ROLE OF BMP AND ACTIVIN/NODAL
SIGNALING REPRESSION IN RETINAL
PROGENITOR CELL SPECIFICATION AND
CONE PHOTORECEPTOR GENESIS

Kimberly A. Wong

A Dissertation in the Neuroscience Program
in the Department of Ophthalmology

Submitted in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in the College of Graduate Studies of
State University of New York, Upstate Medical Center.

Approved
(Sponsor’s signature)
Date

Abstract
Role of BMP and Activin/Nodal Signaling Repression in Retinal Progenitor Cell
Specification and Cone Photoreceptor genesis
Kimberly A. Wong
Dissertation Advisor: Dr. Andrea S. Viczian

Eye formation begins with the specification of the eye field from the anterior
neural plate during the transition from gastrulation to neuralization. The morphogenetic
gradients formed by BMP and Activin/Nodal ligands organize the body axis and
regulate intracellular signals to bias the cell lineages.

Therefore, to understand the

extracellular signaling mechanisms governing eye field specification, we looked closer
at the mechanisms responsible for neuralization. This project takes advantage of the
developmental accessibility of the Xenopus laevis embryo to investigate the role of
BMP and Activin/Nodal signaling pathways during early eye development.

Noggin

is a secreted BMP antagonist and is sufficient to induce formation of ectopic retinal
tissue. My results presented in Chapter 2 show that intracellular repression of BMPSmad1/5/8 and Activin/Nodal-Smad2/3 signaling was sufficient to replicate the retinapromoting activity of Noggin and efficiently drive pluripotent Xenopus primitive ectoderm
to a retinal progenitor cell fate. Furthermore, my work presented in Chapter 3 suggests
that repression of BMP and Activin/Nodal in the anterior neural plate allows the anterior
neural patterning transcription factor, Otx2, to directly activate expression of the earliest
eye field transcription factor, tbx3. This study elucidates the initial step by which the
anterior neural plate is patterned to specify the eye field. We next translated our findings to
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mouse embryonic stem cell culture (Chapter 4). We observed that mouse embryonic stem
cells can be efficiently directed towards retinal progenitor cells by first converting them
to an early primitive ectoderm-like state, followed by simultaneous repression of BMP
and Activin/Nodal and activation of FGF signaling. After differentiation, we observed
that photoreceptor genesis is synchronized, resulting in 96% of aggregates expressing
markers for cone photoreceptors after 9 days. This differentiation protocol is more efficient
and quicker than previously published mouse stem cell protocols. Optimizing treatment
conditions resulted in up to 62% of cells expressing the cone/rod photoreceptor marker,
CRX. This study was the first to show that photoreceptor-like cells can be generated from
mouse pluripotent stem cells as efficiently as published human pluripotent stem cell reports,
but with a shorter culture period. These studies will provide the basis of future work to
determine the underlying molecular mechanism driving retinal differentiation.
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Chapter 1
General Introduction

1

1.1

Introduction

The vertebrate retina is the thin light-sensitive tissue in the back of the eye that is
responsible for all light detection and preliminary visual information processing. It is
comprised of six different subtypes of specialized neurons and one retinal glia which are
organized into three layers of cells that function together to provide us with the ability to
perceive colors, movement, and depth in a wide range of light levels, including bright
daylight, to the stars in the night sky. However, we are still working to understand
how such a complex system develops. Proper development of the retina requires precise
spatio-temporal patterning of key regulatory proteins and proper function of signaling
pathways (reviewed in Graw, 2010; Sinn and Wittbrodt, 2013; Viczian and Zuber, 2015).
However, much of the early eye development, especially early neural plate patterning and
eye field specification, occurs very early in development, which has made studying these
developmental time points very difficult in mammals. Because of this, research using model
organisms, such as fish, fly, frog, and chick, have provided a wealth of knowledge regarding
the key regulatory proteins and their mechanisms during early eye development (Wawersik
and Maas, 2000; Wawersik et al., 2000; Zaghloul et al., 2005; Fadool and Dowling, 2008;
Seabra and Bhogal, 2010; Davis and Rebay, 2017). The bone morphogenetic protein
(BMP), Activin/Nodal, and fibroblast growth factor (FGF) pathways that regulate early
neural patterning and the eye field transcription factors (EFTFs, pax6, tbx3, rax, six3, lhx2,
nr2e1, and six6) have also been conserved in mammals (Zuber, 2010; Stuhlmiller and
Garcia-Castro, 2012). The continued study of these developmental pathways will provide
information to understand human eye development, so that, in the future, it may lead to
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better prevention, treatment and cures for human blindness.

1.2

Vertebrate eye formation

The vertebrate eye has been an attractive model for studying the molecular mechanisms
regulating embryogenesis and neural development.

The fully formed vertebrate eye

contains tissue from different embryonic lineages, including the lens from surface
ectoderm, cornea from surface ectoderm and neural crest, and the neural retina (NR)
and retinal pigment epithelia (RPE) from the anterior neural plate. The biochemical and
physical interactions of these tissues are required for proper eye formation (reviewed
in Graw, 2010; Bazin-Lopez et al., 2015). The formation of an eye begins with the
specification of the eye field, which arises from the anterior neural plate during gastrulation
(Zaghloul et al., 2005). This single eye field region then bifurcates as the two optic vesicles
migrate laterally towards the surface ectoderm (Figure 1.1). After direct contact with the
surface ectoderm, the optic vesicles begin to invaginate and wrap ventrally around the lens
to form optic cups with the inner lamina specified to become the NR and the outer lamina,
RPE. The optic stalks project from the back of the RPE and will eventually become the
optic nerve after innervation by the retinal ganglion cells. Simultaneously, the surface
ectoderm will protrude to form the lens placode, which will continue to grow until the tissue
separates and forms a separated lens. The remaining surface ectoderm then contributes to
cornea formation.
These complicated morphological changes are all regulated by extracellular signaling
pathways. Many of these pathways are the same signals utilized in early embryogenesis and
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neural induction, so the expression of signaling ligands within the developing eye tissues,
as well as the competence to respond to these signals, are strictly regulated both temporally
and spatially (Esteve and Bovolenta, 2006; Eivers et al., 2008; Rogers et al., 2009; Hegarty
et al., 2013; Balasubramanian and Zhang, 2016). However, the specification of the anterior
neural plate is the first step in directing eye formation, and therefore, the search for an
eye-specific developmental gene regulatory network (GRN), as well as any extracellular
signaling molecules that can alter the expression of the transcription factors at key nodes of
this GRN, have been widely investigated during these early developmental stages (Viczian
and Zuber, 2015).

1.2.1

Embryogenesis and Neural Induction

Neural induction is the process by which the ectoderm is patterned into the neural (neural
plate) and non-neural tissue (epidermis). The neural plate gives rise to the central nervous
system (CNS) which is later segmented into the anterior region, from which the eye and
brain are generated, and the posterior region, which becomes the spinal cord (reviewed in
Hemmati-Brivanlou and Melton, 1997).
Investigations into the mechanisms of embryogenesis began with early experiments
in amphibians that attempted recombination of different embryonic tissues to determine if
there were any cells that could provide lineage inductive cues to the surrounding pluripotent
tissue. The first breakthrough came in the identification of a dorsal organizing center
by Spemann and Managold (1924). By grafting cells from the dorsal mesoderm lip of
Xenopus, also known as the Spemann organizer, onto another embryo, they found that
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factors secreted from these cells were sufficient to reprogram the surrounding tissue and
generate a secondary axis, complete with the formation of a second head (reviewed in De
Robertis and Kuroda, 2004; De Robertis, 2009). The shield, blastopore, Hensen’s node, and
node are homologous tissues in frog, fish, chick, and mammals, respectively, suggesting
this organizing center and its signaling molecules are conserved across vertebrates. This
ectopic head contained a properly patterned central nervous system, including an eye and
a brain, suggesting that the molecules secreted from this tissue are potent neural inducers.
These findings drove research towards understanding and identifying the neural inductive
signaling molecules responsible in an effort to understand how the complex neural system
is generated.
In the many years of research since these pioneer experiments, we have a better
understanding of the signaling mechanism responsible for neural induction. Segmentation
of the embryo begins when maternal β-catenin is accumulated dorsally by cortical rotation
of the egg, which is driven by sperm entry, and VegT and Vg1 is accumulated the ventral
embryo (Lustig et al., 1996; Stennard et al., 1996; Zhang and King, 1996; Miller et
al., 1999). Neural induction begins in the blastula stage embryo with the interactions
between the Nieuwkoop center and the blastula Chordin- and Noggin-expressing (BCNE)
region (Nieuwkoop, 1969a; Nieuwkoop, 1969b; Kuroda et al., 2004) (Figure 1.2). These
organizing centers arise dorsally in the animal and vegetal regions of a blastula stage
embryo, respectively, in response to the β-catenin-Wnt signaling. The vegetal Nieuwkoop
center is the first to arise in the dorsal endoderm and secretes Nodal signaling ligands (Xnr1,
2, 4, 5, and 6) to specify the formation of the mesoderm (Agius et al., 2000; Takahashi
et al., 2000). The cells located just above the Nieuwkoop organizing center receive the
5

highest concentration of Nodal signaling, and become the BCNE (Kuroda et al., 2004).
This tissue is present in the developing dorsal ectoderm, which contain the presumptive
Spemann organizer cells, and secretes the Bone Morphogenetic Protein (BMP) antagonists
Chordin and Noggin. These proteins work to inhibit BMP4 and BMP7 ligands, which are
actively secreted from the ventral organizing center, or the BMP4 synexpression group as
it was originally called (Fainsod et al., 1994; Niehrs and Pollet, 1999). Transplantation
experiments determined that BCNE tissue is both sufficient and required to form neural
tissue, suggesting that neural lineages are specified as early as the blastula stage (Kuroda
et al., 2004).
Interestingly, in contrast to inductive signaling growth factors, many of the proteins
identified from these anterior organizing centers were identified as growth factor inhibitors.
Noggin was one of the first organizer-specific neural inducers identified, followed soon
after by Chordin (Smith and Harland, 1992; Lamb et al., 1993; Smith et al., 1993;
Sasai et al., 1994; Valenzuela et al., 1995). Noggin and Chordin was found to bind
extracellular BMP4 ligands to which blocked intracellular signaling by preventing BMP4
ligands from binding to the receptors (Zimmerman et al., 1996). This interaction is
conserved in Drosophila, with sog/Chordin (short gastrulation) repressing dpp/BMP4
signaling (Francois et al., 1994; Biehs et al., 1996). Follistatin, and Cerberus are also
secreted from the Spemann organizer and were found to inhibit BMP signaling, and hence
these molecules were classified as BMP antagonists (Bouwmeester et al., 1996; Piccolo et
al., 1996; Sasai et al., 1996; Fainsod et al., 1997; Iemura et al., 1998). The absence of
neural inductive signals in the presumptive neural plate led to the theory of the “default
model” of neural induction: that repression of BMP signaling was required and sufficient
6

for neural induction to occur.
Similar morphogenetic gradients are established in the developing mouse embryo
during gastrulation (reviewed in Tam and Behringer, 1997; Kishigami and Mishina, 2005;
Levine and Brivanlou, 2007; Andoniadou and Martinez-Barbera, 2013). BMP ligands are
secreted from the extraembryonic tissues and posterior primitive streak during gastrulation
(Jones et al., 1991; Winnier et al., 1995;). To silence signaling, the BMP antagonists,
Cerberus, Noggin, and Follistatin, are secreted from the anterior visceral endoderm (AVE)
and the node, the mammalian homologue of Spemanns organizer (Thomas and Beddington,
1996; Klingensmith et al., 1999; Bachiller et al., 2000). Noggin and Chordin expression
in the node and AVE, respectively, redundantly regulate forebrain development (Bachiller
et al., 2000; Borges et al., 2001).

These two tissues are both required for proper

neural patterning and head formation (Thomas and Beddington, 1996; Belo et al., 1997;
Klingensmith et al., 1999). Similarly, repression of BMP signaling in epiblast cells leads
to an expansion of anterior neuroectoderm and a loss of mesodermal and endodermal cells
(Davis et al., 2004).

1.2.2

Anterior-posterior (AP) neuroectoderm patterning

Almost immediately after neural induction occurs, the morphogenetic gradients set up to
maintain the neuroectoderm can also function to pattern the neural plate into the fore-,
mid-, and hindbrain, and the spinal cord tissues. Pieter Nieuwkoop postulated that due to
the short timing between neural induction and AP patterning, the neural plate is patterned
by the contributions of posterior-inducing signals while anterior structures arise from an
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undisturbed neural plate tissue (Nieuwkoop et al., 1952; Nieuwkoop and Nigtevecht, 1954).
This theory has been consistent with modern genetic studies that determined that the entire
neural plate is competent to become forebrain tissues until the appearance of posteriorizing
cues, FGF and Wnt signaling, which arise by neural plate stage (Saha and Grainger,
1992; Lamb and Harland, 1995). These signaling pathways are discussed in detail in later
sections.

1.2.3

Eye field specification

During gastrulation, the eye field becomes specified in the anterior neural plate (Figure 1.3).
This tissue is comprised of multipotent eye field progenitors that are defined to become the
RPE and the retina such that if transplanted to another region in the embryo, the tissue
is competent to form an eye without external signals (Adelmann, 1929). The eye field in
Xenopus is defined by the overlapping expression of a core set of the EFTFs, pax6, tbx3,
rax, six3, lhx2, nr2e1, and six6, which are sufficient direct formation of the eye tissue in
animal caps (Zuber et al., 2003; Viczian et al., 2009) (Figure 1.4A). These EFTFs function
with otx2 to generate a retinogenic GRN that is patterned during gastrulation (Figure 1.4B)
(Zuber et al., 2003). Genetic studies have uncovered that importance of these genes in eye
field formation is conserved between vertebrate and invertebrate species (Wawersik and
Maas, 2000; Wawersik et al., 2000). Notably, studies in mice and humans have observed
that loss of function mutations and haploinsufficiency of these genes can lead to significant
eye malformations (reviewed in Graw, 2003 and Zuber, 2010). Together these studies
suggest that proper expression of these EFTFs are required for proper eye formation.
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Interestingly, when Xenopus animal cap explants are treated with high concentrations
of Noggin, the explants are biased towards eye field tissues, whereas lower concentrations
form forebrain (Lan et al., 2009; Viczian et al., 2009). Since Noggin functions as a BMP
and Activin inhibitor (Bayramov et al., 2011), we investigated the action of these pathways
on eye field specification (Wong et al., 2015, Chapter 2 of this dissertation). Furthermore,
Tbx3 was required for Noggin-dependent induction of the eye field cells, suggesting a
requirement for Tbx3 in maintaining eye field competence (Motahari et al., 2016). This
finding suggested that eye field competence may be defined by regulation of BMP and
Activin signaling, which will be investigated in Chapters 2 and 3 of this dissertation.

1.2.4

Retinogenesis

After optic vesicle formation, the optic vesicle folds inward, creating two opposing layers
of cells. The outer layer of cells becomes pigmented and forms the RPE (Figure 1.5). These
cells become the support cells for the photoreceptors in the neural retina, which forms from
the inner layer of cells that contact the overlying ectoderm. The retina and RPE layers
continue to grow temporally and ventrally to wrap around the lens to form the optic cup
(Heermann et al., 2015). Since these two layers are contiguous, the boundaries between the
retina and the RPE are defined and maintained through the activity of opposing signaling
molecules (Figure 1.5). Activin signaling from the extraocular mesenchyme induces RPE
fate, while FGF signaling from the lens placode promotes retina and represses RPE fate (de
Iongh and McAvoy, 1993; Fuhrmann et al., 2000; Zhao et al., 2001; Yoshii et al., 2007).
The retina contains six different types of neurons (rod and cone photoreceptors,
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horizontal, bipolar, amacrine, and ganglion cells) and the non-neural Müller glia
(Figure 1.6A). These cells are born from a pool of multipotent retinal progenitors in a
specific birth order: ganglion cells, cone photoreceptors, horizontal and amacrine cells
are among the first cell types to be born prenatally, followed soon after by bipolar cells,
with rod photoreceptors and Müller glia being born after birth (reviewed in Cepko, 2014)
(Figure 1.6B). This order is highly conserved across vertebrate species. However, the
mechanism by which this occurs is controversial. On one hand, some believe that these
cells respond to extracellular cell-type specific inductive cues that change over time,
causing the determination of different cell types at different times (Firth and Baker, 2009
and reviewed in Gregory-Evans et al., 2013). Conversely, others believe that retinal
progenitor cells are intrinsically biased to generate different cell types, and the probabilities
change as a function of time or number of cell divisions (He et al., 2012, and reviewed in
Marquardt, 2003; Cepko, 2014). This bias is regulated by the stochastic accumulation
of cell fate determination factors (Blackshaw et al., 2004, and reviewed in Boije et al.,
2014; Torres-Padilla and Chambers, 2014). There has been significant evidence in model
organisms supporting both of these theories, and it is likely that both extracellular inductive
cues and stochastic mechanisms are controlling retinal cell birth.

1.3

Cell extrinsic mechanisms of eye field specification

The role of these organizing centers is to emit different inductive signals to the localized
regions around them through the secretion of soluble molecules. These molecules can
diffuse across the embryos, such that the cells within different regions receive different
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combinations of signals based on the concentration of different growth factors present in
their environment. These signaling molecules can alter intracellular signals that regulate
the expression of different genes, thereby conferring positional information in the cells
(Eivers et al., 2008). This information is relayed by transcription factors, which can
regulate cell-type specific developmental programs through the retinogenic GRNs. This
leads to cell-type specificity (reviewed in Esteve and Bovolenta, 2006; Rogers et al., 2009).
Therefore, to understand how the eye field is specified, we are working to understand what
extracellular signaling molecules pattern the anterior neural plate if they may regulate
the internal expression of the eye field transcription factors (EFTFs). However, because
these signaling pathways play key roles in neural induction and embryonic patterning,
delineating indirect or direct implications on eye field formation has proven tough with
global genetic mutations. Therefore, a thorough investigation of the temporal requirements
of each of these signaling pathways is required to truly understand the role of each pathway
in eye field specification.

1.3.1

Bone Morphogenetic Proteins

BMP signal transduction is activated when ligands (BMP2, 4, and 7) bind to cell surface
receptors and form a heterotrimeric complex with two type I and type II receptors of the
TGFβ signaling family (reviewed in Hata and Chen, 2016; Katagiri and Watabe, 2016, and
summarized in Table 1.1. Although three receptors interact specifically with BMP ligands
[Alk3 and Alk6 (Bmpr-1A and -1B), and Bmpr-2], there are other type II receptors that will
bind BMP, Activin and Nodal ligands with varying affinity (Aykul and Martinez-Hackert,
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2016).

Within these heterotrimeric complexes, type II receptors transphosphorylates

the type I receptors, activating the phosphorylation activity on downstream molecules.
Activated receptors signal through two downstream pathways: the canonical signaling
pathway, which activates receptor-mediated Smad (R-Smads) transcription factors, and the
non-canonical pathway though Tak/Tab, Akt, and p38 MAPK (reviewed in Nohe et al.,
2004).
The canonical pathway signals through the BMP-specific receptor-mediated Smads
(R-Smads):

Smad1, Smad5, and Smad8 (also called Smad9).

The C-terminal

phosphorylation of these molecules activates their transcriptional activity by facilitating
binding with the co-mediator Smad (co-Smad), Smad4, and translocation to the nucleus
(reviewed in Hill, 2016). Although Smad molecules appear to shuttle to and from the
nucleus at fairly constant rates without active BMP receptor signaling, binding of R-Smads
to the co-Smad allows for more efficient transport into the nucleus, leading to significant
nuclear accumulation of R-Smad transcription factors (reviewed in Hill, 2009). After
accumulation in the nucleus, the Smad proteins can weakly bind to DNA and facilitate the
formation of transcriptional complexes in conjunction with other transcription factors, or
regulate chromatin remodeling to enhance the binding ability of other transcription factors
(reviewed in Morikawa et al., 2013). Here, the context of BMP signaling defines the
function of the transcriptional Smad complexes, including whether target genes become
activated or repressed (reviewed in Massagué, 2012). For example, BMP-Smads directly
activate the Id genes, which inhibit differentiation and promote stem cell self-renewal
(Kang et al., 2003; Galvin et al., 2010; Gaarenstroom and Hill, 2014). Yet, BMP signaling
is important for in vitro neuronal differentiation from ES cells (Fei et al., 2010; Acampora
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et al., 2013; Bertacchi et al., 2013).
Diffusion of BMPs from the ventral organizing center results in a concentration
gradient of BMP signaling that is highest in the ventral embryo and lowest in the dorsal
(Jones et al., 1992; Schmidt et al., 1995; Hammerschmidt et al., 1996). The opposing
gradient of BMP antagonists from the Spemann organizer prevents the dorsal ectoderm
from exposure to BMP ligands to allow neural induction, whereas the BMP-exposed ventral
ectoderm becomes epidermis (Re’em-Kalma et al., 1995; Schmidt et al., 1995; Wilson
and Hemmati-Brivanlou, 1995; Barth et al., 1999). This observation led to the “default
model” of neural induction: that BMP was the master antagonist of neural tissue and in
the absence of BMP signals, tissue would become neuralized by “default”. In support
of this theory, misexpression of BMP4 in the dorsal mesoderm blocked the formation
of neural tissue and was found to override the anti-BMP signals provided by antagonist
overexpression (Fainsod et al., 1994; Marom et al., 2005). Repression of BMP signaling by
the overexpression of the secreted BMP antagonists or dominant negative BMP receptors is
sufficient to directly neuralize animal cap explants in the absence of underlying mesoderm
induction cues (Lamb et al., 1993; Hemmati-Brivanlou et al., 1994; Sasai et al., 1995;
Kuroda et al., 2004).

Furthermore, knockdown of BMP4 and BMP7 in the ventral

organizing center was sufficient to induce neural induction in embryos that were ventralized
and lacked the three dorsal organizing centers (Hawley et al., 1995; Reversade et al., 2005).
Although the expression of BMP ligand antagonists is the predominant molecular
mechanism utilized to block BMP signaling during neural induction, the BMP signaling
cascade is also inhibited through other mechanisms. At the level of the receptors, the
pseudo-type I receptor, bambi, is expressed in regions with bmp4 expression in early
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Xenopus embryogenesis, and prevents the formation of activated receptor complexes
(Onichtchouk et al., 1999). Intracellularly, the inhibitory I-Smads, Smad6 and Smad7,
and the ubiquitin ligases, Smurf1 and Smurf2, can inhibit Smad1/5 activation (Katagiri
and Watabe, 2016). Additionally, FGF signaling activates Erk1/2 MAPK which can
phosphorylate sites in the linker region of the R-Smads to target activated R-Smads
for degradation (Pera et al., 2003). Furthermore, many of these inhibitory mechanisms
are also self-regulated. Bambi and Smad6 transcription is activated by BMP signaling
(Onichtchouk et al., 1999; Ishida et al., 2000; Reversade and De Robertis, 2005). Smad8
(also called Smad9) expression is also enhanced by BMP signaling, but in addition to
signal transduction, it can function to repress signaling (Nakayama et al., 1998). Noggin
expression is also induced by BMP signaling (Nifuji and Noda, 1999; Sela-Donenfeld and
Kalcheim, 2002) and can feedback to indirectly repress bmp4 transcription (Re’em-Kalma
et al., 1995), likely though the induction of other transcription factors such as six3 or tbx3
(Gestri et al., 2005; Motahari et al., 2016).
Conversely, positive BMP signaling is required later in retinal development. Bmp4
is required for lens induction (Furuta and Hogan, 1998; Wawersik et al., 1999; Pandit
et al., 2011; Huang et al., 2015). Without the BMP signals from the lens placode, the
optic vesicle becomes dysmorphic and will disrupt retinal patterning (Furuta and Hogan,
1998; Sasagawa et al., 2002; Behesti et al., 2006; Satoh et al., 2009; Zhang et al., 2013;
Heermann et al., 2015; Huang et al., 2015; Pandit et al., 2015). Notably, tbx2/3/5 expression
in the dorsal retina requires BMP signaling, whereas vax2 in the ventral retina is repressed
by BMP signals (Sasagawa et al., 2002; Zhang et al., 2013). These factors are critical
for the correct retinotectal projections of retinal ganglion cell axons (Koshiba-Takeuchi et
14

al., 2000; McLaughlin et al., 2003; Sakuta et al., 2006). Furthermore, BMP signaling is
required for retinal growth and differentiation of photoreceptor cells (Murali et al., 2005;
Satoh et al., 2009; Quillien et al., 2011). For these reasons, sustained BMP signaling
activation or repression can have inhibitory effects on proper eye development.
Together, this suggests that BMP signaling is temporally modulated by many other
signaling factors. During neural induction, BMP signaling is inhibited by many redundant
mechanisms. However, BMP signaling is reactivated in this tissue later in development
to modulate optic cup and retinal development. Therefore, it is important to consider the
impact of other signaling pathways on neural and retinal induction, as well as their temporal
and developmental requirments.

1.3.2

Activin and Nodal signaling

Many of the BMP antagonists originally identified from the Spemann organizer, including
Follistatin and Cerberus, can also function as inhibitors of Activin, Nodal, and TGFβ
ligands (Hemmati-Brivanlou et al., 1994; Piccolo et al., 1999), so the role of these signaling
pathways were investigated for roles in neural induction and patterning. These pathways
function in parallel with the BMP pathway and, with BMP and growth differentiation
factors (GDFs), and are members of the TGFβ superfamily. Each family of ligands have
varied levels of association with different type I and type II membrane receptors and
extracellular inhibitors (summarized in Table 1.1 and reviewed in de Caestecker, 2004).
As with the BMP signaling pathway, these receptors in turn phosphorylate the C-terminus
of the Activin/Nodal/TGFβ-specific R-Smads, Smad2 and Smad3, which also bind Smad4
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to accumulate in the nucleus (Pierreux et al., 2000; Nicols et al., 2004). These Smads share
a high sequence homology with the BMP-R-Smads: they contain highly-conserved Nterminal MH1 (Mad homology 1) and C-terminal MH2 domains, and more divergent linker
regions (reviewed in Massagué et al., 2005). The MH1 domain contains the DNA binding
site, with the exception of Smad2, which contains an insertion which causes the DNA
binding domain to be non-functional (Shi et al., 1998). The MH2 domain contains many
protein-interaction sites which define their specificity to different membrane receptors,
nucleoporins to facilitate nuclear transport, as well transcriptional co-factors to regulate
gene expression. Although TGFβ ligands also share this intracellular signaling cascade,
only TGFβ2 is expressed in the neuroblastic layer of the retina and the lens epithelium
(Millan et al., 1991). Therefore, these signaling ligands do not appear to alter early neural
patterning.
It is generally thought that Activin and Nodal ligands provide mesoderm-inducing
signals (Asashima et al., 1990; Smith et al., 1990; Thomsen et al., 1990; Green et al.,
1992). However, in mouse, Nodal becomes localized to the embryonic ectoderm and
gastrula stage endoderm and is required for the formation of the CNS (Varlet et al., 1997).
Indeed, the presence of functional Activin receptors and Activin-R-Smads are required
for the formation of anterior neural structures in Xenopus, zebrafish, and mouse (Dyson
and Gurdon, 1997; Hoodless et al., 1999; Dunn et al., 2004; Jia et al., 2008; Jia et al.,
2009). The generation of dorsal head structures, including eyes, brain, a rudimentary
neural tube, and a cement gland, have been reported in animal cap explants after activation
of this signaling pathway (Smith et al., 1990; Sokol et al., 1990; Thomsen et al., 1990).
Furthermore, Activins were able to induce the expression of key organizer genes goosecoid,
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xlim-1, and xfkh1, which are required and sufficient to generate secondary axes in the
absence of dorsal organizers, including a head structure and, in some cases, eyes (Cho
et al., 1991; Dirksen and Jamrich, 1992; Taira et al., 1992; Steinbeisser et al., 1993). These
findings suggested that perhaps Activin/Nodal ligands were providing a neural inductive
signal in these tissues.
However, the presence of Activin signaling in the developing neural plate during
gastrulation has been shown to have inhibitory effects on neural induction (Chang and
Harland, 2007).

It was later theorized that Activin and Nodal signals in the above

experiments indirectly induced neuroectoderm via the formation of mesoderm tissues.
Supporting this theory, co-expression of BMP and Activin inhibitors was able to neuralize
animal cap explants without the formation of mesoderm (Piccolo et al., 1999; Chang and
Harland, 2007). These experiments were also supported by the discovery that Follistatin,
Noggin, and Cerberus secreted by the Spemann organizer also function as Activin/Nodal
inhibitors independent of their BMP inhibitor activity (Hemmati-Brivanlou et al., 1994;
Fainsod et al., 1997; Thompson et al., 2005; Smith et al., 2008; Bayramov et al., 2011;
Eroshkin et al., 2015). The expression of dominant-negative Activin receptor mutants
(ΔXAR1) in Xenopus animal caps alone was sufficient to induce neuralization, but later
studies found this receptor to have an inhibitory effect on BMP signaling as well (HemmatiBrivanlou and Melton, 1994; Wilson and Hemmati-Brivanlou, 1995; Frisch and Wright,
1998). These findings altered the theory of the “default model” to include the repression of
Activin/Nodal signaling to repress mesoderm formation.
There is also evidence in Xenopus and zebrafish that Activin/Nodal signaling also
plays a role in AP patterning independent of its effect on mesoderm formation. Increasing
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expression of Lefty, an Activin/Nodal inhibitor, in zebrafish increased the expression
domain of anterior neural markers (Thisse et al., 2000). These studies paint a portrait of
a complicated temporal requirement for Activin/Nodal signaling activation and inhibition
throughout embryogenesis. They suggest that although Activin can induce the formation of
mesoderm to induce neuroectoderm, repressing Activin signaling in dorsalized tissue can
specify anterior neuroectoderm. In Chapter 2 of this dissertation, I will show the results of
our study, and how we found that both BMP and Activin/Nodal inhibition drives early eye
formation from pluripotent Xenopus cells.

1.3.3

Fibroblast Growth Factor signaling

Further studies in other model organisms suggested that the “default model” of neural
induction may be oversimplified. Knockout of Noggin and Chordin in mice or excision
of the BCNE cells in Xenopus causes a lack forebrain structures, but embryos still form
neural tissue (Bachiller et al., 2000; Kuroda et al., 2004). These findings suggested that
Noggin and Chordin may be required to maintain competence of anterior neural structures,
yet neural induction still occurs though another mechanism.
Early studies in chick development found a requirement for FGF signaling in neural
development. The FGF pathway is activated when extracellular FGF ligands bind to the
transmembrane FGF receptors (FGFR1-4), and signaling through Ras GTPase, Raf and
Erk1/2 MAPK (reviewed in Ornitz and Itoh, 2015). The intracellular effect of FGF signals
can vary depending on the ligand-receptor binding pair, and can regulate organogenesis and
cell function.
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FGF signaling provides inductive cues for neural plate formation, AP patterning, and
retinogenesis. Before gastrulation, FGF signaling, in conjunction with BMP inhibition,
represses endoderm lineages, which results in neural induction (Lamb and Harland, 1995;
Delaune et al., 2005; Poulain et al., 2006). Conversely, loss of FGF function results in
decreased neural tissue formation in Xenopus and chick (Sasai et al., 1996; Wilson et al.,
2000; Delaune et al., 2005). It was postulated that FGF modulates BMP signaling by
targeting R-Smad for degradation (Pera et al., 2003). However, in this tissue, repression
of FGF signal could not be overcome by the addition of BMP antagonists, suggesting a
secondary importance for FGF signaling (Sasai et al., 1996; Delaune et al., 2005). This
was further supported by experiments in chick and Xenopus, which identified a secreted
FGF signal from the organizer that was sufficient and required for neural induction (Streit
et al., 2000; Rogers et al., 2011). Furthermore, the induction or maintenance of these genes
is also dependent on the level of BMP signaling, and BMP inhibition can act additively
to enhance neural marker expression (Rogers et al., 2011). This suggests the presence of
an intracellular cascade whereby FGF signaling represses active BMP signals, as well as
provides neural-inductive cues independent of the BMP signaling pathway.
The role of FGF in AP patterning was highlighted in studies where overexpression
of FGF ligands after neural induction led to a reduction in anterior neural plate structures
(Lamb and Harland, 1995; Wills et al., 2010). Conversely, repression of FGF signaling,
after neural induction, causes an expansion of anterior head structures (Lamb and Harland,
1995; McGrew et al., 1997; Delaune et al., 2005). It is possible that the neuroectoderm can
also alter the ability to respond to FGF signaling throughout development, making posterior
ectoderm more sensitive to FGF signals (Lamb and Harland, 1995). FGF signals can also be
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modulated by Wnt signals to regulate AP patterning (McGrew et al., 1997; Itoh and Sokol,
1999; Domingos et al., 2001). Because of these complex temporal-specific interactions
of FGF and Wnt signals, the importance of FGF signaling in eye field specification has
been difficult to determine. Studies in mouse and human stem cell cultures have also found
contrasting results on the role of FGF in neuroectoderm formation, and so there may be
temporal-or species-specific requirements for FGF signaling in neural development (Ying
et al., 2003; Cohen et al., 2010; Greber et al., 2010; Lupo et al., 2013).
FGF signaling has also been implicated retinal development by influencing dorsalventral patterning of the retina, as well as cell type specification. FGF signaling can induce
the transdifferentiation of RPE into retina during development, suggesting an important
role in RPE versus retina boundaries (Guillemot and Cepko, 1992; Reh and Pittack, 1995;
Zhao et al., 2001; Yoshii et al., 2007). FGF1 and 2 can also induce the differentiation
of retinal progenitor cells into ganglion cells (Guillemot and Cepko, 1992; Patel and
McFarlane, 2000). However, the effect of FGF signaling on photoreceptor specification
and differentiation is unclear: work in chick suggests FGF2 can increase the birth of
photoreceptor precursors but prevents their differentiation, yet work in dissociated rat
retinal progenitor cell culture and Xenopus suggests FGF2 can increase differentiation of
rod photoreceptors, as measured by rhodopsin expression (Frohns et al., 2009; Hicks and
Courtois, 1992; Hicks and Courtois, 1988; Patel and McFarlane, 2000).
Together this provides significant evidence that FGF signaling plays multiple roles
during neural induction, neural patterning, as well as promoting retinal cell fates during
retinal development and after injury. However, there are many mechanisms by which
FGF can act. Therefore, it is important to consider the developmental state of cells
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in understanding the intracellular effect of FGF signaling and the impact on cell fate
determination. In Chapter 4 of this dissertation, I will provide some evidence for an
impact of FGF2 signaling, in addition to BMP and Activin repression, on the generation
of retinal progenitor cells from mouse ES cells, and the differentiation of these cells into
photoreceptor precursors.

1.4

Recapitulating eye development in vitro

Over the last 20 years, model organisms have been used to understand critical signaling
pathways that drive eye development in the embryo, which has guided the development
of cell culture protocols in which pluripotent stem cells can be differentiated into retinal
cells in vitro (reviewed in Viczian, 2013). Such technologies were motivated by the
modeling of neural induction in stem cells (reviewed in Muguruma and Sasai, 2012).
The groundbreaking studies by the Sasai lab have demonstrated that recapitulating the
extracellular signaling cues required in Xenopus for generation of anterior neuroectoderm
and the retina is an effective way to direct differentiation of mouse and human stem cells
into retinal eye cups (Osakada et al., 2008; Eiraku et al., 2011; Nakano et al., 2012). This
provided a versatile experimental model system to study eye development in humans, a time
point during in vivo development that is ethically inaccessible. By the systematic addition
of signaling factors during in vitro development, it is possible to understand the impact
of signals at certain time points on cell fate or differentiation. In addition to providing a
versatile system outside the developing embryo, the generation of induced pluripotent stem
cells (ipSCs) from patients before differentiation into retinal cells is an attractive source
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for stem cell replacement therapies and a model for human retinal diseases. Therefore,
the field has been motivated to optimize these culture systems to better recapitulate in vivo
development.
However, this initial study had some drawbacks.

For one, the efficiency of

retinogenesis was very low, and there is a noticeable lack of cone photoreceptors. Cone
photoreceptors are particularly important for humans because they populate the fovea,
which is responsible for high visual acuity and color vision. Mammalian rod and cone
photoreceptors cannot regenerate, so pathological degeneration of these cells will cause
blindness. With the ability to generate photoreceptors in vitro, we hope it is possible
one day to replace the dead or dying photoreceptors with in vitro-derived cells to restore
vision. The lack of these cell types in initial studies suggested a lack of cone-inducing
cues in these cultures, and since then, the culture conditions have been optimized in an
attempt to increase efficiency of different cell types (reviewed in Zhao et al., 2017). These
changes included altering the concentrations or timing of exposure to signaling molecules,
including BMP, Activin, and FGFs, as well as their inhibitors (Mellough et al., 2012;
Boucherie et al., 2013; Decembrini et al., 2014; Zhou et al., 2015). While there have been
significant improvements in the generation of photoreceptors from hES cells, including the
specification of 60-80% of cells into cones (Zhou et al., 2015) and the generation of outer
segments in vitro (Wahlin et al., 2017), there is still much work to be done before such a
therapy can reach human patients.
In order to answer the question of how cone photoreceptors be generated more
efficiently in culture, many new genetic tools have also been developed. Mouse ES
cell lines were generated from mice carrying a Crx-GFP transgene, which facilitated
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visualization and characterization of cell types generated in differentiation protocols
(Samson et al., 2009; Decembrini et al., 2014). Genetic engineering using CRISPR/Cas9
(clustered regulatory interspaced short palindromic repeats) technology of stem cells has
allowed for the generation of human ES and ipSC cell lines with fluorescent reporters
(Ranganathan et al., 2014; Xie et al., 2014; Kaewkhaw et al., 2015). These cell lines have
allowed for high throughput screening of molecules to promote photoreceptor generation.
In Chapter 4, I will describe a differentiation protocol that recapitulates in vivo mouse
retinal development. This assay provided the ability to identify signaling pathways that
may have a significant role in mammalian cone photoreceptor specification. We found
that first directing cells to become early primitive ectoderm-like, followed by inhibition of
BMP and Activin signaling and addition of FGF2, resulted in a high percentage of cone
photoreceptor-like cells.
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Table 1.1: Summary of the TGFβ signaling superfamily members active during neural
induction and patterning.

Family

Ligands

Type I
receptor

Type II
receptor

R-Smads

Ligand
inhibitors

BMPs

BMP2,4,7

Alk3,6
(Bmpr-1A,
Bmpr-1B
respectively)

Bmpr-2

Smad1,5,8/9

Noggin,
Chordin,
Cerberus

Activin

Activin A,
Activin B

Alk2,4
(Acvr1A,1B)

Acvr2A,2B
(ActR2A,2B)

Smad2,3

Follistatin,
Noggin

Nodal

Nodal,
Xnr1,2,4,5,6

Alk4,7
(Acvr1B,1C)

Acvr2B

Smad2,3

Lefty,
Cerberus

TGFβ

TGFβ2

TGFβRI
(Alk5)

TGFβRII

Smad2,3

24

A

B

C

RP

E

D
NR
OS

lens

Figure 1.1: The eye field is specified in the anterior neural plate and includes tissue
that will become the NR, RPE, and optic stalk (OS). (A) The eye field (depicted in green)
is specified in the anterior neural plate. Cross sections on bottom equivalent to location of
dotted line. Schematic below depicts section at level of the eye field. (B) As the neural
tube closes, the eye field evaginates inward. (D) The eye field bifurcates into two optic
vesicles and migrates and grow towards the surface ectoderm. (E) After direct contact with
the surface ectoderm (yellow), the optic vesicles begin to invaginate to form the optic cups
to form the neural retina (NR), retinal pigmented epithelium (RPE), and optic stalk (OS).
The surface ectoderm also egavinates to become the lens. Copied from (Viczian and Zuber,
2015).
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Figure 1.2: Neuroectoderm specification in the developing Xenopus embryo. (A)
After fertilization of the egg, cortical rotation drives β-catenin expression in the dorsal
(D) embryo and the sperm entry point becomes ventral (V). (B) In the early blastula, the
accumulation of β-catenin in the dorsal embryo drives speification of the Nieuwkoop center
while Ectodermin in the animal pole and VegT and Vg1 in the vegetal pole antagonize
each other. (C) In the mid blastula, Nodal signaling from the Nieuwkoop center specifies
the blastula Chordin- and Noggin-expressing (BCNE) center in the dorsal ectoderm and
the underlying mesoderm. (D) In the late blastula, the Spemann organizer forms from
the BCNE cells. (E) At early gastrula stage, FGF, BMP antagonists, and β-catenin are
secreted from the Spemann organizer to antagonize ventral BMP4 signaling and specify
the neuroectoderm. The ventral ectoderm recieves BMP4 signals to become the epidermis.
Adapted from (Itoh and Sokol, 2015).
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Figure 1.3: Neuroectoderm specification in the developing Xenopus embryo.Xenopus
late-gastrula stage embryo showing morphogenetic gradients formed along the dorsalventral (D-V) axis and anterior-posterior (A-P) axis. BMP (red) is high in the ventral
embryos, whereas Wnt signaling is high in the posterior embryo The eye field is specified
in the region where both BMP and Wnt signaling is low. Adapted from (Eivers et al., 2008).
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Figure 1.4: Eye field transcription factors (EFTFs) have overlapping expression
patterns. The nerula stage embryo expresses the EFTFs in an overlapping pattern in the
anterior (A) neural plate. The EFTFs form a self-regulating gene regulatory network which
is initiated by expoure to extracellular Noggin. Adapted from (Zuber et al., 2003).
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Figure 1.5: Extracellular signaling networks pattern the optic vesicle. (A) FGF signals
from the surface ectoderm (green), BMP, Wnt and Activins from the dorsal ectoderm (blue),
and Sonic hedgehog (Shh) and Nodals from the mesoderm and midline (red) pattern the
optic vesicle into the neural retins (green), RPE (blue), and optic stalk (brown). The lens is
formed from the surface ectoderm. These tissues are expanded to form the optic cup. (B)
Extracellular signagling activates gene expression and downstream transcription factors
form gene regulatory networks. Adapted from (Martinez-Morales, 2016).
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Figure 1.6: The cells of the vertebrate retina are born from retinal progenitor cells in
a sterotyped growth order. (A) The retina is mad eup of six retinal neurons [rod and cone
photoreceptors, horozontal (Hz), bipolar (BP), amacrine (AC), and ganglion (GC) cells]
and one retinal glia, Müller glia (Mü). Copied from (Viczian and Zuber, 2015). (B) Cell
types are generated in an evolutionarily conserved and stereotyped manner. Early born cells
include ganglion cells, horozontal cells, cone photoreceptors and amacrine cells, with rod
photoreceptors, bipolar cells, and Müller glia born later. Copied from (Viczian and Zuber,
2015).
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2.1

Abstract

Retina formation requires the correct spatiotemporal patterning of key regulatory factors.
While it is known that repression of several signaling pathways lead to specification of
retinal fates, addition of only Noggin, a known BMP antagonist, can convert pluripotent
Xenopus laevis animal cap cells to functional retinal cells. The aim of this study is to
determine the intracellular molecular events that occur during this conversion. Surprisingly,
blocking BMP signaling alone failed to mimic Noggin treatment. Overexpressing Noggin
in pluripotent cells resulted in a concentration-dependent suppression of both Smad1
and Smad2 phosphorylation, which act downstream of BMP and Activin signaling,
respectively. This caused a decrease in downstream targets: endothelial marker, xk81, and
mesodermal marker, xbra. We treated pluripotent cells with dominant negative receptors or
the chemical inhibitors, Dorsomorphin and SB431542, which each target either the BMP
or Activin signaling pathway. We determined the effect of these treatments on retina
formation using the Animal Cap Transplant (ACT) assay, in which treated pluripotent
cells were transplanted into the eye field of host embryos. We found that inhibition
of Activin signaling, in the presence of BMP signaling inhibition, promotes efficient
retinal specification in Xenopus tissue, mimicking the affect of adding Noggin alone. In
whole embryos, we found that the eye field marker, rax, expanded when adding both
dominant negative Smad1 and Smad2, as did treating the cells with both dorsomorphin
and SB431542. Future studies could translate these findings to a mammalian culture assay,
in order to more efficiently produce retinal cells in culture.
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2.2

Introduction

Early experiments in amphibians first showed that neural tissue was specified by the
inhibition of BMP signals by proteins secreted by the Spemann organizing center in
the dorsal mesoderm (reviewed in Weinstein and Hemmati-Brivanlou, 1999; Harland,
2000; De Robertis and Kuroda, 2004). Since that time, a second signaling center has
been identified in the dorsal blastula, called the blastula Chordin- and Noggin-expressing
(BCNE) region (Kuroda et al., 2004). Together these regions ensure neural induction
by modulating the activity of the bone morphogenetic protein (BMP) and Wnt signaling
pathways to form dorsal-to-ventral and anterior-posterior concentration gradients that
pattern the developing embryo (reviewed in De Robertis and Kuroda, 2004). The secreted
protein, Noggin, was one of the first organizer-specific neural inducers to be identified
and cloned (Lamb et al., 1993; Smith et al., 1993; Zimmerman et al., 1996). Other
secreted molecules, including Chordin, Follistatin, and Cerberus, were later identified
and collectively these molecules became known as the BMP antagonists. These findings
support the idea of a “default model” of neural induction in which BMP signaling must be
repressed to allow neural cells to form.
While the extrinsic signaling mechanisms regulating neural induction have been
well studied, very little is known about the intrinsic mechanisms responsible for retinal
progenitor cell specification. Retinal development begins very early in the blastula and
later in the anterior-most region of the neural plate called the eye field (Zaghloul et al.,
2005). Work in Xenopus has suggested that Noggin acts as a morphogen to up regulate a
network of eye field transcription factors (EFTFs) that are both required and sufficient to
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drive a retinal progenitor cell fate in pluripotent ectodermal explants, also called animal
caps (Zuber et al., 2003; Lan et al., 2009; Viczian et al., 2009).

Pluripotent cells

exposed to higher concentrations of Noggin from gastrula to neurula stage (stages 9 to
15, respectively) formed eye-like structures when transplanted to the flank and functional
eyes when transplanted to the endogenous eye field of an age-matched host embryo
(Viczian et al., 2009; Viczian and Zuber, 2014). These results suggest that Noggin is
sufficient to specify functional retinal cells, but the intrinsic signaling mechanism driving
this phenomenon remains unknown.
All the previous work in the field points to Noggin severely inhibiting BMP signaling
at higher concentrations to illicit retinal formation. However, it was recently discovered
that Noggin may also bind Activin ligands (Bayramov et al., 2011). Activin signaling was
largely studied for its role in mesoderm specification, but recently, work by Chang and
Harland moves away from this “default model” of neural specification to suggest that the
dual inhibition of BMP-Smad1 and Activin/TGFβ-Smad2 signaling is required for efficient
neural induction (Chang and Harland, 2007). Yet, it remained to be tested in vivo whether
Activin inhibition affects retina formation. Activins are another member of the TGFβ
family of signaling molecules, which share a signaling pathway with TGFβ and Nodal.
To signal, BMP, Activin, or TGFβ ligands bind to the extracellular domain of two single
membrane spanning receptors, referred to as type I and type II. Upon ligand binding, the
two receptors complex and the type II receptor phosphorylates the type I receptor tail to
activate Smad-mediated gene transcription (reviewed in Lin et al., 2006). In this study, we
will refer to the Activin/TGFβ/Nodal pathway as the Activin pathway, since Noggin was
shown to bind this ligand.
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To address these questions and better understand the role of the BMP and Activin
inhibition in retinal specification, we inhibited these pathways by expressing dominant
negative receptors and dominant negative Smads, and treating with known pharmacological
agents. Using the Animal Cap Transplant (ACT) assay as previously described (Viczian
et al., 2009; Viczian and Zuber, 2010), we assayed the ability for these treatments to
drive retina formation from pluripotent cells. Our data suggest that Noggin can inhibit
the activity of the Smad1/5/8 and Smad2/3 (also called receptor regulated Smads, or RSmads) downstream of both the BMP and Activin pathways, respectively. Furthermore,
dual inhibition of both pathways is required to drive the efficient formation of retina from
ex vivo pluripotent cells, and results in in vivo eye field expansion. For the first time, we
have found that reduction of the Activin pathway, in conjunction with BMP repression, is
necessary for efficient retina formation.

2.3

Methods

Animals and transplantation
Xenopus laevis embryos were obtained through in vitro fertilization following
IACUC approved procedures and staged according to Nieuwkoop and Faber (Nieuwkoop
and Faber, 1994). For animal cap isolation, YFP RNA (500 pg) and experimental RNA
were injected into both cells of a two-cell stage embryo. Concentration of RNA indicated
was the amount injected in each cell. Animal caps were removed at stage 8.5–9 using a
cauterizing tip (Protech International Inc., Boerne, Texas), and cultured (with or without
chemical inhibitors in 0.7X MMR) to stage 15 for protein and RT-PCR analysis or used
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for transplantation, as described previously (Viczian and Zuber, 2010). Stock solutions
of the chemical inhibitors, SB208350 (10 mM; 559389; Millipore, Billerica, MA, USA)
and dorsomorphin (5 mM; P5499; SIGMA, St. Louis, MO), were made by resuspending
in sterile dimethyl sulfoxide (SIGMA); while 10 mM SB431542 stock was purchased
(04-0010-05; Stemgent, Cambridge, MA). The Animal Cap Transplant (ACT) assay was
performed on at least 17 embryos per biological replicate. Retinal tissue was scored
positive when transplanted cells (YFP+) co-stained for XAP2 (rod photoreceptor marker).

Immunohistochemistry and antibodies
Tadpoles were fixed, cryostat sectioned, immunostained using antibody concentrations described in Table 2.S1, and visualized at stage 41–43, as previously described
(Viczian et al., 2003; Viczian et al., 2009).

DNA Constructs and PCR Amplification
Xbmp4-b was PCR amplified from stage 20 Xenopus embryos and flanked by
XhoI and XbaI restriction sites using the following primers: forward 5’-CTCGAGTTGTGTCCAACATTGGCTGT-3’ and reverse 5’-TCTAGAGGAAAGAAGTCCAGCCGTTA-3’.
Xsmad2 was PCR amplified from stage 15 embryos and flanked by BstBI and Xhol
restriction sites using the following primers: forward 5’-TTCGAAAACATGTCGTCCATCTTGCCTTTCACC-3’ and reverse 5’-CTCGAGATTAGGACATGCTTGAGCAGCGGAC-3’.
PCR products were then cloned into pCS2+ and pCS2R vectors at the respective
sites.

Xsmad2-P445H was cloned by inducing a point mutation at amino acid 445

(CCT to CAT, Eppert et al., 1996) using the QuikChange II Site Directed Mutagenesis
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Kit (Agilent Technologies, Santa Clara, CA) using the following mutagenesis primers:
forward 5’-GAGCTTCACCTGAATGGACACTTGCAGTGGTTGGACAAAG-3’ and reverse 5’CTTTGTCCAACCACTGCAAGTGTCCATTCAGGTGAAGCTC’-3.

A table of constructs

made in this study or obtained from other sources can be found in Table 2.S2. All
capped mRNA was synthesized from linearized DNA using the SP6 mMessage Machine
kit (Life Technologies, Grand Island, NY). QRT-PCR standards were PCR amplified with
appropriate primers and TA cloned into the pGEMTez vector. Sequence analysis on several
clones verified primer pairs amplified the correct product.

Quantitative and semi-quantitative reverse transcription PCR
Total RNA was isolated from ten stage 15 animal caps using RNAzol RT reagent
(Molecular Research Center, Cincinnati, OH) according to manufacturer instructions.
First strand synthesis of cDNA and subsequent RT-PCR was performed as described
(Zuber et al., 2003) using MMLV Reverse Transcriptase (Promega, Madison, WI) and
random hexamers, and EconoTaq DNA polymerase (Lucigen, Middleton, WI). A list of
primers and respective RT-PCR cycling conditions can be found in Table 2.S3. PCR
products were subcloned and sequenced to ensure fidelity to their target sequence. Relative
gene expression was determined with respect to (wrt) YFP or Noggin using ImageLab
(ChemiDoc XRS+, Bio-Rad, Hercules, CA), and normalized to h4. Quantitative real time
PCR was conducted using a BioRad CRX384 Touch Real-Time PCR Detection System
with LightCycler 480 SYBR Green I Master Mix (04707516001; Roche, Indianapolis, IN).
The PCR was run at 95°C for 3 min, then cycled 50 times through the following steps:
95°C, 15 seconds, 60°C, 15 seconds, 72°C, 15 seconds. Melting curves were obtained
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for each PCR run at 60 to 95°C. Absolute quantification was performed by standard curve
method using PCR product-containing plasmids listed in Table 2.S2.

Western blotting
Stage 15 animal caps were lysed in buffer containing 1% NP-40, 10 mM HEPES
(pH 8.0), 150mM NaCl, supplemented with cOmplete EDTA-free protease and PhosStop
phosphatase inhibitor cocktail tablets (Roche). Using standard protocols, 20-75 µg of
total protein was loaded per lane, separated by SDS-PAGE, and transferred to PVDF
membrane. Membranes were blocked and stained as per antibody specifications (list of
antibodies in Table 2.S1). Relative levels of target proteins were determined wrt YFP or
Noggin using ImageJ (http://rsbweb.nih.gov/ij/), ImageLab, or Odyssey CLx system (LICOR Biotechnology, Lincoln, Nebraska), and normalized to relative levels of β-actin.

Whole mount in situ hybridization
Dioxigenin-labelled antisense RNA probes were generated from the 3’-untranslated
region of xBMPrIIb (NCBI #NM 001088190.1) and xstk2 (NCBI #NM 001088010.1)
using T7 or SP6 RNA Polymerase Plus enzymes (Life Technologies). β-Gal staining and
wholemount in situ hybridization was performed for rax and sox2 as described previously
(Zuber et al., 2003; Viczian et al., 2006). Areas measured using ImageJ.

Statistical tests
All statistical analysis was conducted on Prism software (6.0c) using an ordinary or
repeated measures one-way ANOVA test, with a Tukey’s multiple comparisons test unless
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otherwise indicated. Statistical significance was determined by p≤0.05. All graphs depict
the mean ± s.e.m. normalized to YFP or Nog control (wrt, with respect to). Significance
denoted by ns (not significant), *, p≤0.05, **, p≤0.01, or ***, p≤0.001, with n, number of
animals and N, number of biological replicates.

2.4

Results

2.4.1

Inhibition of canonical, but not non-canonical, BMP signaling can induce
retinal formation

Noggin contributes to neural induction by antagonizing BMP4 (Zimmerman et al.,
1996). If BMP inhibition is all that is required for eye formation, we reasoned that
blocking this pathway by other means would also generate retinal tissue. BMP receptors
signal through two different downstream pathways: the canonical signaling pathway
through Smad1/5/8, and the non-canonical pathway through TAK1/TAB and p38 MAPK
(Figure 2.1A, reviewed by Nohe et al., 2004; Eivers et al., 2008), which are both implicated
in the regulation of neural induction (von Bubnoff and Cho, 2001). The small molecule
chemical inhibitor Dorsomorphin (DM) can selectively inhibit Smad1/5/8 phosphorylation
(canonical pathway), leaving p38 phosphorylation (non-canonical pathway) unaffected (Yu
et al., 2008; Boergermann et al., 2010). In order to determine which downstream signaling
cascade is responsible for retinal specification, pluripotent cells were isolated from the pregastrula stage embryo (stage 9), treated with DM and grown to neural plate stage (stage 15;
Figure 2.1B). As previously reported (Yu et al., 2008), we observed that treatment with
dorsomorphin inhibited Smad1/5/8 phosphorylation (pSmad1/5/8; Figure 2.1C). While
20 µM DM significantly reduced pSmad1/5/8 (41 ± 8% band density wrt YFP control),
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treating cells with 30 µM DM (7 ± 2%) repressed pSmad1/5/8 as efficiently as Noggin
(3 ± 2%). From these results, we predicted that 30 µM DM would generate eyes from
pluripotent cells as efficiently as Noggin treatment.
To test this, we used the Animal Cap Transplant (ACT) assay to determine the fate
of the treated cells (Viczian and Zuber, 2010; Figure 2.1B). Depending on the cell fate
decisions made between isolation and transplantation, donor cells can contribute to the skin,
brain, or eye of host embryos. Untreated pluripotent cells differentiate as atypical epidermis
in culture or when transplanted to the host eye primordium (Figure 2.1D; Woodland and
Jones, 1987; Viczian et al., 2009). When treated with Noggin, donor cells differentiated
as retinal cells in all host animals (Figure 2.1E). Interestingly, donor YFP-expressing
pluripotent cells treated with 30 µM DM transformed into retina in only 68 ± 8% of host
animals (Figure 2.1F,G). We knew that DM was neuralizing the tissue, since we found
that DM treatment was able to convert donor cells to brain cells in a similar percentage
of animal as donor cells treated with Noggin (Figure 2.1G). Increasing the concentration
of DM to 40 µM, resulted in cell death. Since inhibition of BMP/Smad signaling could
not mimic Noggin’s retinal integration efficiency, we hypothesized that inhibition of the
non-canonical pathway may fill this gap.
The non-canonical pathway activates p38 MAPK (hereby referred to as p38) via the
Tak1-Tab1-XIAP-NRAGE complex (Kendall et al., 2005). Blocking p38 phosphorylation
(P-p38) using the small molecule inhibitor SB203580 (SB20) was found to induce
expression of the neural gene markers, ncam, nog, and otx2 (Goswami et al., 2001). We
found that treatment of pluripotent cells with increasing concentrations of SB20 resulted
in a dose-dependent repression of P-p38 (Figure 2.1H), whereas the canonical pathway
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(pSmad1/5/8) was unaltered (Figure 2.1I). However, we found that ncam was only slightly
induced at 1 µM SB20, and noggin and otx2 expression was undetectable compared to our
Noggin-injected control (Figure 2.1J). Consistent with this observation, pluripotent cells
treated with 1 µM SB20 failed to form retina and infrequently appeared in host brain tissue
(Figure 2.1K). With 10 µM or 20 µM SB20 treatment, donor cells remained in the skin,
or in the mesenchyme outside the eye (10 µM SB20, n = 35; 20 µM SB20, n = 28; data
not shown). These data suggested to us that inhibiting non-canonical BMP signaling via
p38 was not sufficient to induce retinal cell formation. Taken together, we concluded that
inhibition of canonical BMP/Smad signaling is sufficient to induce retinal formation, but it
cannot mimic the efficiency with which Noggin can transform pluripotent cells into retina.

2.4.2

High concentrations of Noggin inhibit Activin signaling through Smad2

In addition to binding BMPs, Noggin can also bind Activin ligands; however it was never
tested whether this binding event could inhibit the downstream functions of the Activin
pathway (Bayramov et al., 2011). Therefore, we investigated Noggin’s ability to inhibit
Activin signaling though the modulation of Smad2 phosphorylation (pSmad2). We first
determined the optimal concentration of Noggin for maximal retinal integration by the
ACT assay (Figure 2.S1A-E). We observed that donor cells injected with 20 pg of Noggin
generated retina in all host animals (Figure 2.S1A,E). If Noggin acts only on the BMP
pathway, then we would expect that pSmad1/5/8 but not pSmad2 would be repressed
in these cells. Instead, we found that injecting 20 pg of Noggin reduced the level of
pSmad2 to 8 ± 6% of untreated cells (Figure 2.S1G,H). While Noggin clearly affected
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endogenous Smad2 activity, we observed that Smad2 levels were low in animal cap cells.
To determine how low, we measured the transcript and protein levels of Smad2 in animal
caps (Figure 2.S1I). We used qRT-PCR to determine that for every 1000 copies of h4, there
were, on average, 58 copies of smad1 and 18 copies of smad2 mRNA, a ratio of about 3. We
also performed quantitative Western blot analysis and found that Smad1 levels were over
30 times higher than Smad2. Together, these results indicate that when Noggin induces
retina formation in animal caps, it reduces endogenous Smad2 activity, which is present at
low levels in animal caps.
Activin signaling (via Smad2 phosphorylation) can be stimulated in animal cap cells
as early as stage 6 up to stage 11 by adding the Activin ligand (Grimm and Gurdon, 2002).
Adding Activin to animal cap cells has allowed closer examination of Smad2 activity in
this promiscuous tissue (Chang et al., 1997). Since we were interested in the intrinsic
changes regulated by Noggin, we injected a small amount of Smad2 mRNA (50 pg) into
embryos, in order to more easily visualize the effect of Noggin on Smad2 activity. While
this concentration was high enough to detect pSmad2, it was low enough to prevent animal
cap elongation, which is phenotypical of sustained Activin signaling (Asashima et al.,
1990; Smith et al., 1990; Thomsen et al., 1990). Consistent with our investigation of
endogenous Activin signaling, we found that Noggin could reduce both pSmad1/5/8 and
pSmad2 (Figure 2.2A). Smad1 and Smad2 protein levels remained constant, suggesting that
Smad degradation pathways were not responsible for this change in activity. Although the
decrease in Smad2 activity was statistically significant at all Noggin concentrations tested,
pSmad2 was repressed more completely when 5 and 20 pg Noggin RNA was injected
(Figure 2.2B).
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If Noggin inhibits inhibits both Smad1/5/8 and Smad2 activity, we expect the
downstream gene targets of both pathways to be silenced by Noggin treatment. By
conducting RT-PCR analysis, we saw reduction of both the epithelial marker, xk81, and
mesodermal marker, xbra, in the Noggin treated cells (Figure 2.2C). On the other hand,
DM, which inhibits only BMP signaling, decreased xk81 expression but not xbra. This
gives further evidence that Noggin is able to prevent Smad activation and gene transcription
of both the BMP and Activin signaling pathways.

2.4.3

Overexpression of dominant negative BMP and Activin receptors together
mimics Noggin

Both BMP4 and Activin signal through specific TGFβ family receptors. If Noggin is acting
upstream of both pathways, we expect that expression of dominant negative receptors for
both these pathways would mimic Noggin’s ability to induce retina formation. We used
two mutant membrane receptors, a truncated BMP type II receptor (tBRII) to preferentially
block the BMP pathway, and a truncated Activin type II receptor (ΔXAR1) to preferentially
block the Activin signaling pathway. Both mutants are able to bind endogenous ligands,
but lack their C-terminal domains, preventing the phosphorylation of their complementary
type I receptors and downstream signaling Smads (Hemmati-Brivanlou and Melton, 1992;
Graff et al., 1994; Frisch and Wright, 1998). To confirm that these pathways have the
potential to be activated, we performed in situ hybridization for xBMPrII (BMP receptor
type II) and xStk2 (Activin A receptor type IIB precursor). We found that both receptors
were expressed in the neural plate and eye field of stage 15 embryos (Figure 2.3A-D),
which is consistent with previous findings (Hemmati-Brivanlou and Melton, 1992). Also
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consistent with previous findings, we observed a significant decrease in pSmad1/5/8 with
injection of tBRII compared to YFP-injected cells (46%; Figure 2.3E, lane 3). Similarly,
injection of ΔXAR1 significantly decreased pSmad2 (68%; Figure 2.3F, lane 4; HemmatiBrivanlou and Melton, 1992; Frisch and Wright, 1998). We also observed that injection
of ΔXAR1 repressed pSmad1/5/8 (68%; Figure 2.3E, lane 4), suggesting that ΔXAR1 can
disrupt canonical BMP signaling, as others have reported (Wilson and Hemmati-Brivanlou,
1995; Frisch and Wright, 1998). We then wondered if tBRII disrupted Activin signaling.
Indeed, we observed that injection of tBRII repressed pSmad2 (15%; Figure 2.3F, lane 3)
as effectively as injection of ΔXAR1 (17 %; Figure 2.3F, lane 4), suggesting that tBRII also
represses both BMP and Activin signaling. When both are added together, we saw further
reduction of both pSmad1/5/8 (12%) and pSmad2 (8%; lanes 5 in Figure 2.3E,F), similar
to levels observed when injecting cells with Noggin RNA (0%, pSmad1/5/8; 6%, pSmad2;
lane 2 in Figure 2.3E,F).
If Noggin is blocking both pathways to drive retinal cell fate, then transplanting
animal caps expressing both these dominant negative receptors should mimic the cell fate
decisions seen with the Noggin donor cells. This is indeed what we observed. YFP+ donor
cells expressing both tBRII and ΔXAR1 (100%; n = 43, Figure 2.3H) transformed into
retina as efficiently as cells expressing Noggin (100%; n = 64, Figure 2.3G). Expressed
individually, neither tBRII (29 ± 12%, n = 66, Figure 2.3I) nor ΔXAR1 (63 ± 2%, n
= 40, Figure 2.3J) expression transformed the donor cells as efficiently (Figure 2.3K);
statistically, there was no difference in the efficiency of generating retina between these
two samples. These results give evidence to our hypothesis that repression of both Smad1
and Smad2 signaling increases the efficiency of generating retina from pluripotent cells.
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2.4.4

Overexpression of dominant negative Smad1 and Smad2 construct expands
the eye field in vivo

To better understand the role of BMP and Activin inhibition on retinal development in vivo,
we attempted to block these pathways in whole embryos using two previously characterized
dominant negative Smad mutants.

To block BMP signals, we injected a dominant

negative Smad1 mutant (Smad1-AVA) in which the C-terminal phosphorylated serines
(Ser-463/465) were mutated to alanines to prevent phosphorylation but maintain receptor
and co-factor interactions (Nojima et al., 2010). To block Activin signals, we injected
a dominant negative Smad2 mutant (Smad2-P445H), which harbors a point mutation in
the MH2 domain that alters the structure and prevents C-terminal phosphorylation (Eppert
et al., 1996). Mutants were unilaterally injected with RNA, including β-gal RNA as a
tracer. Neural plate expansion was measured by in situ hybridization for the eye field
marker, rax. The rax expression pattern remained bilaterally symmetric with injection
of β-gal (Figure 2.4A; injected:uninjected ratio of 1.05 ± 0.01, n = 67). If BMP and
Activin repression are both necessary for efficient eye formation, we would expect to see
an expansion of the eye field when both mutants are expressed. Indeed, we saw that when
injected alone, Smad1-AVA and Smad2-P445H slightly expanded rax expression domains
(Figure 2.4C; 1.18 ± 0.02, n = 54; Figure 2.4D; 1.18 ± 0.03, n = 52, respectively).
Eye field expansion was further increased by the injection of both Smad1-AVA and
Smad2-P445H together (Figure 2.4E; 1.30 ± 0.03, n = 54). This suggests that, in the
embryo, reducing Smad2 activity enhances the effect of reducing Smad1 activity to expand
rax expression. However, this expansion was not as great as injecting Noggin alone
(Figure 2.4B; 1.69 ± 0.07, n = 57). It is known that these constructs fail to completely
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abolish endogenous Smad1 or Smad2 activity (Nojima et al., 2010; Eppert et al., 1996;
Hoodless et al., 1999; Prunier et al., 2001). This would explain the difference we observed
between rax expansion in Noggin samples versus those treated with the dominant negative
Smads.

2.4.5

Coinhibition of BMP and Activin signaling using chemical inhibitors drives
pluripotent cells to a retinal cell fate

If complete inhibition of both pathways is required for efficient retina formation in
pluripotent cells, we would expect blocking both Smad1 and Smad2 phosphorylation by
chemical inhibitors would produce retinal cells in the pluripotent tissue. Again, DM was
used to inhibit pSmad1/5/8, while the small molecule inhibitor, SB431542 (SB43), was
used to inhibit pSmad2 (Inman et al., 2002; Laping et al., 2002). We first determined
the optimal concentration of each chemical inhibitor to selectively inhibit each pathway.
First, treating animal caps with SB43 significantly repressed pSmad2, with only a slight
reduction of pSmad1/5/8 at 50 µM (99.5 ± 15.3%; Figure 2.5A, lane 5) and 100 µM
(75.3 ± 25.4%; Figure 2.5A, lane 6), whereas treatment with 200 M SB43 significantly
reduced pSmad1/5/8 (39 ± 27%; Figure 2.5A, lane 7).

Consistent with previously

published data, we found that 30 µM lowered Smad2 activity, so we used dorsomorphin
at 20 µM, (Figure 2.5B, lane 3; Yu et al., 2008). Treatment with 100 µM SB43 and 20 µM
DM (SB43+DM) was sufficient to repress both pSmad1/5/8 and pSmad2 (3.0 ± 1.7%,
9.7 ± 1.3%, respectively; Figure 2.5A, lane 8) as effectively as injection with Noggin
(2.7 ± 2.2%, 7.0 ± 4.0%; Figure 2.5A, compare lanes 3,8).
Noggin has been shown to induce the EFTFs and anterior neural marker, otx2
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(Zuber et al., 2003). If SB43+DM treatment is sufficient to mimic Noggin’s ability to
generate retina, then we would expect that SB43+DM treatment is sufficient to increase
EFTF expression in animal caps. Gene expression was determined by conducting semiquantitative RT-PCR. Consistent with our previous findings, tbx3 was the only EFTF
detected in untreated caps (Figure 2.5C, lane 1). As expected, injection of Smad2 failed
to induce EFTF expression (Figure 2.5C, lane 2), whereas injection of 20 pg Noggin was
sufficient to induce the expression of otx2, rax, pax6, six3, and lhx2, and repress tbx3
(Figure 2.5C, lanes 3). SB43+DM treatment was sufficient to induce these same transcripts
with and without injection of Smad2 (Figure 2.5C, lanes 4,5). Expression levels of six3,
otx2, and tbx3 were not significantly different in animal caps treated with SB43+DM versus
those injected with Noggin RNA, whereas rax, pax6, and lhx2 expression was about half
(Figure 2.S2).
Finally, to determine if the SB43+DM treatment is sufficient to direct a retinal cell
fate, we again performed the ACT assay. Consistent with previous findings, 20 µM DMtreated animal caps formed retina in only 47% of animals, while tissue treated with YFP
or Smad2 did not contribute to eye formation (Figure 2.5D,H). Treatment with 100 µM
SB43 alone failed to form retina, suggesting that inhibition of Activin signaling was not
sufficient to induce retina alone. However, YFP+ animal caps treated with both SB43
and DM transformed into retinal cells in all animals (100%; n = 22; Figure 2.5F). Again,
the presence of Smad2 with Noggin RNA (100%; n = 65; Figure 2.5E) or Smad2 with
SB43+DM caps (94 ± 6%; n = 55; Figure 2.5G) showed no impact on retinal integration
efficiency. Thus, SB43+DM treatment mimics Noggin’s retinal formation efficiency. All
of these results support our hypothesis that inhibition of both Activin and BMP pathways
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together allows the generation of retina as efficiently as Noggin (Figure 2.5H).

2.4.6

Chemical inhibitors SB431542 and dorsomorphin expand rax expression

The above results suggest that BMP and Activin inhibition is sufficient to direct isolated
pluripotent cells to generate retina. We were next interested if the same phenomenon was
true in vivo. We treated embryos with varying concentrations of DM and/or SB43, and
probed for rax expression by whole mount in situ hybridization. We hypothesized that if
treatment with DM and SB43 is sufficient to drive retina formation in vivo, then the rax
expression domain would be expanded. We observed that embryos treated with 10 µM
DM resulted in an insignificant expansion of the eye field compared to DMSO treated
embryos (Figure 2.6A,B; DMSO, 9.8 ± 0.3% of the anterior embryo face; DM 10 µM,
10.8 ± 0.2%). We first see expansion of the rax expression domains with treatment of
20 µM DM (Figure 2.6C, 11.4 ± 0.3%). This expansion was further increased by treatment
with both 20 µM DM and 100 µM SB43, as previously used in our transplant assays
(Figure 2.6E, 13.5 ± 0.3%). Treatment with a more dilute SB43+DM treatment (10 µM
DM and 50 µM SB43) resulted in no significant expansion (Figure 2.6D, 10.8 ± 0.2%).
Thus, inhibiting BMP and Activin signaling using these two chemical inhibitors can also
promote eye field expansion in vivo.

2.4.7

Cerberus, but not Follistatin, is able to generate retinal tissue at the same
efficiency as Noggin

If blocking both the BMP and Activin pathways are necessary to transform pluripotent
tissue into retina, then adding a known antagonist of both pathways, like Cerberus (Piccolo
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et al., 1999), should generate retinal tissue as efficiently as Noggin. Using the ACT assay,
we observed Cerberus-expressing pluripotent cells formed retina with a similar frequency
as Noggin (Cerberus, 98 ± 2%, n = 77; Noggin, 100%, n = 65, Figure 2.7A,B). Conversely,
if we used an antagonist that favored blocking the Activin pathway over the BMP pathway,
like Follistatin (Thompson et al., 2005), we hypothesized that less of these treated animal
caps to become eye tissue. Animal caps were isolated from embryos injected with an
increasing concentration of Follistatin RNA (400 pg, 800 pg, 1200 pg, and 1600 pg) and
the retinal integration efficiency was tested by ACT assay (Figure 2.S1F-I). Animal caps
injected with 1600 pg did not survive, but those injected with lower concentrations formed
retina in 21 ± 10%, 41 ± 11%, and 50 ± 3% of animals, respectively. To be sure that the
exogenous Follistatin can still function as a neural inducer, we scored the same sections
for brain formation based on morphology and cellular location. The percentage of animals
that contained transplanted cells found in the brain were comparable between Noggin(80 ± 6%; n = 80) and Follistatin-treated (74 ± 10%; n = 60) cells. Thus, factors that
repressed both BMP and Activin signals, such as Noggin and Cerberus, were more efficient
retinal-inducers than Follistatin, an Activin-biased antagonist.

2.5

Discussion

We have found that Noggin can direct pluripotent Xenopus animal caps to form fully
functional retina (Viczian et al., 2009). Others have shown that Noggin overexpression
alone is sufficient to generate retina in ventral blastomere cells normally, not fated to
become retina (Moore and Moody, 1999). However, the molecular mechanism between
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Noggin treatment and retinal specification is still unknown. Our studies begin to address
this question by investigating the signaling cascades downstream of Noggin to better
understand how retina is specified. We present results in support of Noggin acting as both a
BMP and Activin antagonist to regulate the specification of retinal progenitors (Figure 2.8).
We further investigated the role of each pathway by inhibiting their activity in pluripotent
animal caps by expressing dominant negative type II receptors tBRII and ΔXAR1, or
by treating with the small molecule chemical inhibitors, dorsomorphin and SB431542.
In each case, our results suggest that inhibition of BMP or Activin signaling alone led
to mediocre retinal specification. However, when signaling through both pathways was
inhibited, the treated cells expressed the EFTFs and generated retinal cells, as efficiently
as Noggin. This suggests that at high concentrations Noggin induces retina by modulating
both pathways. Cerberus, another BMP antagonist that is known to inhibit both BMP and
Activin pathways, was able to specify retina as efficiently as Noggin. Follistatin, which
is known to predominantly inhibit Activin signaling, was not as efficient. Collectively our
results suggest that the dual inhibition of the BMP and Activin pathways directs pluripotent
animal caps to generate retina as efficiently as Noggin.
Although it was previously shown that inhibition of the BMP signaling pathway
alone could drive neural induction in pluripotent Xenopus cells, the current model of
efficient neural induction requires the inhibition of both BMP and Activin signaling via
the suppression of Smad1 and Smad2 signaling (Chang and Harland, 2007). This was
discovered by blocking TGFβ signaling in ventral blastomeres, which lead to neural
induction in the absence of mesoderm. Overexpressing low levels of the dominant negative
BMP receptor type IA, Chang and Harland showed increased efficiency of neural induction
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when adding dominant negative Activin receptor type IB. When a high dose of this BMP
inhibitor was used, the effect of the dominant negative Activin receptor was lost (Chang
and Harland, 2007). This illustrates how low levels of Smad2 activity can reduce efficient
neural induction, just like we observed in this study for efficient retina formation. We used
the dominant negative type II receptors or dominant negative R-Smads to favor Activin
repression in the presence of low levels of BMP repression in order to efficiently induce
retina formation. We found that when we used higher concentrations the dominant negative
BMP receptor or the dominant negative Smad1 construct, we mask the additive effect of
Activin inhibition (data not shown). This is not that surprising as we found that injection
of 500 pg tBrII in animal cap cells caused a reduction of pSmad2 similar to injection of
ΔXAR1. Others have used twice as much tBr RNA in their overexpression studies, before

it was possible to check for Activin pathway repression (Frisch and Wright, 1998; Suzuki
et al., 1997). Since we found that Smad2 is present in much lower levels than Smad1 at this
developmental time point, we would expect that both pathways would be inhibited when
using unnaturally high concentrations of the dominant negative BMP pathway components.
Both BMPrII and XAR1 (also known as xActRIIB) can act promiscuously to bind
the ligands and type I receptors of the opposite pathways due to the high degree of sequence
homology shared in protein interaction domains (Chang et al., 1997; Rejon et al., 2013).
Analysis of the binding affinities for cross-pathway ligand-receptor interactions showed
that there is less than a 10-fold difference in binding affinities for ligands to the receptors
of the opposite pathway (Heinecke et al., 2009). Because of this, we were not surprised
that the truncated versions of these receptors also exhibit the same cross-talk. Here, we
reported that ΔXAR1 and tBRII reduced both Smad1/5/8 and Smad2 phosphorylation
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when injected individually. Although such promiscuity has been suggested for ΔXAR1
(Frisch and Wright, 1998), we were surprised to see such a high effect of tBRII on Smad2
phosphorylation. As we stated above, it is likely that these off-target effects have previously
been overlooked because of the inability to detect Smad activity directly. Taken together,
this points to the truncated receptors not being efficient methods of inhibiting pathways
specifically.
Endogenous Smad2 activity was present in animal cap cells, but at low levels.
However, we found that all of the Activin signaling components are present and primed for
activity because when we injected small amounts of Smad2 RNA, cells stimulated Smad2
phosphorylation, as visualized by Western blot. Analysis of Smad1 and Smad2 protein
versus transcript levels revealed that the relative levels of Smad1 versus Smad2 protein
are 10-fold lower than smad1 versus smad2 transcript. This could simply be due to the
antibodies having different binding affinities for their respective antigens. Alternatively, it
is possible that the translation of Smad1 and Smad2 is differentially regulated, or Smad2
is degraded more efficiently than Smad1. Since the endogenous activity of the BMP
and Activin signaling pathways are so closely regulated throughout development, future
experiments could focus on these potential secondary mechanisms of activity modulation.
Studies on human embryonic stem cells have also observed that the dual inhibition
of BMP and Activin signaling caused neural induction. When cells were exposed to BMPand Activin-inhibiting agents such as the chemical inhibitor, SB431542, or the antagonists
Lefty, Cerberus, or Noggin, the cells aggregated into neural rosettes and expressed neural
markers in greater than 80% of all cells treated (Smith et al., 2008; Chambers et al., 2009).
Consistent with this model, we observed that retinal specification was most efficient when
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pluripotent cells were treated with reagents that blocked both pathways. Future studies
could determine if using these reagents could generate even more retinal cells in pluripotent
stem cell cultures.
We also discovered that blocking the non-canonical BMP4/TAK1 pathway, via a Pp38 inhibitor, SB203580, has a limited effect on neural induction and no effect on retinal
generation. It was believed that inhibition of p38 was sufficient to induce expression of
ncam, noggin, and otx2 in stage 12 animal caps (Goswami et al., 2001; Liu et al., 2012).
However, our analysis showed that this induction was suppressed by stage 15 animal caps,
which raises the possibility that later signals override neural induction by p38 inhibition.
Furthermore, p38 inhibition by SB203580, or in the presence of dorsomorphin, failed to
enhance retinal specification in our ACT assay. We found a small number of animals with
transplanted cells in the brain but none in the retina. These results suggest that p38 has a
negligible effect on retinal or neural formation, but future studies could test whether other
members of the BMP4/TAK1 pathway may play a role in retinal specification.
Inhibition of both BMP and Activin signaling with the use of chemical inhibitors or
dominant negative Smads expanded the eye field marker, rax, in vivo. Interestingly, the rax
expression domain is still limited, suggesting that anti-retinal or anti-neural signals may
be present in the posterior embryo. One potential signal is the Wnt/β-catenin signaling
cascade, which morphogenically regulates anteroposterior neural patterning (Kiecker and
Niehrs, 2001; Niehrs et al., 2001). The Wnt inhibitor Dickkopf-1 has been used in
coordination with Noggin and insulin-like growth factor-1 (IGF1) to generate retinal
progenitors from human embryonic stem cells (Lamba et al., 2006; Lamba et al., 2009).
Furthermore, both the BMP and Activin pathways have been shown to interact with the
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canonical Wnt pathway during development, by direct protein-protein interactions and by
transcriptional regulation (reviewed in Guo and Wang, 2009). Smad1 phosphorylation is
stabilized by Wnt signaling (Fuentealba et al., 2007), and activated Smad1, Smad2, and
Smad3 have been shown to complex with β-catenin to regulate gene transcription (Labbe et
al., 2000). Therefore, it is possible that inhibition of both BMP and Activin signals could
have a secondary effect on Wnt signaling, however the significance of this effect remains
unknown. Inhibition of all R-Smad signaling could then prevent nuclear trafficking and
the lack of β-catenin/Smad complexes may quench Wnt signaling. Alternatively, work in
Drosophila also suggests that inactivated Smad1/5/8 can act as cofactors to activate Wnt
pathway genes (Eivers et al., 2009; Eivers et al., 2011). Therefore, further investigation
into the activity of these pathways would be required to gain a better understanding of how
these pathways interact during retinal specification.
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retinal formation.
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Figure 2.1: Inhibition of canonical, but not non-canonical, BMP signaling can induce
retinal formation. (A) Schematic of the canonical and non-canonical BMP pathways
and the downstream signaling molecules, Smad1/5/8 and p38 MAPK, respectively. Small
molecule inhibitors dorsomorphin (DM) and SB203580 (SB20) were used to specifically
inhibit canonical and non-canonical signaling, respectively. (B) Diagram of experimental
design for animal cap transplant (ACT) assay. YFP RNA with and without experimental
(exp’tal) RNA was injected into both cells of a two-cell stage embryo. The animal cap was
removed from the blastula (stage 9) and cultured until sibling embryos formed a neural
plate (stage 15). Part of the animal cap was then transplanted into the eye field of a host
embryo, which was grown until the eye differentiated (stages 41 to 43). Cryosections
were analyzed for the presence of YFP+ transplanted cells. (C-G) Analysis of canonical
signaling pathway. (C) Western blots were used to detect pSmad1/5/8, Smad1, and β-actin
in stage 15 animal caps treated with DM. Treatment with 20 and 30 µM of DM is sufficient
to suppress pSmad1/5/8 as efficiently as Noggin (Nog). (D-F) Representative images of
transplanted cells in the retina. Treating animal caps with 30 µM of DM drives retinal
specification in only 75% of embryos. Scale bars, 50 µm. Dashed lines lie on outer and
inner plexiform layers, separating the three retinal layers. (G) The number of animals
with transplanted cells in the eye were identified by scoring cryostat sections stained for
YFP (green), rod photoreceptor marker, XAP2 (red), and DAPI (blue). Quantification
of retinal integration efficiency, depicted as % of animals with YFP+ donor cells in the
retina or brain. YFP, n = 44, Nog, n = 90; 10 µM DM, n = 46; 20 µM DM, n = 154;
30 µM DM, n = 73. (H-K) Analysis of non-canonical BMP pathway. (H) Western blot
analysis of animal caps treated with SB203580 (SB20). As expected, activity of p38 (P72

p38) is inhibited in caps treated with Noggin and SB20. (I) Canonical signaling through
pSmad1/5/8 is not affected by SB20 treatment. (J) SB20 treatment fails to induce the
expression of neural genes, ncam, nog, and otx2, compared to DNA histone H4 (h4) loading
control; n = 3. (K) Animal caps treated with 1 µM SB20 fail to incorporate into host retina,
but a few animals have transplanted cells in the brain (n = 53). Treatment with 1 µM SB20
and 20 µM DM, compared to 20 µM DM alone, produces the same percentage of host
animals with transplanted cells in the retina, while there is a slight increase the number of
animals with donor cells in the brain (n = 97). Western blots, WB; reverse transcriptionPCR, RT-PCR; animal cap transplant assay, ACT assay. Error bars = ± s.e.m.; *p≤0.05;
**p≤0.01; ***p≤0.001; ns, not significant.
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Figure 2.2: Noggin inhibits Smad1/5/8 and Smad2 phosphorylation in a concentration-dependent manner.
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Figure 2.2: Noggin inhibits Smad1/5/8 and Smad2 phosphorylation in a concentration-dependent manner. (A) Western blot of animal caps isolated from embryos
injected with specified amount of Noggin RNA with and without 50 pg Smad2 RNA.
Smad1, Smad2, and β-actin served as loading controls. (B) Densitometric analysis of
western blots shows that higher concentrations of Noggin inhibit pSmad1/5/8 and pSmad2
(n = 3). (C) Noggin inhibits BMP and Activin pathway-specific gene transcription.
Noggin-treated caps can inhibit the epithelia marker, xk81, and mesoderm marker, xbra,
as determined through RT-PCR. Conversely, DM affects BMP, not Activin, pathway gene
transcripts since it can only affect xk81 expression; n = 3. Error bars = ± s.e.m.; *p≤0.05.
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Figure 2.3: Activin signaling plays a role in retinal specification. (A-D) Whole mount in
situ hybridization for BMP (A-B) and Activin (C-D) type II receptors in stage 15 embryos
show expression in the eye field (yellow), outlined with the dashed lines. (A) and (C) show
the front view, while (B) and (D) show a side view. (E) Expression of truncated BMP
(tBRII, 500 pg) or Activin (ΔXAR1, 1 ng) receptors individually suppress pSmad1/5/8, but
signaling is repressed further with expression of both tBRII+ΔXAR1. (F) pSmad2 is also
repressed with the expression of both tBRII and ΔXAR1. (G-K) Using the ACT assay, the
tBRII+ΔXAR1-expressing cells end up in the retina more frequently than either the tBR or
ΔXAR1-expressing pluripotent cells. Scale bar, 50 µm. Dashed lines lie on outer and inner

plexiform layers. (K) ACT results quantified and statistics determined using a student’s
t-test, n = 2. Error bars = ± s.e.m.; *p≤0.05. Green, YFP; blue, DAPI staining. Dorsal (D),
ventral (V), posterior (P), anterior (A).
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bars = ± s.e.m.; **p≤0.01, ***p≤0.001; n = number of embryos.
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Figure 2.5: Dual inhibition of Smad1/5/8 and Smad2 activity with chemical inhibitors
DM and SB43 is sufficient to drive retinal formation.
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Figure 2.5: Dual inhibition of Smad1/5/8 and Smad2 activity with chemical inhibitors
DM and SB43 is sufficient to drive retinal formation. Embryos were injected with
Smad2 (50 pg), Noggin (20 pg), or Cerberus (1.6 ng) RNA and then treated with 50,
100, or 200 µM of SB43 and/or 20 µM DM. (A, B) Treatment with 100 µM SB43 +
20 µM DM (SB43+DM) mimics Noggin’s ability to suppress pSmad1/5/8 and pSmad2,
as determined by Western blot. (B) Suppression of both pSmad1/5/8 and pSmad2 is only
complete with treatment of both SB43+DM. Smad1, Smad2, and β-actin served as loading
controls. (C) RT-PCR analysis of animal caps shows that Noggin or SB43+DM±Smad2
induces expression of rax, pax6, six3, and otx2, while repressing tbx3. Histone H4 (h4)
was used as a loading control. (D-H) DM+SB43±Smad2 treatment mimics the retinal
integration efficiency of Noggin. (D) Smad2-injected cells treated with DMSO remain in
the skin, while (D) Nog+Smad2 injected cells form retina in all animals. (E) SB43+DM
treatment alone and (F) with Smad2 direct pluripotent cells to the retina. (G) Quantification
of ACT assay results shows the synergistic effect of adding DM and SB43 to generate retina
(n = 3). Green, YFP; red, rod photoreceptor marker, XAP2; blue, DAPI staining. Error
bars = ± s.e.m.; **p≤0.01, ***p≤0.001.
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the area of rax expression (dashed yellow line) normalized to the area of the dorsal face of
the embryo (dashed white line), as shown in the graph. Error bars = ± s.e.m.; ***p≤0.001.
Dotted line on graph separates single treatment from dual treatment. Scale bar, 500 µm;
n = number of embryos.
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Figure 2.S1: Effect of increasing concentration of Noggin increases efficiency of retina
formation while blocking Activin pathway signaling.
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Figure 2.S1: Effect of increasing concentration of Noggin increases efficiency of
retina formation while blocking Activin pathway signaling. (A-F) The ACT assay
was conducted with donor tissue from embryos injected with increasing concentrations
of Noggin RNA. (A) Animal cap cells injected with 5 and 20 pg of Noggin (and 500 pg
YFP RNA as a tracer) form retina in nearly all animals (75 and 100%). (B) Conversely,
the percentage of animals with transplanted YFP+ cells forming skin decreases with higher
concentration of Noggin. (C-F) Representative sections from each experimental condition.
Green, YFP; red, rod photoreceptor marker, XAP2; blue, DAPI staining. Noggin titer: YFP,
n = 60; 1 pg, n = 65; 2 pg, n = 63; 5 pg, n = 65; 20 pg, n = 61; n = 3. Scale bar = 50 µM.
(G-H) Western blot analysis of endogenous pSmad2 activity in animal caps injected with
0 to 20 pg of Noggin RNA. Low Noggin concentrations (1-2 pg) results in a slight boost
in signal, while 5 and 20 pg represses pSmad2 (N=3). (I) Smad2 protein and mRNA is
present in untreated animal caps, but at a lower concentration than Smad1. Quantitative
fluorescent Western blot analysis for Smad1 and Smad2/3 in animal caps injected with
YFP, normalized to β-actin control. All three biological replicates are shown. Transcript
was extracted from untreated animal caps for qRT-PCR analysis. Absolute quantification of
smad1 and smad2 mRNA transcripts (xcripts) are represented per 1000 copies of h4. This
was measured by standard curve method, using a known quantity of a sequenced plasmid
template. Samples from three biological replicates were run in duplicate.
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Figure 2.S2: Reproducible expression of EFTF by treatment with Noggin or SB43+
DM. Densitometric analysis of ChemiDoc gel images (BioRad) of PCR reactions for
the EFTFs shown in Figure 2.5 using primer pairs listed in Table 2.S3. Samples were
normalized to histone h4. Biological replicates: tbx3, n = 3; otx2, n = 3; rax, n = 3; pax6,
n = 3; six3, n = 3; lhx2, n = 2.
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Animal caps were injected with 400, 800, or 1200 pg of Follistatin RNA with YFP RNA.
Increasing the amount of injected Follistatin RNA increased the ratio of animals showing
successful retinal integration from approximately 20% to 60%. However, compared to
Noggin (n = 80), there were still significantly fewer animals with transplanted cells in
the retina. Higher concentrations of Follistatin caused cell death in animal caps. (B-D)
Representative sections from each experimental condition. Follistatin titer: 400 pg, n = 79;
800pg, n = 84; 1200 pg, n = 60; N = 3. Scale bar = 50 µm.
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Table 2.S1: Antibodies used for Western blots and immunohystochemistry

Antibody

Source

Concentration

Catalog #

mouse anti-XAP2

Developmental
Studies Hybridoma
Bank

1:25

Clone 5B9

rabbit anti-GFP

Mollecular Probes
(Invitrogen)

1:1000

A11122

DAPI
(49,6-Diamidino-2-phenyindole
dilactate)

Sigma

rabbit anti- phospho-Smad1/5/8
(C-term)

Cell Signaling
Technology

1:1000

9511

rabbit anti-Smad1

Cell Signaling
Technology

1:1000-2000

9743

rabbit anti-phospho-Smad2

Cell Signaling
Technology

1:500

3108

rabbit anti-Smad2/3

Cell Signaling
Technology

1:1000-2000

5678

rabbit anti-phospho-p38 MAPK
(Thr180/Tyr182)

Cell Signaling
Technology

1:500

9211

rabbit anti-p38 MAPK

Cell Signaling
Technology

1:500

9212

rabbit anti-β-actin

Cell Signaling
Technology

1:2000

4967

goat anti-rabbit IgG HRP

Fisher

1:5000

PI-31460

Alexa 488 donkey anti-rabbit IgG

Mollecular Probes
(Invitrogen)

1:1000

A21206

Alexa 594 goat anti-mouse IgG3

Mollecular Probes
(Invitrogen)

1:1000

A21155

Mouse anti-β-actin

Li-Cor

1:4000

926-42212

IR Dye 800CW goat anti-rabbit

Li-Cor

1:15,000

827-08365

IR Dye 680RD goat anti-mouse

Li-Cor

1:15,000

926-68170

10 mg/ml
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Table 2.S2: Constructs used to generate injectable RNA or for qPCR standards

Construct

Linearized
with

Reference

xbmp4-b+pCS2+

PspOMI

This study

xcerberus+pCS2+

PspOMI

EXRC; XB-CLONE-8773700

xfollistatin+pSP64T

XbaI

EXRC; XB-CLONE-12442174

dominant negative BMP receptor type
II (tBRII) +pCS2

NotI

(Frisch and Wright, 1998)

dominant negative activin receptor type
II (ΔXAR1)+pSP64T

EcoRI

Addgene catalog #17005;
(Hemmati-Brivanlou and Melton,
1992)

mSmad1-AVA+pCS2+

NotI

(Nojima et al., 2010)

xsmad2+pCS2R

NotI

This study

xsmad2-P445H+pCS2R

NotI

This study, (Eppert et al., 1996)

xnoggin+pCS2+

NotI

(Smith and Harland, 1992)

venusEYFP+pCS2+

NotI

(Nagai et al., 2002)

xh4+pGEMTez

(for qPCR)

This study

xsmad1 frag+pGEMTez

(for qPCR)

This study

xsmad2 frag+pGEMTez

(for qPCR)

This study
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Table 2.S3: RT-PCR and qRT-PCR primers

Target

Primer sequence

Reference

pax6-F
pax6-R

GCAACCTGGCGAGCGATAAGC
CCTGGCGTCTCTGGTTCGTA

(Zuber et al., 2003)

30

tbx3-F
tbx3-R

CCTATCCTTGACTTGCTACA
GTTTTGGGGAAGGAGGGTAT

(Zuber et al., 2003)

27

rax-F
rax-R

CCCCAACAGGAGCATTTAGAAGAC
AGGGCACTCATGGCAGAAGGTT

(Zuber et al., 2003)

28

six3-F
six3-R

TTGTCTGTCTGTCTCTTGTT
TTCTGTGTTTGGTTTATCTC

(Zuber et al., 2003)

33

lhx2-F
lhx2-R

CCGGAGATGCTTTTCCACAG
GTAAGCTCCGACTCCAGGTT

This study

30

otx2-F
otx2-R

CTGTCCAAGCTCACATACTAACA
CAGAGGTAGTCAGGCTGAGC

This study

40

ncam-F
ncam-R

CACAGTTCCACCAAATGC
GGAATCAAGCGGTACAGA

(Zuber et al., 2003)

37

noggin-F
noggin-R

CCAGACCTTCTGTCCTGT
AGTCCAAGAGTCTCAGCA

(Zuber et al., 2003)

43

xbra-F
xbra-R

CAGTTCATAGCAGTGACCGC
GGCGAACATAATGACCCACC

This study

25

xk81-F
xk81-R

TCTCGCTTCCTACCTGGAGA
CCATTTCCAGCCTGGTCTTA

This study

26

h4-F
h4-R

CGGGATAACATTCAGGGTATCACT
ATCCATGGCGGTAACTGTCTTCCT

(Zuber et al., 2003)

26

xsmad1-F
xsmad1-R

TCCACCATGGTTTTCATCCT
CATCCTGCCGATGATATTCC

This study

(for qPCR)

xsmad2-F
xsmad2-R

GAGAAGTGGTGCGAAAAAGC
GAAGCTGTAAAGGCCTGTGG

This study

(for qPCR)
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Chapter 3
Otx2 regulates tbx3 expression in the anterior neural plate
to specify the developing eye field
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3.1

Abstract

Vertebrate eye formation begins with the specification of the eye field from the anterior
neural plate during gastrulation. The eye field is patterned by the expression of seven eye
field transcription factors (EFTF), which form a self-regulating gene regulatory network,
and are both necessary and required for retinal determination. The EFTF Tbx3 is the
earliest expressed transcription factor and functions first, as a neural inducer by repressing
bmp4, and then as a retinal determination factor, with Pax6, by driving downstream EFTF
expression. Yet, it is not known how tbx3 expression is activated. We observed that
repression of BMP-Smad1/5/8 and Activin/Nodal-Smad2/3 signaling is sufficient to induce
the expression of anterior neural patterning transcription factor, otx2, as well as tbx3, and
their downstream target rax in pluripotent tissue, leading to an enlarged eye field. In tissue
where BMP signaling is repressed, Otx2 can directly activate tbx3 expression. We identified
an evolutionarily conserved cis-regulatory region upstream of the tbx3 gene, tbx3ECR1,
that contained an Otx2 binding site. Our results suggest that Otx2 occupies tbx3ECR1 in
vivo and activates tbx3 to specify the eye field domain.

3.2

Introduction

Proper development of the neural tissue requires the proper spatiotemporal expression of
key signaling factors. These signaling factors include the bone morphogenetic protein
(BMP) antagonists Noggin and Chordin that are secreted from the blastula chordin and
noggin expressing (BCNE) center and the gastrula stage Spemann organizer (Kuroda et
al., 2004). These signaling factors repress BMP and Activin/Nodal signaling to specify
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the dorsal ectoderm into multipotent neuroectoderm (reviewed in (Hemmati-Brivanlou and
Melton, 1997)). The neuralized tissue then becomes patterned to form the central nervous
system, including the eyes, the fore-, mid-, and hindbrain, and the spinal cord. The eye
field is specified from the anterior region of the forebrain during gastrulation and is defined
by the expression of the eye field transcription factors (EFTFs), pax6, tbx3, rax, six3, lhx2,
nr2e1, and six6 (Zuber et al., 2003; Viczian and Zuber, 2015). Overexpression of noggin, to
repress the BMP and Activin/Nodal signaling pathways, was sufficient to induce expression
of these genes and specify pluripotent primitive ectoderm into retinal cells (Zuber et al.,
2003; Viczian et al., 2009; Wong et al., 2015). However, it is still unclear how these cellextrinsic signals regulate cell-intrinsic EFTF expression to specify eye field progenitors.
The first EFTF expressed in the anterior neural plate is Tbx3 (Zuber et al., 2003).
Tbx3, was originally identified as ET (eye T-box) (Li et al., 1997), is an evolutionarily
conserved transcription factor that is required for proper eye formation (Pflugfelder and
Heisenberg, 1995; Sowden et al., 2001).

T-box transcription factors play a role in

organogenesis, as well as cell fate specification (reviewed in Papaioannou, 2014). We
recently determined that in early Xenopus development, tbx3 is an upstream inducer of
the EFTF gene regulatory network (GRN) (Zuber et al., 2003) and is sufficient, with
Pax6, for retinal determination (Viczian et al., 2009; Motahari et al., 2016). In this
tissue, Tbx3 functions to transcriptionally repress bmp4 expression to maintain retinal
cell competence. Furthermore, Noggin overexpression can expand tbx3 expression in the
eye field, suggesting a mechanism by which extracellular BMP repression activates tbx3
expression.
Here, we propose a mechanism by which Otx2 induces tbx3 expression during eye
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field specification. Otx2 expression patterns the anterior neural plate and has key roles in
brain morphogenesis (Acampora et al., 1995; Pannese et al., 1995; Acampora et al., 1997;
Rhinn et al., 1998; Gammill and Sive, 2000; Crossley et al., 2001; Gammill and Sive, 2001;
Nishida et al., 2003; Kurokawa et al., 2004; Yasuoka et al., 2014). We previously observed
that otx2 expression precedes tbx3 expression in the anterior neuroectoderm and is sufficient
to induce tbx3 in animal cap cells when coexpressed with Noggin (Zuber et al., 2003). In
this report, we identified an evolutionarily conserved enhancer region upstream of the tbx3
gene containing an Otx2 binding site. We observed that during eye field specification,
Otx2 can directly bind this region and directly activate tbx3 expression, but this binding
event appears to be sensitive to BMP signaling. Lastly, we observed that contrary to later
developmental stages, tbx3 expression in the eye field is reduced by Bmp4 and ActivinB
signaling. Together, our findings indicate that tbx3 expression and eye field specification
may be regulated by Otx2 in the anterior neural plate.

3.3

Methods

Animals and inhibitor treatment
Xenopus laevis embryos were obtained through in vitro fertilization following
IACUC approved procedures and staged according to Nieuwkoop and Faber (Nieuwkoop
and Faber, 1994). For animal cap isolation, YFP mRNA (500 pg) and indicated amount
of experimental mRNA was injected into both cells of a 2-cell stage embryo. Animal caps
were removed at stage 8.5-9 using a cauterizing tip (Protech International Inc., Boerne,
Texas), and cultured (with or without chemical inhibitors in 0.7X MMR) to stage 10.5-11
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or 15 for protein and RT-PCR analysis. Stock solutions of dorsomorphin (5 mM; P5499;
SIGMA, St. Louis, MO), were made by resuspending in sterile dimethyl sulfoxide; while
10 mM stocks of SB431542 (04-0010-05) and LDN-193189 were purchased (04-007402, Stemgent, Cambridge, MA). For hormone-inducible constructs, 10 µM dexamethasone
(DEX) was added. mRNA was tittered to identify concentration at which phenotype was
not observed without DEX addition. To block protein synthesis with cycloheximide (CHX)
treatment, animal caps were excised at stage 8.5-9, pretreated for 30 minutes with CHX
(10 µg/mL in 0.4X MMR), then treated for 3.5 hrs with DEX and/or CHX before samples
were collected for RT-PCR analysis.

Bioinformatics
Identification of conserved regions was done using ECR Browser (http://ecrbrowser.
dcode.org) and MultiPIPMaker, as previously described (Ogino et al., 2012). NCBI:Gene
or Ensembl.org was used to identify 10,000 base pairs upstream and downstream the
tbx3 gene for each species. All sequence analysis was performed using the Lasergene
Software Package (DNASTAR, Madison, WI). Possible transcription factor binding sites
were identified using rVista (rvista.dcode.org) with a TRANSFAC professional v10.2
library.

DNA Constructs
XBMP4b.pCS2+ was previously generated (Wong et al., 2015).

xActivinB

(NM 001090586.1) was PCR amplified from stage 15 Xenopus embryos and flanked
by BstBI and EcoRI restriction sites using the following primers: forward 5’-TTCGA100

AATGGCTCTCCTGTTACTGCCTC-3’ and reverse 5’-TGAATTCTCATGCACAGCCGCACT3’. PCR products were then cloned into pCS2R at the respective sites, and used to
generate injectable mRNA. NLS-6MT-xlOtx2.pCS2R was generated by and obtained from
Robert Vignali. To generate XlOtx2-GR.pRN3P, otx2 from Otx2-ENGN.pCS2 (Viczian
et al., 2003) was PCR amplified and cloned into XlTbx3-GR.pRN3P in lieu of XlTbx3
(Motahari et al., 2016). VP16-XlOtx2DBD-GR.pRN3P was generated by PCR amplifying
the N-terminus from XlOtx2-VP16.pCS2 (Viczian et al., 2003) flanked by BamHI and
SpeI sites. PCR products were then cloned into VP16-XlTbx3-GR.pRN3P at the respective
enzyme sites in lieu of XlTbx3 (Motahari et al., 2016). A table of constructs made in this
study or obtained from other sources can be found in Table 3.S2. All capped mRNA was
synthesized from linearized DNA using the SP6 mMessage Machine kit (AM1340, Life
Technologies, Grand Island, NY) for pCS2 plasmids and MEGAscript T3 Kit (AM1338,
Invitrogen, Carlsbad, CA) for pRN3P plasmids.

Quantitative and semi-quantitative reverse transcription PCR (RT-PCR)
Total RNA was isolated from at least 14 stage 10.5 or 10 stage 15 animal caps
using RNAzol RT reagent (Molecular Research Center, Cincinnati, OH) according to
manufacturer instructions. First strand synthesis of cDNA and subsequent RT-PCR was
performed as previously described (Wong et al., 2015, see Chapter 2 methods).

A

list of primers and respective RT-PCR cycling conditions can be found in Table 3.S3.
PCR products were subcloned and sequenced to ensure fidelity to their target sequence.
Quantitative real time PCR was conducted using a BioRad CRX384 Touch Real-Time PCR
Detection System with BioRad iTaq Universal SYBR Green Supermix (1725120; BioRad,
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Hercules, CA), as previously described (Wong et al., 2015, see Chapter 2 methods). ChIPqPCR analysis described later.

Western blotting
Western blots were conducted with chemiluminescence and fluorescent western
techniques as previously described (Wong et al., 2015). Table 3.S1 contains a list of
antibodies used. Relative levels of target proteins were determined with respect to (wrt)
YFP or Smad2 using ImageJ (http://rsbweb.nih.gov/ij/) or LI-COR Image Studio software
(LI-COR Biotechnology, Lincoln, Nebraska), and normalized to levels of β-actin.

Chromatin immunoprecipitation (ChIP) and ChIP-qPCR analysis
ChIP was conducted on stage 12.5 embryos injected with 250 pg myc-Otx2 in the
two dorsal blastomeres of a 4-cell Xenopus embryo to target neural structures. ChIP was
conducted as previously described (Gentsch and Smith, 2014) with the following changes:
The protocol was optimized by fixing with fresh 1% formaldehyde in 0.1X MMR for
45 minutes at room temperature and frozen in storage buffer before nuclei extraction.
Extraction buffers (E1 though E3) were supplemented with EDTA-free Protease Inhibitor
Mini Tablets (1 tablet in 10 mL; 88666, Thermo Fisher Scientific, Waltham, MA) before
using. Chromatin was sheared using a Covaris M220 focused-ultrasonicator. Add 1 mL of
lysed sample in a milliTUBE with an AFA fiber (520130, Covaris, Woburn, MA), sonicate
for 15 mins at 75W peak incident power, 12% duty, 200 cycles/burst (∼7W applied power).
IP was conducted using mouse anti-myc antibody (9E10, 1:20, M5546, Sigma) incubated
with rotation overnight at 4°C, and then for 1 hr after addition of E3 buffer-washed Protein
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A/G-Agarose PLUS beads (sc-2003, Santa Cruz Biotechnology, Dallas, TX). Chromatin
was isolated from IP and input samples simultaneously using RNase A (R6513, Sigma,
St. Louis, MO) and Proteinase K (3115887001, Roche, Mannheim, Germany) at published
concentrations. ChIP-qPCR was conducted using equiptment and reagents listed above.
Fold change calculations were conducted as listed in Appendix A.2.

Whole mount in situ hybridization
Digoxigenin-labelled antisense RNA probes were generated for tbx3, rax and otx2
as previously described (Viczian et al., 2003; Zuber et al., 2003; Motahari et al., 2016).
β-gal staining and whole mount in situ hybridization was performed as described previously

(Viczian et al., 2003; Zuber et al., 2003). Areas measured using Volocity imaging software
(version 6.2.1).

Statistical tests
Statistical analysis was conducted using Prism GraphPad software (7.0b) using an
ordinary 1-way ANOVA test with a Tukey’s multiple comparisons test unless otherwise
indicated. Statistical significance was determined by p≤0.05. Unless otherwise stated, all
graphs depict the mean ± s.e.m. Significance denoted by ns (not significant), *, p≤0.05, **,
p≤0.01, or ***, p≤0.001, with n, number of animals and N, number of biological replicates.
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3.4
3.4.1

Results
Otx2 activates tbx3 expression

Since otx2 expression in the anterior neuroectoderm precedes and then overlaps with tbx3
expression, Otx2 is a likely candidate to directly regulate tbx3. To test this, we fused
the transcriptional activator domain of VP16 onto the DNA binding domain (DBD) of
Otx2 (VP16-Otx2DBD) (Viczian et al., 2003). The VP16 activator domain can initiate
gene transcription when bound to DNA (Sadowski et al., 1988; Tiley et al., 1992). Otx2
plays a role in gastrulation, as well as neural patterning (Acampora et al., 1995). To target
VP16-Otx2DBD expression to the neural plate, we generated drug inducible constructs
by fusing the ligand binding domain of the human glucocorticoid receptor (GR) to VP16Otx2DBD (VP16-Otx2DBD-GR) (Kolm and Sive, 1995). mRNA was injected bilaterally
into 2-cell stage embryos to express VP16-Otx2DBD-GR protein, which is sequestered
at the plasma membrane. After excision of animal caps from blastula stage embryos
(stage 9), exposure to dexamethasone (DEX) released protein from the membrane, which
translocated to the nucleus and became transcriptionally active. We predicted that if Otx2
was directly regulating tbx3, VP16-Otx2DBD will be able to activate tbx3 transcription in
the presence of the protein synthesis inhibitor, cycloheximide (CHX), which would block
synthesis of intermediate proteins. Animal caps were pretreated with CHX for 30 minutes
to inhibit protein synthesis, before addition of DEX to release Otx2 (Figure 3.1A). We
analyzed the expression of tbx3 by RT-PCR and qRT-PCR analysis (Figure 3.1B-C). In
absence of CHX and DEX (-C/-D), we did not observe induction of tbx3 above those found
in our negative controls (YFP-C/-D , 2.7 ± 2.2
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We next asked if Otx2 acted as a transcriptional activator of tbx3 using this assay.
Xenopus Otx2 has been shown to act as an activator to promote bipolar cell fate, while
acting as a repressor to antagonize photoreceptor cell fate (Viczian et al., 2003). To test
this, we fused full-length Otx2 to GR (Otx2-GR) and repeated our experiment above. We
found that, as expected, in the absence of DEX and CHX, Otx2-GR did not alter tbx3
(Otx2-GR-C/-D , 47 ± 14
Interestingly, we observed that induction of tbx3 was enhanced when protein
synthesis is blocked (Otx2-GR+C/+D samples compared to Otx2-GR-C/+D ).

Since we

previously observed that repression of BMP signaling was necessary for Otx2 to activate
tbx3 expression (Zuber et al., 2003), we questioned whether CHX treatment blocked
BMP signaling in these cells.

By Western blot, we assayed animal caps that were

injected with YFP (untreated control), and treated with either Dorsomorphin (DM) to
block BMP signaling, or CHX (Figure 3.1D). We observed that phosphorylated Smad1/5/9
(pSmad1/5/9), which is present when BMP signaling is active, was detected in untreated
animal caps, but treatment with either DM or CHX led to a repression of pSmad1/5/9
(Figure 3.1D). This suggested that BMP signaling is repressed in tissue treated with CHX
and this may account for the enhanced tbx3 activation in Otx2-GR+C/+D samples.

3.4.2

Repression of BMP and Activin/Nodal signaling expands otx2, tbx3, and rax
expression domains

We previously observed that repression of BMP and Activin/Nodal, via Noggin
overexpression, during neural plate formation could dorsalize the neural plate and expand
the expression domain of the eye field marker, rax (Wong et al., 2015). We recently found
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that Noggin could also expand eye field expression of tbx3 (Motahari et al., 2016). To
better understand the impact of these signaling pathways on otx2 and tbx3 expression,
we repressed intracellular BMP and Activin/Nodal signaling by treatment with the small
molecule chemical inhibitor, LDN193189 (LDN) (Figure 3.2A). LDN inhibits both BMP
and Activin signaling pathways by binding to the BMP and Activin type I receptors to
prevent phosphorylation of Smad1/5/9 and Smad2/3, respectively (Sanvitale et al., 2013).
A low level of Smad2 mRNA was injected to increase detectability of Smad2, as done
previously (Wong et al., 2015). Treating animal caps with increasing concentrations of
LDN (5 to 20 µM) resulted in a concentration-dependent repression of phosphorylated
Smad1/5/9 (pSmad1/5/9) and phosphorylated Smad2 (pSmad2) (Figure 3.2B).
Embryos were then treated from blastula stage (stage 9) until neurula stage (stage
15) and neural plate expansion was measured by whole mount in situ hybridization for
the anterior neural plate marker, otx2, and the eye field markers tbx3 and rax. Treatment
with increasing concentrations of LDN resulted in a concentration-dependent expansion of
otx2 in the anterior neural plate, and tbx3 and rax in the eye fields (Figure 3.2C). After
treatment with only 5 µM LDN, otx2 was significantly expanded compared to untreated
control. Treatment with 20 µM LDN caused otx2 expression to cover nearly the whole
dorsal embryo. Furthermore, tbx3 expression in eye field was significantly expanded after
treatment with 5, 10, or 20 µM LDN (Figure 3.2C). Overexpression of otx2 and tbx3
was sufficient to expand rax expression (Zuber et al., 2003), which is consistent with our
observations here: treatment with 5, 10, or 20 µM LDN-treatment led to a significant
expansion of the rax domain (Figure 3.2C). These findings suggest that expansion of
otx2,tbx3, and rax expression is enhanced by suppression of both BMP and Activin/Nodal
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signaling.
Conversely, we observed that tbx3 expression in the cement gland expression was
repressed after LDN treatment (Figure 3.2C). The cement gland is specified in the ventral
anterior ectoderm, in tissue where otx2 and bmp4 expression overlap (Gammill and
Sive, 2000). To determine if cement gland cells were lost completely, we probed for
expression of the cement gland marker, xag1 (Sive et al., 1989). After treatment with
LDN, xag1 expression is significantly reduced but still observed (Figure 3.2C), suggesting
that the cement gland is smaller, but is still present. It was previously found that Noggin
overexpression in pluripotent cells drove the cells to a cement gland-fate when Tbx3
expression was reduced by morpholinos (Motahari et al., 2016). Our data, coupled with
this previous study, suggests that Tbx3 is not required for cement gland formation, but may
have a role in regulating cement gland formation.
To determine if one signaling pathway affected tbx3 expression differently, we used
inhibitors to selectively inhibit BMP and Activin/Nodal signaling. Dorsomorphin (DM)
and SB431542 (SB43) selectively inhibit pSmad1/5/9 and pSmad2 as previously shown
(Inman et al., 2002; Laping et al., 2002; Yu et al., 2008; Boergermann et al., 2010;
Wong et al., 2015). We observed that embryos treated with 20 µM DM, 100 µM SB43,
or DM+SB43 had a significantly larger tbx3 domain in the eye field (Figure 3.3A). We
observed expansion of tbx3 expression in the eye field after treatment with DM alone or
SB43 alone. This suggests that repression of BMP or Activin/Nodal signaling is required
for eye field expression of tbx3. Interestingly, repression of both signaling pathways
(DM and SB43) did not act additively to further expand tbx3expression compared to each
alone, suggesting that repression of either Smad1/5/9 and Smad2/3 activity induces tbx3
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expression in the eye field.

3.4.3

Repression of BMP and Activin/Nodal signaling is required for tbx3
expression in the anterior neural plate

To test the effect of increasing BMP and Activin signaling on tbx3 expression in the eye
field, we overexpressed BMP4 or ActivinB ligands in the eye field. We first titered the
amount of BMP4 and Activin (ActB) mRNA to inject and determined a concentration at
which they selectively activated pSmad1/5/9 and pSmad2/3, respectively (Figure 3.3B,C).
BMP4 increased pSmad1/5/9 over endogenous levels, whereas ActB inhibited pSmad1/5/9
(Figure 3.3B). This repressive effect is due to the strong affinity ActB has for the BMP
receptors, such that ActB can compete against BMP ligands for type II receptor binding to
repress BMP-specific kinase activity (Aykul and Martinez-Hackert, 2016). ActB increased
pSmad2/3, whereas BMP4 did not (Figure 3.3C). In Xenopus, the pSmad2 antibody also
detects pSmad3, as observed by the doublet in pSmad2 staining which overlaps with
Smad2/3 staining. Unilateral injection of BMP4 (10 pg) or ActB (0.5 pg) increased BMP
and Activin signaling in half of the neural plate (depicted by red marker; Figure 3.3D).
When overexpressed in the eye field, tbx3 expression was decreased in a significant
majority of embryos, as detected by whole mount in situ hybridization (Figure 3.3D).
This is consistent with previous reports that showed a global loss of neural tissue after
activation of BMP and Activin signaling during gastrulation (Chang and Harland, 2007).
Therefore, this evidence further suggests that repression of BMP and Activin signaling is
both sufficient and required for tbx3 expression in developing eye field.
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3.4.4

Evolutionary conserved cis-regulatory element upstream of tbx3 includes
Otx2 binding site

To determine how tbx3 expression could be regulated during eye field specification, we
were interested to see if there was any evolutionary conserved transcription factor binding
sites surrounding the tbx3 gene. Evolutionarily conserved regions (ECRs) were identified
in the flanking regions of the tbx3 locus. Two upstream regions, tbx3ECR1 and tbx3ECR2,
and one downstream region, tbx3ECR3, were highly conserved among vertebrate species
(Figure 3.4A). Genetic regulatory regions usually contain multiple cis-acting binding sites
for trans-acting transcription factors that may work together to regulate gene expression
(Shlyueva et al., 2014). Analysis of putative transcription factor binding sites uncovered
potential Otx2, Sox2, Vsx2, Tbx5, Zic1/2/3, Pax, Pitx2, and Smad1/5 binding sites in
tbx3ECR1, but not in tbx3ECR2 or tbx3ECR3 (Figure 3.4B). These transcription factors
have not been identified as regulators of tbx3 expression, yet they have been implicated
as regulators of neural induction and patterning (Mizuseki et al., 1998; Kishi et al., 2000;
Mikkola et al., 2001; Mikkola et al., 2001; Zou and Levine, 2012). It is possible that
the coordinated expression of these transcription factors in the anterior neural plate may
activate tbx3 expression, which would be an interesting avenue of study in the future.
Furthermore, a putative Smad1/5 binding site was identified 15 base pairs away from the
Otx2 binding site in tbx3ECR1 (Figure 3.4B). Given that BMP signaling disrupted the
ability for Otx2 to activate tbx3, it is possible that Smad1/5 and Otx2 may compete to bind
this region, resulting in tbx3 repression or activation, respectively. This will be explored in
future studies.
Since Otx2 was able to directly activate tbx3 in animal caps, we tested whether Otx2
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bound to tbx3ECR1. We conducted chromatin immunoprecipitation (ChIP) by targeting
expression of myc-Otx2 to the dorsal embryo and fixed at late gastrula stage (stage 12.5),
when the neural plate is patterned. At this stage, otx2 and tbx3 expression overlaps (Zuber
et al., 2003; Motahari et al., 2016). YFP was coinjected with myc-Otx2, and improperly
injected embryos were removed from analysis. Protein-chromatin complexes from mycOtx2 and YFP-only control embryos were immunoprecipitated using anti-myc antibody.
By western blot, we observed the retention of myc-Otx2 in eluate (Figure 3.4C). Chromatin
was sheared and qPCR analysis was conducted for the tbx3ECR1. Also tested was a
region of goosecoid promoter (gsc pro) that contains a ChIP-validated Otx2 binding site,
and a region of the ef1a coding sequence that does not was used as a negative control.
We observed a significant enrichment of tbx3ECR1 and gsc pro in immunoprecipitated
chromatin compared to input controls (Figure 3.4D). Ef1a was not enriched significantly.
This data suggested that Otx2 can directly bind tbx3ECR1. Therefore, it is possible that
Otx2 may regulate early tbx3 expression by binding to this regulatory region.

3.5

Discussion

The goal of our study was to determine how tbx3 expression was activated in the anterior
neural plate to specify the eye field. Our results showed that otx2 can directly activate tbx3
expression in tissue where BMP signaling has been repressed, suggesting that otx2 acts
directly upstream of tbx3 during neural plate patterning. Repression of BMP and Activin
signaling was sufficient to expand the otx2, tbx3, and rax domains, whereas activation of
BMP and Activin signaling inhibited tbx3 in the eye field. We identified an ECR upstream
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of the tbx3 gene, termed tbx3ECR1, which contained a ChIP-validated Otx2 binding site
and a putative Smad1/5 binding site. Together, these results suggest a mechanism by which
Otx2 can bind tbx3ECR1 to activate tbx3 expression when patterning the anterior neural
plate (Figure 3.5).
It is also important to consider interactions of Otx2 with the other transcription
factor binding sites identified in tbx3ECR1. Sox2 and Zic1 are upregulated by the BMP
antagonists in the dorsal ectoderm and are required to specify neural tissue (Mizuseki et
al., 1998; Kishi et al., 2000). While Zic1 was able to directly activate early neural markers,
Sox2 overexpression alone was not sufficient to activate neural genes. Instead, Sox2 binds
to and enhances the activity of other transcription factors, such as Pax6, to regulate gene
expression (Kamachi et al., 2001). Therefore, in tbx3ECR1, Sox2 may function to enhance
Otx2 binding and activation of tbx3.
BMP and Activin signaling decrease EFTF expression, but it is not clear if this is
through direct repression of each EFTF, or by induction of master neural suppressor genes,
such as the neural-restrictive silencing factor (NRSF) (Schoenherr and Anderson, 1995;
Kohyama et al., 2010). We observed that sox2 and otx2 expression in the neural plate is
negatively regulated by BMP and Activin signaling (Appendix Figure B.1, Reversade et
al., 2005). BMP signaling also represses sox2 expression during in vitro human neural
crest specification (Leung et al., 2016). Furthermore, our results here provide evidence that
BMP signaling may block Otx2 from binding tbx3ECR1, thus inhibiting tbx3 expression.
It would be interesting to determine if enhancer regions for sox2 and otx2, as well as the
other EFTFs, contain Smad1/5 binding sites.
It is also possible that this putative Smad1/5 binding site serves to activate tbx3
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expression. During optic cup morphogenesis, mouse and Xenopus tbx2, tbx3, and tbx5
are expressed in the dorsal retina in response to dorsal BMP4 (Sasagawa et al., 2002;
Behesti et al., 2006). Inhibiting BMP4 by Noggin overexpression decreased tbx2/3/5 in
the dorsal Xenopus eye, but only repressed tbx2 and tbx5 expression in mouse. Similarly,
tbx3 expression is also induced by BMP in vertebrate heart, limb, and mammary gland
development (Yamada et al., 2000; Tümpel et al., 2002; Davenport et al., 2003; Cho et al.,
2006; Lee et al., 2007; Hasegawa et al., 2016). Therefore, it will be important to know when
tbx3ECR1 is active during development. Future studies can address this by the generation
of a reporter construct. Using this reporter construct can also inform us on whether Otx2
or Smad1/5 may act as an activator or repressor.
Potential binding sites for Tbx5, Vsx2, Pax, Pitx2, and FoxM1 were also identified in
tbx3ECR1. These transcription factors and Zic1/2/3 are classified as paired homeodomain
transcription factors and are known regulators of body patterning (reviewed in (Gehring,
1987; Holland et al., 2007; Rogers et al., 2009)). These transcription factors generally
require the formation of hetero- or homodimers to cooperatively bind DNA (Tucker and
Wisdom, 1999). Notably, Pax6, Sox2, and Vsx2 has been shown to form transcriptional
complexes (Kamachi et al., 2001; Mikkola et al., 2001). Vsx2 (also called Chx10) is an
important factor for retinal progenitor cell formation (Raymond et al., 2006; Vitorino et
al., 2009; Ich et al., 2012). A regulatory mechanism between Tbx3 and Tbx5 has not been
observed, but Tbx5 is not expressed in the embryo until optic cup is being patterned, and
is unlikely aiding early tbx3 expression (Takabatake et al., 2002; Showell et al., 2006).
FoxM1 is a regulator of cell cycle exit and is expressed during the neurula stage in the
eye field, brain and spinal cord, and is sustained in developing regions of the retina,
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but expression is downregulated after terminal differentiation (Pohl et al., 2005; Ueno et
al., 2008). Future studies can determine whether these transcription factors interact to
cooperatively regulate tbx3 throughout development.
We also observed that tbx3 expression in the cement gland was reduced after
repression of BMP and Activin/Nodal signaling by treatment with LDN. The cement
gland is specified between the anterior neural plate and the epidermis, in a region with
overlapping expression of otx2 and bmp4 (Drysdale and Elinson, 1993; Gammill and Sive,
2000). Our data suggests that Tbx3 is not required for central cement gland formation,
since removal of tbx3 from this tissue still allows for its formation (Motahari et al., 2016).
Furthermore, Tbx3 has been shown to repress otx2 and bmp4 transcription, suggesting that
although tbx3 may not be required for cement gland formation, tbx3 may have a regulatory
role during development (Motahari et al., 2016; Zuber et al., 2003). Future studies can
determine how tbx3 regulates otx2 and bmp4 with respect to cement gland formation.
Interestingly, after tbx3 is first induced, otx2 is selectively lost from the eye field
by stage 13, but tbx3 expression is sustained (Zuber et al., 2003). Overexpression of
tbx3 or the downstream target rax can repress otx2 expression in the eye field. Sustained
tbx3 expression is required to maintain eye field competence and specify tissue into retina
(Motahari et al., 2016). Therefore, it will be important to identify how tbx3 expression
is maintained in eye field analgen to obtain a thorough understanding of the factors that
regulate retinal determination.
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Figure 3.1: Otx2 can directly activate tbx3 when BMP signaling is repressed.

114

Figure 3.1: Otx2 can directly activate tbx3 when BMP signaling is repressed.
(A-C) Otx2 can activate tbx3 transcription directly. (A) Schematic of treatment conditions.
Animal caps were collected from embryos injected with YFP (250 pg) or DEX inducible
constructs, VP16-Otx2DBD-GR (50 pg) and Otx2-GR mRNA (300 pg). Tissue was
treated with or without CHX to block protein synthesis and DEX to induce Otx2 activity.
Semi-quantitative RT-PCR (B) or real time RT-PCR (qRT-PCR) (C) was conducted to
detect tbx3 transcript compared to Histone H4 (h4, loading control). Graph depicts h4normalized percent induction of tbx3 expression with respect to (wrt) Otx2-GR+C/+D .
N = 3.

(D) Treatment with CHX represses BMP signaling through phosphorylated

Smad1/5/9 (pSmad1/5/9). Western blot of animal caps after treatment with BMP inhibitor
Dorsomorphin (DM, positive control) or CHX compared to untreated (YFP, negative
control). Smad1 remained unchanged and β-actin served as a loading control. pSmad1/5/9
was conducted by chemiluminescent detection whereas Smad1 and β-actin were detected
by fluorescent detection.
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Figure 3.2: Repression of BMP-Smad1/5/9 and Nodal/Activin-Smad2/3 signaling
expands eye field expression of otx2, tbx3, and rax. (A) Hypothesized model of BMP and
Activin/Nodal regulation of Otx2 induction of tbx3. DM blocks phosphorylation of BMPspecific Smad1/5/9 and SB43 blocks phosphorylation of Activin/Nodal-specific Smad2/3.
LDN blocks both pathways. (B) Western blot analysis shows LDN treatment significantly
represses pSmad1/5/9 and pSmad2. Smad2-injected animal caps after treatment with
increasing concentrations of LDN from time of isolation until equivalent stage 15. Graphs
depict mean ± s.e.m. β-actin normalized fold change in band density with respect to
(wrt) YFP or Smad2 sample for pSmad1/5/9 and pSmad2 analysis, respectively. N =
3. (C) Repression of Smad1/5/9 and Smad2/3 after treatment with LDN from stage 9-15
expands otx2, tbx3, or rax expression as detected by by whole mount in situ hybridization.
Expression domain for each marker was quantified by measuring the area of expression
(dashed white line) normalized to the area of the whole embryo. Numbers in images
signify the total number of embryos analyzed from 1 (otx2), 2 (xag, rax) or 3 (tbx3)
experiments. Graphs depict the mean ± s.e.m expression area. Significance denoted by
ns, not significant, *, p≤0.05, **, p≤0.01, or ***, p≤0.001.
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Figure 3.3: BMP and Activin pathways individually regulate tbx3 expression in the
eye field. (A) Embryos treated with 20 µM DM or 100 µM SB43 from stage 9-15 have
expanded eye field expression of tbx3. Expansion was quantified by measuring the area of
tbx3 expression in the eye fields (dashed white line) normalized to the area of the dorsal
face of the embryo. N = 2. (B-C) Western blot of animal caps isolated from embryos
injected with specified amount of BMP, ActivinB (ActB), or Noggin (20 pg) mRNA. Tissue
was collected for western blot 4 hrs after isolation of animal caps (equivalent stage 10.511). Detection of pSmad1/5/9 and pSmad2 was conducted by chemiluminescent detection
whereas Smad1, Smad2/3, and β-actin were detected by fluorescent detection. Images are
representative of results from N = 3. Graph depicts the mean ± s.e.m expression area of
tbx3. Significance denoted by **, p≤0.01, or ***, p≤0.001. (D) Expression of BMP (10
pg) or ActB (0.5 pg) represses tbx3 in the eye field. Whole mount in situ hybridization for
tbx3 in stage 15 embryos. Embryos were injected unilaterally in an eye field blastopore at
8-cell stage. Red β-gal depicts injected side. Graph depicts percentage of embryos with
increased (red), normal (gray), or decreased (green) tbx3 expression in injected side. n,
number of embryos scored from 2 experiments. *, p≤0.001, calculated by χ2 contingency
test.
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Figure 3.4: Evolutionarily conserved region upstream of tbx3 contains putative
transcription factor binding sites. (A) PIP analysis was performed using 10,000 base
pairs up- and downstream of tbx3. Tbx3ECR1 was also identified using ECR Browser
(ecrbrowser.dcode.org). (B) Alignment of tbx3ECR1 sequence from vertebrate species.
Potential binding sites were identified using rVista (rvista.dcode.org) with a TRANSFAC
professional v10.2 library. Xl, Xenopus laevis; Hs, Homo sapien; Mm, Mus musculus; Sh,
Sarcophilus harrisii; Gg, Gallus gallus; Cm, Chelonia mydas; Lc, Latimeria chalumnae.
(C-D) ChIP analysis with stage 12.5 embryos injected with YFP or myc-Otx2 in the
dorsal cells at 4-cell stage. (C) Western blot showing the immunoprecipitation of mycOtx2 protein using anti-myc antibody. Band at 50 kD depicts antibody heavy chain. (D)
qPCR analysis of immunoprecipitated chromatin for ef1a, goosecoid promoter (gsc pro),
and tbx3ECR1 (tbx3) regions. Graph depicts fold change of IP myc-Otx2 to IP YFP-only
control normalized to input samples with respect to ef1a for each experiment. N = 4.
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Figure 3.5: Proposed mechanism of tbx3 regulation during eye field specification.
Extracellular BMP and Activin/Nodal signals are repressed by Noggin, which prevents
ligand-receptor interactions, or by the chemical inhibitors DM, SB43, or LDN, which
repress phosphorylation ability of activated receptors. BMP repression derepresses otx2
expression and allows Otx2 to bind to tbx3ECR1 and activate tbx3 expression. Dashed
lines depict possible indirect or direct interaction.

123

Table 3.S1: Antibodies used for immunoprecipitation and Western blots

Antibody

Source

Concentration

Catalog
number

mouse anti-myc antibody
(9E10)

Sigma

1:20 (IP)

M5546

rabbit anti-myc

EMD Millipore

1:1000

06-549

rabbit anti-phosphoSmad1/5/8 (C-term)

Cell Signaling Technology

1:1000

9511

rabbit anti-Smad1

Cell Signaling Technology

1: 2000

9743

rabbit anti-phospho-Smad2

Cell Signaling Technology

1:1000

3108

rabbit anti-Smad2/3

Cell Signaling Technology

1:2000

5678

rabbit anti-β-actin

Cell Signaling Technology

1:5000

4967

goat anti-rabbit IgG HRP

Fisher

1:5000

PI-31460

Mouse anti-β-actin

Li-Cor

1:10000

926-42212

IR Dye 800CW goat
anti-rabbit

Li-Cor

1:15,000

827-08365

IR Dye 680RD goat
anti-mouse

Li-Cor

1:15,000

926-68170
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Table 3.S2: Constructs used to generate injectable RNA

Construct

Linearized
with

xBMP4b.pCS2

PspOMI

Reference

(Wong et al., 2015)

xActivinB.pCS2R

NotI

This study

xSmad2.pCS2R

NotI

(Wong et al., 2015)

xNoggin.pCS2

NotI

(Smith and Harland, 1992))

EYFP.pCS2+

NotI

(Nagai et al., 2002)

NLS-6MT-XlOtx2.pCS2R

NotI

From Robert Vignali

XlOtx2-GR.pRN3P

NotI

(Viczian et al., 2003)

VP16-XlOtx2DBD-GR.pRN3P

NotI

(Viczian et al., 2003)

Table 3.S3: RT-PCR and ChIP-qPCR primers

Target

Primer sequence

Reference

Cycles

tbx3-F
tbx3-R

CCTATCCTTGACTTGCTACA
GTTTTGGGGAAGGAGGGTAT

(Zuber et al., 2003)

40 and
qPCR

h4-F
h4-R

CGGGATAACATTCAGGGTATCACT
ATCCATGGCGGTAACTGTCTTCCT

(Zuber et al., 2003)

24 and
qPCR

ef1a gDNA-F
ef1a gDNA-R

GTCTCGGCCCCTAAATATGA
CAGCTCCCAGCTCTTTTGTC

(Blythe et al., 2009)

qPCR

goosecoid pro-F
goosecoid pro-R

GCACCCGTTAATGTCCCATC
GACTCTCCCTGTAGTTATTCACA

adapted from (Blythe
et al., 2009)

qPCR

tbx3ECR1-F
tbx3ECR1-R

ACAGGACACAAAGCCGCTT
AAGTGACCTCCCATGCACAG

This study

qPCR
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Chapter 4
Repression of BMP and Activin, and activation of FGF
signaling directs photoreceptor progenitors generation
from mouse embryonic stem cells
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4.1

Abstract

Blinding diseases are caused by photoreceptor cell loss. Transplanted pluripotent cellderived photoreceptors can recover visual function in animal models of human blindness.
While there has been an accelerated advancement in generating retinal organoids in vitro,
the underlying mechanism is not fully understood. In this study, we tested whether
transforming mouse embryonic stem cells to an epiblast state would allow more efficient
conversion to photoreceptor progenitors. To do this, we restricted mouse embryonic stem
cells to form primitive ectoderm, then treated with BMP/Activin inhibitors and an FGF
signaling activator. In contrast to control samples, experimental cultures resulted in an
increase in neural and retinal progenitor markers. Interestingly, we also found 96% of the
aggregates expressed markers for photoreceptor progenitors on day 9. Testing a second ES
cell line with the Crx-GFP transgene that labels photoreceptor progenitors in live cells, we
observed induction of Crx-GFP in all aggregates tested with 62% GFP-positive cells. These
results suggest that first restricting mouse ES cells to a primitive ectoderm lineage creates
an environment where Activin inhibitors with FGF2 can efficiently promote photoreceptor
progenitor formation.

4.2

Introduction

In retinal degenerative diseases, like Age-Related Macular Degeneration and Retinitis
Pigmentosa, photoreceptors are the primary cells affected by these diseases. Pluripotent
cell-derived photoreceptors are a potential source of sight-saving cells for retinal repair.
Translating what is known about the mechanisms of in vivo retinogenesis into cell culture
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has led to the development of stem cell differentiation techniques that direct the generation
of 3D retinal organoids from both human and mouse embryonic stem (ES) cells and induced
pluripotent stem cells (reviewed in Zhao et al., 2017). These differentiation assays generate
organoids that are biased towards neural and retinal cell fates at various efficiencies and
display a stereotypical tri-layered structure. However, a key challenge is the lack of a
consistent, robust, and efficient method to generation photoreceptors in vitro. Current
protocols require detailed manual manipulation and often rely on stochastic specification
of retinal versus neural lineages, resulting in heterogeneous cell populations (Lamba et
al., 2009; Gonzalez-Cordero et al., 2013; Barnea-Cramer et al., 2016). To synchronously
direct cells into desired retinal cell types, a better understanding of the mechanisms driving
retinogenesis in vivo can shape these differentiation protocols. By understanding the key
developmental factors that drive pluripotent cells towards a retinal cell lineage, we can
mimic these in vitro to direct cell fate choices during differentiation. Furthermore, the
percentage of cone photoreceptor cells generated differs between differentiation methods.
In optimized human ES cell-derived retinal cultures, as many as 75-85% express cone
photoreceptor markers, yet take 4-5 weeks to grow (Zhou et al., 2015). In mouse ES cellderived retinas, cone photoreceptors appeared in 2 weeks but, only made up approximately
10-25% of all cells in morphologically distinct retinal layers (Decembrini et al., 2014;
Kruczek et al., 2017). However, it was not determined why mouse ES cells were unable to
generate as many photoreceptors as human ES cells.
We previously determined that inhibition of BMP and Activin/Nodal signaling by
exposure to the BMP antagonist, Noggin, was sufficient to direct Xenopus primitive
ectoderm to become retinal progenitor cells (Viczian et al., 2009; Wong et al., 2015). In
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human ES (hES) cell cultures, the BMP antagonist, Noggin, the Wnt antagonist, Dickkopf1 (Dkk-1), and insulin-like growth factor 1 (IGF-1) have been used to convert hES cells
to retinal progenitors capable of recovering ERG function in the Crx knockout mouse
(Lamba et al., 2006; Lamba et al., 2009). In mouse ES cell cultures, Dkk-1 increased
the percentage of cells expressing neural marker, Sox1, yet Noggin treatment failed to
promote neural formation (Watanabe et al., 2005). Instead, mouse ES cultures require Wnt
inhibition along with Activin/Nodal activation during a narrow time window to convert
pluripotent cells to early forebrain progenitors and then to retinal progenitors (Bertacchi et
al., 2015). However, studies have suggested that this may be due to a difference in the stem
cell configuration of human and mouse ES cells rather than species differences (Nichols
and Smith, 2009; Weinberger et al., 2016). Human ES cells are more similar to mouse
early primitive ectoderm-like (EPL) or epiblast stem cells (EpiSCs), as determined by their
gene expression and response to cytokines (Brons et al., 2007; Tesar et al., 2007; Greber
et al., 2010). EpiSCs are termed primed pluripotent cells, are more prone to differentiation
over self-renewal. Therefore, to generate a better model of retinogenesis with mouse ES
cells, it is important to consider not only the extracellular signaling, but to consider the
developmental state of the stem cells.
In this study, we investigated whether mouse EPL cells could respond to BMP and
Activin/Nodal to direct specification of eye field progenitors. We used an established
technology of converting mouse ES cells to a population of early primitive ectoderm-like
(EPL) cells (Rathjen et al., 1999). We have previously shown that mouse ES cells made into
EPL cells have a gene expression profile similar to EpiSCs (Hiratani et al., 2010). These
cells can be directed to form a homogeneous population of neuroectoderm cells, without the
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need for a selection process, and can recapitulate the series of embryonic cell specification
events observed during embryonic neurogenesis (Rathjen et al., 1999; Rathjen et al., 2002;
Rathjen et al., 2003). We observed that treating EPL cultures with Noggin and FGF2 during
a short window of time directed retinogenesis by day 9. Specifically, cone photoreceptor
progenitors were generated at greater frequencies than previous studies (Decembrini et
al., 2014; Kruczek et al., 2017). Transgenic Crx-GFP mouse ES cells were also used to
observe generation of photoreceptor progenitors (Samson et al., 2009; Decembrini et al.,
2014; Kruczek et al., 2017). Together, our results suggest that first converting mouse ES
cells to EPL cells, followed by a short treatment of BMP and Activin inhibitors with FGF2,
directs specification of Crx-GFP+ photoreceptor progenitors in all organoids by day 6, with
62% of cells being Crx-GFP+.

4.3

Methods

Culturing early primitive ectoderm-like (EPL) cells
Stem cell maintenance and EPL culture protocol described in full in Appendix
A.1. The EPL protocol was conducted as previously described (Rathjen and Rathjen,
2003). Crx-GFP cells were generously provided by Drs. Decembrini and Arsenijevic
and maintained as described (Decembrini et al., 2014). For treatment, FGF2 (#100-18B,
PeproTech, Rocky Hill, NJ), Dorsomorphin (# P5499, SIGMA, St. Louis, MO), Noggin (#
719NG050; R&D Systems, Minneapolis, MN), and SB431542 (#04-0010-05, Stemgent,
Cambridge, MA) were added to cells accordingly. To conduct test for morphology,
aggregates were plated onto gelatin-coated cell culture dishes in chemically defined media
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on day 7 without FGF2, as previously published (Rathjen and Rathjen, 2003). Media was
changed every two days and morphology was scored on day 12.

Real-time reverse transcription PCR (qRT-PCR) and analysis
Cell culture samples were pelleted and total RNA was isolated using RNeasy Plus
Mini Kit (Qiagen, Valencia, CA) or RNAzol RT (RN-190, Molecular Research Center,
Inc, Cincinnati, OH) according to the manufacturer’s instructions. cDNA was synthesized
from total RNA using GOScript reverse transcriptase (Promega Corp., Madison, WI).
Quantitative gene expression was determined using qRT-PCR in the LightCycler480
(Roche Applied Science) or CFX384 Touch Real-Time PCR (BioRad) Systems. Reactions
were prepared using LightCycler 480 SYBR Green I Master mix (04707516001, Roche)
or iTaq Universal SYBR Green Supermix (1725120, Biorad) according to manufacturer’s
instructions. Relative gene expression levels were determined using the ΔΔCt method,,
as described in Appendix A.2 (Livak and Schmittgen, 2001). Primers used are listed in
Supplemental Table 4.S3.

Western blotting
Cultured embryonic stem cells were collected and stored at -80°C until protein
extraction. Western blots were conducted as previously reported (Wong et al., 2015, see
Chapter 2 Results for details). Antibodies used are listed in Supplemental Table 4.S1.
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Immunocytochemical Analysis
The cell aggregates were fixed in 4% PFA for 30 minutes on ice, washed twice in
PBS, then treated in 30% sucrose/PBS overnight at 4°C. Before mounting, aggregates
were briefly exposed to 0.02% methylene blue for 2-5 minutes on ice to increase
visibility during sectioning. The aggregates were mounted in Tissue Tek O.C.T. (62550,
Electron Microscopy Sciences, Hatfield, PA), cryostat sectioned (12 µm) and stored at
-20C until stained. Antibodies and staining conditions used are listed in Supplemental
Table 4.S2. Sections were mounted in FluorSave Reagent (EMD Millipore) plus 2% 1,4Diazabicyclo[2.2.2]octane (DABCO; Sigma Aldrich). Slides were imaged using a Leica
DM6000B upright stereomicroscope equipped with four fluorescence filters, a Retiga-SRV
camera and a computer running Volocity imaging software (version 6.2.1).

Animal retinal sections
All procedures with mice were done in accordance with IACUC approved protocols.
Anesthetized adult C57Bl/6J mice underwent spinal dislocation and then perfused with
fixative. Eyes were enucleated, punctured through the cornea, and fixed for 30 minutes on
ice. Whole eyes were transferred to 20% sucrose overnight at 4°C, then 30% sucrose at
4°C for 4-5 hours before mounting in OCT (Tissue Tek). Samples were cryosectioned at
12 µm thickness and mounted onto slides, which were stored at -20°C until staining.

Flow cytometry of live and fixed cells
Sorting of cells was performed as previously described (Meyer et al., 2009). For
analysis of live Crx-GFP cells, day 7 aggregates were dissociated using Accutase (A11105138

01, Life Technologies, Carlsbad, CA) with 62.5 Units DNase I (not RNase-free; BioBasic
Inc., Ontario, Canada), and then washed and resuspended in FACS buffer (1X PBS, 2%
goat serum, 0.1% NaN3 .) For analysis of ES cells, D9 aggregates were collected and
dissociated as described, then fixed in 0.1% PFA for 10 mins, filtered into FACS tubes
with 35 µM cell strainers (21008-948, VWR, Radnor, PA), and stored in FACS buffer until
staining. Cells were permeablized in 1X PBS with 0.2% Trition X-100 for 10 minutes,
and then incubated for 1 hr at 4°C in mouse anti-CRX antibody (1:1000 in FACS buffer).
Washes were carried out using FACS buffer, and cells were spun down at 200xg, 5 min, 4°C.
Cells were then incubated with goat anti-mouse Alexa 488 conjugated secondary antibody
(1:2000 in FACS) for 2 hr at 4°C. In all experiments, mouse IgG isotype antibodies were
used as controls. Flow cytometry was conducted with an LSR II (BD Biosciences) and data
was analyzed with FlowJo software (version 8.8.7).

Statistics
Unless otherwise denoted, all statistical analysis was conducted using Prism software
(7.0c) using an ordinary 1-way ANOVA test, with a Tukey’s multiple comparisons test. All
graphs depict the mean ± s.e.m. with respect to (wrt) undifferentiated ES cells from day 0
(D0). Significance denoted by ns, not significant; *, p≤0.05; **, p≤0.01; or ***, p≤0.001,
with n, total number of samples, and N, number of experimental replicates.
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4.4
4.4.1

Results
Mouse ES cell-derived epiblast-like cells are biased towards neuroectoderm

To direct mouse ES cells into early primitive ectoderm-like (EPL), mouse D3 ES cells were
cultured in low-adhesion plates in media conditioned by human heptocellular carcinoma
(HepG2 cells), called MEDII media, for 7 days. Differentiation was then induced by
withdrawal of conditioned media and serum and addition of 20 ng/mL FGF2 until day
9 (Figure 4.1A), as previously published (Rathjen et al., 1999; Rathjen et al., 2002).
ES cells aggregated and proliferated within the first two days and formed spheres with
a stratified layer of cells after 5 days (Figure 4.1B-D). By day 9 we observed the formation
of neuroectoderm. Aggregates presented a variety of morphologies, including a contorted
outer edge (Figure 4.1E-G), suggestive of the hemi-spherical epithelial vesicles observed
in the 3D-retinal organoids (Eiraku et al., 2011), and those that remained spherical
(Figure 4.1G). In both these aggregates, the cells in these outer layers were organized into
a pseudostratified layer of Pax6-positive cells (Figure 4.1H-H’), similar to the developing
neuroectoderm.
To determine the extent of cell transformation, we conducted gene expression
analysis at different time points (Figure 4.1I-K; S1). We first assayed for pluripotency
markers. Rex1 is expressed in naive pluripotent cells of the inner cell mass (ICM) but is
lost in early primitive ectoderm cells which instead express, Fgf5 (Rathjen et al., 2002).
Conversely, Nanog and Oct4 expression is maintained in epiblast stem cells (Brons et
al., 2007). We observed that Rex1 was statistically decreased by day 3 compared to
day 0 (-2.7 ± 0.5 fold decrease; Figure 4.1I), while Nanog and Oct4 expression was not
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significantly reduced until after inducing differentiation by day 9 (Figure 4.1I, -41.5 ± 2.7
and -140.9 ± 29.6 fold decrease, respectively). There was a concomitant increase in
ectoderm markers, Foxd3 (2.3 ± 0.4) and Fgf5 (39.3 ± 14.4), after 3 days in culture
(Conditioned; Figure 4.1J, 4.S1A, E). In contrast, markers for endoderm (Sox7, Sox17),
mesoderm (Cd34, Brachyury/T) and trophectoderm (Cdx2, Tcfap2c) were not significantly
increased (Figure 4.1J, 4.S1C). When cultured in unconditioned media, there is a muted
but significant increase of the ectoderm marker Foxd3 (1.4 ± 0.3) on day 3. On day 6, there
is a robust increase of ectoderm markers Foxd3 and Fgf5, mesoderm marker Cd24, and
variable expression of the endoderm marker Sox17 (Figure 4.1J, 4.S1B), suggesting a more
heterogeneous population of cell fate lineages. Together, these results suggest an efficient
conversion of mouse ES cells into EPL cells by culture in MEDII conditioned media. In
contrast, cells cultured in unconditioned media appear to have a more heterogeneous cell
lineage population.
In addition to a homogenous ectoderm lineage formation, EPL cells are primed to
differentiate into neuroectoderm. Neuroectoderm formation in the embryo was observed
in EPL cells by withdrawal of MEDII media and replacement with serum-free media
containing FGF2 (Rathjen et al., 2002). In the mouse, the expression of the neural
markers, Ascl1 (Mash1) and Pax6, and retinal progenitor marker, Six3, appears around
embryonic day 8.0-8.5, shortly after neural induction (Walther and Gruss, 1991; Guillemot
and Joyner, 1993; Oliver et al., 1995). These neural genes were expressed in our EPL
cultures starting at day 6 and further increasing at day 9 (Figure 4.1J). By day 9, EPL
cells expressed Ascl1 (98.2 ± 19.0 fold increase), Six3 (104.0 ± 47.2 fold increase) and
Pax6 (54.0 ± 4.6 fold increase) at levels higher than undifferentiated ES cells (D0). This is
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consistent with the EPL cells adopting a neuroepithelial lineage during this time period, as
was previously shown (Rathjen et al., 2002). Without culture in MEDII media, induction of
these markers was not statistically significant (Figure 4.1J). Cell lineage was also assessed
by observing the cellular morphology after aggregates were cultured on gelatin-coated
cell culture dishes in chemically defined media from day 7-12. After differentiation day
12, aggregate phenotype were scored as neural by the appearance of projecting neurites
(Figure 4.1K) or as cardiomyocytes by the appearance of flat spread out cells that exhibited
a beating rhythm (Figure 4.1L). Aggregates cultured in MEDII media (EPL) were biased
towards a neural lineage compared to cells cultured in unconditioned media (control),
which formed more cardiomyocytes than neural aggregates (Figure 4.1J). Together these
findings suggest a method by which mouse ES cells can be directed into homogenous
populations of EPL cells, as depicted by robust expression of Fgf5 and Foxd3. Furthermore,
inducing differentiation of EPL cells biases the cells towards a neural cell fate, suggesting
that this culture system is capable of recapitulating the lineage progression observed during
development in vivo (Pelton et al., 2002).

4.4.2

EPL cells become retinogenic when treated with BMP inhibitors and FGF2

To determine the retinogenic capacity of mouse EPL cells, we briefly exposed our EPL
cultures to a 24 hour treatment with Noggin and FGF2 around the peak of early primitive
ectoderm marker expression at day 5 (Figure 4.2A). We and others have found that treating
Xenopus primitive ectoderm with high concentrations of Noggin to repress the BMP,
Activin/Nodal, and Wnt signaling pathways during a small developmental window biases
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cells towards a retinal lineage (Lan et al., 2009; Viczian et al., 2009; Bayramov et al.,
2011; Wong et al., 2015). Repression of these same signaling pathways have also been
shown to promote cone photoreceptor formation in human ES cell cultures (Zhou et al.,
2015). Keeping the FGF2 concentration constant, we added three different concentrations
of Noggin from day 5 to day 6, and assessed the retinogenic effect by qRT-PCR analysis.
After EPL conversion, we observed an induction of the neural markers Ascl1and Pax6,
as observed earlier, and an induction of the retinal markers Rx and Crx, compared to
undifferentiated ES cells (Figure 4.2B). This suggested that retinogenesis was occurring
without the addition of Noggin or FGF2. Addition of 10 µM Noggin and FGF2 did not
significantly enhance the expression of any of these markers. However, when treated with
500 µM or 100 µM Noggin and FGF2, both neural and retinal markers were significantly
increased compared to low or no treatment cultures. There was no significant difference
between samples treated with 500 µM and 100 µM of Noggin, so 100 µM Noggin was
used in subsequent experiments (referred to as NF treatment). Furthermore, in aggregates
not converted to EPL cells, there was no significant induction of these markers with any
concentration of Noggin (Figure 4.2C). This finding is consistent with the previous report
that Noggin treatment has no neurogenic effect on aggregates generated from naive stem
cells (Watanabe et al., 2005). Our results suggest that NF treatment can drive retinogenesis
in EPL cells, consistent with previous observations in Xenopus primitive ectoderm and
human ES cells.
The small molecule chemical inhibitor Dorsomorphin (DM) has been shown to
be an effective substitute for Noggin in human ES cell retinal differentiation protocols
(Meyer et al., 2011). We then tested whether intracellularly blocking the canonical BMP
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signaling pathway using DM would be as efficient as Noggin at driving retinogenesis in
our mouse EPL cells. We replaced Noggin with 10 and 20 µM DM in our treatment
and found that both reagents were able to significantly inhibit phosphorylation of the
downstream BMP targets, Smad1/5/9 (pSmad1/5/9) in EPL cultures (Figure 4.2D and data
not shown). Furthermore, there was no significant difference in pSmad1/5/9 band density
between cultures treated with NF or DM+FGF2. By qRT-PCR analysis, we observed that
10 µM DM+FGF2 treatment was equally as efficient as NF at driving the expression of
the retinal progenitor markers, Lhx2 and Rx, and the photoreceptor precursor marker, Crx
(Figure 4.2E). Altogether, this data suggested that 10 µM DM+FGF2 treatment (hereby
referred to as DF treatment) works as well as NF at inhibiting downstream BMP signaling
in EPL cells and promoting the expression of neural and retinal genes.
We further evaluated the retinogenic effect of NF treatment on EPL aggregates by
conducting antibody staining for markers of retinal progenitor cells (PAX6) and ganglion
cells [PAX6, ISLET1/2 (Islet1+2), BRN3, MELANOPSIN] (Figure 4.3). In vivo, PAX6 is
present in neural and retinal progenitor cells and, in the retina, are sustained in ganglion
cells. Ganglion cells also express Atoh7 (Math5), and Islet1 after specification, followed
by Brn3 expression during differentiation and subtype determination (Brown et al., 2001;
Wang et al., 2002; Elshatory et al., 2007; Pan et al., 2008; Hsieh and Yang, 2009).
We expect these markers to appear first if our cultures are recapitulating the birth order
observed in retinal development (Cepko, 2014).

After inducing differentiation, EPL

aggregates treated with or without NF were selected randomly and fixed at day 9 and
cryosectioned for immunofluorescent staining.
We observed robust induction of PAX6 in NF-treated aggregates by D9, consistent
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with gene expression analysis (Figure 4.3A). The efficiency of marker expression was
determined by scoring serial sections of aggregates for positively stained cells.

We

observed expression of PAX6 and ISLET1/2 in 66% and 70% of day 9 NF-treated
aggregates (Figure 4.3B-D), yet BRN3 and MELANOPSIN expression was not observed
(Figure 4.3E-F). Interestingly, although NF-treated aggregates had significantly more
PAX6-positive cells, we observed no difference in ISLET1/2 expression efficiency with or
without NF treatment (Figure 4.3D). These findings were consistent with qRT-PCR analysis
(Figure 4.3G). We observed increased expression of Pax6 (35.0 ± 5.6 fold induction),
Atoh7 (4.0 ± 1.3 fold induction) and Islet1 (60.8 ± 12.3 fold induction) in day 9 NF-treated
aggregates compared to ES cells, whereas Brn3b expression was unchanged (0.95 ± 0.37
fold induction). However, Atoh7 and Islet1 expression was not significantly different
between NF and media treatment. Since ISELT1/2 is also expressed in amacrine and
bipolar cells, we probed for expression of PROX1, which has been shown to be expressed
in horizontal cells, bipolar cells and AII amacrine cells (Dyer et al., 2003; Elshatory et
al., 2007; Triplett et al., 2014). We observed PROX1-positive cells infrequently at day
9 and day 12 (D9: 1/28 aggregates, D12: 1/15 aggregates, Figure 4.S1A,D), suggesting
that the ISLET1/2+ cells may be young ganglion cells that are lacking differentiation
markers. Longer cultures may be required to observe BRN3 or MELANOPSIN expression.
Together, these data indicate that a pulsed treatment of NF on aggregates on day 5 is
sufficient to drive expression of early retinal cell markers in EPL cells, as determined by
the upregulation of retinal progenitor genes and early markers for ganglion cell precursors.
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4.4.3

Aggregates treated with BMP antagonists and FGF2 are enriched for cone
photoreceptor markers

Earlier we observed a significant induction of Crx expression after NF treatment by qPCR
(Figure 4.2B), so we assessed the presence of photoreceptors. By immunohistochemistry,
we probed for CRX and OTX2 with cone- [MOPSIN (Opn1mw), SOPSIN (Opn1sw),
RXRγ] or rod-specific proteins [RHODOPSIN, rod transducin (GaT1)]. In the developing
mouse retina, CRX and OTX2 are coexpressed in photoreceptors and bipolar cells shortly
after birth (Young, 1985; Baas et al., 2000). CRX and OTX2 were observed in 96%
and 95% of NF-treated aggregates, respectively, by day 9 (Figure 4.4A,C). Compared to
untreated cultures, expression of both markers was present in more NF-treated aggregates,
consistent to earlier gene expression analysis (Figure 4.4B,D). This also correlated with
a higher total percentage of CRX+ cells, as determined by flow cytometry analysis
(Figure 4.4E): 28.2 ± 3.5% of cells in NF-treated aggregates were CRX+, which was
significantly higher than the 19.4 ± 2.0% of cells observed in cultures with media alone.
Therefore, more cells expressing photoreceptor markers were generated after NF treatment
and at a higher efficiency than aggregates without treatment.
Furthermore, CRX colocalized with OTX2, but not PAX6 (Figure 4.4F). In the
developing retina, PAX6 expression is high in retinal progenitor cells, but shortly after
photoreceptor birth, CRX is expressed and begins to repress PAX6 to allow differentiation
(Oron-Karni et al., 2008). Although we observe both PAX6 and CRX in aggregates,
regions of high CRX and OTX2 expression (Figure 4.4F, right insets) had low or no
expression of PAX6. Conversely, regions of high PAX6 expression exhibited lower CRX
and OTX2 expression (Figure 4.4F, left insets), suggesting that this regulatory phenomenon
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is conserved in our cells.
To test for cone photoreceptors, we conducted antibody staining to detect the cone
specific proteins, MOPSIN, SOPSIN, and RXRγ. We observed expression of these proteins
in day 9 NF-treated aggregates (Figure 4.5A,C,E). MOPSIN was expressed in nearly all
(97%) of the NF-treated aggregates scored compared to only 68% of untreated aggregates
(Figure 4.5B). Although MOPSIN is normally localized to cone photoreceptor outersegments, we do not observe outer segment-like structures at this age, so MOPSIN staining
was found throughout the cell cytoplasm (Figure 4.5A,A’, inlays). We also observed
expression of SOPSIN in aggregates at this age, which we found to colocalize with
CRX expression, indicative of the specification of cone photoreceptors (Figure 4.5C).
After counting these cells, we observed an average of 26.3 ± 1.6% of cells were
CRX+ and 23.8 ± 1.5% of cells were CRX+/SOPSIN+, showing that at this time point
90.5% of CRX+ cells are expressing cone markers (Figure 4.5D). RXRγ expression was
also observed in day 9 NF-treated aggregates, and colocalized with CRX expression
(Figure 4.5E). Together, these data suggest we are able to generate a high population of
cells expressing cone photoreceptor markers.
We next probed for the expression of rod photoreceptors. Rod α-transducin (GT1), is
first detected at postnatal day 11 (P11) and is expressed throughout the rod photoreceptor,
whereas RHODOPSIN expression can be seen as early as P6 after outer segment formation
(Morrow et al., 1998; Rutherford et al., 2004; Warre-Cornish et al., 2014). We did not
observe expression of RHODOPSIN or transducin at day 9 (Figure 4.S2B,C). However, at
day 12, 32.5% of NF-treated aggregates appeared positive for transducin, but still lacked
noticeable RHODOPSIN staining (Figure 4.S2E). Although protein was not detected at
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this age, Rhodopsin and Recoverin transcripts were detected by day 12 and sustained until
at least day 18 (Figure 4.5C). Therefore, protein expression may be increased in older
cultures.
If we were generating photoreceptors, then we would also expect the phototransduction cascade genes to also be expressed. We assessed expression of rod-specific
(Rhodopsin, Recoverin) and cone-specific (Sopsin, Mopsin, PDE6C, Cnga3, Gnat2) genes
in our cultures at day 12, 15, and 18 by qRT-PCR analysis after slightly altering the culture
conditions to promote long term survivability (Figure 4.5F; see Supplemental Extended
Cell Culture Methods). Noggin treatment was replaced with the chemical inhibitors DM
and SB431543 (SB43) to inhibit BMP and Activin/Nodal signaling, as we determined
previously (Wong et al., 2015). In DM+SB43+FGF2 (DSF) cultures, the cone-specific
markers, Sopsin, Mopsin, and PDE6C were also induced by day 12 (Figure 4.5F). Sopsin
appeared to increase from day 12 to day 18, while Mopsin decreased. Conversely, the
cone-specific proteins Gnat2 (alpha subunit of cone transducin) and Cnga3 (alpha subunit
of cone cyclic nucleotide-gated channel) were not significantly detected. Therefore, we observed expression of rod and cone phototransduction cascade genes from day 12 onward.
Together, these data suggest that EPL aggregates were biased to generate cone photoreceptors after NF treatment. Notably, cone photoreceptor generation is observed much earlier
and at higher efficiency than in previously published protocols, with photoreceptor markers
observed in nearly all aggregates by day 9.
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4.4.4

Retinogenesis is synchronized in EPL aggregates after treatment

In order to temporally monitor the birth of photoreceptors in our cultures, we utilized a
previously isolated transgenic mouse ES cell line that expresses GFP under the control of
the Crx promoter (Crx-GFP) (Samson et al., 2009; Decembrini et al., 2014). This cell
line exclusively marks photoreceptors and was recently used to optimize the production
and selection of transplantable photoreceptors from mouse ES-derived 3D retinal organoid
culture (Decembrini et al., 2014). However, in this published protocol, retinogenesis
is not synchronized in every aggregate, causing each in vitro retina to be at different
developmental stages. If our protocol synchronizes retinogenesis following treatment,
these cells would allow us to observe when Crx expression becomes active and in what
percentage cells.
Formation of Crx-GFP EPL spheres was observed by day 5 and were negative for
GFP (Figure 4.6A,A’). By day 7, media and FGF2-treated cell remained largely GFPnegative (Figure 4.6B’,C’, Table 4.1). However, all aggregates treated with Dorsomorphin
(D), or Dorsomorphin plus FGF2 (DF), had GFP-positive cells (Figure 4.6D’,E’). This
suggests that photoreceptor cell fate determination is observed within two days of
treatment. Furthermore, flow cytometry analysis of dissociated aggregates on day 7
determined that after D or DF treatment, 33 ± 8.3% and 28 ± 4.7% of cells, respectively,
were GFP+ (Figure 4.6F). This was significantly higher than untreated or FGF2-only
treated cultures (2.0 ± 0.6%; 2.3 ± 0.7%, respectively). This data was consistent with our
earlier results in the D3 mES cells line as detected using antibody staining (Figure 4.4E).
Although at a lower intensity, Crx-GFP reporter activity was observed in D and
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DF treated cells until at least day 9, suggesting a commitment to photoreceptor lineage
rather than a transient increase in Crx gene induction following treatment. To assess
the presence of other photoreceptor markers by day 9, we assayed for the expression of
CRX, OTX2, and PAX6 in GFP+ DF aggregates and quantified the number of aggregates
with positive staining (Figure 4.6H-J). Aggregates were randomly selected and processed
for sectioning. These markers were expressed in a similar pattern as observed earlier,
with CRX and OTX2 colocalizing in photoreceptor precursor cells that have low PAX6
expression (Figure 4.6G-G”’). Interestingly, there were fewer aggregates that had striated
neuroepithelial-like layering as in the D3 ES cell line. Yet, we observed more CRX and
OTX2+ aggregates in untreated untreated samples (D3 ES cells, CRX, 86%; OTX2, 79%:
Figure 4.4B,D versus Crx-GFP ES cells, CRX, 90%, OTX2, 97%: Figure 4.6H,I), while
PAX6-positive aggregates were found less frequently (40%: Figure 3B; 23%: Figure 4.6J).
This suggested that the Crx-GFP ES cell line expressed signaling pathway receptors and
genes that make this line more competent to generate CRX- and OTX2-positive than D3
ES cells.
To test the expression of phototransduction genes in Crx-GFP ES cell-derived retinal
cells, we replicated our qRT-PCR analysis of aggregates from days 12, 15, and 18 in culture.
Differentiation was conducted following the same protocol and treatment used with the D3
ES cells (Figure 4.6C). Similar to our results from the D3 ES cell cultures, we observed
induction of both rod (Rhodopsin, Recoverin) and cone (Sopsin, Mopsin, PDE6C) specific
genes (Figure 4.6K). In Crx-GFP EPL aggregates, Rhodopsin expression steadily increased
from day 12 (6.13 fold) though day 18 (16.47 fold), while induction of Recoverin was
decreased (2.96 fold). As in the D3 EPL cells, Sopsin slowly increased from day 12 (3.07
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fold) to day 18 (4.83 fold), and Mopsin decreased from day 12 (8.19 fold) to day 18 (6.58
fold). Again, Gnat2 and Cnga3 were not noticeably expressed compared to D0 ES cells.
These results suggest that the specification of photoreceptor-like cells is observed in both
mouse ES cells lines and that NF or DF treatment is also sufficient to promote retinogenesis
in EPL cells derived from primary transgenic mouse ES cell lines at a similar efficiency.

4.4.5

Simultaneous BMP and Activin inhibition and FGF2 activation increases
photoreceptor generation

Since inhibition of BMP, Activin/TGFβ, and Wnt signaling favors cone photoreceptor
differentiation in human ES cells (Zhou et al., 2015), we next questioned whether
treatment with higher concentrations of BMP and Activin/Nodal/TGFβ (hereby referred
to as Activin) inhibitors can increase the percentage of photoreceptor precursors observed
in our cultures. Similar to BMP signaling, Activin signaling is transduced intracellularly
via the phosphorylation of Smad2/3 upon ligand binding to the membrane receptors.
By western blot, we observed that Crx-GFP ES and EPL cells maintain active BMP
and Activin signaling denoted by the presence of phosphorylated Smad1/5/8 and Smad2
(pSmad1/5/8 and pSmad2, Figure 4.7A). As expected, treatment with DM or the Activin
inhibitor, SB431542 (SB43), resulted in a selective inhibition of pSmad1/5/8 and pSmad2,
respectively, while treatment with both inhibitors resulted in inhibition of both pathways.
To test whether BMP or Activin inhibition had different impacts on photoreceptor
specification, we added increasing concentration of DM (2.5, 5, or 10 µM) or SB43
(10, 20, 30, 50 µM) during our treatment window.

GFP expression was observed

unanimously in the aggregates by the following day (Figure 4.S3). On day 7, the aggregates
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were dissociated and the percentage of GFP+ photoreceptor cells was counted by flow
cytometry (Figure 4.7B-D). With increasing concentrations of DM and SB43, we observed
a concentration-dependent increase in the number of GFP-positive cells with the highest
percentage after treatment with 52 ± 5.3% with 10 µM DM and 50 µM SB43 (Figure 4.7B).
Supplementing these treatments with FGF2 appeared to act additively to increase the
number of GFP+ cells (Figure 4.7C). We observed that at lower concentrations of DM or
SB43, addition of FGF2 significantly enhanced the percent of GFP+ cells (Figure 4.7D).
However, addition of FGF2 with 10 µM DM and 50 µM SB43 treatment did not further
enhance photoreceptor generation (55 ± 7.2% GFP+). In fact, treatment with these
three conditions led to the aggregates becoming unhealthy by day 6 (Figure 4.S3J). The
maximum population of GFP+ cells was observed with treatment of either 10 µM DM,
30 µM SB43, and FGF2 (62 ± 12%) or 5 µM DM, 50 µM SB43, and FGF2 (61 ± 11.2%).
These findings suggest that increased concentrations of BMP and Activin inhibitors and
FGF2 addition can increase the population of cells expressing markers for photoreceptor
progenitors generated in EPL aggregates.

4.5

Discussion

In this study, we describe a rapid and robust protocol to enhance the generation of
cells expressing markers for photoreceptor precursors. By converting mouse ES cells
into an early primitive ectoderm- or epiblast-like state, Noggin and FGF was sufficient
to drive retinogenesis and the degree of cone photoreceptor specification observed was
unprecedented for mouse ES cell differentiation protocols.
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Within 9 days, 24% of

cells in our aggregates expressed markers for cone photoreceptors, including expression
of phototransduction cascade genes from day 12 onward. Furthermore, photoreceptor
generation was enhanced by optimizing the treatment conditions to increase the
concentration of Dorsomorphin and SB43 with FGF2, resulting in 62% of cells becoming
Crx-GFP-positive photoreceptor precursors, including expression of phototransduction
cascade genes from day 12 onward. With this reporter line, we observed that within 24
hours of adding treatment, Crx-GFP was observed, suggesting a swift and synchronized
specification of cells expressing photoreceptor precursor markers.
The efficiency we observe is much higher than previous reports. Non-adherent
culture methods have achieved up to 80% of mouse ES cell aggregates expressing
retinal markers (PAX6, RX, VSX2 and/or CRX) or displaying optic cup like morphology
(Parameswaran et al., 2010; Eiraku et al., 2011; La Torre et al., 2012; Gonzalez-Cordero
et al., 2013; Decembrini et al., 2014; Völkner et al., 2016). Further studies have shown
that replicating these protocols with human ES cells leads to 82% of organoids containing
retinal progenitors, which can be enhanced to 91% after manual selection and excision
of optic vesicle-like structures (Lamba et al., 2006; Meyer et al., 2011). In comparison,
we observed photoreceptor specification in every Crx-GFP EPL aggregate, and 96% of
the D3 EPL aggregates, respectively. While these differences sound minimal, our EPL
differentiation assay can achieve these efficiencies without any physical manipulation or
subjective selection process. Minimizing contact with cells minimizes the chance of
contamination, and also provides a possibility for automation in the future.
It is important to note that expression of many early neural markers, including
ASCL1, PAX6, ISLET1/2, PROX1, and OTX2, are not restricted to retinal tissue
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during development, raising the possibility that some cells in our aggregates are of a
non-retinal lineage. Although this is possible, we observed robust expression of eyeand photoreceptor-specific genes, including Rx, which is specifically expressed in the
developing eye field, and Sopsin, Mopsin, and Rhodopsin, which are specifically expressed
in photoreceptors. Coexpression of these markers with CRX and OTX2, provide strong
evidence that a large population of cells in NF-treated aggregates are specified into retinal
neurons, including up to 24% of cells becoming cone photoreceptors. Therefore, future
studies to assess the overlapping expression of different neural genes can be conducted to
identify other neural cell types that may be generated in our cultures.
A key observation was that our treatment appears to synchronize the specification
of photoreceptors within 24 hours following treatment. The recent optimization of the
Sasai protocol (referred to as the Decembrini-Sasai protocol), using the same Crx-GFP
ES cells used in our study, first observed Crx-GFP-positive cells on days 12 through
14. (Decembrini et al., 2014). This range of onset is due to aggregates developing
independently of each other. Furthermore, individual optic vesicles protruding from a
single ES cell aggregate can develop independently, and have different probabilities of
generating retinal cells depending on their size. Instead, our EPL aggregates appear to
be directed towards retinal cells by the addition of signaling inhibitors by day 6. This
swift onset of Crx is also coupled with an accelerated expression of phototransduction
cascade genes by day 12, whereas the Sasai-Decembrini protocol observed RHODOPSIN
and GNAT1 expression by day 25 onward (Decembrini et al., 2014).
We observed that EPL cells became retinogenic when exposed to Noggin or BMP and
Activin inhibitors. Although BMP and Activin inhibition is key to effectively generating
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neural tissues from human ES cells (Itsykson et al., 2005; Smith et al., 2008; Morikawa
et al., 2011; Bhinge et al., 2014; Zhou et al., 2015), conflicting results were observed
when Noggin was used in mouse ES cell culture. Although Noggin was able to drive
neural induction in some differentiation protocols (Gratsch and O’Shea, 2002; Chen et al.,
2010), others showed that Noggin failed to induce neural markers (Watanabe et al., 2005).
Noggin was also used to direct cardiomyocyte differentiation (Yuasa et al., 2005). These
findings led to the belief that mouse and human ES cells required different factors to drive
differentiation of similar cell types. However, our study suggests that the developmental
state of the stem cells can change the outcome of adding differentiation factors. In the
early primitive ectoderm- or epiblast-like state, mouse cells behave more similarly to
human ES cells. Notably, retinogenesis and cone photoreceptor generation is enhanced
by treatment with the BMP, TGF, and Wnt inhibitor, COCO (Zhou et al., 2015). In human
cultures, 72 ± 7% of cells were CRX-positive, comparable to the 62 ± 1% we observed
after treatment with 10 µM Dorsomorphin, 30 µM SB43, and 20 ng/mL FGF2. It is also
suggested that Wnt, BMP and Activin inhibition specifically drives cone photoreceptor
specification (Zhou et al., 2015). In D3 ES cells, we also observed that 24% of cells express
SOPSIN, similar to the percentage of total cells expressing cone marker, RXRγachieved
by the Decembrini-Sasai protocol (Decembrini et al., 2014). Although human cultures
observe 60-80% of cells expressing SOPSIN, it would be interesting to determine if our
optimized culture conditions also generated more cones than rods. Although the Crx-GFP
cell line is unable to distinguish between rod and cone photoreceptors, both rod and cone
photoreceptor markers are present, so it is likely that both rods and cones are generated.
Generation of a dual reporter line to identify cone photoreceptors, in addition to Crx155

GFP, would be useful for future studies to determine if the antagonists bias generation
of cones or rods, as well as allow for purification of cone photoreceptors for cone-specific
transplantation studies.
However, there are additional obstacles before these protocols can be adapted be
compatible with transplantation requirements.

Most importantly, this protocol relies

heavily on the use of lab-generated Matrigel-like media, MEDII conditioned media, which
contains many unknown factors. Although the liver cancer (HepG2) cells are of human
origin, it would be useful to conduct a complete proteomics analysis of the growth factors
and extracellular proteins present in this media to understand what factors are key for EPL
conversion. There are reports that ES cells can be primed to an epiblast-like state by
exposure to Activin A, FGF2 and N2/B27 supplements (Hayashi et al., 2011). It is likely
that MEDII media contains Activin, Nodal, or TGFβ ligands due to the continued activation
of pSmad2 observed in our cells. Future studies would be important to test whether this
alternate protocol to generated epiblast-like cells can be combined with our FGF/chemical
inhibitor cocktail to enrich for retinal progenitor production.
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Figure 4.1: EPL cells lose pluripotency, favor an ectoderm lineage, and express neural
markers during the 9 day culture period.
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Figure 4.1: EPL cells lose pluripotency, favor an ectoderm lineage, and express neural
markers during the 9 day culture period. (A) Schematic of the EPL differentiation assay
descried in detail in Appendix A.1 with representative images of the mouse ES cells at day 0
(B), 2 (C), 5 (D), and 9 (E-H). ES cells were plated in suspension (B) in MEDII conditioned
media for 7 days on low-adherence plates. The ES cells form aggregates on day 2 (C). On
day 5 (D), cells inside some aggregates (yellow arrows) become radially oriented, forming
an outer columnar epithelium. Differentiation is induced by changing media to chemically
defined media (CDM) without serum and supplemented with FGF2. From day 7 onwards,
cells are incubated in 40% O2 to promote photoreceptor cell survival. By day 9 (E), the
outer crust becomes thinner and begins to contort (red arrow, close-up, F) or maintains a
spheroid shape (yellow arrow, example, F). Dotted lines in (F-H) depict inner and outer
layer of epithelial layer. (H-H’) Cryostat section of a PAX6-positive day 9 aggregate
(green) with DAPI counterstain (blue). (I-J) qRT-PCR analysis shows simultaneous loss
of pluripotency (I) and increase of neural (J) markers in EPL cells (conditioned) compared
to unconditioned control cultures. N = 3. Asterisk color indicates the sample that
is statistically significant. (K-M) Aggregates cultured in conditioned media (EPL) are
biased towards a neural lineage (L), whereas aggregates cultured in unconditioned media
(control) form more cardiomyocytes (M). (K) Graph depicts percent of aggregates with
noted morphology. N = 4 experiments, n = total number of aggregates scored. Significance
determined using a χ2 proportions test; ***, p≤0.001. Scale bars in panels B-E, 200 µm,
and in panels F-H’,L,M, 50 µm.
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Figure 4.2: EPL cultures respond to BMP antagonists, Noggin or DM, and FGF2
treatment with a significant increase in retinal progenitor cell markers.

159

Figure 4.2: EPL cultures respond to BMP antagonists, Noggin or DM, and FGF2
treatment with a significant increase in retinal progenitor cell markers. (A) Schematic
of culture conditions. Treatment was added on day 5 (D5, red arrowhead) in MEDII
conditioned media. 24 hours later, treatment was washed out and MEDII was replaced,
and then switched to differentiation media on day 7 (D7) until cells were collected on
day 9 (D9). (B) qRT-PCR analysis of EPL cultures on day 9 (D9) for the expression
of retinal progenitor markers (Ascl1, Pax6, Rx and Crx) at increasing concentrations of
Noggin (Nog) and 20 ng/ml FGF2 (FGF2). Graphs depict mean ± s.e.m. fold induction of
samples relative to undifferentiated ES cells on day 0 (D0) using β-actin as a normalizing
control. N = 5. (D-E) DM treatment is equally as effective as Noggin treatment at
repressing BMP signaling (D) and inducing retinogenesis (E). (D) Western blot analysis
of EPL cells before (D0-D5) and after (D6) treatment conditions to assess level of BMP
signaling (pSmad1/5/9) after treatment with FGF2 (20 ng/mL), Noggin (100 µM), or DM
(10 µM). pSMAD1/5 represented by the top band (60 kD) and pSmad9 is bottom band (52
kD). There is no significant change in SMAD1 expression. Graph depicts relative band
density of pSmad1/5/9 normalized to β-actin. (E) qRT-PCR analysis for eye field markers,
Lhx2 and Rax, and the photoreceptor marker, Crx, shows similar fold induction in NF
samples compared to 10 and 20 µM DM+FGF2 (D+F).
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Figure 4.3: EPL aggregates treated with a BMP antagonist and FGF2 differentiated
and expressed ganglion cell markers PAX6 and ISLET1/2.
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Figure 4.3: EPL aggregates treated with a BMP antagonist and FGF2 differentiated
and expressed ganglion cell markers PAX6 and ISLET1/2. Antibody staining on
sections of NF-treated aggregates show positive expression of PAX6 (A) and ISLET1/2
(C), but not BRN3 (E) or MELANOPSIN (F). Dashed box indicates the area magnified
in corner inlay. (B,D) PAX6 is expressed more in more NF-treated aggregates, but
ISLET1/2 expression is not changed with treatment. Quantification depicts the percentage
of aggregates positively stained for the denoted marker in untreated (media) and NF-treated
aggregates. Significance determined using a χ2 proportions test; **, p≤0.01; ***, p≤0.001;
n, number of organoids counted from N = 4 experiments. Scale bars, 50 µm. (G) qRTPCR analysis of retinal progenitor markers, Pax6 and Atoh7, and ganglion cell markers,
Islet1 and Brn3b, in day 6 (D6) and day 9 (D9) samples from untreated (media) and NF
aggregates. N = 3 experiments.
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Figure 4.4: BMP repression and FGF activation biases generation of photoreceptorlike cells by day 9. Photoreceptor markers, OTX2 (A) and CRX (C), are expressed in day
9 NF-treated aggregates. (B,D) Photoreceptors are present in more aggregates after NF
treatment. Graph depicts the percentage of aggregates positively stained for the denoted
marker in untreated (media) and NF-treated aggregates. Significance determined using
a χ2 proportions test; **, p≤0.01; ***, p≤0.001; n = number of aggregates scored, N
= 4. (E) Flow cytometry analysis of CRX+ cells after aggregate dissociation, fixing,
and staining with anti-CRX antibody, compared to undifferentiated ES cells (D0). N =
6 Significance determined using a 1-way ANOVA with Tukey’s multiple comparison’s
test; *, p≤0.05; ***, p≤0.001. (F) Coexpression analysis of CRX (green, F’), OTX2
(red, F”), and PAX6 (cyan, F”’) show regions of high PAX6, low CRX/OTX2 (left
insets), characteristic of progenitor cells, and low PAX6, high CRX/OTX2 (right insets),
characteristic of photoreceptor precursors. Yellow dashed boxes depict magnified region
of high PAX6, low CRX/OTX2 expression shown in left inset, while white dashed boxes
depict magnified region of high CRX/OTX2, low PAX6 expression shown in right inset.
Scale bars in all panels = 50 µm.
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Figure 4.5: Cone photoreceptor markers are enriched in aggregates treated with a
BMP antagonist and FGF2. Cone photoreceptor markers MOPSIN (A), SOPSIN (C),
and RXRγ (F) are observed in in day 9 NF-treated aggregates. (B) Graph depicts the
percentage of aggregates positively stained for MOPSIN in untreated (media) and NFtreated aggregates. Significance determined using a χ2 proportions test; ***, p≤0.001; n,
number of aggregates scored, N = 4. (C-E) Most CRX+ cells (green; C,F) also express
SOPSIN (C’,C”) and RXRγ (E’,E”), with DAPI counterstain (C”,E”’). (D) Percentage
of CRX+, SOPSIN+, and CRX+/SOPSIN+ observed in costained NF-treated aggregate
sections. n = 28 spheres, N = 2, total cells counted, 5764. (F) qRT-PCR analysis of
phototransduction cascade genes show expression of some rod and cone specific genes
present in DSF cultures at day 12, 15, and 18. Graph depicts mean fold change of
expression from undifferentiated ES cells (D0). N = 1. Scale bars in all panels, 50 µm.
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Figure 4.6: Treatment with a BMP antagonist and FGF2 drives Crx-GFP expression

by day 7.
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Figure 4.6: Treatment with a BMP antagonist and FGF2 drives Crx-GFP expression
by day 7. Before treatment on day 5 (A-A), Crx-GFP expression is observed in a few
aggregates (arrow). (B-E’) By day 7, cells treated with media or FGF2 alone have GFP
expression in only a few spheres, while treatment with DM (D; D,D’) or DM and FGF2
(DF; E,E’) results in robust GFP expression in all spheres. Pictures for panels B’-E’ were
taken at the same exposure and magnification and are representative of 4 experiments.
(F) Dissociation of aggregates was performed at day 7 and GFP-positive cells quantified
by flow cytometry. N = 4. (G) Coexpression analysis of CRX (green, G’), OTX2 (red,
G”), and PAX6 (cyan, G”’) shows the majority of cells express CRX and OTX2, but not
PAX6. (H,I,J) Quantification depicts the percentage of aggregates positively stained with
the denoted marker. Significance determined using a χ2 proportions test; *, p≤0.05; n,
number of organoids counted, N = 3. (K) qRT-PCR analysis of phototransduction cascade
genes show expression of some rod and cone specific genes present in DSF cultures at day
12, 15, and 18. Graph depicts mean fold change of expression from undifferentiated ES
cells (D0). N = 1. Scale bars in all panels, 50 µm.
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Figure 4.7: BMP and Activin inhibition with FGF activation increases the percentage
of GFP-positive cells in EPL aggregates at day 7.
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Figure 4.7: BMP and Activin inhibition with FGF activation increases the percentage
of GFP-positive cells in EPL aggregates at day 7. (A) DM and SB43 selectively inhibit
BMP (pSmad1/5/9) and Activin (pSmad2) signaling, respectively, in EPL aggregates.
Western blot analysis of aggregates before (D0-D5) and after (D6) adding designated
treatments. pSmad1/5 represented by the top band (60 kD) and pSmad9 is bottom band
(52 kD). Smad1, Smad2/3, and β-actin are provided as loading controls. Graphs depict
mean ± s.e.m. fold induction of samples relative to undifferentiated ES cells on day zero
(D0) using β-actin as a normalizing control. N = 3. (B-C) Increasing concentrations
of DM and SB43 with and without FGF2 act additively to increase the percentage of
GFP+ cells in cultures. The left graph shows samples without FGF2 addition (-FGF2)
and the right, with FGF2 (+FGF2). Graphs depict mean ± s.e.m; Significance determined
using a 1-way ANOVA with Tukey’s multiple comparison’s test. * denotes significance
of varying SB43 compared to 0 µMS̃B43, while # denotes significance of varying DM
concentration compared to 0 µMD̃M, N = 3. (D) Comparison of results in (B-C) for
treatment concentrations of DM and SB43 without (white) and with FGF2 (black). Graphs
depict mean ± s.e.m. *, p≤0.05 using unpaired T-tests.
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Table 4.1: Percentage of Crx-GFP+ aggregates observed after treatment

Treatment

%GFP+
aggregates

Total
Counted

Media

3.9 ± 0.8

282

FGF2

2.6 ± 0.6

254

DM 10 µM

100

497

DM 10 µM + FGF2

100

310
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Figure 4.S1: Significant induction of ectoderm markers in EPL aggregates compared
to ES aggregates. Individual graphs of qRT-PCR analysis from Figure 1. (A) Ectoderm
markers, Fgf5 and Foxd3, are significantly increased in EPL cultures by day 3, but no
significant induction of endoderm (Six7 and Sox17) or mesoderm (Cd34 and Brachyury/T)
markers are observed (C). (B,D) Control ES cultures have significant induction of Fgf5
and Brathyury/T. Trophectoderm genes are not induced in either cultures. Graphs depict
mean ± s.e.m. fold induction of samples at each time point relative to undifferentiated
ES cells on day zero (D0) using β-actin as a normalizing control. N = 6. Significance
determined using a 1-way ANOVA with Tukey’s multiple comparison’s test; *, p≤0.05; **,
p≤0.01.
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Figure 4.S2: PROX1 and Transducin is expressed at day 12. Representative images
of NF-treated aggregates on day 9 (A-C) and day 12 (D-E). (A) PROX1 is present in
horizontal, amacrine, bipolar, and ganglion cells, but only one PROX1-positive cell was
observed in day 9. n = 28, N = 2. (B-C) Rod photoreceptor markers [RHODOPSIN and
Rod Transducin (GαT1)] are not expressed at day 9. n = 52, N = 2. (D) More PROX1positive cells are present in NF aggregates at day 12, but only in 1 out of 15 aggregates, N
= 1. (E) Rod transducin is expressed in NF-treated aggregates at day 12 , but RHODOPSIN
is not observed (E”; n = 51, N = 2).
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Figure 4.S3: Crx-GFP-positive cells are present 24 hours after treatment.
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Figure 4.S4: Immunohistochemistry staining of retinal sections.

Adult mouse

retina was stained with antibodies against ISLET1/2, BRN3, MELANOPSIN, PAX6,
RHODOPSIN (RHO), Rod Transducin (GαT1), PROX1, OTX2, CRX, MOPSIN to stain
EPL aggregates. ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell
layer.
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Table 4.S1: Antibodies used for Western blots

Antibody

Source

Catalog #

Concentration

rabbit anti- phospho-Smad1/5/9
(C-term)

Cell Signaling
Technology

1:1000

13820

rabbit anti-Smad1

Cell Signaling
Technology

1:1000

9743

rabbit anti-phospho-Smad2

Cell Signaling
Technology

1:1000

3108

rabbit anti-Smad2/3

Cell Signaling
Technology

1:2000

5678

rabbit anti-β-actin

Cell Signaling
Technology

1:2000

4967

goat anti-rabbit IgG HRP

Fisher

1:5000

PI-31460
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Table 4.S2: Antibodies used for immunohystochemistry

Antibody

Source

Catalog #

Concentration

DAPI (49,6-Diamidino-2phenyindole dilactate)

Sigma

D9564

10 mg/ml

Goat anti-Brn3b

Santa Cruz

sc-6026

1:100

Rabbit anti-SWopsin (Sopsin)

Milipore

AB5407

1:200

Mouse anti-Crx

Novus Biologicals

H00001406M02

1:200

Rabbit anti-Pkc

Santa Cruz

SC-208

1:500

Mouse anti-Pax6

DSHB

Rabbit anti-R/Gopsin (Mopsin)

Milipore

Mouse anti-GFAP

1:100
AB5405

1:1000

Sigma

G3893

1:400

Rabbit anti-Gt1 (rod transducin)

Santa Cruz

SC-389

1:1000

Rabbit anti-Prox1

BioLegend

925291

1:750

Mouse anti-Rhodopsin

Sigma

O4886

1:5000

Mouse anti-Isl1+2

DSHB

39.4D5

1:800

Alexa 546 Donkey anti-Goat

Invitrogen

A21068

1:1000

Alexa 488 Goat anti-Mouse

Invitrogen

A11001

1:1000

Alexa 546 Goat Anti-Mouse IgG
(H+L)

Invitrogen

A11003

1:1000

Alexa 488 Donkey anti-Rabbit
IgG

Invitrogen

A21206

1:1000

Alexa 555 Goat anti-Rabbit IgG
(H+L)

Invitrogen

A21428

1:1000

Alexa 488 donkey anti-rabbit IgG

Mollecular Probes
(Invitrogen)

1:1000

A21206

Alexa 594 goat anti-mouse IgG3

Mollecular Probes
(Invitrogen)

1:1000

A21155
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Table 4.S3: Primers used for qRT-PCR

Target

Marker
Expression

Sequence

Reference

Accession #

β-actin-F
β-actin-R

Normalization
factor

ATGGAATCCTGTGTCATCCA
CGCTCAGGAGGAGCAATGAT

(Haider et al.,
2006)

BC138614

Nanog-F
Nanog-R

Pluripotency

CCTGATTCTTCTACCAGTCCCA
GGCCTGAGAGAACACAGTCC

PrimerBank ID:
31338864a3*

AB093574

Oct4-F
Oct4-R

Pluripotency

TCTCCCATGCATTCAAACTG
GCTCCTGATCAACAGCATCA

Primer3
Software**

X52437

Rex1-F
Rex1-R

Pluripotency

AAGCGTTTCTCCCTGGATTTC
TTTGCGTGGGTTAGGATGTG

(Lakshmipathy
et al., 2004)

M97812

FGF5-F
FGF5-R

Primitive
ectoderm

ATTAGTGGCTGGGCTCAATG
AGGGGGCAGATAAAAGGAGA

Primer3
Software**

NM 010203

FoxD3-F
FoxD3-R

Primitive
ectoderm

ATCCTGGTCCATCTGTCCTG
TTAGGTGAGTGAGGGGATGG

Primer3
Software**

NM
010425.3

Ascl1-F
Ascl1-R

Neuroectoderm

AACAAACCAGACAGCCAACC
AGGAACCCATCTGTGATTCG

Primer3
Software**

NM 008553

Lhx2-F
Lhx2-R

Retinal
progenitor

TAAGAGTGCAGGATTGGGCTCAG
TGGTCACGATCCAGGTGTTCA

(Chen et al.,
2010)

NM 010710

Pax6-F
Pax6-R

Retinal
progenitor

GCAACCTGGCTAGCGAAAAG
CCCGTTCAACATCCTTAGTTTATCAT

(Tsai et al., et al.,
2011)

X63963

Rx/Rax-F
Rx/Rax-R

Retinal
progenitor

TTCGAGAAGTCCCACTACCC
GAGAGGAGGGGAGAATCCTG

Primer3
Software**

AF001906

Otx2-F
Otx2-R

Rod/cone and
bipolar
progenitor

CCAGGGTGCAGGTATGG
GGCAGGCCTCACTTTGTT

(Graham et al.,
2005)

NM 144841

Crx-F
Crx-R

Rod/cone
progenitor

TCTGATGCTTTTCCCCAGTC
AAGTTCCCAGCAATCCTCCT

Primer3
Software**

NM
001113330

Brn3b-F
Brn3b-R

Retinal
ganglion cell

AGCCGGACGCCACTTACCA
AGCGGACGGGTGCGAGAT

(Chen et al.,
2010)

NM 138944

Islet1-F
Islet1-R

Retinal
ganglion cell/
Amacrine cell

TCCCAGAGTCATCCGAGTGT
CCACCATCATGTCTCTCCGG

Primer3
Software**

NM 021459

Continued on next page
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Target

Marker
Expression

Sequence

Reference

Accession #

Atoh7-F
Atoh7-R

Retinal
ganglion cell

GTCCAAGTACGAGACACTGCA
GGAAAGGGAGGTAGGGGTGA

Primer3
Software**

NM 016864.1

Sopsin-F
Sopsin-R

Cone
photoreceptor

GAGGCCTTCTTGGGCTCTGTA
ATGAACCTGCTCCAGCCAAA

(Haider et al.,
2009)

NM 007538.3

Mopsin-F
Mopsin-R

Cone
photoreceptor

CTTTCCAGCACCTCCAAGAC
GGAGGTAAAACATGGCCAAA

Primer3
Software**

NM 008106

Gnat2-F
Gnat2-R

Cone
photoreceptor

GCATCAGTGCTGAGGACAAA
CTAGGCACTCTTCGGGTGAG

(Znoiko et al.,
2005)

NM 008141

CngA3-F
CngA3-R

Cone
photoreceptor

GACCCCTCCAGCAACATCTA
GCTCGAACCAGCATGTCTAA

(Haider et al.,
2009)

NM 009918

PDE6C-F
PDE6C-R

Cone
photoreceptor

TGACCACAGAGGCACCAATA
AGAGTGCCAGGTCAGTTGCT

(Ding et al.,
2009)

NM 033614

Rhodopsin-F
Rhodopsin-R

Rod
photoreceptor

CAAGAATCCACTGGGAGATGA
GTGTGTGGGGACAGGAGACT

(Znoiko et al.,
2005)

BC031766

Recoverin-F
Recoverin-R

Rod
photoreceptor

ACCTGCAGTGTGAGCATTGC
TGGGATTATCACAGGGCTACCT

(Haider et al.,
2009)

NM 009038

Brach/T-F
Brach/T-R

Mesoderm

CTCGGATTCACATCGTGAGAG
AAGGCTTTAGCAAATGGGTTGTA

PrimerBank ID:
6678203a3*

NM 009309

Cd34-F
Cd34-R

Mesoderm

ATGTCCGGCCTTCTCCTATT
CCCAAAGGTCAGAGATTGGA

Primer3
Software**

NM
001111059.1

Sox17-F
Sox17-R

Primitive
endoderm

GCCAAAGACGAACGCAAGCGGT
TCATGCGCTTCACCTGCTTG

(Kanai et al.,
1996)

NM 011441

Sox7-F
Sox7-R

Primitive
endoderm

TGTTGACAGATCCCCAAGAA
CTGGGCACCAGTCAATTACA

Primer3
Software**

NM 011446.1

Cdx2-F
Cdx2-R

Trophectoderm

CCTACCCACGAACAGCATCT
AGAAGCCCCAGGAATCACTT

Primer3
Software**

NM 007673.3

Tcfap2C-F
Tcfap2C-R

Trophectoderm

CCGTGCTGAGAAACTGTTGA
AAAGCCCAGCTTCATCTTCA

Primer3
Software**

NM 009335.2
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General Discussion and Future Directions
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5.1

Introduction

The BMP and Activin/Nodal signaling pathways play a key role in early embryogenesis.
Neural induction in Xenopus requires repression of both the BMP and Activin/Nodal
pathways (Chang and Harland, 2007). This is accomplished in the embryo by the secretion
of BMP and Activin/Nodal antagonists, including Noggin (Lamb et al., 1993; Bayramov et
al., 2011). Since these findings, Noggin has been identified as a potent neural inducer,
capable of driving neurogenesis from pluripotent cells in Xenopus, mouse, and human
(Lamb et al., 1993; Itsykson et al., 2005; Chambers et al., 2009; Bertacchi et al., 2013).
However, Noggin also exhibits concentration-dependent effects on cell fate and can direct
retinal cell specification at high concentrations versus forebrain specification at lower
concentrations (Zuber et al., 2003; Lan et al., 2009; Viczian et al., 2009). However,
the mechanism by which Noggin specifies different tissue types is not yet understood.
Therefore, in this thesis I investigated whether both the BMP and Activin/Nodal-inhibiting
activity of Noggin was important for retinal tissue specification, and the role of BMP and
Activin/Nodal signaling in specifying retinal progenitor cells that give rise to the neural
retina and retinal pigment epithelium.
The work presented in my thesis demonstrates that at high concentrations, Noggin
works as a dual repressor of BMP and Activin/Nodal signaling and repression of both
pathways regulates specification of the eye field (Chapter 2). In the anterior neural plate,
repression of BMP and Activin/Nodal signaling increases the expression of otx2, and Otx2
can directly activate tbx3 expression to specify the eye field (Chapter 3). These results
suggest a mechanism by which repression of BMP and Activin/Nodal signaling allows
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activation of neural and eye field genes to specify neural and retinal cell progenitors. We
also provide evidence that BMP and Activin/Nodal repression can bias mouse primitive
ectoderm-like cells to generate retinal progenitor cells that are specified into a high
population of cells expressing cone photoreceptor markers (Chapter 4). Therefore, I
concluded that transient repression of BMP and Activin/Nodal signaling is sufficient to
drive retinogenesis in both Xenopus and mouse ES cells.

5.2
5.2.1

Retinogenic signaling networks
Extracellular mechanisms

Although BMP signaling was widely studied as a repressor of neural induction, a role for
Activin/Nodal signaling during eye field induction had not been investigated. Activin and
Nodal signals were generally thought to play a role in mesoderm induction and patterning.
Therefore, it was originally thought that the role of Activin/Nodal in neural induction
was to specify the Spemann organizer in the dorsal mesoderm, which gave off neuralinducing morphogens. However, in a seminal paper, Chang and Harland observed that the
inhibition of both BMP-Smad1 and Activin/Nodal-Smad2 signaling bypassed mesoderm
formation and directly induced neural tissue (Chang and Harland, 2007). Repression of
both pathways was sufficient to induce ectopic expression of the anterior neural markers,
otx2 and engrailed 2. Furthermore, in with sub-optimal BMP repression, repression of
Activin signaling enhanced neural induction. In Chapter 2, I presented evidence that at
high concentrations, Noggin functions as an inhibitor of both BMP and Activin/Nodal
signaling to direct retinal specification. In addition to induction of otx2, we observed that
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inhibiting canonical BMP-Smad1/5/8 and Activin-Smad2/3 signaling was sufficient to derepress expression of the EFTFs, thereby specifying the eye field.
However, it is still not clear how intracellular effectors of BMP or Activin/Nodal
signaling (pSmad1/5/8 and pSmad2/3, respectively) change temporally within the
developing embryo. First, secreted growth factors can diffuse across the embryo to affect
cells in a non-autonomous mechanism. Generation of BMP reporter constructs or staining
for phosphorylated Smad1/5 observed a ventral to dorsal gradient of BMP signaling during
Xenopus and zebrafish gastrulation (Plouhinec and De Robertis, 2009; Ramel and Hill,
2013). Activins and Nodals, conversely are originally secreted from the Nieuwkoop center
in the dorsal pre-gastrula stage embryo (Agius et al., 2000), and then are expressed in the
vegetal pole of the embryos to specify mesoderm (Faure et al., 2000). However, Nodal
ligands act as short range morphogens, whereas Activins can diffuse further, altering the
special regulation of these ligands (Gurdon and Bourillot, 2001). Conversely, secreted
antagonists can also block these ligands from binding to cell surface receptors. Noggin1,
2, and 4 are all secreted from the Spemann organizer (Bayramov et al., 2011; Eroshkin
et al., 2016). While Noggin1 and Noggin2 act locally, Noggin 4 can diffuse through the
intracellular space much faster, leading to a wider range of effect (Eroshkin et al., 2016).
Each antagonist also has varying affinity for each ligand, causing complex interactions
between ligand and antagonist gradients (Piccolo et al., 1999; Bayramov et al., 2011;
Eroshkin et al., 2016). Signaling can also be regulated intrinsically though the regulation
of cell surface receptor activity (Jullien and Gurdon, 2005) and activation and nuclear
translocation of R-Smads (Bourillot et al., 2002; Kinoshita et al., 2006). Generation of
GFP-tagged Smad2 has facilitated real-time observation of Smad2 translocation in Xenopus
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explants after exposure to Activin (Kinoshita et al., 2006). Alternatively, bimolecular
fluorescence complementation (BiFC) can be used to detect Smad2-Smad4 interaction after
pathway activation (Smith, 2009). Adaption of these techniques into whole embryos could
facilitate observation of pathway activation in vivo. Yet, because Smad1/5/8 and Smad2/3
can act independently of each other, it would be important to consider the independent
actions of the BMP and Activin signaling pathways on expression of the other EFTFs.
Smad1/5/8 and Smad2/3, which are downstream of BMP and Activin/Nodal
signaling respectively, have very different binding motifs. The R-Smads, Smad1, Smad2
(when bound to Smad4), Smad3, Smad5, and the co-Smad, Smad4, share the Smad
binding element (SBE), represented by the motif (C)AGAC (reviewed in Massagué, 2012;
Hill, 2016). However, Smad1/5 can also bind the GC-rich motifs GGCGCC or GGAGCC
with higher affinity. These motifs are present in many BMP-responsive genes, including
the Id and Ventx genes. Because both Smad1/5/8 and Smad2/3 need to be repressed
independently, this suggests that there are different genes that are regulated by each
pathway. To determine if any or all of these Smads are regulating the EFTFs directly,
we can conduct ChIP-seq experiments using Xenopus ChIP-verified anti-Smad1/5 or antiSmad2/3 antibodies (Chiu et al., 2014). In ventral tissue where BMP signaling is active,
we can assess if these molecules bind regulatory regions of proneural or EFTF genes. We
can simultaneously conduct ChIP-seq for histone modifications to determine whether the
chromatin is arranged such that the enhancer region is active (H3K27me1 or H3K27ac) or
repressed (H3K27me3), as has been done recently (Session et al., 2016; Suzuki et al.,
2016). These results could provide a more thorough understanding of what genes are
directly regulated by BMP or Activin/Nodal signaling during neural induction.
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5.2.2

Intracellular mechanisms

We have shown that repression of Smad1/5/8 and Smad2/3 signaling is sufficient to drive
expression of neural markers, suggesting that retinal specification can be driven by a cell
nonautonomous mechanism (Lan et al., 2009; Viczian et al., 2009). Furthermore, cells
are restricted to an eye field lineage with the co-expression of Tbx3 with Pax6 (Motahari
et al., 2016). Therefore, to understand how they eye field is specified, we investigated
what molecules may be upstream of these genes to regulate their expression during neural
development.
In Chapter 3, I suggest a mechanism by which Otx2 can directly induce tbx3
expression in the anterior neural plate where BMP signaling is inhibited. Repression of
BMP-Smad1/5/8 and Activin-Smad2/3 signaling was sufficient to expand the otx2, tbx3,
and rax domains in the anterior neural plate, whereas overexpression of BMP4 and Activin
B led to a repression of tbx3 in the eye field. We also identified an evolutionarily conserved
cis-regulatory region upstream of tbx3, called tbx3ECR1. In this region, we identified
putative binding sites for many early neural genes, including Otx2, Sox2, and Vsx2, and
the BMP-specific R-Smads, Smad1/5. We observed direct binding of Otx2 to this region,
suggesting that tbx3ECR1 may regulate tbx3 expression during early development and eye
field specification. Adjacent Sox2 and Otx2 binding sites were previously found in the
rax/rx2 promoter, which cooperatively drive reporter gene expression in the early eye field
(Martinez-de Luna et al., 2010). In future studies, we will generate a reporter construct
with the tbx3ECR1 regulatory region, to determine when this regulatory region is active
during eye development.
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Similar to the rax promoter, Otx2 may require other cofactors to regulate tbx3
expression. One candidate transcription factor is Sox2. Sox2 alone is not sufficient to
induce proneural gene expression, but instead enhances the DNA binding affinity of other
transcription factors, including Pax6, to enhance transcriptional activity (Kamachi et al.,
2001). We have also observed that sox2 expression is induced by repressing BMP signaling
by overexpressing a dominant negative Smad1 (Appendix Figure B.1). BMP signaling
has been shown to directly repress sox2 expression during lung morphogenesis and stem
cell reprogramming, and Sox2 activity can be mimicked by repression of TGFβ signaling
during stem cell reprogramming (Greber et al., 2008; Ichida et al., 2009; Domyan et al.,
2011). Therefore, if sox2 expression is repressed by BMP signaling, but Otx2 requires
Sox2 to activate tbx3, this suggests an indirect mechanism by which BMP signaling can
inhibit tbx3 expression. Together, understanding the complex interactions can help build
the eye field GRN to discover how these signaling factors can alter gene expression.
Alternatively, the binding sites for Otx2 and Smad1/5 are close together, so it is
possible that Smad1/5 may compete with Otx2 for binding to tbx3ECR1. However, we still
need to determine if Smad1/5 binding in this region leads to tbx3 activation or repression.
Although my results showed that tbx3 was repressed upon activation of BMP signaling in
the eye field, tbx3 expression is induced by BMP signaling in the developing optic cup,
heart, limb and mammary glands (Yamada et al., 2000; Sasagawa et al., 2002; Tümpel et
al., 2002; Davenport et al., 2003; Cho et al., 2006; Lee et al., 2007; Hasegawa et al., 2016).
Therefore, it is possible that Smad1/5 binding in this region could activate tbx3 expression
later in development, dependent on cofactors that are not present early in development.
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5.3

Recapitulating eye development in vitro

Pluripotent stem cells are a useful tool to study eye development in vitro. Previous studies
have observed that exposure to known extrinsic factors that direct embryonic development
toward neural induction and then, eye formation allows for guided differentiation of stem
cells into a variety of cell types, including RPE and retinal cells (reviewed in Viczian,
2013; Zhao et al., 2017. The study of extracellular modulators of cell fate has been key
to developing stem cell differentiation protocols. Reagents and extracellular proteins can
be added to the media to allow for a temporal control of gene expression by creating an
artificial microenvironment to direct differentiation. In comparison, overexpression of
genes through genetic methods lacks this temporal control and can disrupt normal cell
function if genes need to be silenced later in development.
In Chapter 4, I described a method to model retinal specification in vitro
by mimicking the environment required to drive retinogenesis in Xenopus primitive
ectodermal explants, or animal caps. After directing mouse ES cells to an early primitive
ectoderm-like (EPL) state, treatment with a high concentration of Noggin and FGF2 (NF)
resulted in robust retinal marker expression in nearly every cell aggregate. NF treatment
was sufficient to significantly enhance expression of retinal progenitor cell markers,
including pax6 and rax. These EPL-derived retinal progenitor cells went on to generate
a high concentration of cells expressing photoreceptor markers, most of which are cone
photoreceptor-like. Photoreceptor marker induction was further enhanced by treatment
with the BMP and Activin/Nodal inhibitors, Dorsomorphin and SB43, respectively. During
the course of this study, a number of papers have been published that observed similar
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results with human stem cells (embryonic and induced pluripotent) (Chambers et al., 2009;
Mellough et al., 2012; Decembrini et al., 2014; Zhou et al., 2015). Our cultures appeared
to recapitulate the results observed in human differentiation assays: we observed that high
concentrations of chemical inhibitors of BMP and Activin signaling led to a robust and
synchronized expression of photoreceptor markers, including a high concentration of cone
photoreceptor markers. The generation of cone photoreceptors has been a particular interest
to the field because humans rely heavily on cone photoreceptor activity for our central
vision. However, we have yet to develop a method to reliably generate cones in culture. By
having a mouse ES culture system that generates cone photoreceptor-like cells faster and
more synchronously, future work can discover conditions to grow cone photoreceptor-only
cultures that mimic the response found using human ES cells. These cultures can provide a
unique model to study cone differentiation to study diseases and use as donor cells for cell
transplantation technologies.
To further understand the signaling factors responsible for the developmental
progression we observe, it will be important to understand the components in the MEDII
conditioned media that are responsible for promoting a retinal fate. Generation of epiblastlike EPL aggregates requires the use of this Matrigel-like media, but we observe the
generation of retinal cells without the addition of NF treatment, although in a smaller
proportion. This observation suggests that in addition to epiblast-promoting factors, there
may be additional proteins that are able to promote retinogenesis. Identification of these
proteins can be carried out through fractionation experiments, as previously conducted
(Rathjen et al., 1999). MEDII media can be similarly fractionated, and column fractions
can be assessed for retina-forming activity. Mass spectrometry analysis of retinogenic
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fractions can be used to identify the proteomic makeup. Together, these can be used to
identify growth factors or extracellular matrix proteins that are secreted by the HepG2
cells to promote retinogenesis. Alternatively, there are previously published methods to
direct epiblast formation from ES cells using L-proline or Activin A, FGF2 and N2/B27
supplements (Washington et al., 2010; Hayashi et al., 2011).
To further characterize the photoreceptor phenotype, it will be important to determine
if these cells are capable of transducing light responses. We observed transcript expression
of the phototransduction cascade proteins in these cells, suggesting that these proteins are
present. To determine if the light response pathways are functional in our cells, we will test
the ability for our photoreceptor-like cells to degrade cGMP after light exposure. cGMP
levels can be measured using an immunoassay, as was previously published (Zhou et al.,
2015). We expect that if our cultures contain functional machinery, light exposure would
cause a sharp decrease in cGMP levels compared to the elevated cGMP levels in darkadapted cultures. This assay will test whether our in vitro-derived photoreceptors develop
functional light responses.
The fact that BMP and Activin repression, by treatment with DM and SB43,
increased photoreceptor cell specification raised the question of whether these pathways
directly regulate expression of photoreceptor genes, or that the microenvironment in our
culture system contains other photoreceptor-specific inductive cues. In Xenopus, Noggin
treatment did not bias in vitro-derived retinal progenitor cells towards one population of
retinal cells (Viczian et al., 2009), which suggests Noggin is not altering progenitor cell
bias. Therefore, it is likely that the environment in our culture is providing cues to bias the
formation of early-born retinal cell fates. In support of this, we observed Notch signaling
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was very low in our cultures (Figure C.1). Repression of Notch signaling has been shown
to bias retinal progenitor cells predominantly toward cone photoreceptors, rather than
other retinal cell types (Riesenberg et al., 2009). To address this question, it would be
interesting to see if increasing Notch signaling may alter the cell types generated in our
cultures. Alternatively, if BMP and Activin are directly regulating photoreceptor genes,
identification of this regulatory method could aid future differentiation assays to promote
photoreceptor cell specification.

5.4

Retinal cell replacement therapies

Currently, many blinding diseases remain incurable due to the inability of retinal cells to
proliferate and replace the cells that are lost. Therefore, retinal cell replacement therapies
pose a unique solution to restoring vision (reviewed in Zhao et al., 2017; Nommiste et al.,
2017). The goal of cell replacement therapies is to replace dysfunctional or dying cells
with “corrected cells in the hopes these new cells can integrate into the mature retina and
halt visual decline or even restore function to disease-impacted regions. Many studies have
tested the efficacy of transplanting human and mouse in vitro-derived photoreceptors into
mice with photoreceptor degenerations (Lamba et al., 2009; Tucker et al., 2011; Tucker et
al., 2011; Barber et al., 2013; Gonzalez-Cordero et al., 2013; Barnea-Cramer et al., 2016;
Pearson et al., 2016; Kruczek et al., 2017). These studies have uncovered a number of
challenges that need to be addressed before such therapies can be realized. First, generation
of reliable donor retinal cells requires more robust and efficient stem cell differentiation
protocols to be developed. Second, current transplantation techniques require a large
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population of purified retinal donor cells in a precise developmental window for translation
to be efficient. Finally, these protocols must be adapted for clinical application to prevent
deleterious effects in patients.
As described in chapter 4, pluripotent stem cell-derived photoreceptors have been
an attractive source for cell replacement therapies. However, to be considered suitable for
transplantation, cells must be robustly generated with minimal variability, and obtained in
a precursor state (MacLaren et al., 2006; Decembrini et al., 2014). For this reason, we have
been motivated to identify photoreceptor-specific induction cues. The work presented in
Chapter 4 are consistent with the previously published study with human ES cells showing
cone photoreceptor specification can be enhanced by simultaneous inhibition of BMP,
TGFβ, and Wnt signaling (Zhou et al., 2015). Cone photoreceptor generation can also
be enhanced by treatment with the Notch inhibitor, DAPT (Osakada et al., 2008; Kruczek
et al., 2017). However, the photoreceptors generated from these protocols are display a
variable differentiation state, with some aggregates generating retinal-like tissue earlier
than others (Decembrini et al., 2014). The differentiation state is a key factor in determining
how efficiently photoreceptor cells can integrate into a host retina. Previous reports
determined that photoreceptors equivalent to P4-P6 retina are more likely to integrate
into the host retina (MacLaren et al., 2006; Decembrini et al., 2014). Therefore, even
if many photoreceptors are generated, they are not necessarily all at the same point in their
development. In Chapter 4, I observed that after treatment, photoreceptor specification was
directed in all aggregates within 24 hours. This decreased the variation between different
aggregates, resulting in consistent induction of cone markers before day 9. However, recent
transplantation studies have suggested that donor photoreceptor precursors transfer proteins
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to host cells in the mouse retina, obscuring whether donor cells survive and integrate as
previously suggested (Pearson et al., 2016; Santos-Ferreira et al., 2016; Singh et al., 2016;
Ortin-Martinez et al., 2017). Therefore, in future studies, it will be important to distinguish
between material transfer and successful cellular integration in other animal models.
Lastly, ES-derived photoreceptors must be purified to prevent transplantation of
undifferentiated stem cells. Without purification, unspecified stem cells have the potential
to become tumorigenic or form teratomas. Current purification methods include fluorescent
reporters followed by fluorescence-activated cell sorting (FACS) (Lamba et al., 2010;
Decembrini et al., 2014; Kruczek et al., 2017), or selecting for rod photoreceptors
magnetic-activated cell sorting using rod-specific surface antigen CD73 (Koso et al., 2009;
Lakowski et al., 2011; Lakowski et al., 2015). However, as of yet, there are no conespecific reporter lines or cell surface antigens identified that would facilitate purification of
cone precursors. I attempted to develop a cone-specific reporter line by CRISPR-mediated
knock-in of the ThrbCRM1-mKate2 reporter, characterized by Emerson (Emerson et al.,
2013), to Crx-GFP ES. In this proposed cell line cone precursors would coexpress GFP
and mKate2, allowing for FACS separation of cones. We generated transgenic Xenopus
embryos, and found cone photoreceptor expression using the ThrbCRM1-GFP construct
(Appendix Figure D.1). Yet, we were unable to detect expression of the reporter gene
in mouse Crx-GFP ES cells that underwent CRISPR/Cas9 homologous recombination in
the Rosa26 locus, even though PCR indicated incorporation of the construct (Appendix
Figure D.2). It is possible that the construct was not incorporated into the chromosome
(episomal), as was previously described when attempting to generate transgenic fish (Won
and Dawid, 2017). To determine that this construct is not episomal, Southern blot analysis
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on the cells will be done in the future.

5.5

Concluding remarks

In conclusion, the work presented in this dissertation suggests a conserved mechanism of
retinogenesis in Xenopus laevis and mouse. My work demonstrates that dual repression of
the BMP and Activin/Nodal signaling pathways is sufficient to drive pluripotent Xenopus
primitive ectoderm and mouse epiblast cells towards generation of retina.
My work with Xenopus laevis demonstrated that repression of these signaling
pathways leads to an induction of the eye field transcription factors that are required for
eye field specification. I observed that Otx2 directly regulates tbx3 expression in the
anterior neural plate to specialty eye field progenitor cells, and that BMP and Activin/Nodal
signaling represses this regulatory mechanism.
Finally, to determine if mouse embryonic stem cells can be driven to form retinal
cells through a conserved mechanism, we have established a cell culture protocol to
mimic the developmental progression of the pluripotent Xenopus cells in mouse cells.
Mouse embryonic stem cells can be directed into mouse early primitive ectoderm-like
(EPL) cells, which developmentally mimic Xenopus primitive ectoderm. Repression of
BMP and Activin/Nodal signaling in these cells drove retinogenesis, consistent with my
results in Xenopus. Furthermore, we observed a high population of cells which expressed
markers for cone photoreceptor cells. Together, these results have begun to identify the
regulatory mechanisms active during retinal induction, and identify key molecules that
provide interesting avenues for further research.
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Massagué, J. (2012). TGFβ signalling in context. Nat Rev Mol Cell Biol 13, 616-630.
Mellough, C. B., Sernagor, E., Moreno-Gimeno, I., Steel, D. H. and Lako, M. (2012).
Efficient stage-specific differentiation of human pluripotent stem cells toward retinal
photoreceptor cells. Stem Cells 30, 673-686.
Motahari, Z., Martinez-De Luna, R. I., Viczian, A. S. and Zuber, M. E. (2016). Tbx3
represses bmp4 expression and, with Pax6, is required and sufficient for retina
formation. Development 143, 3560-3572.
Nommiste, B., Fynes, K., Tovell, V. E., Ramsden, C., da Cruz, L. and Coffey, P. (2017).
Stem cell-derived retinal pigment epithelium transplantation for treatment of retinal
disease. Progress in Brain Research 231, 225 - 244.
Ortin-Martinez, A., Tsai, E. L., Nickerson, P. E., Bergeret, M., Lu, Y., Smiley, S.,
Comanita, L. and Wallace, V. A. (2017). A Reinterpretation of Cell Transplantation:
GFP Transfer From Donor to Host Photoreceptors. Stem Cells 35, 932-939.
Osakada, F., Ikeda, H., Mandai, M., Wataya, T., Watanabe, K., Yoshimura, N., Akaike,
A., Sasai, Y. and Takahashi, M. (2008). Toward the generation of rod and
cone photoreceptors from mouse, monkey and human embryonic stem cells. Nat
Biotechnol 26, 215-224.
Pearson, R. A., Gonzalez-Cordero, A., West, E. L., Ribeiro, J. R., Aghaizu, N., Goh, D.,
Sampson, R. D., Georgiadis, A., Waldron, P. V., Duran, Y. et al. (2016). Donor
and host photoreceptors engage in material transfer following transplantation of postmitotic photoreceptor precursors. Nat Commun 7, 13029.
Piccolo, S., Agius, E., Leyns, L., Bhattacharyya, S., Grunz, H., Bouwmeester, T. and De
Robertis, E. M. (1999). The head inducer Cerberus is a multifunctional antagonist of

205

Nodal, BMP and Wnt signals. Nature 397, 707-710.
Plouhinec, J. L. and De Robertis, E. M. (2009). Systems biology of the self-regulating
morphogenetic gradient of the Xenopus gastrula. Cold Spring Harb Perspect Biol 1,
a001701.
Ramel, M. C. and Hill, C. S. (2013). The ventral to dorsal BMP activity gradient in the
early zebrafish embryo is determined by graded expression of BMP ligands. Dev Biol
378, 170-182.
Riesenberg, A. N., Liu, Z., Kopan, R. and Brown, N. L. (2009). Rbpj cell autonomous
regulation of retinal ganglion cell and cone photoreceptor fates in the mouse retina. J
Neurosci 29, 12865-12877.
Santos-Ferreira, T., Llonch, S., Borsch, O., Postel, K., Haas, J. and Ader, M. (2016).
Retinal transplantation of photoreceptors results in donor-host cytoplasmic exchange.
Nat Commun 7, 13028.
Sasagawa, S., Takabatake, T., Takabatake, Y., Muramatsu, T. and Takeshima, K.
(2002). Axes establishment during eye morphogenesis in Xenopus by coordinate and
antagonistic actions of BMP4, Shh, and RA. Genesis 33, 86-96.
Session, A. M., Uno, Y., Kwon, T., Chapman, J. A., Toyoda, A., Takahashi, S., Fukui,
A., Hikosaka, A., Suzuki, A., Kondo, M. et al. (2016). Genome evolution in the
allotetraploid frog Xenopus laevis. Nature 538, 336-343.
Singh, M. S., Balmer, J., Barnard, A. R., Aslam, S. A., Moralli, D., Green, C. M., BarneaCramer, A., Duncan, I. and MacLaren, R. E. (2016). Transplanted photoreceptor
precursors transfer proteins to host photoreceptors by a mechanism of cytoplasmic
fusion. Nat Commun 7, 13537.
Smith, J. C. (2009). Forming and interpreting gradients in the early Xenopus embryo. Cold
Spring Harb Perspect Biol 1, a002477.
Suzuki, A., Yoshida, H., van Heeringen, S. J., Takebayashi-Suzuki, K., Veenstra, G. J. and
Taira, M. (2016). Genomic organization and modulation of gene expression of the
TGF- and FGF pathways in the allotetraploid frog Xenopus laevis. Dev Biol
Tucker, B. A., Park, I. H., Qi, S. D., Klassen, H. J., Jiang, C., Yao, J., Redenti, S., Daley,
G. Q. and Young, M. J. (2011). Transplantation of adult mouse iPS cell-derived
photoreceptor precursors restores retinal structure and function in degenerative mice.
PLoS One 6, e18992.
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A.1

Detailed cell culture protocols

A.1.1

Maintenance of HepG2 and ES cells

Hepatocellular carcinoma cells (HB-8065; HepG2; ATCC, Manassas, VA) were cultured
in HepG2 culture medium [DMEM (12100061; Life Technologies, Carlsbad, CA) at pH
7.2-3, 10% heat inactivated fetal bovine serum (SH30070.02E; HyClone FBS, Thermo
Fisher Scientific Inc., Waltham, MA), Penicillin-Streptomycin, sodium pyruvate and 1 mM
L-glutamine (25030081, Life Technologies, Carlsbad, CA) or 1X GlutaMAX (35050061,
Life Technologies, Carlsbad, CA)]. HepG2 cells were split every 4 days using 0.125%
Trypsin-EDTA (15400-054, Invitrogen) and 3 ∗ 106 cells plated in 10 cm tissue culture
grade petri dishes.
Mouse D3 embryonic stem cells were maintained in the same HepG2 media
supplemented with 100 µM β-mercaptoethanol (Sigma, St. Louis, MO) and 1000 Units
of LIF (ESG1107, EMD Millipore, Billerica, MA). Crx-GFP ES cells were maintained the
same way, but media was supplemented with 2000 Units of LIF, as described (Decembrini
et al., 2014). ES cells were maintained on tissue culture grade petri dishes coated for 1-24
hrs at 37°C with sterile 0.1% gelatin (G2500, Sigma, St. Louis, MO) in water. ES cells
were split at 90% confluence using Accutase (A11105-01, Life Technologies, Carlsbad,
CA). Media changes were conduced daily. Passages no later than 25 were used for EPL
generation.
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A.1.2

Generating MEDII conditioned media

HepG2 cells were plated (11.25 ∗ 106 cells/225 cm2 flask) with 64 mL of HepG2 media and
grown for four days. Conditioned media (100% MEDII) collected and spun down at 1000
x g for 4 mins. Supernatant is filter sterilized and stored for no longer than a week at 4°C
before day 0 of EPL protocol.

A.1.3

Generation of Early Primitive Ectoderm-Like (EPL) Cells

Each day is conducted at approximately the same time each day (23-25 hrs between each
day).
• Day -2: ES cells are split two days prior to Day 0 with daily media changes.
• Day 0: Plate 1 ∗ 106 ES cells in bacterial culture-grade low adhesion 100 mm2 petri
dishes, suspended in 10 ml 50% MEDII media (1:1 dilution of 100% MEDII:HepG2
media, 50 U/ml Pen/Strep, 0.25X GlutaMAX, and 100 µM β-mercaptoethanol).
• Day 2: Aggregates collected in 50 mL conical and spun down for 30 seconds at 200
x g. Aspirate supernatant without disturbing pellet of aggregates and resuspend in 20
mL 50% MEDII media, 10 mL into two plates.
• Day 4: Repeat split from day 2 and resuspend in 30 mL 50% MEDII to plate into 3
plates.
• Day 5: Add treatment. Cells were transferred to a 24-well or 60 mm cell culture
plate into 50% MEDII media or 50% MEDII media containing combinations of
FGF2 (100-18B, PeproTech, Rocky Hill, NJ), Dorsomorphin (P5499, Sigma, St.
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Louis, MO), SB431542 (04-0010-05, Stemgent, Cambridge, MA), and/or Noggin
(719-NG-050, R&D Systems, Minneapolis, MN).
• Day 6: 24 hours later, half the media was removed and 50% MEDII was added.
• Day 7:

MEDII media was replaced with chemically defined media (CDM:

DMEM/F12 media, 1X GlutaMAX, 20 ng/ml FGF2 and 1X insulin-transferrinsodium selenite (ITSS; Roche Applied Science, Indianapolis, IN) and incubated at
40% O2 for the remainder of the experiment. For longer culture experiments, cells
were cultured directly in OCI media (described on day 9) with FGF2 supplement.
• Day 9: Media was changed to optic cup induction media (OCI; DMEM/F12 with
GlutaMAX, 1% N2 (17502-048, Invitrogen), 1% B27 (17504-044, Invitrogen), and
0.5% Pen-strep) (Decembrini et al., 2014). Media was changed every 2-3 days, as
needed.
• Day 12: Media was changed to retinal maturation media (RMM; DMEM/F12
with GlutaMAX, 1% FBS, 1% N2 (17502-048, Invitrogen), 2% B27 (17504-044,
Invitrogen), and 0.5% Pen-strep) (Decembrini et al., 2014). Media was changed
every 3 days, or as needed.
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A.2

qPCR fold change calculations

For ChIP-qPCR, fold changes were calculated using average Ct of duplicate wells:

∆Ct = Ctinput − CtIP
∆∆Ct = ∆CtYFP − ∆CtMyc-Otx2
Ef1a-normalized fold change =

2∆∆Ctgene
2∆∆Ctef1a

For RT-qPCR, fold changes were calculated using average Ct of duplicate wells:

∆Ct = Ctcontrol gene − Ctexperimental gene
∆∆Ct = ∆Ctcontrol sample − ∆Ctexperimental sample
Normalized fold change = 2−∆∆Ct
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Figure B.1: Injection of Smad1-AVA (S1-AVA) and Smad2-P445H (S2-P445H) act
additively to cause expansion of sox2 expression. Injection of Smad1-AVA (S1-AVA) and
Smad2-P445H (S2-P445H) act additively to cause expansion of sox2 expression. Whole
mount in situ hybridization for the neuroectoderm marker, sox2 (A-F), conducted on stage
15 embryos unilaterally injected with 20 pg of Noggin, 125 pg of S1-AVA, 3 ng of S2P445H, and 100 pg of β-gal mRNA as noted. Graph depicts mean±s.e.m. of distance
(sox2) of the injected side to the uninjected side. Lateral expansion of sox2 was quantified
by measuring the distance from the midline (white dotted line) to the lateral edge of the
expression domain (white brackets). Red β-gal stain indicates injected side. Scale bar, 500
µm with same scale in all images. *p<0.05, **p<0.01, ***p<0.001; N = 2.
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Figure C.1: Notch signaling is repressed in EPL and control cultures. Western blot
analysis shows Notch signaling is active in undifferentiated ES cells (D0), but is absent at
day 3 (D3) and day 5 (D5). Repression is observed in EPL cultures in MEDII media and
control cultures in unconditioned media, suggesting there is no presence of inhibitors from
media conditioning. Representative images of N = 3.
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Figure D.1: ThrbCRM1-EGFP reporter is active in Xenopus cone photoreceptors.
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Figure D.1: ThrbCRM1-EGFP reporter is active in Xenopus cone photoreceptors.
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Figure D.1: ThrbCRM1-EGFP reporter is active in Xenopus cone photoreceptors.
Transgenic Xenopus embryos were generated by restriction-enzyme mediated integration
(REMI) method of transgenesis. EGFP was observed in the retina as early as stage 30,
before cone photoreceptor marker, Calbindin (red), is present. By stage 32, EGFP+ cone
photoreceptors are apparent in a photoreceptor layer. Occasionally, EGFP cells at stage 42
also express Islet1/2 (white, arrowhead). Images show representative from animals stage
28 to stage 42. Scale bar in all images = 50 µm.
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Figure D.2: CRISPR/Cas9-mediated knock-in strategy to generate transgenic ES
cells with ThrbCRM1-mKate2. Transgenic ThrbCRM1-mKate;Crx-GFP ES cells was
generated by knocking in ThrbCRM1-mKate2 reporter and blasticidin resistance selection
gene (E7-BsdR). Two ES cell colonies (A and B) were generated at the Cornell Stem Cell
Transgenics Core. Genotyping reactions shown on right compared to Crx-GFP ES cells
(WT). Rxn1 suggests colony A is a homozygous knock-in, and B is heterozygous, but PCR
products of insertion are not of expected size.
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