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ABSTRACT

METALLOPROTEASE REGULATION SHAPES THE BMP GRADIENT
IN SPACE AND TIME
Francesca Tuazon

Mary Mullins

A fundamental question in developmental biology is how morphogens, such as
Bone Morphogenetic Protein (BMP), form precise signaling gradients to impart positional
and functional identity to the cells of the early embryo. The primary goal of this research
is to employ recent advances in the quantitative measurement and visualization of the
BMP signaling gradient to elucidate the mechanisms that shape the zebrafish BMP
morphogen gradient in space and time. Specifically, | investigated the roles of Bmp1a and
Tolloid, metalloproteases that promote BMP signaling by cleaving the critical BMP
antagonist Chordin, and their competitive inhibitor Sizzled.

| combined rigorous mutant analyses with quantitative immunofluorescence to
determine that the proteases Bmp1a and Tolloid spatially restrict Chordin in the early
zebrafish gastrula. | discovered that maternally-deposited Bmp1a plays an unexpected
and non-redundant role in establishing the BMP gradient, while Sizzled is surprisingly
dispensable. Combining mathematical models and in vivo analyses with an immobile
Chordin construct, | demonstrate that Chordin diffusion is dispensable for BMP gradient
formation and DV patterning. These data exclude a counter-gradient of Chordin and
instead favor a Chordin sink, established by Bmp1a and Tolloid, as the primary

mechanism that drives BMP gradient formation.
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| applied quantitative immunofluorescence to wild-type embryos and determined
that the BMP signaling gradient steepens by the end of gastrulation. | discovered that
Tolloid and Sizzled play separate roles in shaping the BMP gradient during gastrulation:
they are first required at different stages and Tolloid steepens the BMP gradient while
Sizzled limits the lateral extent of the highest BMP levels. These results suggest that
gastrulation represents a new signaling environment that requires additional regulation by
Tolloid and Sizzled. Taken together, | have defined distinct spatiotemporal roles for
Bmp1a, Tolloid, and Sizzled in both establishing and then later shaping the BMP signaling

gradient during zebrafish DV patterning.
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CHAPTER 1. Spatiotemporal regulation of morphogen signaling patterns

the early embryo

Contributions: This chapter contains figures and direct quotes from Tuazon and Mullins
published in 2015 in Seminars in Cell and Developmental Biology (Tuazon and Mullins,

2015) and Tuazon, et al. under revision at Cell Reports.



1.1 Introduction: Orthogonal morphogen gradients pattern the early embryo

A fundamental question of developmental biology is how the un-patterned cells of
the early embryo gain the positional and functional identity necessary to generate a mature
organism (Wolpert, 1969). In this process distinct cell fates are specified by morphogens,
signaling factors that form spatial gradients to direct cell fate (Ashe and Briscoe, 2006;
Briscoe and Small, 2015; Rogers and Schier, 2011). Morphogens act in a concentration-
dependent manner as a gradient of high, intermediate, and low activity specifies discrete
cell fates. Morphogens are important for the initial patterning of the pluripotent cells of the
early embryo, as well as for tissue and organ patterning later in development (Sansom
and Livesey, 2009; Tuazon and Mullins, 2015). Furthermore, these developmental
signaling molecules are often re-used during injury repair and exploited in disease
progression. Thus, uncovering the mechanisms that underlie the generation and
regulation of morphogen gradients has broad implications to our understanding of

development and disease.

In vertebrates, distinct signaling proteins act as morphogens to pattern the
dorsoventral (DV) axes and anteroposterior (AP), the foundation of the bilateral body plan.
Since the amount of each signal at precise locations patterns the entire organism, the
spatial regulation of individual morphogen levels is critical. Moreover, this precise
distribution of morphogen signaling cannot be established instantaneously and entire
embryo cannot be patterned all at once. Correct morphogen signaling levels must be
maintained throughout the patterning process and cells must also be equipped to know
exactly when to respond to morphogen signals to adopt their correct fate (Balaskas et al.,
2012). Thus, temporal regulation of morphogen signaling and target cell competence are

also essential to pattern a complete body axis. Furthermore, patterning of all DV and AP



tissues spans late blastula, gastrula, and somitogenesis stages, which are distinct and
dynamic physical environments, so spatial and temporal regulation of morphogen

signaling must be coordinated to navigate the challenges of early embryo development.

Although separate mechanisms exist for patterning the DV and AP axes, both axes
are patterned concomitantly; these orthogonal patterning mechanisms must work in
harmony across both space and time to properly pattern the organism. Patterning along
the DV axis is directed by ventralizing Bone Morphogenetic Proteins (BMP) signaling,
while patterning along the AP axis is directed by posteriorizing signals Wnt, fibroblast
growth factor (FGF), Nodal, and retinoic acid (RA). This chapter addresses the current
understanding of Xenopus and zebrafish DV and AP axial patterning during gastrulation
as separate processes (Sections 1.2 and 1.3, respectively), as well as more recent
advances in uncovering the mechanisms that coordinate DV and AP patterning in
zebrafish (Section 1.4). This chapter also discusses the relationship between fate
specification and the morphogenic movements of gastrulation (Section 1.5) and current
techniques for visualizing morphogen gradients and manipulating spatial and temporal
aspects of patterning (Section 1.6). The final section presents the goals of this dissertation

research project within the context of DV patterning (Section 1.7).

1.2 A BMP morphogen gradient patterns the DV axis

1.2.1 Maternal establishment of the DV axis

In Xenopus and zebrafish, the initial DV axis is established by maternal Wnt/B3-
catenin signaling activating dorsal gene expression in prospective dorsal cells (Itoh et al.,

1998; Langdon and Mullins, 2011; Moon and Kimelman, 1998; Schroeder and Yost, 1996;

3



Tao et al., 2005). This initial DV polarity depends on both the vegetal localization of dorsal
determinants in the egg and their asymmetric transport via microtubules to the future
dorsal side during embryonic cleavage stages. In zebrafish, maternal Wnt/B-catenin
signaling dorsally activates the zygotic expression of dorsal genes bozozok and fgf, which
establish and maintain the dorsal organizer (Langdon and Mullins, 2011). Another
important organizer gene, goosecoid, is induced by Nodal signaling (Feldman et al., 1998;

Gritsman et al., 2000; Zinski et al., 2018).

The dorsal organizer protects dorsal cell fates during axial patterning in two
fashions. First, it induces the chordin, noggin, and follistatin genes, resulting in the
expression of essential secreted BMP antagonists (Section 1.2.4). The dorsal organizer
also inhibits the activity of vox/vent/ved, which transcriptionally repress dorsal genes
(Section 1.3.5) (De Robertis, 2006; Flores et al., 2008; Kawahara et al., 2000; Melby et
al., 2000; Melby et al., 1999; Onichtchouk et al., 1998; Shimizu et al., 2002; Trindade et
al., 1999). As long as the dorsal organizer is correctly established by the aforementioned
maternal mechanisms, the specification of DV cell fates is directed by BMP signaling in

the embryo, as detailed below.

1.2.2 BMP signal transduction

Bone Morphogenetic Proteins (BMPs) are secreted growth factors belonging to the
TGF-B superfamily (Zinski et al., 2018). While there are numerous distinct BMP ligands,
the prominent BMP ligands during DV patterning are BMP2/4 and BMP7 (Dutko and
Mullins, 2011). BMPs are secreted as either covalently linked homodimers or
heterodimers, though in zebrafish the BMP2/7 heterodimer is the obligate ligand (Little
and Mullins, 2009). BMPs bind a serine/threonine kinase receptor complex composed of

two Type | (Bmpr1 and/or Acvr1l) and two Type Il (Bmpr2 and/or Acvr2) receptors (Figure
4



1.1A) (Armes and Smith, 1997; Graff et al., 1994, Little and Mullins, 2009; Nikaido et al.,
1999; Shi and Massague, 2003). In zebrafish, the BMP2/7 heterodimer is thought to signal
through a heterotetrameric receptor complex comprised of both Bmpr1 and Acvr1l, and

still unknown Type Il receptors (Little and Mullins, 2009).

Upon BMP binding, the activated Type | receptors phosphorylate the C-terminus
of the Smad1/5 transcription factor (P-Smad1/5), resulting in its nuclear accumulation
(Figure 1.1A) (Feng and Derynck, 2005; Little and Mullins, 2009; Schmierer and Hill,
2007). In Xenopus, Smad1 is the primary transducer of BMP signaling during gastrulation,
while in zebrafish smad5 functions predominantly over smad1 (Dick et al., 1999; Hild et
al., 1999; Kramer et al., 2002; Wilson et al., 1997). Since Smad1 and Smad5 have
equivalent phosphorylation sites and ventralizing activity (Hashiguchi and Mullins, 2013),
they will be referred to as Smad1/5. After P-Smad5 subsequently accumulates in the
nucleus, it induces BMP target genes (Hild et al., 1999; Massague et al., 2005; Schmierer

and Hill, 2007).

1.2.3 A gradient of BMP signaling specifies ventrolateral cell fates

BMPs act as a morphogen to pattern the embryonic DV axis of all vertebrates (Bier
and De Robertis, 2015; Tuazon and Mullins, 2015; Zinski et al., 2018). Specifically, a BMP
signaling gradient specifies ventral cell fates (e.g. epidermis, blood, posterior somites) at
high levels and lateral fates (e.g. neural crest) at intermediate levels, while dorsal fates
(e.g. neural tissue, anterior somites) result from no BMP signaling (Figure 1.1C) (Bier
and De Robertis, 2015; Dale et al., 1992; De Robertis and Sasai, 1996; Heasman, 2006;
Knecht and Harland, 1997; Nguyen et al., 1998; Schier and Talbot, 2005; Schumacher et
al., 2011; Tuazon and Mullins, 2015; Tucker et al., 2008). BMP signaling is essential to

specify ventral cell fates: loss of BMP signaling results in the ablation of ventral tissues
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with the concurrent expansion of dorsal tissues (Kishimoto et al., 1997; Schmid et al.,
2000). In the zebrafish embryo, initial bmp expression is widespread and thus present
dorsally, but it becomes restricted to the ventral half of the embryo during DV patterning

(Dick et al., 2000; Schmid et al., 2000).

The BMP signaling gradient has been visualized by immunofluorescent staining
for nuclear P-Smad1/5, a direct intracellular readout of BMP signaling. Use of this
approach in Xenopus (Cho et al., 2013; Faure et al., 2000; Plouhinec et al., 2013; Schohl
and Fagotto, 2002) and zebrafish (Hashiguchi and Mullins, 2013; Ramel and Hill, 2013;
Tucker et al., 2008; Xue et al., 2014; Zinski et al., 2017; Zinski et al., 2019) reveals a
gradient of P-Smad1/5 at mid-blastula stages that intensifies during gastrulation, exhibiting
high P-Smad1/5 intensity ventrally and little to no P-Smad1/5 dorsally. In zebrafish there
are differing reports for nuclear P-Smad1/5 in the dorsal organizer: most observe no dorsal
P-Smad1/5 (Hashiguchi and Mullins, 2013; Ramel and Hill, 2013; Tucker et al., 2008;
Zinski et al., 2017; Zinski et al., 2019), while another observes P-Smad1/5 in the dorsal
organizer (Xue et al., 2014). Although all groups use the same antibody and dilution, there
are differences in embryo pre-staining processing. An epitope recovery method (Xue et
al., 2014) shows P-Smad1/5 in the dorsal organizer, whereas standard methods do not.
The most recent advances in quantitative visualization of the P-Smad1/5 gradient (Zinski
et al., 2017; Zinski et al., 2019), which were utilized throughout this project, are briefly

summarized in Section 1.6.1 and detailed in Section 6.4.

1.2.4 Extracellular modulators generate and requlate the BMP gradient

The BMP signaling gradient is generated by extracellular mechanisms. In zebrafish
embryos devoid of BMP signaling, BMP heterodimer protein can be injected directly into

the extracellular space and completely rescue the P-Smad1/5 gradient before the onset
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of gastrulation (Little and Mullins, 2009). Injection of exogenous heterodimer protein
circumvents other potential mechanisms for gradient formation, such as graded bmp
expression or transcriptional inputs (Section 1.3.5). This rescue by injected heterodimer
protein suggests that the BMP gradient is generated largely by extracellular mechanisms.
This is consistent with the rescue of severely dorsalized BMP mutants by injecting bmp
RNA at the one-cell stage; although bmp RNA is initially present uniformly, the BMP

gradient is still able to correctly pattern the DV axis (Dick et al., 2000; Nguyen et al., 1998).

Various secreted modulators are responsible for generating and further regulating
the BMP ligand gradient (Little and Mullins, 2006; Umulis et al., 2009; Zakin and De
Robertis, 2010; Zinski et al., 2018). These extracellular modulators promote or restrict
BMP signaling in defined cellular domains across distinct phases of development,
providing precise spatial and temporal control of signaling. An example of such precise
control is the patterning of the preplacodal ectoderm (Section 4.1). BMP signaling is
initially required to specify these tissues at the onset of gastrulation, but must be
completely blocked after gastrulation for their final specification (Kwon et al., 2010;
Reichert et al., 2013; Wawersik et al., 2005). Across vertebrates, this versatility of BMP
regulation is important beyond DV patterning, too, since BMP gradients are later
repurposed to direct patterning of specific organs, such as the neural tube and digits

(Dutko and Mullins, 2011; Suzuki et al., 2008; Zagorski et al., 2017).

The primary extracellular modulators of BMP signaling are the BMP antagonists,
which are secreted dorsally and bind and sequester BMPs to prevent ligand-receptor
binding (Dutko and Mullins, 2011; Fainsod et al., 1997; Piccolo et al., 1996; Troilo et al.,
2014; Zimmerman et al., 1996). The BMP antagonists include Chordin, Noggin, and

Follistatin and they are fundamental to DV patterning since loss of all three antagonists



results in the ablation of dorsal tissues (Figure 1.2C) (Dal-Pra et al., 2006; Khokha et al.,
2005; Little and Mullins, 2006). Chordin, however, is the central BMP antagonist since
depletion of Chordin alone results in ventralization (Figure 1.1A) (Dal-Pra et al., 2006).
Furthermore, Chordin is also required throughout various stages of DV patterning to
continue to regulate BMP signaling (Connors et al., 2006; Fisher et al., 1997; Fisher and
Halpern, 1999; Hammerschmidt et al., 1996a; Hammerschmidt et al., 1996b; Piccolo et
al., 1996; Schulte-Merker et al., 1997). Finally, unlike Noggin and Follistatin, Chordin itself

can be modulated by additional extracellular regulators, detailed below.

Chordin function is primarily modulated by two additional classes of proteins: (i)
the metalloproteases Bmp1a and Tolloid, which cleave and inactivate Chordin (Blader et
al., 1997; Jasuja et al., 2007; Muraoka et al., 2006; Piccolo et al., 1997; Wardle et al.,
1999), and (ii) the metalloprotease inhibitor Sizzled, which binds the active site of Bmp1a
and Tolloid to prevent them from cleaving Chordin (Figure 1.1A) (Lee et al., 2006;
Muraoka et al., 2006). These genes are expressed in distinct domains: bmp2/7 and sizzled
ventrally (Schmid et al., 2000; Yabe et al., 2003), chordin dorsally (Schulte-Merker et al.,
1997), and bmp1a and tolloid ubiquitously (Figure 1.1B) (Connors et al., 1999; Jasuja et

al., 2007; Muraoka et al., 2006).

Additional Chordin regulators include BMP binding endothelial regulator (Bmper,
also known as Crossveinless-2) and Twisted-gastrulation (Tsg). Bmper is known to both
promote and inhibit BMP function in different contexts. In zebrafish, Bmper enhances BMP
signaling when Chordin is present while inhibiting BMP signaling when Chordin is absent
(Zhang et al., 2010) (Figure 1.2C). Bmper may also antagonize Chordin activity in a
complex with Tsg and BMP (Figure 1.2C) (Ambrosio et al., 2008; lkeya et al., 2010;

Reichert et al., 2013; Rentzsch et al., 2006). Finally, Twisted-gastrulation (Tsg), which



forms a ternary complex with Chordin and the BMP ligands, can either promote the
cleavage of Chordin by Tolloid or, in the absence of Tolloid, inhibit BMP signaling (Figure
1.2C) (Larrain et al.,, 2001; Little and Mullins, 2004; Oelgeschlager et al., 2000;
Oelgeschlager et al., 2003; Ross et al., 2001; Scott et al., 2001). Both Tsg and Bmper are

expressed ventrally (Zinski et al., 2018).

This plethora of Chordin regulators suggests that regulating Chordin activity is key
to shaping the BMP signaling gradient and DV patterning. Furthermore, there is emerging
evidence that delimiting the Chordin expression domain is fundamental for establishing
and maintaining a correct BMP signaling gradient (Genikhovich et al., 2015; Inomata et
al., 2013; Plouhinec et al., 2013; Xue et al., 2014; Zinski et al., 2017). The partially-
redundant roles of Bmp1a and Tolloid in restricting Chordin range and establishing the
BMP signaling gradient are detailed in Chapter 2. The distinct roles of Tolloid and Sizzled
in shaping the BMP signaling gradient during gastrulation are explored in Chapter 3.
Finally, the role of Bmper in patterning the preplacodal ectoderm and the otic vesicle is

investigated in Chapter 4.

1.3 Combinatorial Wnt, FGF, Nodal, and RA morphogenetic signaling pattern the
AP axis

Although initial AP polarity in amphibians and fish is determined by the animal-
vegetal axis of the egg, which is maternally established, the patterning of distinct AP cell
fates in all vertebrates is controlled during late blastula and gastrula embryonic stages. By
the end of gastrulation in Xenopus, zebrafish, chick, and mouse, a clear division of anterior
and posterior cell fates has been established (Darnell et al., 1999; Gamse and Sive, 2000;

Gawantka et al., 1998; Grinblat et al., 1998; Harland and Gerhart, 1997; Knoetgen et al.,
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1999; Rowan et al., 1999; Simeone et al., 1993; Thomas and Beddington, 1996). AP
patterning is mediated by Wnt, fibroblast growth factor (FGF), Nodal, and retinoic acid
(RA) signaling. Specifically, Wnt, FGF, Nodal, and RA specify posterior cell fates and the

specification of anterior cell fates relies on the graded inhibition of these signals.

During blastula and gastrula stages Wnt, FGF, and Nodal establish the broad
regions of the AP body axis (the head, trunk, and tail as most posterior) (Figure 1.2).
Additionally, Nodal patterns the mesendoderm while Wnt, FGF, and RA specify distinct
AP cell fates in the neural plate, dividing it into four distinct regions to establish the central
nervous system (CNS). These four rostral (anterior) to caudal (posterior) subdivisions are
the forebrain, midbrain, hindbrain, which is further subdivided into rhombomeres
(numbered 1-7 from rostral to caudal in the zebrafish), and spinal cord (Figure 1.2A)
(Green et al., 2015). Although the complete specification of CNS fates extends beyond
gastrulation, these earlier subdivisions of the CNS can be used as a reliable readout of
AP axial patterning. The roles of Wnt, FGF, Nodal, and RA signaling in patterning the AP

body axis and/or the CNS are described below.

1.3.1 A Wnt gradient specifies posterior cell fates

Wnhts are secreted cysteine-rich glycoproteins that bind to the Frizzled (Fz) family
of receptors with the assistance of co-receptors such as low-density lipoprotein receptor-
related proteins (LRPs) and heparin-sulphate proteoglycans (HSPGs) (Yamaguchi, 2001).
During AP patterning, Wnt signaling activates the canonical Wnt/3-catenin pathway and
promotes the expression of posterior genes (Hikasa and Sokol, 2013; Langdon and
Mullins, 2011). During early and mid-blastula stages in the frog and zebrafish embryo,
maternal Wnt signaling is localized dorsally and establishes the dorsal organizer, which

establishes DV asymmetry (Sections 1.2.1 and 1.3.5) (Langdon and Mullins, 2011).
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However, during late blastula and gastrula stages zygotic Wnt signaling is excluded from
the dorsal organizer and localized to the ventrolateral embryo margin; this change in

localization during gastrulation coincides with a dramatic change in Wnt function.

Zygotic Wnt functions in posterior tissue development (Figure 1.2B): increasing
zygotic Wnt signaling results in the loss of head structures (Christian and Moon, 1993;
Dorsky et al., 2003; Glinka et al., 1998; Hikasa et al., 2010; Kim et al., 2000), whereas
embryos deficient in Wnt signaling exhibit a dramatic loss of the tail and a reciprocally
enlarged the head (Bellipanni et al., 2006; Heasman et al., 2000; Lekven et al., 2001;
Shimizu et al., 2005). AP patterning by Wnt also depends on Wnt antagonists, including
secreted Frizzled-related proteins (sFRPs) and Dickkopf (Dkk), which are localized
anteriorly (Figure 1.2B) (Glinka et al., 1998; Hikasa and Sokol, 2013; Leyns et al., 1997).
sFRPs are secreted proteins that contain domains homologous to the Wnt binding site of
Fz receptors and thus bind Wnt and prevent Fz activation, while Dkk proteins are
membrane-bound and bind LRP co-receptors to prevent the propagation of Wnt signaling

(Yamaguchi, 2001).

Whnt signaling is also key to AP neural patterning, specifying caudal CNS cell fates
(Bang et al., 1999; Dorsky et al., 2003; Itoh and Sokol, 1997; Kiecker and Niehrs, 2001;
Kim et al., 2000; Lekven et al., 2001; McGrew et al., 1997; McGrew et al., 1995; Nordstrom
et al., 2002; Rhinn et al., 2005). Studies of AP patterning in the CNS beautifully show that
Wnt acts as a morphogen to specify caudal cell fates in a concentration-dependent
manner (Erter et al., 2001; Itoh and Sokol, 1997; Kiecker and Niehrs, 2001; Lekven et al.,
2001; Nordstrom et al., 2002; Rhinn et al., 2005). Remarkably, grafting Wnt-expressing
cells or beads near forebrain progenitors (Nordstrom et al., 2002; Woo and Fraser, 1997)

or incubating Xenopus animal cap explants (the most anterior tissue) with Wnt (Kiecker
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and Niehrs, 2001) induces caudal cell fates that vary depending on the amount of Wnt
expressed. This supports a prominent role for Wnt signaling in establishing the broad
subdomains of the AP axis since Wnt can directly convey posterior positional information
to specify the proportion and distribution of caudal cell fates in multiple regions of the
developing CNS. Importantly, the most rostral cell fates, like the forebrain, require Wnt
signal inhibition, which underscores the equal importance of Wnt antagonism in AP

patterning (Houart et al., 2002; McGrew et al., 1997).

Although as a morphogen Wnt must function over a distance, Wnt is post-
translationally modified with lipids that make it hydrophobic, insoluble, and poorly mobile,
thus limiting its ability to form a signaling gradient by free diffusion (Port and Basler, 2010).
Recent studies of fluorescently tagged Wnt in live zebrafish embryos offer an alternative
mechanism for generating a gradient: short, actin-based filopodia can transport Wnt to the
contact point between neighboring cells and activate Wnt signaling, increasing its effective

signaling range (Stanganello et al., 2015).

1.3.2 An FGF gradient specifies posterior cell fates

FGFs are secreted growth factors that bind and activate FGF receptors (FGFRs).
FGFRs are receptor tyrosine kinases (RTKs) and FGF binding results in receptor
dimerization and intracellular trans phosphorylation (Pownall and Isaacs, 2010). Activated
FGFRs recruit and activate a wide range of effectors, including Grb2 and Ras, which
ultimately activate MAPK (mitogen activate protein kinase). Activated MAPK
phosphorylates various transcription factors to regulate gene expression (Pownall and
Isaacs, 2010). In zebrafish, FGF signaling is first induced during early blastula stages by

maternal Wnt signaling (Langdon and Mullins, 2011). This initial FGF expression localizes
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to the dorsal margin and contributes to inducing the dorsal organizer in DV axis formation

(Sections 1.2.1 and 1.3.5).

However, similar to Wnt, FGF expression expands throughout the margin during
gastrulation. This change in FGF expression coincides with a distinct role for FGF to
promote posterior tissues development (Figure 1.2B) (Dorey and Amaya, 2010). Loss of
FGF activity results in the loss of trunk and tail (Amaya et al., 1991; Draper et al., 2003;
Griffin and Kimelman, 2003), while gain of FGF activity causes the loss of head tissues
(Christen and Slack, 1997; Isaacs et al., 1994). FGF signaling is inhibited by Sprouty
proteins, which interfere with the activation of the MAPK signaling cascade (Figure 1.2B)
(Mason et al., 2006). Interestingly, since Sprouty can be localized in the cytosol or at the
membrane, the mechanism of Sprouty inhibition of MAPK is context dependent and
remains to be characterized during AP patterning (Cabrita and Christofori, 2008; Mason

et al., 2006).

During CNS development, FGF maintains the midbrain-hindbrain boundary (Lamb
and Harland, 1995; Reifers et al., 1998) and induces caudal cell fates like the hindbrain
and spinal cord (Cox and Hemmati-Brivanlou, 1995; Doniach, 1995; Dyer et al., 2014;
Kengaku and Okamoto, 1995; Kudoh et al., 2004; Labalette et al., 2011). Unlike Wnt
signaling, FGF is not sufficient to ectopically induce caudal cell fates in the forebrain (Woo
and Fraser, 1997) or in animal explants (McGrew et al., 1997). Although this supports a
more prominent role for Wnt signaling in specifying the broad subdivisions of the CNS
(Green et al., 2015), it is notable that FGF is required to generate a permissive
environment for the caudalizing activity of Wnt (McGrew et al., 1997). The complex

relationship between FGF and Wnt during neural patterning remains to be fully
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characterized, but a recent study suggests that Wnt may regulate Sprouty expression,

providing a mechanism to coordinate Wnt and FGF signaling (Dyer et al., 2014).

Evidence indicates that FGF functions as a morphogen, differentially activating
posterior genes in a concentration- dependent manner (Dyer et al., 2014; Kengaku and
Okamoto, 1995; Scholpp and Brand, 2004). Studies of tagged FGF and single molecule
fluorescence correlation spectroscopy (FCS) suggest that the FGF gradient is generated
by free diffusion of the ligand and receptor-mediated endocytosis (Scholpp and Brand,

2004; Yu et al., 2009).

1.3.3 A Nodal gradient specifies mesendoderm and posterior cell fates

Nodal proteins are secreted ligands belonging to the TGFB superfamily. Nodal
signaling is mediated by EGF-CFC (epidermal growth factor-Cripto-1/FRL-1/Cryptic) co-
receptors and type | and type Il Activin receptors, which are serine/threonine kinases
(Gritsman et al., 1999; Schier, 2001; Zinski et al., 2018). Receptor activation results in the
phosphorylation and nuclear accumulation of the Smad2 and Smad3 transcription factors,
which then direct the transcriptional activity of target genes (Schier, 2003; Schier and
Talbot, 2005; Zinski et al., 2018). The Nodal ligands identified in vertebrates are named
as follows: Nodal in mouse; Nodal-related 1 (Ndr1, previously known as Squint), Ndr2
(previously known as Cyclops), and Ndr3 (previously known as Southpaw) in zebrafish;
and Xenopus Nodal-related (Xnr) 1, 2,4,5, and 6 (Schier, 2003; Zinski et al., 2018). In
early zebrafish and Xenopus embryos, Nodals are expressed around the margin and
enriched dorsally and have region- and stage-specific functions (Bellipanni et al., 2006;
Feldman et al., 1998; Jones et al., 1995; Joseph and Melton, 1997; Rebagliati et al., 1998;

Shimizu et al., 2005; Smith et al., 1995).
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Dorsally, Nodal is induced by maternal Wnt signaling during blastula stages (Kelly
et al., 2000) and functions in formation of the dorsal organizer (Sections 1.2.1 and 1.3.5)
(Erter et al., 1998; Feldman et al., 1998; Gritsman et al., 2000; Gritsman et al., 1999;
Toyama et al., 1995). At the margin during gastrulation, Nodal is essential to induce and
pattern the mesendoderm (Agius et al., 2000; Erter et al., 1998; Feldman et al., 1998;
Green et al., 1992; Gritsman et al., 1999; Jones et al., 1995; Joseph and Melton, 1997;
Kimelman and Griffin, 2000; Schier, 2009; Smith et al., 1995). In the mesendoderm, Nodal
acts as a morphogen to differentially specify cell fates in a concentration-dependent
manner: high levels of Nodal activity specify endoderm while lower levels specify
mesoderm (Chen and Schier, 2001; Feldman et al., 2002; Green et al., 1992; Gritsman et

al., 2000; Schier, 2009).

Nodal also directs AP axial patterning in the zebrafish by specifying posterior cell
fates, such as the trunk and tail (Figure 1.2B) (Brennan et al., 2001; Schier, 2003; Schier
and Talbot, 2005; Thisse et al., 2000). Mis-expressing Nodal and BMP in the most anterior
domain of the embryo, the animal pole, ectopically induces trunk and tail tissues (Agathon
et al., 2003; Fauny et al., 2009). The posterior fate of the induced tissue depends on the
amount of BMP expressed, suggesting that the relative ratio of BMP to Nodal signaling in
the margin directs trunk and tail patterning: an equal BMP/Nodal ratio specifies trunk, while
a higher ratio specifies tail (Fauny et al., 2009). Since specific levels of BMP relative to
Nodal are required, it remains unclear whether Nodal is functioning as a morphogen in
this context. Furthermore, the ability of Nodal to induce trunk and tail tissues may be
indirect: Nodal has been shown to induce Wnt and FGF expression, which promote
posterior cell fates (Figure 1.2B) (Erter et al., 1998; Mathieu et al., 2004). Although these

studies suggest a role for Nodal in AP patterning, Nodal is also patterning the
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mesendoderm during the same time period. These two roles of Nodal require further
investigation: do they cooperate or inform each other? are they independent and, if so,
what mechanisms enable that independence? is Nodal acting as a morphogen in one

context but not the other?

In the zebrafish gastrula, the endogenous Nodal signaling gradient has been
visualized by fluorescence of Smad2 and Smad3 (intracellular readouts of Nodal activity)
and is highest at the margin and decreases anteriorly (animally) (Harvey and Smith,
2009). Importantly, the Nodal signaling gradient is shaped by the Nodal antagonist, Lefty,
which binds to Nodal and EGF-CFC coreceptors to attenuate Nodal signaling (Figure
1.2B) (Bisgrove et al., 1999; Chen and Shen, 2004; Chen and Schier, 2002; Feldman et
al., 2002; Thisse et al., 2000; Thisse and Thisse, 1999). Furthermore, Nodal and Lefty, as
an activator-inhibitor pair, exhibit characteristics described in reaction-diffusion models of
pattern formation; mainly that Nodal acts at a short- to mid-range distance and induces its
own expression and the expression of its inhibitor, Lefty, which acts at a long-range
distance (Meinhardt and Gierer, 2000; Schier, 2009). Although the in vivo diffusion rates
zebrafish Nodal and Lefty support this model (Chen and Schier, 2002; Muller et al., 2012),
more recent studies suggest that alternative mechanisms that rely on temporal regulation,
such as microRNA delay of lefty translation and/or the duration of Nodal signal may be

more prominent (Dubrulle et al., 2015; van Boxtel et al., 2015)

1.3.4 An RA gradient specifies posterior CNS

RA, synthesized through the oxidation of retinol (vitamin A), acts as the ligand for
nuclear RA receptors (RAR) (Rhinn and Dolle, 2012). Activated RARs dimerize with
retinoid X receptors (RXR), then bind specific DNA motifs to regulate gene expression

(Linville et al., 2009; Rhinn and Dolle, 2012). Although embryos lacking RA signaling still
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develop posterior tissues and, therefore, RA does not play a role in the broad specification
of the body plan, RA signaling is essential during gastrulation to correctly pattern the
hindbrain (Begemann et al., 2004; Durston et al., 1989; Grandel et al., 2002; Schilling,
2008). Specifically, RA induces genes that specify the identity of more caudal hindbrain
segments (rhombomeres 4-7 in the zebrafish) (Maves and Kimmel, 2005; Sirbu et al.,
2005; White et al., 2007) and thus does not play a role in delineating the broad AP
subdivisions of the CNS (Figure 1.2A) (Green et al., 2015; Kudoh et al., 2002; Maves and

Kimmel, 2005).

In the context of the hindbrain, RA acts as a morphogen to directly specify
distinct posterior cell fates in a concentration-dependent manner (Figure 1.2B) (White et
al., 2007). Importantly, discrete levels of RA signaling depend on the active degradation
of RA anteriorly by Cyp26 proteins, which degrade RA into its polar metabolites (Figure
1.2B) (Hernandez et al., 2007; White et al., 2007; White and Schilling, 2008). cyp26 can
be both induced by RA and suppressed by Wnt and FGF signaling, suggesting that
Cyp26 integrates the three posterior neural signals to pattern the hindbrain (Kudoh et al.,
2002; White et al., 2007). Additionally, cellular retinoic acid-binding proteins (Crabps),
which transport RA to Cy26 enzymes for degradation, maintain the robustness of the RA
gradient (Cai et al., 2012). Recently, a gradient of free, unbound RA has been directly
observed in live zebrafish embryos by measuring fluorescence resonance energy
transfer (FRET) of novel genetically encoded probes for RA (GEPRAs) (Shimozono et
al., 2013). The observed RA gradient is highest in the trunk and then declines in a
graded fashion both anteriorly and posteriorly, generating a two-tailed gradient

(Shimozono et al., 2013).
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1.3.5 Transcriptional requlation of BMP by Wnt, FGF, and Nodal signaling

Although Wnt, FGF, and Nodal are clearly required for AP patterning, these factors
also affect BMP signaling and DV patterning through transcriptional regulatory
relationships that persist from their role in establishing early DV polarity. For example fgf,
which is initially induced by maternal Wnt/B-catenin, contributes to organizer formation by
transcriptionally repressing bmp2/7 expression and inducing chordin expression, thus
antagonizing BMP signaling (Figure 1.2D) (Furthauer et al., 1997; Furthauer et al., 2004;
Maegawa et al., 2006). Similarly, Nodal contributes to organizer formation by inducing
goosecoid (Dixon Fox and Bruce, 2009; Feldman et al., 1998; Gritsman et al., 2000) and
chordin (Sirotkin et al., 2000), which can inhibit BMP signaling (Figure 1.2D). Notably,
chordin is required for the dorsalizing activity of the organizer (Schulte-Merker et al.,

1997), but chordin expression is not fully dependent on the organizer (Sirotkin et al., 2000).

On the other hand, the role of Wnt signaling changes when it is zygotically
expressed. As opposed to its maternal role in establishing the dorsal organizer, zygotic
Whnt signaling promotes vox/vent/ved expression to promote ventral cell fates (Ramel et
al., 2005; Ramel and Lekven, 2004). vox/vent/ved maintain bmp gene expression ventrally
and transcriptionally repress bozozok, chordin, and goosecoid restricting their expression
to dorsal regions (Figure 1.2D) (Dixon Fox and Bruce, 2009; Gilardelli et al., 2004;
Gonzalez et al., 2000; Imai et al., 2001; Kawahara et al., 2000; Melby et al., 2000; Shimizu
et al., 2002). bozozok, initially induced by maternal Wnt/3-catenin, promotes dorsal cell
fates by acting as a transcriptional repressor of vox/vent/ved, bmp, and zygotic wnt, while
also stimulating chordin expression (Figure 1.2D) (Fekany-Lee et al., 2000; Leung et al.,
2003; Maegawa et al., 2006; Sirotkin et al., 2000; Solnica-Krezel and Driever, 2001).

Interestingly, BMP can also induce vox/vent/ved expression and thus positively regulate
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its own expression (Figure 1.2D) (Gilardelli et al., 2004; Melby et al., 2000), though it
acquires this ability after the BMP gradient has been established and it has begun
patterning the DV axis (Nguyen et al., 1998; Schmid et al., 2000; Tucker et al., 2008). The
stage-specific contribution of these transcriptional regulatory relationships remains to be

fully characterized and integrated into our understanding of DV patterning.

1.4 Temporally coordinated progressive patterning of the AP and DV axes

Although it is well-characterized that tissues along the AP axis are patterned
progressively from anterior to posterior (Stern et al., 2006), the temporal patterning of DV
tissues has only recently been investigated. While it had been established in Xenopus and
zebrafish that BMP signaling patterns most of the DV axis from mid-blastula through
gastrula stages, there was only a general understanding of the broad tissue types that
were being patterned and the tail is not completely specified within that time window
(Marom et al., 2005; Pyati et al., 2005; Wawersik et al., 2005). Although tail progenitors
are defined at the onset of gastrulation, their distinct cell fates are not specified until
somitogenesis stages (10-24 hpf) (Agathon et al., 2003; Beck et al., 2001; Connors et al.,
2006; Pyati et al., 2005; Tucker and Slack, 1995). Given this broad time window for DV
patterning (mid-blastula to early somitogenesis stages), the dynamic nature of the BMP
morphogen gradient, and the progressive patterning of the AP axis that occurs
concomitantly, the field was lacking a precise understanding of the temporal control of DV
patterning. A pivotal set of experiments tackled this issue and demonstrated that zebrafish
DV patterning, similar to AP patterning, occurs in a temporally progressive manner

(Hashiguchi and Mullins, 2013; Tucker et al., 2008).
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1.4.1 The DV axis is progressively patterned from anterior to posterior

A direct approach to examine when BMP signaling patterns discrete DV tissues is
to modulate BMP signaling levels over time. While Section 1.6.2 details multiple methods
to exert temporal control of signaling, our group used heat shock inducible transgene
expression in the zebrafish. One transgene used was the wild-type BMP receptor acvr1/
(previously called alk8) under the control of the hsp70 promoter in a maternal-zygotic
acvril mutant (hsp:acvr1l; MZ-acvr1l) (Tucker et al., 2008). Heat shock induction of acvr1/
expression can rescue the severely dorsalized MZ-acvr1l phenotype (Mintzer et al., 2001).
Importantly, a normal embryo-wide BMP activity gradient is apparent 30 minutes after heat
shock, demonstrating rapid control and robust rescue efficiency via acvril transgene
induction (Tucker et al., 2008). Following a series of heat shock inductions at distinct time
points, it was found that acvr1/induction as late as the late blastula or onset of gastrulation
could fully rescue the gastrula pSmad1/5 gradient and the severe dorsalization of MZ-
acvril mutant embryos (Tucker et al., 2008). Surprisingly, although pSmad1/5 is evident
during mid-blastula stages, this BMP signaling is not necessary for patterning or to
generate a robust pSmad1/5 gradient during gastrulation since acvr1/ first expressed at
the onset of gastrulation sufficed to pattern the embryo and generate a normal signaling

gradient (Figure 1.3A).

However, following heat shock induction, transgene expression persists for up to
several hours (Connors et al., 2006; Pyati et al., 2005). To determine when BMP signaling
is required to pattern tail tissues, the hsp:acvri1l transgene was induced in zygotic (Z)
acvr1l mutants, which only display dorsalized tail tissue (Mintzer et al., 2001). By
employing a similar developmental series of heat shock rescue experiments detailed

above in hsp:acvr1l; Z-acvr1l embryos, acvr1linduction at the one-somite (10.5 hpf) stage
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fully rescued all Z-acvr1/ mutants, whereas induction at later somitogenesis stages only
partially rescued the tail dorsalization or did not rescue (Tucker et al., 2008). This indicates
that BMP signaling is sufficient during post-gastrula stages to pattern the tail (Figure
1.3C). Therefore, the DV axis is patterned during at least two timeframes: BMP initiates
patterning of the head and trunk beginning in the late blastula or at the onset of gastrulation

and patterns the tail during early somitogenesis stages (Figure 1.3).

1.4.2 BMP signaling progressively patterns the ectoderm and mesoderm from anterior to

posterior

While the studies described above demonstrate that DV axial patterning initiates
during late blastula/early gastrula stages and DV tail patterning initiates at the end of
gastrulation, these experiments left open when distinct domains along the AP axis are
patterned (i.e. are head and trunk DV tissues patterned concomitantly or sequentially). A
developmental time series of BMP inhibition addressed this question. A transgene
expressing the BMP antagonist chordin (Section 1.2.4) under the hsp70 promoter
(hsp:chordin), which can abolish BMP signaling in a wild-type embryo within 60 minutes
of heat-shock induction, was used (Hashiguchi and Mullins, 2013; Tucker et al., 2008). In
these experiments, hsp:chordin embryos were heat shocked at distinct 30-minute intervals
from blastula through gastrula stages and then phenotyped to determine the extent of
dorsalization. If a tissue remains properly patterned (i.e. not dorsalized) after heat-shock
induction of Chordin at a specific stage, then BMP signaling has already patterned that

tissue prior to the stage of heat shock.

The ventral expansion of dorsal neurectodermal markers was used to gauge the
extent of dorsalization. Since neural tissues are dorsally derived and inhibited by BMP

signaling (Figures 1.1 and 1.2), complete dorsalization causes a clear phenotype:
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neurectodermal markers are radially expanded and encircle the embryo (Figure 1.4). Heat
shock of hsp:chordin embryos at a mid-blastula stage (3 hpf) and the subsequent loss of
BMP signaling by 4 hpf caused complete dorsalization (Figure 1.4B) (Hashiguchi and
Mullins, 2013). Remarkably, loss of BMP signaling at time points at and after 4.5 hpf
(resulting from heat shock at and after 3.5 hpf) resulted in the dorsal restriction of

neurectodermal markers in a progressive (from rostral to caudal), time-dependent fashion.

Loss of BMP signaling at a late blastula stage (4.5 hpf) caused the radial
expression of all markers except for the most rostral marker, six3 (forebrain), which was
restricted dorsally (Figure 1.4B’) (Hashiguchi and Mullins, 2013). Therefore, BMP
signaling acts prior to 4.5 hpf to properly pattern the forebrain, while it functions after 4.5
hpf to pattern more caudal tissues. Loss of BMP signaling at an early gastrula stage (6
hpf) caused the radial expansion of all markers except for six3 and pax2.1 (midbrain-
hindbrain boundary, MHB), which were both restricted dorsally (Figure 1.4C),
demonstrating that BMP signaling patterns the MHB between 4.5 and 6 hpf (Tucker et al.,
2008). Strikingly, hindbrain rhombomeres R3 and R5 (marked by krox20) are patterned in
30-minute intervals: R3 requires BMP signaling prior to 6.5 hpf (Figure 1.4C’) and R5
prior to 7 hpf (Figure 1.4D) (Tucker et al., 2008). Finally, the most caudal hindbrain
marker, hoxb1b, requires BMP signaling prior to 8.5 hpf (Figure 1.4D’) (Hashiguchi and
Mullins, 2013). Notably, at these later developmental stages, BMP signaling is required
during specific intervals as opposed to being required for a longer duration (Hashiguchi

and Mullins, 2013).

BMP signaling also patterns the mesoderm in a progressive, temporal manner. In
the hsp:chordin experiments discussed above, the DV fates of the mesoderm are

progressively patterned from anterior to posterior: the anterior pronephros requires BMP
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signaling prior to 6 hpf, the posterior pronephros prior to 6.5 hpf, and blood precursors
prior to 7 hpf (Tucker et al., 2008). Together with the previous section, these studies
demonstrate that BMP signaling specifies the entire DV axis in a time-dependent,

progressive fashion.

1.4.3 An identical patterning clock coordinates DV and AP progressive patterning

Since DV axial patterning progresses along the AP axis analogous to AP
patterning, and both axes are patterned during gastrulation, a key question was whether
DV and AP patterning are coordinated in time or are regulated by independent temporal
mechanisms. This question was addressed by simultaneously manipulating DV and AP
patterning and these studies demonstrated that the patterning of both axes is temporally
coordinated (Hashiguchi and Mullins, 2013). These experiments relied on markers with
expression domains dually specified by BMP and either FGF, Wnt, or RA. For example,
otx2 is a marker of anterior neurectoderm (forebrain and midbrain) (Li et al., 1994) that is
restricted anteriorly by FGF and Wnt signaling and dorsally by BMP signaling, which
together define its expression domain (Figure 1.5A). In contrast, hoxb1b is a marker of
caudal hindbrain that requires posterior FGF, Wnt, or RA signaling in conjunction with
dorsal restriction by BMP signaling, to define its posterior-dorsal expression domain

(Figure 1.5C).

If AP and DV patterning are temporally coordinated, then alterations in AP
patterning would similarly alter the temporal patterning of DV tissues. To evaluate this,
embryos were either anteriorized by inhibiting FGF or Wnt, or posteriorized by
overexpressing FGF, Wnt, or RA (Figure 1.5A,C). These AP alterations were performed
in hsp:chordin embryos (Section 1.4.2) to enable concurrent temporal manipulation of

BMP signaling and DV patterning. Since BMP is required at late blastula stages (4.5 -5
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hpf), heat shock at 4 hpf in an already anteriorized or posteriorized embryo resulted in the
ventral expansion of the anterior or posterior marker, respectively (Figure 1.5B,D). These
compound phenotypes can be described as anteriorized-dorsalized or posteriorized-

dorsalized.

The key question was whether the anteriorized or posteriorized regions in the
compound phenotypes would be patterned by BMP signaling simultaneously at the time
point when BMP normally patterns the marker (Figure 1.5B,D), or independently at the
time point when BMP normally patterns each position along the AP axis (Figure 1.5B°,D’).
If patterning of the anteriorized or posteriorized regions occurs based on the normal timing
of the marker, then DV and AP patterning are coordinated (Figure 1.5B,D); conversely, if
DV and AP patterning are not coordinated, then BMP would pattern the anteriorized or
posteriorized regions of the marker at independent time points (Figure 1.5B’,D’).
Strikingly, the compound phenotype was always patterned simultaneously at the time
point when BMP normally patterns the marker, showing that AP and DV patterning are
temporally coordinated throughout gastrulation along these orthogonal axes (Hashiguchi
and Mullins, 2013). This intimate coordinated patterning enables cells to adopt both an AP
and DV identity simultaneously, integrating the positional information of two orthogonal

axes to progressively pattern the embryo from head to tail (Figures 1.2 and 1.3).

1.4.4 The Smad1/5 linker region coordinates AP and DV patterning

Several in vitro and in vivo studies offer a potential mechanism to coordinate AP
and DV patterning: the phosphorylation state of Smad1/5. Although C-terminally
phosphorylated Smad1/5 (referred to as Ct-pSmad1/5 in this section) is the primary
downstream nuclear effector of BMP signaling (Section 1.2.2), FGF and Wnt signaling can

also alter Smad1/5 phosphorylation in the linker region between its N- and C-terminal
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domains (Figure 1.6). MAPK, activated by FGF signaling, can phosphorylate four
conserved sites in the Smad1/5 linker (pSmad1/5-LMAPX) (Kuroda et al., 2005; Pera et al.,
2003; Sapkota et al., 2007), while Wnt signaling inhibits GSK3 phosphorylation of the

Smad1/5 linker (pSmad1/5-L°%%) (Fuentealba et al., 2007).

There is a model of sequential Smad1/5 phosphorylation: first by BMPR on the C-
terminus, second by MAPK in the linker, and third by GSK3 in the linker (Figure 1.6A)
(Fuentealba et al.,, 2007; Sapkota et al., 2007). Studies in Xenopus and MEFs
demonstrate that pSmad1/5-LMAPK represses Smad1/5 activity and that pSmad1/5-L¢%K*
enhances this inhibition (Kuroda et al., 2005; Pera et al., 2003; Sapkota et al., 2007).
Specifically, pSmad1/5-LMA" and dual pSmad1/5-LMAPK*CSK3  nhromote  Smad1/5
polyubiquitinylation by the Smurf1 E3 ligase, which results in Smad1/5 proteosomal
degradation outside the nucleus (Figure 1.6A) (Fuentealba et al., 2007; Sapkota et al.,
2007; Zhu et al., 1999). Thus, the Smad1/5 response to BMP signaling, which directs DV

patterning, also depends on FGF and Wnt activity, which direct AP patterning.

Since the signaling molecules that direct AP and DV patterning converge on
Smad1/5 phosphorylation at distinct sites (with either inhibitory or permissive effects,
respectively), differential Smad1/5 phosphorylation could coordinate the timing of DV and
AP patterning (Eivers et al., 2008). Antibody staining of mid- to late gastrula stage embryos
for the three distinct Smad1/5 phosphorylation states reveals that each is spatially

LMAPK is localized ventral-

restricted: Ct-pSmad1/5 is only observed ventrally, pSmad1/5-
vegetally, and pSmad1/5-L°%® is predominantly restricted to ventral-animal regions
(Figure 1.6) (Hashiguchi and Mullins, 2013). This spatial restriction is wholly dependent
on the Smad1/5 phosphorylation state since Smad1/5 (phosphorylated and un-

phosphorylated) is uniformly present across the embryo (Hashiguchi and Mullins, 2013).
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Furthermore, the more vegetal localization of pSmad1/5-LMAPX overlaps with the region of
active BMP patterning at the margin (Figure 1.3), while the animal localization of
pSmad1/5-L°%® does not; therefore only FGF/MAPK activity is favorably positioned to

temporally regulate BMP signaling.

Strikingly, experiments with mRNA encoding a human Smad1 resistant to MAPK
phosphorylation (hSmad1-MM) disrupt coordinated DV and AP patterning. In zebrafish
embryos deficient for endogenous Smad5, mis-expressed wild-type hSmad1 fully rescues
the embryo, whereas hSmad1-MM results in anterior and posterior tissue markers being
patterned by BMP 30 minutes earlier than normal (Hashiguchi and Mullins, 2013). This
indicates that pSmad1/5-LM*PK regulates the timing of DV patterning (Figure 1.6B);

LMAPK

presumably, pSmad1/5- slows or inhibits the cellular response to BMP signaling by
30-minutes to ensure that AP and DV patterning occur simultaneously. Exclusive MAPK
phosphorylation of the Smad1/5 linker in the ventral-vegetal region is consistent with
known FGF and Wnt activity at the margin. While FGF induces pSmad1/5-LMAPX wnt
inhibits additional pSmad1/5-L®¢® possibly preventing pSmad1/5 degradation (Figure

1.6B).

Conversely, at the animal pole the absence of both FGF and Wnt signaling results
in pSmad1/5-L¢F® |ocalized animally (Figure 1.6C). Thus, the localization of each
phosphorylated Smad1/5 linker state is an amalgamation of the spatial distributions of
BMP, FGF, and Wnt activity, providing a mechanism to coordinate AP and DV. This
parallels regulatory mechanisms used by other TGFB family members, which maximize
different Smad2 or Smad3 phosphorylation states for distinct functions (Kamato et al.,
2013; Matsuzaki, 2013). However, other mechanisms likely also modulate the temporal

function of BMP signaling since DV tissues continue to be patterned progressively with
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hSmad1-MM despite being precocious by 30 minutes. For example, temporal regulation

of chromatin state could also contribute to the progressive patterning of DV tissues.

1.5 Do the morphogenetic movements of gastrulation impact cell fate
specification?

The previous section discusses recent progress in understanding basic
spatiotemporal features of AP and DV patterning: both AP and DV cell fates are 1)
progressively patterned along the AP axis, 2) patterned in a coordinated manner by an
identical patterning clock, which is 3) mediated in part by FGF phosphorylation of the
Smad1/5 linker in ventral regions of the embryo. However, this coordinated AP and DV
patterning takes place during the dynamic and rapid process of gastrulation. Gastrulation
shapes the germ layers of the embryo through the conserved morphogenetic movements
of cell internalization, epiboly, convergence, and extension, all of which result in dramatic
cell movements and rearrangements of cellular contacts (Solnica-Krezel, 2005). The
relationship between these morphogenetic movements and concurrent AP and DV cell
fate specification is key to fully understand these processes, yet this relationship is

complex and requires further investigation.

1.5.1 Morphogenetic movements and AP and DV signaling and patterning

Evidence suggests that Wnt, Nodal, FGF, and BMP signaling can direct
morphogenetic cell movements independently of their roles in cell specification
(Heisenberg and Solnica-Krezel, 2008). For example, the BMP signaling gradient, in
addition to DV fate specification, also directs domains of distinct convergent extension

movements (Myers et al., 2002), possibly through the regulation of cell-cell adhesion (von
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der Hardt et al., 2007). However, since cell fate specification is difficult to truly uncouple
from cell behavior experimentally, differential cell movements may still be a result of DV
cell specification. Alternatively, the DV positional information supplied by the BMP gradient
may independently inform cell movements (Solnica-Krezel, 2005). Further studies are
needed to distinguish between these two possibilities. There are similar studies and open
questions concerning AP patterning and gastrulation associated with Nodal signaling

(Solnica-Krezel, 2005).

Some cells dramatically change their position during dorsal convergence and
extension and are exposed to different levels of morphogen signaling. It remains mostly
unknown whether these cells are already specified, bring their fate with them, and are
refractory to the new signaling environment they move through. Interestingly, BMP
signaling patterns prospective head DV tissues prior to the major cell movements of dorsal
convergence. Thus these rostral cells are expected to sense the same BMP signaling level
during the first half of gastrulation and are specified at the time they converge dorsally
(Section 1.4.2) (Figure 1.4) (Tucker et al., 2008). In other contexts, cells may be specified
by morphogen signals during discrete time windows, responding to gradient thresholds,
or may measure signal over a window of time as they move through a gradient. Lastly,
cells may require exposure to multiple morphogen signaling levels for their specification.
Further studies are required to decipher precisely the relationships between cell
movements, morphogen gradients, and cell specification and the mechanisms that

intertwine these processes.
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1.5.2 Morphogenetic movements reorganize the DV axis established by the onset of

gastrulation

It is worth noting that, due to the massive cell movements during gastrulation, the
dorsal-ventral axis defined in late blastula/early gastrula stages (Figures 1.1C and 1.2A)
is distinct from the dorsoventral axis of the post-gastrula embryo, which has a body plan
that resembles the mature organism. That is, while the broad territories of the embryo can
be mapped by the onset of gastrulation (Figures 1.1C and 1.2A), these tissues are
dramatically reorganized during gastrulation and neurulation (Kimelman and Martin, 2012;
Kimmel et al., 1990). In particular, dorsal convergence combined with extension along the
AP axis results in many tissues being oriented along the AP axis after gastrulation and
during somitogenesis. However, this does not mean that there is only one axis (Kumano
and Smith, 2002; Lane and Sheets, 2000, 2002; Lane and Smith, 1999). Prior to the onset
of gastrulation, these tissues are oriented along a coordinate orthogonal to the AP axis,
i.e. the DV axis in Figure 1.2A, gray arrows. For example, by the onset of gastrulation
the somites are oriented along the DV axis of the early gastrula (Figure 1.2A) and this
orientation informs the organization of the somites along the AP axis: dorsal somitic
mesoderm develops into more anterior somites, while ventral somitic mesoderm develops
into more posterior somites. Moreover, the epidermis is specified by BMP signaling
ventrally during gastrulation, but later is present throughout all regions of the embryo; the
neural crest is specified by BMP signaling in lateral regions of the gastrula embryo but
comes to lie dorsally in the neural tube following neurulation. Thus, the DV axis of the
early gastrula is an independent coordinate system to that of the post-gastrula and neurula

embryo.
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Furthermore, visualization of morphogen gradients (Section 1.6.1) demonstrates
that there are indeed two orthogonal axes of the embryo at the onset of gastrulation.
Gradients of Nodal (Dubrulle et al., 2015; Harvey and Smith, 2009) and Wnt (Dorsky et
al., 2003; Shimizu et al., 2012) signaling are observed along the AP axis and a gradient
of BMP signaling is observed orthogonally, revealing two distinct axial coordinate systems
(Figure 1.2A,C) (Hashiguchi and Mullins, 2013; Tucker et al., 2008). Moreover, AP
patterning continues in the absence of DV patterning (e.g. in BMP loss-of-function
contexts), making evident the independent patterning of these axes (Figures 1.4 and 1.5).
Thus, the DV and AP axes are essential coordinates for cell fate specification and
patterning of the body plan during gastrulation. Organization of tissues along the AP axis
at the end of gastrulation results from integrating orthogonal morphogen gradients with
dorsal convergence and extension morphogenetic movements. Further studies are
needed to understand how these distinct axes are integrated to coordinate progressive

patterning of the embryo (Section 1.4) and how they account for cell movements.

1.5.3 Changes in DV signaling pole proximity and gastrulation movements may affect

BMP gradient formation

Gastrulation from fish to mammals entails dramatic rearrangements in cellular
contacts. Though the types of cell movements during gastrulation are diverse, each type
consistently results in a change in cell-cell contacts, which may impact the functionality of
morphogen gradients (Solnica-Krezel, 2005). A clear example arises in the BMP gradient
during gastrulation in the zebrafish (Figures 1.3 and 1.7, yellow arrows). Gastrulation
begins at the vegetal margin (50% epiboly) where the ventral-most cells, which have the
highest levels of BMP signaling, are the farthest possible distance (~675 ym, embryo

diameter) from the dorsal-most cells, which have no BMP signaling (Figure 1.7A,

30



compare white and black asterisks). As gastrulation and epiboly proceed, the margin
progresses vegetally (posteriorly) and the ventral- and dorsal-most cells continuously
move closer to each other until they eventually meet (100% epiboly) (Figure 1.7B-D). The
distance between these cells of opposing signals drastically decreases from ~675 ym at
the onset of gastrulation to their direct apposition in the tailbud at the end of gastrulation.
Thus, the cells presumed to have the highest and lowest levels of BMP signaling
progressively converge until meeting in the tailbud. This dramatic increase in the proximity
of cells with opposing signal may have profound effects on the shape of the BMP
morphogen gradient during gastrulation (Connors et al., 1999; Connors et al., 2006) and

is further investigated in Chapter 3.

Epiboly also likely plays a key role in regulating the temporal patterning of DV
tissues through FGF signaling. As epiboly proceeds, pSmad1/5-LM*"X is localized to
progressively more posterior (vegetal) regions (Figure 1.6B), which would enable both
the temporal progressivity and coordination of DV and AP tissue patterning (Hashiguchi
and Mullins, 2013). Future studies are needed to address whether these changing
signaling contexts (i.e. the proximity of cells with opposing signals or the progressively
posterior restriction of pSmad1/5-LMAPX) are a principal spatial mechanism to direct the

shape and timing of morphogen gradients throughout gastrulation.

1.6 Current and emergent methods of visualization and manipulation
In this section we focus on in vivo genetic and fluorescent visualization approaches
and methods of spatial and temporal signal manipulation used to study AP and DV

patterning, the majority of which have been developed in zebrafish.
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1.6.1 Morphogen visualization and use of reporters

A major difficulty in studying the morphogens that pattern the AP and DV axes is
that they are secreted and difficult to visualize by immunostaining at endogenous levels.
Most studies of ligand expression and dynamics rely on overexpression of fluorescently
labeled constructs (Muller et al., 2012; Plouhinec et al., 2013; Stanganello et al., 2015; Yu
et al., 2009) or the use of antibodies that recognize the immature ligand, as opposed to its
fully processed form (Ramel and Hill, 2013; Xue et al., 2014). While the endogenous RA
gradient has recently been visualized and quantified (Shimozono et al., 2013), that
approach relies on FRET from a direct ligand-receptor interaction, which is less applicable
for the Wnt, FGF, and BMP gradients since these ligands signal through more complex
mechanisms (i.e. ligand bound to receptor may not be indicative of active signaling
depending on the presence of co-receptors or complex stoichiometry, Sections 1.2.2 and
1.3.1-1.3.2). However, the advent of CRISPR/Cas9 genome editing offers a new approach
to tag these ligands at their endogenous loci and even employ signal amplification
techniques to visualize the endogenous morphogen gradient in fixed or live samples

(Cong et al., 2013; Hwang et al., 2013; Mali et al., 2013).

A complementary approach to ligand visualization is the visualization of
downstream readouts of the morphogen. For example, the intracellular transducer of BMP
signaling is nuclear P-Smad1/5, which can be directly visualized by immunofluorescence
(Faure et al., 2000; Hashiguchi and Mullins, 2013; Persson et al., 1998; Tucker et al.,
2008). Recently, our lab has developed quantitative imaging and analysis of P-Smad1/5
immunoflourescence (Zinski et al., 2019). Importantly, our imaging approach avoids
common artifacts such as spherical aberration and intensity drop off, yielding

measurements of P-Smad1/5 fluorescence with single-cell resolution while maintaining
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each cell’'s position in 3D. Further, our post-acquisition algorithms enable population
analyses so we can quantitate the BMP signaling gradient shape across mutants and time
points (Zinski et al., 2017) (Chapters 2 and 3). The full methodology is summarized in
Section 6.4 (Zinski et al., 2019) and can be applied to the fluorescent imaging of other
morphogen gradients in the early embryo and the quantitation of P-Smad1/5 at later

developmental stages (Chapter 4).

There are also various transgenic reporters in zebrafish for Wnt (Dorsky et al.,
2002; Korinek et al., 1997; Shimizu et al., 2012), FGF (Molina et al., 2007), Nodal (Harvey
and Smith, 2009), RA (Perz-Edwards et al., 2001; White et al., 2007), and BMP signaling
(Collery and Link, 2011; Korchynskyi and ten Dijke, 2002; Monteiro et al., 2004; Ramel
and Hill, 2013). These reporter transgenes utilize sequences from a promoter that
responds to the morphogen signal to drive reporter expression e.g. of luciferase or GFP.
But, how rapidly the reporter is expressed after signal induction and how long the reporter
signal persists after signal repression must be carefully characterized to determine the
responsiveness of each reporter. To visualize morphogen signaling, which can change in
a relatively short time period, it is likely best to use rapidly folding (e.g. Venus) or
destabilized fluorescent proteins (Collery and Link, 2011; Dorsky et al., 2002; Harvey and

Smith, 2009; Molina et al., 2007; Shimizu et al., 2012).

1.6.2 Temporal manipulation of signaling

Our knowledge of when Wnt, FGF, RA, Nodal and BMP signals are required for
AP and DV patterning comes from experiments that activate or inhibit these signals at
specific developmental time points. A particularly expedient approach in Xenopus and
zebrafish is to incubate embryos in media containing various chemical inhibitors or

activators. These pharmacological treatments include SU5402 (inhibits FGFR), LiCl
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(inhibits the Wnt inhibitor GSK3), DEAB (inhibits RA processing), Dorsomorphin DMH1
(inhibit BMP type | receptors), and RA itself (Hashiguchi and Mullins, 2013). Although
these chemicals have well-characterized direct effects, studies of temporal function must
determine the delay between drug application and complete inhibition or activation of
signaling. This delay is infrequently defined and it is assumed that inhibition/activation
ensues immediately after drug application, which may not be the case. For example,
DMH1 takes 3 hours to fully inhibit BMP signaling during gastrulation (Hashiguchi and
Mullins, 2013). Furthermore, one must account for the multiple functions of a signaling
pathway during development. For example, since Wnt establishes the dorsal organizer
during mid- to late blastula stages, which is unrelated to its role directing AP patterning
during gastrula stages (Sections 1.2.1), any experiment that aims to understand the

posteriorizing role of Wnt signaling must manipulate Wnt signaling after blastula stages.

Another method of temporal manipulation is to generate transgenic lines that can
be induced to either inhibit or activate signaling. Previously we discussed hsp70 promoter
driven genes that inhibit or activate BMP signaling (Sections 1.4.1 and 1.4.2) (Connors et
al., 2006; Hashiguchi and Mullins, 2013; Pyati et al., 2005; Row and Kimelman, 2009;
Tucker et al.,, 2008). When using heat shock-inducible transgenes, it is important to
determine the appropriate duration of heat shock to activate or inhibit signaling, which can
vary from 10 minutes (Connors et al., 2006) to an hour (Pyati et al., 2005; Tucker et al.,
2008). Here, too, it is important to factor in the time it takes for signaling to be effectively
induced or fully repressed. Finally, inducing heat shock results in embryo-wide expression
of the transgene. To achieve spatially restricted gene control, one may induce local heat
shock by sublethal laser irradiation (Shoji and Sato-Maeda, 2008) or a microheater

(Placinta et al., 2009). Alternatively, one may transplant cells from the transgenic line into
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a background without a heat shock transgene and heat shock the entire embryo after

transplantation.

1.6.3 Spatial manipulation of signaling

Morphogen signaling relies on the restricted localization and differential mobility of
the morphogens themselves and their regulators. An elegant, direct, and versatile method
to investigate spatial mechanisms is by generating chimeric organisms by grafting or
transplanting donor cells into a host embryo (Kemp et al., 2009). First, cell transplantation
or grafting assays can determine the importance of localization by altering the spatial
expression of the protein of interest. For example, to determine where tolloid must be
expressed to inhibit Chordin function, tolloid-expressing cells were transplanted into tolloid
-/- embryos. Only cells transplanted into the ventral vegetal region rescued the tolloid
mutant phenotype, thus revealing the region where Tolloid cleaves Chordin to promote
BMP signaling (Connors et al., 2006). Second, cell transplantation assays can be used to
further evaluate whether a signaling factor functions directly at a distance. Such studies
clearly established that the zebrafish Nodal signal, Squint, functions directly on its gene
targets at a distance and therefore is a morphogen (Chen and Schier, 2001). Regional
expression may also be generated by injecting single blastomeres during cleavage stages

(Section 2.2.8).

Additionally, the cell transplantation approach may be extended to address
questions not only of space but also of time. As noted in the previous section, cells from
heat shock-inducible transgenic lines may be used as transplant donors to incorporate
temporal and spatial control of gene expression (Pyati et al., 2005; Row and Kimelman,
2009). Furthermore, transplantation of various regions of the zebrafish blastula-gastrula

margin has revealed there are distinct cell fate organizing centers in the margin, and that
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these organizing centers are fully active by the onset of gastrulation, including the one that

specifies tail tissue (Agathon et al., 2003; Fauny et al., 2009).

1.7 Conclusion and Project Goals

Establishing the vertebrate body plan requires the coordination and integration of
AP and DV axial patterning across the entire length of the embryo and over multiple
developmental stages. The spatiotemporal regulation of this process is complex, but it can
reveal the essential and conserved mechanisms used to generate and maintain
morphogen signaling gradients. With the advent of quantitative measurement and
visualization techniques, we are closer to understanding the mechanisms that drive

patterning and body plan formation.

This project focuses exclusively on DV patterning by the BMP morphogen gradient.
The primary goal of this research is to employ recent advances in the quantitative
measurement and visualization of the BMP signaling gradient (Zinski et al., 2017; Zinski
et al., 2019) (Section 1.6.1) to elucidate the mechanisms that shape the BMP morphogen
gradient in space and time. Specifically, this project investigates the roles of known
extracellular regulators of the BMP antagonist Chordin (Section 1.2.4) at the onset of
gastrulation (Chapter 2), during gastrulation (Chapter 3), and during otic vesicle patterning
after gastrulation (Chapter 4). Respectively, these timepoints represent distinct stages of
the BMP morphogen gradient: when it is first established, when it changes shape during
gastrulation, and lastly when it becomes restricted to an individual organ, as opposed to
being embryo-wide. The partially-redundant roles of Bmp1a and Tolloid in restricting
Chordin range to establish the BMP gradient are detailed in Chapter 2. The distinct roles

of Tolloid and Sizzled in shaping the BMP signaling gradient during gastrulation are
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investigated in Chapter 3. Finally, the role of Bmper in BMP patterning the otic vesicle is

explored in Chapter 4.
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Figure 1.1 Extracellular regulation of the BMP morphogen gradient patterns DV
tissues.

(A) Schematic of the extracellular BMP regulators explored in this project, adapted from
(Dutko and Mullins, 2011), and (B) their published mRNA expression domains in the
zebrafish gastrula (6.3 hpf, see Section 1.2.4 for references). (C) Fatemap of the early
zebrafish gastrula (ntc.: notochord, me: mesendoderm).
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Figure 1.2 The AP and DV axis are patterned by morphogens and their regulators.

(A) Fate map of a zebrafish gastrula (6.3 hpf) with the orientation of the AP and DV
axes. The neural ectoderm can be divided into four regions of the CNS: forebrain (FB),
midbrain (MB), hindbrain (HB), which is further subdivided into rhombomeres 1-7 in
zebrafish, and spinal cord (SC). (B) Wnt, FGF, Nodal, and RA specify posterior fates
(green) in a concentration-dependent manner, while their inhibition is required for
anterior fate specification (orange). (C) The BMP morphogen gradient specifies ventral
cell fates (blue) at high levels and allows dorsal fate specifcation (red) at low levels. BMP
signaling is regulated by extracellular factors; the DV localization of their transcriptional
domains (detailed in Section 1.2.4) is depicted. Chordin (Chordin) activity is key since it
acts as a BMP antagonist and as the substrate for other extracellular modulators. (D)
Transcriptional regulation of bmp and dorsal organizer genes. By activating different
transcriptional repressors, zygotic Wnt promotes while FGF and Nodal antagonize BMP
signaling. Blue lines indicate activity that promotes BMP signaling and red lines indicate
activity that limits it (dark shades describe a direct effect, light shades an indirect effect).
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Figure 1.3 BMP signaling patterns DV cell fates from anterior to posterior.

AP and DV coordinates refer to the zebrafish gastrula embryos (A-B), which are depicted
with cells atop the yolk. The dashed box indicates the region of active DV patterning with
the corresponding portion of the body plan represented by the larval zebrafish (24 hpf).
During gastrulation, cells undergo epiboly wherein the multilayered tissue thins and
spreads posteriorly to completely envelop the yolk. (A) From late blastula to early gastrula
stages (30-65% epiboly), the most anterior tissues, i.e. the head, are patterned. (B) As
gastrulation proceeds, the region of active patterning progresses posteriorly (yellow
arrow). At mid-gastrula stages (65-85% epiboly), trunk tissues are patterned. (C) From
late gastrula (85-100% epiboly) to early somitogenesis, the most posterior tissues, i.e. the
tail, are patterned.
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Figure 1.4 BMP signaling progressively patterns the anterior neurectoderm.

(A) Wild-type expression pattern of anterior neurectoderm markers. (B-D') Summary of a
developmental time series of BMP inhibition demonstrating that BMP signaling patterns
the neurectoderm progressively, from rostral to caudal, in a time-dependent manner. (B)
Loss of BMP signaling beginning at a mid-blastula stage (4 hpf) causes severe
dorsalization and radial expansion of the neurectoderm. (B') Loss of BMP signaling at a
late blastula stage (4.5 hpf) causes radial expansion of all markers except six3, which is
restricted dorsally (green asterisk). Therefore, BMP patterns six3 between 4-4.5 hpf. (C)
Loss of BMP signaling at the onset of gastrulation (6 hpf) restricts pax2.1 expression (red
asterisk), indicating that BMP patterns the MHB between 4.5-6 hpf. (C') Loss of BMP
signaling at 6.5 hpf restricts R3 (light blue asterisk) and (D) loss of BMP signaling at 7 hpf
additionally restricts R5 (dark blue asterisk), indicating that BMP patterns R3 and R5 in
30-minute intervals from 6-7 hpf. (D') Loss of BMP signaling at 8.5 hpf restricts hoxb1b
expression (purple asterisk), indicating that BMP patterns hoxb1a between 7-8.5 hpf.
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Figure 1.5 AP and DV patterning are temporally coordinated.

Marker expression is depicted in embryos at mid- or late gastrula stage. (A) BMP restricts
anterior marker expression (orange) at early gastrula stages. Embryo anteriorized by
inhibiting FGF or Wnt (dashed black arrow: posterior expansion of anterior marker). (B)
Inhibiting BMP signaling in an anteriorized embryo at a mid-blastula stage causes a
compound anteriorized-dorsalized phenotype (dashed yellow arrow: ventral expansion of
the anterior marker). Since AP and DV patterning are temporally coordinated, inhibiting
BMP at an early gastrula stage (when the anterior marker is normally patterned) causes
complete dorsal restriction of the anterior marker. (B') If AP and DV patterning were
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temporally independent, inhibiting BMP at an early gastrula stage would restrict the normal
domain and the posteriorly expanded region would be restricted at a later gastrula stage.
(C) BMP restricts posterior marker expression (green) at late gastrula stages. Embryo
posteriorized by overexpressing FGF, Wnt, or RA (dashed black arrow: anterior expansion
of posterior marker). (D) Inhibiting BMP signaling in a posteriorized embryo at a mid-
blastula stage causes a compound posteriorized-dorsalized phenotype (dashed yellow
arrow: ventral expansion of the posterior marker). Since AP and DV patterning are
temporally coordinated, inhibiting BMP signaling only at a late gastrula stage (when the
posterior marker is normally patterned) causes complete dorsal restriction of the posterior
marker. (D') If AP and DV patterning were temporally independent, inhibiting BMP at an
early gastrula stage would still restrict the anteriorly expanded domain, but not the normal
domain of the posterior marker.
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Figure 1.6 Function of pSmad1/5 linker forms is spatially restricted.

The N- and C-termini of Smad1/5 are shown in teal and the linker region is in green. C-
terminal phosphorylation of Smad1/5 (Ct-pSmad1/5) a prerequisite to linker
phosphorylation (dashed blue arrow). (A) In dorsal regions, MAPK and GSK3 sequentially
phosphorylate the Smad1/5 linker (solid blue arrow), leading to pSmad1/5-LMAPK*GSK3
degradation and blockage of BMP signaling. This mechanism may be most important
during blastula stages when BMP signaling is more widespread and present dorsally
(Section 3.1). (B) In ventral-posterior regions both FGF and Wnt are present, activating
MAPK and inhibiting GSK3, respectively, to generate pSmad1/5-LMAPX, pSmad1/5-LMAPK
may have reduced activity, which regulates timing of DV patterning. During epiboly,
pSmad1/5-LMAPX |ocalizes progressively more posteriorly with the margin, patterning
anterior DV tissues in its wake (not shown). (C) In animal regions GSK3 is uninhibited by
Wnt, resulting in pSmad1/5-L®3, though its significance remains unknown. Since
pSmad1/5-L% does not overlap with pSmad1/5-LMAPX it is possible that in the zebrafish
embryo (versus in vitro studies) either GSK3 does not require MAPK to prime the linker or
those residues may be rapidly de-phosphorylated.
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Figure 1.7 During gastrulation, there is a dramatic decrease in distance between
ventral- and dorsal-most cells.

During gastrulation, there is a dramatic decrease in distance between the ventral- and
dorsal-most cells. (a) From late blastula to early gastrula stages (4 — 6 hpf), the ventral-
most cells (white asterisk), which have the highest levels of BMP signaling, are farthest
(approximately 675 um) from the dorsal-most cells (black asterisk), which have the lowest
levels of BMP signaling. (b — d) As gastrulation proceeds (6 — 10hpf), epiboly movements
advance the margin posteriorly (yellow arrow) and the distance between the ventral- and
dorsal-most cells decreases rapidly until, by the end of epiboly, they are in direct contact.
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CHAPTER 2. Proteolytic restriction of Chordin range underlies BMP

gradient formation

Contributions: This chapter contains figures and direct quotes from Tuazon, et al. under

revision at Cell Reports.
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Summary

A fundamental question in developmental biology is how morphogens, such as Bone
Morphogenetic Protein (BMP), form precise signaling gradients to impart positional and
functional identity to the cells of the early embryo. We combined rigorous mutant
analyses with quantitative immunofluorescence to determine that the proteases Bmp1a
and Tolloid spatially restrict Chordin in the early zebrafish gastrula. We discovered that
maternally-deposited Bmp1a plays an unexpected and non-redundant role in
establishing the BMP gradient, while Sizzled is surprisingly dispensable. Combining
mathematical models and in vivo analyses with an immobile Chordin construct, we
demonstrate that Chordin diffusion is dispensable for BMP gradient formation and DV
patterning. These data exclude a counter-gradient of Chordin and instead favor a
Chordin sink, established by Bmp1a and Tolloid, as the primary mechanism that drives

BMP gradient formation.

2.1 Introduction

The roles of Bmp1a, Tolloid, and Sizzled (Section 1.2.4) in generating the zebrafish
BMP gradient warrant further investigation. Bmp1a and Tolloid likely have partially
redundant functions since their amino acid sequences are highly similar (93.4%)
(Supplemental Figure 2.1A) and their expression domains overlap, though bmp1a alone
is maternally deposited (Figure 2.1A’-B) (Connors et al., 1999; Jasuja et al., 2006;
Muraoka et al., 2006; Xie and Fisher, 2005). However, the extent of Bmp1a/Tolloid
redundancy during BMP gradient formation, and any impact Sizzled may have on it, were
unclear. To this end, we utilized a quantitative immunofluorescence approach that we
recently developed to quantify nuclear P-Smad5, the direct intracellular readout of BMP
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signaling (Zinski et al., 2017; Zinski et al., 2019) (Figure 2.1A). We can visualize the P-
Smad5 gradient at single cell resolution embryo-wide and compare differences across
mutant populations (Zinski et al., 2017; Zinski et al., 2019). This approach provides the
comprehensive, high resolution analysis required to determine the spatial and temporal

contributions of Bmp1a, Tolloid, and Sizzled.

Furthermore, we combined our quantitative P-Smad5 analysis with mathematical
modeling and large-scale computational screens to distinguish between potential
mechanisms of BMP gradient formation. The predominant model in the field has been a
counter-gradient mechanism, where dorsally secreted Chordin diffuses ventrally in a
gradient to generate an inverse gradient of BMP signaling (De Robertis and Moriyama,
2016; Plouhinec et al., 2013) (Figure 2.8). We recently excluded two alternative models
of BMP gradient formation by computational modeling in zebrafish: a mechanism that
relies on a gradient of bmp transcript and a mechanism acting in Drosophila DV patterning
relying on facilitated BMP diffusion with Chordin (Zinski et al., 2017). The final model is a
source-sink mechanism, where BMP diffuses from its source ventrally to be captured by
a sink of Chordin dorsally (Zinski et al., 2017) (Figure 2.8). Since BMP and Chordin both
rapidly diffuse (Inomata et al., 2013; Pomreinke et al., 2017; Zinski et al., 2017), a Chordin
counter-gradient and a Chordin sink both remain viable mechanisms for BMP gradient

formation, and how a dorsal sink of Chordin could be established was unknown.

Here, we combined rigorous maternal-zygotic double mutant analyses with P-
Smad5 quantitation to determine that Bmp1a and Tolloid are required to spatially restrict
Chordin in the early zebrafish gastrula. We discovered that maternally-deposited Bmp1a
plays an unexpected and non-redundant role in establishing the BMP gradient, while

Sizzled is surprisingly dispensable. Incorporating Bmp1a, Tolloid, and Sizzled into a
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computational model screen of zebrafish BMP gradient formation revealed that, despite
its high diffusivity, Chordin has a limited effective range. This excludes the counter-
gradient mechanism and instead favors a restricted Chordin sink, generated by Bmp1a
and Tolloid. We directly tested this by regionally expressing an immobile Chordin construct
in embryos deficient in Bmp1a, Tolloid, and endogenous Chordin. Remarkably, immobile
Chordin was able to pattern the DV axis of these embryos, consistent with our model that
Bmp1a and Tolloid proteases are key to restrict Chordin and establish the sink that drives

BMP gradient formation.

2.2 Results

2.2.1 Tolloid and maternal Bmp1a are required for early DV patterning

Previous studies evaluating Bmp1a/Tolloid redundancy relied solely on morpholino
(MO)-mediated knockdown of bmp7a and had conflicting phenotypes: one found no DV
patterning defects (Jasuja et al., 2006), while the other reported severe dorsalization, lysis,
and death (Muraoka et al., 2006). To resolve this discrepancy and circumvent any non-

specific morpholino effects, we utilized two nonsense mutations: bmp1a®’%°,

a
characterized null (Bowen et al., 2012), and bmp1a#?*'®, from the Zebrafish Mutation
Project (Kettleborough et al., 2013) (Supplemental Figure 2.1A). We generated
maternal-zygotic (MZ) mutants of each allele and both displayed a wild-type phenotype at
36 hours post fertilization (hpf) (Figure 2.1C and Supplemental Figure 2.1B), concurring
that bmp7a loss has no anatomical effect on DV patterning (Jasuja et al., 2006).

sa2416

Furthermore, bmp1a mutants phenocopied bmp1a®®’'%°, displaying a ruffled tail fin by

5 days post fertilization (dpf) and adult craniofacial, tail, and body axis defects
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(Supplemental Figure 2.1B-D) consistent with its later role in skeletal development,
unrelated to DV patterning (Asharani et al., 2012; Bowen et al., 2012; Gistelinck et al.,

2018; Hur et al., 2017).

We evaluated whether Bmp1a and Tolloid function redundantly during DV
patterning by generating double mutants with either zygotic (Z), maternal (M), or maternal-
zygotic (MZ) loss of bmp1a (Figure 2.1D) and assaying the embryonic phenotype. Double
zygotic mutants were generated by intercrossing bmp1a®""%;tolloid double heterozygotes
(Figure 2.1D). Dorsalized progeny were classified on an established scale, with C1 being
mild and C5 being most severe (Mullins et al., 1996), and subsequently genotyped for
bmp1a and tolloid. Since the progeny were not all dorsalized, only a subset of wild-type
embryos was also genotyped (Figure 2.1E, columns 1-3). Single Z-bmp1a homozygotes
were wild-type and additional heterozygosity for tolloid had no effect (Figure 2.1E,
columns 2-3). In contrast, single folloid homozygotes were C1 and additional
heterozygosity for bmp1a resulted in mostly C2 phenotypes (Figure 2.1C and E, columns
4-5). Homozygous bmp1a;tolloid double mutants were C3 dorsalized, a moderately severe
phenotype, indicating that zygotic bmp7a and tolloid function redundantly (Figure 2.1E,
column 6 and Supplemental Figure 2.1E-F).

We generated embryos lacking maternal bmp1a and zygotic tolloid (M-

131169 and heterozygous for

bmp1a;tolloid) by crossing a female homozygous for bmp1a
tolloid with a male heterozygous for tolloid (Figure 2.1D). Strikingly, all M-bmp1a;tolloid
embryos were C5 dorsalized, the most severe dorsalization phenotype, while siblings
remained wild-type (Figure 2.1E columns 7-9). We confirmed that C5 embryos were

radially dorsalized by wholemount in situ analysis of neurectoderm markers pax2.1 (mid-

hindbrain boundary) and krox20 (hindbrain rhombomeres 3 and 5). Expression of pax2.1
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and krox20 is normally restricted dorsally, as seen in wild-type controls and M-bmp1a
siblings; however, in the majority of M-bmp17a;tolloid embryos, these markers were
expanded around the entire embryo (Figure 2.1F). We saw the same phenotype when
injecting an antisense morpholino targeting tolloid (t/7TMO) (Kok et al., 2015; Lele et al.,
2001) into M-bmp1a embryos (Supplemental Figure 2.2A-B). The same concentration
(2ng) of tlIMMO that phenocopied tolloid mutants when injected into wild-type embryos
(Supplemental Figure 2.2A) caused C5 radial dorsalization in M-bmp1a embryos
(Supplemental Figure 2.2A-B). These data indicate that maternally-deposited bmp1a
alone is redundant with folloid and both are absolutely required to pattern the DV axis.

Finally, we generated embryos lacking maternal-zygotic bmp1a and zygotic tolloid

(MZ-bmp1a;tolloid) by crossing a female homozygous for bmp1a®""%°

and heterozygous
for tolloid with a bmp1a®'"® tolloid double heterozygous male (Figure 2.1D). All MZ-
bmp1a;tolloid embryos were C5 dorsalized while MZ-bmp1a siblings remained wild-type
(Figure 2.1E, columns 10 and 12). As with Z-bmpia and M-bmp7a, additional
heterozygosity for tolloid had no effect on MZ-bmp1a embryos (Figure 2.1E, column 11).
Furthermore, in MZ-bmp1a embryos injected with tITMO, chordin expression remained
unchanged (Supplemental Figure 2.2C), which excludes that an expanded chordin
expression domain contributes to the observed dorsalization. Together, with the Z-
bmp1a;tolloid and M-bmp1a;tolloid phenotypes, these data reveal that maternally-

deposited bmp1a is primarily redundant with tolloid, and that Bmp1a/Tolloid are essential

for BMP signaling and DV patterning.

2.2.2 Bmp1a/Tolloid shield BMP signaling from Chordin embryo-wide

To understand how Bmp1a/Tolloid shape the BMP signaling gradient, we

quantified P-Smad5 in all nuclei of the early gastrula at 5.7 hpf. By this time-point in wild-
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type embryos, the gradient is firmly established (Zinski et al., 2017; Zinski et al., 2019)
(Figure 2.2A). We found that loss of M- or MZ-Bmp1a and Tolloid caused a dramatic loss
of P-Smad5 across the embryo (Figure 2.2E), consistent with their radial dorsalization
(Figure 2.1E-F). This was observed in MZ- or M-bmp1a embryos with #/TMO and in M-
bmp1a;tolloid double mutants (Figure 2.2E and Supplemental Figure 2.2D-G). We
quantified P-Smad5 levels around the embryo margin (Figure 2.2F) and compared the
distribution in wild-type to the loss-of-function conditions. This analysis revealed that the
P-Smad>5 gradient is effectively ablated in all embryos deficient for both maternal Bmp1a
and zygotic Tolloid activity, even in the ventral-most regions where BMP is produced
(Figure 2.21 and Supplemental Figure 2.2H). These results indicate that without
Bmp1a/Tolloid, Chordin can reach the ventral-most regions of the embryo and inhibit all
BMP signaling there (Figure 2.2L). This suggests that a key function of Bmp1a/Tolloid is

to restrict Chordin to protect BMP signaling ventrolaterally (Figure 2.2L).

2.2.3 Bmp1a alone modulates the early BMP signaling gradient and DV patterning

We also quantified the P-Smad5 gradient in both folloid and bmp 1a single mutants.
tolloid mutants are mildly dorsalized, with the phenotype restricted to the tail (Figure 2.1C)
(Connors et al., 1999). While previous work indicates that BMPs pattern the tail at the end
of gastrulation (9-10 hpf) (Connors et al., 2006; Pyati et al., 2005; Tucker et al., 2008), an
earlier change in the P-Smad5 gradient could affect tail patterning (Agathon et al., 2003).
However, even with our highly sensitive quantification, tolloid mutants displayed a wild-
type P-Smad5 gradient at 5.7 hpf (early gastrula) (Figure 2.2B,G). This indicates that
Tolloid alone does not contribute to BMP gradient formation and that Bmp1a is sufficient

at this stage.
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In contrast, the P-Smad5 gradients of M- and MZ-bmp7a embryos were wholly
unexpected. Given that MZ-bmp7a mutants exhibit a wild-type phenotype at 36 hpf
(Figure 2.1C) and are viable and fertile through multiple generations as adults, we

expected to see a wild-type P-Smad5 gradient. However, M- and MZ-bmp1a"®'7%°

embryos
displayed a significantly reduced P-Smad>5 gradient at 5.7 hpf (Figure 2.2C-D). They were
compared to stage-matched wild-type controls, which were stained and processed in the
same tube as mutants and identified by genotyping after P-Smad5 imaging (indicated by
asterisk in all figures, see Methods). At the margin, where peak P-Smad5 levels were
observed (Figure 2.2F) (Tucker et al., 2008; Zinski et al., 2017), M- and MZ-bmp1a
embryos exhibited similar P-Smad5 gradients that were both shallower and lower in
amplitude than wild-type (Figures 2.2H and Supplemental Figure 2.3A-B). In a more
animal region, M-bmp1a embryos exhibited higher ventral P-Smad5 intensities than MZ-
bmp1a, though both gradients were still greatly reduced compared to wild-type (Figure
2.2K). Consistent with their reduced P-Smad5 gradients, M-bmp7a embryos displayed
previously unknown DV patterning defects, with a loss of ventral marker gata2 and
concomitant expansion of dorsal marker foxb1a at 6.3 hpf (Figure 2.2J-J’). Together,

these results show that maternal Bmp1a plays a key role in establishing the BMP gradient

and in DV patterning (Figure 2.2L).

Surprisingly, we found that embryos derived from M-bmp1a®'"%/+ heterozygous
females (crossed to wild-type males) also displayed a significantly reduced P-Smad5
gradient (Supplemental Figure 2.3F, H). Further, this gradient closely resembles that of
embryos derived from homozygous M-bmp1a®'"%° females crossed to wild-type males (M-

131169

bmpia embryos), differing only in the ventral-most regions (Supplemental Figure

2.3E-F, I). It was also observed in M-bmp1a%2*’%/+ embryos (Supplemental Figure 2.3G,
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J), supporting that the reduced P-Smad5 gradient is independent of the bmp1a mutation
or strain background. Furthermore, in situ hybridization analysis revealed that bmp7a

131169 and M-bmp1a"*""%/+ embryos compared

expression is diminished in both M-bmp7a
to in-tube controls (Supplemental Figure 2.3K-L), which may explain their similarly
reduced P-Smad5 gradients. We explored whether maternal bmp7a is targeted for
degradation by known mechanisms such as by miR-430 (Bazzini et al., 2012; Giraldez et
al., 2006), which could result in the aberrant degradation of wild-type bmp1a in M-
bmp1a®'"®/+ embryos. However, based on existing RNA-sequencing (Mishima and

Tomari, 2016) and miR target scanning, bmp7a is not a target of miR-430, leaving the

underlying mechanism to be determined.

2.2.4 M-bmp1a embryos rapidly recover peak BMP signaling levels

The early DV patterning defects in M-bmp7a embryos (Figure 2.2J-J’) were
difficult to reconcile with their normal body plan (Figure 2.1C) unless BMP signaling and
the P-Smad5 gradient recovered at a later stage. To investigate this, we quantified the P-
Smad>5 gradient 1.3 hours later, at 7 hpf (Figure 2.3). The accurate staging of embryos at
this time-point (and all others) was confirmed by relative nuclei density, which reveals clear
landmark features that readily distinguish 5.3, 5.7, 6.3, and 7 hpf embryos (Supplemental
Figure 2.4). At 7 hpf (mid-gastrulation), M-bmp7a embryos recovered peak P-Smad5
levels ventrally and approached wild-type levels laterally (Figure 2.3B,D). The same
recovery pattern was also observed at the margin of M-bmp1a%?*’®/+ embryos
(Supplemental Figure 2.5A-F). Interestingly, at a more animal position, M-bmp1a/+
embryos display a similar recovery of P-Smad5 levels compared to at the margin, while
M-bmp1a embryos display a weaker recovery compared with the margin (Supplemental

Figure 2.5G-l). In contrast, in embryos deficient for both M-Bmp1a and Tolloid the P-
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Smad>5 gradient remained effectively ablated embryo-wide (Figure 2.3C-D). Overall, the
rapid and significant recovery of the P-Smad5 gradient in M-bmp7a embryos

demonstrates that BMP signaling, and its regulation, is highly dynamic.

However, despite the recovery of peak P-Smad5 levels by 7 hpf, DV patterning
defects in M-bmp71a and M-bmp1al/+ embryos persisted. The cranial neurectoderm
markers otx2 and gbx1 remained expanded at 8 hpf (Figure 2.3E-F and Supplemental
Figure 2.4J-K). This is consistent with previous studies showing that BMP signaling
patterns anterior tissues such as the head earliest, between 4.7 and 6 hpf, compared to
more caudal tissues (Bhat et al., 2013; Hashiguchi and Mullins, 2013; Tucker et al., 2008).
Dorsal marker expansion may also persist because P-Smad5 levels in the lateral region
(between 45° and 90°), though recovering, remain significantly below wild-type (Figure
2.3D and Supplemental Figure 2.4F). Thus, M-bmp7a mutants provide a powerful
context to investigate the recovery of BMP signaling, the plasticity of the early gastrula,
and how the embryo may compensate for an early expansion of neural tissues later during

development.

2.2.5 Sizzled is dispensable for early BMP gradient formation in zebrafish

In M-bmp1a and M-bmp71a/+ embryos, which exhibit significantly reduced P-
Smad>5 at 5.7 hpf (Figure 2.2 and Supplemental Figure 2.3), we also observed reduced
sizzled expression (Figure 2.4A). This is consistent with sizzled being induced by BMP
signaling and Sizzled’s role as a feedback inhibitor (Collavin and Kirschner, 2003; Inomata
etal., 2013; Lee et al., 2006; Martyn and Schulte-Merker, 2003; Yabe et al., 2003). sizzled
mutants are mildly ventralized and, similar to tolloid mutants, this phenotype primarily
affects the tail (Figure 2.1C) (Hammerschmidt et al., 1996a). However, although sizzled

expression is responsive to BMP levels, we found that the P-Smad5 gradient in sizzled
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mutants remained unchanged in two null alleles (Figure 2.4B-E). Since both sizzled and
tolloid mutants displayed wild-type P-Smad5 gradients in the early gastrula (5.7 hpf)
(Figures 2.2 and 2.4), and both mutants do not display DV patterning defects until mid-
to late-gastrula stages (8-10 hpf) (Connors et al., 1999; Connors et al., 2006;
Hammerschmidt et al., 1996a; Miller-Bertoglio et al., 1999), Sizzled and Tolloid likely

shape the BMP gradient later in gastrulation to correctly pattern tail tissues.

Although Sizzled alone may not play a role in establishing the early BMP gradient,
we postulated that Sizzled may contribute to the reduced P-Smad5 gradient in M-bmp1a
and M-bmp1a/+ embryos (Figure 2.2 and Supplemental Figure 2.3). In M-Bmp1a
deficient embryos, Sizzled could be inhibiting Tolloid, which is still present, resulting in
increased Chordin activity and a shallower P-Smad5 gradient. To directly test this, we
quantified the P-Smad5 gradient in embryos deficient for both Bmp1a and Sizzled to
determine if the additional loss of sizzled ameliorated, or even rescued the decreased M-
bmp1a/+ P-Smad5 gradient. However, at 5.7 hpf we found no discernable difference
between M-bmp1a/+;sizzled homozygotes and their M-bmp1a/+ and M-bmp1a/+;sizzled
heterozygous siblings (Figure 2.4F-l). This indicates that Sizzled, on its own and in the
sensitized M-bmp1a/+ background, is dispensable for early BMP gradient formation in
zebrafish, though this does not preclude an early role for Sizzled under other

perturbations.

2.2.6 Expression dynamics likely account for distinct requirements of Bmp1a/Tolloid

function

To incorporate Bmp1a and Tolloid into a mathematical model of BMP gradient
formation, we determined the dynamics of tolloid gene expression in late blastula and

early gastrula embryos using RNAscope. Previous in situ methods describing tolloid
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distribution in the early gastrula yielded limited spatial and temporal resolution due to
intense puncta that dominated the chromogenic alkaline phosphatase signal (Connors et
al., 1999). In contrast, RNAscope offers whole-mount fluorescence microscopy, enabling
detection within individual nuclei and across distinct anteroposterior positions. Importantly,
we found that tolloid expression is very low in the late blastula (4.7 hpf) but increases
significantly in the early gastrula (5.7 hpf) (Figure 2.5A-C). We also found that tolloid
puncta correspond to nuclear transcripts (Supplemental Figure 2.7A-D). Interestingly,
segmenting and extracting tolloid distribution at the margin revealed graded ventral-to-

dorsal expression at 5.7 hpf (Figure 2.5A-C).

We used an updated mathematical model, described in the next section, to
evaluate the roles of Tolloid and Bmp1a expression dynamics in BMP signaling gradient
formation. We performed several computational screens (100,000 simulations each) with:
(i) varied distribution and onset of Tolloid and (ii) ubiquitous Bmp1a either constant or
degrading (Supplemental Figure 2.6F-l, Tables 1-2). Though graded Tolloid modestly
improved the number of solutions that fit our P-Smad5 gradient data, we found the most
solutions that fit our results exhibited a later onset of Tolloid expression and constant
Bmp1a expression (Supplemental Figure 2.6F, Table 2). This is consistent with our
measurements of tolloid mRNA (Figure 2.5A-C) and existing RNA-sequencing that
includes bmp1a (Mishima and Tomari, 2016). Furthermore, we identified the optimal
Tolloid onset time to be 5.3 hpf (Supplemental Figure 2.6G-l), which is consistent with
the less prominent role of Tolloid and its inability to substitute for loss of Bmp1a at 5.7 hpf
(Figure 2.2). Taken together, these results support that temporal differences in Bmp1a

and Tolloid expression may be key to their distinct roles in shaping the early BMP gradient.
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2.2.7 Computational screen endorses limited Chordin range during BMP _gradient

formation

In our previous mathematical model of BMP gradient formation (Zinski et al., 2017),
we used a linear model of Chordin proteolysis by a single metalloprotease, Tolloid, and
did not consider Sizzled regulation. Since we found that Bmp1a plays an independent role
in gradient formation (Figure 2.2), we updated our model and tested it against an
expanded cohort of mutant P-Smad5 gradients. First, we incorporated distinct Bmp1a and
Tolloid expression patterns and dynamics (Figure 2.5D-E). Second, we explicitly used
enzyme saturation kinetics to describe Bmp1a and Tolloid processing of Chordin and their
competitive inhibition by Sizzled (Supplemental Figure 2.6A). Third, since sizzled
expression is regulated by BMP signaling, we estimated Sizzled expression based on
BMP signaling levels using a gene control feedback term (Supplemental Figure 2.6B).
Though loss of Sizzled did not have an early P-Smad5 phenotype, it was still included
because it is expressed at 5.7 hpf (Figure 2.4 and Supplemental Figure 2.6C) and

therefore may potentially affect Bmp1a/Tolloid.

With this updated model, we performed a large-scale computational screen (1
million simulations) of BMP gradient formation from 3.5 hpf, when wholesale zygotic
transcription initiates, to 5.7 hpf, the early gastrula stage when we measured the P-Smad5
gradient in multiple mutant conditions. For each simulation, we solved a system of partial
differential equations (Supplemental Figure 2.6A-B) with a distinct combination of
randomly varied values for unknown parameters (Tables 3-5). That same parameter
combination was then re-simulated to predict the BMP signaling gradient in mutant
conditions. Finally, simulated BMP signaling gradients were compared to respective

measured P-Smad5 profiles for wild-type; chordin, sizzled, tolloid, and M-bmp1a single
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mutants; and M-bmp1a;tolloid double mutants (Figure 2.5H, Table 6). Loss of noggin was
compared to the wild-type P-Smad5 profile as an additional control, as in (Zinski et al.,
2017). In this updated model, 23 individual parameters are varied compared to 19
previously (Zinski et al., 2017), increasing the number of simulations required.
Furthermore, model solutions are now compared against eight wild-type or mutant P-

Smad5 profiles (Figures 2.2 and 2.4), compared to four previously (Zinski et al., 2017).

In our initial computational modeling screens, we found that BMP and Chordin
production rates (¢s and ¢c) were limited to 0.01-1 nM/s and 0.1-10 nM/s, respectively.
Furthermore, ¢c was consistently higher than ¢s. Thus, we performed our finalized
computational screen using these production value ranges and constrained ¢c to be
greater than ¢s, which increased model fitness (Figure 2.5F, Tables 3-6). From this
computational screen, the median ratio of ¢c to ¢s was 8.77 in the solutions fitting the P-
Smad> profiles (Figure 2.5F’). Interestingly, the M-bmp1a P-Smad5 profile was the most
challenging to fit, consistently constraining the number of best-fit solutions (Tables 2, 6).
Impressively, with only 1 million simulations and the additional parameters incorporated,
we were able to generate model solutions, 16 in total, that simultaneously fit all mutant P-

Smad> profiles within the experimentally observed error (Figure 2.5H).

Additionally, fitting the M-bmp 1a;tolloid P-Smad5 profile refined another important
system parameter, Chordin diffusion. High rates of Chordin diffusion (Dc), up to 50 um?/s,
were required to recapitulate the embryo-wide P-Smad5 decrease seen in M-
bmp1a;tolloid embryos (Tables 3, 4, and 6). The mean D¢ of our solutions, 23.42 pm?/s
(Figure 2.5G), suggests a higher rate of Chordin diffusion than the recently measured
effective diffusion rate in zebrafish, 6 pm?/s (Pomreinke et al., 2017). These previous

measurements were performed in the presence of Bmp1a/Tolloid, suggesting that
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Bmp1a/Tolloid could limit Chordin’s effective range to restrict Chordin function.
Furthermore, in Xenopus Dc measurements indicate a highly mobile (31 um?/s) and less
mobile fraction of Chordin, suggesting that higher rates of Chordin diffusion are achievable

(Inomata et al., 2013).

Although D¢ values from both zebrafish and Xenopus show that Chordin is highly
diffusive (Inomata et al., 2013; Pomreinke et al., 2017), the distribution of Chordin in our
computational solutions is restricted to the dorsal half (from 90° to 180°) of the embryo
(Figure 2.5J). Importantly, the distribution of Chordin clearly differentiates between the
counter-gradient and source-sink models: in the counter-gradient model, Chordin diffuses
the length of the embryo, while in the source-sink model Chordin remains dorsally limited
to act as an immobile sink (Figure 2.5l) (Zinski et al., 2017). Thus, our modeling solutions
are exclusively consistent with predictions from a source-sink model and thus exclude the
counter-gradient as a model of BMP gradient formation in the early zebrafish embryo
(Figure 2.5J). Furthermore, these data implicate that Bmp1a/Tolloid restrict the effective

mobility of Chordin to generate a dorsal sink.

2.2.8 Chordin mobility is dispensable for DV patterning

A defining feature of the source-sink model is that Chordin is not required to diffuse
to the ventral regions of the embryo; in fact, it must be prevented from doing so,
presumably by Bmp1a/Tolloid (Figure 2.51-J). Thus, we predict that, in the absence of
Bmp1a/Tolloid, non-diffusible Chordin is sufficient to generate a normal BMP gradient
when localized correctly. We tested this in our mathematical model by expressing non-
diffusing Chordin (Dc=0) in a M-bmp1a;tolloid background (Table 7). We performed 1
million simulations with varied immobile Chordin expression domains and, surprisingly,

found that many solutions (40,615) can generate a wild-type BMP gradient (Figure 2.6A-
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A’). This suggests that Chordin diffusion may be dispensable to generate a functional

BMP gradient.

As expected, the majority (79%) of immobile Chordin domains in these solutions,
which were varied in both size and location, were dorsally localized (Figure 2.6A-A’).
However, the dorsal domain sizes were consistently broad, with most individual solutions
extending from least 180° to at least 100° (Figure 2.6A, red). In fact, the mean length of
all dorsal regions extended to 90°, or halfway across the embryo (Figure 2.6A’, red),
which is consistent with the Chordin distribution observed from solutions in our earlier
screen (Figure 2.5J). Furthermore, there were many (20%) lateral solution domains
(Figure 2.6A, green) and the majority of these (70%) also had a mean length that reached
90° (Figure 2.6A’, green). In contrast, there were very few (1%) ventral solution domains
(Figure 2.6A-A’, blue). Together, the individual and mean domain lengths of our modeling
solutions suggest that non-diffusing Chordin is primarily required in the dorsolateral region

of the embryos from 90-135° (Figure 2.6A-A’).

To directly test whether Chordin diffusion is required for DV patterning in vivo, we
generated a membrane-tethered Chordin protein (Figure 2.6B). This construct had an N-
terminal epitope tag and the rat integral-membrane protein, CD2, at the C-terminus (HA-
Chordin-CD2) (Ashe and Levine, 1999). mRNA microinjection of HA-chordin-cd2 in M-
bmp1al/+ and wild-type embryos resulted in membrane localization at 5.7 hpf, which was
absent when the epitope-only (HA-chordin) mRNA was injected (Figure 2.6C-D). Notably,
HA-Chordin-CD2 membrane localization was more clearly visible in M-bmp1a/+ embryos
(Figure 2.6C-D), indicating that endogenous Bmp1a is very efficient at cleaving HA-

Chordin-CD2 in wild-type embryos.
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Both HA-Chordin and HA-Chordin-CD2 were functional. The epitope-only control
rescued chordin mutants (Supplemental Figure 2.7E) while HA-Chordin-CD2 dorsalized
embryos lacking endogenous Chordin, M-Bmp1a, and Tolloid (Figure 2.6E-F). Consistent
with our earlier double mutant analysis (Figure 2.1), embryos deficient for M-Bmp1a and
Tolloid, but wild-type or heterozygous for chordin, were severely dorsalized (Figure 2.6F
and Supplemental Figure 2.7F, column 2). Additional microinjection of HA-chordin-cd2
mRNA had no adverse effects, even enhancing dorsalization in chordin heterozygotes
(Figure 2.6E-F and Supplemental Figure 2.7F, column 3). However, chordin mutant
siblings, which were also deficient for M-Bmp1a and Tolloid, displayed the ventralized
chordin mutant phenotype (Figures 2.6F, columns 4-5, and 2.7B). Importantly, this
confirms that Bmp1a and Tolloid function exclusively through Chordin. Furthermore,
microinjection of HA-chordin-cd2 in chordin mutant embryos also severely dorsalized them
(Figure 2.6E-F, column 6). Thus, HA-Chordin-CD2, despite being localized to the
membrane, can function like endogenous Chordin, fully inhibiting BMP signaling embryo-

wide in the absence of M-Bmp1a and Tolloid.

Our mathematical model predicts that non-diffusible Chordin, in the absence of
Bmp1a/Tolloid, can recapitulate a normal BMP gradient if expressed in dorsal-lateral
regions (Figure 2.6A-A’). To determine if localized immobile Chordin can correctly pattern
the DV axis, we regionally expressed membrane-tethered Chordin construct in embryos
lacking endogenous Chordin, M-Bmp1a, and Tolloid (Figure 2.7A). To regionally express
HA-chordin-cd2 mRNA, we injected it into a single blastomere between the 8- and 16-cell
stages (Figure 2.7A). Only cells descendant from the injected blastomere will express
HA-Chordin-CD2, resulting in regional expression (Figure 2.7A-A’). The expression

region was determined at 6.3 hpf, when the dorsal shield is apparent as a landmark, based
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on the fluorescence of H3.3-mCherry, which was co-injected as a lineage tracer (Figure
2.7A). The embryo phenotype was then evaluated at 12 hpf and 1-2 dpf before identifying

the chordin mutants by genotyping.

Remarkably, we found that three of four identified chordin homozygous mutants
displayed a near wild-type phenotype at 2 dpf (Figure 2.7C-D). chordin mutants normally
display distinct DV patterning defects: reduced eyes, expansion of the posterior somites,
yolk extension, and blood island, and duplication of the ventral tail fin (Figure 2.7B), which
persist with or without M-Bmp1a/Tolloid (Figure 2.6F, columns 4-5). However, regional
expression of HA-Chordin-CD2 impressively rescued these defects (Figure 2.7C, column
9). Notably, dorsal-lateral expression of HA-Chordin-CD2 resulted in rescue (Figure
2.7D), which is consistent with our model of immobile Chordin that predicts that the
rescuing region extends to halfway across the embryo (Figure 2.6A-A’). Also consistent
with this prediction, much smaller regions of strictly dorsal HA-Chordin-CD2 expression
did not rescue (Supplemental Figure 2.7H). Importantly, dorsal-lateral expression of HA-
Chordin (the epitope-only control) in embryos deficient in Chordin, M-Bmp1a and Tolloid
did not rescue chordin mutants to a wild-type phenotype and instead dorsalized them

(Figure 2.7C, columns 7-8).

Additionally, M-bmp 1a;chordin +/- and +/+ embryos were radially dorsalized when
injected with the tITMO, confirming that #//TMO blocked Tolloid activity (Figure 2.6F and
Supplemental Figures 2.7F, column 2 and 2.7G, columns 2 and 5). Enough HA-
Chordin-CD2 was injected to radially dorsalize embryos deficient for Chordin, Bmp1a, and
Tolloid when expressed ubiquitously (Figure 2.6F, column 6 and Supplemental Figure
2.7G, column 9), so a sufficient amount was injected regionally. This demonstrates that

the ability of dorsolaterally-expressed HA-Chordin-CD2 to rescue the chordin mutant
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phenotype to wild-type is due to the presence of the CD2 membrane tether. And, that the
inability of HA-Chordin to rescue chordin mutants to a wild-type phenotype is due to its
capacity to diffuse throughout the embryo in the absence of Bmp1a/Tolloid and block all
BMP signaling. Together, these results show that dorsolateral regional expression of
immobile Chordin can pattern the DV axis and suggests that Chordin diffusion is not
required for BMP gradient formation. This supports our model that Bmp1a/Tolloid restrict
Chordin mobility to dorsal regions, thus generating the sink that drives BMP gradient

formation.

2.3 Discussion

Here, we resolve the roles of the metalloproteases Bmp1a and Tolloid in BMP
gradient formation. Our mutant analyses show that Tolloid is partially redundant to Bmp1a:
both are required for DV patterning but Bmp1a plays a non-redundant role in shaping the
BMP gradient (Figures 2.1-2.2). Importantly, use of bmp7a mutants confirmed the
epistatic relationship between Bmp1a, Tolloid, and Chordin (Figures 2.6-2.7). This is
important because Bmp1a/Tolloid metalloproteases process additional substrates, such
as procollagens (Hopkins et al., 2007), and because of the identification of potential gene
duplicates, namely chordin-like (Branam et al., 2010). However, concomitant loss of
Bmp1a, Tolloid, and Chordin resulted in a stereotypical chordin mutant phenotype (Figure
2.7), indicating that Chordin is the sole relevant substrate for Bmp1a and Tolloid

proteolysis during gastrulation.
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2.3.1 Implications from guantitative mutant P-Smad5 analyses

Quantitation of the P-Smad5 gradient in bmp1a, tolloid, and sizzled single mutants
provided unprecedented spatial and temporal clarity. First, M-bmp1a embryos had a
significantly diminished P-Smad5 gradient in the early gastrula that remarkably recovered
by mid-gastrulation (Figures 2.2-2.3). This revealed an individual, albeit unexpected, role
for Bmp1a in BMP gradient formation and early DV patterning. Additionally, given their
wild-type 1 dpf appearance, M-bmp1a mutants present a biologically relevant context for
future studies into the mechanisms, and patterning consequences, of BMP gradient
recovery. Interestingly, the similarities between M-bmp1a homozygous and heterozygous

mutants (Supplemental Figures 2.3-2.5) also warrant future investigation.

Second, both tolloid and sizzled single mutants, which have tail DV patterning
defects, displayed normal P-Smad5 gradients at 5.7 hpf (Figures 2.2 and 2.4). This is
consistent with previous studies describing later DV patterning defects in these mutants
(Connors et al., 1999; Connors et al., 2006; Hammerschmidt et al., 1996a; Miller-Bertoglio
et al., 1999) and the model that more posterior tissues are progressively patterned later in
development (Hashiguchi and Mullins, 2013; Tuazon and Mullins, 2015; Tucker et al.,
2008). Future studies will have to address the roles of Tolloid and Sizzled during
gastrulation. Since sizzled is expressed earlier (Figure 2.4), it may be translationally
repressed to time its activity, similar to Lefty in the Nodal morphogen system (van Boxtel
etal., 2015), though sizzled is not a miR-430 target based on our analysis of existing RNA-
sequencing (Mishima and Tomari, 2016). Additionally, as the embryo progresses through
gastrulation there is a rapid and dramatic reorganization of cells, which may affect BMP
gradient shape and require specific regulators, such as Tolloid and Sizzled (Connors et

al., 2006; Tuazon and Mullins, 2015).
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2.3.2 Mathematical modeling predictions with in vivo analysis: Bmp1a/Tolloid, the

keepers of a Chordin sink

Combining our updated mathematical model of BMP gradient formation
(Supplemental Figure 2.6) and RNAscope analysis, we identified and validated
previously uncharacterized complexity in tolloid expression dynamics, specifically that it is
non-uniform and likely first expressed close to 5.3 hpf (Figure 2.5 and Supplemental
Figure 2.7). This may account for our finding that Tolloid cannot compensate for the loss
of Bmp1a, which is maternally deposited, during BMP signaling gradient formation (Figure
2.2). lterative large-scale mathematical screens also revealed likely ranges, and even a
relative ratio, for BMP and Chordin production rates, which are valuable for any future
mathematical modeling in the field since these rates are difficult to measure in vivo (Figure

2.5).

Both models with either diffusing and non-diffusing Chordin (Figure 2.5 and 2.6)
support that regionally-restricted Chordin is required to generate the BMP gradient. First,
despite likely being produced at almost 10-fold higher rates than BMP, and being highly
diffusive (Figure 2.5) (Inomata et al., 2013; Pomreinke et al., 2017), Chordin distribution
in our solutions remained restricted to the dorsal half of the embryo. This compels the
exclusion of the counter-gradient as a viable mechanism for BMP gradient formation in
the early zebrafish embryo. Furthermore, this implicates Bmp1a/Tolloid as the keepers of

a Chordin sink, essentially preventing a counter-gradient of Chordin from forming.

Our results that regional, non-diffusing Chordin can correctly pattern the embryo
(Figure 2.7) provide pivotal in vivo support for this mechanism. The rescuing regions
extend through the dorsolateral and lateral regions, consistent with our model results

(Figure 2.5). However, when compared to the smaller area of Chordin production
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(Figures 2.1A and 2.5D), this suggests that some limited diffusion is required during
normal development to generate a correctly-sized Chordin sink. Future studies have the

opportunity to define the spatial and temporal characteristics of a Chordin sink.

2.3.3 Employing the Bmp1a/Tolloid modality across systems

The use of Bmp1a/Tolloid to limit Chordin mobility provides an exciting glimpse
into how BMP can readily form a morphogen gradient in diverse biological contexts. Using
the zebrafish as an example, Chordin’s high diffusivity can first be restricted in the early
gastrula to pattern the DV body axis (as we show here) and then be utilized later, in the
absence of Bmp1a/Tolloid, to pattern other organs, such as the neural tube or digits (Dutko
and Mullins, 2011; Suzuki et al., 2008; Zagorski et al., 2017). Thus, Bmp1a/Tolloid
represent a module of mechanistic flexibility, enabling the same signal (BMP) and
antagonist (Chordin) to be employed throughout a single organism’s lifespan in
environments of distinct shapes and sizes during development, homeostasis, or even

disease.

Furthermore, the requirement for a restricted Chordin sink in the zebrafish gastrula
may reveal underlying principles, such as spatial expression profiles or time-scales,
differentiating mechanisms of gradient formation when compared to other organisms. In
contrast to zebrafish and Xenopus, BMP gradient formation in Drosophila relies on a
counter-gradient of the Chordin ortholog Sog and the facilitated diffusion of BMP that is
mediated by Tolloid and Sog (Mullins, 1998; Peluso et al., 2011). While in sea urchins and
sea anemones, BMP and Chordin are co-expressed (Lapraz et al., 2009; Meinhardt,
2015a), the roles for Bmp1a/Tolloid remain undescribed although they are expressed

(Angerer et al., 2006; Reynolds et al., 1992). Overall, Bmp1a/Tolloid may be fundamental
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to delineate distinct mechanisms of BMP gradient formation, within and across organisms,

and offer an exciting perspective for a broad range of future studies in the field.
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Figure 2.1 Bmp1a and Tolloid are redundant in DV patterning

(A) Schematic of the extracellular BMP regulators explored in this paper, adapted from
(Dutko and Mullins, 2011), and (A’) their published mRNA expression domains in the
zebrafish gastrula (6.3 hpf, see text for references). (A”) Fatemap of the early zebrafish
gastrula (ntc.: notochord, me: mesendoderm). (B) bmp7a mRNA expression in wild-type
embryos at 128-cell (2.5 hpf), dome (4.3 hpf), 30% epiboly (4.7 hpf) and shield (6.3 hpf)
stages. (M: maternal expression) (C) 36 hpf tail phenotypes of wild-type and ftolloid,
sizzled, and MZ-bmp 1a*""%° mutants. Open arrow: loss of ventral tail fin in tolloid mutants.
Solid arrow: duplication of ventral tail fin in sizzled mutants. (D) Adult fish crosses used to
generate zygotic (Z), maternal (M), and maternal-zygotic (MZ) depletion of bmp7a and
zygotic tolloid. (E) Dorsalization of embryos resulting from Z-, M-, and MZ-
bmp1a*""% tolloid crosses (columns 1-6, 7-9, and 10-12 respectively). bmp1a (M)
indicates genotype of the mother while bmp1a (Z) and tolloid indicate embryo genotype.
(F) Lateral view of wholemount in situ analysis of neurectoderm markers at 5-somite stage
(12 hpf). In wild-type (n=9) and M-bmp1a (n=4) embryos, pax2.1 (open arrowhead) is
expressed in the forebrain and krox20 (black arrowheads) in the hindbrain. pax2.1 and
krox20 are radially expanded in M-bmp1a;tolloid embryos (n=7). Asterisk (*) indicates in-
tube controls.
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Supplemental Figure 2.1 Equivalent bmp7a alleles confirm Bmp1a/Tolloid
redundancy

Related to Figure 2.1. (A) Schematic of the shared domain structure of zebrafish Bmp1a
and Tolloid proteins and the location of the mutant alleles used in this paper (pro:
prodomain). Brackets indicate regions where the Bmp1a and Tolloid amino acid
sequences were compared. (B) At 36 hpf, MZ-bmp7a mutants of both alleles appear
phenotypically wild-type and by 5 dpf display a characteristic ruffling of the tail fin, resulting
from the known role for Bmp1a in processing collagens (Asharani et al., 2012; Bowen et
al., 2012). (C) Adult Z-bmp1a*#?*'® fish display deformed tail fins compared to their
heterozygous siblings, phenocopying Z-bmp1a®®""%°. Similarly, Z-bmp1a%2*’® mutants also
display frontonasal shortening (arrowheads), though it is more pronounced in Z-
bmp1a®'"%_ (D) Adult Z-bmp1a*#?*'® mutants have significantly shorter body axes, similar
to Z-bmp1a®'"%. (E-F) Dorsalization of embryos resulting from bmp1a®""%%/+;tolloid/+ or
bmp 1a%32*%/+;tolloid/+ intercrosses. Approximately 1/16" of embryos are C3 dorsalized,
consistent with Mendelian ratios for the double mutant phenotype.
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Supplemental Figure 2.2 A tolloid morpholino phenocopies the M-bmp1a;tolloid
double mutant

Related to Figures 2.1 and 2.2. (A) tllTMO recapitulates the tolloid single mutant
phenotype (column 2) (Kok et al., 2015; Lele et al., 2001). Injection of this concentration
(2ng) into M-bmp1a®""®® mutants (column 4) also results in severe, radial dorsalization, as
observed in Figure 1E, column 9. (B) Lateral views of wholemount in situ analysis of
neurectoderm markers at 5-somite stage (12 hpf). In un-injected M-bmp1a®'"%° controls
(n=6), pax2.1 (open arrowhead) is expressed in the forebrain while krox20 (black
arrowheads) is expressed in the hindbrain. pax2.1 and krox20 are radially expanded in M-
bmp1a®""+tIIMO embryos (n=18). (C) Wholemount in situ analysis of chordin
expression in un-injected MZ-bmp1a®""® (n=11) and MZ-bmp1a ®""®+tl11MO (n=15)
embryos. (D-G) Animal view of mean P-Smad5 intensities at early gastrula stage (5.7 hpf)
in: (D) Wild-type controls (n=29), pooled from all experiments in figure (also shown in
Figure 2A). Asterisk (*) indicates in-tube controls. (E) MZ-bmp1a *""%+t[1MO embryos
(also shown in Figure 2E, n=9). (F) M-bmp1a®""*+t[1MO embryos (n=9). (G) M-bmp1a
131169 tolloid double mutants (n=3). (H) Average marginal P-Smad5 intensities of D-G. Error
bars indicate standard deviation.
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Figure 2.2 Maternal Bmp1a is required for a normal P-Smad5 Gradient and
functions redundantly with Tolloid

Asterisk (*) indicates in-tube controls. (A-E) Animal view of mean P-Smad5 intensities at
early gastrula stage (5.7 hpf) in: (A) Wild-type controls (n=29), pooled from all experiments
in figure. (B) tolloid mutants (n=10, 3 replicates). (C) M-bmp1a®""®® mutants (n=11, 4
replicates). (D) MZ-bmp1a®’"%® mutants (n=8, 2 replicates). (E) MZ-bmp1a"'"®® embryos
injected with 2ng tIITMO (n=9, 2 replicates). (F) Standard location of 30um band of cells
used to generate marginal P-Smad5 profiles. (G-I, K) Average marginal P-Smad5
intensities of A-E. Wild-type controls are shown in black. Error bars indicate standard
deviation. Filled circles indicate a significant (P<0.05) difference at each position
compared to wild-type, unless a bracket indicates another comparison. (J) Animal view of
wholemount in situ analysis of ventral marker gata2 (wt n=5, M-bmp1a*''%® n=10) and
dorsal marker foxb1a (wt n=6, M-bmp1a n=6) at 6.3 hpf. (J’) Quantification of foxb7a angle
of expression. (K) M- and MZ-bmp1a'®'"%° P-Smad5 profiles at an animal position. (L) Our
model that Tolloid/Bmp1a normally restrict Chordin dorsally (top) and that in M-
bmp1a;tolloid (bottom), Chordin is unrestricted and inhibits BMP signaling in ventral
regions.
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Supplemental Figure 2.3 M-, MZ-, and Heterozygous bmp7a mutants
similarly diminished P-Smad5 gradients

Related to Figure 2.2. (A-C) Extended analysis of marginal P-Smad5 intensities shown in
Figure 2 A, C-E. Wild-type controls are shown in black. Error bars indicate standard
deviation. Filled circles indicate a significant (P<0.05) difference at each position
compared to wild-type, unless a bracket indicates another comparison. (D-G) Animal view
of average P-Smad5 intensities at early gastrula stage (5.7 hpf) in: (D) Wild-type controls
(n=29), pooled from all experiments in figure (also shown in Figure 2A). Asterisk (*)
indicates in-tube controls. (E) M-bmp1a®’"® from Figure 2D, for comparison (n=11, 4
replicates). (F) M-bmp1a®""%%/+ (n=5). (G) M-bmp1a%#?*'%/+ (n=3). (H-J) Comparison of the
average marginal intensities in D-G. Wild-type controls are shown in black. Error bars
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indicate standard deviation. Filled circles indicate a significant (P<0.05) difference at each
position compared to wild-type, unless a bracket indicates another comparison. (K-L’)
Lateral views of wholemount in situ analysis of bmp1a expression at 4.7 and 6.3 hpf in M-
bmp1a®™'"% homozygotes (K-K’) and heterozygotes (L-L’).
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Figure 2.3 M-bmp1a embryos rapidly recover peak P-Smad5 levels while
patterning defects persist

Asterisk (*) indicates in-tube controls. (A-C) Animal view of mean P-Smad5 intensities at
gastrula stage (7 hpf) in: (A) Wild-type controls (n=11), pooled from all experiments in
figure. (B) M-bmp1a™®'"% mutants (n=6, 2 replicates). (C) M-bmp1a ®""*® embryos injected
with 2ng tITMO (n=4). (D) Average marginal P-Smad5 intensities of A-C. Error bars
indicate standard deviation. Filled circles indicate a significant (P<0.05) difference at each
position compared to wild-type. (E-F) Animal view and quantification of wholemount in situ

analysis at 8 hpf of dorsal markers (E) otx2 (wt n=10, M-bmp1a’"% n=14) and (F) gbx1
(wt n=10, M-bmp1a "% n=10).
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Supplemental Figure 2.4 M-bmp17a heterozygote also display P-Smad5 gradient
recovery

Related to Figure 2.3. Asterisk (*) indicates in-tube controls. (A-C) Animal view of mean
P-Smad5 intensities at gastrula stage (7 hpf) in: (A) Wild-type controls (n=11), pooled from
all experiments in figure (also shown in Figure 3A). (B) M-bmp1a?4"%/+ (n=5). (C) M-
bmp1a®""% from Figure 3B, for comparison (n=6, 2 replicates). (D) Location of 30um band
of cells used to generate marginal profiles in E-F (same position as in Figure 3D). (E-F)
Average marginal intensities of A-C. Wild-type controls are shown in black. Error bars
indicate standard deviation. Filled circles indicate a significant (P<0.05) difference at each
position compared to wild-type, unless a bracket indicates another comparison. (G)
Location of a more animal 30um band of cells (located near the equator of the embryo)
used to generate marginal profiles in H-l. (H, I) Average equatorial intensities of A-C. Wild-
type controls are shown in black. Error bars indicate standard deviation. Filled circles
indicate a significant (P<0.05) difference at each position compared to wild-type.

(J) Animal view of wholemount in situ analysis for dorsal markers otx2 (wt=10, M-bmp1a
181169/+=17) and gbx1 (wt=13, M-bmp1a""%°/+=7) at 8 hpf. (K) Quantification of otx2 and
gbx1 angle of expression in (J). Can be compared to Figure 3E-F.
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Figure 2.4 Sizzled is dispensable for early BMP gradient formation

Asterisk (*) indicates in-tube controls. (A) Animal view of wholemount in situ analysis of
sizzled (Wt=26, M-bmp1a ®'"%°=9, M-bmp1a ¥""%%/+=8) at 5.7 hpf. (B-C) Animal view of
mean P-Smad5 intensities at early gastrula stage (5.7 hpf) in: (B) Wild-type controls
(n=36), pooled from all experiments in figure. (C) sizzled®’ mutants (n=34 from 3
replicates). (D) sizzled™* mutants (n=8 from 2 replicates). (E) Average marginal
intensities of B-D. Wild-type controls are shown in black. Error bars indicate standard
deviation. Open circles indicate no significant (P>0.05) difference at any position in each
mutant compared to wild-type. (F-H) Animal view of mean P-Smad5 intensities at early
gastrula stage (5.7 hpf) in siblings from a bmp1a®""%%/+;sizzled™*°*/+ female crossed to a
sizzled™%/+ male: (F) M-bmp1a/+ (n=4), (G) M-bmp1a/+ssizzled/+ (n=4), (H) M-
bmp1a/+;sizzled (n=3). (I) Average marginal intensities of F-H. Wild-type controls are
shown in black. Error bars indicate standard deviation. Open circles indicate no significant
(P>0.05) difference at any position between M-bmp1a/+ and M-bmp1a;sizzled siblings.
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Figure 2.5 Incorporating differential tolloid and bmp71a expression into a
mathematical model of BMP gradient formation

(A-B) RNAscope analysis of wild-type tolloid expression at 4.7 hpf (n=3) and 5.7 hpf (n=2).
(C) Quantification of (A-B). (D) Spatial expression of model input domains. (E) Distinct
temporal dynamics of Bmp1a and Tolloid expression in model input. (F) Rates (nM/s) of
BMP (¢s) and Chordin production (¢c) in model solutions. (F’) The relative ratio of ¢c to ¢s
(median=8.77 nM/s). (G) Rates of Chordin diffusion (Dc) in model solutions (mean=23.42,
median=23.04). Gray box indicates previously measured effective diffusion rate, 6 um?/s
(Pomreinke et al., 2017). (H) BMP distribution in the 16 best-fit model solutions under wild-
type and the indicated mutant conditions compared to the respective measured P-Smad5
profiles. (I) Schematic of the distinct Chordin distributions predicted in the counter-gradient
and source-sink mechanisms. (J) Mean Chordin distribution (normalized to maximum
BMP concentration) in the 16 best-fit model solutions.
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Supplemental Figure 2.5 Incorporating Bmp1a, Tolloid, and Sizzled into a
mathematical model of BMP gradient formation

Related to Figure 2.5 and Tables 1-7. (A) System of partial differential equations solved
based on fixed and varied parameter values detailed in Tables 1, 3-5, and 7. (B) Gene
feedback term used to calculate Sizzled expression based on BMP levels. (C) Marginal
sizzled expression (by RNAscope) and (D) corresponding P-Smad5 profile at 5.7 hpf used
in (E). (E) Simulated Sizzled expression and cooperativity parameter terms based on
solving Equation 7 with the values determined in (C-D), detailed in Methods. (F) Number
of solutions in screens of differential Bmp1a and Tolloid expression, also presented in
Table 2. The number of solutions was determined by simultaneously fitting to wild-type,
tolloid, M-bmp1a, and M-bmp1a;tolloid P-Smad5 profiles (NRMSD <0.12). (G) Differential
onset times of Tolloid expression. We ran eleven screens (100,000 simulations each) with
the onset time for each screen set at distinct 12-minute intervals. (H-I) Number of fitting
solutions with each time-point of graded Tolloid expression, with constant Bmp1a, to find
the optimal Tolloid onset time. (H) The number of solutions that fit measured WT, M-
bmp1a and tolloid single mutant, and M-bmp1a;tolloid double mutant P-Smad5 profiles
(NRMSD<0.12). (I) The number of solutions that fit measured WT and M-bmp7a single
mutant P-Smad5 profiles (NRMSD<0.12).
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Supplemental Figure 2.6 Additional RNAscope and HA-Chordin/HA-Chordin-CD2
microinjection analysis

Related to Figures 2.5-7. (A, C) Maximum projections of tolloid RNAscope expression at
4.7 hpf (A) and 5.7 hpf (C). (B, D) Higher magnification view of single confocal slices at
the indicated animal and marginal positions demonstrating that folloid puncta are in the
nucleus. (E) Phenotypes of chordin -/- X chordin +/- embryos injected with 300-900pg of
HA-chordin mRNA, sorted by genotype. Epitope-tagged Chordin can rescue, and even
dorsalize, chordin -/-. (F) chordin +/- siblings from the cross (bmp1a®'"%°; chordin/+ female
crossed to a chordin/+ male) and injections (3ng t#/1TMO and 250-800pg HA-chordin-cd?2)
in Figure 6E-F; n is from 3 replicates. While the majority of M-bmp1a-/-;,chordin+/-
embryos are radially dorsalized after injection with the #//TMO (column 2), there are
consistently more intermediately dorsalized phenotypes than M-bmp1a siblings (Figure
6F, column 2). However, additional injection of 250-800pg HA-chordin-cd2 enhanced
dorsalization (column 3), confirming that the construct is functional. These injections
include the controls performed in parallel to the regional injections in Figure 7C. (G)
Ubiquitous expression of epitope-only (460pg HA-Chordin) controls cause radial
dorsalization, even in chordin-/- siblings. This confirms that HA-Chordin is functional
(shown in E) and acts as a control performed in parallel to the regional injections in Figure
7C. (H) Dorsal expression of HA-Chordin-CD2 in M-bmp1a®®'"%°;chordin+/- embryos with
the tIITMO caused an undetermined phenotype that is not clearly dorsalized or ventralized;
d: dorsal, v: ventral.
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Figure 2.6 Immobile Chordin is a viable modulator of BMP signaling

(A) Display of 1/20" of the 40,615 immobile Chordin model screen solutions. Each line
represents an individual immobile chordin domain and was sorted along the y-axis by its
dorsal-most (initiating) position, in 5° intervals: 0-60° was classified as ventral (blue), 61-
120° as lateral (green), and 121-180° as dorsal (red). (A’) The mean length of all immobile
Chordin regions binned in 5° intervals. The number of solutions within each interval is
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shown on the y-axis and the frequency of solutions is denoted by the solid black line. The
gray numbers with arrowheads denote the location of HA-Chordin-CD2 rescuing cells in
the embryos from Figure 7D. (B) Schematic of our membrane-tethered Chordin construct
with N-terminal HA tag. (C) Anti-HA immunostaining of wild-type embryos injected at the
1-cell stage with HA-chordin or HA-chordin-cd2 mRNAs. (D) Anti-HA immunostaining of
M-bmp1a°3?*’/+ embryos injected at the 1-cell stage with HA-chordin or HA-chordin-cd2
mRNAs. (E) Schematic of the cross (bmp1a®®""%; chordin/+ female crossed to a chordin/+
male) and injection conditions (3ng t#/7MO and 250-800pg HA-chordin-cd2) used to
generate (F). (F) Phenotypes of M-bmp1a®®''®® embryos injected in (E) separated by
chordin genotype. Ubiquitous expression of HA-Chordin-CD2 (column 6) resulted in
equivalent dorsalization as endogenous Chordin (column 3); n is from 3 replicates. These
injections include the controls performed in parallel to the regional injections in Figure 7C.
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Figure 2.7 Chordin mobility is dispensable for DV patterning in vivo

(A) Schematic of the cross (bmp1a®'"®; chordin/+ female crossed to a chordin/+ male)
and injection conditions (3ng tITMO and 250-500pg HA-chordin-cd2) used to generate
regional expression of membrane-tethered HA-Chordin-CD2. (A’) Relative frequency of
expression in each region (n=210 from 5 replicates). V: ventral, VL: ventrolateral, lat:
lateral, DL: dorsolateral, D: dorsal, an: animal. VL and DL positions classified as
intermediate or overlapping expression of V/lat or D/lat, respectively. (B) The chordin
mutant phenotype is characterized by a reduced eye (open arrowhead), expansion of
posterior somites, yolk extension, and blood island (bracket), and duplication of the ventral
tail fin (black arrowhead). This is observed in M-bmp1a®""%%;chordin-/- siblings with and
without the tlITMO, quantified in Figure 6F at 1 dpf and shown here at 2 dpf. (C)
Phenotypes of M-bmp1a™'"®® embryos injected in (A) separated by chordin genotype.
Regional expression of HA-Chordin-CD2 (column 9), but not HA-Chordin (column 8),
rescued the chordin mutant phenotype. Expression regions of HA-Chordin-CD2 shown in
(D). HA-Chordin was expressed in dorsal, lateral, and ventral regions. Ubiquitous
expression controls performed in parallel are shown in Figures 6F and S7F-G. (D)
Regional expression at 6 hpf and 2 dpf phenotypes of the three rescued chordin mutants
(C, column 9). White lines define the size and position of H3.3-mCherry fluorescence
marking the HA-Chordin-CD2 expression region. The region for each embryo is also
marked in Fig 6A’ with gray arrowheads and the respective embryo number. When
compared to the un-injected controls described in (B), nearly all characteristics of chordin
mutants have been rescued.
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Figure 2.8 Distinguishing mechanisms of BMP gradient formation.

Mechanistic characteristics of the counter-gradient model (A-A’’), the source-sink (B-B”’)
model, and the membrane-tethered Chordin experiment (C-C”).(A,B,C) Embryo
schematics depicting mRNA expression domains and predominant mechanism of action
(yellow lines). (A’,B’,C’) Simplified schematic of BMP and Chordin protein distribution. (A’)
In the counter-gradient model, Chordin diffuses ventrally (red arrow), resulting in Chordin’s
range spanning the entire embryo (red triangle) that generates a reciprocal BMP gradient.
Tolloid/Bmp1a shape the distribution of embryo-wide Chordin. (B’) In the source-sink
model, Chordin’s range is limited (red rectangle) by Tolloid/Bmp1a, resulting in BMP flux
(blue arrow) driving gradient formation. (C’) Expression of membrane-immobilized
Chordin recapitulates the limited Chordin range and proposed function of Tolloid/Bmp1a
in the source-sink model. (A”,B’,C”’) 1D profiles of free BMP (blue) or BMP bound to
Chordin (red). The BMP gradient profile (wild-type) remains the same, but the distribution
of BMP-Chordin differs. (A”) In the counter-gradient model BMP binds Chordin ventrally,
while in (B”’,C"’) the source-sink model and membrane-tethered Chordin experiment, BMP
binds Chordin in the dorsal/lateral regions.



Parameter Units Symbol Value
Time (3.5-5.7hpf) min t 130
Length of Embryo (1D) um - 700
Length of Chordin Domain (from dorsal) um — 145
Length of Noggin Domain (from dorsal) um - 78
Length of Bmp1la Domain um - 700
Dissociation Constant BMP-Chd nM - 1
Dissociation Constant BMP-Nog nM - 0.1
BMP Diffusivity um?/s Dg 4.4
Chordin Diffusivity um?/s D¢ 7
Sizzled Diffusivity um?/s Dg 10
BMP Decay Rate 1/s decy 8.9 %1075
Chordin Decay Rate 1/s dec. 9.6 x 1075
Upper bound Lower bound
BMP Production Rate nM/s () 1072 102
Chordin Production Rate nM/s Dc 1072 102
Noggin Production Rate nM/s DOy 1072 102
Noggin Decay Rate 1/s decy 1075 107!
Sizzled Decay Rate 1/s decs 107° 107t
Noggin Diffusivity um?/s Dy 1072 102
BMP-Chordin Diffusivity um?/s Dgc¢ 1072 102
BMP-Noggin Diffusivity um?/s Dgn 1072 102
Binding Rate for BMP and Chordin 1/nM*1/S Konc 107* 10°
Unbinding Rate for BMP and Chordin 1/S Koffc 107* 10°
Binding Rate for BMP and Noggin 1/nM*1/S Konn 107* 10°
Unbinding Rate for BMP and Noggin 1/S kogin 1075 107t
BMP-Chordin Degradation by Tolloid 1/s Aese 10~* 10°
Chordin Degradation by Tolloid 1/s Aec 10* 10°
BMP-Chordin Degradation by Bmpla 1/s AaBe 107 10°
Chordin Degradation by Bmp1la 1/s Aac 107* 10°
Michaelis Constant of Tolloid nM Kot 10° 10?2
Michaelis Constant of Bmp1la nM Kima 10° 102
Sizzled Inhibitor Constant with Tolloid nM kit 1071 * Spax 10 * Smax
Sizzled Inhibitor Constant with Bmpla nM Kiq 1071 * Spax 10 * Smax

Table 1 Dynamic Bmp1a/Tolloid expression screen parameters

Related to Figures 2.5 and Supplemental 2.6, and Table 2. Model parameters used for
the differential Bmp1a/Tolloid expression condition screens. Fixed parameters at indicated
value. Varied parameters between indicated upper and lower bounds. Results in Table 2.
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Tolloid Distribution | Tolloid Onset Bmp1a Dynamics # of solutions (out of 100,000) fit to:
tolloid
uniform radient 35 53 decrease | constant M-bmp1a
9 hpf hpf tolloid M-bmp1a | M-bmp1a;tolloid | M-bmp1a;tolloid | chordin sizzled noggin
wt wt wt wt wt wt wt wt
1 X X X 12,647 9,431 45 538 12 6,165 8,097 8,852
2 X X X 12,926 9,920 67 592 20 6,401 8,096 9,115
3 X X X 10,851 7,725 57 890 18 5,147 9,606 7,040
4 X X X 12,782 10,445 127 447 30 6,215 8,424 8,997
5 X X X 12,869 10,543 87 287 14 6,286 8,780 9,143
6 X X X 12,855 10,507 123 449 33 6,299 8,527 9,087

Table 2 Number of solutions for dynamic Bmp1a/Tolloid expression screens

Related to Figures 2.5 and Supplemental 2.6, and Table 1. Six groups of indicated
differential Bmp1a/Tolloid expression conditions and the corresponding number of
solutions (out of 100,000 simulations each) fit to the indicated P-Smad5 profiles
(NRMSD<0.12). Parameter input in Table 1 and number of solutions that fit wild-type,
tolloid, M-bmp1a, and M-bmp1a;tolloid P-Smad5 profiles is plotted in Supplemental
Figure 2.5F.

86



Parameter Units Symbol Value
Time (3.5-5.7hpf) min t 130
Length of Embryo (1D) pm - 700
Length of Chordin Domain (from dorsal) um - 145
Length of Noggin Domain (from dorsal) pm - 78
Length of Bmpla Domain um - 700
Dissociation Constant BMP-Chd nM - 1
Dissociation Constant BMP-Nog nM - 0.1
BMP Diffusivity um?/s Dy 4.4
Chordin Diffusivity um?/s D¢ 7
Sizzled Diffusivity um?/s Dg 10
BMP Decay Rate 1/s decy 8.9 x107°
Chordin Decay Rate 1/s decc 9.6 x107°
Upper bound Lower bound
BMP Production Rate nM/s Op 1072 102
Chordin Production Rate nM/s Oc 1072 102
Noggin Production Rate nM/s Dy 1072 102
Noggin Decay Rate 1/s decy 10°5 1071
Sizzled Decay Rate 1/s decs 105 1071
BMP-Chordin Decay Rate 1/s decge 1075 1073
BMP-Noggin Decay Rate 1/s decgy 105 1073
Noggin Diffusivity um?/s Dy 1072 102
BMP-Chordin Diffusivity um?/s Dgc 1072 102
BMP-Noggin Diffusivity um?/s Dgy 1072 102
Binding Rate for BMP and Chordin 1/nM*1/S Konc 107* 10°
Unbinding Rate for BMP and Chordin 1/S kosrc 10~ 10°
Binding Rate for BMP and Noggin 1/nM*1/S Konn 1074 10°
Unbinding Rate for BMP and Noggin 1/S kossn 105 107!
BMP-Chordin Degradation by Tolloid 1/s Aese 107 10°
Chordin Degradation by Tolloid 1/s Aec 107 10°
BMP-Chordin Degradation by Bmp1la 1/s Aase 107 10°
Chordin Degradation by Bmpla 1/s Aac 107* 10°
Michaelis Constant of Tolloid nM Kot 10° 102
Michaelis Constant of Bmp1la nM Kma 10° 102
Sizzled Inhibitor Constant with Tolloid nM kit 1071 % Sppax 10 * Smax
Sizzled Inhibitor Constant with Bmp1la nM Kiq 1071 * Spax 10 * Smax

Table 3 Initial parameter conditions for large-scale screen with model

Related to Figure 2.5 and Table 6. Starting model parameters for 1 million simulations of
BMP gradient formation. Fixed parameters at indicated value. Varied parameters between
indicated upper and lower bounds. Results in Table 6.
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Parameter Units Symbol Value
Time (3.5-5.7hpf) min t 130
Length of Embryo (1D) um - 700
Length of Chordin Domain (from dorsal) um - 145
Length of Noggin Domain (from dorsal) um - 78
Length of Bmpla Domain um - 700
Dissociation Constant BMP-Chd nM - 1
Dissociation Constant BMP-Nog nM - 0.1
BMP Diffusivity um?/s Dg 4.4
Sizzled Diffusivity um?/s Dg 10
BMP Decay Rate 1/s decg 8.9x107°
Chordin Decay Rate 1/s decc 9.6 x107°
Upper bound Lower bound
BMP Production Rate nM/s Dp 1072 102
Chordin Production Rate nM/s Oc 1072 102
Noggin Production Rate nM/s Dy 1072 102
Noggin Decay Rate 1/s decy 105 107!
Sizzled Decay Rate 1/s decg 10-5 107!
BMP-Chordin Decay Rate 1/s decgc 1075 1073
BMP-Noggin Decay Rate 1/s decgy 105 1073
Chordin Diffusivity um?/s D, 0.5+ 10° 0.5+ 102
Noggin Diffusivity um?/s Dy 1072 102
BMP-Chordin Diffusivity um?/s Dgc 1072 102
BMP-Noggin Diffusivity um?/s Dgy 1072 10?2
Binding Rate for BMP and Chordin 1/nM*1/S Konc 1074 10°
Unbinding Rate for BMP and Chordin 1/S kogsc 107* 10°
Binding Rate for BMP and Noggin 1/nM*1/S Konn 107 10°
Unbinding Rate for BMP and Noggin 1/S kogrn 1075 107t
BMP-Chordin Degradation by Tolloid 1/s Ase 1074 10°
Chordin Degradation by Tolloid 1/s Aec 107 10°
BMP-Chordin Degradation by Bmp1la 1/s Aagec 107 10°
Chordin Degradation by Bmp1la 1/s Aac 1074 10°
Michaelis Constant of Tolloid nM ke 10° 102
Michaelis Constant of Bmp1la nM Kma 10° 102
Sizzled Inhibitor Constant with Tolloid nM kit 1071 * Spax 10 * Smax
Sizzled Inhibitor Constant with Bmpla nM kia 1071 * Spax 10 * Smax

Table 4 Model optimization I - varied Chordin diffusion

Related to Figure 2.5 and Table 6. Change from initial conditions (Table 3) is indicated
with bold text: Chordin diffusion (Dc) was varied up to 50 um?/s instead of being fixed at 7
um?/s, the published effective Chordin diffusion rate (Pomreinke et al., 2017). Results in
Table 6.
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Parameter Units Symbol Value
Time (3.5-5.7hpf) min t 130
Length of Embryo (1D) um - 700
Length of Chordin Domain (from dorsal) um - 145
Length of Noggin Domain (from dorsal) um - 78
Length of Bmpla Domain um - 700
Dissociation Constant BMP-Chd nM - 1
Dissociation Constant BMP-Nog nM - 0.1
BMP Diffusivity um?/s Dy 44
Sizzled Diffusivity um?/s Dg 10
BMP Decay Rate 1/s decg 89 x107°
Chordin Decay Rate 1/s dece 9.6 %1075
BMP Production < Chordin Production Rate nM/s Dp,Dc -
Upper bound Lower bound
BMP Production Rate nM/s [} 1072 10°
Chordin Production Rate nM/s D 107t 10!
Noggin Production Rate nM/s Dy 1072 102
Noggin Decay Rate 1/s decy 1075 107t
Sizzled Decay Rate 1/s decg 1075 107t
BMP-Chordin Decay Rate 1/s decgc 1075 1073
BMP-Noggin Decay Rate 1/s decgy 1075 1073
Chordin Diffusivity um?/s D¢ 0.5+ 10° 0.5+ 102
Noggin Diffusivity um?/s Dy 1072 102
BMP-Chordin Diffusivity um?/s Dgc 1072 10?
BMP-Noggin Diffusivity um?/s Dgn 1072 102
Binding Rate for BMP and Chordin 1/nM*1/S Konc 1074 10°
Unbinding Rate for BMP and Chordin 1/S kogrc 1074 10°
Binding Rate for BMP and Noggin 1/nM*1/S Konn 107* 10°
Unbinding Rate for BMP and Noggin 1/S kofrn 1075 107t
BMP-Chordin Degradation by Tolloid 1/s Age 107* 10°
Chordin Degradation by Tolloid 1/s Aec 107* 10°
BMP-Chordin Degradation by Bmp1la 1/s Aage 107* 10°
Chordin Degradation by Bmpla 1/s Aac 107* 10°
Michaelis Constant of Tolloid nM Kt 10° 10?
Michaelis Constant of Bmpla nM kma 10° 102
Sizzled Inhibitor Constant with Tolloid nM kit 1071 * Spax 10 * Smax
Sizzled Inhibitor Constant with Bmp1la nM kiq 107% * Spax 10 * Smax

89

Table 5 Model optimization Il - limiting BMP and Chordin production

Related to Figure 2.5 and Table 6. Changes from initial conditions (Table 3) are indicated
with bold text: Chordin diffusion (Dc) was varied up to 50 um?/s instead of being fixed at 7
um?/s, the published effective Chordin diffusion rate (Pomreinke et al., 2017). The bounds
for BMP (¢g) and Chordin (¢c) production rates were decreased from 102-102 nM/s to 10"
2-10° and 107'-10", respectively. BMP production was also constrained to be less than
Chordin production. Results in Table 6.




% # of solutions (out of 1,000,000) fit to:
] Chordin BMP Chordin Relative .
4 | Diffusivity | Production | Production | Production tolloid
53 Restraints M-bmp1a Al
@ | (Dc, umz2/s) | (@g, nM/s) (@c, nM/s) tolloid M-bmp1a | M-bmp1a;tolloid | M-bmp1a;tolloid chordin sizzled

wt wt wit wt wt wt wt
3 7 0.01-100 0.01-100 - 126908 98904 101 587 6 82174 84447 0
4 0.5-50 0.01-100 | 0.01-100 - 162826 113975 424 1508 25 84408 90945 1
5 0.5-50 0.01-1 0.1-10 Pp < B¢ 200416 129605 860 3457 77 78574 174321 16

Table 6 Number of solutions for initial and optimized models

Related to Figure 2.5 and Tables 3-5. The corresponding number of solutions (out of 1
million simulations each) for the model parameters listed in Tables 3-5 fit to the indicated
P-Smad>5 profiles (NRMSD<0.11 for wt, tolloid, chordin, and sizzled; <0.06 for M-bmp1a

and M-bmp1a;tolloid).
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Parameter Units Symbol Value

Time (3.5-5.7hpf) min t 130
Length of Embryo (1D) um - 700
Length of Noggin Domain (from dorsal) um — 78
Length of Bmpla Domain um - 700
Dissociation Constant BMP-Chd nM - 1
Dissociation Constant BMP-Nog nM - 0.1
BMP Diffusivity um?/s Dg 4.4
Chordin Diffusivity um?/s D¢ 0
Sizzled Diffusivity um?/s Dg 10
BMP Decay Rate 1/s decg 8.9 x107°
Chordin Decay Rate 1/s decc 9.6 x 1075
BMP-Chordin Degradation by Tolloid 1/s A 0
Chordin Degradation by Tolloid 1/s A 0
BMP-Chordin Degradation by Bmpla 1/s Aasc 0
Chordin Degradation by Bmpla 1/s Aac 0
Upper bound Lower bound
Start of Chordin Domain (from dorsal) pum - 0 700
End of Chordin Domain (from dorsal) um - 0 700
BMP Production Rate nM/s B 1072 102
Chordin Production Rate nM/s Dc 1072 102
Noggin Production Rate nM/s DOy 1072 102
Noggin Decay Rate 1/s decy 1075 107t
Sizzled Decay Rate 1/s dec; 10-° 107t
Noggin Diffusivity um?/s Dy 1072 102
BMP-Chordin Diffusivity um?/s Dgc 1072 102
BMP-Noggin Diffusivity um?/s Dgy 1072 102
Binding Rate for BMP and Chordin 1/nM*1/S Konc 1074 10°
Unbinding Rate for BMP and Chordin 1/S kogsc 1074 10°
Binding Rate for BMP and Noggin 1/nM*1/S konn 107* 10°
Unbinding Rate for BMP and Noggin 1/S kossn 1075 107t
Michaelis Constant of Tolloid nM Kot 10° 102
Michaelis Constant of Bmp1la nM kma 10° 102
Sizzled Inhibitor Constant with Tolloid nM ki 1071 * Spax 10 * Spax
Sizzled Inhibitor Constant with Bmpla nM Kia 1071 * Spax 10 * Smax

Table 7 Immobile Chordin screen

Related to Figure 2.6. Changes from initial conditions (Table 3) are indicated with bold
text: Chordin diffusion (D¢ ) was set to 0 to model immobile, non-diffusing Chordin. A; and
Aa were set to 0 to model a M-bmp1a;tolloid mutant background. The initial and final
positions of the immobile Chordin domain varied by 5-degree intervals from 0-700um.
Results (NRMSD<0.08) in Figure 2.6A-A’.
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CHAPTER 3. Tolloid and Sizzled distinctly shape the BMP morphogen

gradient during gastrulation

Contributions: This chapter contains figures and direct quotes from a manuscript being

prepared by Tuazon and Mullins.
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Summary

A fundamental question in developmental biology is how morphogens, such as Bone
Morphogenetic Protein (BMP), form precise signaling gradients to impart positional and
functional identity to the cells of the early embryo. Though embryonic patterning spans the
process of gastrulation, whereby dramatic cell movements rapidly reorganize the embryo,
it remains unknown how the BMP gradient accounts for gastrulation cell movements to
faithfully specify DV tissues over time. We performed quantitative immunofluorescence
and determined that the wild-type BMP signaling gradient changes shape, steepening, by
the end of gastrulation. We discovered that Tolloid and Sizzled, extracellular regulators of
the BMP antagonist Chordin, play distinct spatiotemporal roles in shaping the BMP
gradient during gastrulation: they act at different stages and impact different aspects of
the steepening BMP gradient. These results suggest that gastrulation represents a new
signaling environment, distinct from when the BMP signaling gradient is established, that
requires additional regulation by Tolloid and Sizzled. Thus, Tolloid and Sizzled are key to

correctly shaping a steeper BMP morphogen gradient to properly pattern the tail.

3.1 Introduction

As detailed in Sections 1.4 and 1.5, the BMP morphogen gradient must be tightly
regulated in space and time to correctly pattern all DV tissues. Briefly, DV tissues are
progressively patterned from anterior to posterior throughout gastrulation (Hashiguchi and
Mullins, 2013; Tucker et al., 2008) (Figure 3.1A-B). This means that the BMP signaling
gradient must maintain a correct shape during the dynamic cell rearrangements of
gastrulation to properly pattern all tissues, from head to tail. Additionally, during

gastrulation epiboly movements rapidly bring the ventral- and dorsal-most cells, which
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have opposite levels of BMP signaling, in increasingly close proximity until they eventually
directly abut (Figure 3.1C). Given these morphogenetic changes, it was unknown whether
the BMP morphogen gradient maintained the same shape during gastrulation or if it
adapted a new shape in its changing environment. Furthermore, the roles of the various
extracellular BMP regulators in maintaining or reshaping the gradient during gastrulation

is not known.

3.2 Results

3.2.1 Establishing a reliable staging method based on relative nuclei density

Understanding how the BMP signaling gradient is regulated over time relies first
on being able to clearly distinguish distinct developmental stages. Previous staging
methods relied either solely on time, measured in hours post fertilization (hpf) (Kimmel et
al., 1995; Zinski et al., 2017; Zinski et al., 2019), or percent epiboly, the extent to which
the blastoderm covers the yolk cell, which can be difficult to precisely ascertain (Kimmel
et al., 1995). Moreover, differences in temperature can affect the speed of development
(Kimmel et al., 1995) and injection of translation-blocking morpholinos can cause a
developmental delay. Since the BMP signaling gradient is highly dynamic (Zinski et al.,
2017), any variability in staging could impact our quantitation of BMP gradient shape. To
conduct a precise time-course of the wild-type BMP signaling gradient, and to characterize
mutant and/or morpholino-mediated loss of function phenotypes over time, we developed
a methodology that differentiates key stages of development by relative nuclei density

(Figure 3.2).
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Our approach utilizes quantitative immunofluorescence of individual nuclei, which
were stained by Sytox dye simultaneously with P-Smad5 immunostaining (Section 6.4.1).
Close attention was paid to limit variability in the timing of developmental progression.
First, parent fish remained separated overnight and, after being mixed in the morning,
were only allowed to mate for 10 minutes after the first eggs dropped. Embryos were then
promptly sorted into no more than 30 embryos per petri dish and multiple incubators (31°C
and 28°C) utilized to ensure that the morphological stage and percent epiboly matched
the hours-post-fertilization stage (Kimmel et al., 1995) prior to fixation. Second, embryos
were immunostained, imaged, segmented, and registered, as previously described (Zinski
et al., 2017; Zinski et al., 2019) (summarized in Section 6.4). Finally, all nuclei were
projected on a sphere divided into 4800 equilateral triangles and nuclei within each triangle
averaged together. Though this approach was used to generate the 3-D embryo-wide
displays of mean P-Smad5 (with the P-Smad5 intensity of each nuclei within a triangle
averaged together), it was similarly applied to visualize relative nuclei density (with the
proportion of nuclei within each triangle relative to total number of nuclei in the embryo

calculated), depicted as a heatmap (Figure 3.2).

Importantly, we found that we could clearly distinguish developmental stages that
were 25-35 minutes apart (Figure 3.2). Embryos at 50% epiboly, or 5.3 hpf, were defined
by their highest nuclei density being at the animal pole, consistent with the start of the
blastoderm spreading vegetally (Figure 3.2A,E,l). Embryos at germ stage, or 5.7 hpf,
displayed their highest nuclei density in a clear ring around the margin, consistent with the
onset of gastrulation (Figure 3.2B,F,J). Embryos at shield stage, or 6.3 hpf, had their
highest nuclei density localized in a circle dorsally, indicative of involution, and a broader

band of high cell density at the margin as gastrulation proceeds (Figure 3.2C,G,K).
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Notably, we can clearly distinguish germ stage (5.7 hpf), our readout for BMP gradient
formation used in Chapter 2 (Zinski et al., 2017), from 50% epiboly (5.3 hpf) and shield
(6.3 hpf) stages, which are only 25-35 minutes apart. Finally, embryos at 65% epiboly, or
7 hpf, were characterized by their lowest nuclei density being ventral-animal and the
anterior spreading of the high-nuclear-density dorsal shield (Figure 3.2D,H,L). The
anteroposterior height of embryos at each stage also progressively increased, consistent

with epiboly (Figure 3.2I-L).

This precise staging method employs qualitative analysis of quantitative imaging
data to confirm that each embryo within an imaging dataset is stage matched. It also
establishes a staging framework for other studies that gather imaging data with single-cell
resolution, such as the visualization of other morphogen gradients, fluorescent in situ
hybridization (FISH), or single molecule fluorescence in situ hybridization (smFISH) and

RNAscope, to ensure staging consistency during zebrafish gastrulation.

3.2.2 The shape of the wild-type BMP signaling gradient changes during gastrulation

Prior to the development of the above staging paradigm, we performed quantitative
immunofluorescence of nuclear P-Smad5 in wild-type embryos during gastrulation,
specifically at 6, 8, 9.5, and 10 hpf. Unfortunately, embryos 8 hpf and older were too large
to be imaged in full by the objective we use, but we were able to capture half of the BMP
signaling gradient at these stages and the gradient it is presumed to be symmetric at these
stages, as it is at earlier stages (Zinski et al., 2017). Beautifully, we observed an embryo-
wide P-Smad5 gradient at all stages of gastrulation (Figure 3.3). Since embryo
morphology is changing due to dorsal-convergence and other gastrulation movements,

we limited our analysis to the margin and vegetal-most region of the embryo (Figure 3.3B’-
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D’), where peak P-Smad5 levels were observed and DV patterning occurs (Figure 3.1A)

(Tucker et al., 2008; Zinski et al., 2017),

Interestingly, we observed that the shape of the BMP signaling gradient changed
during gastrulation. Primarily, the distance between cells with the highest P-Smad5 levels
and those of lowest P-Smad5 levels decreased dramatically (Figure 3.3A’-D’). This
distance was measured in approximate nuclei number. At the onset of gastrulation, this
distance was 58 nuclei, or approximately 50% of the total embryo (assuming a nucleus
diameter of 6um and an embryo diameter of 700um) (Figure 3.3A’). Though this distance
decreased modestly to 47 nuclei (41% of total embryo diameter) by mid-gastrulation
(Figure 3.3B’), the most dramatic decrease was at late- and the end of gastrulation, when
this distance decreased to 24 (21% of total embryo diameter) and 18 nuclei (16% of total
embryo diameter), respectively (Figure 3.3C°,D’). This decrease in distance between the
highest and lowest P-Smad5 intensities reveals a steeper P-Smad5 gradient (Figure
3.3E,F). Essentially, this distance represents all intermediate P-Smad5 levels, or the slope
of the gradient. The smaller DV distance that these intermediate levels occupy, the steeper

the P-Smad5 slope (Figure 3.3E,F).

3.2.3 Tolloid and Sizzled are required at discrete stages of gastrulation

Considering the steeper P-Smad5 gradient at the end of gastrulation and that the
tail is patterned during these stages (Figure 3.1) (Connors et al., 2006; Kanki and Ho,
1997; Tucker et al.,, 2008), the late BMP signaling gradient may require additional
regulators to generate its steeper shape and thus correctly pattern the tail. Interestingly,
Tolloid and Sizzled were identified as opposing regulators of tail DV patterning because
of their opposite phenotypic effects on the tail (Figure 3.4A,B) (Hammerschmidt et al.,

1996a; Mullins et al., 1996). Specifically, tolloid mutants display a loss of the ventral tail
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fin while sizzled mutants display a duplication of the ventral tail fin (Figure 3.4B).
Furthermore, not only do cells of highest and lowest BMP signaling levels increase in
proximity during gastrulation (Figure 3.1), but the localization of tolloid, sizzled, chordin,
and bmp also all concentrate in the tailbud (Figure 3.4D,E). Double in situ hybridization
has shown that tolloid directly abuts the chordin domain while bmp4 does not (Figure
3.4D) (Connors et al., 1999). Thus, Tolloid and Sizzled may be key to shaping the steeper

BMP signaling gradient during gastrulation.

A role for Tolloid and Sizzled in shaping the BMP signaling gradient later during
gastrulation, as opposed to establishing it early in gastrulation, is supported by neither
mutant displaying a P-Smad5 phenotype at 5.7 hpf (Figure 3.5). Instead, we found that
tolloid and sizzled mutants first display P-Smad5 defects during different stages of
gastrulation (Figures 3.6-3.9). While tfolloid mutants displayed no change at 6.3 hpf
(Figure 3.6), sizzled mutants had a clear and significant expansion of the marginal P-
Smad>5 gradient into the lateral regions (Figure 3.7). This phenotype remained consistent
whether we analyzed the P-Smad5 gradient shape around the margin or over the top of
the embryo (Figure 3.7C,D). However, as we compared the P-Smad5 gradient shape
between sizzled mutants and wild-type controls at progressively more anterior positions,
we saw an additional increase in P-Smad>5 levels ventrally and dorsally (Figure 3.8). Thus,
while the maximal P-Smad5 level embryo-wide does not change, the relative maximum at

more anterior positions in sizzled mutants does increase significantly.

Tolloid mutants exhibited a P-Smad5 phenotype by 7 hpf, displaying a significantly
reduced gradient (Figure 3.9). Around the margin and over the top of the embryo, the P-
Smad5 gradient is lower ventrally and also shallower compared to controls (Figure

3.9E,F). One caveat, though, is that heterozygous siblings were used as controls but their
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P-Smad5 gradient at 7 hpf was slightly different from other wild-type controls used in
previous experiments (Figure 2.3 and Supplemental Figure 2.4). Namely, the P-Smad5
gradient appears more narrowly confined ventrally, as opposed to being broadly
distributed, and there is a dip in P-Smad5 intensity in the anterior (Figure 3.9F), both of
which persist in mutants and controls. It is unlikely to be an imaging artifact since it has
not been observed before, so this experiment will have to be repeated with in-tube wild-

type controls.

3.2.4 Gradient shaping roles of Tolloid and Sizzled persist at the end of gastrulation

After identifying the earliest timepoint when Tolloid and Sizzled shape the BMP
signaling gradient (7 hpf and 6.3 hpf, respectively), we analyzed their effects on the
steeper gradient apparent at the end of gastrulation (Figure 3.10). Interestingly, though
we focused our analysis on the vegetal-most region of the embryos, as we did with the
wild-type timecourse (Figure 3.3), we observed changes embryo-wide. We found that
their respective P-Smad5 phenotypes persisted at the end of gastrulation (10 hpf).
Specifically, that tolloid mutants displayed a lower and shallower gradient while sizzled

mutants displayed a laterally-expanded gradient (Figure 3.10E,F).

Again, we characterized the steepness of each mutant gradient by measuring the
approximate distance between the cells of highest and lowest P-Smad5 levels, which was
18 nuclei in wild-type (Figure 3.10A’). That distance significantly increased to 50 nuclei in
tolloid mutants, while it remained similar to wild-type at 16 nuclei in sizzled mutants
(Figure 3.10B’,C’). This indicates that the tolloid mutant P-Smad5 gradient is shallower
than wild-type (Figure 3.10E), suggesting that Tolloid plays a role in maintaining the
steepness of the late wild-type BMP signaling gradient. Notably, the distance between the

cells of highest and lowest P-Smad5 levels in tolloid mutants at the end of gastrulation
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(Figure 3.10B’) is similar to wild-type embryos at the onset of gastrulation (Figure 3.3A’),
50 nuclei compared to 58 nuclei, respectively. This similarity is consistent with a role for
Tolloid in steepening the BMP signaling gradient since Tolloid does not play an individual

role at the onset of gastrulation (Figure 3.5A-C), when the gradient is broader.

In contrast, though sizzled mutants displayed no significant change in the
steepness of the P-Smad5 gradient, they instead showed a lateral expansion of the
highest P-Smad5 levels (Figure 3.10F). The lateral extent of maximal P-Smad5 levels
was characterized as an angle (71° in wild-type) and we observed that, while it moderately
decreased in tolloid mutants (to 51°), it significantly increased in sizzled mutants (to 114°)
(Figure 3.10A’-C’). This indicates that the sizzled mutant P-Smad5 gradient is broader
than wild-type (Figure 3.10F), suggesting that Sizzled plays a key role in regulating the
extent of the highest BMP signaling levels laterally. Together, this indicates that at the end
of gastrulation Tolloid shapes the steepness of the BMP signaling gradient while Sizzled

limits the lateral extent of maximum BMP levels.

3.3 Discussion and Future Directions

3.3.1 Additional considerations for quantitative P-Smad5 analysis during gastrulation

Though we clearly observe a change in the P-Smad5 gradient shape during
gastrulation, further quantitation would strengthen this observation. First, as previously
mentioned, the wild-type timecourse analysis was performed prior to the development of
our staging paradigm. Second, it was also performed without utilizing a calibration bead
during image acquisition, which controls for variations in laser intensity (Section 6.4.1)

(Zinski et al., 2019). Repeating the wild-type timecourse with these considerations would
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improve the precision of our measurements. Specifically, it would enable us to reliably
determine if the ventral maximum intensity increases in wild-type embryos during
gastrulation, which has been observed during blastula and early gastrula stages (4.7 hpf

to 6.7 hpf) (Zinski et al., 2017), and compare that in tolloid and sizzled mutants.

A third aspect of our gastrulation timecourse analysis of wild-type and tolloid and
sizzled mutants that can be improved is that we can only image half of the BMP signaling
gradient (Figures 3.3 and 3.10). Due to the shape of late-gastrula embryos, it is not
possible to accurately register these halves together for population analyses. To
circumvent this difficulty, we have begun preliminary imaging and post-acquisition analysis
tests of late gastrula (95-100% epiboly) embryos with their anterior halves removed.
Remarkably, fixed embryos are quite resilient and removing the anterior region is possible
while maintaining the structural integrity and morphology of the remaining vegetal embryo
half. These vegetal ‘bottoms’ closely resemble early gastrula in size and shape, so it is
possible to both image them in full and integrate them into our existing post-acquisition
analysis pipeline. This enables population mean analyses as well as analysis in multiple

spatial dimensions, including scale invariance (Umulis and Othmer, 2013).

A complimentary approach to imaging these vegetal embryo ‘bottoms’ is to use
Light Sheet Fluorescence Microscopy to capture P-Smad5 intensities across the entire
late gastrula embryo. Though we are hesitant to use Light Sheet for quantitation, due to
its nonuniform sample illumination, we could still use it to collect qualitative data to answer
remaining questions. First, it is unclear whether the number of cells with intermediate P-
Smad>5 levels (represented by the distance between the highest and lowest signal cells)
changes during gastrulation. The steepening of the wild-type gradient could be due to

these cells either converging into a narrow band or encountering different BMP signaling
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levels and converting to high or low signal cells. As long as we can capture the embryo in
full, cell counting based on P-Smad5 intensity thresholds can directly answer this question.
Second, tolloid and sizzled mutants also display mild convergence and extension defects
(Connors et al., 1999; Hammerschmidt et al., 1996a; Mullins et al., 1996). Light Sheet
Microscopy offers the potential for volumetric and cell density analyses to quantify and

contextualize these defects with the BMP signaling gradient.

3.3.2 Tolloid and Sizzled shape distinct aspects of the late BMP signaling gradient

We show that Tolloid and Sizzled play distinct spatiotemporal roles in shaping the
BMP signaling gradient. Sizzled is first required by 6.3 hpf to limit maximal BMP signaling
laterally, while Tolloid is required by 7 hpf to protect the steepness of the BMP signaling
gradient. Interestingly, the earliest changes in DV marker expression in sizzled and tolloid
mutants are not observed until 70% epiboly (7.5 hpf) (Miller-Bertoglio et al., 1999) and
100% epiboly (10 hpf) (Connors et al., 1999), respectively. Higher resolution analysis of
gene expression may reveal earlier DV patterning defects, or it is possible that there is a

delay in the mutant P-Smad5 gradients causing gene expression changes.

It remains to be determined why Tolloid and Sizzled are first required at distinct
developmental time points. However, the tolloid mutant P-Smad5 phenotype emerging at
7 hpf is consistent with our work suggesting that tolloid expression reaches functional
levels after the onset of gastrulation (Section 2.2.6) (Figure 2.5A-B, Supplemental
Figure 2.5F-H, Table 2) and that tolloid mediates the recovery of the phenotype during
gastrulation (Section 2.2.4) (Figure 2.3 and Supplemental Figure 2.4). Future studies
can test this mechanism of M-bmp1a P-Smad5 recovery by characterizing the P-Smad5
gradient in zygotic bmp1a;tolloid double mutants. Sizzled, on the other hand, has been

implicated to play an important role in feedback regulation of BMP signaling (Inomata et
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al., 2013). Autoregulatory feedback loops (discussed in detail in Section 5.4.1) initiate in
the early gastrula at 6.3 hpf, which is the same stage that the sizzled P-Smad5 phenotype
emerges. Future studies can determine if Sizzled is required at 6.3 hpf because of a role

in BMP feedback regulation.

Given that tolloid and sizzled mutant P-Smad5 phenotypes are consistent from
when each is first observed through the end of gastrulation (Figures 3.7, 3.9, 3.10), we
postulate that Tolloid and Sizzled play distinct roles in shaping the BMP signaling gradient
during gastrulation (Figure 3.11). In this model, at the end of gastrulation a steep BMP
gradient is maintained by Tolloid and Chordin directly abutting in the tailbud (Figure
3.11A), recapitulating their mMRNA expression domains (Figure 3.4D). Sizzled prevents
Tolloid-mediated promotion of BMP signaling in the lateral regions (Figure 3.11A). In
tolloid mutants, Chordin is unrestricted in the tailbud and aberrantly inhibits BMP, resulting
in a shallower and lower BMP signaling gradient (Figure 3.11B). In sizzled mutants, the
steepness of the gradient is maintained since Tolloid is present to combat Chordin in the
tailbud. However, without Sizzled inhibition, Tolloid aberrantly promotes BMP signaling, to

its highest levels, in the lateral regions of the embryo (Figure 3.11C).

3.3.3 Examining the mechanism and functional consequences of a steep BMP gradient

Integrating our findings with our model of BMP gradient formation (Chapter 2), it is
possible that the steep BMP gradient at the end of gastrulation is generated by a source-
sink mechanism, similar to how the BMP gradient is established at the onset of gastrulation
(Figure 2.8). In this model, the distance between the source and sink is greatly
compressed, resulting in a steeper gradient. We plan to address this through a
mathematical model with closer bmp, chordin, tolloid and sizzled initial expression

domains, as schematized in Figure 3.4D-E. Another fascinating question for future studies
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is whether a steeper BMP signaling gradient is required to pattern tail tissues. In the
steeper gradient characterized here, significantly fewer cells across the DV axis see
intermediate levels of BMP signaling (Figure 3.3). Instead, the gradient may become
almost binary and switch-like. It remains unknown whether this is a consequence of the
margin constricting during epiboly or whether it is required to correctly specify the DV

tissues of the tail.
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Figure 3.1 Correct DV patterning must account for time

Similar concepts depicted in Figures 1.3 and 1.7. (A,B) Schematics depicting the
progressive patterning of DV tissues from anterior to posterior during gastrulation. From
late blastula to early gastrula stages, the most anterior (head) tissues, are patterned. At
mid-gastrula stages, trunk tissues are patterned. From late gastrula to early
somitogenesis, the most posterior (tail) tissues are patterned. (A) Zebrafish embryos
during the stages of DV patterning. As gastrulation proceeds, the region of active
patterning progresses posteriorly, indicated by bold line and arrow at the margin. (B)
Corresponding portion of the body plan represented by the larval zebrafish. (C) During
gastrulation, there is a dramatic decrease in distance between the ventral- and dorsal-
most cells. By the end of epiboly, the ventral- and dorsal-most cells are in direct contact.
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Figure 3.2 Nuclei density reveals distinct morphological features to confirm group
staging

(A-D) Animal pole, (E-H) lateral, and (I-L) dorsal views of average nuclei density in sets
of wild-type embryos. We confirmed that the nuclei density of each individual embryo
matched the qualitative features of the stage being investigated, detailed here, with the
ability to distinguish stages that are less than 25 minutes apart. (A, E , 1) At 5.3 hpf (n=14),
or 50% epiboly, the highest density (HD) of nuclei remains at the animal pole as cells of
the blastoderm begin epiboly and spread vegetally. (B, F, J) At 5.7 hpf (n=14), or germ
stage, there is a high concentration of nuclei at the margin, demarcating the stage’s
characteristic germ ring (GR) and thickening at the margin as gastrulation begins. (C, G,
K) At 6.3 hpf (n=8), or shield stage, the highest concentration of nuclei is dorsal, indicates
the presence of the dorsal shield (SH), and spread along the margin as gastrulation and
involution proceeds. (D, H, L) At 7 hpf (n=11), or 65% epiboly, the highest density of nuclei
remains at the dorsal shield, thought it has spread animally (L). There is an emergent low
density (LD) region of nuclei that is ventral animal due to dorsal convergence. (I-L) From
5.3-7 hpf, there is also a progressive increase in animal-vegetal height of the embryo
(brackets).

106



A onset (6 hpf) B mid (8 hpf) C late (9.5 hpf) D end (10 hpf)

lateral

70—

animal

onset end

high high

med

approx. intensity
3
2

none none

Figure 3.3 Steepening of the wild-type P-Smad5 gradient during gastrulation

(A-D) Lateral, (A’) animal, and (B’-D’) vegetal views of P-Smad5 intensities of individual
wild-type embryos at indicated stages. (A’-D’) Mean distance, in approximate nuclei
diameters, between the highest and lowest P-Smad5 levels of multiple embryos at each
stage: (A’) 6.3 hpf (n =7), (B’) 8 hpf (n =4), (C’) 9.5 hpf (n =7), (D’) 10 hpf (n = 8). (E,F)
Schematics of the approximate P-Smad5 gradient shape at the onset © and end (F) of
gastrulation. Red and blue lines represent the highest and lowest levels of P-Smad5
respectively. Black lines represent the intermediate levels of P-Smad5. By the end of
gastrulation, intermediate P-Smad5 levels extend across a significantly shorter distance
along the DV axis, with a concomitant expansion of the domains of highest and lowest P-
Smad5 levels (compare F to E), indicating a steepening of the P-Smad5 gradient.
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Figure 3.4 Tolloid and Sizzled likely play a key role in regulating BMP signaling
during tail patterning

(A) Schematic of the extracellular BMP regulators explored in this section, adapted from
(Dutko and Mullins, 2011), and also shown in Figures 1.1 and 2.1. (B) 36 hpf tail
phenotypes of wild-type and tolloid, sizzled, and MZ-bmp1a®'"® mutants. Open arrow:
loss of ventral tail fin in folloid mutants. Solid arrow: duplication of ventral tail fin in
sizzled mutants. (C-E) Published mRNA expression domains in the (C) early gastrula
(6.3 hpf) and at (D-E) the end of gastrulation (10 hpf).
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Figure 3.5 tolloid and sizzled mutants display no P-Smad5 defects at

135 180

angle (8)

5.7 hpf

Re-print of panels from Figures 2.2.2 and 2.2.4. (A,B,D,E) Animal view of mean P-Smad5

intensities at early gastrula stage (5.7 hpf) in: (A) wild-type controls (n=29) for (B) tolloid
mutants (n=10, 3 replicates), (D) wild-type controls (n=36) for © sizzled™’ mutants (n=34

from 3 replicates). (C,F) Average marginal P-Smad5 intensities of A,B,

D,E. Wild-type

controls are shown in black. Error bars indicate standard deviation. Filled circles indicate
a significant (P<0.05) difference at each position compared to wild-type, unless a bracket

indicates another comparison.
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Figure 3.6 tolloid mutants display no P-Smad5 defects at 6.3 hpf

(A,B) Animal view of mean P-Smad5 intensities at gastrula stage (6.3 hpf) in: (A) wild-
type controls for (B) tolloid mutants. (C,D) Average P-Smad5 intensities of a 30um band
of cells in A,B. Wild-type controls are shown in black. Error bars indicate standard
deviation. Filled circles indicate a significant (P<0.05) difference at each position
compared to wild-type. (C) Marginal mean P-Smad5 intensities, cell location indicated in
blue on the right. (D) Mean P-Smad5 intensities over the top of the embryo, cell location
indicated in blue on the right.
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Figure 3.7 sizzled mutants first display P-Smad5 defects at 6.3 hpf

(A,B) Animal view of mean P-Smad5 intensities at gastrula stage (6.3 hpf) in: (A) wild-
type controls for (B) sizzled™ mutants. (C,D) Average P-Smad5 intensities of a 30um
band of cells in A,B. Wild-type controls are shown in black. Error bars indicate standard
deviation. Filled circles indicate a significant (P<0.05) difference at each position
compared to wild-type. (C) Marginal mean P-Smad5 intensities, cell location indicated in
blue on the right. (D) Mean P-Smad5 intensities over the top of the embryo, cell location
indicated in blue on the right.
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Figure 3.8 sizzled mutants display increased P-Smad5 at relative AP positions

(A,B) Lateral view of mean P-Smad5 intensities at gastrula stage (6.3 hpf) in: (A) wild-
type controls for (B) sizzled™' mutants. Dashed lines indicate location of 30um band of
cells used to generate C-E, respectively. (C-E) Average P-Smad5 intensities in A,B. Wild-
type controls are shown in black. Error bars indicate standard deviation. Filled circles
indicate a significant (P<0.05) difference at each position compared to wild-type. (C)
Marginal mean P-Smad5 intensities, located at 10% of total embryo anteroposterior (AP)
height. Reprinted from Figure 3.2.6C. (D) Mean P-Smad5 intensities, located at 60% of
total embryo AP height, show a significant increase ventrally (red bracket and asterisk) in
sizzled™ mutants compared to controls. © Mean P-Smad5 intensities, located at 80% of
total embryo AP height, show a significant increase ventrally (red bracket and asterisk)
and dorsally (teal bracket at asterisk) in sizzled™” mutants compared to controls.
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Figure 3.9 tolloid mutants first display P-Smad5 defects at 7 hpf

(A,B) Animal and (C,D) lateral views of mean P-Smad5 intensities at mid-gastrula stage
(7 hpf) in: (A) wild-type controls for (B) tolloid mutants. (E,F) Average P-Smad5 intensities
of a 30um band of cells in A,B,C,D. Wild-type controls are shown in black. Error bars
indicate standard deviation. Filled circles indicate a significant (P<0.05) difference at each
position compared to wild-type. © Marginal mean P-Smad5 intensities, cell location

indicated in blue on the right. (F) Mean P-Smad5 intensities over the top of the embryo,
cell location indicated in blue on the right.
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Figure 3.10 tolloid and sizzled mutants display defects in distinct aspects of the P-
Smad>5 gradient at the end of gastrulation

(A-C) Lateral and (A’-C’) vegetal views of P-Smad5 intensities of individual (A,A’) wild-
type, (B,B’) tolloid™?* mutant, and (C,C’) sizzled®’ mutant embryos at the end of
gastrulation. (A’-C’) Mean distance, in approximate nuclei diameters, between the highest
and lowest P-Smad5 levels and mean angle of extension of the highest levels of P-Smad5
in multiple embryos of each genotype: (A’) wild-type (n = 9), (B’) tolloid (n = 4), and (C’)
sizzled (n = 7). (D-F) Schematics of the approximate P-Smad5 gradient shape of each
genotype. Red and blue lines represent the highest and lowest levels of P-Smad5
respectively. Black lines represent the intermediate levels of P-Smad>5. (D) The steep wild-
type gradient at the end of gastrulation. © In tolloid mutants, the approximate P-Smad5
gradient is shallower (green bracket) while (F) in sizzled mutants, there is a lateral
extension of the highest levels of P-Smad5 (red arrow).
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Figure 3.11 Model of how Tolloid and Sizzled shape distinct aspects of the steep
BMP signaling gradient

(A) In wild-type embryos at the end of gastrulation, a steep gradient is maintained by
Tolloid and Chordin directly abutting in the tailbud while Sizzled prevents Tolloid-mediated
promotion of BMP signaling in the lateral regions. (B) In tolloid mutants, Chordin is
unrestricted in the tailbud and aberrantly inhibits BMP, resulting in a shallower and lower
BMP signaling gradient. (C) In sizzled mutants, the steepness of the gradient is maintained
since Tolloid is present to combat Chordin in the tailbud. However, without Sizzled
inhibition, Tolloid aberrantly promotes BMP signaling, to its highest levels, in the lateral
regions of the embryo.
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CHAPTER 4. Bmper promotes BMP signaling during otic vesicle

development

Contributions: This chapter contains select figures and direct quotes from a manuscript
being prepared in collaboration with Sarah Baxendale and Tanya Whitfield (University of
Sheffield, UK) and uses the bmper* allele, which was generated by Joseph Zinski

(unpublished).
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4.1 Introduction

Another context that presents spatial and temporal challenges for BMP regulation
is the boundary of neural and nonneural ectoderm. Distinct intermediate levels of BMP
signaling pattern the preplacodal ectoderm (PPE), which gives rise to sensory organs like
the inner ear and olfactory epithelium (Figure 4.1A-C) (Nguyen et al., 1998; Nguyen et
al., 2000; Wawersik et al., 2005). BMP signaling must be tightly regulated to generate
such a distinct signaling level in this very narrow region (Figure 4.1A). PPE patterning
also requires two contrary phases of BMP signaling: at late blastula stages BMP signaling
is required to specify PPE precursors, while at late gastrula stages BMP antagonists must
block BMP signaling for further PPE development (Kwon et al., 2010). Finally, as the PPE
develops into the inner ear, it is dramatically remodeled from a simple band of cells to a
hollow ball of epithelial cells (Figure 4.1B), and finally a complex labyrinthine structure
(Figure 4.1C). The correct development of the semicircular canal ducts of the mature inner
(Figure 4.1C), in turn, require BMP signaling. Thus, patterning of the PPE and its
subsequent development into the inner ear presents a unique environment to study the
spatial and temporal mechanisms that regulate BMP signaling and BMP antagonist
activity.

Bmper (BMP-binding endothelial regulator), introduced in Section 1.2.4, may play
a key role in this process (Reichert et al., 2013). Bmper is known to both promote and
inhibit BMP function in different contexts. Bmper can both bind the BMP ligand and the
BMP antagonist Chordin (Figure 4.1D) (Ambrosio et al., 2008; Rentzsch et al., 2006;
Serpe et al., 2008), and in zebrafish enhances BMP signaling when Chordin is present
while inhibiting BMP signaling when Chordin is absent (Zhang et al., 2010). Previous

studies utilizing morpholino-mediated knockdown of Bmper suggested that Bmper is
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required to promote BMP signaling during DV patterning (Ambrosio et al., 2008; Rentzsch
et al., 2006; Zhang et al., 2010). However, multiple zebrafish mutant alleles generated by
our lab (bmper*? and bmper®®) and the Sanger Zebrafish Mutation Project (bmpers2°'%)
(Kettleborough et al., 2013) do not show any overt DV patterning defects at 1-2 dpf.
Instead, at 5 dpf all bmper mutants display defects in the dorsal inner ear, resulting from

the truncation of the anterior and posterior semicircular canal ducts (Figure 4.1E-F).

4.2 Results

4.2.1 Bmper is dispensable for BMP signaling during gastrulation

Though the semicircular canal ducts defect indicates that Bmper is required for
correct inner ear development (Figure 4.1E-F), it remained unclear whether these
morphogenesis defects were caused by earlier alterations in PPE specification. To
determine if Bmper plays a role in shaping the distinct BMP signaling domain that gives
rise to the PPE (Figure 4.1A), we performed quantitative immunofluorescence of nuclear
P-Smad5 in 7 hpf (mid-gastrulation) embryos (Figure 4.2). We generated maternal-
zygotic (MZ) loss of bmper by crossing a bmper*?“? female to a bmper* heterozygous
male. All embryos were genotyped after imaging and MZ-bmper'?4? embryos were
compared to their bmper*?* siblings, which served as wild-type controls (Figure 4.2A-B).
There was no significant difference in mean P-Smad5 profiles at the margin (Figure 4.2C)
or over the anterior of the embryo (Figure 4.2C’) between MZ-bmper homozygotes and
their heterozygous siblings, indicating that Bmper is likely not required for initial PPE

specification.

118



4.2.2 Bmper promotes BMP signaling in the developing otic vesicle

To determine how loss of Bmper affect BMP signaling in the otic vesicle, we
applied our quantitative immunofluorescence protocol, including confocal microscopy, to
32-48 hpf embryos (see Methods). Analysis of the otic vesicle in 32 hpf embryos revealed
a decrease in P-Smad5 intensity in MZ-bmper'?42 embryos compared to heterozygous
siblings used as wild-type controls (Figure 4.3). Though the nuclear staining precluded
analysis of P-Smad5 intensity in individual nuclei, we were still able to characterize effects
on BMP signaling through analysis of maximum projections and segmentation of the P-
Smad5 signal (performed in Imaris). Interestingly, we observed the highest levels of P-
Smad5 in the anterior and posterior poles of the vesicle, relative to the ventral and dorsal
sides (Figure 4.3). By 48 hpf, low levels of P-Smad5 were apparent around the outer cell
layer of the otic vesicle in wild-type controls (Figure 4.4A-C). In comparison, MZ-
bmper*?42 embryos displayed a total loss of dorsal P-Smad5 and a gap in ventral P-Smad5
(Figure 4.4D-F). Interestingly, the highest P-Smad5 levels at this stage were observed in
the presumptive hair cells and at the site of the lateral projection, where no appreciable
difference in intensity was evident between MZ-bmper‘?? embryos and wild-type controls

(Figure 4.4A-B, D-E).

4.3 Future Directions

4.3.1 Determining the earliest requirement for Bmper

We have determined that Bmper is not required for the earliest PPE specification
by 7 hpf (Figure 4.2) but does promote BMP signaling in the otic vesicle by 32 hpf (Figure

4.3). However, the role of Bmper between these two timepoints remains unknown.
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Specifically, from 10-24 hpf the PPE transitions from a swath of cells (10 hpf), to an
unorganized ball of cells (14 hpf), to a hollow epithelial structure with apicobasal polarity
(24 hpf) (Figure 4.1B). Since Bmper may still play a role in regulating BMP signaling
during these remodeling stages, additional P-Smad5 analysis is required to determine the
earliest function for Bmper. Furthermore, Bmper appears to regulate BMP signaling in
different regions of the otic vesicle as it develops from 32 to 48 hpf: Bmper promotes BMP
signaling in the anterior and posterior poles at 32 hpf (Figure 4.3), while additionally at 48
hpf it promotes BMP signaling in the ventral and dorsal outer cell layers of the otic vesicle
(Figure 4.4). The functional consequences of these differences remain to be

characterized.

4.3.2 Further characterization of bmper mutants

Though bmper mutants have a specific defect in the dorsal region of the inner ear
(Figure 4.1F), the role of Bmper in the morphogenetic mechanisms that shape the inner
ear is a continuing area of study for Dr. Whitfield and colleagues. The mature ear
remarkably develops from a simple ball of epithelial cells into a complex labyrinthine
structure that is able to detect sound, gravity, linear acceleration and rotational movement
(Figure 4.1B-C). This process requires a highly orchestrated integration of different
signaling pathways to specify the many different cell types and structures in the mature
ear (Alsina and Whitfield, 2017; Whitfield and Hammond, 2007). Ongoing studies from the
Whitfield lab show that bmper mutants display subtle changes in the expression of dix5a,
hmx3a and some BMP pathway genes in the dorsal otic epithelium and periotic
mesenchyme. They are also using light-sheet microscopy of a Tg(smad6b:GFP)
transgenic line to characterize cell number, shape and movements in both wild-type and

bmper mutant zebrafish. Finally, analysis of adult bmper mutants has identified a
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behavioral signature consistent with the structural defects observed in the semicircular

canals.

4.3.3 Integrating Bmper and Twisted-gastrulation function

Though Bmper alone does not appear to play a role in DV patterning, it may
function in conjunction with Twisted-gastrulation (Tsg, Section 1.2.4). In zebrafish, tsg
morphants are dorsalized (Little and Mullins, 2004), with Tsg’s proposed role being to
enhance the degradation of Chordin by Tolloid (Xie and Fisher, 2005), thus promoting
BMP signaling. It has been proposed that Bmper also promotes BMP signaling by directly
binding Chordin, though the mechanism is still unclear (Rentzsch et al., 2006; Zhang et
al., 2010). Finally, in Xenopus, Bmper binds Tsg and forms a ternary complex with Tsg
and BMP, though this results in the inhibition of BMP signaling (Ambrosio et al., 2008).
Overall, since both Bmper and Tsg promote BMP signaling in zebrafish, and may do so
through Chordin and/or binding each other, Bmper and Tsg may act redundantly. Future
studies can evaluate the bmper;tsg double mutant phenotype to determine if they play a

redundant role, if any, in DV patterning.

121



A 6 hpf B 10 hpf 14 hpf 24 hpf C adult

preplacodal ectoderm

PR M
\ ’ N
J// ‘ //1‘\\.S::—-‘__>% )
‘epidermis brain § | {»C,—»ﬂ
2 \ /| N
~— 1 ~——"10s

heart

bloodhonepnros|SOMites| ntc

iE’ EVL
NT macula Saccular ol

NE A PPR
- macula macula
D D
o ov M

Ve D A+P A%.;P
v L'v

-L, Adapted from Alsina, 2017 Adapted from Whitfield and

Hammond, 2007

[BMP]

O
m

het sib F MZ-bmpers2/A2

gy
~

BMP

P-Smad5

Figure 4.1 Bmper regulates BMP signaling to correctly pattern the inner ear.

(A-C) Schematics of zebrafish inner ear development. (A) Location of the PPE relative to
the embryo-wide BMP signaling gradient in the early gastrula. (B) Development of the
preplacodal region (PPR) into the otic placode (OP), which subsequently undergoes
epithelialization and hollowing to generate the otic vesicle (OV), all during somitogenesis.
Adapted from (Alsina and Whitfield, 2017). (C) The mature ear, adapted from (Whitfield
and Hammond, 2007). (D) Bmper has been reported to play dual roles, either promoting
or inhibiting BMP signaling. Schematic adapted from (Dutko and Mullins, 2011). (E-F) DIC
images of MZ-bmper*?#? (F) and heterozygous sibling (E) at 5 dpf. Asterisks indicate
truncation of the anterior and posterior semicircular canal ducts (ASC and PSC,

respectively); dls: dorsolateral septum.
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Figure 4.2 MZ-bmper gastrulae show no alteration in the P-Smad5 gradient

(A-B) Animal and (A’-B’) lateral views of mean P-Smad5 intensities at mid-gastrula stage
(7 hpf) in: (A-A’) heterozygous siblings, which serve as wild-type controls (n=8, 2
replicates) and (B-B’) MZ-bmper*¥? mutants (n=10, 2 replicates). (C-C’) Mean marginal
P-Smad5 intensities of A-B, calculated from nuclei binned in 10° intervals around the
embryo and displayed from ventral (0°) to dorsal (180° or 220°). Error bars indicate
standard deviation; filled circles indicate a significant (P<0.05) difference at each position
compared to wild-type (shown in black). (C) Comparison of the mean marginal P-Smad5
profiles, with the location of the 30um band of cells used shown in blue on the right. (C’)
Comparison of the mean P-Smad5 profiles over the anterior of the embryos, with the
location of 30um band of cells used shown in blue on the right.
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Figure 4.3 Bmper promotes BMP signaling in the otic vesicle by 32 hpf

Maximum projections in wild-type controls (A-B) and MZ-bmper??“? (C-D) otic vesicles at
32 hpf. (A,C) Heatmap display of relative P-Smad5 intensity shows that P-Smad5 signal
is significantly decreased in MZ-bmper'?*? otic vesicles. (B,D) Individual cell nuclei,
visualized by sytox green, used to identify the otic vesicle.
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Figure 4.4 Bmper is required for BMP signaling at the edge of otic vesical at 48 hpf

Analysis of P-Smad5 fluorescence Otic vesicle is outlined (dashed white line) and hair
cells (hc) are indicated. (A,D) 3D surface heatmap display of relative mean P-Smad5
intensity, generated in Imaris by segmenting the P-Smad5 signal. MZ-bmper‘?“? display
a loss of P-Smad5 at the outer cell layer of the otic vesicle. At the ventral side, there is a
gap in P-Smad5 expression (arrowheads), while at the the dorsal side there is a complete
loss of P-Smad5 (asterisk). (B,C,E,F) Maximum projections of P-Smad5 (B,E) and Sytox
(C,F) in wild-type controls (B-C) and MZ-bmper'?*? (E-F) otic vesicles at 48 hpf. (B,E)
Heatmap display of relative P-Smad5 intensity otic vesicles. (C,F) Individual cell nuclei,
visualized by sytox green, used to identify the otic vesicle.
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CHAPTER 5. Perspective and Future Directions

Contributions: This chapter contains direct quotes from Tuazon and Mullins published in

2015 in Seminars in Cell and Developmental Biology (Tuazon and Mullins, 2015).
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5.1 Summary of major conclusions

This project elucidated the underlying mechanisms that shape the BMP
morphogen gradient in space and time to correctly pattern the DV axis of the developing
zebrafish embryo. The primary focus was to uncover the role of metalloprotease-related
extracellular regulation (Section 1.2.4) in both establishing and then shaping the BMP
signaling gradient. Specifically, we investigated the roles of Bmp1a and Tolloid,
metalloproteases that promote BMP signaling by cleaving the critical BMP antagonist
Chordin, and their competitive inhibitor Sizzled, at both the onset of gastrulation (Chapter

2) and then during and at the end of gastrulation (Chapter 3).

In Chapter 2, we combined rigorous mutant analyses with quantitative
immunofluorescence to determine that Bmp1a and Tolloid are partially redundant and
serve to spatially restrict Chordin’s range in the early gastrula. We discovered that
maternally-deposited Bmp1a plays an unexpected and non-redundant role in establishing
the BMP gradient, while Sizzled is surprisingly dispensable. Combining mathematical
models and in vivo analyses with an immobile Chordin construct, we demonstrate that
Chordin diffusion is dispensable for BMP gradient formation and DV patterning. These
results exclude a counter-gradient of Chordin and instead favor a Chordin sink,
established by Bmp1a and Tolloid, as the primary mechanism that generated the BMP

signaling gradient.

In Chapter 3, we applied quantitative immunofluorescence to wild-type embryos
during gastrulation and determined that the BMP signaling gradient changes shape,
steepening in fact, by the end of gastrulation. We discovered that Tolloid and Sizzled play
distinct spatiotemporal roles in shaping the BMP gradient during gastrulation: they are

required first at different stages and then impact different aspects of the steepening BMP
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gradient. These results suggest that gastrulation represents a new signaling environment,
distinct from when the BMP signaling gradient is established, that requires Tolloid and
Sizzled. Moreover, since defects in both tolloid and sizzled mutants are confined to the
tail, this supports that how Tolloid and Sizzled shape the BMP gradient at the end of

gastrulation is key to correctly patterning the tail.

In Chapter 4, we explored how tissue-specific regulation of BMP signaling patterns
the otic vesicle, or presumptive inner ear, of bmper mutants, which display defective inner
ear development. We applied quantitative immunofluorescence to characterize the role of
Bmper, which can promote or inhibit BMP function in different contexts. We found that
while Bmper is not required during the initial specification of the preplacodal ectoderm,
Bmper is later required to promote BMP signaling in the otic vesicle. Finally, Bmper may
play distinct spatiotemporal roles, first promoting BMP signaling in the anterior and
posterior poles of the otic vesicle at 32 hpf and then in the dorsal and ventral outer cell

layers at 48 hpf.

5.2 Applying the distinct spatiotemporal roles of BMP regulation across contexts
The central question that inspired this project was: why does the embryo need so
many layers of BMP inhibition (Section 1.7)? Why is the BMP antagonist, Chordin, not
sufficient for all DV patterning? Why does Chordin need to be inhibited by Bmp1a and
Tolloid, which are in turn inhibited by Sizzled? When does Bmper fit in? Excitingly, we
have defined distinct spatiotemporal roles for each of these layers of extracellular BMP
regulation. Taken together, we see that the purpose of each regulator is context
dependent. First, Bmp1a and Tolloid work together to generate a Chordin sink to set-up

the BMP signaling gradient in the early gastrula, with Bmp1a playing the predominant role
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in this process. Then, Tolloid and Sizzled become the dominant factors during gastrulation
to correctly shape a steeper BMP gradient in a highly dynamic environment. Finally,
Bmper has a tissue-specific role in the otic vesicle to promote BMP signaling. Defining
these contexts in which each regulator functions provides the larger BMP signaling field
with the opportunity to compare systems and delve into the underlying reasons why each

context has its own unique requirement.

One approach to understanding these mechanistic differences is from an
evolutionary perspective. BMP, Chordin, and Tolloid are highly conserved in DV patterning
across invertebrates and vertebrates. In fact, vertebrate Chordin and the Drosophila
ortholog, known as Sog, are remarkably interchangeable: expressing sog can pattern the
DV axis in Xenopus and vice versa, chordin can pattern the DV axis in Drosophila (Holley
et al., 1995). However, the mechanisms underlying Chordin and Sog function are almost
completely opposite. As we show in zebrafish, Chordin must be critically restricted by
Bmp1a/Tolloid to function as a sink (Chapter 2). In contrast, in Drosophila Sog must be
highly mobile and cleavage by Tolloid actually concentrates the highest levels of BMP
(Ashe and Levine, 1999; Marques et al., 1997). A potential reason for these divergent
mechanisms is that the Drosophila BMP signaling gradient is much steeper than the BMP
signaling gradient in the early zebrafish gastrula (Zinski et al., 2017). Future studies are
needed to address why these gradient shapes and mechanisms diverged. For example,
it could be due to embryo size or cell number, the speed of development, or even the

presence of the additional regulators Bmp1a and Sizzled in vertebrates.

Another perspective on understanding regulatory differences between BMP
signaling contexts is to consider the predominant BMP antagonists in each context.

Although Chordin is the primary BMP antagonist in zebrafish DV patterning, and the focus
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of this dissertation project, additional antagonists exist. During DV patterning, Noggin and
Follistatin are partially redundant to Chordin, with loss of all three antagonists resulting in
radial ventralization (Dal-Pra et al., 2006; Khokha et al., 2005). However, Noggin plays a
later role as a critical BMP antagonist in the neural tube (McMahon et al., 1998; Selleck et
al., 1998). An additional BMP antagonist, Gremlin, also plays functionally distinct roles
from Chordin, Noggin, and Follistatin in digit patterning (Merino et al., 1999). After
characterizing distinct functional requirements for each antagonist in these contexts, future
studies may be aimed at uncovering why each system relies more heavily on specific BMP
antagonists. Is it simply based on which antagonist is expressed? If so, what controls or
differentiates which antagonists are expressed when and where? Or, are there intrinsic
biochemical differences that distinguish each antagonist, such as target BMP binding
specificity, additional binding partners, and/or diffusion coefficients? If there are

differences, do they make an antagonist the optimal choice for its respective context?

Notably, these mechanistic insights into the spatiotemporal regulation of BMP
signaling all occur extracellularly, essentially modulating BMP ligand availability. Just as
there is the potential to discover or delineate additional layers of extracellular regulation,
these opportunities also exist for understanding the intracellular transduction of BMP
signaling. Though P-Smad5 is the known downstream effector of BMP signaling, there is
a gap in our mechanistic understanding of how the Smad5 transcription factor is
phosphorylated by the BMP receptor complex and the identity of potential Smad5 co-
factors in the nucleus remains unknown. These intracellular and intranuclear aspects of
BMP signal transduction must also be addressed to fully understand context-dependent

regulation of BMP signaling.
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5.3 New avenues for exploring cell competency in the early embryo

Through this project we unexpectedly discovered exciting new contexts to address
the question of cell competency. As mentioned in the Introduction (Section 1.1), to achieve
proper embryo patterning not only must morphogen levels be maintained throughout the
patterning process, but cells must also be competent, or able to respond, to morphogen
signals at exact timepoints to correctly adopt their fate. This dissertation primarily focused
on the first issue, determining how the correct distribution of BMP morphogen levels is
established, and then maintained, during DV patterning. However, through that work we
uncovered multiple exciting arenas for future studies of target cell competency in response

to BMP signaling.

5.3.1 Understanding plasticity: M-bmp1a homozygous and heterozygous mutants

The first context is M-bmp1a mutants, which offer a unique opportunity to study
the endogenous recovery of BMP signaling. We found that although M-bmp1a-/- embryos
have a significantly diminished P-Smad5 gradient at the onset of gastrulation (Figure 2.2),
the P-Smad5 gradient recovers by mid-gastrulation (Figure 2.3), consistent with their
apparently normal body plan at 24 hpf. However, anterior dorsal markers still remain
expanded at mid-gastrulation in M-bmp1a-/- embryos (Figure 2.4). While this persistent
expansion of dorsal markers supports our model that the anterior of the embryo is
patterned by the BMP gradient at the onset of gastrulation (Figures 1.3 and 3.1) (Section
1.4), the extent to which the patterning defects persist warrants further investigation. Some
fascinating questions include: do these neural patterning defects endure through later
CNS development? If so, does the embryo compensate for expanded neural specification
(such as by limiting cell division)? Are all aspects of M-bmp1a-/- embryos wild-type at 24

hpf or are there additional defects not visible morphologically?
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Though previous work from our lab has determined when BMP is required to
progressively pattern the DV axis, these studies did so by inhibiting BMP signaling
(Sections 1.4) (Hashiguchi and Mullins, 2013; Tucker et al., 2008). It is difficult to compare
the findings here to that work since BMP signing is reintroduced in the M-bmp1a-/- embryo.
For example, the persistence of dorsal marker expansion in M-bmp1a-/- embryos at mid-
gastrula stages (7 hpf) may be independent of the M-bmp 1a-/- P-Smad5 phenotype at the
onset of gastrulation (5.7 hpf). Instead, it is entirely possible that dorsal markers remain
expanded due to the shape of the M-bmp71a-/- BMP signaling gradient. By 7 hpf in M-
bmp1a-/- embryos, ventral P-Smad5 levels were fully rescued to wild-type levels, while
lateral P-Smad5 levels, though they approach wild-type levels, are still significantly lower
(Figure 2.4). This remaining lateral reduction in P-Smad5 may account for dorsal marker
expansion in M-bmp 1a-/- mid-gastrula embryos. Future studies can resolve this through
careful characterization of the timing of patterning defects in M-bmp1a-/- embryos, as well
as an understanding of the minimum thresholds of P-Smad5 that inhibit dorsal gene

activation.

Interestingly, similar P-Smad5 phenotypes and rescue dynamics are observed in
M-bmp1a+/- embryos (Supplemental Figure 2.4), yet the mechanism underlying the M-
bmp1a-/- and M-bmp 1a+/- similarity remains to be fully described. Though we were able
to determine that bmp7a transcript in M-bmp1a+/- embryos is reduced to a similar extent
as in M-bmp1a-/- embryos by in situ hybridization (Supplemental Figure 2.3), future
studies utilizing quantitative-PCR and/or FISH are needed. Furthermore, since bmp1a is
not a target of miR-430, which targets maternal transcripts for degradation, the mechanism
that reduces bmp1a transcript in M-bmp1a+/- embryos remains entirely unknown. In sum,
the P-Smad5 and DV patterning phenotypes in M-bmp1a-/- and M-bmp1a+/- embryos
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provide a powerful context to investigate the recovery of BMP signaling, the plasticity of
the early gastrula, and how the embryo may compensate for an early expansion of neural

tissues later during development.

5.3.2 Understanding loss of competency: sizzled and tolloid mutants

The second new context for studying cell competency to BMP signaling is in
sizzled mutants at the onset of gastrulation. While sizzled mutants display no significant
P-Smad5 phenotype at the onset of gastrulation (5.7 hpf), shortly after there is a striking
expansion of P-Smad5 levels laterally during early gastrulation (6.3 hpf) (Figures 3.5 and
3.7). Despite significant changes in P-Smad5 levels across the DV axis, especially in the
anterior (Figure 3.7-8), the earliest DV patterning defects have been reported is during
mid-gastrulation (7.5 hpf), over an hour later (Miller-Bertoglio et al., 1999). Furthermore,
the patterning of anterior neurectoderm markers appears normal (Miller-Bertoglio et al.,
1999). Normal neural patterning is consistent with our model that anterior regions are
patterned at the onset of gastrulation (5.7 hpf) (Figures 1.3 and 3.1) (Section 1.4),
however it also implies that anterior regions must be refractory to P-Smad5 changes by
early gastrulation (6.3 hpf), less than an hour later, when sizzled mutants first display a

significant phenotype.

Cells losing the ability to respond to BMP signaling is also readily apparent in both
sizzled and tolloid mutants at the end of gastrulation (10 hpf), the third and final new
context for studying cell competency. Surprisingly, although the mutant phenotypes are
restricted to the tail (Figure 3.4), the P-Smad5 phenotypes are embryo-wide (Figure
3.10). Still, there are no reports of anterior patterning defects in sizzled and tolloid mutants
despite dramatic changes in anterior P-Smad5 intensity (Connors et al., 1999; Miller-

Bertoglio et al., 1999). Taken together, these results beg the question: how do cells stop
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responding to BMP signaling? Moreover, is the mechanism responsible in sizzled mutants

at 6.3 hpf the same as what’s acting at 10 hpf?

To address how cells become refractory to BMP signaling, earlier reports of normal
DV marker expression in sizzled and tolloid mutants must first be confirmed. This requires
combining careful quantitation of DV patterning markers by higher resolution methods,
such as FISH, with our rigorous staging method (Figure 3.2). If anterior DV marker
expression is in fact normal, then these mutants become a powerful system to dissect the
loss of BMP competency in both space and time. Potential approaches may include RNA-
seq (to address transcriptional mechanisms) and ATAC-seq (to address epigenetic
mechanisms), though a significant challenge will be distinguishing cells in anterior regions
from cells at the margin. A complementary approach is the development of 3-D
mathematical models incorporating the spatial and temporal complexity of these P-Smad5
phenotypes, which can determine if there is differential BMP signaling regulation in the
anterior regions of the embryo versus at the margin. This approach is being developed by
our collaborators at Purdue University, Linlin Li and David Umulis. Notably, since sizzled
and folloid phenotypes emerge during gastrulation, autoregulatory feedback loops

(discussed in the next section) may contribute to a loss of competency.

5.4 Understanding autoregulatory feedback loops during embryonic patterning

5.4.1 Determining the role of feedback in DV patterning

A remaining aspect of BMP regulation that was not addressed in this project is the
role of autoregulatory feedback. Interestingly, BMP signaling in Xenopus and zebrafish is

regulated by multiple feedback mechanisms. First, high levels of BMP signaling ventrally
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promote bmp, tolloid, tsg, and bmper expression, all BMP-promoting factors (Connors et
al., 1999; Little and Mullins, 2004; Rentzsch et al., 2006; Schmid et al., 2000) (Figure 5.1).
However, high BMP signaling also induces sizzled, which antagonizes BMP signaling by
inhibiting Tolloid/Bmp1a cleavage of Chordin (Collavin and Kirschner, 2003; Yabe et al.,
2003) (Figure 5.1). High levels of BMP signaling also repress chordin expression,
restricting it to dorsal regions (Miller-Bertoglio et al., 1999) (Figure 5.1). Additionally, there
is a recent report in zebrafish that factors in extraembryonic tissues can initiate a positive
feedback loop on BMP signaling (Sun et al., 2014) (Figure 5.1). BMP signaling also
induces the expression of bambi (Figure 5.1), which encodes a transmembrane protein
implicated in attenuating BMP signaling (Grotewold et al., 2001; Onichtchouk et al., 1999;
Reichert et al., 2013; Tsang et al., 2000), although loss-of-function studies have yet to

determine a role for bambi in DV patterning (O'Connor et al., 2009).

Importantly, all of these feedback loops are active after the onset of gastrulation
(Hild et al., 1999; Kramer et al., 2002; Nguyen et al., 1998; Reversade and De Robertis,
2005; Schmid et al., 2000) and, therefore, do not contribute to establishing the BMP
signaling gradient. However, these feedback mechanisms likely contribute to regulating
BMP signaling during gastrulation, when we have described a steepening of the BMP
signaling gradient and the prominent roles of Tolloid and Sizzled in this process (Chapter
3). A strategic first step in dissecting this complex network of BMP autoregulatory
feedback during gastrulation is applying large-scale, non-biased computational screens.
This is being addressed by our collaborators at Purdue University, Xu Wang and David
Umulis, who are extending our existing mathematical model of the BMP signaling gradient
(Sections 2.2.6-7 and 6.8). After incorporating all of the known feedback mechanisms

(Figure 5.1) (though the existing model already includes BMP-induced sizzled
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expression), that model will be fit to wild-type and mutant P-Smad5 profiles progressively
during gastrulation. This will identify critically limiting parameters, which can then be

directly tested in vivo.

5.4.2 Does feedback coordinate DV and AP patterning?

Another aspect of DV patterning that remains to be fully characterized is the role
of, and crosstalk between, the autoregulatory transcriptional feedback mechanisms that
are activated by both DV and AP signaling. Across zebrafish, Xenopus, and mouse, there
are known feedback mechanisms that regulate FGF, Nodal, and BMP signaling. FGF and
Nodal signaling transcriptionally activate their respective inhibitors. FGF signaling induces
the expression of sprouty (spry) and Spry proteins comprise a major class of FGF/RTK
inhibitors (Furthauer et al., 2001; Mason et al., 2006). Nodal signaling induces the
expression of Antivin/Lefty proteins, which antagonize Nodal signaling (Bisgrove et al.,
1999; Cheng et al., 2000; Meno et al., 1999; Thisse and Thisse, 1999). BMP signaling
similarly activates its inhibitor sizzled, though BMP signaling also promotes itself through

various feedback loops, detailed in the previous section (Figure 5.1).

Transcriptional feedback may be integral to regulate and/or shape FGF, Nodal and
BMP signaling gradients. Indeed, studies applying mathematical models support a key
role for both activating and inhibitory feedback loops in stabilizing and refining morphogen
gradients for pattern formation (Barkai and Shilo, 2009; Inomata et al., 2013; Lee et al.,
2009; Meinhardt, 2015b; Muller et al., 2012; Rogers and Schier, 2011; Xue et al., 2014).
However, the requirement for these feedback loops and whether they primarily confer
robustness to the morphogen gradient or serve to refine the DV and AP pattern remain
unknown. In addition to direct in vivo experiments addressing feedback mechanisms

within each signaling pathway, crosstalk of feedback mechanisms between signaling
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pathways remains to be addressed. Though complex, the coordination of multi-pathway
feedback mechanisms could represent an important mechanism that links DV and AP
patterning, contributes to defining cell competency, and bolsters robust patterning in the

highly dynamic environment of the developing embryo.
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Figure 5.1 BMP signaling autoregulatory feedback loops

Schematic of the known feedback mechanisms affecting BMP signaling. Gene expression
shown in italics. Effect of each gene product represented by colored box: blue indicates

BMP-promoting, red indicates BMP-inhibiting, and yellow indicates a role yet to be
characterized.
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CHAPTER 6. Materials and methods

Contributions: This chapter includes methods developed in Zinkski, Tuazon, et al.
published in 2019 in Methods in Molecular Biology (Zinski et al., 2019) and direct quotes

from Tuazon, et al., under revision at Cell Reports.
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6.1 Zebrafish wild-type and mutant lines

6.1.1 Organism details

Adult zebrafish were kept at 28°C in a 12-hr light/12-hr dark cycle. Most embryos used for

experiments were between 0-12 hours post fertilization, with some phenotypes tracked

from 1-5 days post fertilization. These were collected and raised at 28°C in E3 solution. In

this study, sex/gender is not relevant since zebrafish sex determination takes place after

25 days post fertilization (Santos et al., 2017).

Wild-type (TU) | RRID: ZIRC_ ZL57

chordin'?%° RRID: ZDB-ALT-980413-523, ZIRC_ZL61

tolloig™124 RRID: ZDB-ALT-001220-2, ZIRC_ZL 464

bmp1aC77%? RRID: ZDB-ALT-061101-360, EZRC_9002

bmp1a<?"® | RRID: ZDB-ALT-120411-333

sizzled™’ RRID: ZDB-ALT-030530-2

sizzled™3% RRID: ZDB-ALT-980203-1563, ZIRC _ ZL830, EZRC_ 750

6.1.2 Genotyping of mutant alleles

Genotyping of adults and embryos for the following alleles was performed using KASPar

genotyping (Smith and Maughan, 2015). Primers were designed and generated by LGC

Bioscience Technologies (previously KBioscience) to the following sequences flanking the

[WT/mutant] nucleotide:

chordin?%® | GTTTGGTGTGATGCACTGCGTTATGTGTCATTGTGAGCCG[G/A]
TGAGTTGTGCACAGTTCAGTTTGAAATCCATATTGAATCT
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tolloigm?4a | TGGAGGAGTCATCCCTTACGTCATAGGAGGCAACTTCACCIG/T]
GTAAGAGGACTAAGTGTTTGCCTTTTCAGCATCAATGTGT

GCACACGCGACCCGACAGAGACGAACACGTCAGTATCATA[C/T]
bmp1at3776 | GAGACAACATTCAGCCAGGTAGGAGAAAAAAACTGTAGGG

bmp1a%#2416 | CGAGAGGCATGATAACTGTGCGTACGACTACCTGGAGGTTIC/T]
GAGACGGGAACTCRGAAAGCAGCCCGCTTTTGGGCAGGTT

sizzled™ CCTTCGTCTGCTCGCTCATCGCCCCTGTATGCCTCGACAG[G/A]
TACGTGTTGAGACACCTAAAATATTATGAGAAATACACAT

sizzled™% was genotyped as described in (Yabe et al., 2003) by using the primer pair 5'-
CCTCGATCTGACGACTTGAGGA-3' and 5-GCCAGTTCTAAATCATGAGCTACAC-3'.
The amplified PCR product was digested with Taqa-1, which cleaves the wild-type allele

but not the mutant.

6.1.3 Mutant embryo pictures

All embryos were photographed using a Leica IC80HD at 12-48 hpf, as indicated.

Brightness, contrast, and color balance were adjusted in the whole image in Photoshop.

6.1.4 Maintenance of bmp1a mutants

bmp1a®''%® fish were a gift from M. Harris. As previously reported, bmp1a*'"®

homozygous females would not lay (Bowen et al., 2012). Despite these females being

gravid with mature oocytes, attempts at isolating eggs for in vitro fertilization were also
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unsuccessful. However, by outcrossing bmp1a®'"% to the AB wild-type background, we

were able to generate homozygous females that laid over multiple generations.

6.1.5 Generation of bmp71a in-tube controls

Since M-bmpla embryos are generated by crossing a bmp1a®’76937769

or
bmp 1a%32419%32416 famale to a wild-type (Tu) male, all progeny are M-bmp1a mutants. As
such, there is no possibility for wild-type sibling controls for P-Smad5 and in situ DV marker
analysis. The same is true for MZ-bmp1a mutants, whose siblings are M-bmp171a. To
circumvent this, we added stage-matched wild-type embryos to the same Eppendorf tube
as M- or MZ-bmp1a embryos prior to fixation and then fixed, stained, imaged, and
processed both genotypes together. These in-tube wild-type controls (indicated by an
asterisk in all figures) were identified by genotyping after imaging, ensuring that the M-

bmp1a phenotype is not an artifact and analysis was blinded. In-tube controls were pooled

with tolloid/+ or sizzled/+ sibling controls when appropriate.

6.2 in situ hybridization and domain size measurement

Whole-mount in situ hybridizations were performed using DIG-labeled anti-sense RNA
probes (made with labeling kit: Roche 11277073910) to pax2.1, krox20, bmp1a and
sizzled (gifts from M. Hibi), chordin, gata2, foxb1a (also known as fkd3 and foxb1.2), otx2,
and gbx1. Probes were visualized with anti-DIG-Alkaline Phosphatase (Roche
11093274910) developed with BM Purple (Roche 11442074001). Embryos were
photographed using a Leica IC80HD either in PBS or cleared in BABB, a 1:2 ratio of benzyl

alcohol (Sigma B-1042) and benzyl benzoate (Sigma B-6630). Images were processed
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using Imaged and animal view domain sizes determined by fitting a circle to each embryo

and measuring the domain size angle at the circle center-point.

6.3 Fluorescent in situ hybridization of tolloid

Embryos were fixed with 4% PFA at room temperature for 4 hours, gradually dehydrated
in methanol, and then incubated with Pretreat 3 (ACD #320045) at room temperature for
15 minutes to permeate the embryos. RNAscope probes chordin-C1 (ACD #440081) and
tolloid-C2 (ACD #475501-C2) were hybridized at 40°C for 16 hours. RNAscope
Fluorescent multiplex detection reagents (ACD #320851) were used to stain the probes,
specifically AltC was used for Amp4 in the staining kit, and DAPI was used to stain the

nuclei.

6.3.1 Imaging

Whole embryos were mounted with the animal region on the top and imaged with a
20%/1.0 Plan-Apochromat water immersion lens (D =0.17 M27 75 mm). tolloid and
chordin mRNA signals were imaged by 647nm and 555nm excitation wavelengths,
respectively. XY pixels were 0.312 um and Z pixels were 3 um. The bottom 10% of each
embryo (excluding the YSL) was extracted as the marginal layer and converted to a

maximum projection image.

6.3.2 Quantification

tolloid signal was segmented using a Gaussian filter to remove background and normalize
each pixel from 0 to 1. All pixels above 0.08 and lower than 0.3 were extracted and the

bwlabeln MATLAB function used to find all mMRNA spots. The mRNA distribution was
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extracted by arranging each spot on a coordinate system. First, the center of the mRNA
circle was moved to the (0,0) position in an x,y plane. Then, mRNA spot position was
rotated based on the chordin expression, which defines dorsal. Finally, the mRNA spot
number was calculated every 10 degrees and the two sides of the margin averaged to

generate the ventral to dorsal profile of tolloid distribution.

6.4 Quantitative P-Smad5 assay
P-Smad5 immunostaining, imaging, and quantification were performed as previous
described (Zinski et al., 2017), with the protocol and methodology thoroughly described in

Zinski et al. (2019).

6.4.1 Immunostaining and image acquisition

Briefly, embryos were fixed in 4% paraformaldehyde at 4°C, blocked in NCS-PBST, and
probed overnight with a 1:100 dilution of anti-phosphoSmad1/5/8 antibody (Cell Signaling
Technology Cat# 13820, RRID:AB_2493181), followed by a 1:500 dilution of goat anti-
rabbit Alexa Fluor 647 (Molecular Probes Cat# A-21244, RRID:AB_141663) and a 1:2000
dilution of Sytox Green (ThermoFisher Scientific Cat# S7020). For timepoints 24 hpf and

later, embryos were additionally permeabilized in acetone after fixation.

Embryos were cleared and mounted in BABB, a 1:2 ratio of benzyl alcohol (Sigma B-1042)
and benzyl benzoate (Sigma B-6630). Mounted embryos were imaged on a Zeiss LSM710
or LSM880 confocal microscope with an LD LCI Plan-Achromat 25X/0.8 Imm Corr DIC
M27 multi-immersion lens in the oil-immersion setting. A single bead from a calibration
slide (ThermoFisher Scientific Cat#F369009, well A1) was imaged between embryos to

account for any fluctuations in laser power.
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6.4.2 Gradient quantification

Post-acquisition P-Smad5 analysis utilized a custom MATLAB algorithm to identify
individual nuclei center-points and extract P-Smad>5 intensities in each nucleus (Zinski et
al., 2017; Zinski et al., 2019), which were normalized based on a standard calibration bead
intensity. Resulting embryos were aligned across the DV axis and conformed using
Coherent Point Drift. Population means were generated after genotyping for in-
tube/heterozygous sibling controls since all imaging and analysis was performed blinded.
Mean profiles were generated by averaging P-Smad5 intensities of cells in a 30um band
either at the margin or more animal positions. 3-D embryo-wide displays of mean P-
Smad5 were generated by projecting all nuclei on a sphere divided into 4800 equilateral
triangles and nuclei within each triangle averaged together. Nuclei density was similarly
displayed, with a heatmap depicting nuclei number within each triangle relative to the total
number of nuclei. We confirmed that the nuclei density of each individual embryo matched
the qualitative features of the stage being investigated, detailed in Figure 3.2. MATLAB
algorithms used for analysis have been previously published (Zinski et al., 2017; Zinski et

al., 2019).

It was not possible to generate population means for embryos 7 hpf and later. Embryos at
these later stages were too large to be imaged in full by the 25X objective used and these
irregularly incomplete embryos could not be registered together. Qualitative P-Smad5
gradient shape analysis was performed by thresholding the maximum and minimum P-
Smad> signal populations and quantifying the distance by assuming a nuclei diameter of

6um and total embryo diameter 700um.
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For stages 24 hpf and later, relative P-Smad5 intensities were analyzed qualitatively,
either by maximum projection analysis in ImagedJ or segmentation of the P-Smad5 signal

in Imaris.

6.5 Generating Immobile Chordin

Membrane-tethered Chordin was generated by by inserting the rat CD2 cDNA fragment
from the sog-CD2 construct (a gift from H. Ashe) used for similar experiments in
Drosophila (Ashe and Levine, 1999). The CD2 fragment (which lacks the signal sequence)
was amplified by PCR with an additional N-terminal Clal site and inserted in-frame at the
Clal site in zebrafish chordin-PCS2, which is upstream of the stop codon. An N-terminal

HA epitope tag was also inserted downstream of the chordin signal sequence.

6.6 Embryo microinjection

Embryos were injected with 2-3ng of t/1 MO1 (GCAGAGTAAAGGTAGTCCATCTGAG)
at the 1-cell stage. mRNA for HA-Chordin and HA-Chordin-CD2 were generated using the
SP6 MMessage Machine kit (ThermoFisher Science AM1340) and H3.3-mCherry mRNA
was a gift from AJ Lucy. 800pg of HA-Chordin and HA-Chordin-CD2 were injected at the
1-cell stage for HA-immunostaining and localization analysis. For regional expression,
250-900pg of HA-Chordin-CD2 with 500pg of H3.3-mCherry was injected into a single

blastomere at the 16-32-cell stage (total injection volume was no more than 0.5nl).
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6.7 HA immunostaining and imaging

Embryos injected with 800pg of HA-Chordin or HA-Chordin-CD2 at the 1-cell stage

were fixed in 4% paraformaldehyde at 4°C, blocked in NCS-PBST, and probed overnight
with a 1:500 dilution of rabbit anti-HA (Thermo Fisher Scientific Cat# 71-5500,
RRID:AB_2533988) and 1:1000 dilution of mouse anti-pB-catenin (BD Biosciences Cat#
610153, RRID:AB_397554). This was followed by incubation in a 1:500 dilution of goat
anti-rabbit Alexa Fluor 594 (Thermo Fisher Scientific Cat# A-11037, RRID:AB_2534095),
a 1:500 dilution of goat anti-mouse Alexa Fluor 633 (Thermo Fisher Scientific Cat# A-
21126, RRID:AB_2535768), and a 1:2000 dilution of Sytox Green (ThermoFisher
Scientific Cat# S7020). Embryos were imaged on a Zeiss LSM880 confocal microscope

with a C-Apochromat 40X/1.2 NA W Corr objective.

6.8 Mathematical modeling

6.8.1 Reaction-diffusion equations

The system of partial differential equations (PDE) listed below, and in
Supplemental Figure 2.5A, describes zebrafish development from blastula to early
gastrula stages (3.5 hpf to 5.7 hpf). BMP ligand, Chordin, Noggin and Sizzled are denoted
by B, C, N and S, and the complexes of BMP-Chordin and BMP-Noggin are denoted by
BC and BN, respectively. The embryo is divided into 36 nodes from ventral (x=0) to dorsal
(x=700pum). PDE were solved as before (Zinski et al., 2017), with either 100,000 or 1
million groups of known and randomly varied parameters (Tables 1, 3-5, and 7) and

proteins symmetrically distributed. For each parameter matrix, the model was solved in
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wild-type and 6 loss of function conditions: for chordin, noggin, and sizzled loss of function,
the production rate was set to zero; for M-bmp1a and tolloid single mutants and M-
bmp1a;tolloid double mutants, the A (maximum degradation velocity) of the corresponding
protein was set to zero. The normalized root-mean-square deviation (NRMSD) between
each model and the corresponding P-Smad5 profile was calculated to find the best fit

models (see Quantification and Statistical Analysis section for more detail).
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6.8.2 Model Input

Production regions of BMP, Chordin and Noggin (Figure 2.5D) were previously
determined (Zinski et al., 2017). Production rates (¢) of BMP, Chordin and Noggin are not
known and were screened as varied parameters Chordin and BMP decay rates and BMP
diffusion were fixed based on recent measurements (Pomreinke et al., 2017; Zinski et al.,
2017). The production region of Tolloid was determined by RNAscope (Figure 2.5A-D
and Supplemental Figure 2.6) and Bmp1a by alkaline phosphatase in situ (Figures 2.5D

and 2.1B). The A term represents the maximum degradation velocity of Chordin or BMP-
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Chordin by the proteinase Tolloid () or Bmp1a (4a), as indicated. These, as well as the
Michaelis constants of Tolloid (kmf) and Bmp1a (kma), were screened as varied
parameters.

Since sizzled expression is induced by BMP signaling (Figure 2.4A) (Yabe et al.,
2003), Sizzled was considered a target of BMP signaling that could be described by the
Hill equation (the second term in Equation 6), which was transformed to Equation 7 to
compress parameters. etaS represents the production of Sizzled and Vs is the maximum
of Sizzled expression, so etaS/Vs (Equation 7) describes the shape of Sizzled expression
from ventral to dorsal. BO is the maximum of BMP and b is B/B0O, which can be described
by the pSmad distribution. Following the Hill equation, p is the scaled parameter, K is
concentration of BMP at half-maximum, and n is the gene-control cooperativity parameter.

To determine the fixed values of p, n, and K/BO we measured the distribution of
sizzled mRNA (etaS/Vs) and compared it directly to the stage-matched distribution of P-
Smad>5 (b) (Supplemental Figure 2.5C-E). Interestingly, the sizzled expression profile is
narrower overall than the P-Smad5 profile, which presumably drives sizzled expression.
Using the Lsqgnonlin nonlinear data-fitting function in MATLAB, we fit the distributions
(Supplemental Figure 2.5C-D):

etaS/Vs= exp(-(x-23.19)/50)/(0.02+exp(-(x-23.19)/50))

b = exp(-(x-1828000)/714400)/(0.2+exp((x-427.7)/61.26))
Combining these expressions in Equation 7, we solved for p (=164), n (=4), and K/BO
(Supplemental Figure 2.5E), which became fixed values in all of our simulations as we
calculate saturation and production kinetics. A previous model of Sizzled in zebrafish used
an n value of 20 (Pomreinke et al., 2017), which is essentially a switch-like behavior. This

would theoretically require 20 P-Smad5 binding sites on the sizzled promoter, while our
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analysis of the putative regulatory region suggests only 4 binding sites (Farre et al., 2003;

Messeguer et al., 2002).

Cooperative Parameter/ n 4
Hill Coefficient
Scaled Parameter p 164
K/BO 4.1

Initially, we generated BO in 1 million parameter simulations. We ran the model
with only BMP, Chordin and Noggin and BO was the maximum of BMP in Chordin-/-. These
BO values were used to determine Sizzled expression and the ki range. ki is the
dissociation constant of Tolloid (kit) or Bmp1a (kia) with Sizzled, which is described as a
competitive inhibitor (Lee et al., 2006). To determine the ki range for our parameter screen,
we calculated the maximum of Sizzled based on BO and the corresponding ki was

assigned a random value between 1/10 and 10 times the maximum of Sizzled.

6.8.3 Screens of Tolloid and Bmp1a expression dynamics

The inputs and expression dynamics conditions tested are listed in Tables 1-2. For each
group, we ran 100,000 simulations as described above, though BN and BC decay terms
(Equations 4 and 5) were not included. The number of solutions that fit measured WT, M-
bmp1a and tolloid single mutant, and M-bmp1a;tolloid double mutant P-Smad5 profiles
(NRMSD <0.12) was compared to determine the optimal combination of expression
conditions (Supplemental Figure 2.5F and Table 2). To determine the optimal onset time
of Tolloid expression, we ran eleven screens (100,000 simulations each) with the onset
time for each screen set at distinct 12-minute intervals (Supplemental Figure 2.5G).

Again, the number of solutions that fit measured WT, M-bmp1a and tolloid single mutant,

150



and M-bmp1a;tolloid double mutant P-Smad5 profiles (NRMSD<0.12) was compared to

determine the optimal onset time (Supplemental Figure 2.5H-I).

6.8.4 Large-scale screens

After determining optimal Bmp1a/Tolloid input conditions (Figure 2.5D-E), as described
above, we performed 1 million simulations with the inputs listed in Tables 3-5. Initially,
when we fixed D¢ at the published value of 7 um?/s (Pomreinke et al., 2017), there were
no solutions that adequately fit all our mutant profiles (Tables 3 and 6). When we varied
Dc up to 50 um?/s we almost tripled the number of solutions fitting the M-bmp 1a;tolloid
profile, but M-bmp1a remained constraining (Tables 4 and 6). This was not due to Tolloid
onset time since 5.3 hpf was still optimal for fitting the M-bmp1a profile alone with wild-
type (Supplemental Figure 2.5l). Instead, in these solutions we found that production
rates ¢g and ¢c were restricted to much lower ranges (0.01-1 nM/s and 0.1-10 nM/s,
respectively) and ¢s was consistently less than ¢c. By repeating the model under these
conditions, we doubled the number of M-bmp 1a fitting solutions and were able to generate
16 good-fitting solutions (NRMSD<0.11 for wt, tolloid, chordin, and sizzled; <0.06 for M-

bmp1a and M-bmp1a;tolloid) (Tables 5 and 6).

6.8.5 Immobile Chordin Simulations

1 million simulations were performed with immobile Chordin (D¢ = 0) in a M-bmp 1a;tolloid
double mutant background (1=0, 4, =0) and the initial and final positions the immobile
Chordin domain varied by 5° intervals from 0-180°, or ~19um intervals from 0-700um
(Table 7), though BN and BC decay terms (Equations 4 and 5) were not included.

Solutions were fit with the wild-type P-Smad5 profiles (NRMSD < 0.08), giving 62,047 total

solutions. Since BMP production (¢#g) was varied over a larger range (0.01-100 nM/s) than
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what we found to be relevant (Figure 2.5F), we excluded solutions with ¢g greater than

1nM/s, giving 40615 total solutions. Solutions were classified in Figure 2.6A-A’ as dorsal,
lateral, or ventral based on the dorsal-most site of the region: ventral as 0-60°, lateral

as60-120°, and dorsal as 120-180°.

6.9 Quantification and statistical analyses

6.9.1 Bmp1a and Tolloid Comparison

Amino acid sequences of zebrafish Bmp1a and Tolloid were compared using LALIGN

Pairwise Sequence Alignment (Chojnacki et al., 2017).

6.9.2 Comparing P-Smad5 profiles

To determine if two P-Smad5 profiles were significantly different, two-tailed T-Tests were
performed with a 5% significance level. Profiles shown represent the mean with errors
bars indicating standard deviation. Exact values of n and number of replicates can be

found in the figure legends.

6.9.3 Comparing DV marker expression domains

To determine if domain sizes of DV markers were significantly different, angle
measurements were input into GraphPad Prism and two-tailed T-Tests were performed
with a 5% significance level. Exact values of n and number of replicates can be found in

the figure legends.

152



6.9.4 Defining best-fit model solutions

Best-fit model solutions were determined by normalized root-mean-square deviation
(NRMSD) error thresholds. Relative threshold NRMSD values were calculated based on

the standard deviation observed in each P-Smad>5 profile.
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