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Abstract

The mature retina consists of six neuronal and one glial cell type that are derived from a
pool of mulipotent progenitor cells (RPC). The decision to remain as a multipotent progenitor or
to specify a particular retinal cell lineage and differentiate are governed by cell intrinsic and
extrinsic factors. Sonic hedgehog (Shh) is a secreted lipoprotein that is motigenic for RPCs and
influences cell fate decisions. Suppressor of fused (Sufu) is an intracellular antagonist of the
pathway; however, its role in regulating Shh signaling and influencing cell fate decisions in
RPCs are unknown. Here, I demonstrate that Sufu antagonizes the Hh pathway in RPCs both in
vitro and in vivo. Surprisingly, Sufu was required to maintain early RPC identity and
multipotency. Conditional deletion of Sufu in early RPCs resulted in the down-regulation of
transcription factors required to maintain RPC identity and multipotency as well as transcription
factors required to specify all seven retinal cell types. Sufu-null RPCs were incapable of
differentiating into the normal complement of retinal cell types and instead differentiated into
restricted subsets of interneurons. These data demonstrate that Sufi antagonizes the Hh pathway

in RPCs and provides novel evidence that Sufu is required for proper progenitor cell behavior.
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1. Introduction

Proper central nervous system (CNS) development is dependent upon the maintenance of
a pool of progenitor cells, cell fate specification and differentiation into the correct complement
of neuronal and glial subtypes. The co-ordinate regulation of these processes is mediated by a
complex interplay between intrinsic and extrinsic regulatory processes that are only beginning to
be elucidated. Understanding these processes is not only important from a scientific perspective,
but is crucial for the development of cell based regenerative therapies as well as advancing our
understanding of cancer biology. The retina is an accessible and relevant model of CNS
development, as many of the genetic and signal transduction pathways that regulate development
in other regions of the brain are conserved in the neural retina. Other advantages of the retina as
a model for CNS development are that the development of this structure is well characterized, it
is tractable for ex vivo experimental manipulation and that targeted perturbations of

developmentally relevant genes and signaling pathways to the retina are, in general, not lethal.

1.1 Development of the Retina

Eye development can be subdivided into two broad stages: 1) specification and
patterning of the eye field and presumptive ocular structures, and 2) the development of these
early structures into anatomically correct components of the adult eye, such as the retina. Since
the focus of this work is to elucidate mechanisms that are important for the latter process, early
eye development will only be touched upon briefly.

Formation of the mouse eye begins around embryonic day 8.5 (E8.5), when bilateral
evaginations from the ventral diencephalon, which later form the optic stalk, extend towards the
surface ectoderm (17). Upon contact with the surface ectoderm, these two structures invaginate,

and the surface ectoderm becomes the presumptive lens, while the invaginated portion of the



optic stalk forms the optic cup. The inner layer of the optic cup will later give rise to the neural
retina, while the outer layer will give rise to the retinal pigmented epithelium (RPE) (17) (Figure
).

The immature neural retina is organized as a pseudostratified neuroepithelium composed
of a pool of multipotent retinal progenitor cells (RPC). Lineage tracing experiments have
demonstrated that a single retinal progenitor is capable of giving rise to the six neural and one
glial cell types found in the mature retina: ganglion, amacrine, horizontal, bipolar, rod and cone
photoreceptors, Miiller glia (46, 124). In the adult retina, these seven cells are arranged in three
distinct nuclear layers: the ganglion cell layer, the inner nuclear layer and the outer nuclear layer
(Figure 2). The ganglion cell layer contains the nuclei of RGCs and displaced amacrine cells, the
inner nuclear layer contains the nuclei of amacine cells, horizontal cells, bipolar cells and Miiller
glia, and the outer nuclear layer contains the nuclei of the rod and cone photoreceptors. The
mature retinal cell types are born in a conserved temporal order (Figure 3) beginning during
embryonic development and finishing within the first ten days of post-natal life (137). Retinal
ganglion cells (RGC) are born first, beginning at E11.5, followed by horizontal cells, cone
photoreceptors and roughly half of the amacrine cells. The remaining amacrine cells as well as
bipolar cells and Miiller glia are generated postnatally, while rod photoreceptors are generated
throughout retinal development (137).

Superficially, the stereotypical birth order of retinal cell types from a pool of multipotent
RPCs seems counter-intuitive. If RPCs have the capacity to give rise to all seven cell types, then
why are cell types specified sequentially rather than simultaneously? This phenomenon could
most easily occur through a variation of the competence model proposed by Cepko and
colleagues (71), whereby RPCs become restricted in their competence in a temporal manner such

that a ‘late’ RPC will no longer have the competence to generate an ‘early’ cell type.



Figure 1: Early eye development. A) At ~E8.5 the optic vesicle evagninates from the
neuroectoderm and extends towards the surface ectoderm. B) The presumptive retina (blue
squares) comes in to contact with the lens placode (green squares). C) The presumptive retina
invaginates, forming the optic cup. The lens placode also invaginates, and this will give rise to
the lens. D) The inner portion of the optic cup gives rise to the neuro-retina while the outer
portion forms the retinal pigmented epithelium (RPE)
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Figure 2: Morphology of the developing and adult retina. A) Immunohistochemistry for
Ki67 in an E12.5 retina. The developing retina consists of a neuroblast layer containing
proliferating, multipotent progenitor cells that express Ki67 and a layer of differentiated cells.
B/C) Morphology of a mature retina. B) A cartoon illustrating the morphology of the mature
retina and C) an H&E stain of a P18 retina. The adult retina contains six neural and one glial cell
types that are organized into three nuclear layers. The ganglion cell layer contains nuclei of the
ganglion cells and displaced amacrine cells, the inner nuclear layer contains nuclei of the
amacrine, bipolar, horizontal and Miiller cells and the outer nuclear layer contains nuclei of the
rod and cone photoreceptors. The cartoon in (B) was adapted (31).
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Figure 3: Retinal cell types have a conserved birth order. The competence of a multipotent
retinal progenitor cell (RPC) to specify a particular retinal cell type is dictated by intrinsic
transcription factors that are influenced by extrinsic cues. RPC competence changes during the
course or retinal development so that an RPC is capable to specify a limited number of cell types
at any given time. This results in the conserved temporal birth order of the seven retinal cell

types.
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The competence of a particular RPC to maintain multipotency, continue to divide or to specify a
particular cell fate is dictated by cell-intrinsic transcription factors that are influenced by cell-

extrinsic cues (71).

1.2 Retinal Progenitor Cell Function: Multipotency, cell cycle and cell type specification.

Retinal progenitor cell identity, which I will define as having both proliferative and
multipotent capacity, is maintained by both intrinsic and extrinsic signals. Intrinsically, these
two processes are influenced by the expression of multiple transcription factors (97) and the
expression or function of these transcription factors is, in part, regulated by extrinsic signaling
molecules (136). The complex balance and interactions of extrinsic and intrinsic factors is
essential for the generation of the correct cellular complement of the retina: premature cell cycle
exit would result in a deficit in the number of progenitors and could result in an increase in early
born cell types at the expense of late cell types (122, 130, 131) while delayed cell cycle exit
could result in an increase in later born at the expense of early born cell types (122, 127) or, if
cells fail to exit the cell cycle entirely, tumorigenesis (2, 14). Similarly, alterations in the
expression of transcription factors required for cell type specification could result in an incorrect

proportion of the retinal cell types (36, 70, 72).

1.3 Intrinsic Regulation of RPC identity.

Maintaining RPCs in a proliferative and multipotent state is intrinsically regulated by a
complex process that is influenced by several different transcription factors including Pax6 (80,
140), Rax (82, 140), Hesl (63, 122, 127), Chx10 (12, 47) and Sox2 (119). All of these
transcription factors are expressed in RPCs, can be used to define the progenitor population and
play crucial roles in maintaining retinal progenitor cell identity (Figure 4). Loss-of-function

studies have



Figure 4: RPC identity and cell fate specification are influenced by particular subsets of
transcription factors. A) Maintenance of RPC identity is dependent upon the expression of a
subset of transcription factors that are required for multipotency, to maintain of neuro-progenitor
identity, to prevent differentiation and to promote or enable proliferation. B) Lineage
commitment is dependent upon the expression of transcription factors that may be either
permissive or instructive for the specification of a particular cell fate and the subsequent
differentiation into that fate (C). Progenitors are shown in red and precursors or differentiated
cells are shown in blue.






demonstrated that mice deficient in Hesl, ChxI0 or Sox2 exhibit microopthalmia (small eye) (12,
30, 122) and mice deficient in Pax6 or Rax exhibit microopthalmia and/or anopthalmia (no eye)
(45, 82). In humans, mutations in Pax6, Rax, Chx10 or Sox2 result in severe ocular
malformations, including micropthalmia, anopthalmia and aniridia (no iris) (22, 29, 30, 49, 56)

Once the eye cup has formed, Pax6 is crucial for the maintenance of both RPC
multipotency (80,98) and proliferation (80, 140). Conditional deletion of Pax6 results in
precocious cell cycle exit and the exclusive generation of amacrine cells at the expense of all
other retinal cell types (80) and therefore is one of the most important genes involved in
maintaining RPC identity that has been identified to date.

The homeobox domain protein Rax is another transcription factor that is essential for
retinogenesis. Rax is crucial for specifying the eye field (82). Since Rax-null embryos fail to
specify the eye field, and thus do not form a retina (82), and a conditional Rax allele has not been
generated, little is known about the specific functions of this transcription factor in RPCs during
early and mid retinal development in mammals. However, an accumulating body of evidence
suggests that Rax is involved in the specification of RPCs. Over-expressing Rax in embryonic
stem cells results in the capacity to develop into an RPC-like cell and to integrate into retinal
explants and generate ganglion and bipolar neurons, while ES cells that did not over-express Rax
were not capable of integration or differentiation into retinal cell types (116). Other studies have
demonstrated that the Xenopus homolog, Rx1, is involved in the proliferation and maintenance of
retinal stem cells and that Rx1 over-expression biases cell fate in a temporal fashion (140). In the
rat, over-expression of Rax in post-natal progenitor cells results in the generation of Miiller glia
(36), suggesting that Rax plays a role in RPC maintenance during early retinal development, and
specifies Miiller glia during later stages of retinal development. However, it is not known if this

specification is instructive or permissive.



Hesl acts as a negative regulator of neurogenesis in RPCs (36, 122). It is thought to
function in this context by repressing the transcriptional activation of pro-neural genes such as
Math5 (84) and is therefore crucial for maintaining the RPC pool. In mice deficient in Hes],
RPCs prematurely exit the cell cycle (63, 122), resulting in the precocious generation of early
retinal subtypes (63) while over-expression of Hes! prevents neural differentiation (36, 122).
Hesl is also required during later stages of retinal development to prevent neural differentiation
and direct RPCs towards a Miiller glia cell fate (36). HesI expression in RPCs is dependent, in
part, upon the extrinsic signaling mediated by the Notch (55, 94) and Sonic hedgehog pathways
(127), and therefore serves as an excellent example to illustrate the interactions between extrinsic
and intrinsic pathways.

In RPCs, Chx10 plays a variety of roles including maintaining neural retina identity,
influencing proliferation and specifying particular cell fates. The retinas of Chx/0-deficient
mice display a proliferative defect (12, 42, 112), although the proliferation deficiency observed
in these mice is, in part, non cell-autonomous due to the delayed production of ganglion cells and
secretion of the mitogen Sonic Hedgehog (Shh, see below) (112). These mice also exhibit
aberrant RPE differentiation at the expense of neural retina (47), and fail to form bipolar cells
(12, 72). Thus, like Rax and Hesl, ChxI0 is implicated in both RPC maintenance as well as cell
fate specification.

The SRY-box transcription factor, Sox2 has also recently been implicated in the function
and maintenance of RPCs (119), which is not suprising, given the role of Sox2 in the
maintenance of neural progenitors from other regions of the CNS (41). Conditionally ablating
Sox2 in RPCs inhibits their ability to both continue to cycle and to differentiate (119). Reducing,
but not completely ablating, Sox2 levels in RPCs results in aberrant cell cycle exit and

differentiation, leading to microopthalmia (119). In the mature retina, Sox2 is expressed in



amacrine interneurons and Miiller glia (68, 119) and over-expression of Sox2 in RPCs at E17.5

promotes the generation of amacrine cells (68).

1.4 Intrinsic factors in cell type specification

The expression of transcription factors that specify particular cell fates is crucial for
driving RPCs or post-mitotic precursors towards particular cell fates. Not surprisingly, this
process is extremely complex and the hierarchal transcription factor cascades that act to specify a
particular cell fate are only beginning to be elucidated. However, transcription factors required
to specify each of the seven retinal cell types have been identified, mostly through gain and loss
of function studies (97). For example, Math5 is a permissive factor for the acquisition of the
ganglion cell fate (135). Forced expression of Math5 promotes ganglion cell fate (70), while
mice deficient in Math5 fail to form ganglion cells (129). As mentioned above, several
transcription factors that are required during early retinal development for maintaining RPC
identity later play a role in cell type specification (36, 72, 122). A summary of the pertinent
transcription factors that have been found to specify specific retinal cell types is presented in
Table 1.

Table 1: A summary of transcription factors required to specify or maintain the seven
retinal cell types.

Cell Type Transcription Factor | Class Citation
Ganglion Cells Math5 bHLH* (70, 129)
Brn3b POU (37)
Amacrine Cells FoxN4 Forkhead 67)
Math3 and NeuroD1 bHLH (53)
Horizontal Cells FoxN4 Forkhead (67)
Bipolar Cells Chx10 Homeobox (12,72)
Rods and Cones Crx Paired (34, 35)
Homeobox
Rods Nrl Leucine Zipper (85)
Miiller Glia Rax Homeobox (36)
Hesl bHLH

*pHLH - basic Helix-Loop-Helix.
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Although most of the studies to date have focused on vertical transcription factor
hierarchies that lead to the production of a particular cell fate, it is becoming increasingly clear
that cell fate specification in RPCs is also dependent upon the activities of transcription factors
that function in parallel, rather than sequentially (90), further adding to the complexity of this
process. Deletion of both NeuroD1 and Math3 prohibits amacrine cell genesis, while deletion of
only one of these does not (53). However, combinatorial over-expression of both NeuroD1I and
Marh3 will not lead to the generation of amacrine cells, unless Pax6 is also co-expressed (53).
Additionally, some transcription factors are involved in the specification of multiple different
cell types. For example, Math3, when co-expressed with Six3, drives horizontal cell genesis
(53) and NeuroD1, but not Math3, is capable of restoring ganglion cell genesis when it is
knocked in to the Math5 locus on a Math5 KO background (78). Therefore, interpreting how
particular cell fates are specified is relatively simple when one modulates the activity of a
transcription factor that is positioned at the apex of a regulatory cascade but becomes

increasingly more complex when one examines the roles of factors further down-stream.

1.5 Extrinsic signaling factors in the retina

In the retina, numerous extrinsic signaling pathways are required to modulate the
behavior of RPCs and to promote proper retinal development, including Notch, transforming
growth factor § (Tgf-), retinoic acid (RA) and sonic hedgehog (Shh).

Activation of the Notch pathway in RPCs prevents cell cycle exit and neurogenic
differentiation (101) and therefore plays a role in the maintenance of the progenitor pool. In the
rodent, chick and Xenopus, inhibition of Notch signaling in RPCs results in neural differentiation
(5, 22, 44). Notch also functions to influence cell fate decisions. During early retinal

development, inhibition of Notch signaling results in the preferential production of early cell
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types including RGCs (5, 126)and cone photoreceptors (55). Conversely, ectopic Notch pathway
activation in in late RPCs biases these cells towards adopting a Miiller cell fate (36, 55), which is
the last retinal cell type to be specified during development.

The transforming growth factor § (Tgf-f) super-family of signaling molecules is
comprised of a number of subgroups, including the Tgf-f3, bone morphogenic protein (Bmp) and
growth and differentiation factor (Gdf) subgroups(109).

Current evidence suggests that, in the retina, Tgf-B1,2 and 3 induce programmed cell
death in RPCs and therefore help control the total cell number of the retina (24, 25, 75). In the
early post-natal retina, Tgf-B2 is the most abundantly expressed Tgf-B family subtype, and it has
been implicated in the induction of mitotic senescence of retinal progenitor cells and Miiller glia
(18). In addition to controlling PCD and proliferation, Tgf-B2 plays a role in cell fate
determination, as it negatively regulates amacrine cell genesis (75).

The role of Bmps has been more substantially characterized in the retina. Bmp4 controls
the expression of transcription factors required to specify dorsal retinal identity(9).
Haploinsufficiency for Bmp4 in mice is associated with eye defects, such as a reduction in the
number of ganglion and inner nuclear cells (13). Bmp7 dosage is also important for eye
development, as gain and loss of function for Bmp7 is associated with apoptosis in the retina and
microphthalmia and anophthalmia (23, 56, 74). Bmp signaling is also helps specify peripheral
eye fates, such as the ciliary body. Bmp4 and Bmp7 are expressed in the ciliary margin, the
distal part of the eyecup, and Bmp signaling is required to maintain this structure, as it
differentiates into neurons in the presence of ectopically expressed noggin, a soluble Bmp
antagonist(143).

Members of the Gdf sub-family have also recently been shown to be important for RPC
cell fate specification and retinal patterning. In the mouse, Gdf-11 negatively regulates ganglion

cell development by controlling the competence of RPCs to specify and/or produce this cell type
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(61). In the absence of Gdf-11, an increase in RGCs is observed at the expense of amacrine cells
and photoreceptors (61). In the zebrafish, another Gdf family member, Gdf-6a, is required to
pattern the dorsal retina (40).

Although the functions of Tgf-f3 family members in retinal development is only
beginning to become uncovered, it is becoming evident that members of this super-family have
similar roles in modulating retinal development, such as controlling cell death, promoting
dorsalization of the retina and, in some cases, influencing cell fate decisions.

Retinoic acid (RA) is a vitamin A derivative that influences many aspects of retinal
development. During early retinogenesis, RA is involved in regulating the growth of the ventral
optic cup (81, 83). Later, RA plays a role in rod photoreceptor development (66). However,
whether RA affects commitment towards a rod photoreceptor fate or whether it affects rod

differentiation (or both) is under debate (66).

1.6 The sonic hedgehog signaling pathway

During embryogenesis, Shh signaling is essential for proper CNS development, including
development of the retina. In general, Shh plays a role in establishing the ventral midline,
anterior/posterior patterning as well as dorsal/ventral patterning. Additionally, Shh can act as a
mitogen to promote the proliferation of progenitor and stem cells both in the embryo and in the
adult (32). It is important to note, however, that the effects of Shh are context dependent (32,
52), both in terms of its action as a classical morphogen, as in the neural tube (32, 54, 103, 104),
or not, as in the retina (130) as well spatial and temporal differences in mitogenic activity (32).
In the neural tube, Shh is secreted by the notochord and the floor plate and acts as a classical
morphogen such that a ventral-high, dorsal-low gradient is formed (54). Neural tube progenitors
are influenced to differentiate into particular neural subtypes depending on how they interpret the

Shh signal, which in turn is dependent on where they are situated within the Sk gradient (54)
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over-activation of the Hh pathway in the neural tube causes the majority of the progenitors to
specify ventrally located neuronal subtypes (ventralization) (39, 50, 115). Shh is also involved in
the establishment of ventral structures in other regions of the CNS, including the forebrain
(telencephalon and diencephalon) and the cerebellum (106) although it may not act as a classical
morphogen in this context (32). In the retina, Sh# is thought to act predominantly over very
small distances, as conditional deletion of Sk4 in the peripheral retina is not rescued by Shh
secreted by ganglion cells in the central retina (130).

Shh is also mitogenic for progenitors in various regions of the brain (32, 106) as well as
the retina (11, 73, 89, 127, 130, 138) and controls the proliferation of adult neural stem cells (1,
76, 100). Thus, Shh not only patterns the CNS, but also plays a role in regulating total cell
numbers of progenitor/stem cells in both the developing, and adult, CNS.

Given the importance of the Sh4 pathway in development, it is not surprising that both
loss and gain of function for Sh% has severe consequences for development (52, 58). Gain of
function of SkA is frequently oncogenic (52, 58), while loss of function for hedgehog results in a
congenital malformations including holoprosencephaly (10, 16, 105) and, in the most severe
cases, cyclopia (16, 105), as well as ocular problems (105, 108, 130, 131). Consequently,
gaining a thorough understanding of the roles of Sh#4 signaling has direct implications in our

understanding of human disease.

1.7 Sonic Hedgehog in the Retina

Retinal expression of Hh pathway components has been described in a number of
vertebrate species (4). In the mammalian retina, Shh produced and secreted by RGCs (57, 130,
131) is the primary mediator of Hh signaling during retinal development (91, 130, 131). The
timing of Shh and S%h target gene induction in RGCs and RPCs, respectively, mirrors the central

to peripheral wave of RGC differentiation (130). RGC ablation in explant culture (91, 130, 131)
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or through conditional endotoxin expression (91) abrogates Hh pathway activation in RPCs, as
does conditional inactivation of Shh in the retina (91, 130, 131). In the adult murine retina, Shh
is also expressed in the inner nuclear layer, most likely in amacrine neurons (57) and Ptc is
expressed in Muller glia (11, 57), however, the functional significance of Hh pathway expression

in the adult retina is not known.

1.8 Shh acts as a mitogen in RPCs

Shh is mitogenic for RPCs (11, 73, 89, 127, 130, 131, 138) and therefore contributes to
the regulation of cell number in the retina. Accordingly, conditional loss of Shh expression in the
retina results in a decrease in the proliferative zone of the immature retina and precocious cell
cycle exit (91, 130), while forced activation of the pathway leads to an increase in proliferation
(138). Shh drives the cell cycle in RPCs, in part, by inducing the transcription of target genes
involved in cell cycle progression, such as Cyclin D1 (130) as well as genes involved in
progenitor cell maintenance, such as Hes1 (127). In addition to promoting proliferation, SkA
signaling also affects cell cycle kinetics in lower vertebrates. In both Xenopus and zebrafish,
increasing Shh activity in early retinal progenitor cells accelerates the cell cycle by shortening
G1 and G2/M resulting in an increase in the number of cell divisions compared to control retinas
(73) but also promotes cell cycle exit (73, 111), by up-regulating the cell cycle inhibitor
p57(Kip2) (111). Therefore, although the latter effect has not been investigated in a mammalian
system, it appears that Sh# controls several aspects of the cell cycle by promoting proliferation

while playing a role in the regulation of cell cycle kinetics and cell cycle exit.

1.9 Shh Paiterns the Retina

In the retina Shh signaling also affects cell type development. Shh acts as a negative

regulator of retinal ganglion cell development (130, 142); conditional deletion of ShA results in
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patterning defects, such as an increase in RGC and photoreceptor cell numbers and a decrease in
Miiller and bipolar cell number (130) as well as lamination defects (130, 142). Conversely,
increased Shh signaling inhibits RGC development (130, 142) and ectopic Shh pathway
activation in PO explants results in an increase in most inner retinal cell types at the expense of
photoreceptors (57, 127, 138).

However, despite the accumulating body of knowledge regarding the roles of Shh in the
retina, many important questions remain unanswered. First, the roles of Sonic Hedgehog as a
mitogen and in cell fate determination have yet to be successfully uncoupled at the mechanistic
level. It has not yet been determined if Sk directly promotes cell fate specification or if Shh
signaling influences cell fate induction through proliferative effects that provide a permissive,
rather than instructive cue. Does gain-of-function for Skh in late retinal progenitors bias the cells
towards a Milller glia fate directly by up-regulating transcription factors involved in cell-fate
specification or does the mitogenic effect on RPCs keep the progenitors in cycle longer, such that
their competence becomes increasingly restricted towards the generation of the latest born cell
type in the retina, the Miiller cell? Uncoupling these effects would provide greater insight and
understanding into the relative roles of the extrinsic versus the intrinsic environment in neural
progenitor proliferation and cell fate specification. Another important question that has not been
properly addressed is the potential for temporal differences in the response of RPCs to Shh
signaling and the potential consequences of these effects. Evidence from our lab suggests that
the transcriptional activation of Shh target genes is temporally dependent ((127), our lab,
unpublished results); however, the direct implications of these observations remain to be

determined.
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1.10 The mechanism of Shh signaling

The overall framework of Hh signaling is evolutionarily conserved from the fly to
mammals. However, there has been divergence throughout evolution in the specifics governing
both positive and negative activation of the pathway (48).

In mammals, Shh exerts its effect (Figure 5) by binding to its receptor, the
transmembrane protein Patched (Prc) (79), which alleviates Ptc-mediated repression of another
transmembrane protein, Smoothened (Smo). Smo activation initiates the Shh signal cascade (3,
93) that converges upon the activity of Gli transcription factors (Glil, Gli2, Gli3) and, ultimately,
the transcription of general target genes, including Glil (64) , Ptc1 (38), and tissue/context
specific target genes, including CyclinD1 (130) and Hes! in the retina (127). In vivo, Gli2 is the
predominant activator of the pathway, and Glil acts as a secondary activator (6, 7), while Gli3 is
proteolytically cleaved into a repressor form in the absence of Shh signaling (128). Since
aberrant activity of the Shh pathway results in congenital defects, including eye malformations,
and tumors in humans (43), it is not surprising that numerous regulatory mechanisms are in place
to maintain tight control over the pathway. At the cell surface, the Shh receptor, Prc, has been
well characterized as a potent negative regulator of the pathway (39). In mammals, the
downstream, intracellular regulators have been less well characterized. One component of the
pathway that has recently been shown to act as a potent intracellular antagonist of the pathway is

the atypical protein Suppressor of fused (Sufu).
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Figure 5: A schematic of the Hh signaling pathway. A) In the absence of Hh ligand, Ptc
represses Smo and the pathway is inactivated. Downstream of Smo, the pathway is further
repressed by Sufu and Gli3 repressor. Sufu prevents pathway activation by tethering Glil/2 in
the cytoplasm and possibly by recruiting chromatin remodeling complexes in the nucleus. Gli3
repressor binds to conserved Gli binding sites in the promoter region of Hh responsive target
genes to further prevent transcriptional activation by Glil or Gli2. B) When Shh binds Ptc, Smo
is derepressed. Sufu mediated repression of Glil and Gli2 is abrogated, possibly through the
ubiquination and subsequent proteolysis of Sufu. Glil and Gli2 can then translocate in to the
nucleus where they induce the transcription of Hh responsive target genes, such as Glil, Hesl
and Cyclin D1.
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1.11 Sufu is a negative regulator of the Hh pathway

Sufu is a highly conserved protein that does not share homology to any other known
proteins (102), (113, 114) that acts as a negative regulator of Hh signaling in both flies and
vertebrates (48). Sufu was originally discovered in a Drosophila screen as a factor that could
suppress the activities of Fused kinase (102), a positive regulator of thé Hh pathway in
Drosophila. However, because Sufu-null flies are viable and exhibit only minor developmental
anomalies (102), not much attention was paid to the functions of vertebrate Sufu until recently.

Recent evidence suggests that there has been a divergence in the functional regulation of
the Shh signaling cascade in mammals. Unlike in Drosophila, Sufu functions as a principal
intracellular negative regulator of mammalian H# signaling in vitro (62, 120, 125), and in vivo
(19, 115). The in vivo functions of mammalian Sufu during early embryonic development have
recently been addressed through the gen\eration and characterization of Sufu knockout mice (19,
115). These mice die in utero at ~E9.5 and exhibit a Shh gain-of-function phenotype similar to
that observed in Ptc”” mice, such as ventralization and failure to close the neural tube (19, 115).
However, although the knockout mouse is informative for Sufu function at early developmental
stages, its usefulness is limited because it does not permit one to address the roles of Sufu as a
regulator of the Hh pathway during later stages of development or during adulthood.

In contrast to the heightened requirement for Sufu in mammals, the mammalian
homologues of Fused and Costal2, which are potent activators and repressors of Hh signaling in
Drosophila, respectively (96), appear to be dispensable for Hh signaling in mammals. Although
in vitro evidence has suggested that Fused is capable of antagonizing Sufu and restoring Hh
activity in the context of Sufu over-expression (92), Fused knockout mice do not display a Shh
gain-of-function phenotype (87) indicating that Fused does not play an integral role in
mammalian Skh signal transduction in vive. Similarly, the mammalian homologues of Costal2,

Kif7 and Kif27, do not appear to act as negative regulators of the Skhh pathway in mammalian
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cells (125), although this has not yet been demonstrated in vivo and thus remains a controversial

issue.

1.12 Mechanism of Action- Sufu regulates of Gli function

The current consensus in the field of Hh signal transduction is that Sufu likely exerts its
effects by directly interacting with Glil and Gli2 proteins and tethering them in the cytoplasm,
thus preventing nuclear translocation and transcriptional activation of Gli target genes (8, 62, 88,
120, 125). Althoﬁgh domains in the amino and the carboxy domains of Sufu are capable of
binding Gli1/2 (88), the carboxy-terminal domain is sufficient to promote cytoplasmic
localization of both Glil and Gli2 (8). In vitro experiments have also shown that the N-terminus
of Sufu can inhibit Glil1/2 transcriptional activity independent of cytoplasmic tethering (8, 15).
This inhibition may be through the recruitment of chromatin remodeling complexes, as the Sufu-
Glil complex is capable of translocating to the nucleus where Sufu can recruit SAP18, a
component of the mSin-3 histone deacetylase complex (15, 99), which in turn represses Glil-
mediated transcriptional activity (15).

The mechanism(s) through which the effects of Sufu are abrogated to permit active
Glil/2 activity are only beginning to be elucidated. Recent evidence suggests that Sufu activity
is regulated through ubiquitination and that active Shh signaling leads to Sufu degradation by the
proteosome (139). Studies also suggest that Sufu can be phosphorylated (99) by several kinases,
including GSK3-f (118), and potentially by Cdc211 (28) and that both of these phosphorylation
events can activate the Hh pathway (28, 118). However, the direct consequences of Sufu

phosphorylation on protein function or stability have not been determined.
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1.13 Hedgehog and Sufu in Cancer

Aberrant activation of the Shh pathway has been implicated in numerous malignancies in
both humans and mice including medulloblastoma (39, 136), nevoid basal cell carcinoma (43),
small-cell lung tumors (132) and pancreatic cancer (121). Based on the purported role of Sufit as
a key negative regulator of Shh signaling, it is not surprising that mutations or repression of Sufu
have also recently been implicated in cancer. Although, for the most part, heterozygosity for
Sufu does not result in tumorigenesis (19, 65, 120), loss of heterozygosity (LOH) for Sufu has
been implicated in the development of medulloblastoma (120) and rhabdomyosarcoma (123) in
humans. In mice, Sufu LOH on a p53-/- background was sufficient to induce both
medulloblastoma and rhabdomyosarcoma (65). Moreover, cell lines derived from human lung,
breast and prostate tumors that display Shh pathway activation have low levels of Sufu
expression (139) and over-expressing Sufu is sufficient to reduce Hh activity and attenuate
proliferation in NCI-H322M lung cancer cells (139). Reduced Sufu activity has also been
reported in pancreatic ductal adenocarcinoma cells (59), further underscoring the role of Sufu as
a tumor suppressor. Thus, there is an increasing body of evidence to suggest that Sufu functions
as a tumor suppressor in mice and humans both in vivo and in vitro and improved understanding

of Sufu function and regulation could lead to the development of putative therapies.

1. 14 Objective

It has been well established that Shh signaling is crucial for proper development of the CNS
(52, 58), including the neural retina, where Shh acts as a mitogen to control RPC proliferation
and acts to influence cell fate decisions (127, 130, 138, 142). In mammals, Sufu appears to
function as a key intracellular antagonist of Shh signaling (19, 115, 120, 125). By mediating
pathway activity downstream of Ptc/Smo and upstream of Gli transcription, Sufu occupies a key

junction where the cell-extrinsic signal converges upon intracellular machinery to influence cell-
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intrinsic functions. Based on these observations, I hypothesize that Sufu plays a pivotal role in
the regulation of Shh hedgehog signaling in RPCs and cell fate specification in the developing

retina.

The objectives of my project are to:
1) Examine the effects of Sufu on Shh pathway activation.

2) Characterize the role of Sufu in retinal progenitor cell behavior in vivo.

2. Materials and Methods

2.1 Mice

All experiments were approved by the University of Ottawa’s Animal Care Ethics
Committee and adhered to the guidelines of the Canadian Council on Animal Care. Wild type
(WT) C57/BL6 mice were obtained from the Charles River Laboratory. The aP0-Cre transgenic
mice, which express Cre-recombinase under the control of the aP0O element of the Pax6
promoter, were obtained from Dr. P Gruss (Max-Planck Institute, Gottingen, Germany) (80) and
maintained on a C57/BL6 background. Sufu™ mice, which harbor loxP sites flanking Sifis
exons 4-8, were obtained from Dr. C.C Hui (Sickkids, Toronto) and maintained on a C57/BL6
background. Retina-restricted conditional Sufit knockout mice were generated by crossing aP0O-
Cre; Sufu™™ mice with Sufu™"" mice to generate Cre*; Sufi™ mice.

Mice were genotyped by PCR. DNA was isolated by incubating a small tail fragment in
75 pl alkaline lysis buffer (25mM NaOH, 0.2mM EDTA) for 60 minutes at 95°C. Samples were
then cooled and neutralized with 75 pl neutralization reagent (40mM Tris-HCI). Genotyping for

the a-Cre transgene was done as described previously(130). Genotyping for wildtype and floxed
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sufu alleles was performed as follows: 2ul 10xPCR buffer (Invitrogen), 0.6ul 50mM MgCl,, 2
ul 1mM dNTP (Invitrogen), 1ul each of 10mM primers: F- 5’CTGTTTGTACTCATGGTC3’,
R-5° CCTACCCTTTCCAGTAAG?3’, Del- ’GCTGAATTCTTGACTCACTG3’, Neo-
5’GTGTCAGTTTCATCGCCTG3’. The thermal profile for the PCR reaction was 10 minutes at
95°C followed by 32 cycles of 95°C for one minute, 55°C for thirty seconds, 72°C for forty
seconds. PCR products were run on a 1% agarose gel, products were stained with ethidium
bromide and visualized using a UV transilluminator. Primers directed against the wild type
allele yielded a band size of 300bp, those directed against the floxed allele yielded a band size of

350bp.

2. 2 Retinal explant culture, electroporation BrdU incorporation.

Explants were prepared and electroporated as described previously (127). Briefly, eyes
from PO mice were dissected free of the optic nerve and RPE and retinas were then
electroporated (ECM 830 BTX Harvard apparatus) in a 2mm gap cuvette (VWR). The DNA
plamids used in this study were Smo-M2 (CMV promoter) (a gift from G.Fishell, New York
University, New York), Sufu-Flag (CMV promoter) (a gift from Dr. C.C Hui, Sickkids, Toronto),
pUB-GFP, Gli-Luciferase (a gift from Dr. H Sasaki, Osaka), Renilla Luciferase (a gift from Dr.
Alan Mears, University of Ottawa) and Cre (B-actin promoter) (pML78, Mount Sinai). Plasmids
were prepared using a Qiagen Maxiprep kit according to manufacturer’s instructions (Qiagen).
Plasmids were electroporated at a concentration of ~lpg/ul. After electroporation, the lens was
removed and explants were flattened on micropore filters (Millipore) and cultured in serum-free
retinal explant medium (130). For BrdU incorporation experiments, explants were pulsed with

BrdU (Sigma) for 5 hours prior to cell dissociation.
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2. 3 Tissue preparation for in situ hybridization or immunohistochemistry

For timed matings, the morning of vaginal plug detection was considered embryonic day
0.5 (E0.5). Animals were euthanized and tissue was harvested for experimental analyses. For
fixation of embryonic retinae, whole heads were fixed in 4% PFA overnight at 4°C. For fixation
of adult retinae, mice were anesthetized using CO; and a cardiac perfusion was performed using
~10 ml of 4% PFA. Eyes were then enucleated and fixed in 4% PFA overnight. Tissue was then
washed 3 x 10 minutes in sterile phosphate buffer solution (PBS) (0.14M NaCl, 2.5mM KCl,
0.2M Na,HPOy, 0.2M KH,HPOj,) and immersed in 30% Sucrose in PBS at 4°C overnight or up
to 3 days. Before embedding, tissue was equilibrated for 1 hour in 50:50 30%Sucrose in
PBS:OCT (Tissue-Tek) and then embedded in the equilibration solution in liquid nitrogen. All
cryosections were cut in the coronal plane at 10um using a Leica 1850 cryostat. Sections were
transferred onto Superfrost Plus coated slides (Fischer Scientific), air dried for ~4 hours at room
temperature and used immediately for immunohistochemistry or in situ hybridization or stored

with desiccant at -20°C. Wild-type and mutant tissues were always compared on the same slides.

2.4 Cell Dissociation for Immunocytochemistry

Retinal explants were dissociated using 0.1mg/ml! trypsin (Sigma) in sterile calcium-free
PBS (Invitrogen) at 37°C for 15 minutes. Trypsinization was inhibited with 10% FBS/
DMEM/DNAsel (0.2mg/ml, Sigma) and tissue was triturated to obtain a single cell suspension.
Cells were pelleted at 1000xG for 5 minutes and re-suspended in 350pul
10%FBS/DMEM/Insulin(0.01mg/ml, Sigma). 15ul of the cell suspension was plated on a glass
slide, which were then incubated in a humidified chamber of 15 minutes at room temperature
followed by 40 minutes at 37°C to allow the cells to adhere to the slides. Cells were then fixed
with 4%PFA for 5 minutes, washed 3 times with sterile PBS and air dried. Cells were either

processed immediately for immunocytochemistry or stored at -20°C.
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2.5 Hematoxylin and eosin (H&E) staining

For H&E staining, slides were re-hydrated for 30 minutes in 1xPBS and then stained
with hematoxylin (Fischer) for ~7 seconds. Tissue was then dehydrated through consecutive 2
minute incubations in 50% Ethanol (EtOH), 70% EtOH, 80%EtOH, 90%EtOH x2, 100% EtOH
x2. Tissue was then stained with eosin (Fischer) for 1 minute and dehydrated using the same
protocol as for hematoxylin. Slides were washed 1x 2 minutes in Xylene (Fischer) and mounted
using PerMount (Fischer). Slides were visualized using an Axioplan microscope and images
were captured using an Axiovision camera 2.05 (Zeiss). Images were processed using Adobe

Photoshop CS2.

2.6 Immunohistochemistry (IHC)/ immunocytochemistry (ICC) and nuclear labeling

IHC and ICC were performed as previously described (127, 130). Sections or dissociated
cells were rehydrated for 30 minutes in PBS, blocked for 1 hour in 10% FBS in PBS and
incubated with primary antibodies diluted in 10%FBS/PBS overnight at 4°C . The antibodies
used in this study as well as antibody-specific alterations to the staining protocol can be found in
Appendix 1. Slides were then washed 3x-10 minutes in PBS and incubated for 1 hour with
fluorescent secondary antibodies (Appendix 1) diluted in 10%FBS/PBS. Nuclei were
counterstained with bisbenzimide (Hoechst) (Invitrogen) for 5 minutes and then mounted with
fluo