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Abstract

The allantois-derived umbilical component of the chorio-allantoic placenta shuttles fetal blood to
and from the chorion, thereby ensuring fetal-maternal exchange. The progenitor populations that
establish and supply the fetal-umbilical interface lie, in part, within the base of the allantois, where
the germ line is claimed to segregate from the soma. Results of recent studies in the mouse have
reported that STELLA (DPPA-3, PGC7) co-localizes with PRDM1 (BLIMP1), the bimolecular
signature of putative primordial germ cells (PGCs) throughout the fetal-placental interface. Thus,
if PGCs form extragonadally within the posterior region of the mammal, they cannot be
distinguished from the soma on the basis of these proteins. We used immunohistochemistry,
immunofluorescence, and confocal microscopy of the mouse gastrula to co-localize STELLA with
a variety of gene products, including pluripotency factor OCT-3/4, mesendoderm-associated T and
MIXI1, mesendoderm- and endoderm-associated FOXa2 and hematopoietic factor Runx1. While a
subpopulation of cells localizing OCT-3/4 was always found independently of STELLA, STELLA
always co-localized with OCT-3/4. Despite previous reports that T is involved in specification of
the germ line, co-localization of STELLA and T was detected only in a small subset of cells in the
base of the allantois. Slightly later in the hindgut lip, STELLA+/(OCT-3/4+) co-localized with
FOXaz2, as well as with RUNX1, indicative of definitive endoderm and hemangioblasts,
respectively. STELLA was never found with MIXI1. On the basis of these and previous results, we
conclude that STELLA identifies at least five distinct cell subpopulations within the allantois and
hindgut, where they may be involved in mesendodermal differentiation and hematopoiesis at the
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posterior embryonic-extraembryonic interface. These data provide a new point of departure for
understanding STELLAs potential roles in building the fetal-placental connection.
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INTRODUCTION

The allantois of placental mammals will become the umbilical cord, ensuring establishment
of a continuous fetal-placental vasculature intimately associated with the maternal
circulation. At one end, the allantois is connected to the embryo, where its vasculature
becomes confluent with that of the fetus and yolk sac. At the other, the allantois fuses with
the chorion, forming the chorio-allantoic labyrinth within the placenta and site of fetal-
maternal exchange. While the source of the cells that build the fetal-umbilical connection,
including the umbilical vasculature, hindgut endoderm, and canonically segregated
primordial germ cells (PGCs), has long been thought to be located within the posterior
embryonic primitive streak (Beddington, 1982; Beddington, 1981; Tam and Beddington,
1987), the latter’s contribution of descendant cells to the embryonic-extraembryonic
interface is limited (Downs et al., 2009; Kinder et al., 1999; Mikedis and Downs, 2012; Tam
and Beddington, 1987). Rather, as demonstrated in recent experiments (Downs, 2009;
Downs et al., 2009; Inman and Downs, 2006a; Mikedis and Downs, 2012), the streak’s
posterior end extends beyond the embryo and into the allantois, where it collaborates with
the embryonic posterior primitive streak to provide distinct and overlapping descendant cell
types to posterior tissues (Mikedis and Downs, 2012). This putative extraembryonic
component of the primitive streak (XPS) is initially identifiable by juxtaposition of
morphologically compact cells adjacent to posterior visceral endoderm (PVE), and robust
localization of Brachyury (T; Downs et al., 2009). By headfold stages (~E7.75-8.0), the
XPS expands, becoming the Allantoic Core Domain (ACD; Downs et al., 2009) that is
essential for allantoic elongation and contributes to both the allantois itself (Downs et al.,
2009) as well as to tissues encompassed by the fetal-placental interface (Mikedis and
Downs, 2012).

Consistent with building the embryonic-extraembryonic interface, the ACD exhibits a
variety of proteins involved in pluripotency (Downs, 2008; Mikedis and Downs, 2009,
2012), including those thought to signify the germ line (Chiquoine, 1954; Ginsburg et al.,
1990; Lawson and Hage, 1994; reviewed in Leitch and Smith, 2013). Initially identified
qualitatively on the basis of elevated alkaline phosphatase (AP) enzyme activity (Chiquoine,
1954), PGC progenitors are thought to enter the posterior primitive streak from the epiblast,
congregate within the proximal end of the allantois, and there become segregated from the
soma (Lawson and Hage, 1994). From the allantois, the PGCs then migrate as a segregated
population into the gut as it forms (Lawson and Hage, 1994), and onto the genital ridges,
populating the developing gonadal parenchyma (Chiquoine, 1954; reviewed in Mikedis and
Downs, 2014). While clonal fate mapping, based on AP activity, has suggested that the site

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolfe et al.

Page 3

of PGC segregation from the soma lies within the base of the allantois (Lawson and Hage,
1994), rigorous evidence to show continuity via clonal fate mapping from the allantois to the
gonads, or even to the hindgut, is absent from the literature (reviewed in Mikedis and
Downs, 2014).

For more than six decades, cells within the PGC trajectory have been characterized largely
by gene expression and protein localization. AP-positive putative PGCs were found to
express several germline-specific “marker” gene products, one of which, STELLA (Saitou et
al., 2002), is a demethylation-protective factor (Nakamura et al., 2007) required for pre-
implantation development (Bortvin et al., 2004; Payer et al., 2003). However, its abrogation
does not yield infertile progeny (Bortvin et al., 2004; Payer et al., 2003), and its role in this
population remains unknown.

While the relationship between the PGCs and the allantois has generally been unappreciated,
results of recent studies have demonstrated that STELLA protein localizes throughout the
posterior region (Mikedis and Downs, 2012) and therefore appears to lack specificity in
identifying a segregated germline. OCT-3/4 (Pou5f1), a POU domain transcription factor,
has also been claimed to be specific to the germling, as its expression becomes restricted to
the area of greatest tissue-nonspecific AP (TNAP) activity by embryonic day 8 in the base of
the allantois (Scholer et al., 1990). Oct-3/4 also regulates Ste/la expression in maturing
oocytes (Levasseur et al., 2008; Zuccotti et al., 2009). Like STELLA, however, OCT-3/4
localizes to myriad developing tissues of the mouse conceptus (Downs, 2008), including the
primitive streak, where it maintains cell proliferation (DeVeale et al., 2013; Downs, 2008).
Also, OCT-3/4, like STELLA, is associated with a variety of stem cell populations in mouse
development (Garagna, 2009; Scholer, 1991) and pluripotency in embryonic stem cells /n
vitro (Sterneckert et al., 2012).

While STELLA+ descendants of ACD-derived cells colonize the hindgut, a component
tissue of the PGC trajectory, ACD-derived STELLA is also found broadly throughout the
fetal-umbilical junction and outside of the hindgut (Mikedis and Downs, 2012, 2013;
reviewed in Mikedis and Downs, 2014). Whether the STELLA-positive cells of the ACD
represent a pure segregated population, or whether they are subpopulations of cells that
collectively build posterior tissues, including the PGCs, is obscure. For example, we have
recently demonstrated that STELLA and PRDM1 (BLIMP1), a transcriptional repressor
thought to regulate differentiation of progenitor cell populations, co-localize both within and
outside of the canonical PGC trajectory (Mikedis and Downs, 2017). However, both
STELLA and PRDM1 were also found independently of each other throughout the posterior
region, including the allantois and hindgut, again calling into question the accuracy of
expecting these proteins to specifically identify segregated putative PGCs.

These results suggest that a variety of molecularly distinct STELLA subpopulations may be
present at the fetal-umbilical interface. To begin to identify these, we undertook systematic
analysis by immunofluorescence (IF) and immunohistochemistry (IHC) during the presumed
period when PGCs segregate within the allantois, then apparently leave this tissue to
colonize the hindgut (~E7.5-E9.5). We paid particular attention to the allantois and hindgut,
which are thought to encompass the PGC trajectory (McLaren, 2003) and examined a
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number of gene products, including T, MIXI1 (Pereira et al., 2011; Tada et al., 2005; Wolfe
and Downs, 2014), and FOXa2 (HNF3p), a winged helix/forkhead transcription factor (Ang
et al., 1993; Besnard et al., 2004) that can be employed as a specific marker of endoderm
(Kubo et al., 2004). For reasons described above, we also co-localized STELLA and
OCT-3/4, and we co-localized STELLA and Runx1 which identifies hemangioblasts (North
et al., 1999) in the allantois and posterior region (Daane and Downs, 2011; Zeigler et al.,
2006), and which has been shown to co-localize with PRDM1 (Mikedis and Downs, 2017).

Results of this study revealed distinct subpopulations of STELLA+ cells within the allantois,
associated visceral endoderm, and hindgut that may play roles in mesendodermal
differentiation of a variety of progenitor subpopulations at the fetal-umbilical junction.

MATERIALS AND METHODS

Mouse husbandry, dissections, embryo staging

All animals were treated in accordance with Public Health Service Policy on Humane Care
and Use of Laboratory Animals (Public Law 99-158) as enforced by the University of
Wisconsin-Madison. F2 conceptuses were obtained by mating inbred hybrids of BEGCBAF1/J
(The Jackson Laboratory, Bar Harbor, ME; Downs, 2006) or RunxI-LacZ heterozygous
reporter males (Daane and Downs, 2011; North et al., 1999; Zeigler et al., 2006) with F1
females. Individual estrous females (Champlin et al., 1973) and stud males were placed
together just before lights went off (13:00/01:00 or 21:00/09:00 lights off/on); copulation
plugs were identified up to 12 hours later. Dissection and staging of conceptuses were as
described by Downs and Davies (1993).

Staged conceptuses were fixed in 4% paraformaldehyde (PFA) for 2 hours at 4°C and
sequentially rinsed at least three times in phosphate-buffered saline (PBS, Sigma-Aldrich,
St. Louis, MO; Downs, 2008). Specimens were then dehydrated in increasing
methanols/PBS through absolute methanol and stored at —20°C for at least three days. Prior
to rehydration for protein localization, specimens were opened in the lateral yolk sac and
amnion with the bladed bevel of a 27-gauge insulin needle to ensure reagent penetration.

Antibodies for immunofluorescence (IF) and immunohistochemistry (IHC)

Protein localization was evaluated by IF and IHC. Two primary antibodies raised in different
species against STELLA were needed for co-localization: anti-STELLA AF2566 (goat
polyclonal, raised against £. coli-derived recombinant full-length mouse STELLA/Dppa3;
R&D Systems, Minneapolis, MN) used at 1:70 dilution (2.9ug/mL) for IF (Mikedis and
Downs, 2012); and anti-STELLA sc-67249 (rabbit polyclonal, raised against full-length
mouse STELLA,; Santa Cruz Biotechnology, Santa Cruz, CA) used at 1:25-1:20 dilution (8-
10ug/mL) for IF. Other primary antibodies included: anti-OCT-3/4 (goat polyclonal, raised
against human N 1-134; sc-8268, Santa Cruz) used at 1:30 dilution (6.7ug/mL) for IF and
1:100 dilution (2ug/mL) for IHC (Downs, 2008); anti-T (goat polyclonal, raised against N-
terminal 19 residues of human Brachyury; sc-17743, Santa Cruz) (Inman and Downs,
2006b) used at 1:25 dilution (8ug/mL) for IF; anti-MIXI1 (rabbit polyclonal, raised against
mouse MIXI1 N-terminal residues 1-134; sc-98665, Santa Cruz) used at 1:25-1:20 dilution
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(8-10ug/mL) for IF; and at 1:100 dilution (2pg/mL) for IHC (Wolfe and Downs, 2014);
anti-FOXa2 (HNF-3p; goat polyclonal, raised against C-terminus of mouse HNF-3;
s¢c-9187, Santa Cruz) used at 1:30 dilution (6.7ug/mL) for IF and 1:100 dilution (2ug/mL)
for IHC (Kubo et al., 2004); and anti-RUNX1 (goat polyclonal, raised against N-terminus of
mouse RUNXZ; sc-8563, Santa Cruz) used at 1:25 dilution (8ug/mL) for IF and 1:100-1:50
dilution (2-4pg/mL) for IHC.

Secondary antibodies included: donkey anti-goat 1gG Dylight 550 (Ab 96932, Abcam,
Cambridge, MA) at 1:250 dilution (2ug/mL) for IF; donkey anti-rabbit IgG Dylight 650 (Ab
98501, Abcam) used at 1:250 dilution (2ug/mL) for IF; donkey anti-goat 1gG-B (sc-2042,
Santa Cruz) used at 1:500 dilution (0.8ug/mL) for IHC; and goat anti-rat IgG-B pre-
adsorbed against mouse and human IgG (sc-2041, Santa Cruz) used at 1:500 dilution
(0.8ug/mL) for IHC.

While the specificity of anti-STELLA AF2566 had been previously reported (Mikedis and
Downs, 2012), anti-STELLA sc-67249 had not. To verify the specificity of sc-67249, IF
specimens labeled with AF2566 were compared to stage-matched specimens labeled with
sc-67249; the two antibodies exhibited identical localization patterns in posterior tissues at
EB-9-somite (s) stages (data not shown). To verify the specificity of the sc-9187 FOXa2
antibody, we conducted IHC at 5s—7s stages using sc-9187 antibody compared with antibody
pre-bound with its cognate peptide sequence (sc-9187P, Santa Cruz) and with IHC
performed in the absence of primary antibody as described by Mikedis and Downs (2013).
Specifically, the following was done in parallel on 5s—7s specimens: (1) 1:100 dilution of
anti-FOXa2 primary antibody; (2) 1:100 dilution of anti-FOXa2 incubated in PBS + 5%
donkey serum + 0.1% Triton X-100 (PBSST) for 8 hours at 4°C; (3) 1:100 dilution of anti-
FOXa2 with 1:20 dilution of control peptide (CP) incubated in PBSST for 8 hours at 4°C;
(4) 1:100 dilution of anti-FOXa2 with 1:10 dilution of CP incubated in PBSST for 8 hours at
4°C; and (5) PBSST without primary antibody were used as primary antibody solutions in
IHC. No immunostaining signal was observed in the control peptide-treated (N=2) or minus-
antibody (N=1) controls (data not shown). To verify the specificity of the sc-8563 RUNX1
antibody, we conducted IHC at 3-5s stages using sc-8563 antibody and its cognate peptide
sequence (sc-8563P, Santa Cruz), as described above (N=5 specimens per treatment group),
with no immunostaining signal observed in the control peptide-treated or minus-antibody
controls (data not shown).

IF and confocal microscopy

Specimen rehydration was accomplished in graded methanols/PBS, followed by 3 x 5-
minute washes in PBS. Blocking was performed in PBSST for 2 x 1h washes, then primary
antibodies were added in PBSST and incubated with specimens at 4°C overnight. Excess
primary antibody was removed by 5 x 1h PBSST washes at room temperature, then Dylight
550 and 650 secondary antibodies were added in PBSST and incubated with specimens at
4°C overnight. Excess secondary was removed by 5 x 1h PBSST washes at room
temperature, followed by DAPI (4’,6-Diamidino-2-Phenylindole Dilactate, D3571,
Invitrogen, Life Technologies, Grand Island, NY) at 1.8ug/mL in PBSST for 15 minutes at
room temperature, then 3 x 30-minute PBSST washes.
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Specimens were then positioned in fresh PBSST under a Nikon SMZ1500 dissection
microscope (Nikon Instruments Inc., Melville, NY), and using a long glass scalpel
(Beddington, 1987) and sharpened #5 forceps, the yolk sac, anterolateral visceral endoderm,
ectoplacental cone, and anterior embryonic tissues were excised, leaving the posterior half of
the embryo, posterior visceral endoderm (PVE), and allantois intact and exposed. Specimens
were then placed in a drop of Aquamount compound (No. 13800, Lerner Laboratories,
Pittsburgh, PA) on a gelatin-subbed glass slide, with the ventral surface (i.e., hindgut
opening) oriented upward. A high performance glass coverslip (No. 1%, 170+5um thickness,
18x18mm, 474030-9000-000, Zeiss, Lauda-Kdnigshofen, Germany) was gently applied and
slides were allowed to set overnight in the dark at room temperature.

Fluorescent imaging was performed on a Nikon A1R high-speed confocal system using 20x
and 60x objectives. Z-series images were collected using 0.8—-2um steps, for a total depth of
40-50 pum, using Nikon Elements Confocal software. We standardized image acquisition
such that signal from the Dylight 550 fluorophore appeared in red, and the Dylight 650
fluorophore appeared in green. Image processing was performed in Adobe Photoshop
versions CS5 and CC (Adobe Systems Inc., San Jose, CA), utilizing red-green-blue channel
isolation for preparation of single-color panels, as well as level and saturation adjustments
and a sharpening filter.

As a negative control, 6s stage conceptuses were processed as above, omitting the primary
antibodies and treating only with both fluorescent secondary antibodies prior to confocal
microscopy. No cellular fluorescent signal was seen in the red or green channels, while
DAPI nuclear signal was normal in all cells (data not shown).

IHC and histology

All conceptuses were immunostained in whole mount preparations as previously described
(Downs, 2008). Runxi-LacZ specimens were X-gal-stained as previously described (Daane
and Downs, 2011). After immunostaining, conceptuses were then re-fixed overnight in 4%
PFA at 4°C, dehydrated and embedded in paraffin wax (Downs, 2008). Specimens were
sectioned at a thickness of 6um, and counterstained with Gill’s hematoxylin (Sigma-Aldrich,
St. Louis, MO). Slides were viewed using a Nikon Microphot-SA compound microscope
and photographed with an attached QImaging Retiga 2000R digital camera (QImaging,
Surrey BC, Canada). Image processing was performed as described above. Specimens for
morphology images (Fig. 1) were part of a previous study (Downs et al., 1998), though those
selected for this manuscript have not previously been published.

Numbers of specimens evaluated

Specimens were grouped by developmental stages into: early and late bud (EB-LB), early
headfold through early somite (EHF-3s), early hindgut invagination (4s—7s), and late hindgut
invagination (8s—12s). Table 1 summarizes the number of IF specimens analyzed by primary
antibody, stage group, and genotype. In addition, the following numbers of specimens were
examined for IHC: for FOXa2 IHC, wild type conceptuses were examined at EB-LB (N=2),
EHF (N=1), 55-6s (N=3) and 9s (N=1) and RunxI-lacZ heterozygotes were examined at 8s—
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12s (N=4). For RUNX1 IHC, wild type conceptuses were examined at 4s—7s (N=3) and 8-
10s (N=3). For STELLA IHC, RunxlI-lacZ heterozygotes were examined at 8s—-12s (N=3).

Posterior tissues analyzed in this study

Throughout this study, we evaluated tissues associated with the PGC trajectory (Fig. 1 and
reviewed in Mikedis and Downs, 2014), including the posterior primitive streak, which is
partitioned into the allantoic component, initially the XPS (neural plate/pre- and allantoic
bud stages) (Fig. 1A), and later the ACD (EHF-6s) (Fig. 1B, C) and the intraembryonic
component (all stages, e.g., Fig. 1A, B), and developing hindgut endoderm (Fig. 1C, D). The
XPS is 3—4 layers thick (Fig. 1A; Downs et al., 2009) and fully observable in the confocal
microscope. However, the expanded ACD is about 6-10 cell layers thick from the headfold —
4s stages beginning at its site of contact with the aPVE (Fig. 1B; Downs et al., 2009; Inman
and Downs, 2006b). Thus, in the confocal, the ventral 3—4 cell layers of the ACD were
reliably assessed. This included much of the allantoic streak’s T population (Fig. 1E; Downs
et al., 2009) and most, if not all of the STELLA population found in this ventral region at the
bud - 2s stages (Fig. 1F; Mikedis and Downs, 2012). This population is thought to represent
segregated PGCs (Lawson and Hage, 1994; Saitou et al., 2002). As putative PGCs are
thought to enter the extraembryonic endoderm and travel through the hindgut during their
journey as a lineage-restricted population (reviewed by McLaren, 2003), we included
analysis of posterior visceral endoderm that spans the embryonic-extraembryonic interface,
parsing it into allantois- and embryo-associated posterior visceral endoderm (headfold-3s
stages) (Fig. 1A, B). We also examined the hindgut lip (4s-12s) (Fig. 1C, D), or caudal
intestinal portal, and the invaginating hindgut itself (“early”, 4s-7s; “late”, 8s-12s) (Fig. 1C,
D). At later stages, we evaluated the ACD/tailbud (7s—12s), as it encompasses a progenitor
cell pool for building the tailbud (Tam and Tan, 1992; Wilson and Beddington, 1996),
possibly derived, in part, from the ACD (Downs et al., 2009; not shown).

The method used for whole mount orientation of specimens for confocal microscopy (see
Materials and Methods) allowed clear visualization of all of these tissues. Allantoic and
embryonic mesoderm adjacent to the primitive streak could be identified by its proximity to
landmarks including the XPS/ACD and node as well as its subjacent proximity to the
posterior visceral endoderm in confocal Z-series. The amnion was excluded from IF
evaluation, as it was technically unreliable to isolate for observation.

STELLA and OCT-3/4 co-localize but also identify two divergent posterior populations

STELLA and OCT-3/4 co-localized within the posterior region at all stages (EHF-12s) (Figs
2, 3). In all cases, all STELLA+ cells were OCT-3/4+, but OCT-3/4+ cells were initially
found independent of STELLA (headfold stages, Fig. 2A-D; Fig. 3A-D). Where STELLA
and OCT-3/4 co-localized in all tissues, STELLA was found throughout the nucleus,
including the perinucleus and core, while OCT-3/4 appeared to be more concentrated in the
core (e.g., Fig. 2H, L; Fig. 3H, L, V). STELLA often appeared independent of the nuclei
(e.g., Fig. 2F, H); this is consistent with previous reports that STELLA is also found in the
cytoplasm (Mikedis and Downs, 2012; Nakamura et al., 2007; Saitou et al., 2002). Because
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of its nuclear localization and nuclear export signals, the protein can be shuttled back and
forth between the nucleus and cytoplasm (Nakamura et al., 2007; Saitou et al., 2002).

Consistent with previous results (Downs, 2008; Mikedis and Downs, 2012), STELLA and
OCT-3/4 were found within a broad domain of the primitive streak, including the ACD and
embryonic posterior streak, and later the tailbud mesoderm (Fig. 2 and data not shown). By
contrast, OCT-3/4 appeared independent of STELLA within the ACD and posterior
embryonic primitive streak. Within the allantois, while some STELLA+/OCT-3/4+ cells
remained within the ACD (Fig. 2A-L), some formed a file through the allantoic midline,
reaching toward the distal region of the allantois (Fig. 21-L), consistent with previous
STELLA localization studies (Mikedis and Downs, 2012). The population of STELLA+/
OCT-3/4+ cells associated with the ACD and allantoic midline was observed through the 12s
stage (data not shown), and persisted within the tailbud mesoderm. Thus, a STELLA+/
OCT-3/4+ population is a permanent feature of the allantois.

By contrast, and consistent with the claims that PGCs leave the allantois (Lawson and Hage,
1994) and with fate mapping the ACD (Downs, 2008; Mikedis and Downs, 2012), some
headfold-stage STELLA+/OCT-3/4+ cells appeared to take up residence within the allantois-
associated posterior visceral endoderm. Within the posterior visceral endoderm, OCT-3/4
was found both with and without STELLA (Fig. 3A-D and data not shown). By 2s,

however, nearly all OCT-3/4+ cells of the allantois-associated posterior visceral endoderm
co-localized STELLA (data not shown). From there, STELLA+/OCT-3/4+ cells were found
within the hindgut lip by 6s stage (Fig. 3E-H), and within ventral hindgut endoderm (Fig.
3I-L). Intriguingly, immunostaining suggested that the OCT-3/4+ nuclei found within the
hindgut lip were much larger than those in surrounding cells (Fig. 3M, N; Downs, 2008).
During elongation of the hindgut, a dense population of STELLA+/OCT-3/4+ cells remained
clustered within the hindgut lip and was not noted in any other visceral endoderm (Fig. 30—
R). Within the ventral hindgut endoderm, STELLA+/OCT-3/4+ cells appeared to increase
dramatically, and spanned the longitudinal extent of the hindgut (Fig. 35-V). STELLA+/
OCT-3/4+ cells were not observed within the foregut, nor in posterior visceral endoderm
anterior to the site of hindgut invagination through the 12s stage (data not shown).

Thus, while all STELLA+ cells spatiotemporally co-localized OCT-3/4 throughout the
posterior region at all stages examined, OCT-3/4+/STELLA- cells dropped out of the
posterior region by 2s, at which point OCT-3/4 was found only with STELLA. Thereafter,
STELLA+/OCT-3/4+ cells localized to two topographically distinct posterior tissues,
extraembryonic mesoderm (remnant ACD) and endoderm, which included extraembryonic
visceral endoderm, the hindgut lip and hindgut endoderm.

A small population of STELLA+ cells transiently co-localizes T within the extraembryonic
and embryonic components of the primitive streak

Because STELLA+/OCT-3/4+ cells are found within the ACD, which is defined by
Brachyury (T) (Downs et al., 2009; Inman and Downs, 2006b; Mikedis and Downs, 2012),
we next asked about STELLA’s relationship to T. Within the XPS (Fig. 4A-H), ACD (Fig.
41-L), embryonic posterior streak (not shown), allantois-associated posterior visceral
endoderm (Fig. 4M-P), embryonic streak-associated visceral endoderm (not shown),
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hindgut lip (not shown) and hindgut (not shown), STELLA+(/OCT-3/4+) and T generally
formed separate cell populations (parentheses indicate inferred presence of OCT-3/4 in the
STELLA+ cells, based on results in the previous section). However, additionally within the
posterior primitive streak (XPS/ACD and embryonic posterior streak), 3 rare ACD cells
were STELLA+(/OCT-3/4+)/T+, but only at the LHF stage (N=1; Fig. 41-L; total ACD
counted = 140 cells; STELLA+/T— = 7/140; T+/STELLA- = 130). The event of
encountering T/STELLA protein co-localization was rare, transient, and limited to this
developmental stage: specimens observed after LHF (i.e., through 2s; Table 1) no longer
exhibited cells with T/STELLA co-localization in the ACD. T/STELLA co-localization was
not found within any endoderm.

T identifies several distinct posterior cell populations

As studies on embryonic stem cells have indicated that T plays a role in mesendodermal fate
(Izumi et al., 2007; Kubo et al., 2004) and that STELLA facilitates endodermal
differentiation in human cells (Wongtrakoongate et al., 2013), we then asked whether T
and/or STELLA identify distinct subpopulations with likely mesendodermal fate. For this,
we asked whether T and STELLA co-localize with MIXI1 (headfold-8s stages). First,
because T and MIXI1 proteins physically interact (Pereira et al., 2011; Pereira et al., 2012;
Tada et al., 2005), and because Mix/1 is a regulatory target of T (Lolas et al., 2014), we
evaluated the posterior region for co-localization of T and MIXI1. Beginning at headfold
stages, a period during which MIXI1 was observed in the posterior expanse of the primitive
streak and allantois (Wolfe and Downs, 2014), all MIXI1+ cells were T+ within the posterior
primitive streak (XPS/ACD and embryonic posterior streak) and associated posterior
visceral endoderm (Fig. 5A-D). By the late hindgut stages (e.g., 8s), MIXI1+/T+ co-
localizing cells persisted in the ACD/presumptive tailbud mesoderm, and were limited to the
posterior edge of the embryonic notochord. By contrast, at all stages examined, not all T+
cells contained MIXIL1 (Fig. 5A-D and data not shown). T+/MIXI1- cells predominated in
the hindgut’s dorsal component during hindgut elongation (e.g., 8s), consistent with prior
localization of individual proteins (data not shown; Downs et al., 2009; Inman and Downs,
2006b; Wolfe and Downs, 2014) while a few MIXI1+/T- cells were also found in the dorsal
hindgut (data not shown). We did not see STELLA co-localize with MIXI1+ (e.g., Fig. 5E-
H, Table 1 and data not shown). Thus, STELLA+/(OCT-3/4+)/T+ and T+/MIXI1+ identify
at least two distinct subpopulations within the primitive streak and tailbud.

STELLA and FOXa2 co-localize in the hindgut lip

To further evaluate STELLA’s potential role in nascent hindgut endoderm, we examined its
relationship to FOXa2. Consistent with previously described FOXa2 mRNA expression data
(Ang et al., 1993) and previous protein localization data (Besnard et al., 2004), FOXa2
localized throughout posterior visceral endoderm associated with the embryo (Fig. 6A and
data not shown). By the allantoic bud stage, FOXa2 was found in the allantois-associated
posterior visceral endoderm and persisted there through headfold stages (Fig. 6A). Later,
FOXa2 was found within the notochord and visceral and definitive hindgut endoderm (Fig.
6B-C). Thus, FOXaz2 is found in sites of STELLA localization.
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We next co-localized STELLA with FOXa2 via IF (EB-10s stages). Until hindgut formation
(i.e., through 4s stage), STELLA and FOXaz2 localized in separate populations throughout
the posterior region (Fig. 6D-G and Table 2). Within the aPVE at 3s stage, hon-co-localizing
FOXa2+ and STELLA+ cells were counted in a ratio of approximately 2:1; no co-localizing
FOXa2/STELLA cells were observed (Table 2). However, as the lateral splanchnopleure
joined to form the ventral hindgut invagination (6s stage; e.g., Fig. 3M-N), FOXa2 and
STELLA co-localized in approximately 1/3 of the cells counted at the nascent hindgut
(Table 2). As the hindgut invagination progressed (7s—10s), a reproducible and sizeable
population of these co-staining cells persisted within the hindgut lip (Fig. 6H-K), averaging
approximately 20% of the cells counted in 6 specimens (Table 2). Conversely, while
STELLA+/FOXa2- cells peppered the longitudinal extent of the hindgut, they were never
observed to co-localize FOXaz2 here (Fig. 6L-O and Table 2).

Closer scrutiny of nuclear morphology in the DAPI channel clearly revealed mitotic events
within the visceral endoderm, hindgut lip, and hindgut up to 7s. In all sites, many FOXa2+/
STELLA- and STELLA+/FOXa2- daughter cells appeared to localize equivalent amounts
of FOXa2 or STELLA signal, respectively (Fig. 7A=J). Similarly, in the hindgut lip,
STELLA+/FOXa2+ cells distributed both STELLA and FOXaz2 to their descendants (Fig.
71K-0). In two cases, however, (Fig. 7P-T), one daughter cell appeared to acquire FOXa2
and most of the STELLA signal, remaining within the hindgut lip, while the other daughter
was predominantly FOXa2+/STELLA- and moving into the hindgut. Asymmetric
distribution of STELLA and FOXa2 may have been difficult to discern as the hindgut lip
was typically oriented transversely with respect to the confocal imaging plane.

Thus, a subset of STELLA+ cells appeared to transiently exhibit endodermal identity within
the hindgut lip but not the hindgut itself, and appeared capable of producing hindgut
endoderm. The STELLA+/(OCT-3/4+)/FOXa2+ cell population found within the hindgut
lip, a site of putative PGCs, therefore appears to be involved in differentiation of a
progenitor population into hindgut endoderm during a limited time period.

STELLA co-localizes with Runx1 within the hindgut lip and hindgut

RunxI was previously found to localize to the visceral endoderm of the yolk sac (Daane and
Downs, 2011; Zeigler et al., 2006). While the function of RunxI in visceral endoderm is not
known, visceral endoderm contributes to the definitive gut endoderm (Kwon et al., 2008)
and thus, we wanted to know whether STELLA was excluded from the Runx+ population.
Co-localization of STELLA with Runx1 at the hindgut lip and hindgut (8s-12s; ~E9.0)
revealed its presence both independent of and with RunxZ expression within the hindgut lip
and ventral midline of the developing hindgut and omphalomesenteric artery (Fig. 8A).
Moreover, FOXa2 also co-localized with Runx1 in both the yolk sac visceral endoderm and
ventral hindgut (8s-12s) (Fig. 8B, C), further underscoring a role for FOXaz2 in
mesendodermal differentiation.

To verify these co-localization patterns, we showed, by IHC, that RUNX1 was appropriately
found in the yolk sac blood islands and vessel of confluence of the allantois (Fig. 8D), a
hemogenic blood vessel that marks the site of the future fetal-placental arterial connection
(Daane and Downs, 2011; Downs et al., 1998). Outside of hematopoietic cells, RUNX1
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localized in a punctate manner to the cytoplasm of the yolk sac’s extraembryonic visceral
endoderm, in accord with previous results (Zeigler et al., 2006), and with its possible
function as a cytoplasmic attenuator of NF-KB signaling in the repression of myeloid tumors
(Nakagawa et al., 2011). RUNX1 also co-localized to the hindgut endoderm itself (Fig. 8E).
Within the hindgut endoderm, results of IF verified that STELLA co-localizes with RUNX1,
both nuclear and cytoplasmic profiles (Fig. 8E-M).

Thus, together with the results of FOXa2 co-localization, STELLA appears to be found
within yet another population of cells, this one destined to become part of the hematopoietic
lineage. Together, these data provide further evidence for the presence of multiple distinct
STELLA+ mesendodermal populations in the nascent hindgut region.

DISCUSSION

Contrary to previous claims (McLaren, 2003; Saitou et al., 2002), we could find no evidence
that STELLA identifies a single molecularly homogenous population within the allantois
and posterior endoderm of the gastrula, thought to be the sites of formation and migration of
the mouse PGCs. Rather, here we have identified four molecularly distinct STELLA
populations within canonical PGC-associated tissues: the allantois, associated visceral
endoderm, and hindgut. Added to previous results (Mikedis and Downs, 2017), we can now
describe five distinct STELLA+ populations in these tissues. We further showed that
STELLA is found with gene products that are involved in mesendodermal cell
differentiation, and concentrated along the axial midline. These subpopulations are
summarized in Table 3.

Within the ACD, STELLA always co-localized with OCT-3/4, and rarely with T, the latter
subpopulation of which was present only at the late headfold stage. We had previously
shown that STELLA always co-localized with PRDM1 in the ACD (Mikedis and Downs,
2017). Thus, within the ACD, two populations, STELLA/OCT-3/4/PRDM1 and STELLA/
OCT-3/4/(PRDM1)/T, were observed. The latter, albeit very rare, population is consistent
with previous data showing that the putative PGCs utilize PRDM1, acting in part through T,
to suppress somatic fates and ultimately up-regulate other PGC-associated gene products
including STELLA (Aramaki et al., 2013). However, that study was conducted in epiblast-
like cell (EpiLC) culture and thus the spatiotemporal pattern of posterior region cell
populations exhibiting these proteins — and their rarity - was not elucidated. Our previous
localization studies (Mikedis and Downs, 2012) were conducted at stages separated by 2—4
hours. We are confident that from the bud through headfold stages, when the PGCs are
claimed to segregate from the soma (Lawson and Hage, 1994), most, if not all of the full
complement of the allantois’s STELLA cell population and thus, the putative PGCs, was
assessed. In the present study, most allantoic core domain STELLA-positive cells did not co-
localize T. This finding appears to contradict the described role for T in specification of
putative “PGCs” within the allantois (Aramaki et al., 2013). However, we note that our
protein-based localization methodology differs from previously published transcript
detection; it is possible that these proteins were present at levels below the threshold of
detection of our antibody-based methods. Alternatively, the scant cells co-localizing T/
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STELLA we observed at LHF stage (Fig. 41-L) could represent the “true” PGCs (Lawson
and Hage, 1994), albeit in an unexpectedly restricted quantity and developmental timepoint.

From the ACD, the STELLA+/OCT-3/4+ cell populations diverged, with some remaining
within the allantois and becoming subsumed into tailbud mesoderm, while others appeared
within the axial posterior visceral endoderm beginning at the EHF stage, in accord with
previous results (Downs, 2008; Downs et al., 2009; Mikedis and Downs, 2012). The fate of
those STELLA+/OCT3/4+ cells that remained within the ACD/tailbud mesoderm is not
known. We had previously shown that allantoic OCT-3/4 co-localizes with ffkZ (Downs,
2008), a major receptor for vascular endothelial growth factor (VEGF) and present on
angioblasts (Kataoka et al., 1997). A major function of the allantois is to create the umbilical
vasculature, which may be hemogenic (Corbel et al., 2007; Zeigler et al., 2006). STELLA/
OCT-3/4 may be involved in blood vessel formation, especially as STELLA co-localized
with RUNX1 (Fig. 8), which is found in nascent hemangioblasts (North et al., 1999).
Alternatively, these may be “ectopic PGCs,” implying that they have erred from the earliest
point in the PGC trajectory and must be culled by apoptosis (reviewed in Mikedis and
Downs, 2014). This hypothesis has been supported by findings of increased apoptosis in
OCT4+ PGCs that fail to complete their expected migration trajectory out of the gut in
embryonic slice culture at and after E10.5 (Stallock et al., 2003). However, the conclusion
that these cells can be dismissed as a priori developmental errors has been recently
questioned (Mikedis and Downs, 2014). In any event, as the ACD-derived STELLA+ cells
persisted in the allantois/tailbud and therefore did not appear to die or enter the hindgut, they
instead appear to represent a viable geographic population distinct from those found in
endoderm.

While Oct-3/4 was found without STELLA prior to the 2s stage within the allantois-
associated visceral endoderm, thereafter STELLA/OCT-3/4 cells formed a single population.
STELLA was never found here with T, FOXa2, or MIXI1. By contrast, T was found alone
and with MIXI1, while M1XI1 was also found independent of T. FOXa2 was not found here
with any other protein. Previous results also place PRDM1 with STELLA in the visceral
endoderm (Table 3; Mikedis and Downs, 2017). However, in that study, STELLA/(OCT-3/4)
was also found independent of PRDML1 in this tissue. Thus, within visceral endoderm,
STELLA/OCT-3/4 forms at least two distinct populations, STELLA/OCT-3/4 and STELLA/
(OCT-3/4)/PRDM1, that may have translocated there from the ACD. Translocation of ACD-
derived cells to the posterior visceral endoderm has been suggested by fate mapping the
STELLA-positive ACD (Mikedis and Downs, 2012). Other data place OCT-3/4 in the
visceral endoderm at comparable stages (Anderson et al., 2000; Downs, 2008). Alternatively,
perhaps visceral endoderm produces STELLA and/or OCT-3/4 de novo; this is currently not
known.

While the STELLA+/OCT-3/4+ cells embedded within visceral endoderm appeared
consistent with the expected PGC trajectory, we were surprised to discover that a number of
them reproducibly co-localized FOXa2 in the hindgut lip. The hindgut lip represents the
ventral midline site of joining of posterolateral splanchnopleure (Daane and Downs, 2011)
and, presumably, deployment of definitive endoderm from the visceral endoderm into the
hindgut proper (Hara et al., 2009; Kwon et al., 2008). The action of elongating endoderm
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appears necessary for normal translocation of presumed PGCs into the hindgut (Hara et al.,
2009); this site also contains cells exhibiting MIXI1, and may therefore harbor hindgut
progenitor cells (Wolfe and Downs, 2014). FOXa2, which identifies embryo-associated
visceral endoderm and embryonic endoderm (Ang et al., 1993; Besnard et al., 2004; Kubo et
al., 2004) and is found /n vitro in putative mesendodermal stem cells (Tada et al., 2005), did
not co-localize in most endodermal cells in which we found STELLA. Rather, individual
STELLA+/FOXa2- cells were interspersed with STELLA-/FOXa2+ endoderm within the
hindgut lip. Since we see stable STELLA localization with OCT-3/4+ and FOXa2 within
this putative stem cell reservoir for definitive endoderm during initial hindgut formation, we
propose that some STELLA+ cells are deployed at the hindgut lip as hindgut progenitors.
While functional studies supporting this role for STELLA in the mouse have not been
reported to date, we note /in vitro findings that human S7EL LA overexpression can drive up-
regulation of endodermally-associated genes such as Sox17, Sox7and a -fetoprotein in
embryonic stem cells (ESCs; Wongtrakoongate et al., 2013). Granting that human ESC
culture conditions differ from those of /n vivo murine development, our finding suggesting
STELLA contribution to definitive endoderm warrants further investigation. We have
recently reported STELLA in the hindgut with and without PRDM1 (Mikedis and Downs,
2017), and here have found that it localizes with and without Runx1. Thus, in the hindgut
lip/hindgut, four distinct STELLA populations have now been documented (Table 3).

Together, across the canonical PGC trajectory, we have identified five distinct STELLA
subpopulations (Table 3). In addition, we have suggested the possibility of higher orders of
subpopulations with these gene products, to be investigated in future studies. Of the
subpopulations identified here and combined with those of a previous study (Mikedis and
Downs, 2017), only one, STELLA/OCT-3/4/PRDM1, was consistently found within the
allantois, aPVE, and hindgut lip and hindgut. All three of these gene products have been
implicated in identifying the PGCs. However, whether this subpopulation is continuous with
the germ line is not known. We conclude, based on these and previous results (Mikedis and
Downs, 2014), that STELLA alone cannot be used as a marker of presumptive PGCs.
However, the nuclei of STELLA/OCT-3/4+ cells within the endodermal component of the
splanchnopleure appeared to be larger than those containing OCT-3/4 in non-
splanchnopleure tissue. As a variety of factors regulate the size of the nucleus (Jevtic et al.,
2014), perhaps signals that regulate nuclear size could be useful in future studies. For
example, nuclear atypia is a common diagnostic and prognostic marker that, in some
instances, distinguishes normal from malignant cells (Weiss, 2002).

Why have the so-called segregated allantoic PGCs never been fate-mapped and shown to
end up in the gonads via a hindgut intermediate? These fate mapping experiments are
currently technically impossible for two reasons. First, while individual cells of the gastrula
can be labeled (Lawson et al., 1991), exactly which cells of the allantois should be labeled is
not clear. Our results underscore cell heterogeneity in the base of the allantois. In addition,
results of studies involving alkaline phosphatase as a “marker” of allantoic PGCs place the
number of potential targets at approximately 40 cells (Ginsburg et al., 1990), but these
cannot be distinguished from other cells of the ACD by morphology or biochemical methods
in the living state. Second, even if a population of interest could be identified prospectively,
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currently available technologies for whole embryo culture cannot sustain fetal development
until the gonads form (Cockroft, 1990).

At present, the only available option to demonstrate continuity of a specific STELLA
population between the allantois and gonads is to exploit the inducible STELLA-CRE
reporter, ensuring that the presumptive segregated PGC population is present within the
ACD at the time of induction, and that descendants of these cells are found subsequently in
sequence in the established PGC tissues: from visceral endoderm, to hindgut, and ultimately
to gonads (Hirota et al., 2011; discussed in Mikedis and Downs, 2014). However, a major
caveat with studies of this type is the uncertainty that STELLA populations will arise in the
trajectory at advanced timepoints, rather than originating within the allantois.

Barring prospective evidence for a continuous lineage, the only other way to evaluate
whether STELLA/PRDM1 cells represent a distinct and continuous population within these
tissues was to ask whether a unique STELLA/PRDML1 signature is confined to the trajectory,
whether that signature is found outside of PGC tissues (Mikedis and Downs, 2012, 2017), or
whether diverse STELLA subpopulations exist within PGC tissues (this study). Even within
the trajectory, STELLA and PRDML1 proteins were found independently of the other. Thus,
STELLA and PRDM1 do not appear to be the molecular signature of PGCs, and PGCs
cannot be distinguished from somatic cells. Alternatively, PGCs may not be confined to the
allantois, visceral endoderm, and hindgut, but are found throughout the posterior region.
Either way, these cells need to be rigorously fate-mapped to show continuity with the
gonads.

CONCLUSIONS

Our data argue against all posterior STELLA+ cells being a segregated, homogeneous
germline population that suppresses somatic identity within the emerging hindgut of the
mouse gastrula. We have presented findings that lead us to question the accepted
immutability of lineage-restricted, fate-determined PGCs in the mouse posterior region from
E7.5-9.5. STELLA, together with OCT-3/4, appears to identify cells which may have more
expansive developmental roles in formation of the allantois, hindgut, vasculature, and tailbud
than previously suspected. We recognize that these findings challenge a long-held belief in
the specification and journey of unipotent mammalian PGCs from allantois to endoderm to
gonads, and note that recent authors in the field (e.g., Nikolic et al., 2016) have appeared
unwilling to acknowledge prior literature that questions these beliefs (e.g., Mikedis and
Downs, 2014). Nevertheless, as we continue to explore the events that build the posterior
embryo and the fetal-umbilical junction, we maintain an open mind to the possibility that
mouse PGC specification, if it truly occurs in the posterior region, occurs there at a later
developmental timepoint, and not within the allantois.
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HIGHLIGHTS

STELLA co-localizes with mesendodermal proteins at the fetal-placental
interface.

STELLA only rarely — and transiently — co-localizes with Brachyury.

STELLA is not a specific identifier of germ cell antecedents in the gastrula.

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



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wolfe et al.

Page 20

9s | oL
F- Stella
R s
oLy
cesrdMme -;};"--‘ i e |
LHF % =—

Figure 1. Posterior sites of interest examined in this study
All specimens were stained with hematoxylin/eosin (Downs et al., 1998) and oriented

sagittally, with anterior to the left and posterior to the right. Upper right inset of each panel
includes a mid-sagittal view of the whole conceptus, magnified in the main panel within the
posterior region outlined by the grey box. A, early bud (EB) stage specimen with posterior
region magnified to show the extraembryonic primitive streak (XPS) proximally within the
bud of the allantois (al) and contiguous with the intraembryonic primitive streak (ips). The
allantois-associated posterior visceral endoderm (aPVE) is indicated ventral to the XPS, and
is contiguous with the more squamous intraembryonic posterior visceral endoderm (iPVE).
B, 1-somite pair (1s) stage specimen with the compact allantoic core domain (ACD)
indicated at the base of the allantois. C, 5s stage specimen magnified to show the early
invagination of the hindgut (hg) and its protruding ventral endodermal edge, the hindgut lip
(HGL). The distal extent of the hg is indicated (asterisk). Note that this specimen is oriented
slightly obliquely, such that the head is largely absent from the whole conceptus (inset). D,
9s stage specimen magnified to illustrate the full length of the hg, its relationship to the
HGL, and the mesenchyme distal to the hg (asterisk). E, F, Late headfold (LHF) stage mid-
sagittal sections through the allantois immunostained for T (E) and STELLA (F). Boxed
regions indicate the extent to which the ACD was sampled in the confocal analysis. Scale
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bar in F = 50um in A-D, 351pm in A inset, 483um in B inset, 525um in C inset, 759um in D
inset, and 92.1 um in E, F. Other abbreviations: am, amnion; nf, neural folds; x, exocoelom;
ys, visceral yolk sac.
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Figure 2. Localization of OCT-3/4 and STELLA in the allantoic core domain (ACD)
Red channel indicates OCT-3/4, green indicates STELLA, blue indicates DAPI. A-D, Late

headfold (LHF) stage exhibits some STELLA+ cells co-localizing OCT-3/4 (white
arrowheads, inset right cell) and other OCT-3/4+ cells lacking STELLA (black arrowheads,
inset left cell). Dotted line indicates edges of proximal allantois. E-H, 6s stage exhibits all
OCT-3/4+ cells co-localizing STELLA in the remnant of the ACD, distal to the invaginating
hindgut (white arrowheads, inset). Dotted line indicates approximate site of embryonic-
allantoic junction, determined by the site where the full width of the proximal allantois joins
embryonic tissue. In this, the next set of panels, and in most of the subsequent figures, non-
nuclear STELLA appears fragmented (e.g., arrow, F, H); we attribute these non-nuclear
profiles to cytoplasmic STELLA, which has previously been described (see text). I-L, 9s
stage illustrates persistent STELLA+/OCT-3/4+ cell cluster in the midline base of the
allantois; the embryonic-allantoic junction is located below the bottom edge of the image.
Occasional STELLA+/OCT-3/4+ cells can also be seen moving distally in the allantois from
the cluster (white arrowhead, upper right inset; left inset, lower magnification of proximal
allantoic midline. Scale bar in L = 20pm in A—L, 9um in upper right insets A-L, 43um in
left insets I-L.
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Figure 3. Localization of OCT-3/4 and STELLA within the visceral endoderm, hindgut lip, and
hindgut

Red Q(]:hannel indicates OCT-3/4, green indicates STELLA, blue indicates DAPI. AD, Late
headfold (LHF) stage with focal plane at the allantois-associated posterior visceral
endoderm (aPVE). OCT-3/4 and STELLA co-localizing cells are noted throughout the aPVE
(white arrowheads, inset left cell), while some OCT-3/4+ cells are STELLA- in the aPVE
(black arrowheads, inset right cell). E-L, 6s stage with focal plane at the visceral endoderm
of the hindgut lip (HGL) in E-H and ventral hindgut endoderm in I-L. All STELLA+ cells
co-localize OCT-3/4 and vice-versa within the HGL and hindgut (white arrowheads, insets).
Dotted line indicates the ventral edge of the hindgut invagination. M—N, 7s stage IHC
specimen, immunostained for OCT-3/4 and sectioned transversely, viewed just anterior to
the site of splanchnopleure (spl) closure to form the hindgut (hg) (M) and at the site of hg
closure (N). Punctate, darkly-staining OCT-3/4+ cells with large, prominent nuclei are
localized to the spl (e.g., black arrowheads), while other, fainter OCT-3/4+ cells with smaller
nuclei are found throughout the neural folds (nf) and subadjacent mesoderm (me; e.g., white
arrowheads). O-V, 9s stage with focal plane at the HGL in O-R and ventral hg endoderm in
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S-V. Increased numbers of STELLA and OCT-3/4 co-localizing cells are noted throughout
the HGL and ventral hg (white arrowheads, insets). Dotted line in O-R indicates the ventral
edge of the hg invagination; in S-V it indicates lateral edges of the hg. Scale bar in V =
20um in A-L, 23um in M-N, 20um in O=V, 9um in insets A-L, S-V, 6.4um in insets O-R.
Other abbreviation: da, dorsal aorta.

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



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolfe et al.

Page 25

EB, XPS

LHF, ACD

LHF, aPVE

Figure 4. T and STELLA localization within the posterior region at EB and LHF stages
Red channel indicates T, green indicates STELLA, blue indicates DAPI. All

immunofluorescence specimens are oriented with posterior (i.e., allantois) upward and
anterior downward. A-D, Early bud (EB) stage with focal plane at the extraembryonic
primitive streak (XPS). Dotted line indicates location of allantoic bud, as identified in
analysis of other planes in the Z-series. White box indicates approximate site of panels E-H.
E-H, increased magnification of EB stage XPS, with occasional STELLA-T co-localizing
cells (black arrowheads) and many STELLA+/T- cells (white arrowheads). I-L, Late
headfold (LHF) stage with focal plane at the allantoic core domain (ACD). Dotted line
indicates approximate site of embryonic-allantoic junction. Some cells co-localize STELLA
and T (black arrowheads, lower inset) and other STELLA+ cells are T— (white arrowheads,
upper inset). M—-P, LHF stage with focal plane at the allantois-associated posterior visceral
endoderm (aPVE). Dotted line indicates approximate site of embryonic-allantoic junction.
STELLA and T are not noted to co-localize; white arrowhead indicates adjacent STELLA+
(upper) and T+ (lower) cells, magnified in inset. Scale bar in P = 20um in A-D, I-P, 9um in
E-H, 6um in insets I-P.
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Figure 5. Localization of T, MIXI1, and STELLA in the extraembryonic primitive streak (XPS)
and allantoic core domain (ACD) at EB-EHF stages

A-D, Early headfold (EHF) stage with focal plane at ACD. Red channel indicates T, green
indicates MIXI1, blue indicates DAPI. T and MIXI1 co-localize in some cells (white
arrowhead, inset left cell), while other T+ cells are MIXI1- (black arrowhead, inset right
cell). E-H, Early bud (EB) stage with focal plane at XPS. Red channel indicates STELLA,
green indicates MIXI1, blue indicates DAPI. STELLA and MIXI1 do not co-localize; white
arrowhead indicates STELLA+ and black arrowhead indicates MI1XI1+ cells, magnified in
inset. Scale bar in H = 10um in A-H, 3.5um in insets A-D, 4.4um in insets EH.
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Figure 6. FOXa2 and STELLA localization in visceral and embryonic endoderm through 7s
stage

A, gI]Early headfold (EHF) stage mid-sagittal section through posterior region, oriented with
posterior upward, anterior downward, dorsal leftward and ventral rightward, illustrating the
allantois (al), with immunohistochemical localization of FOXa2 to intraembryonic posterior
visceral endoderm (iPVE) and allantois-associated posterior visceral endoderm (aPVE). B—
C, 6s stage transverse sections through the posterior region anterior to splanchnopleure (sp)
fusion to form the hindgut (B) and posterior to the site of hindgut (hg) invagination (C),
oriented with dorsal upward and ventral downward. FOXa2 localizes to the notochord (nc),
hg endoderm and yolk sac extraembryonic visceral endoderm (xve). D-O,
immunofluorescent localization of FOXa2 (red) and STELLA (green) in the visceral
endoderm and hg at 3s and 7s stages; blue channel indicates DAPI. D-G, 3s stage with focal
plane at the aPVE, illustrating STELLA+ cells (white arrowheads) distinct from FOXa2+
cells (black arrowheads). H-K, 7s stage with focal plane at the visceral endoderm of the
hindgut lip (HGL), illustrating some FOXa2+ cells co-localizing STELLA along the HGL
(black arrowheads, bottom inset) while other STELLA+ cells of the nearby visceral
endoderm exclude FOXa2 (white arrowheads, top inset). Dotted line indicates ventral edge
of invaginating hg. L-0O, 7s stage with focal plane within the hg; STELLA+ and FOXa2+
cells remain distinct (white arrowheads, inset). Scale bar in O = 42um in A, 65um in B-C,
10um in D-G, 20um in H-0, 6.8um in insets H-O. Other abbreviations: ac, amniotic cavity;
am, amnion; bi, blood island of yolk sac; da, dorsal aorta, nf, neural fold; oa,
omphalomesenteric artery; x, exocoelom; ys, yolk sac; ysm, yolk sac mesoderm.
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Figure 7. Patterns of cell division among FOXa2+ and STELLA+ cells in the hindgut lip at 7s
stage
View of individual dividing cells within the hindgut lip at 7s stage; red channel indicates

FOXa2, green indicates STELLA, blue indicates DAPI. A-D, FOXa2+/STELLA- cell at
metaphase/anaphase with apparent symmetric FOXa2 localization to daughters. E,
Schematic depiction of the cell of interest. F—1, STELLA+/FOXa2- daughter cells at
telophase with apparent symmetric STELLA localization to daughters. J, Schematic
depiction of the cell of interest. K-N, STELLA+/FOXa2+ cell at anaphase with apparent
symmetric FOXa2 and STELLA localization to daughters. O, Schematic depiction of the
cell of interest; orange coloration indicates STELLA/FOXa2 co-localization. P-S, STELLA
+/FOXa2+ cell at telophase with apparent asymmetric localization of STELLA to one
daughter and FOXa2 to both daughters. T, Schematic depiction of the cell of interest; orange
coloration indicates STELLA/FOXa2 co-localization and pink indicates relatively fainter
FOXaz2 localization than in other positive cells. Scale bar in S = 3.9um in A-D, 3.5um in F-
[, 3.9um in K-N, 2.5um in P-S.
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Fig. 8. Co-localization of STELLA and FOXa2 with Runx1 in the ventral hindgut
A, 8s stage transverse section through hindgut, ventral toward bottom. STELLA (brown) co-

localizes with Runx1 expression (blue, arrow) in cells of the ventral hindgut (hg), while
other STELLA cells lack co-expression (arrowhead). B, C, 12s stage transverse sections
through the hindgut lip (B) and hindgut (C), ventral toward bottom. FOXa2 (brown) also co-
localizes with Runx1 in the ventral hg (arrows), while other FOXaz2 cells appear devoid of
Runxl (arrowhead, C). Note that FOXa2 and RunxI also co-localize within the
extraembryonic visceral endoderm (xve). D, E, 4s- (D), 8s- (E) stage specimens (posterior,
right) immunostained with the RUNX1 antibody, demonstrating appropriate localization to
previously-reported sites in the Runx1:lacZ mouse line (Daane and Downs, 2011).
Hematopoietic cells of the yolk sac blood islands (bi, arrowhead) and allantoic vessel of
confluence (asterisk, arrow) are robustly positive for RUNX1; the xve of the yolk sac (ys),
which was previously reported to express RunxI (Zeigler et al., 2006), and the hg endoderm
(arrow) exhibit cytoplasmic RUNX1. F-I, immunofluorescent localization of nuclear
RUNX1 (red) and nuclear STELLA (green) at the 9s stage with focal plane within the hg;
blue channel indicates DAPI. Arrowhead indicates a STELLA+ cell co-localizing with
RUNX1 in the nucleus (magnified in inset). Dotted line indicates the ventral edge of the hg
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invagination. J-M, Same specimen, 9s, shows co-localization of STELLA and RUNX1
within the cytoplasmic dots (arrowheads), suggesting that the cytoplasmic versions of both
proteins localize to similar components. Scale bar in M = 10um in J-M, 15 umin A, 25 um
in B, C, 40um in D, 30 pm in E, 20 pm in F-I, and 9 pm in F-I, insets. Other abbreviations:
al, allantois; oa, omphalomesenteric artery; va, vitelline artery, X, exocoelom.
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Specimens analyzed by immunofluorescence

Number of specimens analyzed

Primary Antibody EB-LB EHF-3s 4s-7s 8s-12s
STELLA + OCT-3/4 2 3 8 8
STELLA+T 2 2 1 1
STELLA + FOXa2 1 7 40 4
STELLA + MIXI1 1 1 2 1
STELLA + RUNX1 0 0 0 3
MIXI1+T 0 2 0 1
I Total STELLA 6 13 15 iy
I Total T 2 4 1 2
I Total OCT-3/4 2 3 8 8
I Total MIXIL 1 3 2 2
I Total FOXa2 1 7 4 4

Page 31

1Tota|s reflect all specimens that included the indicated primary antibody, plus single-labeled specimens (i.e., that had not been co-localized with

another protein).
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Relative frequencies of STELLA+ and FOXa2+ cells in endoderm based on immunofluorescence of co-stained

specimens
Average number of positive cells per specimen by site (% of all counted cells)

Stage (N) Staining pattern aPVE HGL HG

Earlybud (1) STELLA+/FOXa2— 0(0) NA NA
STELLA-/FOXa2+ 3(100) NA NA
STELLA+ / FOXa2+ 0 (0) NA NA
Total 3 (100) NA NA

Headfold (2)  STELLA+/FOXa2- 37.5(32) NA NA
STELLA-/FOXa2+ 77.5 (68) NA NA
STELLA+ / FOXa2+ 0(0) NA NA
Total 115 (100) NA NA

35(5) STELLA+/ FOXa2- 49.6 (31) NA NA
STELLA-/FOXa2+ 112.6 (69) NA NA
STELLA+ / FOXa2+ 0.0 (0) NA NA
Total 162.2 (100) NA NA

6s (1) STELLA+/ FOXa2- NA 60 (32)7 NA
STELLA- / FOXa2+ NA 67 (36) NA
STELLA+/ FOXa2+ NA 60 (32)7 NA
Total NA 187 (100)2 NA

7-10s (6) STELLA+/ FOXa2- NA 24.3 (15) 60.5 (10)
STELLA- / FOXa2+ NA 104.8 (65) 555.8 (90)
STELLA+ / FOXa2+ NA 32.7 (20) 0 (0)
Total NA 161.2 (100) 616.3 (100)

lThe hindgut invagination at 6s is early in its formation, morphologically not yet distinctly formed into HGL and HG; the definitive endoderm cells
counted in this specimen were grouped as HGL.

Abbreviations: aPVE, allantois-associated posterior visceral endoderm; HG, hindgut; HGL, hindgut lip; NA, not applicable, as these features were
not found at these stages; s, somite pairs.
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Table 3

STELLA subpopulations identified by gene product localization

XPS/ACD

aPVE

Hindgut Lip/ Hindgut

Other possible, but not yet proven, combinations4

STELLA/OCT/PRDM1{
STELLA/(OCT)/(PRDM1)/TZ

STELLA/OCT/PRDM17Z
STELLA/OCT

STELLA/OCT/PRDM17Z
STELLA/OCT

STELLA/OCT/FOXa23
STELLA/OCT/Runx1

STELLA/OCT/PRDM1/Runx1
STELLA/OCT/FOXa2/PRDM1
STELLA/OCT-3/4/[FOXa2/Runx1
STELLA/OCT-3/4/FOXa2/PRDM1/Runx1

Together with data in this study, we conclude that a STELLA/OCT/PRDM1 population is found in all putative PGC tissues (Mikedis and Downs,

2017).

STELLA invariably co-localized with PRDM1 in the allantoic component of the primitive streak (Mikedis and Downs, 2017) and co-localized in
this study with T in just 3 cells in one late headfold-stage specimen.

3

STELLA/OCT/Foxa2 were found only in the hindgut lip, and not within the hindgut itself in this study.

These possible combinations are based on results here combined with those of previous studies (Mikedis and Downs, 2012, 2017).
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