregut endoderm, pancreas gene activation is ob-
served. If BMPs are required only for the maintenance of
liver gene expression, then noggin treatment would not
affect the initial decision of liver versus pancreas gene
activation. To investigate these possibilities, we evalu-
ated the expression of pdx-1, encoding an essential ho-
meobox-containing transcription factor and among the
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first pancreatic genes to be activated (Jonsson et al. 1994;
Guz et al. 1995; Offield et al. 1996). We find that in the
presence of CHO-noggin, pdx-1 is activated, while albu-
min is not, whereas in the presence of control superna-
tant, albumin is expressed and pdx-1 is not (n = 4, Fig.
4B). These data are consistent with BMP signaling play-
ing a primary role in hepatic induction by helping FGF to
exclude a pancreatic fate within the ventral endoderm.

Finally, we determined whether exogenous BMPs can
induce albumin gene expression in cultures of foregut
endoderm and septum transversum mesenchyme in the
absence of cardiac mesoderm. Explants from 2-6 somite-
stage mouse embryos were cultured with BMP4, BMP9Y,
TGFR2, or FGF2. Of a total of seven colonies treated
with different concentrations of BMP4, six failed to ex-
press albumin after 48 h in culture (Fig. 4C, lane 2). Simi-
larly, TGFB2 and BMP9 were not efficient albumin in-
ducers (Fig. 4C, lanes 1,3). By contrast, five of five colo-
nies treated with FGF2 at 5 ng/mL were albumin
positive (Fig. 4C, lane 4). Taken together, the above data
show that cardiac mesoderm or FGF are needed in com-
bination with BMP signaling from the septum transver-
sum mesenchyme to induce hepatogenesis within the
endoderm.

BMP signaling positively regulates GATA4 gene
expression in hepatic endoderm

The albumin gene enhancer has essential binding sites
for the transcription factors HNF3, GATA4, NF-1, and
C/EBP (Herbst 1989; Liu et al. 1991; Bossard and Zaret
1998). One mechanism by which BMPs may control liver
gene expression is via regulation of these factors. Recent
studies have demonstrated that in some circumstances,
BMPs are able to induce the expression of GATA factors
(Maeno et al. 1996; Andree et al. 1998; Monzen et al.
1999). In vivo footprinting studies showed that a GATA
site is occupied at the albumin transcriptional enhancer
in undifferentiated endoderm, leading to the suggestion
that this factor endows cells with the competence to
activate liver genes in response to inductive signals
(Bossard and Zaret 1998; Zaret 1999). To determine
whether BMPs regulate GATA4 gene expression in na-
scent hepatic endoderm, in situ hybridizations were per-
formed with GATA4 antisense and sense riboprobes.
Ventral foregut explants cultured with control CHO
cell supernatant and hybridized to the gata4 antisense
riboprobe revealed the presence of GATA4 mRNA in
both the cardiac mesoderm and surrounding tissue re-
gions, including foregut endoderm (Fig. 5A, see arrows
pointing to reddish patches). This pattern agrees with the
expression of Gata4 in these tissues in intact embryos
(Arceci et al. 1993; Laverriere et al. 1994). Interestingly,
three of four explants cultured in the presence of noggin
exhibited virtually no hybridization to the Gata4 anti-
sense riboprobe (Fig. 5B), like the sense riboprobe con-
trols (Fig. 5C). These data show that BMP signaling is
critical to maintain the expression of a transcription fac-
tor that is essential for expression of albumin and other
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Figure 5. GATA4 expression dependent on BMP signaling. (A)
In situ hybridization with a GATA4 antisense probe detects
significant GATA4 expression in explant colonies (arrows to
purple patches). (B) When colonies are cultured in the presence
of noggin, there is a drastic reduction of GATA4 expression, to
the background level seen in the sense control (C).

liver genes and, therefore, may play a role in hepatic
developmental competence of the endoderm.

BMP4 plays a role in outgrowth and migration
of nascent hepatic cells

As hepatic cells colonize the septum transversum mes-
enchyme, both move toward the midgut, caudal to the
developing heart. In explants cultured for 48 h, this is
manifest in the proliferation and outgrowth of the fore-
gut endoderm, away from the cardiac area of the culture
(Jung et al. 1999b). When explant cultures from
Bmp4"2°“ heterozygous embryos are fixed and stained
after only 24 h, the BMP4-expressing region of the cul-
tures is near to, and predominantly overlapping with, the
beating cardiac cells (Fig. 6A, see green-blue stained
patches of B-galactosidase-positive cells and orange-
circled cardiac cells). In these cultures, the endodermal
portion has already begun to move away from the cardiac
domain (Fig. 6A, black arrows). Interestingly, after 48 h,
the BMP4-expressing region of the culture is now distant
from the beating cardiac cells (Fig. 6B, green-blue
patches, see arrows representing cell movement). This
phenotype appears to recapitulate the movement of the
septum transversum mesenchyme cells and hepatic en-
doderm away from the cardiac domain, as seen in vivo.

When wild-type explants of ventral foregut endoderm,
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septum transversum mesenchyme, and cardiac meso-
derm tissue were cultured in the presence of noggin,
there was no inhibition of morphological outgrowth (Fig.
6C, note large blue-circled area). Note that it was not
feasible to add more noggin, because control CHO super-
natant began to generally inhibit growth if several-fold
higher concentrations were used. Bmp4 null explants in
the absence of noggin similarly exhibited normal growth

BMP4-LacZ +/- tissues
A. 24 hours

B. 48 hours

o= = 7 oy R
of g B
, :
' N |

i_.'=epithelial cells | = cardiac cells ~ = cell movements

48 hour cultures:
C. BMP4 +/+ + noggin D. BMP4 -/- control

.

G. BMP4 -/-
+ noggin

F. BMP4 +/-
+ noggin

E. BMP4 +/- control

- I R -

Figure 6. BMP signaling required for morphogenetic growth in
vitro. B-Galactosidase staining for Bmp4 expression at 24 h (A)
and 48 h (B), indicates that by 48 h the BMP4-expressing do-
mains of the explant have moved away (arrows) from the beat-
ing cardiac cells (circled), similar to the movement of nascent
hepatocytes and the septum transversum mesenchyme in em-
bryos. The thickest tissue areas appear brown. B-Galactosidase
staining of explant colonies indicates that wild-type (C) ex-
plants treated with noggin and Bmp4 heterozygous explants
treated with control supernatant (F) exhibit a typical spreading
morphology. Heterozygous Bmp4 explants cultured in noggin
(E), or Bmp4 null explants in noggin (D) do not flatten and re-
main rounded, indicating a dependency on BMP signaling for
morphogenetic growth.
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(Fig. 6D). However, if BMP signaling is redundant and if
liver bud outgrowth is highly sensitive to low BMP con-
centrations (e.g., Fig. 2D,E), the amount of noggin pro-
tein we used might not penetrate between cells of the
wild-type explant sufficiently to completely inhibit BMP
signaling. To test this hypothesis, we evaluated the out-
growth of explants from heterozygous Bmp4“““ em-
bryos cultured in the presence of noggin. Note that het-
erozygous and homozygous Bmp4©?““ explants cultured
in the presence of control CHO supernatant exhibited
the normal, flattened outgrowth of the endodermal epi-
thelium, and the B-galactosidase-positive cells moved
away from the cardiac area by 48 h in culture (Fig. 6C,E).

Strikingly, both Bmp4~?°“ heterozygous and Bmp4
null explants exhibited an aberrant morphology when
cultured in the presence of Xnoggin (Fig. 6F,G). These
colonies did not flatten or spread like the wild-type tis-
sues; rather, they remained rounded and condensed
throughout the culture period. In the presence of the
BMP antagonist, wild-type explants apparently still re-
ceive a sufficient level of BMP to promote morphogen-
esis (Fig. 6C). The Bmp4"“°“ heterozygous embryos ex-
press half the levels of BMP4, and the addition of Xnog-
gin apparently reduces BMP levels so low that a
morphogenic response is not achieved (Fig. 6E). BMP sig-
naling, therefore, is necessary for the morphological
changes that follow the initial specification of hepato-
cytes.

Discussion

The role of the cardiac mesoderm in hepatic speci-
fication has been well documented and serves as a gen-
eral paradigm for the induction of organ development
(LeDouarin 1975; Houssaint 1980; Fukuda-Taira 1981;
Gualdi et al. 1996; Jung et al. 1999b). Although chick
embryo transplant studies established a critical role for
septum transversum mesenchyme tissue in secondary
phases of hepatic induction, the contribution of this tis-
sue to the earliest induction step has not been investi-
gated (LeDouarin 1975; Sherer 1975). In this study, we
re-evaluated the original hypothesis that cardiac meso-
derm was necessary and sufficient to induce the liver and
demonstrated a role for the septum transversum mesen-
chyme in this process. The septum transversum mesen-
chyme is in close contact with the ventral foregut endo-
derm at the time of hepatic specification and is a source
of BMPs. BMPs have been shown to act in a multitude of
developmental processes, especially fostering interac-
tions between tissue layers (Hogan 1996). Therefore, we
conclude that liver induction from the endoderm, and
pancreas exclusion (Deutsch et al. 2001), is the product
of signaling from two distinct mesodermal sources, the
cardiogenic mesoderm and the septum transversum
mesenchyme.

To detect septum transversum cells in explants, we
used two markers; Mrgl, which is specific for septum
transversum mesenchyme (Dunwoodie et al. 1998) and
Bmp4, which is expressed at particularly high levels in
this tissue (Winnier et al 1995). By in situ hybridization,
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we found both markers present in explant domains that
had previously been considered to be endoderm alone.
Bmp expression persists in the septum transversum as
the newly specified hepatocytes migrate into that mes-
enchyme, to form the liver bud (Winnier et al. 1995).
Therefore, we investigated the contribution of BMP sig-
naling to both the initial specification and the subse-
quent morphogenetic phase of liver development.

Although Bmp4 homozygous null embryos began to
develop a liver bud, there was a significant delay in the
formation of the liver primordium. Bmp2, which is very
similar in sequence to Bmp4, is expressed in a similar
pattern in the mesenchyme surrounding the foregut and
in the cardiac mesoderm, and could potentially compen-
sate for Bmp4 in homozygous null embryos (Lyons et al.
1989). Bmp2 homozygous null embryos die by E9 from
cardiac defects and the absence of an amnion (Zhang and
Bradley 1996). Because lethality in either null Bmp2 or
null Bmp4 embryos occurs shortly after the time of hepa-
togenesis (Winnier et al. 1995; Zhang and Bradley 1996),
the advantage of our explant assay is that we can isolate
the tissues earlier and bypass secondary effects seen in
later stage null embryos. Redundancy in BMP signaling
during development has been shown to effect pheno-
types in several different Bmp null mice (Dudley et al.
1999).

Although our noggin-antagonized explant experiments
demonstrated that BMPs are necessary to induce albu-
min gene expression, we conclude that BMPs are not
sufficient for such induction. This is because foregut en-
doderm and septum transversum mesenchyme, cultured
with exogenous BMP but without cardiac mesoderm or
FGF, does not efficiently progress to an albumin-express-
ing stage. In other experiments presented here and pub-
lished previously, FGFs were shown to induce albumin
gene expression in endoderm tissue cultured alone (Fig.
4C; Jung et al. 1999b). The present study now shows that
these FGF-treated explants almost certainly contained
mesenchymal cells that produced BMP. We had noted
previously that such explants usually contained fibro-
blastic cells, but the function of these cells was un-
known (Gualdi et al. 1996; Jung et al. 1999b; Deutsch et
al. 2001). Further support of the requirement of BMPs
was gained through the experiment in which ventral
foregut endoderm explants treated with noggin were
shown to be deficient in response to FGF2 (Fig. 3C).

Consistent with the notion that BMPs are involved in
the primary induction of liver, we found that in noggin-
treated explants, the early pancreatic marker, pdx-1, was
activated. This observation reflects the recent finding
that when ventral foregut endoderm is not induced to
become liver, it expresses pancreas genes as a default
developmental program (Deutsch et al. 2001). However,
BMP signaling must not be inhibitory to pancreas speci-
fication, per se, because in the absence of cardiac meso-
derm or FGF, endoderm surrounded by BMP-positive
mesenchyme initiates pancreas development. Thus,
BMPs probably help endow the endoderm with the com-
petence to respond to FGF signals, when the latter are
induced in the cardiac mesoderm (Jung et al. 1999Db). We
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Figure 7. Model for the roles of BMPs in hepa-
togenesis. Our data suggest that BMPs affect
various phases of early of liver development.
The septum transversum mesenchyme is in
close contact with the presumptive hepatic en-
doderm, prior to hepatic induction by cardiac
mesoderm (left). BMPs induce or maintain
Gatad expression in the foregut endoderm,
which may impart hepatic competence. BMPs
then act in combination with FGFs to promote
liver gene expression and inhibit pancreas gene
expression during endodermal patterning (cen-
ter). Finally, BMPs expressed in the septum
transversum mesenchyme are required for
proper movement of the hepatoblasts into that
tissue (right).

cardiac

conclude that BMPs influence cell fate decisions in the
early foregut and that the septum transversum mesen-
chyme plays an earlier role in hepatogenesis than previ-
ous studies suggested (LeDouarin 1975; Fukuda-Taira
1981).

The synergistic effect of a combination of BMP and
FGF signaling has been described for many developmen-
tal processes, including limb, lung, bone, tooth, and so-
mite development (Niswander and Martin 1993; Ono et
al. 1996; Neubuser et al. 1997; Buckland et al. 1998; Me-
rino et al. 1998; Jung et al. 1999a), and the data reported
here suggest that these factors operate coordinately dur-
ing liver development as well. Barron et al. (2000) re-
cently expanded on their previous finding that, together,
BMP2 and FGF4 are able to induce cardiac differentiation
via regulation of the transcription factors ¢Nkx2.5 and
SRF, in nonprecardiac mesoderm from stage 6 avian em-
bryos (Sugi and Lough 1995). They showed that ectopic
cardiac induction occurs after addition of BMP2 or BMP4
only, and not other BMPs, activin A, insulin, or LIF.
Similarly, cardiogenic differentiation is attained only
with FGF2 and FGF4; and other factors including FGF7,
activin A, and insulin could not substitute for these
FGFs. Thus, both FGF2/FGF4 and BMP2/BMP4 were
necessary for cNkx2.5 and SRF expression (Barron et al.
2000).

Previous work in our laboratory identified a region of
the albumin gene transcriptional enhancer that confers
liver-specific gene expression and contains a binding site
for a GATA factor (Bossard and Zaret 1998). Further-
more, Gata4 homozygous null mice display defects in
ventral foregut development (Kuo et al. 1997; Molkentin
et al. 1997) and GATAA4 is intrinsically required for en-
doderm development (Narita et al. 1997). BMPs have
been shown to regulate expression of GATA factors in
other systems, for example, normal vertebrate hemato-
poeisis requires GATA2 transcription factor activity,
which is up-regulated in ventral mesoderm by BMP4
(Maeno et al. 1996). This study also showed that BMP4
from one germ layer regulates Gata2 expression in an
adjacent germ layer, similar to our finding that BMPs in
the mesenchyme control Gata4 expression in the neigh-
boring endoderm.

Bmp4"9°“ heterozygous null in vitro foregut explant
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cultures mimic the morphological movements occurring
in the embryo, as the septum transversum mesenchyme
begins to pull away from the cardiac mesoderm and to-
ward the midgut, following hepatic specification. Het-
erozygous or homozygous null Bmp4 embryo explants
cultured in the presence of noggin do not exhibit the
typical flat, spreading morphology seen in the wild-type
explants or heterozygous explants without noggin treat-
ment. Rather, these tissues remain in a compact mass.
These in vitro results reflect the delay in liver bud for-
mation observed in the homozygous Bmp4 null em-
bryos.

In conclusion, we propose that liver development is
controlled coordinately by BMPs and FGFs from two dis-
tinct mesodermal sources, the septum transversum mes-
enchyme and cardiac mesoderm (Fig. 7). Expression of
the essential transcription factor GATA4 in the foregut
endoderm requires BMP signaling, suggesting that BMP
acts in hepatogenesis via a pathway involving this tran-
scription factor. Because BMPs are expressed in the sep-
tum transversum mesenchyme prior to hepatogenesis
and because GATA4 is detected in presumptive hepatic
endoderm, BMPs appear to impart hepatic competence
to the endoderm. We suggest that BMPs contribute to
endodermal patterning by allowing the endoderm to in-
duce liver gene expression in response to FGFs, and con-
sequently prevent induction of the pancreas lineage.
Morphological defects are detected in noggin-antago-
nized explants from Bmp4 null embryos as well as in
heterozygous Bmp4 embryos, demonstrating a role for
BMPs in formation of the liver bud. This work extends
the classical view of septum transversum mesenchyme
in liver development to include roles in the endowment
of hepatic competence and the initial specification of
liver gene expression, in addition to liver bud morpho-
genesis. Further detailed analyses of mesodermal signal-
ing sources will facilitate our understanding of how dif-
ferent tissues arise from multipotent gut endoderm.

Materials and methods

Embryo tissue isolation, tissue culture, and RNA analysis

C3H (C3H/HeNTac-MTV~) and Black Swiss (Tac:N:NIHS-BC)
mice were obtained from Taconic (Germantown, NY).
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Bmp4*2“ mice were generated as described (Dunn et al. 1997,
Lawson et al. 1999). Noon of the day of the vaginal plug is 0.5 d
post coitum. Embryo tissues were harvested at day 8-8.5 and
staged according to Theiler (Theiler 1989). Embryo tissues were
dissected in 1x PBS under a 60x dissecting microscope with
electrolytically etched tungsten needles as described (Hogan et
al. 1994; Gualdi et al. 1996). Explants were cultured in 8-well
glass microwell slides (LabTek) coated with type I rat tail col-
lagen (Collaborative Biomedical Products) in DMEM (BRL) con-
taining 10% calf serum (Hyclone). Cultures were maintained at
37°C and 5% CO, air. RNA was isolated by cesium chloride
gradient centrifugation and subjected to RT-PCR with actin and
albumin primers as described (Gualdi et al. 1996; Jung et al.
1999b). Actin primers for PCR were added to the reactions after
6-8 cycles with albumin primers. Multiple PCR cycle steps
were analyzed by gel electrophoresis, to be sure that the reac-
tions were in the exponential range of PCR.

BMP4*°Z genotype analysis

Embryos were dissected free of extraembryonic membranes in
1x PBS and the neural portion removed into a buffer solution
containing 50 mM KCL, 10 mM Tris-HCI (pH 8.3), 2.5 mM
MgCl,, 0.1 mg/mL gelatin, 0.45% NP-40, 0.45% Tween 20, for
genotyping. A proteinase K digestion was carried out at 55°C for
3-18 h, followed by 10 min at 98°C for inactivation of the en-
zyme. Five microliters of the buffer solution and digested tissue
was used in the PCR reaction with the following conditions: hot
start was carried out at 94°C for 10 min, then 75°C for 10 min;
Taq polymerase was added at this point, and reactions contin-
ued for 30-35 cycles at 94°C for 1 min, 61°C for 1 min, and 72°C
for 2 min. The neo primer sequences used to detect the trans-
gene were as described previously (Dunn et al. 1997), and the
sequences of the primers used to detect the endogenous BMP4
gene were as follows: BMP4-1, 5-ACCGAATGCTGAT
GGTCGTT-3'; BMP4-2, 5'-CCTCATGTAATCCGGAATGA-3'".

BMP4*¢Z expression

Embryos were fixed in 4% paraformaldehyde buffered at pH 7.4
with 1x PBS at 4°C for 30 min to 1 h, washed with 1x PBS on ice
twice for 10 min, then stained in X-gal solution: 0.2% X-gal, 2
mM MgCl,, 5 mM potassium ferricyanide, 5 mM potassium
ferrocyanide, 0.02% NP-40 prepared in 1x PBS, overnight at
37°C. Then, embryos were rinsed twice with 1x PBS for 10 min,
post-fixed in 4% paraformaldehyde/1x PBS, photographed digi-
tally, and subsequently prepared for paraffin sectioning by stan-
dard procedures. Then, the embryos were embedded and sec-
tioned at 5 um. Slides were dried, deparafinized, counterstained
with eosin, and cover mounted with Permount (Sigma).
B-Galactosidase was visualized overnight in cocultured tis-
sues on slides after 24 or 48 h in culture, similar to above for
whole embryos, but following the post-fix step, cultures were
rinsed and stored in 1x PBS pending digital photography.

In situ hybridization

In situ hybridization was performed on explants after 48 h of
culture and all solutions were DEPC treated. Tissues were
rinsed twice with 1x PBS, and fixed in 4% paraformaldehyde
buffered to pH 7.4 in 1x PBS for 20 min on ice. Explants were
washed twice for 10 min with 1x PBS and dehydrated through a
PBT (1x PBS + 0.1% Tween 20)-MeOH gradient, and stored in
MeOH at -20°C. Tissues were rehydrated through a reciprocal
gradient. Tissues were then washed with 10 pg/mL proteinase K
in PBT for 3 min at room temperature, twice with 2 mg/mL
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glycine in PBT for 5 min at room temperature, followed by two
successive washes in PBT at room temperature. The cultures
were then refixed in 0.2% glutaraldehyde/4 % paraformaldehyde
for 20 min at room temperature and rinsed three times in PBT,
followed by a rinse with 50% PBT/50% hybridization buffer
(50% formamide, 1.3x SSC at pH 4.5, 5 mM EDTA, 50 pg/mL
tRNA, 0.2% Tween 20, 0.5% CHAPS, 100 pg/mL heparin in
DEPC H,0), two successive rinses in hybridization buffer, and
a 5-h wash in hybridization buffer at 70°C. Hybridization was
carried out with Mrg-1 antisense and sense probes (as described
in Dunwoodie et al. 1998), Bmp4 antisense and sense probes (as
described in Winnier et al. 1995), or Gata4 antisense and sense
probes (as described in Bossard and Zaret 2000) at 50 ng/mL in
hybridization buffer overnight.

Xnoggin production

CHO dhfr~ and CHO B3.A4 Xnoggin producing cell lines are
described in Lamb et al. (1993), and were generously provided by
R. Harland. CHO dhfr~ cells were cultured in «-MEM plus
nucleosides (GIBCO) plus 10% dialyzed fetal bovine serum (Hy-
clone). CHO B3.A4 cells were cultured in «-MEM minus
nucleosides (GIBCO) plus 5% dialyzed fetal bovine serum, 1
mM sodium pyruvate (GIBCO), and 0.1 mM nonessential amino
acid solution (GIBCO), with 80 utM methotrexate (Sigma) only
during selection. CHO cells were maintained at 37°C, 5% CO,.
For noggin production, both cell lines were grown to 90% con-
fluence in 100-mm plates, and the medium was replaced with
5% defined calf serum (Hyclone) in DMEM. After three days,
the supernatant was aspirated, centrifuged to remove dead cells,
filtered through a 22 pum filter, and stored in aliquots at -20°C.
Western blots confirmed the presence of Xnoggin protein in the
supernatants using 1A4, a mouse monoclonal antibody (R.Har-
land), diluted 1:250 in 5% milk (Carnation). HRP conjugated
anti-mouse IgG (Jackson Labs) was used as the secondary anti-
body followed by ECL visualization (Amersham). CHO super-
natants were used in explant cultures at concentrations of 1:3 to
1:4 with 10% DCS DMEM media.

FGF2 was purchased from Sigma, as described previously
(Jung et al. 1999b). BMP proteins were generally provided by
Genetics Institute, Cambridge, MA.
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transversum mesenchyme, are required in combination for
hepatogenesis from the endoderm
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