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ABSTRACT

Roles for the Cdx transcription factors during anteroposterior patterning and development of the
posterior embryo have been well described, yet little is known about Cdx functions during mesoderm
specification. In the studies presented here, novel roles for Cdx during gastrulation are presented. In the
first of two studies, the role of Cdx factors during cardiac mesoderm specification is investigated. We
demonstrate that Cdx factors epigenetically restrict cardiac progenitor specification, preventing the
ectopic expression of cardiogenic genes within progenitor mesodermal populations. We provide
evidence to suggest that this occurs through interaction with Brgl, a subunit of the SWI/SNF chromatin
remodeling complex, and propose a molecular mechanism by which Cdx-mediated recruitment of the
SWI/SNF complex is required to maintain repression of cardiac targets at developmental stages where
Cdx transcription factors are no longer expressed.

Following this, Cdx-dependent gene expression programs were identified in the extra-
embryonic yolk sac. RNA-sequencing of Cdx-mutant yolk sacs revealed novel Cdx-dependent gene
targets involved in ion and nutrient transport, functions analogous to those previously described for
Cdx in the adult intestinal epithelium. Subsequent experimentation revealed that, for a subset of these
targets, regulation correlates with the maintenance of H3K27me3 marks. Finally, we provide evidence
to suggest Cdx-dependent H3K27me3 marks are established at early developmental stages, when yolk
sac progenitors are specified from the streak.

Together, these studies describe novel roles for Cdx factors in mesoderm specification during
gastrulation, and evoke molecular mechanisms by which Cdx might program early mesodermal
populations for gene expression at later developmental stages through interactions with epigenetic

regulatory complexes.
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CHAPTER 1 - GENERAL INTRODUCTION



The pre-implantation embryo

Mouse development begins with fertilization of the oocyte and formation of the zygote at
embryonic day 0.5 (E0.5). The zygote rapidly undergoes several rounds of cellular cleavage followed
by compaction. This is a process by which cells within the embryo transform from a loose cluster of
cells into a tightly packed mass known as the morula, named in Latin for its mulberry-like appearance
(Figure 1A; White et al., 2016). At approximately E3.5, and through complex mechanisms that are not
fully understood, the morula segregates into two lineages, forming the inner cell mass (ICM) and the
surrounding trophectoderm (TE; Maitre, 2017). Initially, the transcription factor Cdx2 is expressed at
low levels throughout the morula, but becomes restricted to cells of the TE. As such, Cdx2 expression
distinguishes the TE from Oct4" cells of the ICM (Niwa et al., 2005; Yamanaka et al., 2006; Beck et
al., 1995; Strumpf et al., 2005; van den Akker et al., 2002). The TE will differentiate further to form the
extra-embryonic ectoderm, and later contributes to the placenta, while cells of the ICM will give rise to
all other extra-embryonic membranes, as well as all tissue types within the embryo proper (Gardner et
al., 1973; Papaioannou, 1982).

Once the TE and ICM are established, a fluid-filled cavity known as the blastocoel develops
within the ICM through cavitation, displacing the ICM to one side of the embryo (Figure 1B, C). As a
result, the embryo adopts an elongated cup-like morphology as the pro-amniotic cavity is formed,
transitioning from a blastocyst to an egg cylinder (Christodoulou et al., 2018). With this, cells within
the ICM differentiate to form two lineages, the epiblast and primitive endoderm (Figure 1C; Gardner,
1982; 1983; 1989). Soon after they are specified, cells committed to the primitive endoderm lineage
physically segregate from those committed to the epiblast, sorting to the surface to form an epithelial
layer enveloping the epiblast (Figure 1D; Morris et al., 2010; Frenkenberg et al., 2011; Rossant et al.,

2003; Plusa et al., 2008). The primitive endoderm then gives rise to the visceral endoderm and parietal
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Figure 1. Pre-implantation embryonic development (E2.75-ES.5). After fertilization, the embryo
undergoes cellular cleavage combined with compaction to form the morula (A), which then transitions
to the blastocyst stage (B) with the formation if the inner cell mass (ICM; purple), the trophectoderm
(TE; green), and a fluid-filled cavity known as the blastocoel. Cells within the ICM diverge to form the
epiblast (Epi; red), which eventually forms the embryo proper, and the primitive endoderm (PrE; royal
blue), which contributes to extra-embryonic membranes (C). Cells of the PrE physically segregate from
cells of the ICM (D) before diverging to form two lineages, the parietal endoderm (PE; light blue) and
visceral endoderm (VE; dark blue). The PE lines the TE within the blastocoel, while the VE remains
associated with the epiblast (E). At E5.5, implantation occurs as the embryo assumes a cup-like

morphology and the amniotic cavity forms. Figure reproduced with permission (Bassalert et al., 2018).



endoderm (Figure 1E). The visceral endoderm remains associated with the surface of the epiblast to
form the visceral yolk sac, while the parietal endoderm extends away from the epiblast and into the
blastocoel to form the parietal yolk sac, a monolayer that lines the wall of the TE (Duval, 1981,
Sobotta, 1911; Stern and Downs, 2012; Gardner and Beddington, 1988). Together, these membranes

regulate nutrient and waste exchange in the early embryo.

Anteroposterior axis formation

At approximately ES5.5, implantation occurs as the egg cylinder burrows into the endometrium
of the maternal uterine horn. At this stage, the embryo is composed of the inner epiblast, extra-
embryonic ectoderm (derived from the trophectoderm), and the visceral endoderm (Figure 2). During
implantation, the embryo is radially symmetrical, with only a discernable proximal-distal axis. Nodal
signaling from the proximal epiblast, which is inhibited more proximally by BMP signaling in the
extra-embryonic ectoderm (Ben-Haim et al., 2006; Arnold and Robertson, 2009; Lu and Robertson,
2004; Takaoka et al., 2017; Yamamoto et al., 2009), induces the differentiation of the distal visceral
endoderm (DVE). The DVE migrates to the prospective anterior embryo, inducing the formation of the
anterior visceral endoderm (AVE). The AVE is a signaling centre in the anterior embryo composed of
Hhex" cells whose formation is the first symmetry-breaking event in embryonic development (Figure
3; Takaoka et al., 2001; Abe et al., 2018; Antonica et al., 2019; Shioi et al., 2017). The AVE has a
critical function during early development, as it establishes the anterior-posterior embryonic axis. Once
specified, the AVE induces the differentiation of anterior head structures within the epiblast while also
inhibiting posteriorizing Wnt and Nodal signaling from the extra-embryonic ectoderm (Yamamoto et
al., 2009; Migeotte et al., 2010; Omelchenko et al., 2014; Seinivas et al., 2004). As a result, Nodal
activity is further restricted to the distal embryo, and graded Wnt signaling becomes highest proximally

(Belo et al., 1997; Kemp et al., 2005; Perea-Gomez et al., 2002).
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Figure 2. The mouse egg cylinder. At 5.5, the egg cylinder consists of the epiblast (blue), the
trophectoderm-derived extra-embryonic ectoderm (purple), and the visceral endoderm (green). Nodal
produced by the proximal epiblast induces differentiation of the distal visceral endoderm, while

mutually inhibited proximally by Bmp from the extra-embryonic ectoderm.
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Figure 3. The pre-gastrulation embryo (E6.0-E6.5). Anterior visceral endoderm (AVE, red); Extra-
embryonic visceral endoderm (Extra-embryonic VE, orange); Extra-embryonic ectoderm (blue);

Epiblast (pink); Visceral endoderm (VE, yellow); Anterior visceral endoderm (AVE, red); Primitive

streak (purple). Figure reproduced with permission (Lu et al., 2001).



Gastrulation and formation of the germ layers

Following anteroposterior axis formation, the embryonic body plan is established through
gastrulation. Gastrulation begins with the formation of the primitive streak, a groove-like structure in
the posterior embryo that forms at E6.5. Epiblast cells, stimulated by Bmp, Wnt, Nodal, and Fgf
activity, undergo an epithelial-to-mesenchymal transition (EMT) and invaginate through the midline of
the posterior embryo, giving rise to the streak. As cells egress, the same extracellular signaling
pathways that simulate cell migration also program cells to mesodermal and endodermal fates (Ciruna
and Rossant, 2001; Ciruna et al., 1997; Huelsken et al., 2000; Mohamed et al., 2004; Sun et al., 1999;
Winnier et al., 1995). Gastrulation results in the formation of the three embryonic germ layers, the
endoderm, mesoderm, and ectoderm (Figure 4; Tam and Gad, 2004). The endoderm eventually gives
rise to the digestive system and associated organs, while the mesoderm contains progenitors for skeletal
and smooth muscle, the cardiovascular system, blood, and bone, and the ectoderm, derived from the

epiblast cells that do not ingress through the streak, gives rise to the nervous system and the epidermis.

Proximal
Anterior Posterior
Distal
Ectoplacental cone —
Extra-embryonic P i
ectoderm Ectoderm —— Mesoderm
Visceral ——+ Primitive
endoderm streak
Epiblast
= Definitive
endoderm
E6.25 E6.5

Figure 4. Gastrulation and the embryonic germ layers. At E6.25, gastrulation begins with the
formation of the primitive streak in the posterior region of the embryo. Epiblast cells migrate through
the streak to form the mesodermal layer as they egress between the definitive endoderm and the

ectoderm. Figure reproduced with permission (Liu et al., 2018).
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Epiblast cells are highly plastic before gastrulation, but become restricted to specific fates once
migrating through the primitive streak (Lawson et al., 1991; Lawson and Hage, 1994; Parameswaram
and Tam, 1995; Tam and Zhou, 1996). As epiblast cells migrate through the streak, they are exposed to
graded extracellular signals along the anteroposterior axis (Figure 5A, B). After inducing epiblast cell
migration, Wnt, Bmp, Fgf, and Nodal act in a combinatorial manner to specify progenitors to their fates
(Bellairs, 1986; Hashimoto and Nakatsuji, 1989; Tam et al., 1993). As a result, mesodermal lineages
exit the streak in a specific pattern that is evolutionarily conserved (Figure 6; Lawson et al., 1991;
Parameswaran and Tam, 1995; Tam et al., 1997; Kinder et al., 1999). Extra-embryonic mesoderm is
the first population to egress from the streak, specified in response to input from graded Bmp, Wnt, and
Fgf signals with low input from the Nodal pathway. Upon exiting the streak, this progenitor population
migrates extra-embryonically where it contributes to membranes, including the amnion, chorion,
allantois, and visceral yolk sac (Watson and Cross, 2005). These extra-embryonic structures are
required to support the growth of the conceptus through various developmental stages by providing
nutrients and removing waste until the placenta forms at a later stage.

In contrast to extra-embryonic mesoderm, subsequent mesodermal populations migrate
anterolaterally as they egress from the streak, giving rise to mesodermal cell types within the embryo
proper. These include the lateral plate mesoderm (LPM) and paraxial mesoderm (PM), which are next
to be specified. Together, the LPM and PM form the mesodermal wings and they generate a layer
between the endoderm and ectoderm (Figure 7; Davidson and Zon, 2004; Lawson et al., 1991;
Rosenquist, 1970; Tam and Beddington, 1987). The LPM emerges from the posterior region of the
mid-streak in response to high levels of BMP signaling combined with input from the Nodal, Wnt, and
Fgf pathways (Ferretti and Hadjantonakis, 2019; Nishimatsu and Thomsen, 1998; Furthauer et al.,
2004; Rossant and Tam, 2009; Schier and Talbot, 2005). LPM contains progenitors for the heart, blood,

vasculature, kidneys,
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Figure 5. Signaling pathways involved in anteroposterior patterning. A. Bmp, Wnt, Fgf and Nodal
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signaling pathways act in combination in the posterior embryo to pattern epiblast cells to mesoderm
and definitive endoderm as they egress through the primitive streak. Bmp, Wnt, and Nodal signaling
are initially high in the posterior embryo during the induction of the primitive streak (E6.5). At E7.5,
Wnt and Fgf signaling are uniformly active along the length of the streak, while Bmp ligands are
localized to the posterior region and Nodal signaling is highest in the anterior streak, near the node.
Figure reproduced with permission (Bardot et al., 2020). B. Schematic representation of signaling
activities along the anteroposterior axis of the streak, with uniform Wnt (purple) and Fgf (green)
signaling along the length of the streak, Bmp (orange) signaling highest in the posterior region, and

Nodal (blue) signaling highest in the anterior portion of the primitive streak.



Figure 6. Lineage specification in the primitive streak. Extra-embryonic mesoderm (exm, light pink)
is first to egress from the primitive streak, exiting from the posterior-most region, followed by lateral
plate mesoderm (Ipm, dark pink), paraxial mesoderm (pxm, red), and definitive endoderm (en, green)
most anteriorly. Ectodermal lineages derived from the epiblast include surface ectoderm (se, purple)
and progenitors for the forebrain (fb, blue), midbrain (mb, blue), hindbrain (hb, blue), and spinal cord
(sp blue). Proximal (Px), distal (D), anterior (A), and posterior (P) axes are depicted with arrows below.

Figure reproduced with permission (Cui et al., 2018).

Figure 7. The mesodermal wings. During gastrulation, mesoderm egresses from the streak to form
bilateral sheets of tissue that eventually join in the anterior region, referred to as the mesodermal wings.
Mes, mesoderm: Ve, visceral endoderm; Ect, ectoderm; PS, primitive streak. The anterior-posterior (A-
P) and right-left (R-L) axes are indicated by arrows. Figure reproduced with permission (Tam and

Behringer, 1997).
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smooth muscle, and limbs (Lane and Smith, 1999; Selleck and Stern, 1991; Warga and Nusslein-
Volhard, 1999), and migrates to the lateral region of the embryo upon exiting the streak.

PM, also known as presomitic mesoderm (PSM), egresses anterior to the LPM, and contains
highly proliferative progenitors for the vertebrae and associated skeletal muscle, as well as the dermis
(Cooke and Zeeman, 1976). Once specified, PSM occupies the caudal region of the embryo and
undergoes periodic segmentation commencing at E8.0. This segmentation forms the somites, bilateral
blocks of epithelial tissue adjacent to the neural tube that form in an anterior-to-posterior direction
(Figure 8). In mice, this process is regulated by oscillations in Wnt, Notch, and Fgf signaling,

producing ~65 pairs of somites (Cooke and Zeeman, 1976; Dequeant and Pourquie, 2008).

somites{

P

E8.5
Uncx

Figure 8. Somitogenesis in the mouse embryo. In situ hybridization staining for Uncx trancripts
reveals somites, bilateral blocks of trunk tissue along the neural tube, in E8.5 and E9.5 embryos. A,

anterior; P, posterior. Figure adapted with permission (Berenguer et al., 2020).

The final population specified from the epiblast during gastrulation is the definitive endoderm,
which is unique from the primitive endoderm and visceral endoderm derived from the ICM earlier in
development. At approximately E7.5, a small cup-like structure known as the node emerges within the

distal tip of the embryo, bordering the anterior-most region of the primitive streak (Figure 9). The node,
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Figure 9. The murine node. The primitive streak elongates anteriorly toward the distal tip of the egg
cylinder, eventually reaching the node, a cup-like structure that emerges in this region at E7.5. Grey,
extra-embryonic ectoderm; green, extra-embryonic visceral endoderm; blue, epiblast; yellow,
embryonic visceralendoderm; red, primitive streak; orange, mesendoderm specified during gastrulation.

Figure reproduced with permission (Beddington and Robertson, 1998).

known as Spemann’s organizer in amphibians and Hensen’s node in birds, functions as another
signaling centre to provide cues for tissue patterning, orientation, and position during gastrulation
(Spemann, 1938; Hamburger, 1988). At this stage, increased BMP signaling in the posterior embryo
further inhibits Nodal, restricting its activity to the node where it specifies migratory epiblast cells to
definitive endoderm as they egress from the streak (Schier 2003; Schier and Talbot, 2005; Shen, 2007;
Mendjan et al., 2014). Through further differentiation and patterning events, progeny of the definitive
endoderm will form the lining of the respiratory system and digestive tract, as well as the liver and
pancreas, among other tissues (Wells and Melton, 1999).

In addition to its role in specifying definitive endoderm, the node also functions to establish
left-right asymmetry (Brennan et al., 2001, 2002). Cells within the node each contain a single cilium.
Clockwise rotation by these cilia produces a leftward flow of extra-embryonic fluid, which carries

Nodal and other signalling molecules to the left side of the embryo (Sulik et al., 1994; Nonaka et al.,
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1998; Afzelius et al., 1976; Pedersen et al., 1976; Takeda et al., 1999; Okada et al., 1999; Supp et al.,
1999; Nonaka et al., 2002; Wright, 2001; Shiratori et al., 2001; Sajoh et al., 2000). In addition,
transplantation studies using murine embryos have shown that grafts from the node of one embryo can
induce the formation of a secondary axis in another, demonstrating that the Node harbors organizer
function intrinsic to the cells within this structure (Beddington, 1994).

Initially, the Fgf and Wnt signaling pathways are uniformly active along the length of the
streak, but become restricted to the posterior-most region of the embryo at later developmental stages,
from E8.5 onwards (Mendjan et al., 2014). Bmp activity is highest in the posterior region of the streak,
initially produced by the distal extra-embryonic ectoderm at the egg cylinder stage. In contrast, the
concentration of Nodal ligand is highest in the anterior-most region of the primitive streak, near the
node (Aulehla and Pourqui¢, 2010; Conlon et al., 1994; Norris and Robertson, 1999). Mutual inhibition
between Nodal and Bmp maintains their opposing gradients along this axis (Lawson et al., 1999).
Combinatorial signaling by each of these pathways specifies progenitors to their respective fates, with
cell fate determined by the time and place at which cells egress from the primitive streak (Wolpert,
1996; Lawson et al., 1991; Tam et al., 1997). As gastrulation progresses, the primitive streak continues
to extend toward the distal tip of the embryo until E9.5, at which point epiblast cells are no longer
migratory and gastrulation ceases. At this stage, the primitive streak is resolved into the tailbud through
a structure known as the ventral ectodermal ridge (VER; Wilson and Beddington, 1996).

Our understanding of the signaling pathways active in the early embryo and their impact on cell
fate determination has allowed for both mouse and human models of in vitro differentiation to be
developed. This approach uses culture conditions that mimic extracellular signaling cues to guide the
differentiation of embryonic stem cells (ESCs), or induced pluripotent stem cells (iPSC), to desired cell
fates (Keller, 1995; Smith, 2001). Such studies have shown that mesodermal progenitors can be

specified from human iPSCs in response to a range of signaling environments that mimic the
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conditions within the primitive streak (Mendjan et al., 2014; Kattman et al., 2011; Mae et al., 2013).
Cardiac and hematopoietic cell types are among the cell types that have been most well-studied using
this approach (Kattman et al., 2010). More recently, three-dimensional models of embryonic
development have been generated, termed gastruloids, formed by the aggregation of ESCs. These
cultures exhibit spatiotemporal patterns of gene expression similar to those observed in embryos in
vivo (Beccari et al., 2018; van den Brink et al., 2014). The advent of gastruloid cultures will allow for
key aspects of mammalian development that are not recapitulated in 2-dimensional culture models to
be better studied, including formation of the germ layers, axial organization, and somite segmentation

(van den Brink, et al., 2014; Turner et al., 2017; Beccari et al., 2018).

Extra-embryonic membranes

The development of the mouse embryo is supported by a number of extra-embryonic
membranes (Figure 10), each of which is composed of mesoderm specified in the posterior-most region
of the primitive streak. These tissues provide a means of delivering nutrients and removing waste
during the early stages of embryonic development, and consist of the amnion, the allantois, the chorion,
and the visceral yolk sac. The innermost of these membranes is the amnion, a fluid-filled sac in which
the embryo develops.

The amnion is surrounded by the extra-embryonic yolk sac. After the germ layers are specified,
at E7.5, the embryo is U-shaped with the ectoderm positioned on the inside and the endoderm facing
outward. The definitive endoderm, specified during gastrulation, displaces the visceral endoderm as it
migrates anteriorly to form the primitive gut tube. As a result, most cells of the visceral endoderm are
displaced to the extra-embryonic yolk sac (Tam and Behringer, 1997; Thomas et al., 1998; Bielinska et
al., 1999; Kwon et al., 2008). As development progresses to E8.5, the mouse embryo turns, thereby

reversing this orientation with the endodermal layer facing inward and the ectoderm is positioned
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Figure 10. Extra-embryonic membranes associated with murine development. Extra-embryonic

membranes at E5.5, E7.5, and E9.5. Figure reproduced with permission (Yamane, 2018).

outward by E9.5 (Figure 11). Embryonic turning distinguishes the mouse embryo from those of other
vertebrate species, wherein gastrulation results in the germ layers being oriented such that the ectoderm
faces outward and the endoderm inward as these layers are specified and turning is not required. Due to
embryonic turning, the murine yolk sac envelops the embryo. This also differs from other vertebrates in
which the yolk sac is attached to, but does not surround, the developing embryo. The yolk sac is
composed of both mesodermal derivative and visceral endoderm derived from the epiblast prior to
gastrulation. Within the mesodermal layer, extra-embryonic vasculature develops, allowing the yolk
sac to serve as a means of nutrient and waste exchange while also providing an additional layer of
protection to the developing conceptus.

The chorioallantoic placenta is required to maintain the exchange of nutrients and gases during
fetal development, and forms at E10.5 through the fusion the allantois and the chorion. The allantois is
first visible in the proximal region of the posterior embryo at E7.5, budding from the posterior embryo

and extending through the exocoelomic cavity toward the chorion. The chorion is composed of a
15



trophectoderm-derived outer layer and an inner layer of extra-embryonic mesoderm (Downs and
Bertler, 2000; Tam and Beddington, 1987; Gardner, 1983; Kinder et al., 1999; Lawson et al., 1991).
Through cell proliferation and the addition of progenitors from the primitive streak, the allantois makes
contact with the mesodermal layer of the chorion at E8.5, at which point these two structures fuse to
form the chorioallantoic placenta (Figure 12). Once fusion occurs, epithelial cells within the allantois
form a vascular plexus that joins with the developing yolk sac vasculature, creating the umbilical

vessels (Inman and Downs, 2006; 2007; Downs et al., 1998).

amn

Figure 11. Embryonic turning and positioning of the yolk sac. At E8.5, the mouse embryo
undergoes axial turning, which is complete by E9.5. This results in the embryo being encased by the
amnion and yolk sac, unlike other vertebrate species in which the yolk sac is attached to, but does not
envelop, the embryo. Abbreviations: amn, amnion; ys, yolk sac. Figure reproduced with permission

(Gavrilov and Lacy, 2013).
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Figure 12. Chorioallantoic fusion and formation of the placenta. At E7.5, the allantois begins to
bud from the extra-embryonic mesoderm. The allantois extends into the exocoelomic cavity through a
combination of cell proliferation and the addition of progenitors form the primitive streak. At E8.5, and
allantois fuses with the chorion while the vascular plexus within joins with the developing yolk sac

vasculature to form the umbilical vessels. Figure reproduced with permission (Arora et al., 2012).

In rodents, the yolk sac is composed of two membranes, the inner visceral yolk sac and the
outer parietal yolk derived from the primitive endoderm. The visceral yolk sac develops at E7.5, and
consists of a layer of extra-embryonic mesoderm, specified in the posterior region of the primitive
streak, which lies adjacent to a layer of visceral endoderm, derived from the primitive endoderm and
specified prior to gastrulation. Each layer has unique functions, with the mesodermal layer of the
visceral yolk sac being the first site of embryonic hematopoiesis, known as primitive hematopoiesis.
Hematopoietic progenitors are derived from a population of Mespl  mesoderm specified in the
posterior primitive streak at the onset of gastrulation. In the yolk sac, these progenitors form a
population of bi-potential precursors, known as hemangioblasts that migrate from the streak to colonise
the yolk sac, forming aggregates known as blood islands before differentiating to both primitive

erythrocytes and vascular endothelium.
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Adjacent to the mesodermal layer of the visceral yolk sac lies a layer of visceral endoderm,
which maintains the exchange of nutrients and wastes, facilitated by its proximity to the underlying
mesodermal vasculature. Through this function, the visceral endoderm sustains the conceptus until the
formation of the chorioallantoic placenta at E10.5 (Casanova and Grabel, 1988; Hogan and Tilly, 1981;
Hogan et al., 1994; Boucher and Pedersen, 1996; Cross et al., 1994).

The epithelial cells that compose the visceral endoderm are functionally and morphologically
similar to the epithelial lining of the intestine, as both contain microvilli and vesicles required for
nutrient uptake (Bielinska et al., 1999). Further, the visceral endoderm also produces a number of
plasma proteins, and is transcriptionally similar to the adult liver (Bielinska et al., 1999; Cindrova-
Davies et al.,, 2017). The delivery of nutrients and removal of waste by the visceral endoderm is
essential for embryonic development, as disruption of this tissue by chemical injection, or through use
of visceral endoderm-targeted antibodies, has teratogenic effects in rodents (Brent et al., 1990; Jollie et
al., 1990; Lloyd et al., 1990). In addition, the deletion of genes involved in nutrient transport in the
visceral endoderm leads to embryonic lethality by E10.5 (Farese et al., 1995; Copp, 1995).

In addition to maintaining the transport of nutrients and waste, the visceral endoderm also
produces inductive signals required for lineage specification, differentiation, and patterning in both the
yolk sac mesoderm and the embryo proper (Belaoussoff et al., 1998; Thomas and Beddington, 1996).
For example, signaling by Indian hedgehog (Ihh) and vascular endothelial growth factor (Vegf)
originating in the visceral endoderm is required for vascularization within the underlying yolk sac

mesoderm (Damert et al., 2002).

Primitive hematopoiesis
Hematopoietic progenitors are specified in the posterior primitive streak before they migrate

extra-embryonically to populate the yolk sac (Ferkowicz et al., 2003; Huber et al., 2004; Li et al.,
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2005). The first wave of embryonic hematopoiesis, primitive hematopoiesis, begins in the extra-
embryonic yolk sac at E7.5, with the appearance of blood islands by E8.5 (Figure 13; Haar and
Ackerman, 1971; Silver and Palis, 1997; Palis et al., 1995). Blood islands are composed of progenitor
cells that form both the first vascular endothelium within the yolk sac and primitive blood. Those cells
that will contribute to the vasculature are located more peripherally within progenitor cell clusters,
while those fated to primitive blood are positioned more centrally, located within the lumen of
developing endothelial tubes (Ferkowicz and Yoder, 2005). A number of studies suggest that both cell
types are derived from a common precursor, the hemangioblast (Sabin, 1920; Choi et al., 1998;
Nishikawa et al., 1998; Lu et al., 2006; Kennedy et al., 2007). The existence of the hemangioblast,
however, has been the subject of considerable debate, with work by others suggesting instead that
hematopoietic and endothelial lineages are distinct, derived from separate mesodermal populations
specified in the primitive streak (Kinder et al., 1999; Lawson et al., 1991; Furuta et al., 2006; Vogeli et

al., 2006; Ferkowicz and Yoder, 2005; Jones et al., 2006).

Figure 13. Mouse primitive hematopoiesis. Primitive hematopoiesis begins in the extra-embryonic
yolk sac at approximately E7.5 with the formation of blood islands, which become visible by E8.5 and
form a band-like structure across the yolk sac. Blood islands contain bi-potential progenitors, known as
hemangioblasts, which give rise to both primitive erythrocytes and the yolk sac vasculature. These

progenitors give rise to both the vascular plexus and primitive blood by ES8.5, and sustain the embryo
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until the second wave of hematopoiesis, definitive hematopoiesis, is induced in the embryo proper at
E10.5. Figure reproduced with permission (Jones et al., 2006).

Whether distinct progenitors for each lineage exist, or whether they are derived from a common
bi-potential precursor, both the vascular endothelium and primitive erythrocytes emerge from blood
islands in parallel, becoming visible within the yolk sac by E8.5 (Padron-Barthe et al., 2014; Murray,
1932; Choi et al., 1998). Endothelial cells within the yolk sac form the vascular plexus, which then
expands into a larger a capillary network with a honeycomb-like appearance (Jones et al., 2006). The
resulting vasculature is thought to be lined with hemogenic endothelium, which buds from the vessel
walls and into the lumen and differentiates to form primitive blood (Figure 14; Bertrand et al., 2010;
Boisset et al., 2010; Chen et al., 2009; Eilken et al., 2009; Kissa and Herbomel, 2010; Zovein et al.,
2008; Lancrin et al., 2009; Dieterlen-Lievre, 1998; Org et al., 2015). Primitive hematopoiesis
progresses within the yolk sac until approximately E10.5, at which point a second wave of
hematopoiesis, known as definitive hematopoiesis, is initiated across multiple sites within the embryo
proper. Such sites include
the fetal liver, spleen, bone marrow, and aorta-gonad-mesonephros (AGM; Figure 15; Moore and

Metcalf, 1970; Johnson and Moore, 1975; Medvinsky and Dzierzak, 1996).

Mesoderm Prospective Hematopoietic
hemogenic stemlprogemtor

endothellum cell
B Nopers

Figure 14. Hemogenic endothelium lines the yolk sac vasculature. Some studies suggest that the
yolk sac vasculature is lined by hemogenic endothelium. These endothelial cells are thought to be
capable of budding into the lumen from the vessel while differentiating to hematopoietic lineages.
Figure adapted with permission (Van Handel et al., 2012).
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Transcriptional regulation of primitive hematopoiesis

Hematopoietic progenitors reside within Mesp! ™ mesoderm, specified around E6.5-E7.5 in the
posterior primitive streak, and egress soon after extra-embryonic mesoderm is specified (Saga et al.,
1996; Saga et al., 1999; Bondue et al., 2008). In addition to hematopoietic mesoderm, progenitors for
cardiac mesoderm, vascular endothelium, and precursors to skeletal muscle are also contained within
the Mespl" population (Chan et al., 2013). At E7.5, both hematopoietic and cardiac progenitors express
the cell surface receptor Flkl, otherwise referred to as Kdr or Vegfr2 (Ishitobi et al., 2011; Fehling et
al., 2003; Huber et al., 2004; Iida et al., 2005; Kattman et al., 2006). Flkl expression is maintained in
endothelial progenitors at later stages of differentiation, but is extinguished in hematopoietic and
cardiac lineages (Figure 16; Yamaguchi et al., 1993; Kattman et al., 2006; Moretti et al., 2006; Ishitobi
etal., 2011).

Hematopoietic progenitors express the helix-loop-helix transcription factor Scl/Tal-1, which is
first detected in the yolk sac at approximately E8.5 (Shivdasani et al., 1995; Visvader et al., 1998).
Scl/Tal-1 1s a master regulator of primitive hematopoiesis, inducing the expression of many
downstream transcription factors, including Runxl, Gatal, Gata2, Hhex and Hey2, among others
(Robb et al., 1995; Van Handel et al., 2012; Org et al., 2015). Scl/Tal-1 expression is required within
FlkI” precursors for primitive hematopoiesis, as Scl/Tal-1"" mutants lack primitive blood and are lethal
between E8.5 and E10.5 (Van Handel et al., 2012; Shivdasani et al., 1995).

In addition to positively regulating the expression of hematopoietic targets, Scl/Tal-1 is also
required to repress cardiogenic gene expression in Mesp!  mesoderm destined to become blood (Van
Handel et al., 2012; Org et al., 2015). Sc//Tal-1 does so by binding to epigenetically primed enhancers
associated with cardiac gene expression thereby depleting cardiac enhancers of epigenetic marks
associated with gene activation (Org et al., 2015). Cardiac genes repressed by Scl/Tal-1 include the

cardiac transcription factors Gata4, Gata6, Handl, Mixl1, and Thx5 (Org et al., 2015). Consistent with
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Figure 15. Transition from primitive to definitive hematopoiesis. The first wave of embryonic
hematopoiesis takes place in the extra-embryonic yolk sac with the formation of blood islands. Once
the vasculature has formed, these primitive erythrocytes colonize other developing organs in which
hematopoiesis continues. At E10.5, the aorta-gonad-mesonephros (AGM), the placenta, the umbilical
artery, and the vitelline artery induce hematopoietic precursors that, along with yolk sac-derived
hematopoietic progenitors, colonize the fetal liver at E11.5. Here, these progenitors cells mature and/or
expand, before colonizing the thymus at E14.0 and the bone marrow at E16.5, the latter serving the

main hematopoietic niche in adults. Figure adapted with permission (Jagannathan-Bogdan and Zon,
2013).
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Figure 16. FIk1 expression in mesodermal lineages. Hemangioblasts and cardiovascular progenitors
are derived from mesodermal precursors that express Flkl. Flkl expression is maintained in
hematopoietic and vascular endothelial lineages derived from hemangioblasts, while downregulated in
smooth muscle and cardiac cells during their differentiation from cardiovascular progenitor cells.

Figure adapted with permission (Ishitobi et al., 2011).
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this, yolk sac explant cultures deficient for Scl/Tal-1 not only fail to generate vasculature and primitive
blood, but also ectopically express cardiogenic transcripts, including ¢7nT, a marker of cardiomyocytes
involved in cell contraction, and are capable of spontaneously generating synchronously beating cell

colonies (Org et al., 2015).

Cardiogenesis

In addition to their close functional relationship, cardiac and hematopoietic progenitors are
derived from a common Mespl mesodermal precursor specified in the posterior region of the streak as
noted above. Those cells fated to give rise to cardiac mesoderm are specified in response to high levels
of Wnt and Bmp signaling at E6.5 followed by Wnt inhibition as cardiac mesoderm egresses from the
streak and migrates anterolaterally to the anterior region of the embryo (Saga et al., 1996; Saga et al.,
1999; Bondue et al., 2008; Chan 2013). Once specified, cardiac progenitors express the cell surface
marker Flkl in addition to platelet derived growth factor receptor o (Pdgfr-a), allowing this lineage to
be distinguished from the hemato-endodethelial lineage, which expresses FlkI but not Pdgfr-
a (Kattman et al., 2011).

Once cardiac progenitors reach the anterior embryo, they form two progenitor populations
known as the first and second heart fields (FHF and SHF, respectively; Tam and Schoenwolf, 1999;
Xin et al., 2013). At approximately E7.5, the FHF and SHF form the cardiac crescent in the anterior
embryo, which lies beneath the head folds (Figure 17). Cells of the first heart field express the cardiac
marker 7bx5 (Bruneau et al., 1999; Devine et al., 2014), absent from the SHF, while the SHF is marked
by the expression of Mef2c (Verzi et al., 2005; Devine et al., 2014). While some consider these two
populations to be distinct, it is possible that the FHF and SHF exist within one continuous population,
exhibiting differential expression of cardiac markers in response to the changing environment within

the streak as they are specified.
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Figure 17. Cardiac progenitors migrate anterolaterally from the primitive streak. Cardiac
progenitors migrate anterolaterally from the primitive streak to form the cardiac crescent in the anterior
region of the embryo, beneath the head folds, by E7.5. A, anterior; P, posterior; R, right; L, left. Figure

reproduced with permission (Meilhac and Buckingham, 2018).
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Figure 18. Transcriptional regulation of cardiac morphogenesis. A. Schematic of murine cardiac
morphogenesis from E7.5 through to E15.0. The cardiac crescent contains the first (primary) and
second (secondary) heart fields. At E8.5, the cardiac crescent fuses at the midline to form the primitive
heart tube, which undergoes a series of looping events forming the cardiac chambers. The first heart
field contributes to the left ventricle and the atria. The second heart field forms the right ventricle and
the outflow tract. B. Cardiac morphogenesis is coordinated by a number of transcription factors. Those
specific to cells of the first heart field are depicted in red, those of the second heart field are shown in
blue, and factors expressed in both heart fields are shown in purple. Figure reproduced with permission

(Xietal., 2013).
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At E8.5, cells of the FHF fuse at the midline to form the primitive heart tube which begins to
contract while undergoing a series of looping events required to give rise to the cardiac chambers
(Figure 18). Through this process, cells of the FHF will form the left ventricle and the atria, while cells
of the SHF will give rise to the right ventricle and the outflow tract (Bruneau, 2013). Cardiac
morphogenesis and heart looping are finely regulated processes, controlled by a network of
transcription factors. Among these, 7hxJ is first expressed in the FHF at E7.5, and persists in the right
and left atria, left ventricle, and left ventricular septum (Bruneau et al., 1999). In humans, aberrant
Thx5 expression and/or function is associated with Holt-Oram syndrome, characterized by deformities
in the upper limbs and cardiac dysfunction. Similar developmental defects have been observed in
murine models of 7hx5 dysfunction, offering evidence for evolutionary conservation of Tbx5 function
between these two species (Bruneau et al., 1999).

Within the cardiac mesoderm, the transcription factors Mef2c and Is/] are exclusively expressed
in progenitors of the SHF (Lin et al., 1997; Cai et al., 2003). Mef2c expression in the SHF is necessary
for cardiac morphogenesis, as mutants deficient for this factor develop only a single ventricle and
display defects in both inflow and outflow tract morphogenesis (Buckingham et al., 2005; Lin et al.,
1997; Dodou et al., 2004). While Isl] is expressed in the allantois, neural tube, and cardiac crescent of
the developing embryo, its expression in the heart is also restricted to the SHF where it regulates the
development of the right ventricle and outflow tract (Cai et al., 2003).

Nkx2-5 1s one of the earliest cardiac markers, expressed in cardiac crescent, initiating at the
same stage as 7hx5 but detected in progenitors of both the FHF and SHF (Harvey, 1996; Lints et al.,
1993; Redkar et al., 2001). Mutants lacking Nkx2-5 expression display a broad range of cardiac defects,
including defects in atrial septum formation, impaired outflow tract morphogenesis, poor ventricular
trabeculation, and hypoplasia of the left heart. Together, these defects contribute to embryonic lethality

at E9.5 (Lyons et al., 1995; Benson et al., 1999; Elliott et al., 2003; Schott et al., 1998; Gutierrez-
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Roelens et al., 2002). In humans, Nkx2-5 mutation leads to tetralogy of Fallot, a cardiac abnormality in
which blood circulation to the lungs is deficient and suggesting some degree of evolutionary
conservation for Nkx2-5 function (Goldmuntz et al., 2001).

Also among cardiac transcription factors critical for heart morphogenesis are Gata4, Handl,
and Hand?2. Gata4 expression is induced in cardiac mesoderm as early at E7.5, at the cardiac crescent
stage, and is subsequently maintained in both FHF and SHF populations where it, along with Gata5
and Gataé, 1s required for cardiac development (Grepin et al., 1995; 1997; Narita et al., 1997; Gove et
al., 1997; Charron et al., 1999; Gajewski et al., 1999; Reiter et al., 1999). Gata4 is dispensable for
cardiac lineage specification, however Gata4 deficient mice are embryonic lethal at approximately
E9.5 due to aberrant ventral morphogenesis leading to disruptions in heart tube formation (Kuo et al.,
1997; Molentin et al., 1997). This is thought to result from Gata4 function in the endoderm which lies
adjacent to the LPM and regulates cardiac morphogenesis through the production of diffusible signals
as well as through mechanical mechanisms (Narita et al., 1997; Varner and Taber, 2012).

Handl and Hand? are induced at the cardiac crescent and heart tube stages. Handl expression
is first detected in the developing heart at E8.5, while Hand? is strongly expressed within the SHF from
E7.75 (Barnes et al., 2011). These transcripts are predominantly distributed in cardiac neural crest cells
(cNCC), which migrate from the hindbrain region of the neural tube through the pharyngeal arches and
into the developing heart tube where they populate the outflow tract, forming both the valves and
arteries of the heart (Figure 19; Kirby and Waldo, 1990; 1995; Farell et al., 1999; Bronner, 2012;
Etchevers et al., 2019; Yamagishi, 2020). Handl and Hand?2 expression within cNCCs is induced once
these cells reach the heart tube, suggesting a role in tissue patterning and differentiation rather than
specification (Vincentz et al., 2008; Yutzey and Kirby, 2002; George and Firulli, 2019). Asymmetric
expression of Handl and Hand? is also essential for heart looping during cardiac morphogenesis (Xin

et al., 2013; Srivastava et al., 2006). While Hand! is first expressed in the developing heart tube at
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E8.5, it becomes more robust from E9.5-13.5 when it is restricted to the outer curvature of the left
ventricle and the outflow tract (Barbosa et al., 2007; Barnes et al., 2010), while Hand?2 is observed in
the right ventricle and the outflow tract. Like Nkx2-5, misexpression of Hand1 has also been associated
with tetralogy of Fallot, likely due to an interaction between Handl and Nkx2-5/Gata4 that is required

for normal cardiac morphogenesis (Lu et al., 2016).

Neural crest

Neural tube

Aortic arch
arteries

Outflow tract

Figure 19. Cardiac neural crest cells. Cardiac neural crest cells (¢(NCCs) migrate from the neural tube
through the pharyngeal arches and into the outflow tract, eventually contributing to cardiac valves and

arteries. Figure reproduced with permission (Keyte and Hutson, 2012).

Cardiac morphogenesis is also dependent on inputs from non-mesodermal germ layers. As
cardiac progenitors migrate to the anterior embryo, they remain in close contact with the endoderm,
which produces signaling molecules that promote cardiac differentiation from within the mesoderm
(Narita et al., 1997). The coordinated expression of cardiac transcription factors within the cardiac
crescent is regulated, in part, by signaling from the AVE, which promotes cardiac differentiation via
inhibition of Wnt signaling. Consistent with this, disruption of the AVE leads to cardiac defects in both
frogs and newts (Jacobson, 1961; Nascone and Mercola, 1995; Gannon and Bader, 1995; Alexander et

al., 1995). These observations are further supported by co-culture experiments that similarly
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demonstrate a requirement for Nodal/Activin signaling from anterior endoderm cells during cardiac
morphogenesis (Schultheiss et al., 1995; Yatskievych et al., 1997).

Sonic hedgehog (Shh), secreted by the endoderm rostral to the heart fields within the
developing pharynx, is similarly required for cardiac morphogenesis. Shh signals through Patched (Ptc)
receptors on the surface of cardiac progenitors within the second heart field. In the presence of Shh
ligand, proliferation within this population is inhibited and the appropriate number of cells within the
second heart field is maintained. In the absence of Shh signaling, over-proliferation by cells of the
second heart field leads to cardiac defects that include abnormalities associated with the arterial pole
and aortic arch arteries (Dyer et al., 2009). RA similarly restricts the cardiac progenitor pool (Keegan et
al., 2005; Waxman et al., 2008), and is required for heart looping (Heine et al., 1985; Dersch and Zile,
1993; Dickman and Smith, 1996; Wasiak and Lohnes, 1999). Together, these observations demonstrate
the importance of signaling molecules from non-mesodermal germ layers during the formation of the
heart and their impact on the expression of cardiogenic transcription factors.

In addition to the vast network of transcription factors, the embryonic heart also requires input
from hemodynamic forces produced by blood flow for its development. The heart tube begins to
contract as soon as it is formed, initiating blood flow through the developing vasculature. Dynamic
blood flow produces shear stress within the lumen of the heart tube, which varies in response to
changes in the heart tube shape and size, as well as increasing amounts of blood volume and pressure
during development (Andres-Delgado and Mercader, 2016; Haack and Abdelilah-Seyfried, 2016).
These changes in blood flow are detected by mechanosensors within cardiac cells in the heart tube, and
result in the initiation of regulatory responses by downstream signaling cascades that impact cardiac
development (Andres-Delgado and Mercader, 2016; Haack and Abdelilah-Seyfried, 2016). Thus, in
mutant embryos lacking blood, decreased hemodynamic forces result in cardiac abnormalities, as these

signaling cascades are not induced. Such defects include abnormalities in endocardial cell migration
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and proliferation, as well as aberrant cardiac valve formation, and appear well before the embryo is
dependent on the circulatory system for oxygen and nutrient delivery (Haack and Abdelilah-Seyfried,
2016; Heckel et al., 2015; Koefoed et al., 2014; Midgett and Rugonyi, 2014; Midgett et al., 2017; Hove
et al., 2003; Kowalski et al., 2014; Hogers et al., 1999; Hahn and Schwartz, 2009). For instance, mice
deficient in Scl/Tal-1, which lack primitive blood, display distended pericardial sacs at E9.5 coupled
with endocardial defects resulting from impaired migration of these cells (Shivdasani et al., 1995;

Bussman et al., 2007; Schumacher et al., 2013).

Cdx transcription factors in the early embryo

Cdx homeobox genes encode transcription factors that are involved in development of the
posterior embryo, with the first member of this gene family, caudal, having been identified in
Drosophila (Mlodzik et al., 1985; Mlodzik and Gehring, 1987; Macdonald and Struhl, 1986; Mlodzik et
al., 1990). Drosophila caudal expression is first induced after fertilization in the Drosophila embryo,
forming an AP gradient that increases in concentration toward the posterior region of the embryo
(Macdonald and Struhl, 1986). As development progresses, caudal expression is gradually lost from
the anterior embryo, becoming restricted to the posterior pole (Macdonald and Struhl, 1986).
Drosophila embryos void of caudal expression display impairments in gastrulation, AP segment
patterning defects, and lack the hindgut, demonstrating its critical role in these processes (Macdonald
and Struhl, 1986; Wu and Lengyel, 1998).

Caudal factors are evolutionarily conserved, with three orthologs, Cdxl, Cdx2, and Cdx4,
identified in mice (Duprey et al., 1988; James and Kazenwadel, 1991; Gamer and Wright, 1993),
Xcadl, Xcad? and Xcad3 in Xenopus (Blumberg et al., 1991; Northrop and Kimelman, 1994), cdx!a,
cdx1b, and cdx4 in zebrafish (Davidson et al., 2003; Mulley et al., 2006; Shimizu et al., 2005; 2006;

Davidson and Zon, 2006), and CHox-cad in chicken (Frumkin et al., 1991). In each of these vertebrate
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species, caudal-like members are involved in anteroposterior patterning and are required for the
development of the posterior embryo (Van den Akker et al., 2002; Davidson et al., 2003; Lohnes, 2003;
Chawengasksophak et al., 2004; Van Nes et al., 2005; Shimizu et al., 2005; 2006; Davidson and Zon,
2006). Cdx functions were initially thought to be mediated primarily by regulation of downstream Hox
activity, however more recent work has challenged this paradigm, demonstrating that Cdx also
regulates a number of developmental processes through non-Hox targets (Savory et al., 2009a; Savory
et al., 2011; Nguyen et al., 2017; Brooke-Bisschop et al., 2017; Foley et al., 2019; Davidson et al.,
2003; Davidson and Zon, 2006; Amin et al., 2016).

In the embryo proper, Cdx genes are sequentially activated in the caudal embryo, beginning at
the primitive streak stage where they form a nested pattern of expression in all three germ layers
(Figure 20; Lohnes, 2003). Cdx! is first expressed at E7.5 in the primitive streak. As development
progresses, Cdxl expression extends along the length of the posterior embryo, with the anterior
boundary at the posterior hindbrain (Meyer and Gruss, 1993). Cdx/ transcripts are expressed in the
neural tube, somites, and forelimb buds until E12.5, at which point expression is extinguished with the
exception of the endoderm, where Cdx/ persists in the resulting gut tube and subsequently in the
intestinal epithelium throughout adulthood (Duprey et al., 1998).

Cdx1 acts as a posteriorizing factor during vertebral patterning, with Cdx/”" mutants displaying
anterior transformations of the cervical and thoracic vertebrae resulting from a posterior shift in Hox
gene expression (Figure 21; Subramanian et al., 1995). In these mutants, the first cervical vertebra (C1)
is fused to the occipital bone, while the second cervical vertebra (C2) displays morphological features
of C1, and the third cervical vertebra (C3) takes on the appearance of C2 (Isaacs et al., 1998; van den
Akker, 2002; Deschamps et al., 1999; Lohnes, 2003; Subramanian et al., 1995). These patterning

defects extend to the thoracic vertebrae, however the lumbar and caudal vertebrae remain unaffected.

32



~—— 0000000000
DOSOC0 0000

E7.5 E8.5 E9.5

Figure 20. Nested Cdx expression in the early embryo. Cdx1 expression is induced in all three germ
layers of the primitive streak beginning at E7.5, and persists in the somites, tail bud, and forelimb bud
at later developmental stages. Cdx2 is also expressed in the tail bud, with early studies indicating an
onset of expression at E8.5. Cdx4 is expressed at E7.5 in the allantois, and is maintained in the tail bud
where its expression is much more spatially restricted at E9.5 compared to the other Cdx family

members. Figure reproduced with permission (Lohnes, 2003).

WT

Figure 21. Anterior homeotic transformations in CdxI” mutants. Staining of whole mount skeletal
preparations from wild type and Cdx”" mutants were stained for bone (Alizarin red) and cartilage
(Alcian blue), revealing anterior transformations in the cervical vertebrae. Anterior transformation of
C1, C3, and C7 are indicated by “C1”, “C2”, and “C6”, respectively, with C1 fused to the basoccipital
bone in Cdx] mutants. C1-C7, cervical vertebrae; T1, first thoracic vertebra; AAA, anterior arch of the
atlas (atlas also known as C1); TA, tuberculum anterior; C, cervical vertebrae; TA, tuberculum anterior.

Figure reproduced with permission (Pilon et al., 2007).
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Apart from these transformations, Cdx/-null mutants are phenotypically normal and produce viable
offspring (Subramanian et al., 1995).

Cdx2 expression is first detected in the extra-embryonic TE at E3.5 where it is required for
trophoblast development (Beck et al., 1995; Chawengsaksophak et al., 2004). Initially, Cdx2 is
uniformly expressed at low levels throughout the early embryo, but becomes restricted to the
trophoblast lineage at the 8-cell stage where it represses the expression of ICM-associated transcripts
such as Nanog and Oct4 (Ralston and Rossant, 2008; Johnson et al., 1981; Strumpf et al., 2005; Niwa
et al., 2005; Tolkunova et al., 2006; Ralston and Rossant, 2008; Yamanaka et al., 2006; Beck et al.,
1995; van den Akker et al., 2002). Cdx2 expression in the TE is required for implantation, with germ-
line Cdx2 deletion resulting in peri-implantation lethality (Beck et al., 1995; Strumpf et al., 2005;
Chawengsaksophak et al., 2004).

In the embryo proper, Cdx2 expression was previously thought to initiate at E8.5 (Beck et al.,
1995; Lohnes, 2003; Rayon et al., 2016). Recent studies, however, have detected Cdx2 protein and
mRNA within the primitive streak at earlier developmental stages (Foley et al., 2019; Amin et al.,
2016). After gastrulation, Cdx2 expression persists in the tail bud, posterior gut tube, and neural tube
until E12.5 (Lohnes, 2003). Like Cdx/, Cdx2 expression is extinguished at E12.5 in all tissues but the
posterior endoderm, persisting in the adult intestinal epithelium where it is essential for homeostasis
throughout life. Cdx2"" mutants are viable and produce fertile offspring, yet display anterior homeotic
transformations to the posterior cervical and anterior thoracic vertebraec (Chawengsaksophak et al.,
1997). While these defects are reminiscent of those described CdxI” embryos, they extend more
posteriorly, reflective of the differential patterns of expression for Cdx/ and Cdx2 (Lohnes, 2003).

Cdx4 expression is initiated in the posterior embryo at E7.5, with a much more spatially
restricted pattern of expression compared to the other two family members (Gamer and Wright, 1993;

Lohnes, 2003). At later developmental stages, Cdx4 is expressed within the neural ectoderm and in the
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unsegmented paraxial mesoderm, with its rostral expression boundary marked by the most recently
formed somite (Gamer and Wright, 1993). Cdx4”" mutants exhibit no overt phenotypes, however loss
of Cdx4 in combination with mutated alleles of Cdx1 or Cdx2 exacerbates phenotypes associated with
single mutants for either gene (Faas and Isaacs, 2009; Savory et al., 2011; Van den Akker et al., 2002;
van Nes et al., 2006; Young et al., 2009). These phenotypes include impaired axial elongation coupled
with stunted allantoic outgrowth in Cdx2" Cdx4”~ mutants, resulting in failed chorioallantoic fusion
and subsequent embryonic lethality by E10.5 (Chawengsaksophak et al., 2004; van de Ven et al., 2011;
van Nes et al., 2006; Savory et al., 2009a; van den Akker et al., 2002) providing further support for

functional overlap among family members.

Cdx factors in the intestine

Expression of Cdx] and Cdx2 are maintained in the adult intestinal epithelium, which is derived
from the endoderm. The small intestine consists of three segments, the duodenum, jejunum, and ileum
(Figure 22). The ileum attaches to the cecum, a small pouch that demarcates the transition from the
small intestine to the large intestine, also known as the colon. Columnar epithelial cells line the lumen
of the small intestine, forming structures known as crypts and villi, while the epithelial lining of the
colon forms only crypts.

Crypts are invaginations that form at the base of the intestinal epithelium, while villi are finger-
like protrusions that extend from the crypts into the lumen of the intestine, and facilitate nutrient
absorption (Figure 23). Epithelial cells in the small intestine are continuously sloughed from the tip of
the villi into the lumen, resulting in a high rate of cellular turnover. To maintain homeostasis, the
intestinal epithelium self-renews, with intestinal stem cells in the base of the crypts proliferating and
differentiating to replace cells that are continuously lost from the villi. As they differentiate, the stem

transit amplifying (TA) cells. TA cells give rise to goblet cells, which secrete mucous into the intestinal
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Figure 22. The segments of the adult intestine. The intestinal tract is composed of the small intestine
and the large intestine, or colon. The small intestine is composed of three segments, the duodenum,
jejunum, and ileum. The ileum attaches to the cecum, a small pouch that transitions the small intestine

to the colon. Figure reproduced with permission (Blaussen.com staff, 2014).

E] Transit amplifying (TA)

@ Enteroendocrine

Figure 23. Crypt-villus axis of the small intestine. Intestinal stem cells (green) reside in the base of
the crypts. In response to high cell turnover, stem cells differentiate to Transit Amplifying (TA; yellow)
cells, which then differentiate further to generate enterocytes (grey), goblet cells (blue),
enteroendocrine cells (purple) and Paneth cells (red). Enterocytes, goblet cells, and enteroendocrine
cells types continue to migrate apically, populating the villi, while Paneth cells return to the base of the

crypts where they maintain the stem cell niche.
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lumen, absorptive enterocytes, required for nutrient uptake, enteroendocrine cells, required for
hormone production, and Paneth cells, which serve to protect against microbes and to support the stem
cell niche. Once specified, goblet cells, enterocytes, and enteroendocrine cells migrate apically to the
tips of the villi, while Paneth cells return to the base of the crypts where they reside (Clevers and
Bevins, 2013). This process is continuous and results in cellular turnover every 5-6 days within the
villi, and every 30 days within the crypts (Lipkin, 1985).

In the intestine, Cdx/ and Cdx2 have distinct, yet overlapping, patterns of expression (Figure
24). Cdx1 expression is graded along the length of the intestine, becoming highest in the distal colon,
while Cdx2 expression is highest in the cecum and proximal colon, decreasing both anteriorly and
posteriorly. Cdx1 is also differentially expressed along the crypt-villus axis of the intestinal epithelium,
being most abundant in the crypts of both the small intestine and the colon and decreasing along the
apicobasal axis (Figure 25). Cdx2 is uniformly expressed but differentially phosphorylated along this
axis, with phospho-Cdx2 levels highest in the base of the crypts (Guo et al., 2004). This
phosphorylation occurs in the N-terminal transactivation domain and is thought to impact
transcriptional activation (Trinh et al., 1999; Rings et al., 2001).

Cdx2 1s required to maintain homeostasis and patterning in both the small intestine and the
colon. Cdx2™" mice develop lesions in the colon that are void of Cdx2 expression and contain markers
of esophageal and gastric cell types, indicating that Cdx2 imposes posterior identity in the intestine
(Chawengsaksophak et al., 1997; Beck et al., 1999; 2003). Similar observations have been made in
zebrafish, indicating evolutionarily conserved roles for Cdx in the intestine (Chen et al., 1009; Flores et
al., 2008; Faas and Isaacs, 2009).

Conditional homozygous Cdx2 deletion (see also below) produces an anterior transformation of
the epithelial lining within the small intestine. When induced in the early definitive endoderm, the

intestinal epithelium adopts an esophageal fate (Gao et al., 2009), while deletion at later developmental
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Figure 24. Cdx expression along the anteroposterior axis of the intestine. The small intestine is
composed of the duodenum, jejunum, ileum, and is separated from the colon by the cecum. Cdxl
expression increases posteriorly along the AP axis of the intestine, reaching maximal expression in the
distal colon. Cdx2 expression increases along the AP axis of the small intestine, reaching its highest
expression in the cecum before decreasing in the distal colon. Black shading within rectangles indicates

the level of expression. Figure reproduced with permission (Guo et al., 2004).
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Figure 25. Cdx expression along the crypt-villus axis. In both the small intestine and colon, Cdx1
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expression is highest in the base of the crypts, and decreases toward to the tip of the villi in the small
intestine as indicated by the green triangles. Cdx2 is uniformly expressed along the crypt-villous axis,
but is differentially phosphorylated on Ser-60 with phospho-Cdx2 highest away from the base of the
crypts in both the small intestine and the colon, as indicated by the grey triangles. Figure reproduced

with permission (Guo et al., 2004).
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stages in the intestinal epithelium, both alone and in a CdxI”" background, results in the ectopic
expression of gastric markers in the small intestine accompanied by aberrant villous morphology, with
lethality at PO (Grainger et al., 2010). Cdx2 depletion in adults results in similar phenotypic changes,
including ectopic expression of gastric markers, loss of enterocyte apicobasal polarity, aberrant villus
morphology, and disruption of both the TA and stem cell compartments (Hryniuk et al. 2012; Gao et al.
2010; Simmini et al., 2014). Together, these morphological changes lead to poor nutrient absorption
and the subsequent demise of the animal within 6-7 days (Verzi et al., 2010; Hryniuk et al., 2012; Gao
et al., 2010). Defects in the small intestine of Cdx2”" mice are largely indistinguishable from those
observed in CdxI”"Cdx2”" compound mutants, consistent with Cdx/ being dispensable for intestinal
homeostasis (Subramanian et al., 1995; Bonhomme et al., 2008; Grainger et al., 2010; Hryniuk et al.,
2012). Cdx1 T Cdx2” mutants, however, exhibit more severe defects in the colon than mice deficient in

Cdx2 alone, including ectopic expression of anterior intestinal markers (Hryniuk et al., 2012).

Conditional Cdx2-deletion

To overcome the embryonic lethality that results from Cdx2 deletion, our lab derived a
conditional knockout model using a tamoxifen-inducible Cre-loxP system (Figure 26; Hayashi et al.,
2002; Gorman and Bullock, 2000; Nagy, 2000; Rossant and McMahon, 1999). In this model, Cdx2
deletion is induced by a Cre-recombinase fused to an estrogen receptor ligand-binding domain that
responds only to tamoxifen (Cre-ER"). In the absence tamoxifen, the Cre-recombinase is sequestered in
the cytosol through an interaction with heat shock protein 90 (Hsp90). Upon tamoxifen treatment, Cre-
ER' undergoes a conformational change, is released from Hsp90, and translocates to the nucleus where
it targets loxP sites flanking Exon 2 of Cdx2 (Cdx2™), which contains the DNA-binding
homeodomain. Expression of the Cre recombinase is driven by a S-Actin promoter (S-Actin::Cre-ER"),

allowing for ubiquitous ligand-regulated deletion. Thus, with tamoxifen treatment, Cdx2”” mutants can
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Figure 26. Conditional Cdx2 gene deletion. Exon 2 of Cdx2 is flanked by loxP sites. In the presence
of tamoxifen, a tamoxifen-inducible Cre-recombinase, that is otherwise sequestered in the cytoplasm
by Hsp90, translocates to the nucleus where it excises Exon 2 of Cdx2, which is flanked by loxP sites.
Exon 2 contains the DNA-binding homeodomain for Cdx2. The excision of this exon results in

recombination and the production of a functionally null protein.

be generated for the study of post-implantation Cdx2 function.

Cdx2”" conditional mutants survive until E12.5, and present a number of defects (Savory et al.,
2009a). Cdx2”" embryos are deficient in presomitic mesoderm, resulting in truncation of the posterior
embryo caudal to the forelimb bud and defects in somite segmentation (Savory et al., 2009a). Further,
the absence of posterior axial tissue leads to failure of chorioallantoic fusion (Savory et al., 2009a).
Cdx4 expression is also attenuated and may also contribute to the Cdx2”" phenotype (Savory et al.,

2009a; Chawengsaksophak et al., 2004).

Functional overlap among Cdx factors
Cdx members contain a highly conserved DNA-binding homeodomain which binds to the

consensus sequence TTTAT(G), termed a Cdx response elements (CDREs; Dearolf, Topol, and Parker,
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1989). Three regions N-terminal to the homeodomain have been identified (A, B, and C in Figure 27)
which include a putative nuclear export sequence (Figure 27A), a region within the Cdx transactivation
domain of unknown function (Figure 27B), and a region C-terminal to homeodomain whose function is
also unknown (Figure 27C; Trinh et al., 1999; Taylor et al., 1997a; Taylor et al., 1997b; Rings et al.,
2001; Lynch et al., 2003). The transactivation domain of Cdx2 also harbors a phosphorylation site at
serine-60 (Rings et al., 2001) which can impact transcriptional activity (Rings et al., 2001). This
residue is, however, not conserved and little else is known about the regulation of Cdx factors by post-

translational modification.

Transactivation Domain DNA-binding Domain
[ [ |
A B Cc Homeodomain

Figure 27. Sequence similarity among Cdx family members. The DNA-binding homeodomain is
conserved among Cdx homologs, as well as region A, thought to act as a nuclear export signal, B,
located within a transactivation domain, and C, which displays a high degree of sequence similarity
between Cdx1 and Cdx2 but whose function remains unknown. Figure reproduced with permission

(Guo et al., 2004).

Despite little sequence similarity, there appears to be a high degree of functional overlap among
Cdx family members in both the embryo and the adult intestine. In the embryo, both Cdx/” and
Cdx2"" mutants exhibit homeotic transformations of the cervical and thoracic vertebrae associated with
shifts in the expression of Hox genes (Subramanian et al., 1995; Chawengsaksophak et al., 1997). Cdx1
deletion, however, produces transformations that are more anterior than those observed with
heterozygous loss of Cdx2. These differences are thought to be due to differential patterns of Cdx/ and
Cdx2 expression, with the Cdxl expression boundary being anterior to that of Cdx2 in wild type

animals (Chawensaksophak et al., 2004; Subramanian et al., 1995).

41



Studies in which mutants containing Cdx2 “knocked-in” to the Cdxl locus (Cdx]H*H/Ch2ky
were developed to further explore functional overlap among Cdx members. In this model, Cdx2 is
expressed under Cdx/ regulatory elements by virtue of homologous recombination mediated knock-in
(Savory et al., 2009b). These mutants display no anterior vertebral transformations demonstrating that
Cdx2 can substitute for Cdx1, at least for vertebral patterning (Savory et al., 2009b). Similar
observations have been made in the distal gut, with no observable phenotypic changes within the colon
of Cdx 1“2k 3 qults (Grainger et al., 2013).

To overcome functional overlap among Cdx family members, Cdx2”Actin::CreER" mutants
were crossed into a CdxI” background and treated as above, producing Cdx!” Cdx2”" compound
mutants (Savory et al., 2011a). These compound mutants lack Cdx4 expression (Savory et al., 2011a),
thereby reflecting total Cdx loss of function. These compound mutants exhibited defects not observed
in Cdx2 single mutants, including a more anterior axial truncation and craniorachischisis, a severe
defect in neural tube closure resulting in the neural tube remaining open along its length (Figure 28;
Savory et al., 2011b). Further, these compound Cdx mutants exhibit defects in somite segmentation,
resulting in poorly formed somite boundaries and misexpression of anteroposterior somitic markers
(Savory et al., 2011b). These defects are consistent with previous work suggesting functional overlap
among Cdx family members (Savory et al., 2011; Hryniuk et al., 2012; van den Akker et al., 2002; van

Rooijen et al., 2012).

Cdx interacting partners and transcription
SWI/SNF and BAF chromatin remodeling complexes
Little is known about interacting partners involved in Cdx-dependent transcription. Using stable

isotope labelling of amino acids in culture coupled with mass-spectrometry (SILAC-MS), our lab
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Figure 28. Cdx1-Cdx2 compound mutants. Defects in cardiac development, somite segmentation,
axial elongation (B) and neural tube closure (C) are observed in Cdx1-Cdx2 compound mutants

compared to wild type controls (A). Figure reproduced with permission (Savory et al., 2011).

identified a number of subunits of the mammalian SWI/SNF chromatin remodelling complex, also
known as the Brahma-associated factor (BAF) complex, as potential human CDX2 interacting partners
(Figure 29; Nguyen et al., 2017), consistent with prior findings (Yamamichi et al., 2009). The
SWI/SNF complex is composed of Trithorax group (TrxG) proteins which are highly conserved from
yeast to humans (Cairns et al., 1994; Peterson et al., 1994; Dingwall et al., 1995; Khavari et al., 1993;
Kwon et al., 1994; Laurent et al., 1993; Muchardt and Yaniv, 1993; Randazzo et al., 1994; Tamkun et
al., 1992; Wang et al., 1996). These complexes reposition nucleosomes in an ATP-dependent manner,
regulating chromatin accessibility and thereby impacting gene expression (Cairns et al., 1994; Peterson
et al., 1994).

Among SWI/SNF subunits found to interact with Cdx2 was Brahma-related gene 1 (Brgl), one
of two catalytic subunits of this complex and critical for development (Khavari et al., 1993; Muchardt
and Yaniv, 1993; Chiba et al., 1994; Randazzp et al., 1994; Wang et al., 1996; Bultman et al., 2000).
We found a direct protein-protein interaction between Cdx and Brgl, along with their co-occupation of

common genomic targets that is conserved among both murine and human tissues (Nguyen et al., 2017;
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Gene Name Unique Sequence Ratio H/L Log

Peptides Coverage [%] Normalized Ratio

CDX2 6 17.6 14.40 3.85
BAF250 16 9.9 7.51 291
BAF190 (BRG1) 2l 1685 5120/ 2.40
BAF53 2 4.7 4.19 2.07
BAF57 2 6.1 2.78 1.48
BAF155 4 6.2 2.70 1.43
BAF170 2 35 2.47 1.30

Figure 29. SWI/SNF complex subunits interact with CDX2. SILAC-MS performed in HEK293T
cells identified a number of proteins belonging to the SWI/SNF chromatin remodelling complex as
CDX2 interacting partners. These included BAF250, BAF53, BAF57, BAF155, and BAF170. The ratio
of heavy to light isotope peptides (ratio H/L normalized) is an indicator of relative enrichment. Figure

reproduced with permission (Nguyen et al., 2017).

Yamamichi et al., 2009; Foley et al., 2019). In addition to Brgl, a number of core SWI/SNF subunits
were recovered from the SILAC analysis. This suggests that Cdx interacts with the entire complex, and
that this interaction may be a major means by which Cdx factors regulate gene expression.

SWI/SNF complexes are composed of 10-12 subunits (Figure 30; Ho and Crabtree, 2010). Each
complex contains one of two catalytic subunits, either Brahma (Brm) or Brgl (Chiba et al., 1994;
Clapier et al., 2017; Khavari et al., 1993; Kwon et al., 1994; Wang et al., 1996). While Brgl is essential
for development with its deletion resulting in embryonic lethality, initial studies on Brm-knockout mice
suggested that Brm is dispensable during development (Reyes et al., 1998). however, residual Brm
expression is detected in the Brm mutant, and it remains unclear if this catalytic subunit plays a role
during development (Thompson et al., 2015).

Brgl and Brm subunits exhibit a high degree of sequence homology, with both containing C-
terminal bromodomains (Khavari et al., 1993; Muchardt and Yaniv, 1993; Chiba et al., 1994). These

domains facilitate binding to acetylated histone tails, suggesting that SWI/SNF complexes read the
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Figure 30. Mouse SWI/SNF chromatin remodelling complex. The SWI/SNF chromatin remodelling
complex consists of 10-12 subunits, including cell-type specific components and one of two catalytic

subunits, either Brgl or Brm (purple). Figure reproduced with permission (Ho and Crabtree, 2010).

histone code and translate post-translational modifications of histone tails into changes in chromatin
accessibility, thereby impacting gene expression (Meslamani et al., 2016; Moustakim et al., 2016).
Despite their sequence similarity, Brgl and Brm are unable to substitute for one another due to their
unique N-terminal domains that facilitate interactions with distinct sets of transcription factors (Kadam
and Emerson, 2003; Flowers et al., 2009).

The precise mechanisms that regulate SWI/SNF recruitment to target genes remains unclear.
Studies suggest that SWI/SNF complexes are recruited to genomic targets by transcription factors
(Yoshinaga et al., 1992; Ostlund Farrants et al., 1997; Neely et al., 1999; Cosma et al., 1999; Krebs et
al., 1999; Dimova et al., 1999; Fryer et al., 1998; Kowenz-Leutz and Leutz, 1999; Kadam and
Emerson, 2003; Xu et al., 2006; Nguyen et al., 2017; Foley et al., 2019). Transcription factor mediated

recruitment, in combination with cell type- and developmental stage-specific expression of diverse

45



SWI/SNF complexes, are thought to direct SWI/SNF chromatin remodelling activity to specific regions
of the genome (Figure 31). Tissue-specific SWI/SNF members assemble with core complex proteins
consisting of Baf57, Baf53, Baf155, Baf170, Baf47, and either Brgl or Brm (Hadidy and Uversky,
2019). Tissue-specific SWI/SNF subunits include Baf60C, required for heart development (Lickert et
al., 2004), Baf60A, involved in skeletal muscle differentiation (Puri et al., 2012), and Baf250A/B,
required ESC pluripotency (Yan et al., 2008; Celen et al., 2017). A second ESC-specific SWI/SNF
complex, known as esBAF, has also been identified, and is characterized by the presence of Brgl and
Baf155 and the absence of Baf170 (Yan et al., 2008; Ho et al., 2009).

The SWI/SNF chromatin remodelling complex, in conjunction with TrxG proteins, are known
to oppose gene repression by Polycomb group (PcG) proteins (Ringrose and Paro, 2007;
Schuettengruber et al., 2007). While these two classes of protein complexes have antagonistic
functions, they maintain the balance between gene activation and repression critical to development
and differentiation. Mammalian SWI/SNF is thought to antagonize PcG-mediated repression by
evicting Polycomb complexes from their binding sites (Kia et al., 2008; Stanton et al., 2017). Despite
this relationship, SWI/SNF-mediated chromatin remodelling does not necessarily result in positive
regulation of transcription, as it has the potential to also repress genomic targets. In this regard, Brgl
binding is required to maintain histone H3 lysine 27 trimethyl (H3K27me3)-mediated gene repression

at a subset of target genes (Alexander et al., 2015).

Polycomb Repressive Complex 2 (PRC2)

PcG proteins epigenetically regulate gene expression through the addition of histone
modifications that establish lineage-specific gene expression programs during development (Bracken et
al., 2006). PcG proteins, discovered in Drosophila, were named as such for the morphological

transformations within the body segments of PcG mutants, as flies in which PcG proteins are disrupted
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Figure 31. Cell- and tissue-type-specific SWI/SNF complexes. Tissue- and cell-type specific BAF
complexes allows for biological specificity, as each complex has distinct functions. The diagram
illustrates examples of known tissue- and cell-type-specific BAF complexes, with possible subunits at
each position listed. These complexes include the embryonic stem cell-specific BAF complex (esBAF),
the neuronal progenitor specific BAF complex (npBAF), the neuronal specific BAF complex (nBAF),
and the cardiac progenitor specific BAF complex. Question marks (?) indicate subunits that have not
yet been identified with certainty. Subunits that distinguish each of these complexes are indicated in

bold type. Figure reproduced with permission (Ho and Crabtree, 2010).
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possess additional sex combs, rows of bristles on the front legs of adult males involved in courtship
behaviour (Lewis, 1949; Lewis, 1978; Kopp, 2011; Atallah et al., 2009; True et al., 2008). Two
mammalian PcG protein complexes have been extensively studied, Polycomb Repressive Complex 1
(PRCTI) and 2 (PRC2). PRCI1 activity results in the mono-ubiquitination of histone H2A at lysine 119
(H2AK119ub), while PRC2 catalyzes deposition of H3K27me3 (Schuettengruber and Cavalli, 2009;
Simon and Kingston, 2009). PRC2 is composed of PcG proteins, and contains four core subunits;
Suz12, Eed, RbAp46/47, and one of two mutually exclusive catalytic subunits, either Ezhl or Ezh2
(Figure 32), along with a number of accessory subunits (Margueron and Reinberg, 2011). Ezhl and
Ezh2 have different patterns of expression, with Ezh1 being ubiquitously expressed, albeit often at low
levels, and Ezh2 expressed in proliferating tissues (Margueron et al., 2008). While Ezh1 and Ezh2 are
both histone methyltransferases, these subunits differ in their relative catalytic activity, with Ezh2
being more active (Margueron et al., 2008). Despite its reduced methyltransferase activity, Ezhl
appears to be more efficient at compacting chromatin than Ezh2, resulting in more robust gene

repression (Margueron et al., 2008).

H3K27me3 RbAp46/48

M

Figure 32. Polycomb Repressive Complex 2. PRC2 contains four core catalytic subunits, Eed, Suz12,
RbAp46/48, and one of two catalytic subunits, either Ezhl or Ezh2. This complex contains histone

methyltransferase activity, resulting in H3K27me3 typically associated with gene repression.
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Narrow peaks of H3K27me3 on either side of transcriptional start sites are thought to indicate
bivalent promoters, as they often overlap with peaks of H3K4me3, an activating mark catalyzed by
TrxG proteins (Zhao et al., 2007; Pan et al., 2007; Schuettengruber et al., 2007; Ringrose and Paro,
2007). In addition to TSS-associated peaks, broad regions of H3K27me3 spanning hundreds of
kilobases, often covering entire gene bodies, are also observed in the mammalian genome (Zhao et al.,
2007; Hawkins et al., 2010). These larger domains are established during lineage commitment and are
associated with long-term gene repression by PRC2 (Boyer et al., 2006; Squazzo et al., 2006; Hawkins
et al., 2010; Cui et al., 2009).

PRCI1 binding overlaps with that of PRC2 at a number of genomic loci (Boyer et al., 2006;
Bracken et al., 2006; Lee et al., 2006; Schwartz et al., 2006; Schwartz and Pirotta, 2014). Genomic
consensus sequences for PRC binding sites, known as Polycomb response elements (PREs), have been
identified in Drosophila, however mammalian orthologs for these response elements remain elusive,
despite PRC complexes and their genomic targets being highly evolutionarily conserved (Bauer et al.,
2015). Studies have shown that H3K27me3 deposited by PRC2 recruits PRC1 to shared targets,
leading to the accumulation of H2AK119ub, chromatin compaction and gene silencing (Di Croce and
Helin, 2013; Francis et al., 2004). Similarly, PRC2 also appears to be recruited to sites enriched for
H2AK199ub (Kalb et al., 2014) and H3K27me3 (Hojfeldt et al., 2018). While a model in which co-
recruitment occurs between PRC1 by PRC2 would allow for cooperative binding and efficient
repression of gene expression, as previously proposed (Schwartz and Pirrotta, 2014), both PRC1 and
PRC2 are capable of binding to target sites in the absence of these marks. Moreover, while PRC1 and
PRC2 share common targets (Boyer et al., 2006; Bracken et al., 2006; Lee et al., 2006; Schwartz et al.,
2006; Schwartz and Pirotta, 2014), PRC2 is capable of maintaining gene repression at a subset of

targets in the absence of PRCI1 (Ku et al., 2008; Iovino et al., 2013; Endoh et al., 2012; Cohen et al.,
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2018), and vice-versa (Leeb et al, 2010; Tavares et al., 2012) indicating that locus-specific mechanisms
of regulation by PRC complexes exist (Brand et al., 2019).

Despite the absence of obvious PRE consensus sequences in the mammalian genome, PRC
complexes appear to preferentially bind CpG islands (Boyer et al., 2006; Mendenhall et al., 2010), as
well as regions enriched for H3K27me3 (Hansen et al., 2008; Margueron et al., 2009). Given that only
a small number of all CpG islands/H3K27me3 sites are occupied by PRC complexes, a second layer of
regulation must exist (Brand et al., 2019). While the mechanisms remain unknown, it has been
proposed that PRC recruitment may occur through interactions with lineage- and cell-type specific
transcription factors (Woo et al., 2010; Yu et al., 2012; Pinello et al., 2014; Arnold et al., 2013).

Studies in differentiating motor neurons and the intestinal epithelium have described a
relationship between Cdx transcription factors and the repressive histone modification H3K27me?2.
During motor neuron differentiation, Cdx2 binding to Hox loci results in the clearance of H3K27me3,
rendering these loci permissive to expression. In the absence of Cdx2, persistent H3K27me3 represses
gene expression, interfering with the induction of normal gene regulatory networks required for
neuronal differentiation (Mazzoni et al., 2013). Similarly, Cdx2 binding inhibits the spread of
H3K27me3 across genomic targets in the intestinal epithelium, thereby maintaining gene expression by
establishing boundaries for this inhibitory histone modification (Saxena et al., 2017). While a physical
interaction has not yet been described between Cdx and members of PRC2, these factors appear to

share an appositional functional relationship.
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Rationale

Cardiac and primitive hematopoietic lineages are specified from a common Mespl"
mesodermal progenitor (Kattman et al., 2006; Simoes et al., 2011). Using a Cdx-knockout mouse
model, our group has shown that aberrant heart morphogenesis accompanies defects in the first wave of
yolk sac hematopoiesis, suggesting that Cdx coordinates the decision between cardiac and
hematopoietic lineages. The mechanism by which Cdx regulates this specification event is unknown,
but may involve the Cdx-dependent chromatin remodelling complex via SWI/SNF, and/or functional

interaction with PRC2-dependent gene silencing.

Hypothesis
I hypothesize that Cdx transcription factors are required to maintain the balance in specification
between cardiac and hematopoietic cell fates through epigenetic mechanisms involving interactions

with SWI/SNF chromatin remodelling complex and H3K27me3/PRC2.

Objectives
1. Determine the impact of Cdx deletion on the balance between commitment to cardiac and
hematopoietic lineages.
2. Describe the molecular mechanisms by which Cdx factors regulate the expression of its target

genes within mesodermal lineages, focusing on cardiogenic and yolk sac targets.
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Role of Cdx factors in early mesodermal fate decisions
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ABSTRACT

Murine cardiac and hematopoietic progenitors are derived from Mespl  mesoderm. Cdx
function impacts both yolk sac hematopoiesis and cardiogenesis in zebrafish, suggesting that Cdx
family members regulate early mesoderm cell fate decisions. We found that Cdx2 occupies a number of
transcription factor loci during embryogenesis, including key regulators of both cardiac and blood
development, and that Cdx function is required for normal expression of the cardiogenic transcription
factors Nkx2-5 and Thx5. Furthermore, Cdx and Brgl, an ATPase subunit of the SWI/SNF chromatin
remodeling complex, co-occupy a number of loci, suggesting that Cdx family members regulate target
gene expression through alterations in chromatin architecture. Consistent with this, we demonstrate loss
of Brgl occupancy and altered chromatin structure at several cardiogenic genes in Cdx-null mutants.
Finally, we provide evidence for an onset of Cdx2 expression at E6.5 coinciding with egression of
cardiac progenitors from the primitive streak. Together, these findings suggest that Cdx functions in
multi-potential mesoderm to direct early cell fate decisions through transcriptional regulation of several
novel target genes, and provide further insight into a potential epigenetic mechanism by which Cdx

influences target gene expression.
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INTRODUCTION

The murine Cdx genes, CdxI, Cdx2 and Cdx4, encode homeodomain transcription factors
related to caudal in Drosophila. With the exception of early expression of Cdx2 in the trophectoderm of
the pre-implantation embryo, Cdx family members are sequentially activated during gastrulation
commencing at embryonic day (E) 7.5, forming a nested expression domain in the primitive streak and
subsequently in all three germ layers of the tail bud until approximately E13.5 (Beck, et al., 1995;
Gamer and Wright, 1993; Meyer and Gruss, 1993; Strumpf et al., 2005). Cdx gene expression is then
extinguished in all tissues except the hindgut endoderm and derivative intestinal epithelium, where
Cdx1 and Cdx2 are maintained throughout adulthood (Silberg et al., 2000). Whereas Cdx2~’~ mutants
are peri-implantation lethal, owing to a requirement for this transcription factor in the trophectoderm,
Cdx1™"" and Cdx2""" mice are viable and exhibit homeotic transformations of the cervical and thoracic
vertebrae with concomitant shifts in Hox gene expression (Subramanian et al., 1995;
Chawengsaksophak et al., 1997). Cdx4-null mutants are phenotypically normal; however, the loss of
Cdx4 exacerbates Cdxl ™~ or Cdx2""~ phenotypes, indicative of functional overlap between Cdx family
members (Faas and Isaacs, 2009; Savory et al., 2011a; van den Akker et al., 2002; van Nes et al., 2006;
Young et al., 2009). The derivation and analysis of Cdx2 conditional mutants (Savory et al., 2009a;
Stringer et al., 2012) and compound mutant derivatives (van den Akker et al., 2002; Savory et al.,
2011a; Verzi et al., 2011; van Rooijen et al., 2012; Stringer et al., 2012; Grainger et al., 2010; Hryniuk
et al., 2012) further substantiated the functional overlap between family members. Analysis of these
mutants also revealed a requirement for Cdx genes in diverse processes in development and in the adult
intestinal track. These include, for example, roles for Cdx proteins in specification and development of
the intestine and its homeostasis in the adult (Beck et al., 1999, 2003; Chawengsaksophak et al., 1997,
Gao et al.,, 2009; Grainger et al., 2010; Stringer et al., 2012; Hryniuk et al., 2012), yolk sac

hematopoiesis (Lengerke et al., 2007; Wang et al., 2008; Brooke-Bisschop et al., 2017; Davidson and
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Zon, 2006; Davidson et al., 2003), neural tube closure, and elaboration of the post-otic embryo (Savory
et al., 2009a, 2011; van Rooijen et al., 2012).

Although Cdx function has been shown to be crucial for numerous developmental programs,
our understanding of the target genes governing these programs is incomplete. Cdx family members
regulate target gene transcription through binding to a cognate response element (CDRE), of the
consensus TTTATG, either in the proximity of their target genes (Suh et al., 1994; Subramanian et al.,
1995) or at distal enhancer elements (Maier et al., 2005; Taylor et al., 1997; Gaunt, 2017). Although
Cdx family members typically positively regulate transcription, there is a growing body of evidence
that suggests they can also act as transcriptional repressors. The means by which Cdx factors regulate
transcription is also poorly understood, although Cdx function has been shown to impact chromatin
architecture (Verzi et al., 2013, 2010; Saxena et al., 2017; Neijts et al., 2017), consistent with their
association with Brgl (Smarca4) and other members of the SWI/SNF chromatin remodeling complex
(Yamamichi et al., 2009; Nguyen et al., 2017).

In agreement with their functional overlap (van den Akker et al., 2002; Davidson and Zon,
2006; van Nes et al., 2006; Faas and Isaacs, 2009), Cdx family members appear comparable in their
ability to occupy, and regulate, target genes (Charité et al., 1998; Savory et al., 2009a). Targets
identified to date include a number of Hox genes, implicated in Cdx-dependent vertebral patterning
(Shashikant et al., 1995; Charité et al., 1998; Subramanian et al., 1995; Pownall et al., 1996; Isaacs et
al., 1998; van den Akker et al., 2002; Gaunt et al., 2003, 2008), Cyp26A1, which is essential for
catabolism of retinoic acid (RA) and crucial for the maintenance of a caudal progenitor population
driving axial elongation (Wingert et al., 2007; Savory et al., 2009a; Young et al., 2009; Martin and
Kimelman, 2010), genes encoding products involved in intestinal differentiation and homeostasis

(Beck et al., 1999, 2003; Chawengsaksophak et al., 1997; Gao et al., 2009; Grainger et al., 2010;
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Hryniuk et al., 2012), and targets necessary for yolk sac hematopoiesis (Davidson et al., 2003;
Davidson and Zon, 2006; Lengerke et al., 2007; Wang et al., 2008; Brooke-Bisschop et al., 2017).

To establish a more comprehensive understanding of Cdx function during mouse development,
we conducted chromatin immunoprecipitation coupled with deep sequencing (ChIP-seq) using material
from E8.5 embryos. This analysis revealed Cdx2 to be highly enriched at the loci of genes encoding
numerous transcription factors, among which were a number of transcription factors involved in
hematopoiesis and cardiogenesis. Consistent with this, we found that loss of Cdx function leads to heart
anomalies and misexpression of several cardiogenic genes, including gain of expression of cardiac
markers in Cdx mutant yolk sacs concomitant with loss of expression of genes involved in yolk sac
hematopoiesis. Finally, Brgl, a catalytic subunit of the SWI/SNF chromatin remodeling complex
required for mesodermal differentiation (Alexander et al., 2015) and which interacts functionally with
Cdx2 (Yamamichi et al.,, 2009; Nguyen et al., 2017), co-localized with Cdx2 at a number of
cardiogenic loci. Moreover, Brgl binding and chromatin structure was altered at these genes in Cdx
mutants. As Cdx is essential for yolk sac hematopoiesis (Davidson and Zon, 2006; Davidson et al.,
2003; Lengerke et al., 2007; Wang et al., 2008; Brooke-Bisschop et al., 2017), these findings suggest
that Cdx function regulates chromatin remodeling events necessary for the coordinated expression of
transcription factors that direct hematopoietic versus cardiac fates from a common progenitor

population.
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RESULTS
Cdx2 occupancy is enriched at transcription factor loci

To understand the means by which Cdx family members regulate developmental programs,
Cdx2 occupancy in the E8.5 embryo was assessed by chromatin immunoprecipitation followed by deep
sequencing (ChIP-seq). Of the 13,991 total peaks returned from this analysis, Cdx2 binding was found
to be distributed primarily in introns (32% of peaks) and proximal to transcriptional start sites (20% of
peaks; Figure 33A, B). Genomic regions associated with Cdx2 occupancy were also highly enriched for
canonical CDREs (Figure 33C; Dearolf et al., 1989; Suh et al., 1994; Subramanian et al., 1995).

Putative Cdx target genes were selected for further analyses using a minimum peak score of 800
as a cut-off, based on our recovery of previously characterized Cdx2 targets with peak scores ranging
from 800 (e.g. DI/1; Grainger et al., 2012) to 3100 (e.g. Sc/; Savory et al., 2011a; Brooke-Bisschop et
al., 2017). Gene ontology (GO) term enrichment analysis was conducted using the 441 peaks annotated
to a reference gene that met this threshold. This analysis revealed that Cdx2-occupied loci were
significantly enriched for genes involved in transcription, positive and negative regulation of gene
expression, and cell fate commitment (Figure 33D), suggesting that Cdx2 coordinates the expression of
gene regulatory networks essential to embryonic development. Consistent with this, 226 of the 441
peaks were associated with genes encoding factors related to regulation of transcription, and six
corresponded to genes involved in signaling pathways (Wnt3, Wnt7b, Wntll, Cyp26A41, Bmp2 and
DIII). This analysis likely excluded potential candidate targets, owing to the relatively high stringency
used for cutoff, as well as additional targets that may not be accessible at the developmental stage
employed for this analysis. It is, however, interesting to note that a number of annotated peaks that fall

below the cutoff are also enriched for genes encoding transcription factors and signaling molecules

(Table 1).
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Among transcription-related targets, Cdx2 was enriched at a number of Hox genes (e.g. Hoxal,

Hoxa2, Hoxbl, Hoxb2, Hoxb13, Hoxc4 and Hoxd1), consistent with the known roles for Cdx family
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Figure 33. Cdx2 binding distribution. A. Relative distribution of Cdx2 genomic occupancy
designated as proximal (within 2 kb of a TSS), distal (2-10 kb upstream of a TSS), 5d (10-100 kb
upstream of a TSS), within gene deserts (=100 kb upstream/downstream of a TSS), or other (all

remaining peaks). B. Distribution of peak distances relative to the nearest TSS. C. Binding motifs with
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the greatest enrichment under Cdx2 peaks and their associated P-values. D. GO term enrichment
analysis of Cdx2-bound loci with peak scores of 800 or greater. A subset of GO terms with a fold

enrichment of 5 or greater were considered and sorted by log;o(P-value).

Gene Name | Peak Score Binding Region
Bmprla 346.6 Promoter TSS (NM 009758)
Wnt7b 351.89 Promoter TSS (NM 009528)
Sox6 351.38 Promoter TSS (NM_001025560)
Smad)5 509.91 Intergenic
Lmo4 488.81 Promoter TSS (NM 001161770)
Ptchl 178.92 Intergenic
Sox3 468.75 Intergenic
Isl] 423.56 Intergenic
1d2 422.99 Intergenic
Esl 411.90 Intergenic
Notch2 400.99 Promoter TSS (NM_010928)
Pax2 396.03 Intergenic
Neurog? 390.89 Intergenic
Foxal 388.42 Intergenic
DIl 386.31 Intergenic
Gsx2 377.44 Intergenic
Wnt2b 373.98 Promoter TSS (NM 009520)
Neurod? 339.47 Intergenic
Neurogl 336.61 Intergenic
Sox3 317.70 Intergenic
Lbx2 314.86 Promoter TSS (NM_010692)
Hoxbl 312.16 Intergenic
Fgf8 308.96 Intergenic
Foxa? 308.16 Intergenic
Esx1 306.91 Intergenic
Nkx3 2 305.43 Intergenic
Bmprlb 301.93 Intergenic
Smad3 297.39 Promoter TSS (NM 016769)
Thx3 293.08 Intergenic
Thx20 292.35 Intergenic
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Table 1. Select transcription and signaling factors with peak scores below 800. Select genes

occupied by Cdx2 with a peak score of 800 or greater and the associated genomic peak location.

members in vertebral patterning through regulation of Hox gene expression (Subramanian et al., 1995;
Charité et al., 1998; van den Akker et al., 2002; Shashikant et al., 1995; Pownall et al., 1996; Isaacs et
al., 1998; Gaunt et al., 2003, 2008). Certain transcriptional regulators of tissue patterning and
specification were also enriched for Cdx2 occupancy (e.g. Twistl, Irx2, Gsc, Pitxl, Paxl, Pax3, Pax9,
Alx3, Sox1, Sox2, Foxa2 and Foxd3).

As previously described (Wang et al., 2008; Brooke-Bisschop et al., 2017), ChIP-seq identified
Scl (Tall), which encodes a master regulator of hematopoiesis, as a Cdx2 target (Figure 34A;
Shivdasani et al., 1995; van Handel et al., 2012; Org et al., 2015). In addition, other regulators of yolk-
sac hematopoiesis, including Lyll, Lmo2 and Meisl, showed significant Cdx2 binding (Figure 34A).
Of particular note was the finding of a number of genes encoding cardiogenic transcription factors that
were highly enriched for Cdx2 occupancy. Such genes encompassed some of the earliest known
markers of cardiac progenitors, including Gata4, Nkx2-5, Thx5 and Isll, as well as genes required for
cardiac looping, such as Handl and Hand?2 (Figure 34B; reviewed by Srivastava, 2006).

We validated Cdx2 binding by ChIP-PCR within the genomic loci of select cardiac
transcription factors, using primers flanking canonical CDREs within Cdx2 ChIP-seq peaks and
chromatin isolated from E8.5 embryos (Figure 34C). This analysis confirmed Cdx2 occupancy at a
number of cardiac gene loci, including 7hx5, Gata4, Handl and Hand?2 (Figure 34D). Cdx2 binding to
the promoter region of Cyp26A41, a previously characterized Cdx2 target (Savory et al., 2009a), was
included as a positive control. Exon 4 of Wnt3a is not occupied by Cdx2 (Nguyen et al., 2017) and no
increase in Cdx2 binding relative to IgG was seen at this region. Additionally, Mef2c, a cardiac marker

specific to the second heart field (Verzi et al., 2005), was found to have a peak score of only 56.26 in
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Figure 34. Enriched Cdx2 binding at hematopoietic and cardiac gene loci. A, B. Genes enriched
for Cdx2 binding with known roles in hematopoiesis (A) or cardiogenesis (B) identified by ChIP-seq.
Peak scores, indicative of the level of Cdx2 binding above background, are noted. C. Schematics of
CDREs, identified using TRANSFAC analysis of sequences under ChIP-seq peaks. Regions of
complementarity for ChIP-PCR primers flanking CDREs (blue triangles) are indicated by red arrows.
D. Validation of Cdx2 binding at cardiac loci by ChIP-PCR using primers described in C. Error bars
represent s.e.m. from three biological replicates. Cyp26A41 was used as a positive control and Wnt3a

Exon4 and Mef2c as negative controls. *P<0.05 (determined by two-tailed t-test).
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the ChlP-seq dataset, and was not detected by ChIP-PCR. Thus, this locus served as a cardiac-specific

negative control for Cdx2 binding in these experiments.

Cdx function is required for normal cardiac gene expression and heart tube morphogenesis

Cdx2"" Actin::Cre-ER” mutants (Savory et al., 2009a) were crossed with germline CdxI-nulls
(Subramanian et al., 1995), generating Cdx! ' Cdx2" Actin::Cre-ER" compound mutants as
previously described (Savory et al., 2011a). Post-implantation Cdx/-Cdx2 compound conditional null
mutants (hereafter referred to as DKO) lose expression of Cdx4, becoming functionally Cdx-null and
thus circumventing both the peri-implantation lethality of Cdx2-null mutation and functional overlap
between family members (Savory et al., 2011a, 2009a; van den Akker et al., 2002; van Nes et al., 2006;
Young et al., 2009). DKO mutants in which Cdx2 deletion was induced at E5.5 (i.e. prior to the normal
onset of embryonic Cdx expression) developed beating heart tubes at E9.5 but exhibited a distended
pericardial sac and aberrant heart tube morphology, and typically died at E10.5 (Savory et al., 2011a;
Figure 35A). Additionally, in situ hybridization (ISH) revealed that the ventricular marker Mic2v
(Myl2) (Franco et al., 1999) was reduced in intensity and spatially restricted in the mutant heart tubes
relative to controls (Figure 35B).

The heart defects observed in DKO mutants were variable, potentially as a result of differences
in the embryonic stage at which Cdx2 deletion was induced. To investigate this, tamoxifen was
administered at E4.5 to assess whether loss of Cdx function at an earlier stage might exacerbate the
cardiac phenotype. This earlier deletion, however, resulted in fully penetrant embryonic lethality, likely
because of the requirement for Cdx2 during implantation (Chawengsaksophak et al., 1997). Although
tamoxifen treatment at E6.5 also resulted in cardiac defects (Figure 36), these were less severe than
those elicited by Cdx2 deletion at ES.5, suggesting a narrow developmental window during which loss

of Cdx function impacts heart development.

64



E Ctl DKO

Figure 35. Cardiac defects and altered expression of heart field markers in Cdx mutants. A.
Morphological changes to the heart tube in E9.5 Cdx mutants (DKO) relative to a stage-matched
control (Ctl). Bottom panels show enlarged images with the heart tubes indicated by dashes. B. In situ
hybridization for Mic2v in E9.5 DKO embryos and a stage-matched control (Ctl). Images are
representative of 3/3 controls and 2/2 mutants. C. In situ hybridization analysis of Nkx2-5 expression in
E8.5 wild-type (Ctl) and DKO embryos. Nkx2-5 expression was affected in 4/4 DKO embryos, and
only 1/6 controls. D. In situ hybridization analysis of 7bx5 in E8.5 Ctl and DKO embryos. Thx5
expression was affected in 3/3 DKO embryos, compared with 5 controls with normal expression. E. In
situ hybridization analysis of 7bx5 in E9.5 Ctl and DKO embryos. 7bx5 expression was affected in 1/2
DKO embryos compared with 7 normal controls. For each experiment, embryos were stage-matched

and processed in parallel. Scale bars: 0.5 mm.
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E6.5 tam

Figure 36. Tamoxifen-mediated Cdx deletion induces a cardiac phenotype. Cardiac defects in E9.5
mutants treated with tamoxifen at E6.5 compared to stage-matched control. Scale bars, 0.5mm (top)

and 0.25mm (bottom). Images are representative of 8-9 mutants and 4/7 wild type controls.

To characterize further the effect of Cdx loss of function on cardiogenesis, the expression of
Nkx2-5 and Tbx5, early markers of cardiac progenitors (Bruneau et al., 1999; Komuro and Izumo,
1993; Lints et al., 1993) and highly enriched for Cdx2 occupancy (Figure 34B), were assessed by ISH.
At E8.5, Nkx2-5 transcripts were distributed in a triangle-like expression domain in DKO embryos
rather than the cardiac crescent labeling typically observed in controls (Figure 35). At this stage, 7hx5
transcripts were also localized to the cardiac crescent in control embryos, whereas DKO mutants
exhibited broader lateral distribution of Thx5-positive cells that tapered toward the midline (Figure
35D). At E9.5, Thx5 expression in DKO embryos was even less spatially restricted relative to controls
(Figure 35E), consistent with prior observations in cdx/a/4-deficient zebratish embryos (Lengerke et

al., 2011).

Cdx represses cardiac gene expression in the yolk sac
Prior work has shown that Cdx function is required for proper yolk sac vascularization and

hematopoiesis, and this may occur, in part, through Cdx-dependent regulation of Sc/ expression
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(BrookeBisschop et al.,, 2017; Wang et al., 2008). In this regard, both cardiac and yolk sac
hematopoietic progenitors are derived from a common pool of multi-potential Mesp!™ mesodermal
precursors (Chan et al., 2013). Mespl™ mesoderm fated to give rise to early blood lineages must
therefore initiate the expression of a hematopoietic gene expression program while simultaneously
repressing the expression of genes involved in cardiogenesis (Chan et al., 2013). To determine whether
the loss of hematopoietic potential in DKO mutant yolk sacs is accompanied by ectopic cardiac
differentiation, indicative of a fate switch in the absence of Cdx, cardiac gene expression was assessed
by qRT-PCR in E8.5 and E9.5 DKO yolk sacs and compared with littermate controls. Ectopic
expression of 7hx5 was observed in mutant yolk sacs at both stages (Figure 37A), consistent with a role
for Cdx in repressing cardiac differentiation in this lineage. In contrast, variable changes in expression
were observed for yolk sac Nkx2-5 and cTnT (Tnnt2) (Figure 37B, C), suggesting that such Cdx-

dependent repression may be specific to 7bx35.

Mesodermal Cdx function is essential for heart tube morphogenesis

In addition to mesoderm-intrinsic processes, signals from both the endoderm and the ectoderm
impact heart development (Zaffran and Frasch, 2002). As the conditional mouse model employed here
uses a CMV-Actin::Cre-ER” transgene to induce global Cdx2 gene deletion, the loss of Cdx function on
cardiogenesis may occur through non-mesodermal pathways. To investigate this, we utilized a Mesp1-
Cre knock-in allele (Mespl™“™; Saga et al., 1999) to effect Cdx2 deletion. Mesp! expression initiates
at E6.5, and descendant cells contribute to cardiac progenitors of both the first and second heart fields,
hematopoietic and endothelial progenitors in the yolk sac, and myogenic mesoderm (Devine et al.,
2014; Chan et al., 2013; Saga et al., 1999).

At E11.5, Cdx1™" Cdx2""Mesp1™“" mutants appeared smaller than littermate controls, lacked

red blood cells, exhibited a malformed heart with pericardial edema (Figure 38A), and were never
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Figure 37. Cardiac genes are ectopically expressed in Cdx-deficient yolk sacs. A-C. 7bx5 (A),
Nkx2-5 (B) and ¢TnT (C) expression levels were assessed in E8.5 and E9.5 yolk sacs collected from
DKO or littermate control (WT) embryos by qRT-PCR or RT-PCR. Error bars represent s.e.m. from a

minimum of three independent experiments. *P<0.05 (determined by two-tailed t-test).
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recovered beyond E12.5. E8.0 Cdx1 ™"~ Cdx2"*Mesp1™'“" mutants and littermate controls were assessed
for Nkx2-5 expression, which marks cardiac progenitors of both the first and second heart fields
(Stanley et al., 2002). In contrast to Cdx DKO mutants, Nkx2-5 expression in these embryos was
indistinguishable from controls (Figure 38B), suggesting that the cardiac defects observed in
Cdx1™"Cdx2"" Mesp1™"* mutants either manifest after E8.0, or occur through mechanisms that do not
impact Nkx2-5.

In E9.5 embryos, expression of Mlc2v was comparable in the prospective ventricles in
Cdx1™"Cdx2"" Mesp1™“"* mutants and littermate controls (Figure 38C, D). However, the positioning
of the heart was affected in the mutants, which also exhibited a narrowed outflow track (Figure 38D,
arrowhead) and underdevelopment of the right ventricle. These observations suggest that Mespl”/"-
mediated deletion of Cdx2 results in a milder cardiac phenotype than that elicited by CMV-
Actin::CreER”. Consistent with this, although the tail buds of E9.5 CdxI ™"~ Cdx2""Mesp1™" embryos
were foreshortened relative to controls, they did not exhibit the severe axial truncation consistently
observed in DKO mutants (Figure 38C; Savory et al., 2011a). These differences may be due to Cdx
deletion in axial progenitors in the tail bud of Cdx! ™~ Cdx2"* CMV-Actin::CreER" mutants, whereas
MespI™“" is not anticipated to impact this niche (Saga et al., 1999; Chan et al., 2013).

Cre-negative Cdx! '~ Cdx2"" embryos did not display obvious cardiac defects, nor did Cre”
littermates heterozygous for Cdx2 (CdxI™~Cdx2"*Mesp1™“"; data not shown), consistent with prior
findings (Subramanian et al., 1995; van den Akker et al., 2002). These defects were also not induced by

expression of Cre alone in either model (MespI-Cre or CMV-Actin::CreER"), with or without

tamoxifen treatment (data not shown).
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Figure 38. Aberrant cardiac morphogenesis in CdxI” Cdx2"*MespI”“* mutants. A.
Representative images of a Cdx!~~ Cdx2" " MespI™“" mutant and littermate control (Ctl) at E11.5. An
enlarged view of the mutant heart shown in the panel below illustrates a distended pericardial sac,
malpositioning of the heart, and the absence of blood typical of these mutants. Images are
representative of 7/9 mutants and 14 littermate controls. fb, forelimb bud; h, heart. B-D. In situ
hybridization analysis of Nkx2-5 and Mlc2v in Cdxl ™ Cdx2""MespI™“ mutants and littermate
controls. Images are representative of 1 mutant and 8 littermate controls for Nkx2-5 staining, and 2/3
mutants and 5 littermate controls for Mic2v staining. Axial truncation in E9.5
Cdx1™"Cdx2™ MespI™“" mutants is shown in D. Arrowhead indicates the outflow tract, which is
narrowed in the Cdxl " Cdx2"" Mespl € mutant, as demonstrated by the dashed line. E.
Representative images of Cdx/ 7 Cdx2" Tie2-Cre (n=3) and littermate control (n=3) yolk sacs at
E10.5. F. Representative images of 4/4 Cdxl~'~Cdx2""Tie2-Cre mutant embryos and 1/1 littermate
control at E10.5. Scale bars: 0.25 mm (B, C); 0.5 mm (D); 1 mm (A, bottom); 2 mm (A, top; E, F).
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Cardiogenesis requires Cdx function in the yolk sac

In addition to aberrant cardiac morphogenesis, Cdx! ™~ Cdx2" Mespl™“* mutants exhibited
defective yolk sac vascularization similar to that observed in DKO mutants (Figure 39; Brooke-
Bisschop et al., 2017). Deficiency in yolk sac hematopoiesis can lead to pericardial edema (Shivdasani
et al., 1995; Moser et al., 2004). It is therefore possible that the cardiac defects in Cdx mutants are

secondary to the failure of yolk sac hematopoiesis. To assess this, a Tie2“"

transgenic line, in which
expression of the Cre recombinase is largely restricted to endothelial and hematopoietic lineages (Tang
et al., 2010), was used to delete Cdx2 in a CdxI-null background as previously described (Brooke-
Bisschop et al., 2017). In addition to being smaller than littermate controls and deficient in yolk sac
hematopoiesis (Figure 38E, F; Brooke-Bisschop et al., 2017), Cdx!~ Cdx2" Tie2™* embryos
displayed aberrant cardiac morphology at E10.5, with distended pericardial sacs and a narrow,
misshapen heart tube (Figure 38F). It may be that the loss of Cdx function impacts cardiac
development secondary to yolk sac hematopoiesis; however, misexpression of 7bx5 and Nkx2-5 in
DKO mutant embryos was observed at E8.5, before circulatory defects are anticipated to influence
cardiac morphogenesis. Furthermore, Cdx2 binding occurs at the genomic loci of a number of cardiac
targets, also at E8.5 (Figure 33B-D). Although it is impossible to distinguish between the two, these

data suggest that the aberrant cardiac morphogenesis observed in Cdx mutants likely results from a

combination of defects that are both primary and secondary to Cdx deletion.

Cdx2 expression is coincident with cardiac progenitor specification

Cdx2 expression has been reported in the chorion, ectoplacental cone, primitive streak and
allantois as early as E7.5 (Beck et al., 1995); however, the contribution made by Cdx2" cells and their
descendants to the cardiac lineage is unknown. Moreover, this pattern of Cdx2 expression is

inconsistent with a role in cardiac mesoderm specification from Mespl  progenitors, which commences
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at E6.5 (Saga et al., 1996; 2000; Bondue et al., 2008). To address these discrepancies, we analyzed
single cell RNA-seq data generated by Scialdone and colleagues (Scialdone et al., 2016), which
revealed that Cdx2 transcripts are indeed present in the murine embryo as early as E6.5 (Figure 40A-
D). Cdx1 transcripts were also identified at this stage, whereas Cdx4 transcripts were rare (Figures 41,
42). Cdx2" cells were found within the epiblast at E6.5 in nascent mesoderm, posterior mesoderm,

allantois and blood progenitors, among others (Figure 40C). Whole-mount immunohistochemistry also

Cdx1-Cdx2FF
ctl Mesp1+cre

r

E10.5

E8.5

Figure 39. Disrupted yolk sac vascularization in CdxI”"Cdx2"Mespl1”“* mutants. CdxI™”
Cdx2"* Mesp]” ¢ and littermate control embryos with affixed yolk sacs collected at E10.5, E8.5, and
E9.5 and DAB stained. Scale bars, 2mm (top panel) and 0.5mm (middle and bottom panel). Images at
E10.5 are representative of 3/4 mutants and 7/7 controls; E9.5, 2/3 murtants and 3/3 controls; ES8.5, 1/1

mutant and 4/4 controls.
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revealed Cdx2 in the E6.5 embryo, including the anterior region of the primitive streak (Figure 40E),
corresponding with the region associated with cardiac mesoderm specification and egression. In
addition, Cdx2 transcripts were detected in E6.5 embryos by RT-PCR in both embryonic and
extraembryonic material (Figure 40F), and Cdx/, and to a lesser extent Cdx4, were also expressed
(Figure 43). Consistent with previous reports (Beck et al., 1995; Mcdole and Zheng, 2012), Cdx2 levels
were more robust at E7.5 (Figure 40E). Taken together, these data demonstrate that Cdx2 is present in
the appropriate region and at the appropriate developmental stage to be able to impact cardiac
progenitors directly.

Cdx2-positive cells frequently co-expressed Mesp! (Figure 40G), but rarely expressed 7bx5 or
Mef2c, markers of the first and second heart fields, respectively (Figure 401,J; Bruneau et al., 1999;
Verzi et al., 2005). Although there was a weak correlation between Cdx2 expression and that of
additional heart markers (Figure 44), these genes, as well as Cdx, are also expressed in other
mesodermal lineages. Correlations between Cdx/ or Cdx4 expression and the expression of Mespl,
Thx5 and Mef2c were similar to those observed between Cdx2 and these transcripts (Scialdone et al.,
2016; data not shown), in agreement with functional overlap among Cdx family members. Conversely,
a subset of Cdx2" cells co-expressed Sc/ (Figure 40H) and other hematopoietic markers (Figure 44).
Taken together, these data are consistent with a role for Cdx2 in repressing cardiogenic, and promoting

hematopoietic, differentiation in Mespl " progenitors.

Cdx2 co-occupies cardiogenic loci with Brgl

Brgl, the catalytic subunit of the SWI/SNF chromatin remodeling complex, is required for
mesoderm induction and cardiac progenitor specification in differentiating embryonic stem cells
(ESCs; Alexander et al., 2015), as well as heart development (Stankunas et al., 2008; Hang et al.,

2010). Cdx2physically associates with Brgl, and other members of the SWI/SNF complex, and Cdx2-
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Figure 40. Cdx2 is expressed in mesodermal progenitors. A. Schematic of embryonic development
between E6.5 and E7.75 corresponding to the time points at which single cell RNA-seq (Scialdone et
al., 2016) was performed as shown in B, C. Red circles represent cardiac progenitors as they are
specified and migrate anterolaterally to form the heart fields. HF, head fold; NP, neural plate; PS,
primitive streak. B. Cdx2 transcripts in cells isolated from embryos at E6.5 (epiblast, blue), primitive
streak (E7.0, purple), head fold (E7.5, green) and neural plate (E7.75, red) stages. C. Cells in B were
color-coded according to cell lineage as indicated in the key. tSNE, t-distributed stochastic neighbor
embedding. D. Cdx2 transcript abundance was plotted as log expression according to embryonic stage
using the single cell RNA-seq dataset generated by Scialdone and colleagues (Scialdone et al., 2016).
E. Immunohistochemistry illustrating the presence of Cdx2 protein in the primitive streak region of
wild-type embryos at E6.5-E7.5. Scale bars: 0.25 mm. F. Left: Image of an E7.5 embryo with the
boundary between the embryo proper and the extra-embryonic region indicated by a dashed line. Right:
Cdx2 transcripts were detected in both embryonic and extra-embryonic material from independent E6.5
embryos by RT-PCR. B-Actin was used as a loading control. G-J. Single cell RNA-seq data (Scialdone
et al., 2016) was used to assess correlations between cells expressing Cdx2 and Mespl (mesoderm; G),
Thx5 (first heart field; 1), Mef2c (second heart field; J), or Sc/ (hematopoietic progenitors; H) between
E6.5 and E7.75.
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Figure 41. Cdx1 expression in E6.5-E7.75 embryos by single-cell RNA-seq. A. Cdx/ transcripts
were detected in cells isolated from embryos at E6.5 (epiblast, blue), primitive streak stage (E7.0,
purple), neural plate stage (E7.5, green), and head fold stage (E7.75, red) embryos (Scialdone et al.,
2016). B. Cdx1 transcripts were detected in cells associated with a number of progenitor lineages,
including epiblast cells (turquoise), nascent mesoderm (blue), posterior mesoderm (orange), pharyngeal

mesoderm (green), endothelium (red), blood progenitors (yellow), and extraembryonic ectoderm

(pink).
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Figure 42. Cdx4 expression in E6.5-E7.75 embryos by single-cell RNA-seq. A. Cdx4 transcripts
were detected in cells isolated from embryos at E6.5 (epiblast, blue), primitive streak stage (E7.0,
purple), neural plate stage (E7.5, green), and head fold stage (E7.75, red) embryos (Scialdone et al.,
2016). B. Cdx4 transcripts were detected in cells associated with a number of progenitor lineages,
including epiblast cells (turquoise), endothelium (red), allantois (black), nascent mesoderm (Blue), and

posterior mesoderm (orange).
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Figure 43. Cdx1, Cdx2, and Cdx4 are expressed in E6.5 whole embryos. Cdx/, Cdx2, and Cdx4

transcripts were detected in pooled litters of E6.5 embryos by RT-PCR. S-Actin was used as a loading

control. RT-PCR images are representative of four independent experiments in which similar results

were obtained.
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Figure 44. Cdx2 expression relative to cardiac and hematopoietic marker genes in E6.25-7.5

embryos. Correlation plots were generated using a single-cell RNA-seq dataset generated by Scialdone

and colleagues (Scialdone et al., 2016) using E6.25-7.5 whole embryos to demonstrate co-expression of

Cdx2 and select cardiac (A) and hematopoietic (B) transcripts.

78



dependent expression of at least some targets is associated with chromatin remodeling events (Nguyen
et al., 2017; Verzi et al., 2010, 2013). To determine whether a similar association between Cdx2 and
Brgl was observed at cardiogenic loci, the Cdx2 ChIP-seq data were intersected for Brgl chromatin
occupation derived from ChIP-seq analysis of ESCs at the mesoderm stage of directed differentiation to
cardiomyocytes (Alexander et al., 2015). This exercise revealed a number of cardiac loci occupied by
both Cdx2 and Brgl, including 7bx5, Nkx2-5, Gata4, Handl and Hand2, whereas the Is/] locus was
occupied by Cdx2 only (Figure 45A).

To determine whether Brgl occupies Cdx2-bound cardiac genes in a Cdx-dependent manner,
ChIP-PCR was performed for Brgl, comparing wild-type with DKO embryos at E9.5 (Figure 45B).
Brgl binding was impaired within Cdx2-occupied regions of 7bx5, Gata4 and Nkx2-5 genes as well as
the previously characterized Cdx targets Cyp2641 and DI/l (Savory et al., 2009a; Grainger et al.,
2012). These findings are consistent with a model whereby Cdx2 recruits Brgl to select cardiac targets
to regulate gene expression via SWI/SNF chromatin remodeling.

To determine whether impaired Brgl binding to cardiac targets results in altered chromatin
organization, formaldehyde-assisted isolation of regulatory elements (FAIRE)-PCR was used to
compare chromatin accessibility between wild type and DKO mutants. Given the ectopic cardiac gene
expression observed in yolk sacs, and that hematopoietic yolk sac mesoderm shares a common Mespl "
progenitor with the cardiac lineage, yolk sacs from wild-type and DKO embryos at E9.5 were used for
these experiments. Changes in chromatin accessibility at Cdx2-occupied CDREs were observed at
Thx5, Gata4 and Nkx2-5 loci, whereas accessibility at the f-actin locus remained unaffected in DKO
yolk sacs, and thus served as a negative control (Figure 45C). Although these changes were variable
and did not reach statistical significance, likely owing to the cellular heterogeneity of the yolk sac, they
are consistent with Cdx-dependent chromatin organization and in agreement with prior observations in

other systems (Verzi et al., 2010, 2013; Nguyen et al., 2017; Saxena et al., 2017).
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Figure 45. Cdx2 and Brgl co-occupy cardiac transcription factor loci. A. Brgl ChIP-seq tracks
from ESCs at the mesoderm stage of directed differentiation to cardiomyocytes (Alexander et al., 2015)
were intersected with Cdx2 ChIP-seq data from E8.5 embryos at Thx5, Nkx2-5, Gata4, Handl, Hand2
and Is/] genes. Brgl tracks are outlined in red with regions of enriched binding indicated by black
vertical bars; Cdx2 tracks are indicated below in blue. B. ChIP-PCR experiments assessing Brgl
binding at Cdx2-occupied cardiac loci in wild-type (WT) and DKO embryos at E9.5. Graphs are
representative of two independent experiments in which similar results were obtained. C. FAIRE-PCR-
mediated assessment of chromatin accessibility in wild-type and DKO yolk sacs at E9.5. Values were
normalized to input. Error bars represent s.e.m. from a minimum of three independent experiments. /-

Actin was used as a negative control.
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DISCUSSION

ChIP-seq analysis of Cdx2 occupancy in E8.5 embryos revealed a marked enrichment at loci
encoding transcription factors, suggesting that Cdx coordinates gene regulatory networks essential to
numerous developmental processes, a finding consistent with the complex phenotype of Cdx-null
mutants (Beck, et al., 1995; Gamer and Wright, 1993; Meyer and Gruss, 1993; van den Akker et al.,
2002; Strumpf et al., 2005; Savory et al., 2009a, 2011; van Rooijen et al., 2012). A subset of these
transcription factors are involved in cardiogenesis and hematopoiesis, both of which are known roles
for Cdx (Lengerke et al., 2007; Wang et al., 2008; Brooke-Bisschop et al., 2017). Cardiac defects
observed in Cdx DKO embryos, together with altered gene expression patterns, suggest that Cdx
function is required for normal heart development, potentially governing fate decisions between
hematopoietic and cardiac lineages from a common progenitor pool. Finally, Brgl was recruited to a
subset of cardiogenic loci in a Cdx-dependent manner. Together with the finding of altered chromatin
architecture at some of these genes, these observations lead us to propose a model in which Cdx
factors, transiently expressed in mesodermal progenitors within the primitive streak, occupy the loci of
fate-determining transcription factors with Brgl and the SWI/SNF complex, leading to establishment
of the chromatin architecture required for the fidelity of subsequent gene expression programs at later

developmental stages (Figure 46).

Cdx2 as a master developmental regulator

ChIP-seq analysis revealed that many of the robust Cdx2 peaks localized to transcription factor
loci. Consistent with this, GO terms highly over-represented in this dataset included ‘transcription’,
‘positive and negative regulation of gene expression’ and ‘cell fate determination’, suggesting that
Cdx2 impacts the expression of a number of transcriptional networks implicated in development.

Indeed, transcription factors represented 226 of the 441 annotated peaks exhibiting binding above the
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Figure 46. Proposed model for Cdx function in early mesoderm. Cdx recruits Brgl and the
SWI/SNF complex to cardiac loci in wild-type Mesp! ™ mesoderm, resulting in chromatin remodeling
and subsequent gene silencing. This, in turn, maintains the balance between differentiation to cardiac
and hematopoietic lineages from Mesp! " precursors. In Cdx DKO mutants, Brgl is no longer recruited
to cardiac targets, which results in increased chromatin accessibility and ectopic cardiac gene

expression, perturbing the balance between commitment to hematopoietic and cardiac cell fates.
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threshold of 800. This association is further reflected in some of the phenotypes exhibited by Cdx
mutants. For example, Cdx]~~ and Cdx2"~ mice and compound mutant derivatives thereof typically
display vertebral homeotic transformations associated with altered expression of Hox target genes
(Subramanian et al., 1995; Chawengsaksophak et al., 1997). Cdx DKO and triple-knockout mutants
exhibit precocious axial truncation, which may be ascribed, at least in part, to illicit RA signaling in the
tailbud caused by loss of Cyp26A1 expression (Savory et al., 2009a; Young et al., 2009; Martin and

Kimelman, 2010).

Cdx and mesodermal specification

Cdx2 was found to be resident at a number of genes encoding regulators of yolk sac
hematopoiesis, consistent with previous work underscoring a requirement for Cdx in hematopoiesis in
diverse vertebrate species (Brooke-Bisschop et al., 2017; Lengerke et al., 2007; Davidson and Zon,
2006; Davidson et al., 2003; Wang et al., 2008). In the present study, Cdx2 binding was also enriched
at the loci of numerous cardiogenic transcription factors (e.g. Nkx2-5, Thx5, Gata4, Isll, Handl and
Hand?).

Prior work has suggested a role for Cdx in early mesoderm fate decisions (Mendjan et al.,
2014), including suppression of cardiogenesis (Lengerke et al., 2011; Rao et al., 2016). Although the
basis underlying these observations is poorly understood, occupancy of cardiogenic and hematopoietic
transcription factors by Cdx2, coupled with ectopic cardiogenic gene expression in DKO mutants, is
consistent with a role for Cdx2 in suppressing cardiogenesis and promoting hematopoietic gene
expression programs within a common Mespl  mesodermal precursor, an event believed to occur
during early gastrulation at E6.5 (Saga et al., 1999; Chan et al., 2013). However, the onset of Cdx gene
expression in the embryo proper is reported to occur at around E7.5 (Beck et al., 1995; Gamer and

Wright, 1993; Meyer and Gruss, 1993; Strumpf et al., 2005), and is therefore inconsistent with a role in
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this specification event. Recent single cell RNA-seq performed and published by Scialdone et al.
(2016) suggests that these early Mespl+ progenitors do, in fact, express Cdx family members as early
as E6.5. This was further supported by whole-mount immunohistochemistry, which revealed Cdx2
protein in the primitive streak at E6.5, thus placing Cdx in the appropriate developmental context to
influence early Mespl+ mesoderm specification events. Furthermore, an onset for Cdx function at the
early primitive streak stage supports previously described roles for Cdx family members in early post-
otic embryonic development (van Rooijen et al., 2012; Chawengsaksophak et al., 2004, 1997; Savory
et al., 2009a; Amin et al., 2016; Subramanian et al., 1995) and craniorachichisis (Savory et al., 2011a).

In contrast to its role at hematopoietic loci, Cdx2 occupancy at cardiac loci is likely inhibitory,
as previous studies using directed differentiation of mouse and human ESCs in vitro demonstrated
increased differentiation to cardiac fates in the absence of Cdx function (Lengerke et al., 2011; Rao et
al., 2016) and decreased cardiac gene expression in models of Cdx gain of function (Lengerke et al.,
2011). Consistent with this, single cell RNA-seq revealed that all three Cdx family members are
expressed in Mespl+ progenitor cells in the mouse, but are not co-expressed with 7hx5 or Mef2c,
suggesting that Cdx expression is incompatible with the acquisition of a cardiac fate. A role for Cdx in
suppressing cardiogenesis is further evidenced by ectopic Nkx2-5 and 7hx5 expression in the cardiac
crescent of DKO mutants, and ectopic 7hx5 expression in DKO yolk sacs.

Our observation that 7hx5 expression is misregulated in DKO mutants is consistent with
previous work in zebrafish that revealed expanded thx5a expression in cdxla/4 compound mutants
(Lengerke et al., 2011). Moreover, ectopic 7hx5 expression in DKO mutant yolk sacs indicates that
Cdx-deficient yolk sacs maintain sufficient plasticity to be redirected to a cardiac fate. Notably, a
similar role has been described for Sc/ (Van Handel et al., 2012; Org et al., 2015), which functions
downstream of Cdx (BrookeBisschop et al.,, 2017; Wang et al., 2008; Davidson and Zon, 2006;

Davidson et al., 2003). Although Cdx may impact mesodermal cell fate decisions in part via Scl, our
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finding of direct binding of Cdx2 to numerous cardiogenic loci, together with the mis-expression of
some of these genes in DKO mutants, suggests that Cdx also plays a direct role in repressing
cardiogenic gene expression.

Although 7bhx5 expression was consistently upregulated in DKO mutant yolk sacs, random
alterations in Nkx2-5 expression suggests that Cdx factors may not repress all cardiac targets similarly
within a given context. In this regard, in the zebrafish, embryonic nkx2-5 expression remains
unaffected in Cdx mutants until they are treated with RA antagonists, suggesting that retinoid-mediated
compensatory mechanisms are necessary to effect nkx2-5 expression in the absence of Cdx (Lengerke
et al., 2011). RA signaling not only regulates Cdx/ expression (Houle et al., 2000, 2003; Prinos et al.,
2001) but is also involved in heart development, and altered retinoid signaling can lead to aberrant
cardiac mesoderm specification and subsequent defects in cardiac morphogenesis (Zile, 1998; Dickman
and Smith, 1996). This suggests that murine Cdx factors are necessary, but not sufficient, for the
regulation of certain Cdx targets, such as Nkx2-5, and that RA, or other signaling pathways, impact
expression of such genes in Cdx mutants.

Defects in yolk sac hematopoiesis, such as those observed in Cdx mutants (Brooke-Bisschop et
al., 2017; Lengerke et al., 2008; Wang et al., 2008; Davidson and Zon, 2006; Davidson et al., 2003),
can also affect cardiac development (Shivdasani et al., 1995; Moser et al., 2004). Consistent with this,
Cdx1™"Cdx2"" Tie2-Cre mutants exhibited aberrant cardiogenesis, suggesting that the absence of blood
contributes to cardiac defects in these mutants. Nevertheless, cardiac defects in DKO mutants are
preceded by altered expression of Nkx2-5 and Thx5 as early as ES8.5, likely before yolk sac
hematopoiesis is sufficiently compromised to impact heart tube morphogenesis. Furthermore, Cdx2
binding to a number of cardiac loci supports a direct role for Cdx during heart field specification and
argues against aberrant cardiogenesis in DKO mutants being entirely secondary to circulatory

deficiencies.
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Cdx factors as integrators of extracellular signaling

Although similar morphological defects were observed in Cdx mutant heart tubes produced by
CMV-Actin::CreER" and Mespl-Cre mediated recombination, perturbations in the expression of
cardiac transcription factors were only observed in CMV-Actin::CreER” mutants, arguing against Cdx
function in Mespl" progenitors as causal to these heart defects. It may be that cell Cdx-dependent non-
autonomous cues instructive to cardiac morphogenesis originating from the endoderm and/or ectoderm
are disrupted only in the CMV-Actin::CreER" mutant model. For instance, BMP2 expressed in the
endoderm (Schultheiss et al., 1997; Somi et al., 2004) is required for the formation of a heart in
zebrafish (Frasch, 1995) and Xenopus (Shi et al., 2000), as is its homolog dpp in Drosophila
(Kishimoto et al., 1997). Although cardiac mesoderm is induced in BMP2-deficient mice, subsequent
heart morphogenesis is perturbed (Zhang and Bradley, 1996). In this regard, we identified Bmp2 as a
potential Cdx2 target gene by ChIP-seq in E8.5 embryos, the stage at which the heart tube emerges and
commences looping. Thus, Cdx regulation of BMP signaling from non-mesodermal germ layers may
be preserved in Mespl-Cre driven Cdx mutants, yet lost in CMV-Actin::CreER" mutants, possibly
contributing to the stronger phenotype in the latter. Further work will be required to examine this
potential relationship.

Cdx proteins act as intermediaries that relay caudalizing signals to regulate expression of
transcription factors, such as the Hox genes (Shashikant et al., 1995; Charité et al., 1998; Subramanian
et al., 1995; Pownall et al., 1996; Isaacs et al., 1998; van den Akker et al., 2002; Gaunt et al., 2003,
2008). Consistent with this, previous work has demonstrated Wnt- and RA-dependent regulation of
Cdx family members (Houle et al., 2000, 2003; Prinos et al., 2001; Ikeya and Takada, 2001; Pilon et
al., 2006). Directed differentiation of ESCs to cardiomyocytes in vitro mimics signaling gradients in
the primitive streak, and requires an initial phase of Wnt signaling for mesoderm induction (Lindsley et

al., 2006; Gadue et al., 2006; Haegel et al., 1995), followed by Wnt inhibition to permit differentiation
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to cardiac cell fates (Lickert et al., 2002; Ueno et al., 2007; Burridge et al., 2012; Yang et al., 2008;
Murry and Keller, 2008; Marvin et al., 2001; Schneider and Mercola, 2001; Tzahor and Lassar, 2001);
continued Wnt signaling promotes mesodermal progenitor commitment to alternative lineages,
including blood (Woll et al., 2008; Wang et al., 2008; Rao et al., 2016). Such models have placed Cdx
function downstream of Wnt to repress cardiogenesis, thereby promoting differentiation to such
alternative mesodermal lineages (Lengerke et al., 2011; Mendjan et al., 2014; Rao et al., 2016). Thus,
cardiac inhibition by Cdx factors as shown here, coupled with activation of hematopoietic regulators, is

consistent with their role downstream of Wnt during mesodermal cell fate decisions.

Cdx and chromatin remodeling

Cdx2 has been shown to influence chromatin accessibility in the intestinal epithelium (Verzi et
al., 2010, 2013), and interacts with Brgl at some target loci in other models (Nguyen et al., 2017;
Yamamichi et al., 2009). Furthermore, Cdx2 appears to be required for Brgl recruitment to cardiac
genes. Chromatin organization within these regions was also disrupted in DKO yolk sacs, suggesting
that the interaction between Cdx2 and Brgl at cardiac genes impacts chromatin accessibility. It is
possible that Cdx2 recruits Brgl and SWI/SNF chromatin remodeling activity to cardiogenic loci to
establish non-permissive chromatin, thereby epigenetically silencing gene expression in non-cardiac
lineages at later developmental stages. However, not all Cdx2-bound loci were co-occupied by Brgl.
For example, at the Tbx5 gene locus, Brgl binding was robust at the Cdx2 ChIP-seq peak most distal to
the transcriptional start site (TSS), whereas the more proximal peak was occupied by Cdx2 alone
(Figure 45A). Cdx2 and Brgl were also present at the Handl locus, although Brgl-bound regions
flanked Cdx2 peaks, suggesting that these factors may both impact Handl expression, but do not co-
occupy genomic intervals at this particular gene. Conversely, Isl// was occupied by Cdx2 alone,

suggesting that regulation by Cdx at some cardiac targets might occur independent of SWI/SNF
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complex recruitment. Although we cannot exclude Brgl occupation of such genes in lineages not
surveyed here, and/or at other times, these observations suggest that Cdx2-dependent transcription
occurs through Brgl-dependent and -independent mechanisms.

In summary, the findings presented here suggest a model in which Cdx factors regulate gene
expression through epigenetic mechanisms following recruitment of the SWI/SNF complex. This
putative mechanism allows for Cdx" cells and their progeny to initiate the appropriate gene regulatory
networks at developmental stages when cell fate decisions are made, after Cdx expression is

extinguished.
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MATERIALS AND METHODS

Mice

Cdx1™"Cdx2"", CMV-Actin::CreER”, Tie2"“", and Mespl™“ mouse lines have been previously
described (Savory et al., 2009a; Santagati et al., 2005; Saga et al., 1999, 2000; Kisanuki et al., 2001;
Tang et al., 2010). Cdx!™ Cdx2"" females were paired with Cdx!™" Cdx2"" CMV-Actin::CreER"
males for timed matings, with noon of the day of vaginal plug discovery considered E0.5, and Cdx2
deletion induced with 2 mg tamoxifen in corn oil by oral gavage at E5.5. Mespl ™" or Tie2™"
animals were crossed into the CdxI " Cdx2™ line, and CdxI Cdx2" Mespl™ or
Cdx1™"~Cdx2" Tie2™“" males were paired with Cdxl "~ Cdx2"" females for timed matings, as above.
Animals were maintained according to the guidelines established by the Canadian Council on Animal

Care and Animal Care and Veterinary Services at the University of Ottawa.

Antibodies
Rabbit polyclonal anti-Cdx2 antibodies have been previously described (Savory et al., 2009b). Brgl
antibodies were purchased from Abcam (ab110641). Control rabbit IgG antibodies were purchased

from Sigma (18140).

Chromatin immunoprecipitation (ChIP) and ChIP-seq

Embryos from timed matings were dissected, crosslinked with 1% formaldehyde, and ChIP performed
as previously described (Pilon et al., 2006) with the following modifications: chromatin was sonicated
for 1-min intervals six times using a Branson Sonifier 450 at output 3 with 30% duty cycle, and 10 pg
of polyclonal rabbit-anti-Cdx2 (Savory et al., 2009b) and pre-immune rabbit-anti-IgG (Sigma) was
coupled to 200 pl of magnetic protein G Dynabeads (Invitrogen). Samples were purified using the
QIAquick PCR Purification Kit (Qiagen) and library preparation and sequencing performed by the

Genome Quebec and McGill Innovation Centre using the mm9 reference genome. ChIP experiments
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were performed as above using 5 pg of antibody against Cdx2 (Savory et al., 2009b), or IgG control
(Sigma), coupled to 50 pl of protein A/G Sepharose beads (Santa Cruz Biotechnology). DNA
purification was followed by PCR using primers directed against sequences flanking putative Cdx
response elements (CDREs), identified by TRANSFAC, within genomic intervals associated with
enriched Cdx2 occupancy as determined by ChIP-seq. Primer sequences are listed in Table 2. ChIP-seq
tracks for Brgl binding in ESCs at the mesoderm stage of differentiation to cardiomycotes in culture
(Alexander et al., 2015) were intersected with Cdx2-ChIP seq data using the UCSC genome browser

(https://genome.ucsc.edu/).

Table 2. Oligonucleotide sequences for ChIP-PCR.

Gene Name Primer Sequences
Gata4 CDREs1 Forward CACGTGCGCTCCAAAAGTC
Reverse GCCCAGAGGGGTTAACGTG
Gata4 CDREs?2 Forward GAAGTATCCCCGCAGCTGTT
Reverse AGATAGCAAAGTCTCAAAGTAGCC
Handl CDREs1 Forward GTTGTCTGAGCTTCGTCCCA
Reverse CCCGAGAGCAACTACCAGAA
Handl CDREs?2 Forward AACTTGCCCAGTCTTGACGA
Reverse GAGGTCCTTGGCTCCTATGG
Hand2 CDREs1 Forward TTAGTGTGGCCCTCTCTCCA
Reverse AAGTGTTGTGTGTATGGGGCT
Hand2 CDREs?2 Forward CCCCCGTCATTCTCTGTGTG
Reverse GGATGAGAACCACTGACTCTTT
Mef2c Forward TCCCCAAAACCCCCTATACCCT
Reverse GTAAGTATGAAAATTTGCCCT
Tbx5 CDREI Forward ACCTCTCTGTTCCTATCCAGTG
Reverse CGCTTAGTCGACCTCAAGTCTAA
Tbx5 CDRE?2 Forward GCTCGCAGCTCTCACCAAAT
Reverse AAACTAGAGGGGATGGGTGC
Wnt3a Exon4 Forward | GCCATCGCCAGTCACATGCACCTCAAGTGC
Reverse | CTACTTCGAGGTGTGCACGTCATAGACACG
Thx5 Control Region Forward ACACCAAAGCTATGACTTGTCTGGC
Reverse ATCCTTAGGTTCCTGAGCTTGACAT
Gata4 Control Region Forward AAGTCACTCCGCTCTTCTAGACAA
Reverse ATTTAGGTCAGTGTAGTAGCTT
Nkx2-5 Control Region | Forward AAGCTGCTTCATTTTTCACCCTCCTA
Reverse ACTTAAGAGTGACTTGTTTAGCTAA
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GO term analysis Cdx2

ChIP-seq peaks with peak scores greater than 800 was assembled and used for GO term enrichment
analysis. Gene IDs were uploaded to the Gene Ontology Consortium enrichment analysis tool
(www.geneontology.org/page/go-enrichment-analysis), and only those GO terms with a fold
enrichment of 5 or greater were considered. GO terms were sorted by P-value and plotted as —log;o(P-

value).

In situ hybridization

Embryos were dissected at E8.5 or E9.5 in chilled PBS, pooled according to genotype, stage-matched
based on somite number (or head morphology in cases of axial truncation) and processed in parallel as
described (Houle et al., 2000; Wilkinson et al., 1990). Probes were generated from previously
described plasmids encoding Nkx2-5 (Komuro and Izumo, 1993), 7bx5 (Bruneau et al., 1999) or Mic2v
(Molkentin et al., 1997). Whole-mount immunohistochemistry was performed using antibodies against
Cdx family members on E6.0-E7.5 embryos as previously described (Qiu et al., 1997; Savory et al.,

2009b).

Reverse-transcription quantitative PCR (RT-qPCR)

Embryos or yolk sacs were collected at E8.5-9.5 and RNA extracted using Trizol (Gibco BRL)
according to the manufacturer’s instructions. cDNA was synthesized by standard methods and
amplified by semi-quantitative RT-PCR with GoTaq (Promega) using a DNA Engine Tetrad 2 (Bio-
Rad), or by RT-qPCR using SYBR green (Promega) and the CFX 96 (Bio-Rad) thermocycler. Either /-
actin or Gapdh was used as an input control, and RT-qPCR results were analyzed using the AACt
method. Oligonucleotides (listed in Tables 3 and 4) were validated before use and dissociation curves

were considered for each amplicon to ensure specificity.
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Table 3. Oligonucleotide sequences for qRT-PCR

Gene Name Primer Sequences
Tbx5 Forward ATGGTCCGTAACTGGCAAAG
Reverse ACAAGTTGTCGCATCCAGTG
Gapdh Forward GGCCGGTGCTGAGTATGTCG
Reverse TTCAAGTGGGCCCCGGCCTT

Table 4. Oligonucleotide sequences for semi-quantitative RT-PCR

Transcript Primer Sequences
cTnT Forward CCAGCAGGCTCTTCATGC
Reverse TTCATTCAGGTGGTCGATGG
Nkx2-5 Forward CAGCAACTTCGTCAACTTTGGC
Reverse AATCTGAGGGACAGGGCATAGTGG
Cdx1 Forward ACAGAGCGGCAGGTAAAGATCTGG
Reverse GGAGACGGTGAAGCCTCAATCTTGT
Cdx2 Forward AGCCAAGTGAAAACCAGGACAA
Reverse TGCAAGGAGGTCACAGGACT
Cdx4 Forward GCATGGATGCGCAAAACTGT
Reverse CCAGAGTCACTTTGCACGGA
pB-Actin Forward GCGGGAAATCGTGCGTGACATT
Reverse GATGGAGTTGAAGGTAGTTTCGTC

RNA-seq
Single cell RNA-seq was originally performed using E6.5-E7.75 whole embryos by Scialdone et al.
(2016). Single cell read counts were downloaded from http://gastrulation.stemcells.cam.ac.uk and

plotted against expression levels of Cdx family members.

FAIRE-PCR

Experiments were performed using E9.5 yolk sacs isolated from wild-type and DKO mutant embryos.
Chromatin was sheared for seven 1-min intervals on ice using a Branson Sonifier 450 with a 30% duty
cycle on power output 3, and DNA accessibility was assessed according to previously published

protocols (Simon et al., 2012). Primers are listed in Table 5.
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Table 5. Oligonucleotide sequences for FAIRE-PCR

Transcript Primer Sequences
Gata4 CDRE1 Forward CACGTGCGCTCCAAAAGTC
Reverse GCCCCACGTCTTCTGAGATG
Gata4 CDREZ2 Forward GAAGTATCCCCGCAGCTGTT
Reverse GGGTCTGCCTCCCCAAGATC
Tbx5 CDREs1 Forward ACCTCTCTGTTCCTATCCAGTC
Reverse GCCTGGACCGATCTCCAGCT
Tbx5 CDREZ2 Forward GCTCGCAGCTCTCACCAAAT
Reverse CCTGGGGTGTTGGTGAGG
Nkx2-5 Forward CTTTCCTCTGTTCCCCTATTAGC
Reverse GGAAACTTGTTTTATGTGTG
pB-Actin Forward CCCTAAGGCCAACCGTGAAA
Reverse GTCCTATGGGAGAACGGCAG
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ABSTRACT

The extra-embryonic yolk sac contains adjacent layers of mesoderm and visceral endoderm.
The mesodermal layer serves as the first site of embryonic hematopoiesis, while the visceral endoderm
provides a means of exchanging nutrients and waste until the development of the chorioallantoic
placenta. While defects in chorioallantoic fusion and yolk sac hematopoiesis have been described in
Cdx mutant mouse models, little is known about the gene targets and molecular mechanisms through
which Cdx members regulate these processes. To this end, we used RNA-seq to examine Cdx-
dependent gene expression changes in the yolk sac. We find that loss of Cdx function impacts the
expression of genes involved in yolk sac hematopoiesis, as previously described, as well as novel Cdx2
target genes. In addition, we observed Cdx-dependent changes in PRC2 subunit expression
accompanied by altered H3K27me3 deposition at a subset of Cdx target genes as early as E7.5 in the
embryo proper. This study identifies additional Cdx target genes and provides further evidence for
Cdx-dependent epigenetic regulation of gene expression in the early embryo, and that this regulation is
required to maintain gene expression programs in the extra-embryonic yolk sac at later developmental

stages.
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INTRODUCTION

During development, the post-implantation murine embryo is enveloped by the yolk sac, an
extra embryonic structure that contains adjacent layers of mesoderm and visceral endoderm (Kaufman
and Baard, 1999). The visceral endoderm derives from the primitive endoderm and consists of
absorptive epithelial cells. As such, it serves as the primary site of nutrient, waste, and gas exchange
between the embryo and the maternal circulation until chorioallantoic fusion occurs (E8.5-10.5), which
then allows nutrients to be delivered via the chorioallantoic placenta (Gilman et al., 1948; Brent et al.,
1990; Jollie et al., 1990; Lloyd, 1990; Lloyd, 1997; Farese et al., 1995; Cross et al., 1994; Zohn and
Darkar, 2010). The transfer of nutrients by the visceral endoderm is facilitated by its close proximity to
the underlying vasculature within the mesodermal layer, as well as by epithelial microvilli that aid in
nutrient absorption (Bielinska et al., 1999). Parallels have been made between the yolk sac and the fetal
liver based on the expression of liver-associated genes involved in nutrient transport and lipid,
carbohydrate, and amino acid metabolism within the visceral endoderm, as well as its production of
serum proteins and anti-coagulation factors (Farese et al., 1995; Duncan et al., 1994; Meechan et al.,
1984; Kram and Klein, 1976; Young et al., 1980; Youn and Klein, 1983; Nakazawa et al., 2011).

In addition to nutrient and waste processing, the visceral endoderm produces a number of
diffusible factors required for growth, patterning, and differentiation in the embryo, including Nodal,
Leftyl, and retinoid-binding factors that mediate the transfer of retinol (Conlon et al., 1994; Varlet et
al., 1997; Takaoka et al., 2011; Johansson et al., 1997). Additional signalling molecules originating in
the visceral endoderm, including Indian hedgehog (Ihh) and Vegtfa, are essential for vascularization
within the underlying mesoderm (Becker et al., 1997; Farrington et al., 1997; Damert et al., 2002;
Miura and Wilt, 1969; Beloussoff et al., 1998; Vokes and Krieg, 2002; Dyer et al., 2001). This is
consistent with the finding that yolk sac vascularization is disrupted in embryos lacking visceral

endoderm (Damert et al., 2002; Wilt, 1965; Bielinska et al., 1996), and that mesodermal explant
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cultures form hematopoietic/vascular progenitors only when co-cultured with visceral endoderm or
exogenous hedgehog proteins (Beloussoff et al., 1998; Dyer et al., 2001; Bielinska et al., 1996).

The yolk sac mesoderm is specified from progenitors that originate in the epiblast and egress
through the posterior primitive streak before migrating extra-embryonically to populate the yolk sac
(Huber et al., 2004; Medvinsky et al., 2011; Yamane, 2018). Within the yolk sac, these progenitors
form blood islands, aggregates of hemangioblast cells that give rise to both primitive erythroid cells
and vascular endothelium during the first wave of embryonic hematopoiesis, known as primitive
hematopoiesis (Haar and Ackerman, 1971; Fehling et al., 2003; Jagannathan-Bogdan and Zon, 2013).
During this process, blood islands merge to form the vascular plexus lined by hemogenic endothelium
(Eilen et al., 2009; Lancrin et al., 2009). Primitive hematopoiesis sustains the embryo until definitive
hematopoiesis is initiated in the embryo proper (Galloway and Zon, 2003).

Previous work by our group and others has shown that Cdx transcription factors are required for
sustained differentiation of yolk sac hematopoietic progenitors (Brooke-Bisschop et al., 2017;
Chawengsaksophak et al., 2004; Wang et al., 2008; McKinney-Freeman et al., 2008; Lengerke et al.
2008; Davidson and Zon, 2006; Davidson et al., 2003). The murine Cdx genes, Cdx1, Cdx2, and Cdx4,
encode homeodomain transcription factors related to the gene caudal in Drosophila. In the embryo,
each Cdx member is expressed in the posterior primitive streak and subsequently in all three germ
layers of the developing tail bud, forming a nested pattern of expression from E6.5 through to E13.5
(Beck et al., 1995; Gamer and Wright, 1993; Meyer and Gruss, 1993; Strumpf et al., 2005; Foley et al.,
2019; Silberg et al., 2000). In the extra-embryonic trophectoderm, Cdx2 expression is initiated earlier,
at E3.5, with Cdx2 deletion resulting in early lethality due to its requirement in this lineage for
implantation (Meyer and Gruss, 1993). At E13.5, Cdx expression is extinguished in all tissues with the
exception of Cdx/ and Cdx2 in the hindgut endoderm where they persist in the intestinal epithelium

throughout life (Silberg et al., 2000).
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While Cdx2”" mutants are peri-implantation lethal, Cdx”" and Cdx4”” mice are viable. CdxI™
and Cdx2"" mutants exhibit homeotic transformations of the cervical and thoracic vertebrae coupled
with altered patterns of Hox gene expression (Subramanian et al., 1995; Chawengsaksophak et al.,
1997). Cdx4”’ mice display no overt phenotype, however the loss of Cdx4 exacerbates phenotypes
associated with Cdx1”" or Cdx2"" mutants, suggestive of functional overlap among family members
(Faas and Isaacs, 2009; Savory et al., 2011a; van den Akker et al., 2002; van Nes et al., 2006; Young et
al., 2009). Consistent with this, Cdx can occupy, and regulate, a number of common target genes. Such
genes include Cyp26A41, which encodes a cytochrome p450 required to maintain a retinoic acid
depleted zone in the tail bud necessary for axial elongation (Young et al., 2009; Wingert et al., 2007;
Savory et al., 2009a; Martin and Kimelman, 2010), a number of Hox genes essential for vertebral
patterning and yolk sac hematopoiesis (Subramanian et al., 1995; van den Akker et al., 2002;
Shashikant et al., 1995; Charite et al., 1998; Pownall et al., 1996; Isaacs et al., 1998; Gaunt et al., 2003;
Gaunt et al., 2008; Davidson et al., 2003; Davidson and Zon, 2006; Lengerke et al., 2007), and other
factors involved in yolk sac hematopoiesis, including Sc//Tal-1 and Runxl (Brooke-Bisschop et al.,
2017; Davidson et al., 2003; Lengerke et al., 2007).

To negate functional overlap between family members and early lethality inherent to loss of
Cdx2 function, conditional Cdx2 mutants were derived and crossed into a germ-line Cdx/ null mutant
background (Savory et al., 2011a; Stringer et al., 2012). Deletion of Cdx2 at post-implantation stages
with a global CMV-Actin::Cre-ER" deletor yielded CdxI-Cdx2 compound mutants, termed DKO
(double knockout) for simplicity, which lack expression of Cdx4 and are thus functionally Cdx-null
(Savory et al., 2011a).

While mechanisms underlying Cdx-dependent transcription are poorly understood, our group
and others have shown that Cdx2 appears to regulate gene expression, in part, by impacting the

chromatin landscape at its genomic targets. For instance, Cdx members interact directly with the Brgl
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catalytic subunit of the SWI/SNF chromatin remodelling complex, and are necessary for recruitment of
this complex to a number of Cdx targets, concomitant with altered chromatin accessibility at such loci
(Foley et al., 2019; Yamamichi et al., 2009; Nguyen et al., 2017). In addition, Cdx2 inhibits the spread
of repressive H3K27me3, which is deposited by Polycomb Repressive Complex 2 (PRC2), across
target genes (Saxena et al., 2017; Mazzoni et al., 2013; Hojfeldt et al., 2018; Jung et al., 2010; Cao et
al., 2002). Altered H3K27me3 density in Cdx mutants is associated with aberrant target gene
expression and misspecification of cell fate (Saxena et al., 2017; Mazzoni et al., 2013).

We previously found that Cdx function is required for yolk sac hematopoiesis (Brooke-
Bisschop et al., 2017), and that Cdx positively regulates the expression of pro-hematopoietic genes
while repressing genes involved in cardiac differentiation from common progenitors (Foley et al.,
2019). To better understand these relationships, we examined global patterns of gene expression in Cdx
mutant yolk sacs using RNA-seq. We found that, in addition to maintaining hematopoietic gene
expression programs, Cdx function is also required to maintain the expression of genes not previously
reported to be Cdx-dependent. We show that certain of these are also occupied by Cdx2, and therefore
represent novel direct Cdx targets. Further, we found that PRC2 subunits are misexpressed in Cdx
mutants, coupled with altered H3K27me3 at Cdx target genes. These findings evoke novel roles for
Cdx in regulating gene expression via PRC2-mediated H3K27me3 deposition at genomic targets,
further demonstrating that Cdx members impact the expression of their targets by modulating the

epigenetic landscape.
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RESULTS
Differential gene expression in Cdx mutant yolk sacs

Cdx DKO mutants display a range of developmental defects, including caudal truncation at the
level of the forelimb bud (e.g. Figure 47A), an open neural tube, aberrant cardiac morphogenesis, and
defects in yolk sac hematopoiesis accompanied by a lack of yolk sac vascularization (Figure 47B)
(Brooke-Bisschop et al., 2017; Chawengsaksophak et al., 2004; Lengerke et al., 2008; Davidson and
Zon, 2006; Davidson et al., 2003; Want et al., 2008; Foley et al., 2019; Subramanian et al., 1995;
Savory et al., 2011a; van den Akker et al., 2002; Young et al., 2009; Savory et al., 2009a; Epstein et al.,
1997; van Rooijen et al., 2012). As regards the latter, previous work by our group and others revealed
that Cdx function is required to maintain gene expression programs required for yolk sac hematopoiesis
(Brooke-Bisschop et al., 2017; Chawengsaksophak et al., 2004; Wang et al., 2008; McKinney-Freeman
et al., 2008; Davidson et al.,. 2003; Davidson and Zon, 2006). Visualization of E9.5 yolk sacs by H&E
staining of transverse sections confirmed the lack of vasculature in mutants, as well as the absence of
primitive erythrocytes typically observed within blood vessels (Figure 47C).

To better understand Cdx function in the yolk sac, we performed RNA-sequencing (RNA-seq),
comparing DKO yolk sacs at E9.5 to untreated stage-matched CD1 controls (hereafter referred to as
wild type (WT)). RNA was extracted from yolk sacs pooled from three litters of either genotype and
processed for RNA-seq. Despite the fully penetrant yolk sac phenotype observed in mutants, complete
loss of Cdx2 Exon 2, as anticipated by the design of the conditional allele (Figure 47D), was not
observed in any of the DKO samples (Figure 47E). This was likely due a tissue-specific inefficiency of
the Cre recombinase in extra-embryonic lineages, as Cdx2 is consistently completely deleted in the
embryo proper upon activation of the CMV-Actin::CreER" used in this model, as well as with

mesoderm-specific Cre drivers used in previous studies (Foley et al., 2019; Savory et al., 2009a). Cdx2

103



Exon3
':'%_E' V loxP
) Exon2 G ._.Q[Q'ERT
Exon1 U’ Exon3 .] EX01
C F (E DKO T3
Q - ®
Cadx2 5228 853
Exon2 éggééggg
S § 5SS EET
«WT3 m P
sWT1 |, pko1 “.

*

‘1,11

&

3

g
mﬁ

WT Cdx2 mRNA

e —
WT DKO

Figure 47. Cdx mutants display the expected phenotypes despite incomplete Cdx2 depletion. A.
Whole mount WT and DKO embryos at E9.5. Scale bar represents 1 mm. B. Whole mount E9.5 WT
and DKO yolk sacs at E9.5. Scale bar represents 2 mm. C. H&E staining of sectioned E9.5 WT and
DKO yolk sacs. Scale bars represent 50 um. D. Schematic representation of the Cdx2 locus showing
the excision of exon 2 upon Cre recombination (Savory et al., 2011a). E. Relative levels of Cdx2 exon
2in three WT and three DKO RNA-seq samples generated from E9.5 yolk sacs. F. Pregnant dams were
crossed with CdxI”"Cdx2™" males carrying two CMV-Actin::CreER” alleles. Females were treated with
4mg tamoxifen at E5.5. Embryos were harvested at E9.5, separated from yolk sacs, and material from
each litter was pooled. Maternal blood was included as a control. Cdx2 expression was assessed by RT-
PCR in DKO mutants and WT controls, with S-actin used as a loading control. Asterisks (*) indicate
primer dimers. A schematic representation of WT Cdx2 mRNA is shown below with red arrows

indicating regions complementary to forward (F) and reverse (R) primers.
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transcripts were not detected in maternal blood (Figure 47F), excluding the possibility of contamination
by this source during dissection. Cdx2 ablation was particularly inefficient in sample DKO1 (Figure
47E, Figure 48), leading to its exclusion from subsequent analyses. Cdx/ expression was not detected
by RNA-seq in yolk sacs, irrespective of genotype, in agreement with previous work demonstrating
that Cdx/ is not required for primitive hematopoiesis (Wang et al., 2008). Cdx4 transcripts were
reduced in DKO yolk sacs relative to WT controls (Figure 49), consistent with Cdx4 being a Cdx2
target gene (Savory et al., 2011b).

To compare gene expression between samples, log, transformed gene counts were plotted,
revealing that WT samples clustered together while DKO samples exhibited greater variability (Figure
50). Upon eliminating sample DKO1 from the analysis, PCA for the remaining datasets demonstrated
that the DKO samples also clustered together (Figure 51A), as also observed with visualization of the
Poisson distance between samples (Figure 51B). The greater variability among mutant samples relative

to WT likely results from the incomplete loss of Cdx2 in the yolk sac.
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Figure 48. 2D PCA comparison of RNA-seq datasets. 2D principle component analysis (PCA) for
RNA-seq datasets (WT1, WT2, WT3, DKO1, DKO2, DKO3) collected from pooled E9.5 WT and

DKO yolk sacs. The percent total variance is indicated on the respective axes.
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Figure 49. Scl/Tal-1 expression in Cdx1" and Cdx4" cells. Normalized Cdx4 transcript counts in WT
and DKO E9.5 yolk sacs by RNA-seq.
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Figure 50. Log, transformed gene counts for six RNA-seq datasets. A comparison of log,

transformed gene counts for WT1, WT2, WT3, DKO1, DKO2, and DKO3 RNA-seq samples.
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Figure 51. RNA-seq analysis of Cdx-dependent gene expression yolk sacs. A. 2D principle
component analysis (PCA) for five RNA-seq datasets (WT1, WT2, WT3, DKO2, DKO3) collected
from pooled litters E9.5 yolk sacs. The percent total variance is indicated on the respective axes. B. The
Poisson distance between samples, represented by a heat-map, demonstrating sample-to-sample
distances between datasets. C. Previously identified Cdx targets recovered in E9.5 DKO yolk sacs,
represented as logo,FC. D. Hierarchical clustering of 240 genes down-regulated in DKO yolk sacs
(log,FC < -1, left), and 673 genes up-regulated (log,FC > 1, right), each with FDR < 0.05. Samples are
color-coded as described in the legend to the left of the panel. E. Hierarchical clustering of the top 50
most variable genes with 1 <log2FC < -1 and FDR < 0.05, sorted by FDR.
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Of the 18,890 genes mapped, 2921 genes were significantly affected (FDR < 0.05). Among
these genes, 913 experienced a 2-fold change in expression or greater (1 < log2FC < -1, FDR < 0.05),
with 673 and 240 transcripts up- and down-regulated, respectively. Differentially expressed genes
included the known Cdx target Cyp26A41, the Wnt effector Lefl, and Scl/Tal-1, Lmo2, and Lyll,
involved in Cdx-dependent yolk sac hematopoiesis (Figure 51C; Brooke-Bisschop et al., 2017; Savory
et al., 2009a; Savory et al., 2011b; Shivdasani et al., 1995; Visvader et al., 1998; Warren et al., 1994;
Souroullas et al., 2009). Heat-maps revealed that transcript levels were consistent across WT samples,
but were variable among DKOs (Figure 51D). Hierarchical clustering of transcripts with the greatest
variation between WT and DKO identified a number of additional differentially expressed genes
(Figure 51E). These included Wnt6, associated with canonical Wnt signalling, 7riml2, which is
expressed in trophoblast-derived structures such as the yolk sac and placental tissues (Zhang et al.,
2020), and the connexins Gja4 (Cx37), Gjas (Cx40), and Gjp3 (Cx31), involved in the formation of
gap junctions (Figure 51E). The latter observation is reminiscent of the aberrant tight junctions and the

loss of cell polarity previously described in Cdx-deficient intestinal epithelium (Gao et al., 2010).

Cdx impacts expression of genes associated with nutrient and ion transport

Gene Ontology (GO) analysis revealed that the terms genes associated with GO terms
epithelium development, ion transport, and transmembrane transport were overrepresented among the
240 genes significantly downregulated in DKO yolk sacs (Figure 52A). Differentially expressed genes
associated with epithelial cell function, and also known to be involved in vessel formation, included the
transcription factors DIx3, Thx4, Lefl, Hey2, and the signalling factors Wnt7a and Efnb2 (Figure 52B),
consistent with previously described roles for Cdx in yolk sac vascularization and hematopoiesis

(Brooke-Bisschop et al., 2017; Chawengsaksophak et al., 2004; Davidson et al., 2003; Davidson and
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Figure 52. Genes involved in ion transport, blood vessel development, epithelial cell function, and
metabolism are differentially expressed in DKO yolk sacs. A. GO analysis of genes downregulated
in DKO yolk sacs relative to WT. Values represent —log;o(p-value) for each term, with only
significantly affected genes (log;FC > 1, FDR < 0.1) included in the analysis. B. Altered genes
associated with epithelial cell function. Values represent log,FC + s.e.m. Asterisks (*) indicate
statistical significance (adjusted p-value (FDR) < 0.05). C. Misregulated genes associated with ion and
nutrient transport, as well as gap junctions. Values represent log,FC + s.e.m. Asterisks (*) indicate
statistical significance (adjusted p-value (FDR) < 0.05). D. GO terms associated with increased gene
expression in DKO mutant yolk sacs compared to WT. Values represent —logo(p-value) for each term,
with only significantly affected genes (log;FC > 1, FDR < 0.05) included in the analysis. E. Select
genes with increased transcript abundance in Cdx mutants associated with metabolic functions. Values

represent log,FC + s.e.m. Asterisks (*) indicate statistical significance (adjusted p-value (FDR) < 0.05)
as determined by paired Student’s t-test.
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Zon, 2006). Affected genes involved in ion and transmembrane transport included Meox1, Ascll, Etv4,
Myc, and Nlel, in addition to Wnt6, also involved in blood vessel formation (Figure 52B). Also among
downregulated genes in this category were members of the Slc solute carrier family (Slci7a4,
Slc22al3b, Slc6als, Slc29al, Slc6a9, Sic7a6, Sic7al, Slc4a8, Slcla5), the calcium-dependent non-
selective anion channel 4Ano4, and genes encoding proteins associated with tight junctions (Gja4, and
Gjas; Figure 52C). While misexpression of transport genes might suggest broad defects in visceral
endoderm, the expression of canonical visceral endoderm markers like Nodal, Gsc, Evxl, and Sox17
was unaffected in DKO mutants (Bielinska et al., 1996; Sherwood et al., 2007; Kanai-Azuma et al.,
2002). Finally, GO terms associated with overexpressed transcripts included metabolic processes
(steroid, cholesterol, lipid, and fatty acid; Figure 52D), comprised of genes like Fgll, Sic27a2, Cebpa,

Lipe, and Apoa2, among others (Figure 52E).

Identification of novel Cdx target genes in the yolk sac

To identify direct Cdx target genes in the yolk sac, we further examined 7bx4, Sox9, Ascll,
Msx1, Ano4, Lefl, and Meoxl, as these transcripts were downregulated in DKO mutants by RNA-seq
(Figure 53A). Reduced expression of all but Meox! was confirmed in E9.5 DKO yolk sacs by RT-
gPCR (Figure 53B), with Thx4, Sox9, Ascll, and Ano4 being significantly affected and 7bx4 levels
showing the strongest reduction.

Previous ChIP-seq analysis has demonstrated that Cdx2 occupies the above target loci in E8.5
embryos (Foley et al., 2019). To determine if this was also true for E9.5 yolk sacs, binding was
interrogated by ChIP-PCR using primers designed to flank candidate Cdx response elements (CDRE)
under previously identified ChIP-seq peaks (Foley et al., 2019). Despite Cdx2 occupancy at these loci

in E8.5 embryos, no enrichment for binding was observed in yolk sac chromatin (data not shown). This
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Gene Name Log2FC P-value FDR
Thx4 -4.95 24x103 1.8 x102
Sox9 -1.58 8.5 x 10+ 8.0x 103
Ascl1 -3.49 8.1x103 43x102
Msx 1 -1.03 1.2x 102 9.8 x102
Ano4 -6.5 6.19 x 10-° 6.7 x107
Lef1 -2.94 29x 10+ 40x103
Meox 1 -4.74 49x103 3.0x 1072
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Figure 53. Differential gene expression in Cdx mutant yolk sacs. A. List of select Cdx-dependent
genes in E9.5 yolk sacs as measured by RNA-seq with associated log,FC values, p-values, and FDR. B.
Transcript levels for Thx4, Sox9, Ascll, Msx1, Ano4, Lefl, and MeoxI in E9.5 WT and DKO yolk sacs
as assessed by RT-qPCR. Values represent the mean of three independent experiments + s.e.m. for
Thx4, Sox9, Ascll, MsxI, Ano4, and MeoxI. Values for Lefl represent the mean of two independent

experiments + s.e.m. Asterisks indicate statistical significance (p < 0.05) as determined by paired

Student’s t-test.
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suggests that the CDREs assayed may not be functional in the yolk sac at this stage, and that aberrant
expression of these genes results from indirect mechanisms of regulation.

Previous work from our group suggested that Cdx members can act on targets in early
mesodermal progenitor cells to establish chromatin architecture permissive to lineage-specific gene
expression programs at later developmental stages, after Cdx expression is extinguished (Foley et al.,
2019). To determine whether this might also be true for the candidate targets described here, Cdx2
occupancy at 7bx4, Sox9, Ascll, and MsxI was assessed by ChIP-PCR in E7.5 embryos (Figure 54A),
before mesodermal progenitors migrate to the yolk sac. In marked contrast to the yolk sac, Cdx2
binding was observed at each of these loci at E7.5, including at two CDRESs proximal to both 7hx4 and
Sox9. Moreover, Thx4 and Sox9 expression was significantly downregulated at this stage by RT-qPCR,
while Msx1 and Ascll were not affected (Figure 54B). Insm 1, which was upregulated in DKO yolk sacs
by RNA-seq (log,FC = 3.3, p = 0.006, FDR = 0.04), was not occupied by Cdx2 at E7.5, serving as a
negative control for Cdx2 binding. Taken together, these data suggest that Cdx2 regulates its target
genes through locus-specific mechanisms, either impacting transcription at E7.5 directly, as occurs
with Thx4 and Sox9, or through mechanisms that may prime targets for later expression in progeny, as
with Ascll and MsxI, and consistent with previous descriptions of Cdx-mediated gene regulation

(Foley et al., 2019; Saxena et al., 2017; Mazzoni et al., 2013).

Cdx impacts PRC2-dependent gene regulation

Polycomb Repressive Complex 2 (PRC2) deposits H3K27me3, a repressive histone
modification, onto genomic targets, and is composed of the core subunits Suz12, Eed, and one of two
catalytic subunits, either Ezh1 or Ezh2 (Cao et al., 2002; Muller et al., 2002; Kuzmichey et al., 2002;
Czermin et al., 2002; Margueron et al., 2008; Shen et al., 2008). Both RNA-seq and RT-qPCR analysis

revealed that EzA [ transcripts were significantly increased in E9.5 DKO yolk sacs relative to WT
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Figure 54. Cdx2 directly regulates 7hx4 and Sox9. A. ChIP-PCR analysis of Cdx2 binding to 7hx4,
Sox9, Ascll, Msxl, and Insml loci in E7.5 embryos. IgG was used as a negative control. Primers
flanking putative CDREs identified from prior ChIP-seq analysis for Cdx2 occupancy were used for
PCR (Foley et al., 2019). Values are representative of two independent experiments in which similar
results were obtained. B. Expression of 7hx4, Sox9, Msx1, and Ascll in E7.5 WT and DKO embryos as
measured by RT-qPCR. Values represent fold change from the mean of at least three independent
experiments + s.e.m for 7bx4, Sox9, and Msx1. Values for Ascll represent the mean of two independent
experiments + s.e.m. Asterisks (**) indicate statistical significance (p < 0.001) as determined by paired

Student’s t-test.
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Ezh2, Suzl2, and Eed in E9.5 WT and DKO yolk sacs assessed by RNA-seq. Values represent fold
change, with asterisks indicating statistical significance (FDR < 0.1). B. Ezhl and Ezh2 expression in
E9.5 WT and DKO yolk sacs as measured by RT-qPCR. Values are expressed as fold change and
represent the mean of 5 (Ezhl) and 6 (Ezh2) independent experiments + s.e.m. Asterisks (**) indicate
statistical significance (p < 0.001) as determined by paired Student’s T-Test. No statistical significance
is indicated by n.s. C, D. Ezhl and Ezh2 expression in WT and DKO ES8.5 tail buds (C) or E7.5
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controls with a concomitant decrease in Ezh2 levels, while Fed and Suzl2 were not affected (Figures
55A, B). Ezhl and Ezh2 were modestly affected in E8.5 DKO tail buds (Figure 55C), while levels for
both transcripts were unaffected at E7.5 (Figure 55D). These findings suggest that Cdx is required to
maintain the expression of Ezhl and Ezh2 in E8.5 embryo and the yolk sac, and that aberrant PRC2
subunit expression may contribute to misexpression of Cdx targets in the DKO yolk sacs.

Given prior work by our group showing that Cdx2 regulates gene expression by priming targets
at early developmental stages (Foley et al., 2019), combined with work by others demonstrating that
Cdx2 binding impacts H3K27me3 at target genes (Saxena et al., 2017; Mazzoni et al., 2013), we used
ChIP-PCR to interrogate H3K27me3 density at the Thx4, Sox9, Ascll, and MsxI loci in E7.5 embryos
(Figure 56A). H3K27me3 levels were markedly depleted in DKO embryos at each locus examined,
despite normal Ezhl and Ezh2 expression at this stage, suggesting that the deposition or retention of
this repressive mark is Cdx-dependent.

To further investigate whether Cdx might impact H3K27me3 through locus-specific
mechanisms, we intersected a previously published Cdx2 ChIP-seq dataset generated from E8.5
embryos (Foley et al., 2019) with a publicly available ChIP-seq dataset for Suz12 and H3K27me3
binding in embryonic stem cells collected at the mesoderm stage of differentiation to cardiomyocytes in
culture (Figure 56B) (Alexander et al., 2015). Despite these datasets having been generated from
different tissue types, this exercise identified regions of overlap between Cdx2 and Suz12/H3K27me3
at the Thx4, Sox9, Ascll, and MsxI loci flanked by regions void of binding. While these observations
are speculative, they suggest that Cdx2 and PRC2 may co-regulate at least some common targets to
maintain the fidelity of H3K27me3 marks, as suggested by prior work in the intestinal epithelium

(Saxena et al., 2017).
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Figure 56. Cdx impacts H3K27me3 density at Cdx target genes. A. ChIP-PCR for H3K27me3
density at Thx4, Sox9, Ascll, and MsxI in E7.5 WT and DKO embryos. Values represent the mean of at
least three independent experiments + s.e.m. Asterisks (*) indicate statistical significance (p < 0.05) as
determined by paired Student’s t-test. B. ChIP-seq tracks for Cdx2 binding in E8.5 whole embryos
(blue peaks) were visualized for 7hx4, Sox9, Ascll, and Msx1 and overlayed with previously published
analyses (Alexander et al., 2015) for H3K27me3 and Suzl2 (black bars, above) using the UCSC

genome browser. Scale bars are shown above and exons are indicated by blue boxes below.
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DISCUSSION

To better understand the role of Cdx in development of the yolk sac, we used a previously
described conditional mutant to circumvent embryonic lethality associated with Cdx2 loss of function
and negate functional overlap between family members (Savory et al., 2011a). Mutant yolk sacs
exhibited altered expression of genes involved in hematopoiesis and vasculogenesis, consistent with
previous observations (Brooke-Bisschop et al., 2017; Lengerke et al., 2008; Davidson and Zon, 2006;
Davidson et al., 2003; Wang et al., 2008). Gene expression analyses combined with ChIP for Cdx2
occupancy identified a number of novel potential Cdx-dependent targets, including Lef1, Ascll, Ano4,
Msx1, Sox9, and Thx4. In addition, we observed Cdx-dependent changes in expression of the catalytic
PRC2 subunits Ezil and Ezh2. Misexpression of Tbx4, Sox9, Ascll, and Msx1 in the yolk sac, coupled
with selective Cdx2 occupancy and concomitant loss of H3K27me3 at these loci at E7.5, suggests that
Cdx establishes gene expression programs in mesodermal progenitors through epigenetic mechanisms,

and that these programs are deployed at later stages independent of Cdx occupancy (Figure 57).

Cdx and the yolk sac

Despite fully penetrant phenotypes in DKO embryos, including lack of blood and
vascularization in mutant yolk sacs, wild-type Cdx2 transcripts were unexpectedly detected in DKO
yolk sacs. Yolk sac blood and vasculature are both derived from the hemangioblast, a mesodermal
progenitor that is specified in the embryo proper during gastrulation that subsequently migrates to
populate the yolk sac. As both yolk sac blood and vasculature were severely and consistently disrupted
in DKO mutants, despite residual Cdx2 expression, it is likely that this phenotype reflects Cdx
depletion from mesodermal lineages in the embryo proper, rather than cells of extra-embryonic origin

in the yolk sac such as those within the visceral endoderm.
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Figure 57. Model for Cdx function. Cdx2 binds to its targets at E7.5 when yolk sac progenitors are
being specified from the primitive streak and impacts H3K27me3 density at certain of these sites which
is required for gene expression in yolk sac progeny at E9.5. In DKO mutants, this epigenetic priming
does not occur, resulting in altered H3K27me3 at Cdx target genes and aberrant gene expression in the

yolk sac.

The visceral endoderm produces diffusible factors required for blood vessel formation within
the underlying mesoderm, such as Thh and Vegfa (Becker et al., 1997; Farrington et al., 1997; Damert
et al., 2002; Miura and Wilt, 1969; Beloussoff et al., 1998; Vokes and Krieg, 2002; Dyer et al., 2001).
While Cdx2 is expressed in the visceral endoderm (Scialdone et al., 2016; Pijuan-Sala et al., 2019), Ihh
and Vegfa transcript levels were not impacted in DKO yolk sacs, making it unlikely that the vascular
defects observed in DKO mutants result from aberrant signaling from the visceral endoderm. Indeed,
an embryonic origin for Cdx-dependent yolk sac defects is further supported by previous studies in
which Cdx2 ablation in Mespl" or Tie2" populations, specified in the primitive streak, phenocopied the
DKO vascular lesions (Brooke-Bisschop et al., 2017; Foley et al., 2019). Together, these observations
are consistent with a role for Cdx in regulating yolk sac hematopoiesis and vasculogenesis through the

establishment of gene expression programs in the mesoderm, rather than in the visceral endoderm.
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The visceral endoderm plays an important role in nutrient uptake and waste exchange until
chorioallantoic fusion (Gillman et al., 1948; Brent et al., 1990; Jolie, 1990; Lloyd, 1990; Lloyd, 1997;
Farese et al., 1995; Cross et al., 1994; Zohn and Sarkar, 2010). While critical functions for Cdx2 in the
trophectoderm and the allantois are known, roles for Cdx in the yolk sac visceral endoderm have not
been described previously. The epithelium of the wvisceral endoderm is functionally and
morphologically similar to that of the intestine (Bielinska et al., 1999), as both contain microvilli that
facilitate nutrient absorption (Calarco et al., 1966). In the intestinal epithelium, Cdx directs the
expression of genes involved in ion transport, including diverse members of the Sic solute carrier
family (Verzi et al., 2011; Gao et al., 2009). While these specific transcripts were not aberrantly
expressed in Cdx-deficient yolk sacs, misregulation of Sl/c family members with similar functions,
including Sicla$, Slc4a8, Slc4all, Slc6a9 Sic6als, Sic7al Slc7a6, Slc22al3, Slcl7a4, and Slc29a4
were observed, as was mis-expression of the calcium-dependent non-selective anion channel Ano4
(Reichart et al., 2019), genes encoding tight junction proteins (Gjo4, Gjas, and Gjf3), and others
involved in ion and nutrient transport. These observations suggest that Cdx factors may regulate
analogous processes in the yolk sac and in the intestine. While Cdx2 is expressed in the visceral
endoderm as early as E7.5 (Scialdone et al., 2016; Pijuan-Sala et al., 2019), derivation of an appropriate

Cre driver will be necessary to better define the role of Cdx in this tissue.

Cdx primes gene expression programs

Prior work suggests that Cdx promotes mesoderm differentiation to hematopoietic lineages
while concomitantly repressing cardiac fate from a common progenitor pool (Foley et al., 2019;
Lengerke et al., 2011; Rao et al., 2016). Consistent with this, many genes affected in DKO yolk sacs in
the present study are known regulators of hematopoiesis and vascularization. These included Cdx

targets, Scl/Tal-1, Lmo2, and Lyll (Brooke-Bisschop et al., 2017), as well as genes not previously
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reported to be Cdx-dependent, such as Msx/1, Heyl, Hey2, and WtI (Goupille et al., 2008; Fischer et
al., 2004; Wagner et al., 2008). However, the ectopic expression of cardiogenic markers previously
observed in Cdx mutant embryos (Foley et al., 2019) was not seen in yolk sacs, suggesting that such
mis-specified progenitors are incapable of colonizing the yolk sac.

Cdx members influence gene expression, in part, via epigenetic mechanisms (Foley et al., 2019;
Nguyen et al., 2017; Saxena et al., 2017; Mazzoni et al., 2013; Verzi et al., 2010). We previously
proposed that Cdx establishes the chromatin landscape in E7.5 embryos necessary for the expression of
lineage-specific gene expression programs in descendent lineages (Foley et al., 2019). Previous work
also showed that yolk sac hematopoiesis is initiated in DKO mutants at E8.5, but is not maintained
beyond this stage (Brooke-Bisschop et al., 2017). Consistent with these observations, Cdx target genes
in the present study were bound by Cdx2 in E7.5 embryos, but not in yolk sac progeny at E9.5, further
suggesting Cdx functions at these CDREs in early progenitors to prime targets for expression at later
stages, when these elements are no longer functional. We cannot, however, exclude the possibility that
Cdx binding to these targets at E7.5 regulates their expression in lineages that do not contribute to the
yolk sac.

Among the novel Cdx target genes in this study, 7hx4 was most dramatically downregulated in
mutant yolk sacs, and was occupied by Cdx2 as early as E7.5, consistent with it being a direct target
gene. Thx4 is well known for its role in hindlimb development (Chapman et al., 1996; Gibson-Brown et
al., 1996), and is also highly expressed in the allantois where it is required for both allantoic growth
and vasculogenesis during umbilical cord formation (Chapman et al., 1996; Naiche et al., 2011; Naiche
et al., 2003). Like yolk sac mesoderm, the allantois is derived from Flk/ " progenitors in the posterior
primitive streak (Kattman et al., 2006). Both 7hx4 and Cdx2 are expressed in the allantois at E7.5, and
mutants for either factor exhibit comparable defects in chorioallantoic fusion (Chawengsaksophak et

al., 2004; Beck et al., 1995; Chapman et al., 1996; Naiche et al., 2003). The pronounced reduction in
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Thx4 transcripts in DKO mutants therefore suggests a mechanistic basis for defective chorioallantoic
fusion in Cdx mutants (Chawengsaksophak et al., 2004).

Like Thx4, Sox9 was also occupied and regulated by Cdx2 at E7.5, and both 7hx4 and Sox9 loci
exhibited a marked reduction in H3K27me3 levels in DKO mutants at this stage. This reduced
expression, coupled with lost Cdx2 occupancy and aberrant H3K27me3 deposition in mutants, suggests
direct regulation of 7hx4 and Sox9 by Cdx2. In contrast, Asc/l and MsxI were not misregulated in E7.5
DKO mutants, despite decreased H3K27me3 and Cdx occupancy. This suggests that Cdx regulates its
targets through multiple mechanisms, with early binding resulting in either direct regulation, as
observed for 7hx4 and Sox9, or epigenetic priming, as occurs for Asc/l and MsxI, which are only

affected at later stages.

Cdx2 and PRC2

Cdx2 occupancy has been shown to oppose PRC2 function by preventing the spread of
H3K27me3 across positively-regulated Cdx targets, thereby promoting a chromatin state permissive to
transcription (Saxena et al., 2017; Mazzoni et al., 2013). In marked contrast, we found that H3K27me3
was abolished from positively-regulated Cdx targets in E7.5 mutant embryos. This suggests that
H3K27me3, typically thought to mark gene repression, is not necessarily predictive of transcriptional
activity, consistent with observations made by others (Miller et al., 2021). The absence of H3K27me3
from Cdx targets at E7.5 was not due to the altered expression of Ezh1/Ezh2, as both were unaffected at
this stage. Rather, the absence of H3K27me3 correlates with loss of Cdx2 occupancy, consistent with
previous work (Saxena et al., 2017).

Overlap was observed between genomic sites of Cdx2 occupancy in the embryo (Foley et al.,
2019) and regions bound by Suz12/H3K27me3 in mesodermal progenitors differentiated from ESCs in

culture (Alexander et al., 2015), despite these differences in tissue type. Given that both datasets
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contain FIkI" mesoderm that contributes to both embryonic and extra-embryonic lineages, and that we
suspect Cdx regulates yolk sac gene expression by priming mesodermal progenitors as they are
specified from the streak, we feel that this comparison is relevant, despite being speculative. The
overlap in Cdx2 and PRC2 occupancy, coupled with decreased H3K27me3 at Cdx targets in DKO
mutants, suggests that Cdx2 and PRC2 may co-regulate shared targets, however whether this co-
regulation occurs within the yolk sac, and in the same temporal window, remains unknown.

In contrast to earlier stages, Ezhl expression was significantly increased at E9.5. While Ezhl
and Ezh2 both have histone methyltransferase activity, they repress gene expression through different
mechanisms. PRC2 complexes containing Ezh1 are less catalytically active than those containing Ezh2,
yet are more efficient at compacting chromatin and through mechanisms independent of H3K27me3
(Margueron et al., 2008). Thus, in the absence of Cdx, alterations in the relative abundance of Ez4/ and
Ezh2 may result in increased Ezhl-containing complexes, and therefore greater chromatin compaction
and attenuation at target genes, impacting expression independent of H3K27me3 density and consistent
with previously described Cdx-dependent changes in chromatin accessibility (Foley et al., 2019;

Nguyen et al., 2017; Saxena et al., 2017; Mazzoni et al., 2013; Verzi et al., 2010).

Conclusions

Consistent with previous studies, we have shown that Cdx transcription factors are essential for
the expression of genes involved in yolk sac hematopoiesis and vasculogenesis. Further, we identified
novel direct Cdx targets, such as 7hx4 and Sox9, and demonstrate that Cdx is required for ion and
nutrient transport in the yolk sac, regulating processes that are analogous to Cdx-dependent functions in
the intestine. The data presented here further suggest that Cdx is required to establish, or maintain, the

epigenetic code at certain target gene loci, in part through PRC2 subunit expression and deposition of
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H3K27me3 at Cdx targets (Figure 57). Through this, Cdx establishes an early chromatin architecture

that ensures appropriate gene expression programs in descendant lineages.
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MATERIALS AND METHODS

Mice

Cdx1”"Cdx2™" and CMV-Actin::CreER” lines have been previously described (Savory et al., 2009a;
Santagati et al., 2005). For timed matings, Cdx!” Cdx2™" CMV-Actin::CreER" males were crossed with
Cdx1”"Cdx2™" females and noon of the day of vaginal plug discovery was considered to be E0.5. Cdx2
deletion was induced with 2 mg tamoxifen administered by oral gavage on E5.5. Wild-type (WT)
controls were collected from timed matings between CD1 animals (Charles River), with pregnant dams
left untreated. Animals were maintained according to guidelines established by the Canadian Council
on Animal Care and the Animal Care and Veterinary Services at the University of Ottawa approved all

experimental protocols.

Histology

Yolk sacs were dissected from WT or DKO embryos at E9.5, fixed in 4% paraformaldehyde at 4°C
overnight, then transferred to 70% ethanol. Tissue was immobilized in agarose, embedded in paraffin,
and 4 um sections were prepared and mounted on slides. Hematoxylin and eosin (H&E) staining was
performed by the Louise Pelletier Histology Core Facility at the University of Ottawa. Images were

captured using a Zeiss Axiolmager M2 with transmitted light and an AxioCam mRc colour camera.

Antibodies
Rabbit-anti-Cdx2 polyclonal antibodies were generated as previously described (Savory et al., 2009b).
Polyclonal rabbit-anti-H3 and rabbit-anti-H3K27me3 were from Cell Signaling (9715S and 97338,

respectively). Control IgG antibodies were from Sigma (18140).
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Chromatin immunoprecipitation (ChIP)

Yolk sacs were cross-linked with 1% formaldehyde. ChIP was performed as previously described
(Pilon et al., 2006) with the following modifications: chromatin was sonicated for six 1-minute
intervals using a Branson Sonifier 450 at output 3, 30% duty cycle. 5 pg of either polyclonal rabbit-
anti-H3K27me3 (Abcam) or rabbit-anti-IgG (Sigma) were coupled to 50 pl Protein A/G agarose beads
(Santa Cruz) at 4°C overnight. Sample purification was performed with the QIAquick PCR Purification
Kit (Qiagen) before PCR using primers as listed (Table 6). Statistical significance was determined by

unpaired two-tailed Student’s t-test (p < 0.05).

Table 6. List of ChIP-PCR primer sequences

Gene Primer Sequence
Tbx4 CDRE1 Forward GGACGGCTTGAAAGTTTGCT
Reverse GCCATGGTTACCGCTCTTTTG
Tbx4 CDREZ2 Forward AGTGCTCCTTTTGGGATCGG
Reverse AAACTCGTCGCCCTGAGAAG
Sox9 CDRE1 Forward GGCCCCTGGTCTCTTCAAATA
Reverse ATCTTAGTTGCCACCGGGC
Sox9 CDREZ2 Forward GCCTTTGTGCCAGAATACGTG
Reverse AAAGCGAATCGGCCTGTATC
Ascll (Mash1) | Forward TAATGCTGACTGAATGCGGC
Reverse GTTCCCGTTCCTGTTCCGTT
Msx1 Forward AAGATGCTCTGGTGAAGGC
Reverse TGGTCTTGTGCTTGCGTAG

ChIP-seq tracks for Suzl12 and H3K27me3 were previously generated from embryonic stem cells
collected at the mesodermal stage of in vitro differentiation to cardiac mesoderm in culture (Alexander
et al., 2015). These publicly available tracks were intersected with tracks for Cdx2 binding in E8.5

embryos (Foley et al., 2019) using the UCSC genome browser (https://genome.ucsc.edu/).
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Reverse-transcription quantitative PCR (RT-qPCR)

E8.5-9.5 embryos and yolk sacs were collected and RNA was extracted using Trizol (Gibco BRL)
according to manufacturer’s instructions. cDNA was prepared by conventional methods and amplified
using a BioRad CFX96 Real-Time PCR System (C-1000 Touch Thermal Cycler) and GoTaq
(Promega), with normalization to Gapdh. The AACt method was used to determine changes in gene
expression, and statistical significance was determined using an unpaired two-tailed Student’s t-test (p
< 0.05). For semi-quantitative RT-PCR, cDNA was amplified a DNA Engine Tetrad 2 (Bio-Rad) using

GoTaq (Promega), with S-actin as a loading control. Primers used were previously described (Foley et

al., 2019) or as listed (Tables 7 and 8).

Table 7. List of qRT-PCR primer sequences

Gene Primer Sequence
Tbx4 Forward TCCTTCATCTCTGTGACCTCC
Reverse ATACTCCTTTCTCTGCAACCG
Sox9 Forward GAAGGCGAGTCGGAGCGGAG
Reverse GGAAGTCGGAGAGCCGAGAG
Msx1 Forward AAGATGCTCTGGTGAAGGC
Reverse TGGTCTTGTGCTTGCGTAG
Ascll (Mash1) | Forward CTCTCCTGGGAATGGACTTTG
Reverse GGCTGTCTGGTTTGTTTGTTT
Ano4 Forward AAATCTATTACCTGCCCCGC
Reverse GTAGCAGTCATTCTCTTCCAGG
Meox1 Forward AACCTGGACCTTTCTGAGC
Reverse TCTGAACTTGGAGAAGCTGC
Lefl Forward AGCCTGTTTATCCCATCACG
Reverse TGTTACAATAGCTGGATGAGGG
Ezh1 Forward TCTTCCACGGCACCTATTTC
Reverse TTCTGTGCAGGGTTCATGAG
Ezh2 Forward TCCCGTTAAAGACCCTGAATG
Reverse TGAAAGTGCCATCCTGATCC
Gapdh Forward GGCCGGTGCTGAGTATGTCG
Reverse TTCAAGTGGGCCCCGGCCTT
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Table 8. List of RT-PCR primer sequences

Cdx2 Forward AGCCAAGTGAAAACCAGGACAA
Reverse TGCAAGGAGGTCACAGGACT
B-Actin Forward GCGGGAAATCGTGCGTGACATT
Reverse GATGGAGTTGAAGGTAGTTTCGTG

Bulk RNA-sequencing

RNA was collected from E9.5 yolk sacs using the RNeasy Mini Kit (50) (Qiagen) according to the
manufacturer’s instructions, and library preparation and sequencing was conducted by the Genome
Quebec Innovation Centre. Briefly, mRNA libraries were generated using NEB Next dual adapters.
Quality control was performed using a bioanalyzer, and samples were multiplexed and sequenced to an
average of 25M reads per library using the Illumina HiSeq 4000 SR50 platform. Reads were aligned to
the Mus musculus mml10 reference genome and gene expression analysis performed in R using
“RSamtools”, “GenomicFeatures”, “GenomicAlignments”, and “DESeq2” packages, as described by
Love and colleagues (Love et al., 2015). For statistical analyses, false discovery rates (FDR) were
generated by the base R p.adjust function within the DESeq2 package, which adjusts for multiple

testing using the Bejamini-Hochberg procedure. Significantly affected genes were considered to be

those with a log2 fold change (log,FC) > 1 and a FDR < 0.1.
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CHAPTER 4 - GENERAL DISCUSSION
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Overview

This study sought to address unanswered questions relating to the role of Cdx function during
mesoderm specification, and to identify the molecular mechanisms by which Cdx transcription factors
regulate gene targets. To address these questions, we first explored the role of Cdx factors in
derivatives of multipotential Mesp!™ mesoderm. We identified a number of novel Cdx2 target genes
involved in both cardiogenesis and yolk sac hematopoiesis, and provided evidence for direct regulation
of these targets by Cdx2. Following this, we identified Brgl and the SWI/SNF chromatin remodeling
complex as a Cdx2 interacting partner at a number of these targets. We then showed that in the absence
of Cdx2, Brgl localization to cardiac targets is disrupted, resulting in aberrant chromatin organization
at these loci (Foley et al., 2019). Thus, we propose that during gastrulation Cdx is required for the
recruitment of Brgl and the SWI/SNF complex to cardiac targets to establish a chromatin landscape
that ensures the appropriate gene expression programs are induced at later developmental stages,
thereby suggesting a model for the cardiac gene misexpression and aberrant heart morphogenesis seen
in Cdx mutants (Foley et al., 2019).

Given that cardiac misspecification was observed in DKO mutants at the expense of the
hematopoietic lineage, we next explored Cdx-dependent gene expression programs in the extra-
embryonic yolk sac, the site of primitive hematopoiesis. We began by identifying affected gene targets
and developmental processes in Cdx mutant yolk sacs (Foley et al., 2021), including the novel targets
Thx4, Sox9, Msx1, and Ascll. Through subsequent experimentation, the yolk sac expression of these
targets was shown to be maintained through Cdx-dependent epigenetic priming initiated earlier in
development, at E7.5. We demonstrated that Cdx2 occupancy at these loci during gastrulation is
associated with H3K27me3 maintenance, which is disrupted in DKO mutants and contributes to gene
misregulation (Foley et al., 2021). The main conclusions from these studies are outlined in further

detail below.
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Cardiac defects in Cdx mutant embryos

Among the many developmental defects that result from Cdx depletion are defects in
chorioallantoic fusion (Chawengsaksophak et al., 2004) and defects in yolk sac vascularization and
primitive hematopoiesis (Brooke-Bisschop et al., 2017; Lengerke et al., 2007; Wang et al., 2008;
Davidson and Zon, 2006; Davidson et al., 2003). Each of these contribute to poor oxygenation of
developing tissues, including the heart, which begins to emerge at E8.5. This stage is concomitant with
both hematopoietic development and formation of the chorioallantoic placenta. While it may be argued
that cardiac defects in DKO mutant embryos are secondary to the absence of blood, Cdx2 occupancy at
a number of cardiac loci suggests direct regulation of cardiac morphogenesis by Cdx factors. This is
further supported by Cdx-dependent recruitment of the SWI/SNF complex to these sites, accompanied
by changes in chromatin accessibility at loci aberrantly expressed in the cardiac crescent of DKO
mutants.

Studies in zebrafish and mouse models have demonstrated a requirement for Cdx during
embryonic hematopoiesis (Lengerke et al., 2007; Wang et al., 2008; Brooke-Bisschop et al., 2017;
Davidson and Zon, 2006; Davidson et al., 2003). Prior to the studies presented here, however, little was
known about the role of Cdx factors in cardiogenesis and much remains to be elucidated. In vitro
studies have demonstrated an initial requirement for Wnt signaling during hESC induction to
mesoderm, along with downstream Cdx function, followed by Wnt and Cdx inhibition for progression
to cardiac lineages (Rao et al., 2016; Mendjan et al., 2014). Cdx factors and the Wnt pathway share a
close relationship, with Cdx expression induced by Wnt signaling, coupled with Cdx-dependent
expression of Wnt pathway elements, including Wnt3a, Wnt5a, and Lef1 (Ikeya et al., 2001; Lickert et
al., 2000; 2002; Prinos et al., 2001; Shimizu et al., 2005; Pilon et al., 2006; Rao et al., 2016; Mendjan
et al., 2014; Nguyen et al., 2017; Savory et al., 2009a; Foley et al., 2019). The work presented here is

consistent with these previous observations, suggesting that Cdx activity is incompatible with the
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acquisition of a cardiac fate while being permissive to hematopoietic lineage specification (Mendjan et
al., 2014; Rao et al., 2016; Lengerke et al., 2007; Lengerke et al., 2008; Wang et al., 2008; Brooke-

Bisschop et al., 2017; Davidson and Zon, 2006; Davidson et al., 2003).

Ectopic cardiac gene expression in DKO mutants

In addition to cardiac defects, ectopic cardiogenesis is predicted to occur in mesodermal
progenitors destined to populate the Cdx mutant yolk sac. Previous work by our group identified
Scl/Tal-1 as a Cdx target. Scl/Tal-1 is required for yolk sac hematopoiesis, in part through the
repression of cardiac transcription factors within mesodermal precursors (Shivdasani et al., 1995; Van
Handel et al., 2012; Org et al., 2015). Yolk sac explant cultures generated from embryos deficient for
Scl/Tal-1 produce beating colonies and express cardiac markers like cardiac troponin T (cTnT, Van
Handel et al., 2012), indicative of misspecification of hematopoietic progenitors to cardiac fates. We
assessed the ability for Cdx-deficient yolk sac explant cultures and mouse embryoid bodies (EBs),
differentiated from mESCs, to generate beating colonies. Explant cultures from DKO yolk sacs
produced beating colonies (T.B.B and D.L., unpublished observations), however these observations
were difficult to reproduce. EBs generated from both CdxI”Cdx2™ Actin::CreER" mESCs
differentiated with and without 4-OHT (control and DKO, respectively) produced spontaneously
beating cells after 26 days of differentiation. We suspect the presence of beating cells in both mutant
and control tissue was due to sub-optimal culture conditions. Despite this, the number of contracting
colonies was greater in the DKO colonies than in controls (Appendix Figure 58), suggesting a greater
potential for misspecification to cardiomyocytes in the absence of Cdx, which was further supported by
increased cTnT expression in both DKO embryos and yolk sacs relative to controls at E8.5 (Appendix
Figure 59). These observations are consistent with our model in which Cdx functions upstream of Scl

to repress cardiogenesis within multipotential mesoderm.
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While the appearance of spontaneously beating colonies and ¢7nT expression in DKO yolk sac
and EB cultures points to ectopic cardiogenesis in Cdx mutants, GO terms associated with
cardiogenesis were not overrepresented in E9.5 DKO yolk sacs as measured by RNA-seq. It may be
that at E8.5, the stage at which ¢7TnT levels were measured, cardiac gene expression is present in the
yolk sac but is lost at E9.5 as cells become more dysfunctional. Alternatively, it may be that
hematopoietic progenitors that are misspecified in the primitive streak are unable to colonize the yolk
sac, as proposed in Chapter 3, or that ectopic c7nT in the yolk sac is produced by a different cell type
that is also impacted by Cdx ablation. Further experimentation, such as Cdx2" lineage-tracing
combined with cell-sorting at a range of developmental stages, may further elucidate the role of Cdx

factors in mesoderm specification and address these outstanding questions.

Cdx2 occupancy across the genome

We used ChIP-seq to identify regions enriched for Cdx2 occupancy in E8.5 embryos.
Transcription factor binding can occur near the promoter region of genomic targets, spanning distances
between 1-5kb. ChlIP-seq peaks generated by such transcription factor binding are generally discrete,
and much narrower than those produced from histone modifications, which can cover hundreds of
kilobases (Zhao et al., 2007; Hawkins et al., 2010). ChIP-seq studies of Cdx2 occupancy have been
performed by a number of groups in various tissue types, including mouse epiblast stem cells and
intestinal tissue from mice, humans, and differentiated from ESCs in culture (Kumar et al., 2019; Verzi
et al., 2010; 2013; Saxena et al., 2016; Amin et al., 2016). While broad peaks have been observed at
Cdx2-occupied sites in some of these studies (Kumar et al., 2019; Amin et al., 2016), peaks associated
with Cdx2 are often narrow and consistent with what is expected from binding by a transcription factor
(Verzi et al., 2010; 2013; Kumar et al., 2019; Amin et al., 2016). It is unlikely that the breadth of the

Cdx2 binding peaks are associated with plasticity or developmental stage, as broad peaks were
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observed in cells from adult intestine (Kumar et al., 2019), epiblast stem cells (Amin et al., 2016), and
embryos as observed in our study (Foley et al., 2019). Instead, differences in the breadth of ChIP-seq
peaks may result from differences in the anti-Cdx2 antibody employed in each study, or from the
methods used to prepare chromatin prior to immunoprecipitation.

In our work, broad and narrow Cdx2 binding peaks were differentially localized across the
genome, with narrow peaks at promoters and broad peaks localized to regions distal from the TSS of
putative targets (Foley et al., 2019). The presence of broad Cdx2-binding peaks may suggest that
CDREs are not essential for Cdx2 binding, however for both classes of Cdx2-peaks (broad and
narrow), putative CDREs could be identified under Cdx2 peaks. Further, Cdx2-binding could be
detected at these sites by ChIP-PCR using primers specifically designed to flank putative CDREs
identified within broader Cdx2-occupied regions (Foley et al., 2019). It may be that the presence of this
sequence is required for Cdx2 to be localized to its targets, but once it bound, Cdx2 may have some
mobility across its target loci. This mobility may be conferred by its interaction with binding partners,
such as the Brgl subunit of the SWI/SNF complex, however at the present time this hypothesis is
speculative.

In addition to both broad and narrow binding peaks, Cdx2 occupation occurred both distal from,
and proximal to, the promoters of putative target genes (Foley et al., 2019). ChIP-seq in E8.5 embryos
revealed Cdx-occupied regions were largely localized to the TSS of putative targets, with fewer
binding sites within more distal regions (Foley et al., 2019). Despite this, a subset of Cdx2-bound
regions were associated with intergenic regions. These particular peaks were broader than those
expected from binding by a transcription factor, containing defined summits but spanning distances as
large as 20 kb, as was observed at the genomic loci of mesodermal targets like 7hx5 and Nkx2-5,
among others (Foley et al., 2019). It is possible that Cdx2 regulates gene expression through context-

specific mechanisms, with broad regions of Cdx2 occupation distal from gene bodies associated with
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one mechanism of regulation, and narrow peaks at gene promoters indicative of a separate molecular
mechanism.

To explore this further, sites occupied by Cdx2 in E8.5 embryos were compared to those bound
by SWI/SNF and PRC2 in mesodermal progenitors differentiated from ESCs in vitro (Alexander et al.,
2015). Sites of overlap between Cdx2-bound regions and regions occupied by Brgl, a catalytic subunit
of the SWI/SNF complex, revealed 927 sites across the genome that were common to both factors
(Appendix Figure 60), corresponding to 794 unique genes. Most of these shared sites were distal from
associated target genes (50-500 kb from the TSS), and occurred at genes associated with biological
processes such as blood vessel morphogenesis, blood vessel development, and cardiac morphogenesis
(Appendix Figure 61).

Cdx2-bound regions in the embryo and those occupied by Suz12, a member of PRC2, identified
425 sites common to both factors (Appendix Figure 62) associated with 310 unique genes, with
occupancy mostly within 5kb of transcription start sites (TSS). These genes were associated with
biological processes such as positive- and negative-regulation of transcription (Appendix Figure 63).
Finally, 1,159 binding sites associated with 768 unique genes contained overlapping binding regions
for Cdx2 and H3K27me3, and were again largely located proximal to the TSS (Appendix Figure 64)
and associated with genes involved in retinoic acid signaling, cell fate commitment, and cardiac
morphogenesis (Appendix Figure 65). Together, these data suggest that Cdx2 shares binding sites with
SWI/SNF distal from the TSS of common targets involved in blood vessel formation, possibly
functioning at enhancers to positively regulate the expression of these targets. In contrast, Cdx2
occupancy overlaps with sites occupied by PRC2 and H3K27me3 at gene promoters involved in both
transcriptional regulation and cardiac development. While these data are highly speculative due to the
differences in tissue types from which ChIP-seq data for Cdx2 and potential interacting partners was

generated, these observations further support Cdx-mediated gene regulation through at least two
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distinct molecular mechanisms that are deployed during development in a context-dependent manner,
associating with SWI/SNF at one subset of targets and PRC2 at another. Further, associations between
Cdx2 and both SWI/SNF and PRC2 may provide an explanation for the broad Cdx2-binding peaks
observed in E8.5 embryos by ChlIP-seq, as noted above. Future work addressing these novel and
complex relationships is sure to yield interesting results.

The model presented here suggests that Cdx interacts with the SWI/SNF complex at one set of
genomic targets, and with the PRC2 complex and H3K27me3 at a unique set loci, allowing for
differentiatial regulation of Cdx localization. For this to be the case, a mechanism must exist whereby
Cdx2 preferentially interacts with one regulatory complex over the other. While little is known about
the role of post-translational modifications in the regulation of Cdx function, such modifications may
determine whether Cdx interacts with SWI/SNF or PRC2. Differential phosphorylation of Cdx2 on
Serine-60 has previously been demonstrated along the crypt-villus axis of the small intestine, with
higher levels of phospho-Cdx2 toward the base of the villi and within the crypts with both
phosphorylated and unphosphorylated Cdx2 capable of translocating to the nucleus (Rings et al., 2001).
Serine-60 resides within the N-terminal transactivation domain of Cdx2, and its phosphorylation affects
transcriptional activation by Cdx (Rings et al., 2001). Apart from this, very little is known about the
structure-function of Cdx proteins and the mechanisms by which they are regulated. This, it is possible
that additional sites for post-translational modifications exist within Cdx proteins, and that such
modifications may regulate interactions between Cdx factors and co-regulators, as has been previously

proposed (Guo et al., 2010).

Cdx and the SWI/SNF complex
In addition to Brgl, other members of the SWI/SNF complex were identified as potential Cdx2-

interacting proteins by stable isotope labeling of amino acids in culture followed by mass-spectrometry
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(SILAC-MS) using human embryonic kidney (HEK293T) cells which express Cdx2 in abundance
(Nguyen et al., 2017). Cdx2 was found to interact with Baf250, Baf57, and Baf155, each of which are
ubiquitously expressed core members of the SWI/SNF complex (Ho and Crabtree, 2010; Nguyen et al.,
2017). Thus, it is likely that interactions between Cdx2 and cell-type specific subunits may direct
SWI/SNF activity to lineage specific gene targets.

Cell-type specific SWI/SNF subunits identified as Cdx interacting partners in this assay
included Brahma/Brgl-associated factor (BAF) 250, BAF153, BAF57, BAF155, and BAF170 (Nguyen
et al., 2017). While these interactions have yet to be studied in depth, it is possible that they represent
lineage-specific binding partners, as the SWI/SNF complex includes different subunits in a lineage- and
developmental-stage specific manner. It remains unknown whether Cdx2 interacts with SWI/SNF
complex members other than Brgl directly (Nguyen et al., 2017). Direct protein-protein interactions
between Cdx2 and cell-type specific SWI/SNF complex members would provide a possible mechanism
by which Cdx factors may be recruited to lineage-specific gene targets. For example, an interaction
between Cdx2 and a Bafl70-containing complex, whose inclusion is specific to neural progenitor and
neuronal BAF complexes (Sokpor et al., 2017; Ho and Crabtree, 2010), may suggest a role for Cdx2 in
neurogenesis. Further studies, such as in vitro pull-down assys in which the interaction between Cdx2
and SWI/SNF candidates is assessed in the absence of Brgl, will be required to determine whether the
interactions identified by SILAC-MS are direct, and may provide evidence for a novel mechanism of
Cdx2 recruitment to cell-type specific genomic targets.

Co-expression between Cdx and lineage-restricted SWI/SNF subunits was explored in the early
embryo using a published single-cell RNA-seq dataset generated from E6.5-E7.75 embryos (Scialdone
et al., 2016). A number of cells were positive for transcripts for both Cdx2 and Baf250a (Appendix
Figure 66). While it is considered part of the core SWI/SNF complex, murine Baf250 is expressed at

E6.5, the time of cardiac mesoderm specification, and its expression persists within the heart tube at
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E9.5 (Singh et al., 2014). Further, depletion of this subunit results in defective cell commitment to
mesodermal lineages and aberrant cardiac progenitor differentiation, suggesting a critical role in heart
development (Alexander et al., 2015; Gao et al., 2008). Baf250 is thought to regulate cardiac
differentiation through the recruitment of Brgl to key cardiac loci during the early stages of heart
development (Gao et al., 2008). While the interaction between Cdx2 and Brgl, the ATPase subunit of
this complex, was investigated in this and other studies (Foley et al., 2019; Nguyen et al., 2017,
Yamamichi et al., 2009), a specific association between Cdx2 and Baf250 remains unexplored.

The SWI/SNF subunit Baf60c is also specific to complexes involved in gene expression
programs associated with differentiation to cardiac lineages (Sun et al., 2018). Baf60c was not
identified as a Cdx2 interacting partner by SILAC-MS, perhaps due to the role of this subunit in
promoting cardiac gene expression during differentiation (Sun et al., 2018), contrary to Cdx function.
Indeed, as Cdx represses differentiation to cardiac fates in favour of hematopoietic lineages, it may be
that Cdx does not interact with complexes containing Baf60c, and instead interacts with hematopoietic-
specific SWI/SNF complexes that have yet to be identified. Alternatively, it may be that Cdx2 does
interact with cardiac-specific SWI/SNF subunits, but that these subunits are not expressed in HEK239T
cells. Further studies in relevant mesodermal cell types will be necessary to examine possible
interactions between Cdx2 and cell-type specific SWI/SNF subunits, and whether these interactions
direct chromatin remodeling activity to genes involved in differentiation to cardiac or other
mesodermal lineages. Such work would contribute to our understanding of cell type-specific Cdx-
dependent gene regulation, and further elucidate the mechanisms by which Cdx epigenetically

regulates cell fate.
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Temporal overlap between Cdx occupancy and regulatory partners at genomic targets

Brgl localizes to cardiac targets occupied by Cdx2 in E9.5 embryos. It is unknown whether
binding by Brgl and the SWI/SNF complex is required first to render binding sites accessible for Cdx2,
or whether initial Cdx2 binding is necessary to induce the recruitment of SWI/SNF, resulting in
subsequent transcriptional regulation at the level of chromatin accessibility. Loss of Brgl binding in
Cdx mutants, coupled with changes in chromatin accessibility, suggest that Cdx2 binding is needed for
SWI/SNF recruitment. This is consistent with work by others that has shown Cdx2 binding alone does
not result in changes to chromatin architecture during intestinal development, and therefore is unlikely
to act as a pioneer factor (Kumar et al., 2019). Instead, it is thought that Cdx2 binds to genomic targets
as they become accessible, and that this binding maintains a chromatin configuration that is permissive
to gene expression (Kumar et al., 2019). This is achieved, in part, through the exclusion of repressive
H3K27me3 (Mazzoni et al., 2013; Saxena et al., 2016), as well as through the maintenance of active
marks like H3K4me2, characteristic of active enhancers (Verzi et al., 2013; Heintzman et al., 2007;
Verzi et al., 2010).

In addition to the interaction between Cdx2 and the SWI/SNF complex, the work presented here
also identified a relationship between Cdx and PRC2. Preliminary co-immunoprecipitation experiments
using an antibody against Cdx2 suggested a physical interaction between Cdx2 and Suzl2, a core
member of this complex (Appendix Figure 67). Whether this interaction is robust or direct remains
unknown, yet is consistent with the observation that Cdx2 and Suzl12/H3K27me3 share common
targets within the genome, providing further evidence for PRC2-mediated regulation of Cdx targets.
Further experimentation, including pull-down assays that examine direct interactions between Cdx2
and individual PRC2 subunits, combined with ChIP-seq and/or ChIP-reChIP experiments wherein
simultaneous genomic occupancy by Cdx2 and Suzl2 is assessed at the same loci across a series of

developmental stages, will further elucidate PRC2-mediated mechanisms of regulation at Cdx targets.
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While a protein-protein interaction between Cdx2 and Suz12 does support our working model
in which Cdx2 and PRC2 share genomic targets within mesodermal progenitors, such an interaction is
not necessarily required for co-regulation of common targets. Temporally distinct occupation of such
targets would still allow for co-regulation. For instance, Cdx binding might result in the recruitment of
SWI/SNF, or other transcription factors, that affect PRC2 recruitment and/or function at that locus.
Apart from a single PRE identified at the MafB/Kriesler locus in mice (Sing et al., 2009), mammalian
PREs and their role in PRC2 recruitment across the genome remain uncharacterized. Instead, PRC2
recruitment is thought to depend, in part, on the presence of chromatin-bound transcription factors
(Woo et al., 2010; Yu et al., 2012; Pinello et al., 2014; Arnold et al., 2013). This hypothesis supports
our model in which PRC2 localization is Cdx-dependent, and therefore impaired in Cdx-deficient
tissues, contributing to decreased H3K27me3 at Cdx targets in Cdx-deficient tissues as was observed in
DKO yolk sacs (Figure 56A).

H3K27me3 distribution across the Cdx targets Thx4, Sox9, Ascll, and MsxI was disrupted in
Cdx-deficient yolk sacs at regions found to contain overlapping regions of occupation by Cdx and
Suz12/H3K27me3 (Figure 56). In addition to these loci, a similar exercise was performed to identify
regions of overlap between Cdx2 and Suz12/H3K27me3 at Cdx targets associated with hematopoietic
and cardiac specification/differentiation (Appendix Figure 68). These included hematopoietic Cdx
targets Scl/Tal-1 and Lyll, previously shown to be positive regulated by Cdx (Brook-Bisschop et al.,
2017), as well as cardiac genes Nkx2-5, Thx5, and Gata4, ectopically expressed in DKO mutants (Foley
et al., 2019), and the bona fide Cdx target Cyp26A41 (Savory et al., 2009a). As was observed for the loci
that were previously examined, overlapping regions of occupancy by Cdx2 and Suzl12/H3K23me3
were identified, suggesting a possibility for PRC2-mediated regulation of Cdx targets. Notably, Brgl
was absent from these loci (Alexander et al., 2015; Foley et al., 2019), further supporting our

hypothesis that Cdx regulates genomic targets through multiple mechanisms.
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While it appears that Cdx2 binding and PRC2/H3K27me3 occupancy overlap at Cdx targets in
the yolk sac, it is possible that binding by these factors is temporally distinct. Transient Cdx binding
early in development, and presumed SWI/SNF recruitment and chromatin rearrangement, may be
required for the recruitment of unknown factors that utilize overlapping genomic regions to either
facilitate the recruitment of PRC2, or maintain H3K27me3 levels, at these sites at later developmental
stages. Thus, impaired SWI/SNF-mediated chromatin remodelling at Cdx target genes in Cdx mutants
may interfere with binding by additional factors, resulting in aberrant PRC2 function and decreased
H3K27me3 levels, contributing to altered patterns of gene expression. While we have no evidence to
support the involvement of additional factors as of yet, SWI/SNF-dependement H3K27me3 has been
observed by other groups during in vitro differentiation of ESCs to cardiac mesoderm (Alexander et al.,
2016). This suggests there may be cooperativity between SWI/SNF and PRC2 at a unique subset of
genomic loci, despite the generally antagonistic functions of these two complexes.

To determine whether there is a functional correlation to the overlap between Cdx and
Suz12/H3K27me3 bound regions at cardiac and hematopoietic targets, H3K27me3 levels were
assessed by ChIP-PCR in Cdx mutant embryos (Appendix Figure 69), as was previously done with
Thx4, Sox9, Msxl1, and Ascll (Figure 56). Among those genes examined were the hematopoietic loci
Scl/Tal-1, Lyll, and Lmo2, cardiogenic genes Thx5, Nkx2-5, and Gata4, and the Cdx target Cyp26A1
(Savory et al., 2009a). Based on our working model and previous reports (Mazzoni et al., 2013; Saxena
et al., 2017), we predicted an increase in H3K27me3 at hematopoietic genes downregulated in Cdx-
mutants, and a depletion of this mark at cardiogenic loci that are upregulated in the absence of Cdx. To
our surprise, H3K27me3 levels were increased in mutant tissues relative to controls at each of the
examined loci.

Changes in the relative expression of PRC2 subunits, as was observed in DKO yolk sacs

(Figure 55), may impact PRC2 complex assembly and lead to its dysfunction. To determine whether
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impaired H3K27me3 at Cdx targets in DKO yolk sacs was the result of PRC2 complex dysfunction,
rather than due to specific misregulation at Cdx targets, we examined H3K27me3 protein levels
relative to total histone H3 in wild type and DKO yolk sacs by western blot from nuclear extracts
(Appendix Figure 70). While levels of histone H3 were largely unaffected in Cdx mutants, there was a
great degree of variability in the amount of H3K27me3 protein detected among biological replicates,
with some samples having almost no detectable H3K27me3 and others displaying a nearly 10-fold
increase. Variability in H3K27me3 levels may result from incomplete Cdx deletion in the yolk sac, as
we have shown (Figure 47). At E9.5, the stage at which this experiment was performed, the murine
yolk sac is composed of primitive-streak derived mesoderm and trophectoderm-derived visceral
endoderm (Kaufman and Baard, 1999). Based on these and other observations, we suspect that the
visceral endoderm may be deficient in Cre expression, with the DKO yolk sac phenotype due to Cre-
activation in the embryo proper where hematopoetic progenitors and yolk sac mesoderm are specified
(Figure 47). Therefore, similar experiments in which cells are isolated at earlier stages of development,
before cardiac and hematopoietic progenitors egress from the streak (E6.5-7.5), might be informative.
Alternatively, ChIP-re-ChIP could have been applied to determine whether Cdx2 and
SWI/SNF, or Cdx2 and PRC2, co-occupy overlapping genomic regions within the same cell, or
whether binding by Cdx2 and these proposed co-regulators to shared regulatory elements is mutually
exclusive. Furthermore, isolating relevant cell populations using cell surface markers may also improve
our experimental resolution, allowing for us to determine whether Cdx factors preferentially interact
with Brgl and the SWI/SNF complex, and/or PRC2 and H3K27me3, at certain Cdx targets in one cell
lineage versus another. However, such an approach depends upon temporal overlap between Cdx2
occupancy and occupancy by SWI/SNF and/or PRC2, which, as explained above, may not be the
mechanism by which co-regulation occurs. While we had considered taking this approach using the cell

surface receptor FlkI, FlkI" cells are greatly reduced in DKO mutants relative to controls for unknown
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reasons (D.L. and J.G.A.S., unpublished results). Thus, an alternative cell surface marker, or
fluorescent reporter, present in both hematopoietic and cardiac progenitors will need to be identified for

such an approach to be applied.

Functional significance of H3K27me3 at Cdx target genes

H3K27me3 is associated with gene repression, however H3K27me3 levels were decreased at
Cdx2 targets that were downregulated in mutant yolk sacs (Foley et al., 2021). These observations were
initially confounding, as the absence of a repressive mark is expected to result in gene expression.
However, transcriptional activity at a given genomic locus is thought to result from input by a number
of modifications to histone tails, known collectively as the ‘histone code’ (Strahl and Allis, 2000). This
code is comprised of a host of post-translational modifications, including H3K4ac, H3K4me3, and
H3K9ac, which mark active gene promoters, H3K27ac, associated with transcriptional activity at both
promoters and enhancers, H3K79me2/3 and H3K36me3, associated with genes bodies undergoing
active transcription, as well as repressive marks H3K4mel, H3K9mel, H3K20me3, and H2Aub (Gates
et al., 2017). These marks are assumed to act in concert to induce or restrict gene expression alongside
other mechanisms of regulation, like DNA methylation (Holliday and Pugh, 1975; Compere and
Palmiter, 1981), IncRNA-mediated regulation of chromatin accessibility (Isoda et al., 2017; Mumbach
et al.,, 2019), and other mechanisms not considered in this study. With these various aspects of
transcriptional regulation taken together, it becomes clear that gene expression from a given locus may
not be reliably predicted by examining the presence of a single histone modification. While decreased
H3K27me3 levels, as observed in Cdx mutants, may contribute to the misexpression of Cdx-targets,
aberrant gene expression as described in this study likely results from misregulation of multiple

regulatory mechanisms. Future experiments in which additional histone modifications are examined,
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along with assays to identify changes in chromatin accessibility, will provide further insight into the
molecular mechanisms underlying Cdx-dependent gene expression.

H3K27me3 has been associated with functions in addition to transcriptional repression that are
often overlooked. Work in ESCs and Gatal™ megakaryocyte-erythroid (GIME) cells has shown that
H3K27me3 ChIP-seq peaks have three epigenetic profiles that uniquely affect gene expression (Young
et al., 2011). The first marks bivalent promoters, and is characterized by sharp peaks of H3K27me3
located at transcriptional start sites, often accompanied by peaks of H3K27ac. The second is a broad
H3K27me3 peak that spans gene bodies and is associated with gene repression. The final H3K27me3
profile is a sharp peak within a promoter and associated with gene expression. While the role of PRC2
in positive regulation of expression is seldom discussed, the absence of H3K27me3 from Cdx2 target
genes in the yolk sac, as observed in our studies, correlated with reduced transcriptional activity from
select targets in mutant yolk sacs. This is consistent with other instances in the literature where PRC2
activity positively affects transcription (Gao et al., 2014; Gentile et al., 2018; Zhao et al., 2017).

While specific histone modifications correlate with active or inhibited transcriptional states,
there remains debate as to whether these marks are causal, or whether they might instead be the result
of transcriptional regulation without being inherently functional (Gates et al., 2017; Henikoff and
Shilatifard, 2011). Rather than serving as instructive cues for gene expression, these marks may instead
be a record of transcriptional activity at a locus over time. If so, the absence of H3K27me3 at Cdx
targets in Cdx-deficient yolk sacs can be reconciled with decreased expression from these targets,
consistent with observations by others in which depletion of this “repressive” mark from certain loci
occurs with decreased gene expression, and contrary to current dogma in which the absence of

H3K27me3 should indicate relief of repression.
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Conserved Cdx functions in the mouse extra-embryonic yolk sac and the adult intestine

At E9.5, the yolk sac contains mesodermal derivatives, in which hemangioblasts, progenitors
for both primitive blood and yolk sac vasculature, are contained. Adjacent to this mesodermal layer is a
layer of visceral endoderm, required for the transport of ions and nutrients and waste exchange by the
embryo until chorioallantoic fusion (Gillman et al., 1948; Brent et al., 1990; Jollie, 1990; Lloyd, 1990,
1997; Farese et al., 1995; Cross et al., 1994; Zohn et al., 2010). While critical functions for Cdx2 in the
trophectoderm and the allantois are well documented, specific roles for Cdx in the yolk sac visceral
endoderm have not been described.

Complete Cdx knockout was not achieved in the yolk sac (Foley et al., 2021). As a result, it
remains unclear whether Cdx was abolished in some cell populations but not others, or whether it was
incompletely depleted across all yolk sac cell types. Embryos from which yolk sacs were dissected
displayed phenotypes associated with complete Cdx depletion, including caudal truncation rostral to
the forelimb bud along with cardiac defects and an open neural tube. This suggests that Cdx was
efficiently deleted within the embryo proper, extra-embryonic lineages like the visceral endoderm may
not have been affected to the same extent for reasons that are not understood. Further studies using
visceral-endoderm specific Cdx2 deletion will be required to elucidate Cdx function associated with
this lineage, however at present no such Cre driver has been described.

Extracellular signals from the visceral endoderm, including Ihh and Vegfa, bind to cell surface
receptors within underlying mesoderm, inducing the formation of blood vessels during primitive
hematopoiesis (Becker et al., 1997; Farrington et al., 1997; Damert et al., 2002; Miura et al., 1969,
Beloussof et al., 1998; Vokes and Krieg, 2002; Dyer et al., 2001). Cdx mutant yolk sacs lack
vascularization, apparent by E9.5, however Ihh and Vegf expression in these mutants was not affected.

Thus, yolk sac defects observed in Cdx mutants are independent of impaired signaling by the visceral
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endoderm, as the expression of these factors was maintained in the absence of Cdx, despite the
observed phenotype.

While these observations suggest that Cdx depletion was not achieved in the visceral endoderm,
decreased expression of Slc family members, along with other ion transporters and and genes encoding
gap junction proteins, indicates that some functions of the visceral endoderm may be impaired in Cdx
mutants, despite incomplete Cdx2 deletion. The epithelium of the visceral endoderm is functionally and
morphologically similar to that of the intestine (Bielinska et al., 1999), as both contain microvilli that
facilitate nutrient absorption (Calarco et al., 1966). In the intestinal epithelium, Cdx regulates the
expression of genes involved in ion transport, which include diverse members of the Sic solute carrier
family (Verzi et al., 2011; Gao et al., 2009), as well as genes encoding tight junction proteins required
for the maintenance of apicobasal polarity (Gao et al.,, 2010). While the specific transcripts
misregulated in Cdx mutant intestine were not aberrantly expressed in Cdx-deficient yolk sacs,
misregulation of Slc family members with similar functions, including Sicla$, Sic4a8, Sic4all, Slc6a9
Slc6als, Slc7al Slc7a6, Sic22al3, Slcl7a4, and Slc29a4, the calcium-dependent non-selective anion
channel 4no4 (Reichart et al., 2019), and genes encoding gap junction proteins Gja4 and Gja5, was
observed. This suggests that Cdx may regulate analogous processes in the yolk sac visceral endoderm
and intestinal epithelium, perhaps via tissue-specific target genes with similar function. These
observations are consistent with findings by Scialdone and colleagues who identified cells that co-
expressed Cdx2 and the visceral endoderm markers Sox7 and LhxI (Appendix Figure 71; Sherwood et
al., 2007; Scialdone et al., 2016), indicating a possible role for Cdx in this tissue.

It may be that partial deletion in this lineage was achieved, or alternatively, that these changes
in gene expression are secondary to the lack of blood. Impaired nutrient transport and cell-cell contact
in DKO yolk sacs is consistent with previously described roles for Cdx in the intestinal epithelium,

where Cdx factors similarly maintain both Slc gene expression and the expression of proteins required
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for tight junctions, required for apicobasal polarity (Verzi et al., 2011; Gao et al., 2009). While affected
gene targets are not entirely conserved between Cdx-mutant intestinal epithelium and yolk sac, affected
genes appear to be involved in analogous processes, with ion and nutrient transport affected in both
tissues lacking Cdx expression, pointing to a potentially conserved role for Cdx across different tissue
types. Again, our understanding of roles for Cdx in these processes would benefit greatly from the
identification of a visceral endoderm-specific Cre driver, allowing for targetted Cdx ablation within this

lineage.

Conclusions

In summary, Cdx factors are required to maintain the balance between cardiac and
hematopoietic lineage specification during gastrulation through regulation of genes involved in
differentiation of multipotential mesoderm. In the absence of Cdx, cardiac gene expression is affected
in the cardiac crescent at developmental stages where Cdx is no longer expressed. This may be due to
aberrant chromatin organization at cardiac loci, as Cdx is required within progenitors to recruit the
SWI/SNF complex to targets as cardiogenic cells are specified in the primitive streak. Impaired
SWI/SNF recruitment to targets in the absence of Cdx results in disruption of the chromatin landscape,
leading to miregulated and/or ectopic gene expression.

In the yolk sac, Cdx is required to maintain gene expression programs associated with both the
mesoderm and visceral endoderm layers, including yolk sac hematopoiesis and ion and nutrient
transport, among other processes. Ectopic cardiac gene expression is not observed in DKO mutant yolk
sac, despite the role of Cdx in repressing cardiogenesis in favour of differentiation to hematopoietic
lineages. This may be due to the impaired migration of misspecified mesodermal progenitors, which we
expect to be incapable of colonizing the yolk sac. Nevertheless, a number of novel Cdx yolk sac targets

were identified, with roles in ion and nutrient transport and chorioallantoic fusion. This work also
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revealed Cdx-dependent processes within the yolk sac analogous to previously described roles for this
factor in the intestinal epithelium, pointing to conserved Cdx functions across tissue types.

Within the yolk sac, Cdx maintains gene expression programs, in part, through the maintenance
of H3K27me3 deposited at Cdx targets during gastrulation, before hematopoietic progenitors migrate
from the streak. Cdx therefore primes genomic targets within hematopoietic mesoderm to establish
appropriate gene expression patterns at later stages, when Cdx no longer occupies these genomic sites.
Whether Cdx interacts with PRC2 directly to regulate this mark, or whether Cdx and PRC2 regulate
overlapping regions of the genome but in a temporally distinct manner, remains unclear. However, the
mechanism by which Cdx and PRC2 regulate shared targets appears to be separate from that involving
the SWI/SNF complex, as genomic targets common to Cdx2 and PRC2 are unique from those common
to Cdx2 and Brgl. This indicates that Cdx members interact with PRC2 and SWI/SNF through distinct

epigenetic mechanisms that may be deployed in a cell-type specific manner to regulate cell fate.
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Appendix Figure 58. DKO embryoid bodies produce spontaneously beating colonies. CdxI™”

Cdx2™" Actin::CreER" mESCs were maintained in hanging droplets for 2 days to induce differentiation
through the formation of embryoid bodies (EBs). On day 2, when Cdx2 expression is normally
induced, EBs were transferred to suspension cultures in the absence or presence of 4-OHT (control
(Ctl) and DKO, respectively). On day 4, single EBs were transferred from suspension to 24-well
culture dishes to which the cells could adhere, with each EB in a single well. The resulting colonies
were monitored for spontaneous beating. The number of beating colonies Ctl and DKO EBs was

quantified on day 26 and expressed as a percentage of the total (n=1).
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Appendix Figure 59. ¢TnT is ectopically expressed in E8.5 DKO embryos and yolk sacs. cTnT
transcript levels were measured in wild type (CD1) and DKO embryos and yolk sacs at E8.5 by RT-
PCR (n=1). B-Actin was included as a loading control.
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Appendix Figure 60. Cdx2 and Brgl share genomic binding sites. Cdx2 binding sites identified in
E8.5 embryos overlap with regions occupied by Brgl in mouse embryonic stem cells differentiated to
mesodermal progenitors in culture. Overlap occurs at 927 sites, largely within regions distal from the

TSS of shared targets.
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Appendix Figure 61. Cdx2 and Brgl overlap at targets associated with vascular morphogenesis.
Gene ontology (GO) terms associated with genes occupied by Cdx2 in E8.5 embryos and by Brgl in

mesodermal progenitors.
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Appendix Figure 62. Cdx2 and Suzl12 share genomic binding sites. Cdx2 binding sites identified in
E8.5 embryos overlap with regions occupied by Suz12 in mouse embryonic stem cells differentiated to
cardiac mesoderm in culture. Overlap between Cdx2 and H3k27me3 was observed at 425 sites, largely

near the TSS of shared targets.

GO Term Enrichment Analysis: Cdx2 and Suz12
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Appendix Figure 63. Cdx2 and Suzl2 overlap at targets associated with transcriptional

regulation. Gene ontology (GO) terms associated with genes occupied by Cdx2 in E8.5 embryos and

by Suz12 in mesodermal progenitors.
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Appendix Figure 64. Cdx2 and H3K27me3 share genomic binding sites. Cdx2 binding sites
identified in E8.5 embryos overlap with regions occupied by H3K27me3 in mouse embryonic stem
cells differentiated to cardiac mesoderm in culture. Overlap between Cdx2 and H3k27me3 was

observed at 1159 sites, largely near the TSS of shared targets.

GO Term Enrichment Analysis: Cdx2 and H3K27me3
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Appendix Figure 65. Cdx2 and H3K27me3 overlap at targets associated with cardiac
development. Gene ontology (GO) terms associated with genes occupied by Cdx2 in E8.5 embryos

and by H3K27me3 in mesodermal progenitors.
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Appendix Figure 66. Cdx2 and Baf250a are co-expressed in single cells at E6.5-E7.75. Correlation
plots using a single-cell RNA-seq dataset in E6.25-7.5 whole embryos generated by Scialdone and

colleagues (Scialdone et al., 2016) demonstrate co-expression of Cdx2 and Baf250a.
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Appendix Figure 67. Cdx2 interacts with Suzl12. Cdx2 was immunoprecipitated from whole cell
lysates collected from E9.5-E10.5 wild type tail buds, and Suz12 binding was detected by western blot.
The Cdx2 input lane is shown separately from the IP lanes, despite being from the same blot, due to
differences in exposure time required for band visualization. Western blots are representative of four

independent experiments. Molecular weights are indicated in kDa to the left.
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Appendix Figure 68. Cdx2 occupied sits overlap with binding by Suzl2 and H3K27me3 in
mesodermal precursors. A. Embryonic stem cells were differentiated to cardiomyocytes in vitro and
collected at the mesoderm stage of differentiation for ChIP-seq by Alexander et al. (2015). ESCs,
embryonic stem cells; Mes, mesoderm; CP, cardiac progenitors; CM, cardiomyocytes. B. ChIP-seq was
performed in mesodermal cells (described in A.) using antibodies against Suz12, H3K27me3, and Brgl
(black bars, top; Alexander et al., 2015). These data were intersected with ChIP-seq data for Cdx2
binding in E8.5 whole embryos (blue peaks, below; Foley et al, 2019). Gene loci (Cyp26A41, Scl/Tal-1,
Thx5, Nkx2-5, and Gata4) are indicated beneath the peaks with exons represented by blue boxes.
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Appendix Figure 69. H3K27me3 levels are increased at a subset of cardiogenic and hematopoietic
Cdx-targets in Cdx-mutant yolk sacs. ChIP-PCR was performed in E9.5-10.5 yolk sacs to assess
levels of H3K27me3 at known Cdx2 target genes. Primers flanked previously identified Cdx2-occupied
regions of Cyp26A1, previously described as a Cdx2-target gene (Savory et al., 2009), the
hematopoietic genes Scl/Tal-1, Lyll, Lmo2, Meisl, (Brooke-Bisschop et al., 2017), and cardiogenic
genes Nkx2-5, Tbx5, and Gata4 (Foley et al., 2019). CDRE1 and CDRE2 denote separate putative Cdx-
response elements at the 7bhx5 and Gata4 loci. Background (IgG) was subtracted before normalization
to inputs. Values represent the mean of at least three independent experiments + standard error of the

mean (s.e.m). Asterisks indicate statistical significance as determined by Student’s t-test, p < 0.05, with
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Appendix Figure 70. Cdx-mutant embryos have highly variable levels of total H3K27me3.
Nuclear extracts were collected from E9.5 wild type and DKO embryos (Schechter et al., 2007), and
global levels of histone H3 (A) and H3K27me3 (B) were assessed by western blot. Bands were
quantified by densitometry and normalized to a nuclear loading control, proliferating cell nuclear
antigen (PCNA). Representative images of the western blots are shown above, with variability in H3
and H3K27me3 represented by the dot plots below. Bar graphs represent the mean of five independent

experiments + s.e.m, with no statistical significance (n.s.).
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Appendix Figure 71. Cdx2 and markers of visceral endoderm are co-expressed in single cells at
E6.5-E7.75. Correlation plots using a single-cell RNA-seq dataset in E6.25-7.5 whole embryos
generated by Scialdone and colleagues (Scialdone et al., 2016) demonstrate co-expression of Cdx2 and

visceral endoderm markers Sox7 and Lhx!.
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