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Abstract

Hypoblast/visceral endoderm assists in amniote nutrition, axial positioning and formation of the
gut. Here, we provide evidence, currently limited to humans and non-human primates, that
hypoblast is a purveyor of extraembryonic mesoderm in the mouse gastrula. Fate mapping a
unique segment of axial extraembryonic visceral endoderm associated with the allantoic
component of the primitive streak, and referred to as the “AX”, revealed that visceral endoderm
supplies the placentae with extraembryonic mesoderm. Exfoliation of the AX was dependent upon
contact with the primitive streak, which modulated Hedgehog signaling. Resolution of the AX’s
epithelial-to-mesenchymal transition (EMT) by Hedgehog shaped the allantois into its
characteristic projectile and individualized placental arterial vessels. A unique border cell
separated the delaminating AX from the yolk sac blood islands which, situated beyond the limit of
the streak, were not formed by an EMT. Over time, the AX became the hindgut lip, which
contributed extensively to the posterior interface, including both embryonic and extraembryonic
tissues. The AX, in turn, imparted antero-posterior (A-P) polarity on the primitive streak and
promoted its elongation and differentiation into definitive endoderm. Results of heterotopic
grafting supported mutually interactive functions of the AX and primitive streak, showing that
together, they self-organized into a complete version of the fetal-placental interface, forming an
elongated structure exhibiting A-P polarity that was composed of the allantois, a rod-like axial
extension reminiscent of the embryonic notochord, the placental arterial vasculature and visceral
endoderm/hindgut.
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INTRODUCTION

Together with reptiles and birds, mammals are part of the broad group, Amniota. In their
transition to life on land, amniotes evolved a set of conserved extraembryonic tissues, often
called “fetal membranes”, among which the allantois, chorion, yolk sac, and amnion
collaborate to sustain embryo survival within the egg or maternal reproductive tract. In
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Placentalia, the fetal bloodstream was co-opted by these extraembryonic tissues, which form
two major placentae: chorio-allantoic and chorio-vitelline (yolk sac) (reviewed in (Downs,
2004)). Together, the vasculatures of these placentae unite with those of the fetus, thereby
enabling the transport of fetal blood to and from the chorion to permit fetal-maternal
exchange.

The chorio-allantoic placenta is composed of the trophoblast-derived chorionic disk and the
allantois-derived umbilical cord. The chorio-vitelline placenta is composed of trophoblast-
derived tissues and the yolk sacs, both visceral and parietal. Each placenta establishes its
own umbilical and omphalomesenteric circulatory systems, respectively, and each placenta
is hematopoietic (Gekas et al., 2005; Gekas et al., 2010; Otterbach and Dzierzak, 2005;
Palis, 2001; Zeigler et al., 2006), further boosting the fetus’ dowry of blood cells during
gestation. Together with the fetal cardiovascular dorsal aortae, the umbilical and
omphalomesenteric arteries unite along the axial midline, thereby contributing to directed
and efficient flow of blood to and from the mother. Key to this continuum is the allantois, or
pre-umbilical cord.

The allantois is an outcropping of the posterior end of the embryo. In the gastrulating mouse,
the allantois forms a small mesodermal bud that is ultimately transformed into a sausage-
shaped projectile, reaching toward the chorion and fusing with it to create the labyrinth of
the chorio-allantoic placenta, where exchange takes place with the mother. Within the base
of the allantois, closest to the embryo, a special hemogenic vascular branchpoint forms in
register with the embryo’s body axis, the primitive streak (Daane et al., 2011; Daane and
Downs, 2011; Downs et al., 1998). This “vessel of confluence” unites the major arterial
vessels of the independently formed umbilical, vitelline and embryonic cardiovascular
systems in all Placentalia thus far examined (Daane and Downs, 2011; Downs et al., 1998;
Rodriguez et al., 2017).

When considering the chorio-allantoic and chorio-vitelline placentae and their relationship
to the fetus, the primitive streak rarely comes to mind, if at all. The primitive streak is the
overt manifestation of antero-posterior (A-P) polarity of the embryo. It is an axial
mesendodermal progenitor tissue that creates and delivers the three primary germ layers,
especially mesoderm and definitive endoderm, in organized manner to the fetus during
gastrulation (Kinder et al., 1999; Tam and Beddington, 1987).

The textbook view is that the primitive streak is confined to the embryo proper (Downs,
2009). Unexpectedly, however, after completing elongation through the embryo, the streak’s
posterior end reaches into the extraembryonic region where, within the base of the allantois,
it expands into a dense core, the allantoic core domain (ACD) (Downs et al., 2009).
Microsurgical removal of the ACD revealed a role in allantoic elongation to the chorion
(Downs et al., 2009), while fate mapping showed that, like the embryonic posterior primitive
streak (Downs et al., 2009; Kinder et al., 1999; Lawson et al., 1991; Snell and Stevens,
1966; Tam and Beddington, 1987), the ACD contains precursors of all three germ layers,
delivering them to the fetal-placental interface, and building the allantois (Mikedis and
Downs, 2012). Recently, we have shown that the ACD organizes the formation of the
allantois’s vessel of confluence (Rodriguez et al., 2017), thereby creating the arterial
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continuum that unifies the embryo and its placentae through a common axial site. Moreover,
a dense allantoic core is conserved amongst those Placentalia examined thus far (Rodriguez
etal., 2017).

Although the embryonic posterior primitive streak contributes mesoderm to the allantois,
above, whether the streak, both embryonic and extraembryonic components, provides the
allantois with its full complement of mesoderm is not known. For example, given that the
streak extends into the exocoelom, it is difficult to envision a mechanism by which epiblast,
confined to the embryonic region, can ingress into this extraembryonic streak and become
mesoderm. Rather, provision of extraembryonic mesoderm to the allantois by adjacent
visceral endoderm might anatomically make more sense. Moreover, it is thought that
proliferation kinetics are incompatible with the streak acting as a stem cell population that
exfoliates the entire mesoderm (Snow, 1977), though this possibility was never further
explored.

In humans and non-human primates, extraembryonic mesoderm has a binary origin within
both the epiblast and hypoblast. Primitive endoderm, or “hypoblast” in humans supplies
extraembryonic mesoderm to the placentae in advance of the appearance of the streak
(Bianchi et al., 1993; Enders and King, 1988). Although the mechanism by which human
hypoblast is converted into mesoderm is not known, mesodermal lineage differences
between rodents and other placental mammals, if true, have limited the full translational
utility of the mouse model to human development, particularly placentation, abnormalities
of which are often fatal, or result in severe birth defects (Cullen, 1916; Stevenson and Hall,
2006).

In the mouse, primitive endoderm and epiblast segregate from each other at implantation
(Gardner, 1982; Gardner and Rossant, 1979). Subsequently, primitive endoderm becomes
visceral and parietal endoderm, whose primary roles, historically, are nutritive (Snell and
Stevens, 1966). Results of more recent studies have, however, shown that visceral endoderm,
a simple epithelium, contributes to definitive gut endoderm (Kwon et al., 2008), and that it
has inducing roles that extend to the yolk sac blood islands (Belaoussoff et al., 1998) and
forebrain (Thomas and Beddington, 1996). In addition, signaling from the prospective
forebrain’s associated anterior visceral endoderm, or AVE, is thought to position the
primitive streak to the posterior side of the embryo (Stower and Srinivas, 2014).

None of these studies entertained the possibility that extraembryonic visceral endoderm, i.e.,
that associated with the allantois and yolk sac, might be a source of mesendoderm. Some
years ago, two anecdotal pieces of data appeared in the literature, which suggested to us that
this might be the case. Jurand presented a tantalizing image, without explanation or
attribution, of extraembryonic visceral endoderm bifurcating from the yolk sac into the
allantois, where it formed a rod-like extension (Downs, 2009; Jurand, 1974). These
bifurcations are reminiscent of the yolk sac diverticulum, which is thought in humans to
form the scaffold upon which the body stalk/allantois is elaborated (O’Rahilly, 1973). In
another report, creation of tetraploid mouse conceptuses produced a modest, albeit smaller-
than-normal allantois which, though not noteworthy at the time (Tarkowski et al., 1977), is
surprising in retrospect, as epiblast cannot maintain higher orders of ploidy, while visceral
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endoderm and trophoblast can (Nagy, 1990). Moreover, this vestigial allantois, as well as
that presented in a later study (Eakin et al., 2005), was associated with an embryonic hindgut
structure, in accord with visceral endoderm’s ability to contribute to gut endoderm (Dufort et
al., 1998; Kwon et al., 2008). Although chimeras between 2N «<—— 4N tissue could have
addressed the possibility of visceral endoderm contribution to the allantois and other
placental tissues, such contribution or lack thereof was not noted in that study (Eakin et al.,
2005).

We had previously shown that cells expressing RunxZ, which identifies hemangioblasts
(North et al., 2002; North et al., 1999), form a continuous trail between allantois-associated
extraembryonic visceral endoderm (henceforth referred to as “AX”; (Downs, 2008; Downs
et al., 2009; Stern and Downs, 2012) and the allantois (Daane and Downs, 2011). While
gene expression is not equivalent to cell lineage (Beddington, 1988), nevertheless, it can
alert the investigator to that possibility, to be subsequently tested by unbiased fate mapping
(Thomas et al., 1998). Continuity of RunxI expression between the AX and allantois
suggested that the mouse allantois, like that of other Placentalia (Mossman, 1937), might
contain an endoderm-derived component.

Other observations support this possibility. For example, the AX is part of a circumferential
band of “transitional” visceral endoderm located at the embryonic-extraembryonic interface.
Its morphology is intermediate between that of extraembryonic visceral endoderm, which
surrounds the visceral yolk sac, and of embryonic visceral endoderm, which surrounds the
epiblast (Bonnevie, 1950). The AX, which contains many fewer vacuoles and microvilli than
columnar epithelium of the yolk sac (Downs et al., 2009), exhibits dynamic morphological
changes, transitioning from a highly vesiculated simple columnar epithelium into a
squamous one (Downs et al., 2009). This transition occurs concomitantly with breakdown in
the extracellular matrix between it and the underlying allantois (Mikedis and Downs, 2009),
suggesting the possibility of free cellular passage between these tissues. Many proteins
characteristic of both mesoderm and endoderm have been detected in the AX (Downs, 2008;
Downs et al., 2009; Mikedis and Downs, 2012, 2013, 2017; Wolfe and Downs, 2014; Wolfe
et al., 2017) as well as in mouse XEN cell lines, which are derived from extraembryonic
visceral endoderm (Kunath et al., 2005). Together, these observations suggest the possibility
that the visceral endoderm, or at least that associated with the allantois, might be a
bipotential mesendodermal tissue.

Of extraembryonic visceral endoderm, the AX is unique in being the only region associated
with the primitive streak. In accord with its axial position, Patched1 (Ptchl), the major
receptor of the Hedgehog signaling pathway (Ingham and McMahon, 2001), is expressed at
both low and high levels within axial allantois-associated visceral endoderm (Daane and
Downs, 2011). The low Ptch1 domain characterizes the AX, which is in contact with the
primitive streak, while the high Ptchi domain encompasses a small segment of visceral
endoderm contiguous with and immediately distal to the AX, henceforth called “distal AX”
or dAX (Daane and Downs, 2011). Together with Hedgehog’s involvement in organization
around the axial midline during development (Ingham and McMahon, 2001), and a possible
role in the epithelial-to-mesenchymal transition (EMT) reported at least in pathological
scenarios (though not /n vivo) (Karhadkar et al., 2004), we investigated the possibility that
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the AX is a uniquely mesendodermal tissue whose bipotency is released by contact with the
primitive streak. We fate mapped the AX in four ways. In the first, /n situ Dil labeling the
AX was followed by photobleaching (Sulik et al., 1994). In the second, this /n situlabeling
method was followed by fluorescence imaging (Beddington, 1994; Kinder et al., 1999;
Thomas and Beddington, 1996; Thomas et al., 1998), particularly confocal analysis. Third,
we orthotopically grafted the AX alone (Beddington, 1981, 1982), and followed its fate after
staining for /acZexpression (Friedrich and Soriano, 1991), which is found in all cell types,
both donor and host, during the stages of development examined here (Downs and Harmann,
1997). Finally, we genetically “lineage” traced, via Cre-inducible gene expression, the
visceral endoderm-specific gene, transthyretin (Kwon et al., 2008).

MATERIALS AND METHODS

Animal husbandry, mouse strains, embryo dissections, and whole embryo culture

Animals were treated in accordance with Public Law 99-158 as enforced by the University
of Wisconsin-Madison. Methods for timed matings, embryo dissections, and whole embryo
culture were as previously described (Downs, 2006). The F2 of the standard inbred hybrid
mouse strain (B6CBAF1/JF1) (The Jackson Laboratory, Bar Harbor, ME; stock number
100011) provided wildtype conceptuses, and/or were used to outbreed mice carrying genetic
modifications. Rosa26/26 mice (Friedrich and Soriano, 1991) were maintained as previously
described (Downs and Harmann, 1997), Rosa26/26 males were bred with F1 females, above,
and the resultant embryos were used as donor material in grafting experiments. Pfchl.lacZ
(Ptch1tmIMpsiJ) reporter mice were maintained as heterozygotes, and male stud Prchl lacZ
heterozygotes were mated with F1 females, above, with the resultant embryos used to
identify the whereabouts of Pfchl expression, as previously described (Daane and Downs,
2011). T-curtailed ( T€) was maintained and genotyped as previously described (Inman and
Downs, 2006b). Creation of the 7¢/Ptchi:lacZ strain heterozygous for both alleles was
carried out by mating 7¢/7* males with Ptch1:/acZ reporter females, and assaying ear
punches from resultant tailless males for the presence of the /acZ gene (Daane and Downs,
2011). For assaying the relationship between the primitive streak and Ptc/1 expression in
gastrulae, stud 7¢/Pchl:lacZ males were mated with 7¢/7* females, and resultant embryos
dissected, X-gal stained (below), and genotyped by yolk biopsy as previously described
(Inman and Downs, 2006b). For genetic lineage tracing experiments, hemizygous
Transthyretin-driven Cre recombinase ( Ttr::Cre’9*) animals of breeding age were mated
with wildtype 7tr=:Cre*’* (generous gift of Dr. K. Hadjantonakis) (Kwon et al., 2008). Ear
punches from resultant pups were genotyped (http://www.ics-mci.fr/mousecre/static_page/
procedures); results showed that they did not follow the expected 1:1 Mendelian ratio
(79.4% Ttr:Cre’@*vs 20.6% Ttr=Cre**; Chi-square test with 1 degree of freedom,
p<0.0001). Nevertheless, hemizygous 7#"®* females were mated with CAMV-Tomato-
Green Fluorescent Protein (Tm/GFP)homozygous males (Muzumdar et al 2007) (Jackson
Laboratory) to produce 7trCre’9*;Tm/GFP. Yolk sac biopsies were taken (~E8.5-E9.0; 2
litters; n=22 conceptuses), genotyped (http://www.ics-mci.fr/mousecre/static_page/
procedures), and found to follow the expected 1:1 Mendelian ratio (59.1% T7tr=:Cre’9* vs
40.9% Ttr=:Cre*’*; Chi-square test with 1 degree of freedom, p=0.3938). Thus, genetic
background may play a role in ensuring correct segregation frequencies in such transgenic
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mice. To ascertain contribution to internal tissues, conceptuses were immunostained for GFP
as described below. GFP immunostaining 7tr:Cre*”*; Tm/GFP conceptuses provided
negative controls.

ing and panel displays, and terminology used for extraembryonic visceral

Briefly, the following stages (Downs and Davies, 1993) and abbreviations at approximate
(~) nominal days post coitum (E, embryonic day) were used: Neural plate stages. No
allantoic bud (OB; ~E7.0), Early Bud (EB; ~E7.25), and Late Bud (LB; ~E7.5). Headfold
(HF) stages. very Early Headfold (VEHF; ~E7.75) when headfolds were faintly visible/not
fully defined, Early Headfold (EHF; ~E7.75) when headfolds were visible, and Late
Headfold (LHF; ~E8.0) when the foregut was visible. Somite stages. 1-13s (~E8.25-9.25).
Embryonic stages are indicated in the upper right of most panels.

For cultured specimens, initial and final stages are separated by “/”, i.e. initial/final stage.
For grafted cultured specimens, initial donor and host stages are separated by “/” followed
by the final stage of the operated chimeric conceptus.

Anatomical coordinates are as follows: for all histological or optical sections and diagrams
in sagittal profile, posterior is on the right; for transverse profiles, ventral is on the bottom;
distal/proximal coordinates refer to the extraembryonic region and are based on proximity to
the embryo’s posterior end, with “proximal” being closest to the embryo.

The term “allantois-associated extraembryonic visceral endoderm” (AX) was previously
defined (Downs, 2008), and will be used for that portion of the visceral endoderm in contact
with the base of the allantois, or primitive streak/ACD, and which expresses relatively low
Ptch1 (Daane and Downs, 2011). “Distal allantois-associated extraembryonic visceral
endoderm” (dAX) will be used for that segment of AX which becomes separated from the
allantoic mesoderm to which it contributes, and which is robustly Pfchi-positive (Daane and
Downs, 2011).

Fate Mapping by Dil and photobleaching

CM-Dil (1,1’dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate; C-7001,
Molecular Probes, Eugene, OR; stock 1 mg/ml in absolute alcohol), a non-toxic lipophilic
dye was used to fate map extraembryonic visceral endoderm, either the AX, the visceral
endoderm associated with the yolk sac blood islands, or the extraembryonic visceral
endoderm lateral to the AX. Dil was diluted 1/20 in 0.3M sucrose immediately before use.
Following isolation of live mouse embryos from the maternal tissue (Downs, 2006),
conceptuses were scrutinized for any small lacerations that may have occurred during
dissection, especially near the target application site, and discarded. A small Dil-charged
capillary (10-20 um diameter opening; flame-polished) was applied to the apical surface of
the axial visceral endoderm in a dissection microscope (~x 17.5 magnification) for
approximately 5-10 seconds with the aid of a mouth-held aspirator (Beddington, 1994).
Immediately after Dil application, brightfield and fluorescence (TRITC filter cube,
553/570nm excitation/emission; Semrock, Rochester, New York) images were taken of the
labeled conceptuses with a Retiga 2000R camera (QImaging, Surrey, BC) attached to a
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Nikon Ti-U inverted compound microscope (NIS Elements software; Nikon, Tokyo, Japan).
Images were superimposed via NIS Elements. In every experiment, labeled specimens were
either immediately fixed in 4% paraformaldehyde (PFA) (Downs, 2008) for 2 hours at 4°C
or cultured for 4-24 hours alongside unlabeled control specimens, photographed as above,
and then fixed in the same manner. After rinsing out the PFA with phosphate-buffered saline
(PBS; Sigma Aldrich; St Louis, MO), specimens were prepared either for fluorescent optical
imaging after a 15 min incubation with DAPI (D1306, Life Technologies, Fitchburg, WI;
stock 5 mg/mL; 3/5000 dilution in PBS); for fluorescent optical imaging following
immunofluorescent chemistry; or for photobleaching (Singleton and Casagrande, 1996). For
the latter, specimens were dehydrated up to and through 75% methanol in PBS before being
exposed to 5% H202 in absolute methanol for 15-30 min on a platform rocker to remove
endogenous peroxidase activity. After rehydration back to PBS, which was used to prevent
the formation of H202-induced gas bubbles in the specimens and avoid tissue damage,
labeled and control unlabeled conceptuses were subsequently placed, one by one, in fresh
diaminobenzoate (DAB; K3468; 1-5% biphenyl-3,3’,4,4’-tetrayltetraammonium
tetrachloride; DAKO, Carpinteria, CA). The Dil-labeled or equivalent unlabeled region was
exposed to excitation in the dark in a Nikon inverted microscope (TRITC filter cube, above)
at magnification x400 for 20 minutes, checking every few minutes to verify that the
specimen had not moved. At the end of the photobleaching period, Dil fluorescence was
eliminated. After another hour of fixation, the photobleached conceptuses were prepared for
histology, as described below, to visualize anatomical contribution of Dil-labeled descendant
cells to internal tissues. Unfortunately, even five hours of incubation in H,O, did not remove
non-specific background in the visceral endoderm of unlabeled controls (Fig. 2C), and thus,
only internal tissues were scored for the presence of brown precipitate.

ACD+AX and ACD or AX alone

Rosa26/+ heterozygous donor conceptuses and host F2 conceptuses were dissected on the
8t day of gestation and maintained in culture medium at 37°C under 6.2% CO2 until
grafting. Embryos were staged, after which the donor embryo was opened with dissection
forceps to expose the allantois. For removal of the ACD with its associated AX (ACD+AX),
glass scalpels (Beddington, 1987) were used, and the ACD was separated from the distal
allantois by transversely cutting it away at a distance of 220 pm from its point of contact
with the AX (Downs et al., 2009). For removal of the ACD, the whole allantois was
aspirated from its point of contact with the AX using a hand-pulled glass capillary affixed to
a mouth aspirator (Downs, 2006), after which the proximal 220 pm of the allantois, the
ACD, was cut away from the distal allantois as described above. To introduce the desired
ACD or ACD+AX donor pieces into a host conceptus, a 28g needle was first used to pierce
the left lateral yolk sac of the host, through which the ACD alone or ACD+AX was
introduced via the same hand-pulled glass capillary described above (Downs, 2006). For
ACD+AX grafts, the ACD was oriented so as to enter the exocoelom first, leaving the AX in
contact with the yolk sac wall. For grafts of the AX alone, conceptuses were first rinsed in
sterile tissue-grade PBS and placed into trypsin/pancreatin for 2 minutes on ice (Downs and
Harmann, 1997). The enzymatic reaction was stopped in dissection medium, and the AX
was dissected away from the allantois with the aid of glass scalpels. To ensure purity of the
AX, it was mouth-aspirated up and down several times in a small bore microcapillary to
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liberate it from any residual mesoderm. In preliminary experiments, the AX was placed
individually into the exocoelom of hosts, and immediately fixed, X-gal-stained, and prepared
for histology; these experiments verified purity of the AX (Fig. 9N). The AX was then
placed orthotopically and synchronously into hosts. Operated conceptuses were cultured
alongside unoperated ones to verify optimal growth and development; no abnormalities were
observed in the unoperated or grafted specimens. Following culture, embryos were scored as
previously described (Downs and Harmann, 1997) and prepared for X-gal staining and
immunohistochemistry, below.

X-gal staining, immunohistochemistry (IHC) and immunofluorescence (IF)

X-gal staining was carried out in Pfchl.:/acZ conceptuses as previously described for signal
enhancement (Daane and Downs, 2011); for grafts, X-gal staining followed a standard
protocol (Downs and Harmann, 1997). The following categories of conceptuses underwent
IHC (Downs, 2008): F2 conceptuses, and the following strains after X-gal staining:
Ptchi:lacZ; T¢/Ptchi:lacZ: and grafted conceptuses. The following categories of
conceptuses underwent IF (Mikedis and Downs, 2013): F2 conceptuses; and Dil-labeled/
non-photobleached F2 conceptuses.

Primary antibodies and their sources, stock concentrations, dilutions, and Research Resource
Identifiers (RRIDs) were: CASPASE-3 (CASP3) (559565, BD Biosciences, San Jose,
California; 0.5 mg/ml, rabbit monoclonal; 1/100 IHC dilution; RRID: AB_397274);
COLLAGEN TYPE IV (COLIV) (ab19808, Abcam, Cambridge, MA; 1 mg/ml, rabbit
polyclonal; 1/50 IF dilution; RRID: AB_445160); E-CADHERIN (E-CAD) (sc-7870, Santa
Cruz Biotechnology, Santa Cruz, California; 200 pg/ml, rabbit polyclonal; 1/10 IF dilution;
RRID: AB_2076666) and (sc-31020, Santa Cruz Biotechnology; 200 pg/ml, goat
polyclonal; 1/10 IF dilution; RRID: AB_2076663); FOXa2 (sc-9187, Santa Cruz
Biotechnology; 200 pg/ml, goat polyclonal; 1/30 IF dilution; RRID: AB_2104886); GREEN
FLUORESCENT PROTEIN (GFP) (ab6673, Abcam; 1 mg/ml, goat polyclonal,; 1/150 IHC
dilution; RRID: AB_305643); INDIAN HEDGEHOG (IHH) (ab39634, Abcam, 1 mg/ml,
rabbit polyclonal; 1/10 IF dilution; RRID: AB_881366); Ki67 (ab15580, Abcam; 1 mg/ml,
rabbit polyclonal; 1/100 IHC dilution; RRID: AB_805388); Na*™-K* ATPase (ab76020,
Abcam; 0.6 mg/ml, rabbit monoclonal; 1/50 IF dilution; RRID: AB_1310695); N-
CADHERIN (N-CAD) (ab18203, Abcam; 0.3 mg/ml, rabbit polyclonal; 1/200 IHC dilution;
RRID: AB_444317); PECAM-1 (AF3628, R&D Systems, Minneapolis, MN; 0.2 mg/ml,
goat polyclonal; 1/500 IHC dilution, 1/50 IF dilution; RRID: AB_2161028); PATCHED-1
(PTCH1) (sc-6149, Santa Cruz Biotechnology; 200 ug/ml, goat polyclonal; 1/10 IF dilution;
RRID: AB_2174039); SONIC HEDGEHOG (SHH) (ab19897, Abcam; 0.4 mg/ml, rabbit
polyclonal; 1/10 IF dilution; RRID: AB_2301807); SNAIL (sc-10433, Santa Cruz
Biotechnology; 200 ug/ml, goat polyclonal; 1/100 dilution; RRID: AB_2191872);
Brachyury (T) (sc-17743, Santa Cruz Biotechnology; 200 pg/ml, goat polyclonal; 1/100 IHC
dilution; RRID: AB_634980); TRANSTHYRETIN (TTR) (sc-13098, Santa Cruz
Biotechnology; 200 pg/ml, rabbit polyclonal; 1/25 IF dilution; RRID: AB_2241313); ZO-1
(sc-8146, Santa Cruz Biotechnology; 200 pg/ml, goat polyclonal; 1/10-25 IF dilution; RRID:
AB_2205517), whose apical staining resembled that obtained by similar confocal methods
(Grosse et al., 2011). Secondary antibodies were: Donkey anti-rabbit (sc-2089, Santa Cruz
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Biotechnology; 0.4 mg/ml; 1/500 IHC dilution; RRID: AB_641178); Donkey anti-goat
(sc-2042, Santa Cruz Biotechnology; 0.4 mg/ml; 1/500 IHC dilution; RRID: AB_631726);
Dylight 488-conjugated donkey anti-goat (ab96935, Abcam; 0.5 mg/ml; 1/100 IF dilution;
RRID: AB_10679538); Dylight 488-conjagated donkey anti-rabbit (ab96919, Abcam; 0.5
mg/ml; 1/500 IHC dilution; RRID: AB_10679362); Dylight 650-conjugated donkey anti-
goat (ab96938, Abcam; 0.5 mg/ml; 1/100 IF dilution; RRID: AB_10680099); Dylight 650-
conjugated donkey anti-rabbit (ab98501, Abcam; 0.5 mg/ml; 1/100 IF dilution; RRID:
AB_10676120).

Conceptuses were prepared for histology as previously described (Downs et al., 1998).
Briefly, following immunostaining, conceptuses were post-fixed overnight in 4%
paraformaldehyde, then rinsed in PBS and dehydrated through an increasing series of
ethanols, cleared in HemoDe (Scientific Safety Solvents, Keller, TX), then embedded in
paraffin wax, using a dissection microscope to orient the conceptuses. Histological sections
were of 6 um thickness; after dewaxing, specimens were counterstained in hematoxylin
(Gill’s No. 1 hematoxylin; Sigma Aldrich).

Trypan blue exclusion for detection of apoptosis

Fluorescent

A stock solution of 0.4 % trypan blue (diamine blue 3B; Allied Chemical, New York, NY) in
sterile PBS was warmed at 56°C for several minutes before diluting 1/1000 times in whole
embryo culture medium; embryos were cultured for 60 minutes, rinsed in PBS, fixed in
Bouin’s fluid for 2 hours (4°C), and processed for histology as described above.

optical imaging and depth of analysis

Following DAPI incubation and subsequent washes in PBS or PBSST for IF specimens
(Mikedis and Downs, 2013), the posterior embryonic-extraembryonic interface (ie. the
allantois, its overlying yolk sac and the posterior half of the embryo) was isolated using fine
forceps and a long scalpel, and then transferred into a drop of Aqua-mount (13800, Lerner
Laboratories, Pittsburgh, PA) that was centrally placed on a gelatin-subbed glass slide. Once
the desired frontal, posterior upward, orientation was achieved, a No. 1.5 cover-glass was
gently applied to prevent disrupting the tissue’s orientation. Prior to letting the slides set
overnight in the dark at 4°C, a slight force was exerted on the cover-glass; this compression
not only prevented the tissue from moving before the Aqua-mount solidified, but also
maximized the amount of tissue that was within the optical depth of the microscope.
Fluorescent optical imaging was performed using a Nikon A1R+ Confocal Microscope
(W.M. Keck Laboratory for Biological Imaging, University of Wisconsin-Madison) with a
CFI Plan Apo Lambda 20x objective as well as 60x oil objective, a pinhole size of 1-1.8 AU,
and lasers at 408, 488, 561 and 638 nm wavelengths. Using the NIS Elements Confocal
software images were acquired as Z-stacks of 1 um step increments from the deepest optical
slice where signal was detected (farthest from the cover-glass) to the 15t optical slice where
signal was detected (closest to the cover-glass). As the total depth of these Z-stacks was
limited to only 40-50 pum, a set of samples (n=3) that were imaged on the Nikon A1R+
Confocal Microscope were imaged on a Spectral Lifetime Multiphoton Microscope
(Laboratory for Optical and Computational Instrumentation (LOCI), University of
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Wisconsin-Madison) as well. However, while multiphoton systems often have better optical
depth than confocal microscopes (Pantazis and Supatto, 2014), we found that the images
acquired through both systems had the same depth and similar signal for the red, green and
blue channels (data not shown). In addition, IF and Dil labeled specimens were imaged
alongside minus primary and unlabeled control specimens; in these only a DAPI signal was
found (data not shown). Also, as the Dil signal was often quite strong on the visceral
endoderm, in five Dil labeled specimens and two unlabeled controls, the yolk sac was
removed, and mounted and imaged separately from the allantois and posterior embryo; Dil
was still found in the allantois of all labeled specimens (see Fig. 1J).

Pharmacological inhibition of Hedgehog signaling

Cyclopamine binds to Smoothened and abrogates downstream Hedgehog signaling (Chen et
al., 2002). Previous studies indicated that KAAD-cyclopamine (3-Keto-N-aminoethyl-N’-
aminocaproyldihdrocinnamoyl cyclopmanine, Molecular Weight 697.99; K171000, Toronto
Research Chemicals) exhibited 10-20-fold higher potency than cyclopamine in inhibiting
lacZ expression in p2P®/- cells, with similar or lower toxicity (Perron et al., 2003; Tiapale
et al., 2000). To determine which concentration of KAAD-cyclopamine (KAAD) would be
least toxic to the embryos used in this study, we first determined which concentration of the
KAAD vehicle, 95% ethanol, had no obvious effects on embryonic growth and morphology:
4 ul, 3 mg/ml, 0.4% v/v; 8 pl, 6.0 mg/ml, 0.8% v/v; 12 pl, 9.0 mg/ml, 1.2% v/v; 20 pl, 15.0
mg/ml 2.0% v/v. Compared with untreated controls, 4 pl (3 mg/ml, 0.4% v/v) ethanol
exhibited no toxicity; by contrast, embryos cultured in 8 pl ethanol exhibited delayed
somitogenesis (1-2s), those cultured in 12 pl ethanol exhibited poor blood flow and an
underdeveloped heart, and those cultured in 20 pl ethanol were completely abnormal with
uninterpretable morphology. The adverse affects of these alcohol concentrations on
embryonic development were similar to those previously observed (Xu et al., 2005). Thus, a
25 mM stock solution of KAAD was made in 95% ethanol; 4 pl aliquots were stored at
—-20°C. We then determined the optimal concentration of KAAD that would eliminate X-gal
staining in Ptch1* while maintaining normal overall morphology: 0.8 pl (20 uM), 2 pl (50
uUM), 3 pl (75 uM), and 4 pl (100 uM) of KAAD was added to 1 ml culture medium just
prior to introducing embryonic pairs at headfold-5s stages (~E8.0-8.5; n=4 experiments).
Conceptuses in each KAAD concentration were cultured alongside stage-matched groups
with either similar amounts of 95% ethanol vehicle or without treatment. After 24 hours,
conceptuses were fixed (4% PFA, 2 hours, 4°C), rinsed in PBS, and X-gal stained (Daane
and Downs, 2011). Embryos treated with 20 UM KAAD, exhibited the fewest defects but the
most residual Ptchl (data not shown). Embryos treated with 50 uM KAAD exhibited
expected somite numbers and residual Ptch1 in the posterior notochord (Fig. 5A, B). At
higher KAAD concentrations, all embryos were significantly abnormal. For all subsequent
experiments, embryos were cultured in the same lot of KAAD-cyclopamine, at 50 uM
KAAD (+KAAD); controls were untreated embryos and those treated with the same ethanol
vehicle used to make that particular batch of KAAD. No discernable differences were
observed between vehicle-treated and untreated controls.
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sional (3D) reconstruction of histological sections

The Amira software system (Visualization Sciences Group, Burlington, MA) was used to
create 3D reconstructions as previously described (Rodriguez et al., 2017). Briefly,
sequential sectional images were loaded into Amira and made into an object with 3D voxel
dimensions of 1x1x6 voxels (1 voxel = 1 pm) to volumize the 2D images by their 6 um
sectional thickness. The sections were then re-aligned in pairwise fashion and re-sampled.
The structures within each section were then colored to correspond to each tissue in the
resultant 3D reconstruction. After all sections were labeled, the surface generator compiled
the snapshot views and computed a free-form surface model.

Measurements

Statistics

RESULTS

The length of the AX as well as the proximal ACD (i.e. AX-associated ACD) was taken as
the vertical distance from the amnion to the allantoic-yolk sac junction, while the length of
the distal ACD (i.e. AX-liberated ACD) was taken as the vertical distance from the allantoic-
yolk sac junction to the distal-most end of the allantois’ Brachyury-positive core. The length
of the visceral endoderm’s high Ptch1 domain, the dAX, was taken as the vertical distance
of the darkest blue stained region of the visceral endoderm from the allantois-yolk sac
junction, and enhanced by NIS Elements’ “Look-Up Table” (LUT), which was used as an
intensity thresholding tool to eliminate background pixel noise and bring out the regions of
highest intensity from which the high PtchI domain could be measured. Similarly, the
distance of the CASPASE-3-positive border cell found at the distal limit of the high Pfch1
dAX was taken as the length of the dAX from the allantois-yolk sac junction to the border
cell.

While no statistical method was used to predetermine sample size (n), for all experiments, n
> 3 for all stages and all genotypes. Analyses for differences between group means were
carried out via two-tailed Student t-Tests in Excel, while analyses for differences between
observational frequencies were carried out via two-tailed Fisher’s exact tests in GraphPad.
P-values < 0.05 were considered statistically significant, and denoted by asterisk(s) in
graphs. Chi-square analysis was used to determine Mendelian segregation ratios in
littermates that involved the TTR-CRE transgenic mice.

Working hypothesis: the axially located allantois-associated extraembryonic visceral
endoderm (AX) exfoliates mesoderm through contact with the primitive streak

In this study, our goal was to test the hypothesis that allantois-associated extraembryonic
visceral endoderm (AX), which forms a single layer of epithelium adjacent to the allantois,
is a bipotential mesendodermal tissue /n7 vivo. Toward this end, we first synthesized previous
key results to create a working model (Fig. 1A-C).

Prior to the allantoic bud stages, the streak achieves its posteriormost limit, entering the
exocoelom and stopping just short of the prospective blood islands, where it positions the
allantoic-yolk sac junction (Rodriguez et al., 2017) (not shown). The AX encompasses that

Dev Biol. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rodriguez and Downs Page 12

axial region in contact with the streak, and which expresses very little Ptch1 (Daane and
Downs, 2011), indicative of Hedgehog signaling (Goodrich et al., 1995). There is no high
Ptchl domain at this time. A continuous basement membrane separates the primitive streak
from the AX (Downs et al., 2009; Mikedis and Downs, 2009). During the neural plate/
allantoic bud stages (~E7.25-7.5) (Fig. 1A), the basement membrane has broken down
(Downs et al., 2009; Mikedis and Downs, 2009) and the allantoic bud appears (Fig. 1A).

By the headfold stages (Fig. 1B), the streak has matured into the allantoic core domain, or
ACD, which is in contact with the AX (Downs et al., 2009). The AX continues to express
low levels of Pichi (Daane and Downs, 2011). The allantoic-yolk sac junction, a key feature
of this model, advances toward the embryo (Rodriguez et al., 2017); the primitive streak, via
Brachyury, organizes allantoic angioblasts here into the vessel of confluence (Rodriguez et
al., 2017). At this point, allantoic mesoderm is now taking on its characteristic projectile
shape (Rodriguez et al., 2017). Distal AX (dAX), as well as its associated yolk sac
mesoderm and the ventral wall of the allantois, now inexplicably express relatively high
levels of Ptchi (Daane and Downs, 2011). Smoothened, the signal transducer of the
Hedgehog pathway (Chen et al., 2002), and its ligand, Sonic Hedgehog (SHH), are also
found here (Daane and Downs, 2011). However, as immunohistochemistry was not as
sensitive as Ptchl expression in resolving relative differences in levels of Hedgehog
signaling (Daane and Downs, 2011), we favored use of the Ptchl:lacZ reporter mouse to
ascertain relative levels of Hedgehog throughout this study (Materials and Methods).

During early somite stages (1-4s; ~E8.0-8.5) (Fig. 1C), the allantoic-yolk sac junction
advances further anteriorly toward the embryo (Rodriguez et al., 2017); concomitantly, the
AX shortens, while the dAX lengthens. Thereafter, the allantois, now a fingerlike projection,
unites with the chorion (Downs, 2002; Downs and Gardner, 1995) (not shown). How the
allantois becomes morphologically crafted into its sausage-like shape is not known.

To address this, and the role of the AX and primitive streak in building the fetal-placental
interface, the following working model was proposed. First, as long as the AX is in contact
with the primitive streak, Pfch levels remain low and the AX exfoliates extraembryonic
mesoderm. As AX-derived mesodermal cells enter the yolk sac and prospective allantoic
bud, they separate the primitive streak from the AX, inducing high expression of Ptchi
there. Increased Hedgehog signaling now liberates mesoderm from the AX, and creates the
dAX domain which, due to its content of high Pfchl, ceases the EMT. This process of
association and dissociation between exfoliating mesoderm and the AX, with concomitant
refreshing of the allantoic-yolk sac junction by a new dAX, will be repeated down the length
of the visceral endoderm, zipper-like, until the allantois is freed and shaped into its
characteristic projectile.

Dil-labeling the AX tracks descendant cells into the fetal-placental interface

We defined the AX over time, establishing that its length decreased (Fig. 1D) concomitant
with anterior advancement of the allantoic-yolk sac junction (Rodriguez et al., 2017). As
ascertained by T-immunostaining transverse histological sections (Downs et al., 2009, Fig.
11, J of that study), the width of the AX encompassed that part of the allantois that is in
contact with the primitive streak. The AX was then labeled with Dil (Fig. 1E, F), a
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fluorescent lipophilic dye that persists in the membrane of descendant cells over many
generations (Krishnamurthy et al., 2008). It is used extensively to track cell movements and
cell fate, which are essentially equivalent, as many cells are dividing as they translocate
through the embryo in a variety of organisms, including the mouse (Beddington, 1994;
Kinder et al., 1999; Sulik et al., 1994; Thomas and Beddington, 1996; Thomas et al., 1998)
and chick (Selleck and Stern, 1991). Moreover, this classical method, which does not rely
upon gene expression, provides an unbiased account of tissue lineage.

Preliminary results showed that, on average, application of Dil encompassed a cohort of
~304 + 11.2 (SEM) AX cells (n=15; bud-2s stages) and never exceeded the width of the
allantois (Fig. 1F). Confocal imaging immediately after labeling verified that Dil had not
penetrated to the cells beneath it (Fig. 1G). Further, the AX was molecularly homogeneous
for transthyretin (Fig. 1H), indicating that all labeled cells were visceral endoderm-like in
nature (Mesnard et al., 2006).

After culture to 7-8s (~E8.5), when hindgut formation is underway and the major
vasculatures have coalesced at the vessel of confluence (Downs et al., 1998; Rodriguez et
al., 2017), Dil was found within cells of the yolk sac and allantois (Fig. 11, J). Labeled cells
located closest to the visceral endoderm were covered entirely with Dil (Fig. 1K), and
overlapped Na*-K* ATPase, found on all cell membranes (Fig. 1M); these observations
showed that Dil labeled the plasma membrane, and suggested that Dil-rich cells were the
most recent to emerge from the AX. Others, especially those farther away, exhibited Dil as
spots on the cell membrane (Fig. 1L), consistent with those reported in other fate mapping
studies (e.g., (Sulik et al., 1994)). This profile accords with high rates of allantoic
proliferation during the bud-headfold stages (Downs and Bertler, 2000), resulting in dilution
of Dil signal upon repeated cycles of replication (Krishnamurthy et al., 2008).

Proliferation in this region was verified with Ki67 (Gerdes et al., 1983) (Fig. 1N-Q). At bud
stages, both the AX and allantois were proliferative throughout (Fig. 1N). By the headfold
stages, the AX and immediately adjacent allantoic cells, which are part of the ACD, were
proliferative compared to the rest of the ACD, which was relatively dormant (Fig. 10, P). At
4s, as the hindgut forms and the ACD regresses toward the embryo (Downs et al., 2009), the
allantois resumed global proliferation (4-6s stages) (Fig. 1Q).

AX contributes widely to the fetal-placental interface

Dil-labeled conceptuses were cultured to 6-10s stages (~E8.5-9.0), photobleached, and
analyzed by histology to elucidate AX contribution to internal tissues. The tissues found at
this time at the fetal-placental interface are summarized in Fig. 2A. The AX, continuous
with the hindgut lip, or caudal intestinal portal and found at the entrance to the hindgut,
ultimately becomes the hindgut lip (this study). The ventral wall of the allantois (“ventral
cuboidal mesoderm”, VCM, (Daane et al., 2011)), which exhibits unique epithelial-like
properties (Daane et al., 2011), extends toward the embryo to become splanchnic mesoderm
(Daane and Downs, 2011), part of the primary body wall (Brewer and Williams, 2004). The
yolk sac omphalomesenteric artery (OA), an axial blood vessel that becomes joined to the
umbilical artery and fetal dorsal aortae at the vessel of confluence (Rodriguez et al., 2017),
forms next to the hindgut.
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Photobleached whole mount specimens confirmed that AX-derived cells ended up in the
allantois and could be observed, to a first approximation, on its ventral wall after removing
the yolk sac (Fig. 2B). In histological sections, background signal in unlabeled visceral
endoderm was never completely abolished (Fig. 2C), despite long incubation times in
hydrogen peroxide (Materials and Methods). Thus, the status of the AX could not be
assessed after culture by the method of photobleaching. As described in a subsequent
section, confocal microscopy, which eliminates the step of photoconversion into a solid
precipitate, was used for this purpose. For now, only internal tissues, which were completely
devoid of background (Fig. 2C), were evaluated by photobleaching.

At all stages, AX-derived cells contributed to hindgut endoderm (Fig. 2D, H) and to yolk sac
mesothelium (Fig. 2E, H). However, contributions from early bud and headfold stage-
labeled AX were predominantly to the allantois, including its ventral wall, primitive streak/
ACD, umbilical artery and vessel of confluence (Fig. 2E, H). In addition, contribution was
found in a rod-like structure (Fig. 2E, H), which we had previously observed extending from
the ACD through the axial midline of the allantois (Downs et al., 2009) and which
resembled here the bifurcation of Jurand (Jurand, 1974). Confocal imaging this structure in
AX-labeled late bud stage conceptuses confirmed that it originated within the AX (Fig. 2G).
At somite stages, while the AX continued to supply mesoderm to the major allantoic blood
vessels, i.e., vessel of confluence and umbilical artery (Fig. 2H), the major recipients of AX-
derived mesoderm were splanchnic mesoderm and the yolk sac omphalomesenteric artery
(Fig. 2A, F, H).

Given that transthyretin (TTR) localizes to visceral endoderm, including the AX (Fig. 1H),
we next undertook genetic lineage tracing via visceral endoderm-specific transthyretin-
driven CRE recombinase (TTR-CRE; see Materials and Methods) (Kwon et al., 2008). After
dissection and immunohistochemistry, which was more sensitive than imaging by
fluorescent excitation (not shown), we examined the AX in at least three CRE-induced
conceptuses per stage (neural plate/bud - 8s; 15 stages total separated by 2-4 hour intervals,
>45 specimens), and compared results with similar numbers of 7#r::Cre** controls. In
contrast to results of /n situ Dil fate mapping, the only evidence that we could find during
this timeperiod for GFP contribution to underlying extraembryonic mesoderm was
unconvincing brown staining in some cells closest to the allantois (Fig. 21). By 8s, GFP
presented as mosaic immunostaining in the hindgut lip and definitive endodermal cells of the
nascent hindgut (Fig. 2J). By contrast, the columnar visceral endoderm of the yolk sac, with
which the hindgut lip is contiguous, exhibited uninterrupted and robust GFP (Fig. 2J).
Examination of later-stage specimes (11-14s, ~E9.25; N=10), showed that, while darkly
reactive GFP was present within yolk sac visceral endoderm and the hindgut (Fig. 2K), in
accord with previous results (Kwon et al., 2008), a less intense GFP reaction was also found
within extraembryonic mesoderm that was not found in a similar number of controls (Fig.
2K). However, given the non-specificity of the genetic lineage tracing method, we could not
verify that contribution was specifically from the AX. Thus, while the AX might have
delaminated extraembryonic mesoderm in the TTR-CRE inducible strain, we did not pursue
this approach, as gene expression might be delayed and/or spurious in the extraembryonic
mesoderm at later stages (see Discussion). It was doubtful that other reporter combinations
would improve the signal, as contribution to extraembryonic mesoderm was not previously
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noted (Kwon and Hadjantonakis, 2009; Kwon et al., 2008). Finally, the putative gene
expression delays observed in this TTR-CRE recombinant mouse line argue against its
utility in any future live imaging AX-derived cells when the AX was most active (Fig. 2H).

Next, to seek support for our hypothesis that contact with the primitive streak promoted AX
mobilization into extraembryonic mesoderm, a segment of axial yolk sac blood island
visceral endoderm, which was directly contiguous with the AX and not in contact with the
primitive streak, was Dil-labeled. Yolk sac blood islands originate within the epiblast-
derived primitive streak, which supplies them in two mesodermal waves (Kinder et al.,
1999). In the dissection microscope, the blood islands are easily morphologically distinct
from the AX as groups of blood cells located near the chorion. The visceral endoderm of the
prospective blood islands was Dil-labeled in register with the AX, and thus, the axial
primitive streak, at a variety of stages (OB, LB, EHF; n=9). Results showed that, after
culture to 4s, when the blood islands are restricted to the circumferential yolk sac blood ring,
only one labeled internal cell was found in each of two LB-stage labeled specimens (Fig.
2K-0). Moreover, PTCH1 and Indian Hedgehog (IHH), a major PTC ligand, co-localized
only to the blood island visceral endoderm (Fig. 2K-O), consistent with a role for IHH
signaling in induction of yolk sac blood islands (Dyer et al., 2001).

Based on results thus far, we preliminarily conclude that, as soon as the primitive streak
extends into the exocoelom, the low Pfchi AX delaminates and, over time, sequentially
contributes mesoderm first to the allantois, and then to the more mature fetal-placental
interface. Contributions to the allantois included the allantoic core domain (ACD), hitherto
assumed to be composed only of epiblast-derived tissue, consistent with it being part of the
primitive streak (Downs et al., 2009). Also, contribution to the allantoic rod-like cells
reinforced the possibility that Jurand bifurcations existed. Throughout this period, the AX
also supplied the yolk sac and hindgut with mesoderm and endoderm, respectively. By
contrast, axially located yolk sac blood island visceral endoderm did not contribute to
underlying mesoderm as would have been expected if Dil contribution to the extraembryonic
mesoderm were obtained by endocytosis and transfer to underlying cells, especially as
extraembryonic visceral endoderm of the yolk sac exhibits far more vesicles than transitional
visceral endoderm of the AX (Downs et al., 2009). Thus, the AX alone appeared to be a
bipotential mesendodermal tissue.

AX undergoes an epithelial-to-mesenchymal transition (EMT)

Some histological specimens exhibited streams of photobleached cells entering the allantois
from the AX as linear arrays (e.g., Fig. 3A). Closer morphological scrutiny showed whole
cells appearing to leave the epithelium (Fig. 3B). Together with results of Dil fate mapping,
these observations suggested that the AX uniquely undergoes an epithelial-to-mesenchymal
transition (EMT).

To explore this possibility, we turned to confocal imaging, as immunostaining could be
readily combined with Dil fate mapping. We further predicted that this method would be
more sensitive than immunostaining to also allow us to detect gaps in the AX. We first asked
how quickly Dil-labeled AX cells exited the epithelium. After 5 hours, and in accord with
our preliminary observations (Fig. 1J-M), small numbers of whole cells, the membranes of
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which were covered with Dil (Fig. 3C), had left the endoderm in the majority of specimens
(n=8/13; 60%; bud-headfold stages). Zonula occludens-1 (ZO-1), which identifies epithelial
tight junctions (Stevenson et al., 1986), localizes to visceral endoderm (Daane et al., 2011)
and here was used to identify small gaps within the AX epithelium (Fig. 3D). An average of
29 gaps was quantified in the AX at a representative stage (early headfold, n=3). Each gap
was roughly equivalent to one cell nucleus, and together, they encompassed ~37% of the
total AX area (total area =6226.6+1121.5 (SEM) pm?; ~77.2+6.1 (SEM) cells). The
presence of cell-sized gaps reinforced morphological observations that entire cells were
leaving the visceral endoderm. This was further supported by profiles of E-cadherin (E-
CAD), a component of adherens junctions (Pokutta and Weis, 2007), which revealed loss of
the junctional protein between neighboring AX cells (Fig. 3E).

As cells exited the AX, neighboring AX cells appeared to fill in the gaps, possibly by
dividing, as mitotic profiles were often found within this tissue (e.g., Fig. 3F); this was
consistent with the aforementioned proliferation profiles of the AX (Fig. 1N-Q). Dil-labeled
visceral endoderm cells lateral to the AX, i.e., outside the bounds of the allantois, showed no
movement toward the axial midline, and more importantly, no contribution to internal cells.
Rather, they remained as a cohesive group within the lateral yolk sac endoderm (data not
shown), highlighting differences between axial and non-axial regions of extraembryonic
visceral endoderm. Thus, EMT activity is confined to the AX, which is in contact with the
primitive streak.

The allantois of most amniotes is thought to contain an endodermal component (Mossman,
1937). Although we had previously searched for evidence of such an endodermal allantoic
component in the mouse by morphology and immunohistochemistry, we failed to find it
(Daane et al., 2011). This suggested that the molecular identity of AX cells changes as they
transit from the visceral endoderm to extraembryonic mesoderm. FOXa2, which localizes to
the nuclei of endoderm cells (Kubo et al., 2004), and is found in the AX (Wolfe et al., 2017),
was present in Dil-labeled visceral endoderm cells that had not left the AX (Fig. 3G-J).
However, during transit, AX-transitioning cells down-regulated FOXa2, which now
appeared as small spots (Fig. 3H-J).

By contrast, the AX was relatively negative for N-cadherin (N-CAD), which is characteristic
of many mesodermal cells (Hatta et al., 1987) (Fig. 3K). N-CAD-negative cells often
appeared to be leaving the AX along its length and entering the allantois, which were, on the
whole, N-CAD-positive (Fig. 3K). Monitoring the influx of labeled cells into the allantois by
Dil formally demonstrated that, originally N-CAD-negative, AX derivatives acquired N-
CAD upon completing their transition (Fig. 3L). Further, a timecourse of SNAIL
(headfold-6s stages), which localizes to mesoderm in response to Hedgehog signaling (Li et
al., 2006), revealed that, while the AX did not exhibit SNAIL, most allantoic cells
immediately adjacent to it did (e.g., Fig. 3M). SNAIL was found throughout the allantois at
all stages examined, but not all allantoic cells were positive (Fig. 3M, and data not shown).
In addition to these molecular profiles, occasional round PECAM-1-positive hematopoietic-
like cells were observed within the AX itself (Fig. 3N; n=2/6 specimens, 4s stage),
consistent with Runx1’s presence there (Daane and Downs, 2011).
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Together, these data provide evidence that visceral endoderm cells are transformed into
mesoderm via an EMT. In the process, they lose ZO-1, E-CAD, and FOXa2 and acquire N-
CAD and, possibly, SNAIL, properties consistent with an EMT (Shook and Keller, 2003).
Moreover, PECAML1 and RunxI foretell hypoblast conversion into mesodermal hemogenic
elements.

Contact with the primitive streak modulates expression of Ptchl in the AX, allowing
exfoliation into extraembryonic mesoderm

Our working model predicted that signaling from the primitive streak regulates Pfchl in the
AX, ensuring a low level of expression that permits the EMT (Fig. 1A). Then, as the AX
becomes separated from the streak’s allantoic core domain (ACD) by insertion of AX-
derived extraembryonic mesoderm, the AX is no longer within range of those signals that
emanate from the streak, and Pfch1 becomes highly expressed to a level that releases AX-
derived mesoderm (Fig. 1B). In the process, a new domain, the Ptchl-positive distal AX
(dAX), is created that refreshes the allantoic-yolk sac junction, advancing it (anteriorly)
toward the embryo. On that basis, the following parameters were predicted. First, the total
length of the AX/dAX would be equivalent to the total length of the ACD, both its distal and
proximal components. Second, exfoliation of AX-derived mesoderm would “push” the
streak away from contact with the AX, thereby creating the dAX and de-repressing Pichl.
And finally, the high Pfch1 domain would be longest in homozygous 7-curtailed mutants
compared to littermates as a result of a defective ACD failing to extend fully into the
exocoelom.

Comparing the length of the low and high Ptc/Z domains and correlating these
measurements with the length of the proximal and distal components of the ACD (Fig. 4A-
D), we found that, as the low Pfchl AX domain shortened over time, the high Pichl dAX
domain lengthened (Fig. 4C). The proximal part of the ACD, which remained in contact
with the AX, was similar in length to the low Pfchi AX domain, while the distal component
of the ACD was similar in length to the high PtchZ dAX domain (Fig. 4C). Together, the
length of the dAX and AX was equivalent to the length of the distal and proximal ACD,
respectively. These measurements therefore supported our working model that the dAX and
primitive streak had once been closely associated. This relationship could be readily
visualized in histological sections (Fig. 4D).

The next prediction was that, as AX-derived mesodermal cells were added to underlying
tissues, they separated the ACD from the AX. Dil-tracing the AX followed by T-
immunostaining, which identified the ACD, showed the presence of T-negative cells
between the AX and ACD/primitive streak (Fig. 4E-H).

Finally, we turned to analysis of 7-curtailed mutants. Accordingly, the high Ptch domain
was shortest in the wildtype (Fig. 41, L), intermediate in 7%/7€ heterozygotes (Fig. 4J, L),
and longest in the 7¢/7¢ mutants where contact between the AX and streak was most
abbreviated (Rodriguez et al., 2017) (Fig. 4K, L). This suggests that contact with the
primitive streak represses Pfchl.
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However, in the mutants, both 7¢/*and 7</7€, the high Ptchi domain was not limited to the
dAX, i.e., that region distal to the allantoic-yolk sac junction (Fig. 41-K, arrow); high Ptchl
had spread into the AX. This may be due to a defective primitive streak/ACD. Specifically,
through allantoic bud stages, the distal component of the streak morphologically breaks
down, indicative of a defective posterior ACD (Rodriguez et al., 2017). Here, as a result of
being able to visualize the mutant T protein during the same stages (Inman and Downs,
2006b), relative diminution of T was observed in the distal streak region of both
heterozygotes and homozygotes (Fig. 4J, K) compared to wildtype (Fig. 41). Thus, while the
7¢/*and T</TC AX was in contact with the ACD, it was in contact with a defective streak,
which was not able to de-repress Prchl.

Finally, we note that the width of the high Ptc/hZ domain, while expanded in the mutants,
was not statistically different between 7¢/*and 7¢/7€ (Fig. 4M). Thus, though it will not be
explored here, the left-right axis of the high Pfc/il domain is not dependent upon the number
of normal copies of 7 present, while its antero-posterior extension is.

Together with our findings that that AX, which is the only segment of extraembryonic
visceral endoderm in contact with the primitive streak and which undergoes exfoliation
(previous section), we tentatively conclude from these results that the primitive streak
modulates Prchl.

High Hedgehog liberates AX-derived mesoderm, thereby crafting the signature allantoic

projectile

On the basis of the aforementioned observations, Hedgehog signaling might be involved in
the visceral endoderm’s EMT. To investigate this, a pharmacological approach was used to
inhibit Hedgehog signaling, as application of the inhibitor and its outcome could be closely
monitored at specific developmental timepoints. 50pM KAAD cyclopamine (KAAD)
globally reduced Prfchl expression at a gross level in the inhibited specimens, with some
expression persisting in the posterior embryonic notochord (Fig. 5A, B; Materials and
Methods); chorio-allantoic union was not affected. After four hours of treatment, Ptchl was
significantly reduced in the dAX, resulting in the loss of the high PfchZ domain (Fig. 5C, D).
Residual Prchl expression in associated yolk sac mesoderm was not unexpected, as this
tissue was not in direct contact with the culture medium.

The dAX was sometimes multilayered after inhibition (n=6/13, LB-EHF stages; Fig. 5D).
We therefore asked whether the AX had been transformed into another cell type in the
presence of KAAD. The most obvious candidate was parietal endoderm because upon
inhibition with the Hedgehog antagonists, CAMP and forskolin, visceral endoderm of
embryoid bodies differentiates into parietal endoderm (Maye et al., 2000). Neither untreated
nor KAAD-treated AX exhibited SNAIL (data not shown), which identifies parietal
endoderm (Fig. 3L) (Kunath et al., 2005). Thus, to a first approximation, AX identity was
not changed by loss of Hedgehog. Multilayering of the AX might therefore represent failure
of cells that were actively transitioning into mesoderm at the time of KAAD application to
become liberated from the AX. This was investigated by Dil fate mapping, below.
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We compared the status of PTCH1 and SHH in Dil-labeled untreated (Fig. 5E-1) and
KAAD-treated conceptuses (Fig. 5J-N). In untreated specimens, many labeled cells had
clearly departed the AX, i.e., were “liberated”, and no longer exhibited SHH (Fig. 51); those
AX-derived mesodermal cells that had not left the epithelium but remained juxtaposed to, or
associated with, the AX exhibited both SHH and PTCH1 (Fig. 5N). By contrast, KAAD-
treated AX-derived cells seemed to remain associated with the AX, with fewer cells being
liberated (Fig. 5N); most of these were negative for PTCH1 and SHH, confirming that
KAAD inhibition was successful.

Quantification of the total number of AX-derived mesodermal cells associated with the AX
in bore this out (Fig. 50). While the number of fully liberated AX-derived cells was
significantly reduced in +KAAD, the number of AX-derived cells that were ingressing but in
contact with the AX was similar in both +tKAAD. Moreover, by adding the status of PTCH1
and SHH to each plot, we observed that, to be fully liberated, the AX-derived mesodermal
cells must drop SHH.

While the allantoic-yolk sac junction had, as expected, shifted proximally toward the
embryo in controls (Fig. 5P, Q, S), it appeared stuck in the treated specimens, resulting in
failure to refresh and re-position the allantoic-yolk sac junction upon resolution of the EMT
(Fig. 5P, R, T). The frequency of abnormal attachments between the allantois and yolk sac,
as determined by placement of the allantoic-yolk sac junction, was highest when KAAD was
applied at the pre-bud neural plate (“OB”) stage, when the EMT commenced, and decreased
when KAAD was added at later stages (Fig. 5U). T localization was unchanged in the
KAAD-treated specimens (Fig. 5S, T). Thus, low levels of Hedgehog permit exfoliation of
the AX, enlarging the latter’s domain, while high levels of Hedgehog signaling resolve it,
leading to fully liberated AX-derived mesodermal cells. On the basis of these observations,
we conclude that Hedgehog, via modulation of the EMT, crafts the allantoic projectile.

Hedgehog signaling individualizes the posterior arterial blood vessels

The allantoic projectile does not form in the absence of Hedgehog. We therefore investigated
the consequence of Hedgehog inhibition on the mature fetal-placental interface, especially
the relationship between the prospective omphalomesenteric artery and visceral endoderm
(Fig. 6A-C), the vessel of confluence (VOC) and yolk sac (Fig. 6A, D, E), and the status of
the umbilical artery (Fig. 6A, F, G).

Inhibition at the pre-bud (“OB”) stage resulted in a collection of small blood vessels that
failed to articulate into a single arterial vessel (Fig. 6A-C). The VOC which should have
been a detached vessel surrounded by splanchnic mesoderm (Fig. 6A, D), was stuck to the
yolk sac, and splanchnic mesoderm of the primary fetal body wall was a disorganized mass
(Fig. 6E). The umbilical artery, which should have been a free and distinct vessel, and not
associated with the hindgut (Fig. 6A, F), was stuck to the yolk sac, and associated with an
abnormally positioned hindgut in the embryonic tail (Fig. 6A, G).

Three-dimensional reconstruction of specimens which had been inhibited at slightly later
initial stages (EHF-1s) and cultured longer (9-13s) revealed fewer abnormal attachments to
the visceral endoderm; the majority exhibited an individualized VOC and umbilical artery
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(Fig. 6H, 1), probably because the allantoic projectile had been partially resolved from the
visceral endoderm at the time of KAAD application. However, those prospective vessels
destined to coalesce into the omphalomesenteric artery failed to do so, instead making
abnormal lateral attachments to the dorsal aortae (Fig. 6H, 1). By 12-13s, when the embryo
is turning and the VOC recurves over the hindgut to form the medial umbilical roots
(Rodriguez et al., 2017), the VOC failed to form these roots, and the posterior region was
largely stunted in development (Fig. 6J, K). These later-stage inhibition data show that
Hedgehog signaling is required to individualize the posterior arterial system of the
placentae. They also corroborate results of fate mapping (Fig. 2H) which show that by the
headfold-1s stages, most of the allantois has already been built, and therefore, is largely
unaffected by KAAD inhibition. However, contribution to the VOC, a fixed point at the
allantoic-yolk sac junction, continued to expand at later stages to ensure the formation of the
medial umbilical roots, which transiently mark the site of formation of the lateral umbilical
roots that eventually lead to vascularization of the hindlimbs (Gest and Carron, 2003).

The AX becomes the hindgut lip, the next-phase source of mesendoderm that builds the
fetal-placental interface

As described in a previous section, the fate of the AX could not be tracked by
photobleaching (Fig. 2C). Thus, confocal imaging was used. When labeled at the bud stages
(~E7.25-E7.5) and briefly cultured to 2s, the AX cell surface was still relatively solidly
labeled (Fig. 7A-C). When examined at the onset of hindgut formation (4-7s), only the dAX
exhibited high levels of Dil (Fig. 7D-F). The dAX had therefore ceased undergoing the
EMT, corroborated by its remaining solidly Pfch1-positive (Fig. 6A). By contrast, the AX,
which had become the hindgut lip, exhibited spotty Dil (Fig. 7D-F), and relatively low Ptchl
expression (Fig. 6A), suggesting that, as the former AX, it might be undergoing an EMT.

To test this, the dAX was labeled (n=3, LB stage) and conceptuses were cultured to 6s. The
dAX delaminated mesoderm, but contribution was superficial, involving only the yolk sac
mesoderm and ventral allantoic wall; internal allantoic structures were negative (data not
shown). These limited contributions indicated that, as the AX separated from the streak to
become the dAX, high Pfchl levels caused the EMT to slow down.

To investigate its fate, the hindgut lip (Fig. 7G) was Dil-labeled (5-9s stages) (Fig. 7H).
Immediate inspection verified that Dil was limited to the hindgut lip and did not penetrate to
underlying tissues (Fig. 71, J; n=7). After 20 hours in culture, whole mount analysis showed
that hindgut lip-derived labeled cells ended up along the embryonic midline, from the tip of
the tail to the open hindgut at all stages (Fig. 7K; n=7). As tissue thickness at older stages
precluded adequate photobleaching and analysis of the full spectrum of interior tissue
contributions, we cultured labeled embryos for half the time (~10-12 hours), followed by
photobleaching and analysis. At all stages, the hindgut lip contributed to the dorsal, lateral
and ventral components of the hindgut, associated somatopleure, the omphalomesenteric
artery and associated splanchnopleure, fetal dorsal aortae, posterior loose embryonic
mesoderm and, if the final stage was > 9s (n=4/6) the embryonic notochord (Fig. 7M, N).
The allantois never exhibited label (Fig. 7N). The corresponding tissues in unlabeled
controls were completely negative (Fig. 70, P).
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We conclude that the AX becomes transformed into the hindgut lip, forming the next-phase
posterior mesendodermal cell pool and contributing to both embryonic and extraembryonic
tissues at the fetal-placental interface. At the same time, high levels of Pfchl in the dAX
result in cessation of the EMT and retention of Dil.

A single cell, whose identity is regulated by Hedgehog signaling, is located between the
distal AX and non-EMT blood island visceral endoderm

The AX and visceral endoderm of the yolk sac blood islands form an axial continuum. Yet,
only the AX underwent an EMT. To find out whether some sort of special feature might
separate these two domains, we examined the axial visceral endoderm along its full length,
from the level of the amnion to the level of the chorion. During early bud-headfold stages,
multiple breaks were observed in the AX of most specimens (Fig. 8A), consistent with
results of ZO-1 immunostaining (Fig. 3D). None of these breaks was associated with CASP3
(data not shown), and thus, associated cells were unlikely undergoing cell death (Kéhler et
al., 2002). However, at the early headfold-6s stages, a single axially placed CASP3-positive
cell (Fig. 8B-D) was invariably sighted at the distal boundary of the dAX, separating it from
the adjacent yolk sac blood islands in the majority of specimens (n=26/40; Fig. 8E, F). This
CASP3 border cell did not appear to be undergoing apoptosis, as evidenced by comparison
with trypan blue live cell exclusion (Fig. 8G). While we could not, for technical reasons, co-
localize CASP3 and trypan blue, a single trypan blue cell was located at the same distance as
the CASP3 cells in only 3 of 21 specimens examined between the EHF and 5s stages (3/21
trypan blue cells versus 25/38 CASP3 cells, EHF-5s, two-tailed Fisher’s exact test;
P=0.0003). Given that morphological cell death is estimated to take 2-4 hours (Cordeiro et
al., 2004), and that the timeperiod between each developmental stage in this study is ~2-4
hours (Downs and Davies, 1993), CASP3 is therefore unlikely associated with cell death.
After 4-9 h of KAAD treatment, the site-specific CASP3 cell was absent in the majority
(96.9%) of specimens (initial/final stages: OB-1s/EHF-2s) (Fig. 8H-J), suggesting that the
unique CASP3 horder cell is regulated by Hedgehog. Putting these data together with the
KAAD inhibition experiments (Fig. 5), loss of the CASP3 border cell correlated with
expansion of the AX domain (Fig. 5Q-T, summarized in Fig. 8K, L).

The AX and primitive streak form a self-organizing center for the fetal-placental interface

We had previously shown that a midline file of cells was deposited in the wake of ACD
retraction toward the hindgut (Fig. 9D of (Downs et al., 2009)). Based on its alignment with
the antero-posterior axis, and similarities to the notochord, which emanates from the ventral
node (Beddington, 1994) to provide structural support during trunk elongation (Lee and
Anderson, 2008), we have referred here to this extension as an allantoic rod. As previously
shown by synchronous orthotopic ACD grafts, this extension creates an axial cell file (Fig.
10C of (Downs et al., 2009)); a similarly grafted whole mount specimen is presented here
for ease of visualization (Fig. 9A).

At early somite stages, removal of the ACD had resulted in remnant allantoises that failed to
elongate to the chorion (Downs et al., 2009). Given that the AX contributes to both the ACD
and the allantoic rod, we asked whether the AX was involved in allantoic elongation. For

this, the ACD alone or the ACD+AX (LHF-2s stages) were heterotopically grafted into host
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embryos (Fig. 9B), as this method of grafting, either synchronously (same stage) or
asynchronously (different stages), can define the developmental potential of the donor tissue.

In the absence of the AX, grafted ACD’s rounded up and formed non-polarized spheres
(n=3/3) (Fig. 9B, C) which, by FOXaz2 analysis, revealed no signs of hindgut endoderm, part
of which is derived from the ACD (Mikedis and Downs, 2012) (Fig. 9D). In addition, a
dense allantoic core was absent from these spheres. Instead, the spheres were filled with a
disorganized vascular network. All but one of the spheres was free-floating; in that single
tethered specimen, lateral visceral endoderm of the host and the donor ACD were in contact
over an area (~7527 um?, or ~75 cells) equivalent to the size of the delaminating AX (Fig.
3D, 9D) which, based on results below, should have been sufficient to promote ACD
elongation.

By contrast, the donor ACD+AX elongated into truncheon-shaped structures (Fig. 9B, E),
one end of which was dense while the other was more expanded (n=4/4). Histological
analysis revealed that, regardless of whether ACD+AX grafts had integrated into the host
yolk sac (Fig. 9F) or were free-floating in the amniotic cavity (Fig. 9G), they formed antero-
posterior polarized “stem-and-lollipop™ structures that looked remarkably similar to the
allantois and its associated hindgut /n vivo (Fig. 9H). At the putative distal (posterior) end,
loosely organized blood vessels were the only structural feature (Fig. 9F, G), similar to the
intact allantois (Fig. 9H). At the other, proximal (anterior) end, cells were densely packed,
with signs of tubule formation (Fig. 9F, G), similar to the intact allantois and associated
embryonic hindgut (Fig. 9H).

FOXa2 immunostaining revealed a single proximal tube-like structure of the elongated
complex (Fig. 91, J) that was continuous with the donor AX (Fig. 9K), the latter of which
rounded up and formed a cyst. The hindgut tubule and AX were associated with a large
vessel (Fig. 9J, K) that we took to be the VOC and/or the omphalomesenteric artery (Fig.
2A, 9H). A single vessel extended through the proximal midline of the graft (Fig. 91) which,
because of its axial placement, we interpreted as the umbilical artery (Rodriguez et al.,
2017). Associated with the hindgut tube were rosettes of cells unreactive for FOXa2 (Fig.
9l); as rosettes may be indicative of the presence of pluripotent cells (Edwards et al., 1970;
Elkabetz et al., 2008; Zhang, 2006), we interpreted them, especially based on their proximal
(anterior) position within the truncheon, to be components of the pluripotent ACD (Mikedis
and Downs, 2012). When serendipitously oriented in a perfectly planar position, the rod-like
allantoic extension was observed down the midline of the truncheon (Fig. 9L). Three-
dimensional modeling showed that the rod was distinct from the PECAM1 umbilical artery
(Fig. 9M).

To complete this analysis, we orthotopically and synchronously grafted the AX alone.
Orthotopic synchronous grafts provide information about the approximate fate of a given
tissue (Beddington, 1981), and were thus predicted to independently support results of Dil
fate mapping. First, we verified that, after brief enzymatic treatment (Materials and
Methods), the AX was devoid of associated cells (n=6/6; Fig. 9N). When orthotopically
placed into bud-headfold stage conceptuses (n=6/6), the appropriate region of which
represents a very small target site, the donor AX had a tendency to roll up, as described in
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previous studies of grafted embryonic visceral endoderm (Copp et al., 1986). While the AX
failed to incorporate into the host, nevertheless, after culture, unincorporated AX exhibited
modest formation of mesoderm (Fig. 90), as well as blood cell formation (Fig. 9P).
Transformation of AX into blood cells further supported the idea that PECAML1 (Fig. 3N)
and RunxI (Daane and Downs, 2011) within the AX, do, in fact, preview AX conversion
into hemogenic elements of blood vessels. Thus, in the absence of contact from the streak,
the AX undergoes a very limited EMT.

When later stage AX was synchronously orthotopically grafted into a larger allantois, and in
contact with the host ACD, a larger structure than the bud-stage primitive streak (n=3/3),
descendants of grafted AX cells contributed to the host’s ventral hindgut, and a vast array of
extraembryonic mesoderm of the omphalomesenteric artery, splanchnic mesoderm and
allantois (Fig. 9Q), in accord with results of Dil fate mapping (Fig 2H). One of the chimeras,
cultured to the time when the posterior arterial vessels undergo remodeling (Rodriguez et al.,
2017), showed that the AX contributed to the medial umbilical roots (Fig. 9Q). The medial
umbilical roots position the lateral umbilical roots; in turn, these become the common iliac
arteries that divide the flow of blood from the aorta to the hindlimbs (Rodriguez et al.,
2017).

Together, the AX+ACD self-organizes into the fetal-placental interface. In the absence of the
AX, the ACD fails to exhibit A-P polarity and elongate, and the ACD cannot fulfill its
potential to form endoderm. Thus, the AX imparts antero-posterior polarity to the ACD and
its ability to elongate, as well as the potential to make definitive endoderm.

The allantoic rod is identifiable by Collagen Type IV

Finally, results of previous studies revealed a number of proteins present within cells of the
allantoic midline. These included OCT-3/4 (Downs, 2008), STELLA (Mikedis and Downs,
2012; Wolfe et al., 2017), PECAML1 (Inman and Downs, 2006b; Naiche and Papaioannou,
2003) and Collagen Type IV (COLIV) (Mikedis and Downs, 2009). Self-organizing
AX/ACD tissue combinations, above, showed that the allantoic rod is distinct from the
PECAML1 umbilical artery (Fig. 9M); whether any other axially-located proteins might
distinguish the allantoic rod from the nascent umbilical artery was not known.

To address this, COLIV was examined in archived material (Mikedis and Downs, 2009) at
5-6s, when the rod is first observable (Downs et al., 2009). COLIV, a major component of
basement membranes which plays important roles in cell adhesion, migration, differentiation
and growth (Aumailley and Timpl, 1986), was continuous between the visceral endoderm
and the axial allantoic midline (Fig. 10A). All other specimens (Mikedis and Downs, 2009)
exhibited similar but discontinuous COLIV profiles within the allantois due to imperfect
sagittal orientation.

Three-dimensional modeling showed that the COLIV-rich allantoic rod emanated from the
similarly COLIV-rich ACD (Fig. 10B), and extended through the allantoic midline (Fig.
10B). Like the T-positive embryonic notochord (Wilkinson et al., 1990) (Fig. 10C-E), which
extends the body axis further anteriorly from its site of origin within the node (Beddington,
1994), the allantoic rod reached posteriorly, here, toward the chorion, and also exhibited T
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(Fig. 10F-I); it was distinct from the PECAML axial file (Fig. 10J-M). Dil-labeled AX
derivative cells co-localized COLIV (Fig. 10N-Q). Thus, on the basis of these results, we
conclude that the allantoic rod is derived from the AX and is identifiable by COLIV.

Two normal copies of 7 are required for allantoic elongation to the chorion (Inman and
Downs, 2006b) as well as for full streak extension into the exocoelom (Rodriguez et al.,
2017). Both 7*/7* wildtype and 7</T* heterozygotes exhibit elongated allantoises that fuse
with the chorion (Inman and Downs, 2006b); by contrast, 7</7¢ homozygous mutants
exhibit an allantois that fails to elongate (Inman and Downs, 2006b). We therefore queried
the status of the allantoic rod in 7-curtailed ( 7€) littermates, asking whether loss of
elongation in mutant allantoises might coincide with loss of the rod.

T*/T* wildtype and 7¢/T* heterozygotes exhibited the COLIV-defined allantoic rod, which
was distinct from the PECAM1 umbilical artery (Fig. 11A-J, and data not shown; 7//T*
n=4, 7¢/T* n=9). In accord with previous results (Rodriguez et al., 2017), PECAM1-positive
angioblasts were disorganized in 7¢/7¢ homozygous mutants (Fig. 11K-T; n=3). While
similarly disorganized clusters of COLIV were observed throughout the truncated 7¢/7¢
allantoises (Fig. 11K-T), the COLIV-positive rod was missing (Fig. 11K-T). No AX
contribution to the 7¢/7¢ mutant allantois was observed. Thus, the 7¢/7¢ mutant AX failed
to deliver mesoderm to the allantois and failed to create the allantoic rod. These data could
be interpreted in two ways. First, they support the hypothesis that contact with some
requisite length of the primitive streak is required for mobilization of the AX. Loss of full
contact results in Pfchl de-repression, with failure of the EMT to progress. Alternatively, the
7¢/T¢ mutant AX did manufacture the rod, but it might have undergone apoptosis and was
no longer detectable by the end stage here of 4s. This would accord with our previous
observation that the allantoic midline of 7¢/7¢ mutants undergoes apoptosis by 2s, while
wildtype and heterozygous littermates were generally unaffected (Inman and Downs,
2006b). Whatever the explanation, these observations suggest that the allantoic rod is
required for allantoic elongation and, possibly, patterning allantoic angioblasts into the
umbilical artery. Finally, the presence of allantoic mesoderm in 7¢/7¢ mutants accords with
a previous study which showed that the 7¢/7¢ mutant allantois is derived, at least in part,
from the embryonic posterior primitive streak (Inman and Downs, 2006b).

DISCUSSION

Contact between hypoblast/visceral endoderm and the primitive streak is one of the most
enduring relationships in amniote development (Eyal-Giladi, 1970; Kwon et al., 2008).
However, its significance is not well understood. On the basis of results here, we conclude
that a small segment of visceral endoderm, the AX, and the primitive streak, or ACD,
mutually interact between the bud and 4s stages to create the fetal-placental interface. We
propose that contact with the primitive streak unleashes the AX’s binary mesendodermal
potential, inhibiting Ptch1 expression there to allow exfoliation of mesoderm into the yolk
sac and presumptive allantois. Mesoderm liberation from the AX is the result of loss of
contact between the AX and the primitive streak, which results in de-repression of Ptchl and
resolution of the EMT. By contrast, the AX imparts antero-posterior polarity on the primitive
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streak/ACD, the streak’s ability to elongate through the allantoic midline, and its potential to
form embryonic endoderm.

We have previously reported the presence of T in both the ACD and AX (Downs et al.,
2009; Inman and Downs, 2006a). However, we believe that the primitive streak, rather than
cell autonomous T, modulates Ptchl in the visceral endoderm for the following reasons.
First, of all extraembryonic visceral endoderm, only the AX is in contact with the primitive
streak. The yolk sac blood island and lateral yolk sac visceral endoderm, which were devoid
of such contact but exhibit T, albeit a cytoplasmic rather than nuclear version (Inman and
Downs, 2006a), showed no signs of an EMT (Fig. 2L-P and corresponding text). Second,
during the neural plate stages (OB, EB, and LB; ~E7.0-E7.5), when the entire length of the
streak is juxtaposed to the AX (Downs et al., 2009; Rodriguez et al., 2017), levels of Ptchi
in the AX are low, the EMT is underway (Fig. 2H), and T is not observed in the AX (Inman
and Downs, 2006; Downs et al., 2009, Fig. 3C). Thus, T does not seem to be involved in
regulating Pfchl in a cell autonomous manner. By the headfold stage, when T does appear in
the AX (Inman and Downs, 2006; Downs et al., 2009), the average number of T-positive AX
cells, ~23 (Downs et al., 2009, Fig. 3C of that study), divided by the average number of AX
cells calculated in this study (304, bud-2s stages; Fig. 1F and text), represents only 7.6% of
the total AX population. During this time, ~36% of AX cells were undergoing an EMT (Fig.
3D, and text). Even the highest absolute number of T-positive cells found in the AX (~70,
4s-stage, Downs et al., 2009, Fig. 3C), represents only 23% of the total number of AX cells.
Thus, if T were involved in regulating Ptch, we would have expected more T-positive cells
in the AX and a mosaic of high/low Ptch1 expression there; this was not observed. Fourth,
grafts of the AX did not produce substantial mesoderm when not in contact with the AX
(Fig. 9N-R). However, in future experiments, it would be informative to carry out AX grafts
in the Prchl reporter strain, and investigate levels of Ptchl in these after culture to find out
whether it is high in donor AX that is no longer associated with the streak. Finally, while
many studies have implicated T in the EMT in various cell lines (e.g., (Hamilton et al.,
2012), results of studies /n vivo favor an essential role for T in specification of cell fate, and
not the EMT or cell proliferation (Zhu et al., 2016). Our data accord with a general role for
T in stem cell identity within the AX, where it is found with other stem cell factors. These
include OCT-3/4 (Downs, 2008; Wolfe et al., 2017), STELLA (DPPA3) (Mikedis and
Downs, 2012; Wolfe et al., 2017), PRDM1 (BLIMP1) (Mlkedis and Downs, 2017), MIXL1
(Wolfe and Downs, 2014; Wolfe et al., 2017) and FOXa2 (Wolfe et al., 2017). All of these
persist within the AX through its transformation into the hindgut lip.

Model for genesis of the fetal-placental interface through interaction between the AX and
the primitive streak

Figure 12 presents a model that illustrates the stepwise interaction between the AX and
primitive streak in building the fetal-placental interface. In the first step, the streak has
extended into the exocoelom (bud stage; (Downs et al., 2009; Rodriguez et al., 2017); Fig.
12A). Contact with the streak keeps levels of Ptch1low in the AX (summarized in Fig. 1A).
Consequently, the AX exfoliates mesoderm to the visceral yolk sac and allantoic bud.
Delaminating AX cells lose ZO-1 and E-CAD (Figs 3D, E), consistent with a classical EMT
(Gonzalez and Medici, 2015). Exfoliation produces small cell-sized holes in the epithelium
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(Fig. 3D, G-J). Intriguingly, holes in extraembryonic visceral endoderm had been
anecdotally reported during mouse gastrulation (Kaufman, 1992), but their possible
significance has been obscure. The gaps created by the exiting cells appeared to be filled in
from nearby visceral endoderm, possibly through mitosis (Fig. 3F). Mitosis in the AX may
have been triggered by a “stretching” mechanism, in which nearby cells temporarily fill in
the small holes (Gudipaty et al., 2017); thereafter, proper cell number within the epithelium
would have been restored through cell division. Exfoliation and mitosis of the AX can
account for the streak’s expansion in primitive streak/ACD explants in previous experiments,
which occurred only in the presence of the AX (Downs et al., 2009).

By the headfold stage, low and high levels of Pfch1 were now apparent in the axial AX
region, the associated yolk sac mesoderm, and the proximal ventral wall of the allantois
(summarized in Fig. 1; Fig. 12B). As in the previous stages, low levels of Pfchl persist in the
AX because this tissue is still in contact with the streak (Downs et al., 2009; Rodriguez et
al., 2017); Fig. 12B1). Now, exfoliated mesoderm inserts itself between the AX and ACD,
creating a new domain, the dAX, in which Pfchl is de-repressed and levels become
relatively high (summarized in Fig. 1B; Fig. 12B2, 12B3). Because the lengths of the AX
and dAX add up to the full length of the ACD (Fig. 4C), we conclude that the dAX was once
physically in contact with the streak. Thus, from these observations, and arguments put forth
in the previous section, we believe that the streak modulates Prch1. This conclusion was
further supported in 7¢ mutants, whose Ptch1 domain expanded dependent upon the extent
to which the streak contacted visceral endoderm (Fig. 4J, K), as well as by isolated grafts of
the AX (Fig. 90, P).

As shown by Dil labeling in the presence of KAAD (Fig. 5E-O, Q, R), high levels of Pfchi
were required to release AX-derived mesoderm to the yolk sac and allantois. At the first
signs of EMT resolution, a unique axial border cell appeared, identifiable by CASP3, which
delineated high Prfchi-expressing dAX from the yolk sac blood islands (Fig. 8E, F; 12B3);
the latter were not in contact with the streak, and consequently, did not undergo an EMT
(Fig. 2L-P). Because morphological apoptosis and CASP3 were found in an overlapping site
in just a small number of specimens (Fig. 8G), the role of CASP3 does not seem to be in
destruction but rather in separation and possibly stabilization of the AX domain from the
blood islands, consistent with CASP3’s roles in non-apoptotic processes (Fernando et al.,
2005; Fernando et al., 2002; Huh et al., 2004; Li et al., 2010; Miura, 2012; Perez-Garijo et
al., 2004) and linked to Hedgehog.

As the allantois completes elongation (Fig. 12C), the AX shifts its major contributions to
nascent splanchnic mesoderm and the nascent omphalomesenteric artery. At the same time,
the AX-derived allantoic rod becomes apparent (Fig. 2E, G; 10N-Q; 11A-J), and traverses
the allantoic midline, suggesting that Jurand bifurcations do exist. This is not surprising as,
in humans, the yolk sac-derived diverticulum forms the framework upon which the umbilical
cord is built, and is distinct from the vasculature (George, 1942). Similarly, in the mouse
gastrula, the allantoic rod runs parallel to and is distinct from the umbilical artery (Fig. 9M).
The rod-like structure is missing in 7¢/7¢ mutants (Fig. 11), which fail to elongate (Inman
and Downs, 2006b), and organize the umbilical artery (Rodriguez et al., 2017). In this way,
the allantoic rod may thread its way into the ACD (Rodriguez et al., 2017), and with it,
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organize the umbilical vasculature in mice. Thus, as previously suggested (Downs, 2009),
the primitive streak appears to be capped at both ends by node and notochord/rod-like
structures that extend the body axis in anterior and posterior directions in the embryonic and
extraembryonic regions of the conceptus, respectively, thereby promoting the reach of the
streak’s organizational abilities around the midline.

By 7-10s, the allantoic-yolk sac junction is replaced by the high PfchZ dAX domain and
splanchnic mesoderm (Fig. 12D). The AX, perhaps through passive morphogenetic
translocation, becomes the hindgut lip, nearly exhausted of its original Dil-labeled cell
population. The low Ptchi-expressing hindgut lip steps in as the next-phase mesendodermal
cell reservoir and continues to build the fetal-placental interface, contributing to all
mesendoderm-derived tissues in this region, both embryonic and extraembryonic. This was
not surprising, as both the AX and hindgut lip are rich in a battery of proteins involved in
stem cell biology and mesendodermal identity. In addition to OCT-3/4, STELLA, and
PRDM1 (Mikedis and Downs, 2017), described in the previous section, MIXL1 (Wolfe and
Downs, 2014), FOXa2 ((Wolfe et al., 2017) and this study), and RUNX1 (Daane and Downs,
2011; Wolfe et al., 2017) were found here. No other region of posterior extraembryonic
visceral endoderm exhibits these and thus, they likely play roles in AX/hindgut lip potency
and mesendodermal identity.

Intriguingly, hindgut endoderm itself is rich in Pfchl expression (Daane and Downs, 2011)
and robust SHH is also found in the developing hindgut of human conceptuses (Odent et al.,
1999). This suggests a conserved mechanism for hypoblast/visceral endoderm-mediated gut
formation in both rodents and humans. However, the relationship between low and high
Ptch1 domains in this region remains unknown. As the hindgut lip is no longer in contact
with the primitive streak beyond 6s (Downs et al., 2009, Fig. 4 of that study), future studies
should be directed toward identifying those factors produced by the streak that promote the
AX’s EMT, as they may now be found in this region. In both scenarios, PERLECAN could
be an important candidate, as PERLECAN regulates Hedgehog in Drosophila (Park et al.,
2003) and is found at the AX/streak interface (Mikedis and Downs, 2009).

Thus, fate mapping experiments combined with protein localization and pharmacological
inhibition produced a logical and internally consistent story concerning genesis of the fetal-
placental connection. While we tried to support our results with genetic lineage tracing, the
results were inconclusive. Visceral endoderm at large had previously been shown by genetic
lineage tracing to contribute only to definitive gut endoderm (Kwon et al., 2008), which we
validated and extended by showing that the AX in particular contributes to gut endoderm of
the fetus. In accord with previous studies (Kwon et al., 2008), we found no evidence for
contribution to mesoderm during the AX’s optimal period of activity, i.e., neural plate - early
somite stages. Given that the allantois is composed in large part of hematopoietic mesoderm
(Corbel et al., 2007; Daane et al., 2011; Daane and Downs, 2011; Naiche et al., 2011;
Zeigler et al., 2006), which may be the first to transit from the AX (Figs 3N, 9P), perhaps
exfoliating TTR-CRE-induced cells died during the early EMT. Widespread developmental
defects and apoptosis have been reported in CRE-inducible lines, especially in
hematopoietic lineages (Naiche and Papaioannou, 2007). Alternatively,

Dev Biol. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rodriguez and Downs

Page 28

immunofluorescence, the sole readout used in the previous study (Kwon et al., 2008), was
not as sensitive as GFP immunonistochemistry (this study, and (Mikedis and Downs, 2017).

By 11s, TTR-CRE-induced reporter signal was observed in posterior mesoderm, though it
was weaker than that found in the gut endoderm (Fig. 2J). It is tempting to conclude that use
of genetic lineage tracing supported results obtained by classical fate mapping, but with the
following caveats. First, mesoderm expression was delayed by more than two days from the
time that contribution was first seen by /n situ labeling at ~E7.0. While delays in gene
expression are not unusual in CRE-inducible mouse lines (Mikedis and Downs, 2017), CRE
mis-expression can equally explain the data. For example, segregation of the 7r::Cre’9*
allele did not follow expected Mendelian ratios (Materials and Methods), and thus it is
possible that appropriate tissue-specific induction was affected as well, as noted with another
CRE-inducible line (Mikedis and Downs, 2017). Also, mosaicism, previously anecdotally
reported in the TTR-CRE inducible strain (Kwon and Hadjantonakis, 2009), was observed
here in the AX/hindgut lip while the extraembryonic visceral endoderm of the yolk sac
remained robustly and continuously positive (Fig. 2J). Mosaicism in inducible mouse lines
has previously been explained by intercalation of non-transgenic neighboring cells (McCann
etal., 2012). In light of these caveats, we suggest that future studies using CRE-inducible
mouse lines employ, as we have here, multiple fate-mapping approaches.

Fig. 12E presents a revised fate map of the mouse zygote through early gastrulation (adapted
from (Gardner, 1983)), incorporating and building upon results of the previous study which
showed that visceral endoderm contributes to definitive gut endoderm (Kwon et al., 2008).
Topographical differences exist between the mouse and human gastrula (Fig. 12F, G), with
the human forming a flat disc (Fig. 12F) and the mouse forming an inverted U-shape (Fig.
12G). Un-inverting the mouse yolk sac suggests that the AX is equivalent to the region of
yolk sac endoderm that later diverticulates to form the allantois (Fig. 12H). Intriguingly,
tethering has been observed between the endodermal diverticulum of the allantois and the
umbilical arteries in the human (Ingalls, 1920), suggesting that the yolk sac-derived allantoic
diverticulum also undergoes an EMT event that was caught /n flagrante prior to its
resolution.

Finally, in light of Hedgehog’s role in creating the placental vasculature, it is worth noting
that some plant species consumed by humans contain compounds that behave like
cyclopamine, which was discovered as a result of birth defects in sheep grazing on a certain
type of lily (Heretsch et al., 2010), and which inhibit Hedgehog signaling. Resveratrol is a
natural Hedgehog inhibitor of the epithelial-to-mesenchymal transition in cancer cells (Gao
et al., 2015); it is found in peanuts, grapes and a variety of berries (Burns et al., 2002).
Despite beneficial health effects for the mother (Baur and Sinclair, 2006), if received by the
conceptus during early gestation, which relies upon hypoblast for early nutritional support
(Freyer and Renfree, 2009), it is possible in light of results here that ingestion could lead to
adverse effects in the development of the fetal-placental interface. Therefore, until studies
are carried out to verify that this compound does not reach the human conceptus, it may be
advisable to limit consumption of these products during the first few weeks of pregnancy to
avoid possible insults on development of the umbilical and yolk sac vasculatures.
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Figure 1. Working model and Dil-fate mapping the AX in situ
(A-C) Schematic diagram, mid-sagittal plane of the posterior embryonic-extraembryonic

interface over time. Compass: posterior/distal (P), anterior/proximal (A), dorsal (D) and
ventral (V). Modified, with permission from (Rodriguez et al., 2017). Spatiotemporal Ptchl
expression in this region was previously described (Daane and Downs, 2011), particularly
the Ptchi-negative AX domain (Figs 1L, 2G of that study). (A) The primitive streak (ps;
orange) reaches beyond the embryonic-extraembryonic boundary (dotted line) stopping
short of the prospective blood islands (pbi), and defining the allantoic-yolk sac junction
(black arrow). AX, separated from the streak by a continuous basement membrane
(magenta), exhibits low Ptchl (blue dots). (B) The ps expands into the allantoic core domain
(ACD; orange); the nascent vessel of confluence (discontinuous black oval, asterisk) forms
at the allantoic-yolk sac junction (black arrow), which has shifted anteriorly. High Ptchi
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(solid blue) is now evident in distal AX (dAX; 1); yolk sac mesothelium (2); and ventral
allantoic wall (3). Blood islands (bi) are present. Basement membrane (magenta line)
between the streak and AX is discontinuous. (C) Mature vessel of confluence and further
anterior progression of the allantoic-yolk sac junction. (D) Decreasing AX length with
increasing morphological stage. Mean £ SEM with sample sizes. (E) Schematic diagram,
contact between AX and allantois changes over time. Dotted line, embryonic-
extraembryonic boundary. (F) Left side view (main panel) and frontal (ventral) view (inset),
whole mount specimen (LB stage), restriction of initial Dil label (arrowheads) to the
extraembryonic region (dotted line, embryonic-extraembryonic boundary). Dashed line
delineates allantoic bud. (G) Sagittal optical section, specificity of initial Dil label to AX.
Dashed line delineates AX. (H) Transverse slice through reconstructed z-stack; transthyretin
(TTR) throughout AX with occasional punctate spots in allantois (red arrow), to where it
was likely secreted. Dashed line delineates AX. (1) Left side view, whole mount specimen,
fetal-placental interface, Di-labeled post-culture conceptus; fluorescent Dil visible on
visceral yolk sac (arrowhead) and spreading into allantois (white arrow). Dotted lines
delineate ventral and dorsal surface of allantois. (J) Frontal optical section of specimenin I,
after removal of the visceral yolk sac, Dil label (white arrow, red color) in the allantois
(white dots outline allantois). (K, L) Enlarged examples of Dil label in AX-derived
mesodermal cells: fully covered (K), dotted (L). (M) Sagittal slice, reconstructed z-stack,
displaying co-localization of Dil with the plasma membrane protein, Na*-K* ATPase, in
both the AX and its mesodermal derivatives within the allantois. (N-Q) Histological
sections, Ki67-immunostained allantois (mid-sagittal, N, P, Q; transverse, O); with the
exception of the headfold (O) and early somite stages (P), where cells within allantoic core
are largely quiescent, allantoic cells in contact with the AX and the AX itself are
proliferative. ACD, white asterisk and outlined by white dashed lines (O, P). Scale bar (Q):
3um (K, L); 7um (M); 10 um (G, H, N); 20 pm (O); 30 pm (J); 50 um (P, Q); 100 pm (F,
1); 150 pm (F inset). ac, amniotic cavity; al, allantois; am, amnion; bi, blood island; em,
embryo; hg, hindgut; tb, tailbud; ve, visceral endoderm; xc, exocoelomic cavity; ys, yolk
sac.
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Figure 2. Contribution of AX to the fetal-placental interface
(A) Structures encompassed within the fetal-placental interface, color coded to match results

of fate mapping in panel H. Boxed region, structures that form a developmental continuum
of those related to the nascent allantoic-yolk sac junction (see text). (B) Oblique ventral/side
view, Dil-labeled whole mount specimen after culture and photobleaching shows
contribution to the allantoic ventral wall (brown, blue arrowhead), visible after reflexion of
overlying yolk sac (brown, background staining). (C-F) Sagittal histological sections
through allantoic-yolk sac junction (E) and fetal-placental interface (C, D, F) showing a
photobleached unlabeled cultured control (C) and cultured Dil-labeled specimens (D-F).
Unlabeled photobleached control exhibits background staining limited to visceral endoderm
(arrow in C inset, which is enlargement of main panel’s boxed region). Positive labeling
(color-coded arrowheads): hindgut (D, F, green), umbilical artery (E, orange), loose
allantoic mesoderm (E, pink), ventral allantoic wall (E, blue), yolk sac mesoderm (E,
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yellow), allantoic rod (E, white; outlined by black dashed line), allantoic core domain (E,
grey, the region of which is indicated by white asterisk and outlined by white dashed line);
vessel of confluence (E, red; black asterisk); splanchnic mesoderm (F, blue, inset of boxed
region in larger panel); and omphalomesenteric artery (F, inset, purple). (G) Frontal optical
section of the proximal-most region of the allantois of a Dil labeled specimen after culture
with AX contribution to the allantoic rod-like structure (white arrowhead). The distal region,
not shown, resembles the profile shown in panel E. Inset, rod-like structure (whitle
arrowhead) in a transvers slice through reconstructed z-stack, at the level of white arrowhead
in main panel. White dots outline allantois and hindgut lip. (H) Frequency of AX
contribution to structures within the allantoic-yolk sac junction and fetal-placental interface;
significance: Fisher’s exact test: *, < 0.05; **, P< 0.01; ***, P< 0.001; the key along the
X-axis is color-coded to match the color-coded arrowheads in panels C-G. (1-J) Sagittal (I,
J) and transverse (K, and inset) histological sections through the fetal-placental interface of
TTR-Cre-positive specimens (I-K) and a TTR-CRE-negative control specimen (inset, K)
immunostained with anti-GFP. Brown staining is limited to Cre-positive specimens (I-J).
Staining is continuous throughout extraembryonic visceral endoderm (XVE, 1, J), including
the AX (1), but it is mosaic in the hg (J, arrowheads; K) as well as in the hindgut lip (J,
bracketed region). Arrow (1) indicates a mesodermal cell underlying the AX with slight
brown staining. Brown staining is present in extraembryonic mesodermal tissues at 11-14s,
including the VOC (asterisk, K; red arrowhead) and allantois (K). (L-P) Sagittal slice
through reconstructed z-stack, Dil-labeled blood island-associated visceral endoderm co-
localizes PTCH1 and IHH and makes negligible contributions to the mesoderm. Dashed line
delineates yolk sac visceral endoderm. Scale bar (O): 10 um (D, L-P); 15 um (B, E, G); 20
pum (F, J); 35 um (C); 43 pm (K, K inset). al, allantois; am, amnion; bi, blood island; da,
dorsal aortae; hg, hindgut; hgl, hindgut lip; m, mesothelium; oa, omphalomesenteric artery;
sm, splanchnic mesoderm; ua, umbilical artery; VCM, ventral cuboidal mesothelium; ve,
visceral endoderm; ys, yolk sac.
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Figure 3. AX contributesto mesoder m via an epithelial-to-mesenchymal transition (EMT)
(A) Sagittal histological section, Dil-labeled cells streaming from the AX (boxed region)

following culture and photobleaching. Black asterisk, vessel of confluence. (B) Sagittal
histological section, allantoic bud, AX cell (arrow) extending basally into the allantois at the
allantoic-yolk sac junction (enlarged in inset). The virtual space between allantoic bud and
AX is a fixation and histological processing artifact. (C) Transverse slice, reconstructed z-
stack of the AX, round Dil-covered/AX-derived cell (arrow, enlarged in inset from frontal
optical section) that has been liberated from AX (delineated by the white dashed line) after 5
hours of culture. (D) Transverse slice, reconstructed z-stack, gap in axial continuity of ZO-1
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(arrowhead) within AX (white dashed line). (E) Transverse slice, reconstructed z-stack, loss
of junctional E-CADHERIN (arrowhead) between AX cells; white dashed line delineates the
AX’s epithelium. (F) Frontal optical section, AX, E-CADHERIN-immunostained AX
overlying the allantois (the extent of which is indicated by the white dots), highlighting
mitotic profile in axial midline (magenta-outlined box), enlarged in insets on the right,
showing individual channels (top, middle boxes) as well as merged image (bottom box). (G-
J) Sagittal slice, reconstructed z-stack, of an exiting Dil-labeled AX-derived cell (arrow)
which exhibits spotty FOXa2 staining; nuclei of remaining AX cells are robustly FOXa2-
positive (arrowhead; AX, white dashed line). (K) Sagittal histological section, continuity
between two N-CAD-negative cells, one of which remains within AX (black arrowhead) and
the other has just departed (white arrowhead), entering the generally N-CAD-positive
allantois. (L) Sagittal slice, reconstructed z-stack, exhibiting relatively little (bottom cell,
arrowhead) or robust (top cell, arrow) N-CAD, while AX (dashed white line), is N-CAD-
negative. (M) Sagittal histological section, SNAIL in allantois and parietal endoderm (inset),
but not in AX or other visceral endoderm. (N) Sagittal histological section, rounded
PECAM-1-positive AX cell (arrowhead, enlarged in inset). Black asterisk, VOC. Scale bar
(N): 7 um (C-E, G-J, L); 13 um (K); 20 um (B, N); 30 um (F); 40 um (A, M, M inset). al,
allantois; pe, parietal endoderm.
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Figure 4. High Ptchlin visceral endoderm following loss of contact with the primitive streak
(A, B) Thresholding determined the length of high PfcAZ domain. Vertical blue lines in each

panel are the ruler provided by NIS Elements. Sagittally-oriented histological section

through Ptch1*/ reporter (2s stage, ~E8.25) (A). The same specimen (B) with

“thresholding” to enhance the high Ptchl domain in the dAX and confirm its borders

(arrowheads). (C) Inverse relationship between AX (low PrchI)/proximal ACD; red), and
dAX (high PrchI)/distal ACD; blue) at increasing morphological stages. Mean + SEM,
sample sizes above data points for T-stained material used to measure ACD length, and
below for Pichl.lacZ X-gal stained material used to measure AX and dAX length. (D)
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Sagittal histological section, allantois, showing a wedge of mesoderm within allantoic
ventral wall (arrowheads) that now separates high Pichl dAX (formerly the low Pichl AX)
from the largely T-positive ACD. The dAX is associated with the distal ACD (d*) and the
AX is associated with the proximal ACD (p*). (E-H) Sagittal slice, reconstructed z-stack,
AX-derived mesodermal cells have intervened between the AX and T-defined ACD,
indicated by white dotted and dashed lines, respectively. (1-K) Sagittal histological sections
of T-immunostained 7</p; littermates showing limits of high and low PtchZ domains in
each genotype; the arrow in all three panels indicates the allantoic-yolk sac junction, which
separates the dAX from the AX. (1) wildtype specimen sagittally oblique; low Pfchl in AX
(boxed) is enlarged in inset. (J, K) Primitive streak is breaking down in the heterozygotes
(J) and homozygotes (K), as indicating by decreasing levels of T, with overlying Ptchl as
high as in the dAX (red arrowheads). (L) Mean length + SEM of high PtchI domain; sample
sizes indicated. Significance: Student t-Test: *, £< 0.05; ***, < 0.001. (M) Mean width £
SEM of high Pfch1 domain; sample sizes indicated. Significance: Student t-Test: **, P<
0.01. Scale bar (K): 16 pm (E-H); 25 um (D, I-K). al, allantois; am, amnion; ps, primitive
streak; ve, visceral endoderm; ys, yolk sac.
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Figure5. Loss of Ptchl reduces mesodermal allocation by preventing resolution of the EMT in
the AX

(A, B) Frontal (ventral) views, X-gal-stained whole mount Pfchl./acZ reporter conceptuses
after culture: A, untreated control (-KAAD), B, KAAD-cyclopamine-treated (+KAAD).
Arrowhead, Ptchl in posterior notochord. (C, D) Sagittal histological section, dAX,
Prchl:lacZ reporter conceptuses showing high Prchl in the untreated control (C), and loss of
Prchlin dAX (D) after 4 hours of KAAD treatment. Boxed region, yolk sac mesothelium
with residual Ptchi, and multilayering of the dAX, delineated by dashed line. (E-N) Sagittal
slice, reconstructed z-stack, Dil labeled/AX-derived mesodermal cells (left of white dashed
line, AX boundary) normally exhibit both SHH and PTCH1 when associated with AX (solid

Dev Biol. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rodriguez and Downs

Page 44

box, E-1) and only PTCH1 (dotted box, E-1) once liberated from AX; upon KAAD-
treatment, AX-derived cells remain largely associated with AX, exhibiting only PTCH1
(dotted box, J-N) or neither PTCH1 or SHH (arrow). (O) Number of Dil-labeled AX-
derived mesodermal cells in untreated and KAAD-treated specimens, categorized as AX-
associated, i.e., in contact with the AX, and AX-liberated, i.e., fully disengaged from the
AX. Mean = SEM and sample sizes. Significance: Student t-Tests;: n.s., not significant with
P=0.623; **, P<0.01. (P) Placement of allantoic-yolk sac junction with respect to amnion
in -KAAD and +KAAD specimens; mean + SEM and sample sizes. Significance: Student t-
Tests; ***, P<0.001. (Q, R) Sagittal histological sections, Dil-photobleached allantois
KAAD-treated initially at bud stages and cultured through 6s. These compare normal tissue
separation at the allantoic-yolk sac junction (black dashed line, Q) of untreated controls with
the abnormal clumping between the allantois and yolk sac (red dashed line, R) after KAAD-
treatment. Black arrowheads (Q), AX-derived cells fully liberated from the AX in the
untreated specimens; red arrowhead (R), immobilized AX-derived cells that have not been
liberated from the AX in the absence of Hedgehog. Main panels are enlargements of boxed
region in insets. (S, T) Sagittal histological sections comparing untreated (S) and KAAD-
treated (T) pre-bud (no allantoic bud, OB) conceptuses, both of which exhibit normal
localization of T. Black arrowheads (S, T), correct placement of allantoic-yolk sac junction
(S) and where it should have been in the KAAD-treated specimens (T). Red arrowheads (T),
abnormal connections between the dAX and allantois. (U) Frequency of abnormal visceral
endoderm (ve) attachments after KAAD culture at increasing initial morphological stages,
with sample sizes. Scale bar (N): 10 um (E-N); 18 um (C, D); 35 um (Q, R); 40 um (S, T);
100 ym (A, B). al, allantois; am, amnion; m, mesothelium; nc, notochord; ps, primitive
streak; ys, yolk sac.
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Figure 6. Abnormal structural organization of the fetal-placental interface in the absence of
Hedgehog

(A) Sagittal PECAM-1-immunostained histological section, fetal-placental interface, 7s-
stage Prchl:lacZ reporter conceptus. The allantoic-yolk sac junction is defined by the dAX
(black arrowhead) and splanchnic mesoderm (sm; black arrow) continuous with the ventral
allantoic wall (VCM). High Pfch1 localizes to VCM, sm, and dAX. The umbilical artery
(ua), omphalomesenteric artery (0a), and dorsal aortae (da) have united at the vessel of
confluence (asterisk). The hindgut lip (hgl) expresses relatively low Ptchl. Horizontal lines
indicate the planes of section illustrated in B-G. (B-G) Transverse PECAM-1-
immunostained histological sections of untreated (-KAAD; B, D, F) and KAAD-treated
(+KAAD; C, E, G) specimens, taken at the level equivalent to the lines indicated in A.
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Black arrow (B inset), site where omphalomesenteric artery is released from the vitelline
vasculature. Red arrows (C), prospective omphalomesenteric artery (poa) presented as
multiple vessels. Double arrows (D, F) indicate that vessel of confluence (D, black asterisk)
and umbilical artery (ua, F) are separated from the vitelline vasculature in the untreated
specimens. Red arrowheads (E, G) indicate that the vessel of confluence (asterisk, E) and ua
(G) remain tethered to the vitelline vasculature in KAAD-treated specimens. (H-K) 3D
models reconstructed from PECAM-1-immunostained arterial vessels and associated
hindgut at the posterior embryonic-extraembryonic interface prior to (H-1) or during (J-K)
early remodeling of the vessel of confluence. Color key indicated below panels. Red double
arrows (I, K) indicate abnormal gaps between the multiple vessels that appear to comprise
the “0a”; red arrowheads (1) are aberrant connections between the oa and dorsal aortae (da);
red arrows (I, K) indicate abnormal positioning of the hindgut (hg) distal to the vessel of
confluence. Scale bar (G): 18 um (A); 25 um (D-G); 30 um (B, C). al, allantois; mur, medial
umbilical roots; nc, notochord; vv, vitelline blood vessels; ys, yolk sac.
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Figure 7. The hindgut lip, formed by the AX, isa mesendodermal tissue
(A-F) Frontal (ventral) optical sections through AX (A-C) or dAX and hindgut lip (D-F).

After short culture, Dil is undiluted in AX (A-C). After culture to later stages (D-F), dAX is
largely uniformly labeled due to attenuation of its EMT, while the hindgut lip (hgl; outlined
by dotted white lines), contiguous with the dAX, exhibits salt-and-pepper-like Dil, in accord
with previous EMT activity and exhaustion of the label. (G) Sagittal histological section,
fetal-placental interface, bracket defines the hindgut lip (hgl). (H) Oblique frontal view,
whole mount specimen, fetal-placental interface, initial Dil label applied to hgl (red, white
arrow). (1) Specificity of Dil to hgl in a frontal optical section of the fetal-placental interface
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() and a transverse slice through the hgl of the reconstructed z-stack (J). White dots (1)
delineate the allantois; Dashed line (J) delineates allantoic cells from the hgl. (K) Right side
view, whole mount specimen, Dil-labeled post-culture conceptus; fluorescent Dil visible
within the midgut (mg) and hindgut (hg). (L) Oblique left-side view, Dil-labeled whole
mount specimen after culture and photobleaching shows contribution to hg (brown, white
arrow). (M-P) Transverse histological sections through fetal-placental interface (M, N, P)
and allantois (O) showing cultured photobleached Dil-labeled (M, N) and unlabeled (O, P)
specimens. Labeled specimens exhibit positive staining in the hg (M, N), notochord (nc, M),
omphalomesenteric artery (oa, M) and splanchnic mesoderm (sm, M). Unlabeled
photobleached control exhibits background staining limited to visceral endoderm
(arrowhead in P); the allantois (O), hg (P), and other internal structures (P) exhibit no
detectable staining. Scale bar (P): 10 um (A-F); 20 um (J, G); 40 pm (M, O); 50 pm (N, P);
75 um (H, 1, K); 100 um (L); 145 um (K). al, allantois; da, dorsal aortae; fg, foregut; hrt,
heart; ua, umbilical artery; ys, yolk sac.
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Figure 8. A single CASP3 cell, whose identity isregulated by Hedgehog signaling, separ ates non-
EMT blood island visceral endoderm from the AX

(A) Sagittal histological section, allantois, showing breach in the AX (arrowhead; region
enlarged in inset). Breaches are not due to dissection, as embryos in which overlying parietal
endoderm remained intact exhibited them (data not shown). (B) Sagittal CASP3-
immunostained histological section, allantoic-yolk sac interface, displaying a single CASP3-
positive cell (arrowhead) at the distal border of the dAX. (C, D) Transverse CASP3-
immunostained histological sections, distal junction of the dAX in a Pfc./acZ reporter
conceptus. The unique CASP3-positive cell (C, arrowhead; enlarged in inset) is axially
located within the midline and does not span into the consecutive section (D). (E) Graph
displaying the co-location of the CASP3-positive cell and distal limit of the high Ptchl dAX
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domain as the distance from the allantoic-yolk sac junction at increasing morphological
stages. Sample sizes next to data points, along with the frequency at which the CASP3-
positive cell was found for each stage. (F) Sagittal CASP3-immunostained histological
section through the allantoic-yolk sac interface in a Pfc./acZ reporter, CASP3-positive cell
(arrowhead; enlarged in inset with arrowheads) is located between the visceral endoderm’s
high Ptch1 domain and the yolk sac blood islands. Apically-localized punctate staining is
visible in the visceral endoderm; this staining was commonly observed in extraembryonic
visceral endoderm in this study. (G) Sagittal histological sections, yolk sac, showing several
examples of trypan blue cells (arrows) being extruded from the epithelium at a similar
distance from the allantoic-yolk sac junction as the CASP3 border cell (data not shown). (H)
Frequency of the CASP3-positive cell in control (-KAAD) and KAAD-treated (+KAAD)
specimens, sample sizes, base of each bar. Significance: Fisher’s exact test; ***, £<0.001.
(1, J) Sagittal CASP3-immunostained histological sections through the allantoic-yolk sac
interface in cultured Pfc:lacZ reporter conceptuses; untreated (-KAAD, 1), treated (+KAAD,
J). While a CASP3-positive cell, just distal to the high Ptch1 domain, is found in the control
(I, arrowhead; enlarged in inset), no signs of the high Ptch1 domain or the CASP3-positive
cell are evident in the KAAD-treated specimen (J). (K, L) Schematic representation of the
expanded AX domain in +KAAD specimens (L) relative to that in —-KAAD (K). Scale bar
(J): 9 um (G); 15 pm (G inset, J); 20 um (B, F, 1); 25 um (A, C, D). al, allantois; bi, blood
island; hgl, hindgut lip.
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Figure 9. Potency testing and/or fate mapping the ACD, ACD+AX, and AX via grafting
(A) Orthotopic (“same site™) ACD graft (blue) extending a midline file of cells (white

arrowhead) from the hindgut lip (dashed arc) into the distal allantois. (B) Schematic
diagram, grafting protocol. ACD, AX or ACD+AX were removed (white dashed regions)
from a donor Rosa26%*+ conceptus and grafted into an F2 host conceptus. Lateral visceral
endoderm (ve) was chosen as the heterotopic site as it was fairly tissue-free. Arrows, right of
the host conceptus, outcome of each graft type (see text). Numbers above arrows, sample
sizes. (C, D) Heterotopically-grafted donor ACD “sphere” (blue, dotted white circle) within
host post-culture. (D) Transversely-oriented FOXa-2-immunostained histological section,
donor ACD, and its contact with the lateral ve (arrowheads, higher magnification of this
region, inset). The ACD is apolar, filled with disorganized small vessels, and lacks any
indication of hindgut formation and/or the dense core domain. (E-G) Heterotopically grafted
ACD+AX post-culture, whole mount preparations (E), showing the elongated shape (white
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dotted outline) of donor ACD+AX graft (blue). F and G, histological sections, integrated
donor ACD+AX graft (F, blue, arrowhead), and a free-floating donor ACD+AX graft (G,
blue color) within the host. Donor ACD+AX grafts resemble “stem-and-lollipop” structure
of intact allantois and its connection to the hindgut; distal region loosely organized (white
arrow, F); proximal region dense (black arrow, F) with a putative hindgut (boxed, G;
enlarged in inset). (H) Sagittal histological section, fetal-placental interface, ex vivo
conceptus showing the relationship between the distal and proximal regions in an intact
conceptus. White asterisk, ACD; black asterisk, VOC. (I-L) FOXa-2-immunostained
histological sections, heterotopic ACD+AX grafts (blue) post-culture. (1) Midline vessel,
reminiscent of the umbilical artery (“ua”), runs through proximal half of the graft. At the
proximal end (dotted black box), FOXa2-negative rosette formations (solid black box,
enlarged in inset) are identified. (J) In the same specimen as (1), a single FOXa2-positive
“hindgut” tube-like structure is adjacent to a large vessel, reminiscent of the VOC and/or
omphalomesenteric artery (“*/oa”). (K) FOXa2 in the single “hindgut” structure and donor
AX tissue (red dashed line). (L) Rod-like file of cells extends through the proximal midline
of the graft from a dense core (red outline), reminiscent of the ACD (asterisk) and its rod-
like extension. (M) 3-D model of free-floating graft whose colored structures are presented
in panels I, J, and L. (N) Histological section through an uncultured control donor AX
(dashed outline, basal side) clean of associated mesoderm. Arrowhead, apparent bilayer at
this site is really the visceral endoderm curved on itself. (O-R) Histological sections through
hosts and orthotopic AX grafts (blue) post-culture. (O, P) Bud and headfold-stage AX
grafts, which failed to integrate into the hosts, formed squamous mesoderm (O, arrowhead)
and a cluster of blood cells (P). (Q, R) Early somite-stage AX grafts, integrated into host,
contributing to the allantois (Q, R), hindgut (Q, R, arrowhead), medial umbilical roots (mur,
R), and the omphalomesenteric artery (oa) and overlying splanchnic mesoderm (Q, arrow).
Scale bar (R): 10 um (N, P); 20 pm (J, O); 30 um (K); 40 um (D, H, I, L, Q); 50 um (A, R);
80 um (C, G); 90 um (E, F). al, allantois; am, amnion; da, dorsal aortae; hg, hindgut; hgl,
hindgut lip; hrt, heart; mur, medial umbilical roots; oa, omphalomesenteric artery; se,
surface ectoderm; ua, umbilical artery; VOC, vessel of confluence; ve, visceral endoderm;
ys, yolk sac; xc, exocoelomic cavity.
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Figure 10. COLIV identifiesthe AX-derived allantoic rod

For all panels, the allantoic rod is encased by dashed lines and the proximal ACD is
indicated with a white asterisk. (A) Sagittal COLIV-immunostained histological section,
allantoic-yolk sac interface, displaying a rod-like file of COLIV extending from the dense
proximal ACD through the allantoic midline. (B) Frontal (ventral) view, 3-D model
reconstructed from serial sections of specimen in A; color key displayed. Dotted line
delineates the base of the allantoic rod, which lies within the dense ACD. (C-E) Transverse
slice, reconstructed z-stack of the anterior embryo. T localizes to and defines the embryonic
notochord. (F-1) Frontal optical section through the allantois, showing the ACD defined by
T (white dotted outline) and the allantoic rod defined by COLV. Insets: high magnification of
rod at level of white arrowhead, showing COLIV surrounding T-positive cells. (J-M) Frontal
optical section through the allantois, showing that the nascent umbilical artery defined by
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PECAML1 is distinct from the COLIV rod. Insets: high magnification of region at level of
white arrowhead. (N-Q) Frontal optical section through the allantois, the COLIV rod-like
structure is encased with Dil, and thus derived from the AX. Scale bar (Q): 6 um (C-E, F-I
insets); 10 um (J-M insets, N-Q); 15 pm (J-M); 20 um (F-I); 35 um (A). al, allantois; nc,
notochord; ys, yolk sac.
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Figure 11. TSTC mutant allantoiseslack AX contribution and its derivative rod-like structure,
which may organize the allantoic vasculature

For all panels, the allantoic rod and PECAM1 midline vessel are encased by dashed lines,
the allantois is outlined by dotted lines, and the proximal ACD is indicated with a white
asterisk. (A-T) Frontal optical sections through the fetal-placental interface of a wildtype T
*/T* allantois (A-E) and a 7¢/7¢ mutant allantois (K -O) aided by higher magnification
views of the white-boxed allantoic region in all of these panels (F-J, P-T), showing AX
contribution to the allantoic rod (A-J) and failure of the 7¢/7¢ mutants to form a rod (K-T).
White arrowheads (P-T), disorganized clusters of PECAM1- and COLIV-positive cells.
Scale bar (T): 10 um (F-J, P-T); 35 um (A-E, K-O). al, allantois; da, dorsal aortae; ys, yolk
sac.
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Figure 12. Exfoliation of AX leadsto arevised mouse fate map and human comparison
(A-D) Schematic diagram depicting exfoliation of AX through the mid-sagittal plane (A-C;

modified from (Rodriguez et al., 2017)), while the embryonic component in D is slightly
laterally oriented to visualize one of the paired dorsal aortae. See text for details. (E)
Revised mouse fate map (red arrows) shows AX contribution (visceral endoderm) to
definitive endoderm (this study, and (Kwon et al., 2008)) and extraembryonic mesoderm
(this study). (F-H) General schematic of the early post-implantation human (F) and mouse
(G) conceptus; color key below. The mouse yolk sac has been “un-inverted” (H) by splitting
the egg cylinder along the dashed line in G to flatten the epiblast in H, likening the mouse
conceptus to that of the human (F). Small red box indicates the prospective AX of the mouse
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and the site where the human yolk sac diverticulates to form the allantois/body stalk. al,
allantois; am, amnion; bi, blood island; da, dorsal aortae; hg, hindgut; HH, Hedgehog
signaling; oa, omphalomesenteric artery; pbi, prospective blood island; ps, primitive streak;
ua, umbilical artery; ve, visceral endoderm; vv, vitelline vessels.
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