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Abstract

Crosstalk between mesenchymal and epithelial cells influences organogenesis in multiple tissues,
such as lung, pancreas, liver, and the nervous system. Lung mesenchyme comprises multiple cell
types, however, and precise identification of the mesenchymal cell type(s) that drives early events
in lung development remains unknown. Endothelial cells have been shown to be required for some
aspects of lung epithelial patterning, lung stem cell differentiation, and regeneration after injury.
Furthermore, endothelial cells are involved in early liver and pancreas development. From these
observations we hypothesized that endothelial cells might also be required for early specification
of the respiratory field and subsequent lung bud initiation. We first blocked VEGF signaling in
E8.5 cultured foreguts with small molecule VEGFR inhibitors and found that lung specification
and bud formation were unaltered. However, when we examined E9.5 mouse embryos carrying a
mutation in the VEGFR F/k-1, which do not develop endothelial cells, we found that respiratory
progenitor specification was impeded. Because the E9.5 embryos were substantially smaller than
control littermates, suggesting the possibility of developmental delay, we isolated and cultured
foreguts from mutant and control embryos on E8.5, when no size differences were apparent. We
found that both specification of the respiratory field and lung bud formation occurred in mutant
and control explants. These observations were unaffected by the presence or absence of serum. We
also observed that hepatic specification and initiation occurred in the absence of endothelial cells,
and that expansion of the liver epithelium in culture did not differ between mutant and control
explants. Consistent with previously published results, we also found that pancreatic buds were not
maintained in cultured foreguts when endothelial cells were absent. Our observations support the
conclusion that endothelial cells are not required for early specification of lung progenitors and
bud initiation, and that the diminished lung specification seen in E9.5 F/k/~ embryos is likely due
to developmental delay resulting from the insufficient delivery of oxygen, nutrients, and other
factors in the absence of a vasculature.
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1. Introduction

Early lung organogenesis comprises the processes of progenitor specification and bud
initiation. Specification of respiratory progenitors, which is the commitment and
demarcation of endodermal cells fated to become lung or trachea, is evident on embryonic
day (E) 8.5- 9.0 in the mouse. The respiratory progenitors are identified by expression of the
transcription factor Mkx2-1, which is the earliest known marker of lung specification, along
the ventral foregut endoderm. Following specification, lung morphogenesis ensues with the
formation of two primary buds that evaginate into the surrounding splanchnic mesoderm at
E9.5, followed by elaboration of the conducting airways through branching morphogenesis
(Havrilak and Shannon, 2015a; Herriges and Morrisey, 2014; Metzger et al., 2008).

Events in early lung development are driven by reciprocal tissue interactions between the
mesenchyme and the epithelium (Havrilak and Shannon, 2015a; Hines and Sun, 2014;
McCulley et al., 2015; Shannon et al., 1998). These interactions are mediated by diffusible
paracrine factors, and intensive research over the past two decades has identified many of the
conserved signaling pathways governing early lung specification and morphogenesis. The
retinoic acid (RA), WNT/B-catenin, fibroblast growth factor (FGF), hedgehog (HH), and
bone morphogenetic protein (BMP) signaling pathways form gene regulatory networks that
interact to orchestrate lung development (Herriges and Morrisey, 2014; Hines and Sun,
2014; Rankin and Zorn, 2014). For example, RA produced by splanchnic mesenchyme cells
stimulates SHH expression, which in turn supports both mesenchymal survival (Weaver et
al., 2003) and its expression of Wnt2/2b (Rankin et al., 2016).

Although much has been learned about the gene regulatory networks controlling lung
specification and development, precise identification of the cell types within the surrounding
mesenchyme that produce critical signaling factors for the epithelium in early lung
development remains unknown. Of the myriad of different cell types found in the developing
lung mesenchyme (Kumar et al., 2014), some available evidence suggests a potential role for
endothelial cells. Several studies have shown that endothelial cells contribute to some
processes in the developing lung, such as patterning and alveoligenesis (Lazarus et al., 2011;
van Tuyl et al., 2005; Zhao et al., 2005). A requirement for endothelial cells for early lung
branching is not absolute, however, since we have recently demonstrated that embryonic
(E12.5) lung endoderm is fully capable of branching /in vitro in the absence of endothelial
cells (Havrilak and Shannon, 2015b). In the adult lung, endothelial cells act to influence
adult lung stem cell differentiation (Lee et al., 2014), as well as in promoting alveolar
regeneration following unilateral pneumonectomy (Ding et al., 2011).

Observations from other endoderm-derived tissues, notably the pancreas and liver, have
suggested that endothelial cells are required for organ initiation, specifically during bud
formation. Utilizing recombination techniques, Lammert et al. showed that endoderm
recombined with dorsal aorta initiated expression of the pancreas markers PaxZ and insulin
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(Lammert et al., 2001). They also found that Xengpus embryos lacking a dorsal aorta
showed a significant decrease in pancreatic gene expression. Gain of function experiments
using the Pdx1 promoter to drive VEGF expression demonstrated that increased
vascularization led to hypertrophy of pancreatic islets, ectopic expression of insulin
expressing cells in the stomach near the areas of increased vascularization, and ectopic
pancreatic buds in the anterior duodenum (Lammert et al., 2001). Studies examining liver
initiation in mouse embryos null for the VEGF receptor F/k-1, which lack mature
endothelial cells, showed that although early liver genes such as A/b, Tirand Hex were
expressed in these embryos, liver epithelial cells did not migrate into the adjacent septum
transversum, either /n vivo or in vitro (Matsumoto et al., 2001).

The known role of endothelial cells in some aspects of lung development, combined with
observations in the pancreas and liver, raised the possibility that endothelial cells might also
play a critical role in respiratory field specification and lung bud initiation. In the present
study we have examined the role of endothelial cells during lung specification and bud
initiation. Using pharmacological inhibitors of VEGF signaling, as well as F/k-1 mutant
mouse embryos lacking endothelial cells, we show here that a lack of endothelial cells does
not interfere with specification of respiratory progenitors or subsequent lung bud initiation.

2.1. Endothelial cells are associated with early respiratory progenitors

Previous studies from our lab have shown that pulmonary vascular development begins in
the lateral plate mesoderm as soon as the lung bud emerges from the ventral foregut
endoderm (Gebb and Shannon, 2000). Being closely apposed to the lung bud at early stages
of development, lung vascular development is temporally and spatially correlated with that
of the developing lung bud. The relationship of endothelial cells to the field of specified
respiratory progenitors prior to lung bud formation has not been previously described. This
required that we first precisely determine when lung specification occurs, using the early
lung marker NKX2-1 as a benchmark. Whole mount immunostaining of E8.5 embryos
examined at the 10 and 14 somite stage (ss) (Fig. 1A and B) showed clearly detectable
NKX2-1 positive cells in both the forebrain and thyroid regions, but no positive cells in the
presumptive respiratory field, which lies in the ventral foregut endoderm dorsal to the
developing heart. At 16ss (Fig. 1C), however, NKX2-1 positive cells were clearly apparent
in the respiratory field. Notably, these progenitors were in proximity to endothelial cells, as
detected by the endothelial cell specific maker endomucin (EMCN, Fig. 1D) (Brachtendorf
et al., 2001). The expression data for NKX2-1 in the presumptive lung region were
confirmed using qPCR for Nkx2-1 mRNA (data not shown). As has been previously
described (Gebb and Shannon, 2000; Schachtner et al., 2000), the proximate association of
endothelial cells with the developing lung endoderm was even more apparent after nascent
lung buds had emerged.
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2.2. Suppression of endothelial cells via small molecule inhibition of VEGFR does not
affect specification of lung progenitors

The observation that endothelial cells are present in and around the presumptive respiratory
field before the lung bud emerges, along with evidence from studies on the liver and
pancreas suggesting that endothelial cells are required for bud initiation of those organs, led
us to hypothesize that endothelial cells may also be required for early lung specification and
bud initiation. To investigate the role of endothelial cells during early lung development, we
first utilized a foregut culture system that supports specification and initiation of early lung
cells (Chen et al., 2007; Desai et al., 2004), and treated these explants with the small
molecule VEGFR inhibitors Ki8751 and SU5416. These inhibitors effectively block VEGF
signaling (Fong et al., 1999; Kubo et al., 2005), which is necessary for endothelial cell
proliferation, differentiation, and survival (Dvorak et al., 1995; Ferrara et al., 2003), and we
have previously shown that they inhibit embryonic lung endothelial cells (Havrilak and
Shannon, 2015b). Based on studies in the pancreas (Lammert et al., 2001) and liver
(Matsumoto et al., 2001), we anticipated that pharmacological inhibition of VEGF signaling
would cause a loss of endothelial cells and that this loss of endothelial cells would inhibit
lung bud formation.

For these experiments we cultured the foregut region from E8.5 (4-10ss) embryos, because
at this stage there was no detectable NKX2-1 expression in the ventral endoderm of the
prospective respiratory field (Fig. 1), suggesting that respiratory progenitors have not yet
been specified. Given its close proximity to the respiratory field, the heart was left intact in
these explants to avoid damage to the endoderm during dissection. Furthermore, the heart
may be a source of signaling molecules necessary for lung specification (Serls et al., 2005).

Explants cultured with DMSO for four days showed regions where buds with robust
NKX2-1 expression had emerged from the endoderm, suggesting respiratory progenitor
specification had occurred (Fig. 2A-A’, arrowheads). EMCN staining confirmed that an
extensive vascular network was present throughout the explant (Fig. 2A). However, since
NKX2-1 is also expressed in the developing thyroid, we needed to confirm that lung
specification was occurring. To do this, we co-stained explants with PAX8 (Fig. 2A, A”), a
thyroid marker, and found that PAX8 was only present in a discrete subset of cells and not in
the more distal lung buds. We therefore concluded that the PAX8-negative, NKX2-1-positive
buds represented lung. Our results on lung and thyroid formation in cultured foreguts
recapitulates exactly what has been observed by others (Chen et al., 2010; Desai et al.,
2004).

As expected, when foreguts were cultured with the VEGFR inhibitors Ki8751 or SU54186,
EMCN positive endothelial cells were virtually eliminated (Fig. 2B, C). Somewhat
surprisingly, explants treated with the inhibitor were still clearly able to specify respiratory
progenitors as visualized by NKX2-1 expression, and to initiate morphogenesis of a lung
bud (Fig. 2B, B’, 2C, 2C’, arrowheads). As in DMSO treated cultures, discrete areas of
PAXS8 positive cells were seen in Ki8751 treated explants (Fig. 2B”) and SU5461 treated
explants (Fig. 2C”), and these PAX8-positive regions co-stained with only one of the
NKX2-1 positive fields (Fig. 2B, C). Contrary to our expectations, these data suggested that
endothelial cells were dispensable for lung specification and bud initiation.
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2.3. Genetic loss of VEGF signaling does not affect specification of lung progenitors

One potential problem with the approach of using small molecule inhibitors of VEGFR in
the experiments described above is that all of the endothelial cells may not have been
ablated, even though expression levels of endothelial markers were significantly decreased
after treatment with the inhibitors. As can be seen in Fig. 2B and C, a few EMCN-positive
endothelial cells appear to remain after treatment with the inhibitors, indicating that they
were not 100% effective at depleting the system of endothelial cells. This raised the
possibility that the few remaining endothelial cells might be sufficient to drive lung
specification. A second potential problem is that the VEGFR inhibitor might possibly have
off-target effects on other signaling pathways affecting lung morphogenesis. Lastly, even
though NKX2-1 expression was not yet detectable when we initiated our cultures, it is
possible that the respiratory field was already patterned prior to treatment with the inhibitors
and subsequent loss of the endothelial cells. To exclude these possibilities, we took a genetic
approach utilizing a mouse model that does not develop any endothelial cells.

We obtained orvieto mutant mice (Sandell et al., 2011), which have a point mutation in the
Flk-1 coding sequence at bp 1311, resulting in the conversion of TYR to STOP and a
subsequent loss of F/k-1 expression. Flk-1"'~ heterozygote embryos were viable and
developed normally. F/k-17"~ mutants, however, showed an embryonic lethal phenotype,
with few embryos surviving to E10.5. Mutants had severe developmental defects and were
about half the size of F/k-1*/~ and wild-type littermates at E9.5 (Fig. 3A), a size differential
that was even more apparent in the embryos that survived to E10.5 (Fig. 3B).
Immunostaining for PECAM-1 showed no endothelial cells in A/k-Z7-/~mutant embryos at
E9.5 (Fig. 3D), whereas control littermates had widespread endothelial cell staining (Fig.
3C). The absence of endothelial cells in A/k-217/~ mutant embryos was further confirmed by
gPCR analysis demonstrating the lack of F/k-1 and Pecam-1 expression (Fig. 3E).

To determine if embryos lacking endothelial cells could form a lung bud, we examined the
embryos at E9.5 and E10.5 for expression of NKX2-1. Both wild-type (Figs. 3C, 6C, 6E,
6G) and Flk-17"~ (Figs. 3D, 6D, 6F) embryos showed NKX2-1 expression by
immunofluorescence. In E9-9.5 F/k-17/~ mutant embryos, however, NKX2-1 expression in
the region where respiratory progenitors are found was limited to a small number of cells
(Figs. 3D, 6D, 6F) in 81% (17/21) of the embyros examined. Furthermore, respiratory
NKX2-1 expression was not seen in E10.5 mutant embryos (Fig. 6H). The lack of lung
development in E10.5 mutant versus wild-type embryos was confirmed by the lack of
expression of the lung epithelial marker Sftocin Flk-1""- mutant embryos (Fig. 3E). These
observations stood in contrast to our cultured foregut data and suggest that endothelial cells
are indeed required for respiratory specification and expansion.

The paucity of NKX2-1 positive cells in the respiratory field of E9.5 F/k-17/~ mutants
suggested that the respiratory field was not normally specified in the absence of endothelial
cells (Fig. 3), which was in contrast to our /n vitro data using VEGFR inhibitors (Fig. 2).
Significantly, however, the F/k-7-/~ mutant embryos were about half the size of their E9.5
wild-type and heterozygous littermates (Fig. 3A) (Sandell et al., 2011). This raised the
question of whether endothelial cells were necessary for lung specification, or whether these
embryos were simply developmentally delayed due to the lack of the vascular system
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necessary for the delivery of sufficient oxygen and nutrients to the developing embryo. Since
the lack of vascular development leads to embryonic death on day E10.5 in this and other
Flk-17"~ mutant mouse strains (Sandell et al., 2011; Shalaby et al., 1995), we could not
examine mutant embryos later in development for delayed lung specification. We therefore
utilized the foregut explant system to determine if £/k-1~/~ mutant embryos could initiate
lung development /n vitro. To do this we cultured foreguts from E8.5 embryos, when
Flk-17"- embryos were morphologically indistinguishable from wild-type and F/k-1*/~
littermates (Fig. 4A, D). Importantly, E8.5 A/k-I1~/~ mutant embryos had no endothelial cells
when the cultures were initiated, as determined by the lack of EMCN expression (Fig. 4E),
whereas EMCN was robustly expressed in wild-type littermate controls (Fig. 4B). When we
examined these cultures for specification of NKX2-1 positive lung progenitors we found that
foreguts from both E8.5 wild-type and F/k-1~/~ mutant embryos specified respiratory
progenitors after two days of culture (Fig. 4C, F). Furthermore, the intensity of NKX2-1
expression and its distribution in the lung field of cultured E8.5 F/k-17/~ mutant foreguts
(Fig. 4F) was no different from that of wild-type littermates (Fig. 4C). The lack of EMCN
staining (Fig. 4F) and any detectable expression of Flk-1 or Pecam-1by qPCR (Fig. 4l)
confirmed the absence of endothelial cells in the mutant embryos. Notably, the regions of
NKX2-1 expression at the distal end of the lung field in both control and mutant embryos
appeared to have an emerging lung bud (Fig. 4C, F, arrows). Since NKX2-1 is also
expressed in both the developing thyroid and forebrain, we wanted confirm that
Flk-1"""embryos were in fact inducing a lung bud. We therefore performed in situ
hybridization on cultured foreguts for the lung-specific marker Sffpc, which is detectable as
soon as lung buds emerge from the ventral foregut endoderm on E9.5 (Wert et al., 1993). We
found discrete areas of Sfipc mMRNA present in both wild-type and mutant embryo cultures
(Fig. 4G, J), confirming the identity of the induced bud, and supporting the conclusion that
endothelial cells are not required for the induction of the early lung bud. For further
confirmation we bred a mouse strain bearing a transgene in which GFP expression is driven
by the 3.7 kb human SFTPC promoter onto the F/k-17/~ mutant background:; this allowed us
to visualize the induction of bud morphogenesis in real time. In both wild-type and k-1~
mutant foregut cultures we observed GFP expression localized to lung buds (Fig. 4H, K).
Finally, when we measured levels of Sftpc expression by qPCR analysis, we found no
significant difference in the amount of Sfioc MRNA in cultured wild-type versus Flk-17/~
mutant foreguts (Fig. 4L). Our observations in this series of experiments indicated that lung
specification and bud initiation could occur in F/k-77/~ mutant foreguts lacking endothelial
cells if cultures are initiated on E8.5, before the onset of growth delay or embryo death /n
VIvo.

2.4. Lung specification occurs in foreguts cultured in the absence of serum

Since we cultured foreguts in the presence of 20% FBS, we wished to determine what
influence, if any, factors present in serum might have on the ability to induce lung formation
in vitro. We tested this by using a defined culture medium in which we replaced FBS with
KnockOut Serum Replacement (KOSR), a defined serum substitute developed for culturing
stem cells. We observed NKX2-1 staining in both wild-type and A/k-27/~ mutant foregut
explants cultured for up to five days in medium plus 20% KOSR (Fig. 5A, A’, B, B’). We
additionally co-stained these cultures for PAX8, and again observed that NKX2-1 and PAX8
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co-localized in a discrete subset of cells (Fig. 5A, A”, B, B”). Since we removed the
forebrain from these explants prior to placing them in culture, the remaining NKX2-1-
positive/PAX8-negative region caudal to the thyroid represented the developing lung and
trachea. Considered together with our data using VEGFR inhibitors, our results demonstrate
that endothelial cells are not necessary for respiratory cell specification or lung bud initiation
in vitro.

2.5. Embryos lacking endothelial cells initiate liver formation in vitro

As noted above, previous studies have indicated that endothelial cells are required for
expansion of liver progenitors into the septum transversum (Matsumoto et al., 2001). When
we examined E8.5 embryos for expression of HNF4a, which is required for hepatocyte
differentiation and liver morphogenesis (Li et al., 2000; Parviz et al., 2003), we found that it
was strongly expressed in the exposed ventral endoderm at the anterior intestinal portal
(AIP), as well as in the heart, of both controls and F/k-17/~ mutants (Fig. 6A, B). At E9.5
progenitors were seen in the prospective liver field in both wild-type and F/k-Z~/"mutants,
but the field size was clearly smaller in the mutants (Fig. 6E, F). This was not surprising,
given that mutant embyros are approximately half the size of wild-type littermates (Fig. 3A).
These findings confirmed the previous observation (Matsumoto et al., 2001) that
specification of liver progenitors does not require the presence of endothelial cells. We next
cultured E8.5 wild-type and F/k-17/~ mutant foreguts to determine the extent of liver
development when nutrition and oxygen availability were equivalent. In these cultures we
assayed albumin (ALB) expression as a marker of liver development instead of HNF4a.,
which circumvented potentially confounding results due to the presence of the heart. We
observed strong ALB expression in cultures of both wild-type and A/k-2~/~ mutant foreguts,
and the extent of expression appeared to be similar between both groups (Fig. 61, J). We
confirmed this by measuring the volume of ALB-positive tissue in confocal z-stacks, where
we found no significant difference between wild-type and F/k-17/~ mutants (Fig. 60). We
also observed equivalent expression of LIV2, a marker of immature hepatocytes (Nierhoff et
al., 2005; Watanabe et al., 2002) in cultured wild-type and F/k-7~~ mutant foreguts (Fig.
6M, N).

2.6. Embryos lacking endothelial cells do not maintain pancreas formation in vitro

Examination of F/k-17/~ mutant embryos for expression of the pancreas marker PDX1 on
E9.5 revealed the presence of PDX1-positive cells in both the ventral and dorsal pancreas
regions (Fig. 6C, D). Although the boundaries of the dorsal and ventral pancreas fields
appeared similar in wild-type and F/k-27/~ mutants, the intensity of PDX1 staining in the
dorsal pancreas field of mutants was substantially less than controls (Fig. 6D). We observed
no dorsal PDX1 staining in mutants on E10.5, although ventral PDX1 staining was still
evident (Fig. 6H). These data confirm the results of earlier studies (Yoshitomi and Zaret,
2004). Since our results indicated that lung and liver development were compromised in
Flk-17"~ mutants due to overall embryonic deterioration, we speculated that the lack of
pancreas development might also be the result of a developmental delay or embryo
deterioration. To assess this possibility, we examined PDX1 expression in cultured E8.5
wild-type and A/k-17~ mutant foreguts. Whereas we found robust expression of PDX1 in
wild-type foregut cultures (Fig. 6K), we saw no detectable expression in A/k-1/~ mutant
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cultures (Fig. 6L), confirming that endothelial cells are required for pancreatic development
in vitro.

3. Discussion

Epithelial-mesenchymal crosstalk is essential for early lung orga-nogenesis (Masters, 1976;
McCulley et al., 2015; Rudnick, 1933; Shannon, 1994). Lung mesenchyme is not a
homogeneous tissue, but instead comprises many different cell types that exist in discrete
niches (Kumar et al., 2014). Furthermore, the role of any given cell type in influencing lung
development may also vary temporally. Because of this complexity, the definition of which
cell types are critical for branching and differentiation of the lung epithelium has remained
elusive. Several lines of investigation have suggested a role for endothelial cells in lung
development. Embryonic lung explants treated with antisense oligodeoxynucleotides
targeting Vegf(van Tuyl et al., 2005) or F/k-1 (Del Moral et al., 2006) showed decreased
branching in culture. Transgenic embryos expressing a dominant-negative soluble VEGFR1
driven by the SF7PC promoter showed a normal rate of lung branching, but had disrupted
stereotypy (Lazarus et al., 2011). Similarly, we have recently demonstrated that embryonic
lung epithelium branches normally when associated with mesenchyme depleted of
endothelial cells (Havrilak and Shannon, 2015b), demonstrating that the ability of lung
epithelium to branch per se does not depend on endothelial cells. Our current observations
confirm and extend these results.

Although endothelial cells are not required for early branching of the lung epithelium,
epithelial-endothelial interactions are critical for later aspects of normal lung development.
The differentiation of the gas exchanging alveoli in the lung occurs late in gestation and
carries over into postnatal life (LeCras and Rabinovitch, 2016). Alveolarization requires a
great expansion of the pulmonary vasculature and the intimate spatial association of
epithelial and endothelial cells. It is therefore not surprising that later perturbations in
vascular development, such as selective ablation of Vegfa (Yamamoto et al., 2007), loss of
PECAM-1 function (DeLisser et al., 2006), or inhibition of VEGFR (Jakkula et al., 2000)
significantly impair alveolus formation. Similarly, the alveologenesis that constitutes much
of lung regeneration following partial pneumonectomy is mediated by MMP14 produced by
activated endothelial cells in the remaining lung tissue (Ding et al., 2011). Additional insight
into the mechanism by which endothelial cells affect alveolarization comes from recent
work using distal lung stem cells (BASCs) co-cultured with endothelial cells. These studies
have shown that a BMP4-regulated NFATc1-TSP1 axis in endothelial cells controls BASC
differentiation into the alveolar cells (Lee et al., 2014).

Although there is much evidence detailing the involvement of endothelial cells in later
stages of lung development, no previous information exists regarding the potential
involvement of endothelial cells in specification of respiratory progenitors and lung bud
initiation. Past studies, however, have implicated endothelial cells as playing a role in the
early development of other endoderm-derived organs, such as the liver (Matsumoto et al.,
2001) and pancreas (Lammert et al., 2003). We therefore investigated the role of endothelial
cells during early lung specification and bud initiation.
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As a first approach, we examined whether lung development proceeded in E8.5 foregut
explants exposed to VEGFR inhibitors in a culture system that supports lung bud initiation
(Desai et al., 2004). As a prelude to these experiments, however, we first needed to define
precisely when we could detect NKX2-1, the earliest known lung epithelial marker, in the
prospective respiratory field. Knowing this would allow us to conduct our experiments using
embryos in which respiratory specification had not yet occurred. Using whole mount
immunostaining and high-resolution confocal microscopy, we determined that NKX2-1
expressing cells emerged in the respiratory field between 14 and 16 somites (Fig. 1), a stage
when embryo turning has just ended. This localization of NKX2-1 positive cells in the
respiratory field at 16ss is earlier than what has previously been reported using whole mount
in situhybridization (Cardoso and Kotton, 2008; Kimura et al., 1996; Minoo et al., 1999).
These data formed the basis of our decision to use foreguts from embryos no older than
12ss.

We found that inhibiting VEGF signaling, and hence endothelial cell survival and
proliferation, had no effect on specification of the lung field as gauged by the expression of
NKX2-1 in a subset of endodermal cells that were not thyroid, which could be distinguished
by its co-expression of PAX8 (Fig. 2). These data clearly suggested that endothelial cells
were dispensable for lung specification. A caveat in these experiments, however, is that the
embryos contained endothelial cells in the period between gastrulation and the initiation of
culture on E8.5; it is therefore possible that critical endothelial-endodermal crosstalk could
have occurred during this period. A second consideration is that the small molecule
inhibitors may not have been 100% effective in eliminating endothelial cells. Finally, these
reagents might also have potential off-target effects. To circumvent these limitations, we
designed experiments using embryos in which endothelial cells had been genetically ablated.

In a previous study, Sandell et al. (2011) used a phenotype-driven ENU mutagenesis screen
to identify new genes critical for craniofacial development. One of the mutants generated,
named orvieto, showed a total lack of vascular development, which was subsequently
determined to be due to a point mutation in the F/k-1 gene that generated a premature STOP
codon. Most of these embryos die by E10.5, a day after lung bud initiation occurs. When we
examined mutant embryos for NKX2-1 expressing cells in the area of the ventral foregut
endoderm where the lung normally arises, we observed only a few on E9.5 and none on
E10.5 (Figs. 3 and 6). These observations were in direct contrast to our experiments using
VEGFR inhibitors, apparently supporting the possibility that endothelial cell-endoderm
interactions are critical for lung specification. These interactions would necessarily occur
prior to 12ss, since inhibiting VEGF signaling after that point had no effect on respiratory
specification (Fig. 2). Tempering this interpretation, however, was the fact that the F/k-17/-
mutant embryos were substantially smaller than their wild type littermates, being
approximately one-half their size on E9.5, a size discrepancy that was even more
pronounced on E10.5 (Fig. 3A, B). We could not discount the possibility that the
compromised overall growth and development of the mutant embryos had a significant
impact on lung organogenesis. If true, this would suggest that the requirement for
endothelial cells in lung development is indirect.
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To test the possibility that E9.5-10.5 mutant embryos were developmentally compromised
due to yolk sac defects, we cultured foreguts from A/k-2~/~ mutant embryos on E8.5, when
there was no size differential and the embryos appeared outwardly normal (Fig. 4A, D).
Importantly, we found that mutant embryos in these cultures specified a lung field, with the
location and intensity of NKX2-1 staining equivalent to that seen in wild-type controls.
Unlike our culture experiments using VEGFR inhibitors, the endoderm in these experiments
was never exposed to endothelial cells, yet they still initiated lung development, including
the formation of lung buds that expressed Sfipc. These data are consistent with our results
using VEGFR inhibitors, and demonstrate that endothelial cells are not required for
respiratory specification and lung bud initiation. While we often observed lung bud
formation in foregut explants, the extent of branching morphogenesis we observed was
limited, as has been reported by other investigators (Chen et al., 2007, 2010; Desai et al.,
2004). This may be due to the fact that the foregut explants spread out on the filter, which
could disrupt spatial arrangements necessary for further branching morphogenesis.

We believe the reason that our A/k-1~/~ mutant embryos showed few lung progenitors on
E9.5 and none on E10.5 was insufficient vascularization of the yolk sac (Ren et al., 2014).
This would result in an inadequate supply of blood, oxygen, nutrients and other factors to
the embryo, leading to the delay or cessation of normal developmental processes. The yolk
sac is essential for the survival of the embryo, as it breaks down and transfers maternally
derived molecules to the embryo proper, synthesizes serum proteins, and removes waste
products (reviewed in Garcia and Larina (2014), Zohn and Sarkar (2010)). These processes
are taken over later in development by the definitive embryo, specifically by the endodermal
gut and liver. F/k-1 positive cells are first seen associated with blood islands in the proximal
extraembryonic yolk sac on E7.5 (Shalaby et al., 1995; Yamaguchi et al., 1993), after which
they proliferate, differentiate, and migrate distally to form a simple plexus that encompasses
the entire yolk sac on E8.5 (Coultas et al., 2005; Drake and Fleming, 2000). This primitive
plexus then remodels via angiogenesis, increasing the number and size of the vessels to meet
the demands of the growing embryo and expanding yolk sac (Udan et al., 2013). Not
surprisingly, yolk sac defects result in perturbed embryo growth and development, and
numerous factors known to affect vascular development have been shown to be critical for
yolk sac angiogenesis and the formation of a functional yolk sac. These include F/k-1
(Shalaby et al., 1995), F/t-1 (Fong et al., 1995), Vegf(Carmeliet et al., 1996), Ang-1 (Suri et
al., 1996), 77e-1 (Puri etal., 1995; Sato et al., 1995), 77e-2(Dumont et al., 1994; Sato et al.,
1995), Np1/NpZ2 (Takashima et al., 2002), £fv6 (Wang et al., 1997) /hhand Smo (Byrd et al.,
2002) and Tgfbr2 (Oshima et al., 1996). Embryos in all of these models exhibit severe
growth defects leading to mortality by E10.5, and the authors often suggest this is likely due
to secondary effects of deficient yolk sac vascularization. This is consistent with our view
that the requirement for endothelial cells in lung development is indirect, and that the defects
in lung development and overall growth we observed in A/k-I~/"mutants are secondary to
deficits in yolk sac vascularization. While endothelial cells themselves do not provide
signals required for lung specification, they are necessary to form the vessels in the
developing yolk sac that function to both supply the embryo with blood, oxygen, and
nutrients as well as remove waste products. All of these factors are essential for embryonic
development and survival.
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One possible concern in our studies using explanted E8.5 foreguts was that they were
conducted in medium containing 20% FBS. Since FBS contains significant levels of growth
factors and hormones, one could argue that these may be compensating for the lack of
endothelial cells and allowing the F/k-17/~ endoderm to specify and induce a lung. Indeed,
Zheng et al. (2006) conducted a proteomic analysis on FBS and found it contained some
growth factors that are known to have roles during lung development, such as FGF2
(Lebeche et al., 1999; Matsui et al., 1999), TGFB (Alejandre-Alcazar et al., 2008; Bartram
and Speer, 2004) and IGF (Epaud et al., 2012; Silva et al., 2006). We therefore examined
lung specification in F/k-17/~ mutant foreguts cultured in a medium containing KnockOut
Serum Replacement (KOSR), which is a defined, serum-free growth supplement commonly
used to replace FBS in cultured embryonic stem cells. KOSR contains a mixture of amino
acids, vitamins, and proteins such as transferrin, albumin, and insulin (Garcia-Gonzalo and
Izpisua Belmonte, 2008). Importantly, KOSR contains no growth factors known to be
critical for specification of the lung field and early bud development. Therefore any signals
affecting lung specification and bud initiation originate within the embryonic tissue itself.
We found that F/k-17~ mutant foreguts cultured with KOSR specified a respiratory field that
was able to produce lung buds, the earliest morphological manifestation of lung
organogenesis. These data demonstrated that the FBS did not compensate for the absence of
endothelial cells by providing inductive factors to the endoderm, and underscores our belief
that the inductive cues originate within the embryo proper in the absence of endothelial
cells.

Our data indicate that endothelial cells are not required for specification of the respiratory
field and early lung development. However, previous studies have concluded that endothelial
cells are necessary for the early development of other endoderm-derived organs, such as the
liver (Matsumoto et al., 2001) and pancreas (Lammert et al., 2001; Ranjan et al., 2009). We
therefore examined early hepatic and pancreatic gene expression in intact and cultured
Flk-1""= mutant embryos. We saw no difference in expression of the liver marker HNF4a
between wild-type and F/k-17~ embryos on E8.5, which was in keeping with the
observations of Matsumoto et al. (2001). They found that the hepatic endoderm thickened
normally in F/k-17/~ mutants on E9, and that expression of the early hepatic genes A/b, Hex,
and 7trappeared normal, leading them to conclude that normal specification had occurred.
They also observed, however, that subsequent delamination and migration of liver cells into
the septum transversum on E9.5 did not occur. Furthermore, explant cultures of E9.5 wild-
type and F/k-17~ liver buds showed only limited expansion of A/b positive cells in the
mutant cultures, even though the relative expansion of tissue area was the same in the two
groups. Our /n vitro results stand in contrast to theirs, as we observed no apparent
differences in the expression of ALB and LIV2 in cultured whole E8.5 foreguts. We
confirmed the equivalence of liver expansion by quantitating the volume of ALB-positive
cells in the liver field of cultured foreguts (Fig. 6). One explanation for the discrepancy
between our results and those of Matsumoto et al. is that they cultured only the liver bud
from E9.5 embryos, whereas we cultured entire E8.5 foreguts. It is therefore possible that
factors required for liver cell migration are being produced by another, non-endothelial cell
type outside the liver field in our cultures. We believe a more likely possibility, however, is
that the entire F/k-1"/~ mutant embryo is compromised by E9.5, as evidenced by its
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significantly reduced size (Fig. 3), and that the number of liver progenitors is reduced in
mutants on E9.5. Indeed, our data show that the size of the prospective liver field is
noticeably reduced in E9.5 F/k-17/~ mutants (Fig. 6E, F). This observation is consonant with
our observations in the lung, where lung progenitors are seen in E9.5 F/k-1"/~ mutants, but
are far fewer in number than in their wild-type littermates (Fig. 3); furthermore, these lung
progenitors are completely lost as embryo viability deteriorates further over the next 24 h
(Fig. 6H). Proliferation and differentiation of lung progenitors occurred equally well when
we explanted E8.5 F/k-17/~ and wild-type foreguts, however, which suggests that the size of
the cohort of cells giving rise to lung rudiments is likely the same at that time point, when no
evidence of embryo deterioration is apparent. Our data indicate that a similar situation exists
for the liver: that is, the number of liver progenitors is the same in wild-type and Flk-17-
embryos on E8.5, but some are lost over the next 24 h in the mutants, when a lack of the
yolk sac vasculature necessary to support the growing embryo leads to developmental arrest
and eventual embryonic death. Placing mutant foreguts in culture on E8.5 circumvents the
deficiencies created by a defective yolk sac, which allows liver development to proceed
equally in both wild-type and mutants. Finally, our conclusion that specification and early
expansion of liver progenitors does not require endothelial cells is consistent with the
observations of Field et al. (2003), who demonstrated that zebrafish lacking the ¢/o gene,
which are avascular due to disrupted F/k-1~/~expression (Liao et al., 1997), exhibit normal
liver budding and differentiation.

A previous study has shown that although initial induction of PDX1 in the dorsal pancreas
occurs in the absence of endothelial cells, maintenance of PDX1 expression and subsequent
induction of the critical pancreas transcription factor PtfZain the dorsal endoderm requires
the presence of endothelial cells, specifically those of the dorsal aorta (Yoshitomi and Zaret,
2004). Consistent with these data, we found that ~/k-2~/~ mutants showed PDX1 expression
in both the ventral and dorsal endoderm on E9.5, but only ventral expression persisted to
E10.5 (Fig. 6H). When we examined PDX1 expression in cultured E8.5 F/k-17/~ mutant
foreguts, however, we found that no rescue of pancreas development occurred. These results
stood in sharp contrast to our observations on lung and liver, and support the conclusion that
endothelial cells play a critical role(s) in pancreas development.

The effects of endothelial cells on pancreas development are diverse. Beyond their role in
initial pancreatic specification (Lammert et al., 2001; Yoshitomi and Zaret, 2004),
endothelial cells also influence pancreatic development by supporting critical Isl-1-positive
mesenchymal cells (Ahlgren et al., 1997; Jacquemin et al., 2006). Identification of the
signals that endothelial cells are providing to prospective pancreatic endoderm has been
elusive. The development of embryonic stem cell (ESC) and induced pluripotent stem cell
(iPSC) strategies for producing functional cells from many tissues (Huang et al., 2014;
Kurmann et al., 2015; Longmire et al., 2012; McCracken et al., 2014; Spence et al., 2011;
Takebe et al., 2013), including the pancreas (for reviews see Grapin-Botton (2016),
Schiesser and Wells (2014)), has provided new opportunities for elucidating both the factors
required for specification and the temporal sequence in which they act. For example, Kao et
al. have recently used co-cultures of pancreatic progenitors derived from human ESCs plus
endothelial cells to show that EGFL7, which is produced and secreted by endothelial cells,
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promotes proliferation of pancreatic progenitors while suppressing their differentiation into
endocrine cells (Kao et al., 2015).

In summary, we have demonstrated that both specification of respiratory progenitors and
subsequent lung bud initiation occur in the absence of endothelial cells 7n vitro. We have
found that the nascent liver behaves much like the lung, with its specification and early
expansion being independent of endothelial cells. Finally, we have also confirmed the
critical need for endothelial cells in early pancreatic organogenesis.

4. Materials and methods

4.1. Transgenic mice

All animal procedures were performed in accordance with protocols approved by the
Institutional Animal Care and Use Committee of the Children's Hospital Research
Foundation. SFTPC/GFP mice, obtained from Dr. Brigid Hogan (Duke University Medical
Center), were originally generated by John Heath (Lo et al., 2008). Wild-type FVVB/ N mice
were purchased from Harlan Laboratories. ~/k-2~/~ mutant mice were originally generated
by Sandell et al. (orvieto mice, (Sandell et al., 2011)). These mice contain a C > A mutation
at bp 1311 of the F/k-1 coding sequence, which results in translation change of TYR to
STOP. Since heterozygous F/k-I*/~ mutant embryos and their wild-type littermates exhibited
a normal phenotype, both heterozygous and wild-type embryos were used as controls. Males
were housed with females overnight; females positive for a copulating plug were considered
at 0.5 days of gestation.

4.2. Foregut culture

Timed pregnant mice were sacrificed on gestational day E8.5, and individual embryos were
staged according to somite number (ss). Experiments were performed using embryos
between 4-12ss. For E8.5 foregut cultures, the neural headfolds and forebrain were usually
removed, as well as tissue caudal to the anterior intestinal portal (AIP). For foregut cultures
in which liver and pancreas formation were studied, embryos were cut 4 somites caudal to
the AIP to ensure that dorsal pancreas progenitors were captured within the region being
cultured (Angelo et al., 2012). Regions containing the foregut were dissected in Hank's
balanced salt solution (HBSS), explanted onto 8 pm pore Whatman Nucleopore Track-Etch
Membranes (Millipore) or Transwell Collagen Filters (Costar) and cultured for 2-5 days in
DMEM (Gibco) +20% fetal bovine serum (FBS; Sigma). In some experiments 20% FBS
was replaced with 20% KnockOut Serum Replacement (KOSR; Gibco). The VEGF receptor
inhibitors Ki8751 and SU5416 (both from Calbiochem) were used at 10 uM. These
compounds have been shown to effectively inhibit VEGF signaling at this concentration
(Fong et al., 1999; Havrilak and Shannon, 2015b; Kubo et al., 2005). In all experiments
DMSO served as a vehicle control.

4.3. Quantitative real-time PCR (qPCR)

Total RNA was isolated using RNeasy Plus Micro kit (Qiagen) followed by reverse
transcription using iScript cDNA synthesis kit (BioRad). A 7300 Real-Time PCR system or
StepOnePlus Real-Time PCR system were used for gPCR reactions and relative
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quantifications, with TagMan primer/probes (Applied Biosystems). The Tagman primers
used were: Flk-1(Mm00440111 _m1l), Nkx2.1 (Mm00447558 m1), Pecam-1
(Mm00476702_m1), RnI18s(Mm03928990_gl) and Sftoc (Mm00488144_m1l).

4.4. Whole-mount immunohistochemistry

Whole-mount immunohistochemistry was performed using a modification of the protocol
from Ahnfelt-Rgnne et al. (2007) as previously described (Havrilak and Shannon, 2015b).
Optical sections were captured on a Nikon AiRsi inverted laser microscope, and 3D images
were created by a composite of z-stacks using Bitplane Imaris software to process the
fluorescent images. To calculate the volume of tissue stained for ALB, we created
isosurfaces using smoothing thresholds and intensity values that allowed filtering out
antibody aggregates or any non-specific staining.

The primary antibodies used were: rabbit anti-NKX2-1 (1:3000, Seven Hills Bioreagents),
guinea pig anti-NKX2-1 (1:500, Seven Hills Bioreagents), goat anti-endomucin (1:500, R &
D Systems), rat anti-E-cadherin (1:2000, R & D Systems), rabbit anti-PAX8 (1:500, Protein
Tech), rat anti-PECAM-1 (1:500, BD Pharmigen), goat anti-HNF4a (1:200, Santa Cruz),
goat anti-PDX1 (1:5000, Abcam), goat anti-ALB (1:1000, Bethyl Laboratories), goat anti-
FOXAZ2 (1:500, Santa Cruz), and rat anti-LIV2 (1:200, MBL). Secondary antibodies used
were: Alexa Fluor 647 donkey anti-rabbit 1gG, Alexa Fluor 568 anti-goat 1gG, Alexa Fluor
488 donkey anti-rat 1gG, Alexa Fluor 488 donkey antimouse 1gG (1:500, all from Life
Technologies).

4.5. Whole-mount in situ hybridization

Samples were fixed in 4% paraformaldehyde at 4 °C, followed by serial dehydration to
100% methanol. Mouse Sfipc cDNA cloned into the vector pGEM7b was used to prepare
digoxigenin-labeled RNA probes. Whole-mount in situ hybridization was done according to
Wilkinson (1992) with slight modifications as previously described (Hyatt et al., 2004).
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Fig. 1.
Endothelial cells are associated with respiratory progenitors. Early (E8-8.5) embryos were

stained by whole mount immunofluorescence for NKX2-1 (green) to visualize the
emergence of the respiratory progenitors. At 10ss (A) or 14ss (B), NKX2-1 is only detected
in the forebrain and thyroid region. At 16ss NKX2-1 positive cells are evident in the
presumptive lung field (C, arrow). FOXAZ2 (red) stains the gut tube endoderm on the ventral
side of the embryo, and the notochord and floor plate dorsally (A—C). Higher magnification
of a 16ss embryo (D) stained for EMCN (red) demonstrates that endothelial cells are in
proximity to respiratory progenitors emerging from the ventral side of the foregut; E-CAD
staining (white) marks the foregut endoderm in this panel. Scale bars: A-C =200 pm, D
=100 pm.

Dev Biol. Author manuscript; available in PMC 2017 August 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Havrilak et al.

[ | Ki8751 [ | DMSO

SU5416

Fig. 2.
VEGFR inhibition does not impede specification or bud initiation in cultured E8.5 foregut

endoderm. E8.5 (4-10ss) foregut explants were cultured for 4 days in the presence of either
DMSO or the VEGFR inhibitors Ki8751 and SU5416. EMCN staining (red) shows that an
extensive vascular network is present in explants cultured in the presence of DMSO (A).
NKX2-1 (green) is expressed in two discrete areas of the explants (A’, arrowheads). Staining
for the transcription factor PAX8 (blue), which is expressed in the thyroid but not the lung,
reveals that one of the NKX2-1 positive regions is thyroid (A”). Foregut explants cultured
with Ki8751 or SU5416 show a marked reduction in the number of vascular cells (B, C), but
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no change in the specification of either the lung (arrowheads) or thyroid fields (B’, B”, C’,
C”). Scale bars =100 pm. Th, Thyroid; Lg, Lung. N =6 individual explants.
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Fig. 3.

Tf?e prospective lung field of A/k-17/~ mutant embryos contains few NKX2-1 positive
progenitors. Comparison of wild-type (WT) embryos (left) with those containing a mutation
in the F/k-1 gene (right) on E9.5 (A) and E10.5 (B). Note that the mutant E9.5 embryo is
significantly smaller than its wild-type littermate, and that this size disparity is even more
pronounced on E10.5. Immunofluorescent staining of E9.5 embryos for PECAM-1 shows
the developing vasculature in wild-type embryos (C), but reveals a complete lack of vascular
cells in the Flk-77/~ mutants (D). The lack of endothelial cells in A/k-17/~ mutants is
confirmed by gPCR analysis for F/k-1 and Pecam-1 (E; **=p < 0.001, N =5).
Immunostaining for NKX2-1 shows that many respiratory progenitors have emerged in the
region of the foregut endoderm destined to become the lung in wild-type embryos (C,
arrow), while F/k-17/~ embryos contain only a few cells expressing NKX2-1 in the
prospective lung field (D, arrow). Analysis of E10.5 embryos by gPCR (E) shows that Sfipc
is detected in wild-type embryos, but not in A/k-27~ mutants (*= p < 0.01, N =4 samples).
Scale bars =100 pm.
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E8.5 Flk-1""~ mutants specify lung progenitors in vitro. Wild-type (A) and Flk-17/~ mutant
(D) embryos are grossly indistinguishable at E8.5 (8-10ss). EMCN-positive endothelial cells
are detectable in wild-type (B), but not F/k-1~/~ mutant (E) embryos at E8.5.
Immunofluorescent staining for NKX2-1 shows that after 2 days in culture, both wild-type
(C) and Flk-17!= (F) foreguts contain NKX2-1-positive progenitors in the lung field

(arrows). qPCR analysis of Flk-1 and Pecam-1 expression in cultured explants (1) confirms
the absence of endothelial cells in F/k-7/~ mutants, and shows no difference in the levels of
Nkx2-1 mRNA expression between wild-type and F/k-17/~ mutants (**= p < 0.001, N =10
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individual explants). The presence of a lung bud is demonstrated in both wild-type (G) and
Flk-17"= mutant (J) cultured foregut explants by whole-mount in situ hybridization for Sftoc
MRNA,; cultures were maintained for 5 days. Live confocal imaging demonstrates the
presence of SFTPC/GFP expression in both wild-type (H) and F/k-17~ (K) foregut explants.
gPCR analysis shows no significant difference in Sfioc mRNA levels in wild-type verses
Flk-17"~ foregut cultures (L; N =10 individual explants from at least 4 independent
experiments). Th = Thyroid; Lg = Lung. Scale bars =100 pm.
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Wild-type

Flk-1 -/-

Fig. 5.
Lung bud initiation occurs in serum-free culture. E8.5 wild-type and F/k-17/~ mutant

foreguts were cultured in medium with 20% KnockOut Serum Replacement for 4-5 days.
NKX2-1 staining is detected in the lung buds (arrowheads) of both wild-type (A, A’) and
Flk-17"= (B, B’) explants cultured in the KnockOut serum replacement. Endothelial cells are
marked by PECAM-1 expression (A, B). NKX2-1-positive cells representing thyroid
progenitor cells are distinguished by their co-staining with PAX8 (A, A”, B, B”). Since
neural tissue was removed from the embryos prior to their being placed in culture, NKX2-1-
positive, PAX8-negative cells represent lung progenitors. Scale bars =100 pm. N >5
individual explants from 2 independent experiments.
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Fig. 6.
Cultured E8.5 Flk-17/~ mutant foreguts maintain liver, but not pancreas, progenitors.

Immunostaining for HNF4a at E8.5 shows strong expression in the ventral endodermal lip
of the anterior intestinal portal (AIP) in both wild-type (A) and F/k-77~ mutant (B)
embryos. HNF4a is also expressed in the heart (H). On E9.5 the liver field (LvP) is clearly
demarcated by HNF4a staining (E, F, arrowheads). The size of the field in wild-type
embryos (E) is noticeably larger than that of the mutants (F). Respiratory progenitors
(arrows) are present in both wild-type and mutant embryos, but their number is greatly
reduced in the mutants. After 5 days of culture, explants of wild-type (I, M) and F/k-17/~
mutant (J, N) foreguts show a similar expansion of liver precursors, which are identified by
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the expression of ALB (1, J) and LI1V2 (M, N). Volumetric quantitation of cells expressing
ALB in confocal z-stacks shows no statistical difference between wild-type and Afk-17~
mutant explants (O; p > 0.05, N =11 (wild-type) and 8 (F/k-1~/~ mutant)). Immunostaining
of E9.5 wild-type embryos (C) for PDX1 shows strong expression in both the ventral (VP)
and dorsal (DP) pancreatic rudiments. NKX2-1 staining identifies respiratory progenitors in
the lung field (arrow). E9.5 F/k-17/~ mutant embryos stained for PDX1 also show expression
in the pancreatic field (D); the number of NKX2-1 respiratory progenitors (arrow) is
substantially less than that seen in wild-type embryos. Note that PDX1 expression in the
mutant VP is equivalent to that seen in wild-type embryos, while PDX1 expression in the
DP is considerably less than in littermate controls. On E10.5, both dorsal and ventral
pancreatic buds have formed in wild-type embryos (G), but only a ventral pancreatic bud is
seen in Flk-17~ mutants (H). Note the complete loss of NKX2-1-positive respiratory
progenitors in E10.5 mutants. Explants of E8.5 wild-type foreguts cultured for 5 days show
maintenance of PDX1 expression (K), but PDX1 expression in cultured F/k-17/~ mutant
explants was never observed (L). Scale bars: A, B, C, D, E, F, I, J, K, L, M, N =100 um, G
and H =300 pm.
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