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ABSTRACT

Carrillo, Casandra, M.S. Purdue University, August 2021. The Role of TGF- B Activated Kinase

(TAK1) in Retinal Development and Inflammation. Major Professor: Teri Belecky-Adams.

Transforming growth factor B-activated kinase 1 (TAK1), a hub kinase at the convergence of
multiple signaling pathways, is critical to the development of the central nervous system and has
been found to play a role in cell death and apoptosis. TAK1 may have the potential to elucidate
mechanisms of cell cycle and neurodegeneration. The Belecky-Adams laboratory has aimed to
study TAK1 and its potential roles in cell cycle by studying its role in chick retinal development
as well as its possible implication in the progression of diabetic retinopathy (DR). Chapter 3
includes studies that explore TAK1 in a study in chick retinal development and TAKL in in vitro
studies in retinal microglia. Using the embryonic chick, immunohistochemistry for the activated
form of TAK1 (pTAK1) showed localization of pTAKL in differentiated and progenitor cells of
the retina. Using an inhibitor or TAK1 activite, (5Z)-7-Oxozeaenol, in chick eye development
showed an increase in progenitor cells and a decrease in differentiated cells. This study in chick
suggests TAK1 may be a critical player in the regulation of the cell cycle during retinal
development. Results from experimentation in chick led to studying the potential role of TAK1 in
inflammation and neurodegeneration. TAK1 has previously been implicated in cell death and
apoptosis suggesting that TAK1 may be a critical player in inflammatory pathways. TAK1 has
been implicated in the regulation of inflammatory factors in different parts of the CNS but has not
yet been studied specifically in retina or in specific retinal cells. Chapter 2 includes studies from
the Belecky-Adams laboratory of in vitro work with retinal microglia. Retinal microglia were
treated with activators and the translocation to the nucleus of a downstream factor of TAK1 was
determined: NF-kB. Treatment of retinal microglia in the presence of activators with TAKinib, an
inhibitor of TAK1 activation, revealed that TAK1 inhibition reduces the activation of downstream
NF-kB. Together this data suggests that TAK1 may be implicated in various systems of the body

and further studies on its mechanisms may help elucidate potential therapeutic roles of the kinase.
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CHAPTER 1. INTRODUCTION

The neural retina is a highly organized tissue located in the back of the eye. It is composed of
neurons and glia, similar to the cell types that populate the central nervous system (CNS). The
retina is an extension of the CNS and is responsible for taking in light and transducing it into signal
that it then passes on to various parts of the brain. Cells within the retina undergo similar processes
of signaling in development as well as in response to damage or inflammation to those in the rest
of the CNS. The retina is a highly regulated tissue, containing the blood retinal barrier (BRB)
which is formed by tight junctions that serve as a physiological barrier that regulates the movement
of ions, proteins, and water in and out of the retina. This is like the blood brain barrier (BBB) in
the brain that separates the circulation of blood from the neurons of the brain, protecting against
neurotoxins and also serving as an ion transporter. Due to these similarities, the retina has long
been used as a tool to study the CNS. Recent studies have implicated mitogen activated protein
kinases (MAPKS) as possible key regulators within the retina during development. MAPK has also
been implicated in disease states, inflammation, and cell death. The studies here aim to show that
TGF-RB activated kinase 1 (TAKL1), a protein within the MAPK pathway, may act as a molecular
hub in signaling that plays a role not only in retinal development but also in inflammation through

microglial cells that may help elucidate retinal diseases such as diabetic retinopathy (DR).

1.1 Development of the vertebrate eye

Oculogenesis is highly conserved in vertebrates and is characterized by three main phases that
result in a mature, functional eye [5, 6]. Eye development is initiated early in embryogenesis
shortly after gastrulation when three germ layers of the embryo are formed: the mesoderm, the
endoderm, and the ectoderm[5, 6]. During gastrulation, the mesoderm induces the formation of the
anterior neural plate from ectoderm. In late gastrulation, the central portion of the anterior neural
plate is induced to form the structure that will eventually become the eyes, known as the eye field
[5, 6]. The vertebrate eye develops from this eye field in the anterior of the neural plate. The neural
plate evaginates to form the neural tube, followed by the eye field splitting to form the optic
grooves. The optic grooves evaginate to form the optic vesicles. The optic vesicles then invaginate

to form the optic cup, which forms the retina and the retinal pigmented epithelium (RPE) and the
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optic stalk (Figure 1.1). Signaling from the evagination of the optic vesicles result in the formation
of the lens placode that will eventually give rise to the lens. The optic stalk then narrows and marks
where the optic nerve leaves the eye. The optic stalk connects the developing eye with the rest of
the diencephalon. It is here that retinal ganglion cell axons will traverse the optic stalk to make

synaptic connections with other regions of the brain [7].

Figure 1.1 (a) The neural plate. (b) The neural plate folds to form the neural tube. (c) The formation
of the optic grooves and they being to evaginate. (d) Optic vesicles bulge out as the folding
continues. (e) The neural tube closes, and the formation of the lens begins. (f) Formation of the
optic cup: the optic stalk, the RPE, and the retina. (g) The eyecup enlarges causing the choroid
fissure to seal the optic cup. [8]

1.2 Retinal development

During retinogenesis, multipotent retinal progenitor cells (RPCs) are post mitotic precursors that

undergo symmetric and asymmetric divisions to give rise to all the neuronal cell types and Muller
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glia in the retina. The retinal cell types are born in a sequential manner, this sequential
differentiation is what leads to the stratified mature retina. The competency model suggests that as
development progresses, RPCs lose their ability to differentiate into certain cell types (Figure 1.2).
Ganglion cells are the first-born cells, followed by horizontal, cone photoreceptors, and amacrine

cells. The last to differentiate from progenitors are the rod photoreceptors and Mdller glia.

Proliferation of RPCs is done via interkinetic nuclear migration which is where nuclei of cells
move across the retina. This migration can occur close to the lens (vitreal) or close to the retinal
pigmented epithelium (RPE) as progenitor cells enter different phases of the cell cycle. The cell
cycle is split into interphase and mitosis. A cell’s chromosomes undergo condensation before
nuclear envelope break-down in G1 phase. In S phase, a cell replicates its DNA, afterwards, the
cell prepares to divide as it enters G2 phase and divides or undergoes mitosis in M phase. As the
nuclei of progenitors approach the completion of G1 phase, they migrate toward the vitreal surface
where they enter S phase and initiate DNA synthesis. From here they migrate to the ventricular
surface as they go from G2 into M phase. Differentiation of retinal cell types is the result of various
signaling pathways and transcription factors which regulate cell type specification [9, 10]. For
cells that remain in the cell cycle, activation of specific signaling pathways and cell cycle genes is
necessary. Progression through the cell cycle and the phases within the cell cycle are controlled by
cyclin dependent kinases (CDK). The cell cycle is positively regulated by cyclins and negatively
regulated by CDK interactive protein (CIP) and kinase inhibitory proteins (KIP).
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Figure 1.2 Sequential differentiation during retinal development.(a) Progenitor cells are restricted
as development progresses, allowing for differentiation of various cell types. (b) Retinal
differentiation occurs in two distinct waves that slightly overlap. [11]

1.3 The mature neural retina

The mature retina is a thin layer of highly organized tissue that lines the back of the eye. The retina
is responsible for enabling vision by receiving light and converting that light into neural signals
and passing it along to various parts of the brain that result in vision [12] (Figure 1.3). The mature
vertebrate retina is made up of 3 main nuclear layers made up of neurons and 2 plexiform layers
made up of synaptic contacts from adjacent layers [6]. The three main layers include the ganglion
cell layer (GCL) made up of ganglion cells; the inner nuclear layer (INL) which is made up of
bipolar, amacrine, and horizontal interneurons, and the outer nuclear layer (ONL) which is made

up of rods and cones. Synapses between retinal ganglion cells and bipolar cells can be found in the
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INL while synapses between the bipolar cell and photoreceptors can be found in the ONL.
Ganglion cells also function outside of the nerve fiber layer; their axons extend out of the retina,
through the optic nerve, to transmit converted signal outside of the eye to various parts of the brain
[6]. Neurons are not the only cell type in the retina: glial cells (Muller glia, astrocytes, and
microglia) are found throughout the retina. Muller glia, the primary glia of the eye, are found in
the inner plexiform layer (IPL) of the retina while their processes extend through the entire length
of the retina [6]. Astrocytes, specialized glial cells, can be found in the GCL and nerve fiber layer
(NFL). As for microglia, they are the resident macrophages of the retina and are found in the
plexiform layers [13].
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Figure 1.3 Retina location in the vertebrate eye[14]

1.3.1 Neuronal cell types

The retina is composed of 5 neuronal cell types: ganglion cells, amacrine cells, horizontal cells,
bipolar cells, and photoreceptors (Figure 1.4). In vertebrates, ganglion cell neurons are typically

the first cell type to differentiate. Ganglion cells migrate to the ganglion cell layer and their axons

21



extend through the optic disc and grow along glial cell end-feet in the optic nerve to secure their
place there. A host of factors, including bHLH (basic helix-loop-helix) and its downstream factors
are essential to the differentiation and survival of retinal ganglion cells [15, 16]. In some
vertebrates, like chick, retinal ganglion cell axons are myelinated within the retina. However, most
mammals have retinal ganglion cell axons that remain unmyelinated within the retina.

Amacrine cell differentiation overlaps with that of the retinal ganglion and the cells migrate to the
INL. Displaced amacrine cells can also be found in the GCL. Currently, over 40 morphological
subtypes of amacrine cells have been identified [8]. Amacrine cell’s function, within the vertebrate
retina, typically as inhibitory neurons. In vertebrates, they contain GABA or glycine, common
inhibitory neurotransmitters when they are not nearby glutamatergic neurons, in which case can
act in excitatory neurotransmission [17]. GABAergic amacrine cells make synapses with bipolar
cells in the inner plexiform layer (IPL), aiding in creating a greater spatial and temporal recognition
[18].

Horizontal cell birth overlaps with both amacrine and ganglion cell birth. Retinal horizontal cells
are found in the INL of the retina, closest to the photoreceptors. They are interneurons that integrate
signals between photoreceptors and are involved in lateral inhibition. Horizontal cells synapse onto
photoreceptors cells. They serve as negative feedback to photoreceptors. This is due to horizontal
cells depolarizing by the release of glutamate from photoreceptors in the absence of light;
depolarization of horizontal cells leads to hyperpolarization of nearby photoreceptors. In light, less
glutamate is released by photoreceptors which leads to hyperpolarization of horizontal cells,
leading to polarization of photoreceptors.

Photoreceptors reside in the ONL of the retina and are split into two groups: rods and cones. Birth
of cone photoreceptors overlaps with horizontal cells while rods are born later, overlapping with
bipolar and Muller cells. Rods are found in far greater numbers in the retina compared to cones
and are essential for vision in the absent of light. In humans and mice, there are 20 times more
rods than cones, while in chick the ratio is about 6:1 [19]. Cones conversely provide vision in
situations of bright light.

Bipolar cells are one of the last cells to be born in the retina. Bipolar cells are split into rod and

cone bipolar cells based on their connections to either rods or cones. From here, they are also
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categorized as ON of OFF bipolar cells. Bipolar interneurons also function to transmit signal to
the ganglion cells. Bipolar cells are highly dependent on glutamate from Mauller glia [20]. ON
bipolar cells undergo depolarization due to the light in the rods while the OFF bipolar cells are
hyperpolarized due to the light response in the cones.
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Figure 1.4 Layers of the mature vertebrate retina. Depicted are the main layers of the mature
retina as well as the cells that reside in each one [21].

1.3.2 Retinal glia

Retinal glia play a key role in the regulation of neurotransmitters and their uptake. Retinal glia are
necessary for neuronal protection and survival, formation and maintenance of the BBB, and
homeostasis. They are classified into two groups: macroglia and microglia [22]. The macroglia
include Muller glia and astrocytes. Muller glia are the last to differentiate from progenitor cells
during retinogenesis along with rod photoreceptors and bipolar cells [23]. Muller glia are the

predominant glia cell, making up about 90% of glial cells and span throughout most of the retina.
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There is also evidence to suggest that Mdller glia processes help aid other retinal cell migration
and help guide differentiation [24]. Muller glia reside in the INL and their processes extend radially
throughout all retinal layers while retinal astrocytes are found in the NFL [24]. Mdller glia help
provide structural support and line the blood vessels in the retina. Their end feet form the inner
limiting membrane (ILM) of the retina and their outer processes form the outer limiting membrane
(OLM). Muller glia cells help maintain homeostasis by taking up extra neurotransmitters, helping
to stabilize the integrity of the retina, and maintaining the BBB in conjunction with the other glial
cells: astrocytes and microglia. They are the only cells in the retina that exit then reenter the cell

cycle in response to injury to surrounding neurons [25].

Retinal astrocytes work alongside Miuller glia to help maintain homeostasis in the retina.
Astrocytes, unlike Miiller glia, do not originate from the retinal embryonic epithelium. It is thought
that astrocytes come from mitotic precursors that traveled from the subependymal germinal layer
of the brain to the optic nerve during development. From the optic nerve, astrocytes enter the retina
through blood vessels [26]. Astrocyte processes cover blood vessels, aid in ion homeostasis, and
are involved in synaptic pruning [26]. Astrocytic end feet aid in structural support for blood vessels,
helping to maintain the BRB. Astrocytes have a stellate shape in the NFL and like Mdller glia,
their end-feet help form the ILM [26].

1.3.3 Miicroglia and inflammation

Microglia are resident macrophages of the retina that aim to maintain homeostasis. Microglial cells
originate from embryonic yolk sac blood islands and migrate to the optic pit which then becomes
the optic cup [27]. As innate immune cells, microglia have processes that extend from their cell
bodies and survey their surroundings for debris and any indication of foreign bodies. Microglia
are found throughout the retina: they reside in the NFL, GCL, IPL, and the OPL. Their
development and survival is regulated by cytokine receptors and transcription factors [28]. As
resident macrophages, microglia are key to regulating immunity and inflammation in the retina.
Microglia express receptors such as toll-like receptors (TLRs), major histocompatibility complex
(MHC), and cytokine and chemokine receptors that help them identify and respond to bacteria,

viruses, and other foreign bodies [29]. When activated, like in the presence of oxidative stress or
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hypoxia, microglia increase proliferation, and change morphology, changing into an amoeboid
shape as they migrate to sites of injury [30]. Short inflammatory response leads to tissue repair and
a return to homeostasis. However, chronic inflammation leads to sustained microglial activation
and inflammatory response which can lead to neuronal damage and can potentiate diseases such

as age-related neurodegeneration and glaucoma[30] (Figure 1.5).

Aside from their role in inflammation, microglia are also thought to play a role in the regulation
of neuronal survival and programmed cell death during development as well as synaptic
pruning[31]. There is also evidence that microglia are involved in angiogenesis and the integrity
of the BRB. In angiogenesis, microglia help aid in the formation of blood vessels and their
branching [32].
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Figure 1.5 Microglia in homeostatic conditions (left) and in pathological conditions like diabetes
(right) [33]
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1.4 Retinal vasculature

The retinal vasculature supplies the retina with nutrients, oxygen, and structural stability. There
are two main methods in which vasculature in the retina grows: angiogenesis and vasculogenesis.
Mouse retinal vasculature develops like humans; during development, the inner vasculature grows
and feeds from the optic nerve disc and spreads over the inner surface of the retina (vasculogenesis)
[34] (Figure 1.6). The vasculature sprouting from the optic nerve is accompanied by astrocytes,
which are also known to come in from the optic nerve. The vasculature follows the astrocyte
migration until the retinal surface is covered. At this point, the vasculature is no longer associated
with astrocytes as it branches out into the INL of the retina, creating parallel growth (angiogenesis)
[34]. The retina also has a blood supply on the outside surface, supplied by the choroid, which
supplies most of the total blood flow of the eye as well as nutrients and temperature control [34].
Retinal vasculature begins in utero, where the hyaloid vessels supply blood and nutrients to the
retina and the eye during development [34]. Astrocytes that begin forming in the optic nerve during
development express factors, such as vascular endothelial growth factor (VEGF), that triggers
proliferation of endothelial cells [34]. These astrocytes and endothelial cells are key components
of the BRB.
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Figure 1.6 Vasculature of the mature vertebrate retina. From top to bottom: the superficial
vascular plexus, the intermediate vascular plexus, the deep vascular plexus, and the choroid [35].
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1.4.1 Blood retinal barrier

The BRB is a physical barrier that is essential to separating the circulating blood from the retinal
vasculature and the extracellular fluid in the retina. This barrier is responsible for regulating ion
and chemical flux in the environment surrounding the retina. The BRB is composed of retinal glia,
the retinal pigmented epithelium, and cells that make up the vasculature. It is split into an inner
and outer barrier: the outer barrier of the BRB is formed by the RPE while the inner barrier is
formed by retinal glial end feet and cells of the vasculature. The inner barrier of the BRB is
composed of interactions between endothelial cells, astrocyte and Mdller glia end feet, and
pericytes. Together, these cells form tight junctions that help regulate movement between the blood
and the retina [36] (Figure 1.7). The outer barrier is essential to the regulation of movement of

fluids and nutrients from the RPE to the photoreceptor layer (sub-retinal layer) [36].

Pericytes are essential to retinal homeostasis and the maintenance of the BRB. They are found
along vasculature, embedded in the same basement membrane as endothelial cells [37]. While
pericytes are present throughout the vascular network of the body, they are especially important
when it comes to the CNS. In the CNS, pericytes help form the BRB and the BBB. They also aid
in blood vessel formation and help control blood flow [37]. Most pericytes in the retina are
recruited from the neural crest while a smaller amount are from the mesenchyme [37]. Pericytes
are largely affected by the growth factors such as the platelet-derived growth factors (PDGFs).
PDGF signaling regulates angiogenesis via interactions with receptors PDGFRa and PDGFRf
(Figure 1.8). Interactions between PDGF homodimers and their receptors are critical in the
recruitment of pericytes to the vasculature and help maintain vasculature integrity and pericyte
survival[38]. Endothelial cells secrete PDGF-BB, while pericytes express PDGFR-, resulting in
a codependency for survival [39]. Loss of PDGFR-B and/or PDGF-BB results in loss of pericytes
and subsequent vascular abnormalities [40]. Disruption in the recruitment of pericytes can lead to
weaking of the brain and retinal barriers and leaky vasculature; all of which result in serious disease
states in the CNS. Damage to pericytes is an early hallmark sign of retinal disease, particularly in

the case of diabetes.
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Figure 1.7 Inner and outer BRB. (a) The inner blood retinal barrier (iBRB) located in the main
layers of the retina and the outer blood retinal barrier (0BRB) located in the retinal pigment
epithelium (RPE). (b) A close up of the iBRB composed of tight junctions by endothelial cells,
pericytes, and Miuller glia. (c) A close up of the oBRB composed of both tight junctions and
adherens junctions [41].
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Figure 1.8 Pericytes are dependent on PDGF signaling for survival [42].

1.5 Diabetes

Diabetes is a metabolic disorder that is characterized into two main types: Type 1 and Type 2
Diabetes where there exists a defect in insulin secretion (type 1) or action (type 2) [43]. It is a
disease that is a growing health concern not only in the United States, but globally. As of 2020,
34.2 million Americans have been diagnosed with diabetes, and as of 2018 88 million American
adults have been diagnosed with prediabetes [44]. Globally, over 1.6 million deaths have been
directly caused by diabetes as of 2018 [44]. Type 1 diabetes is usually diagnosed in children and
is not known to have a cure, it makes up only 5-10% of all diabetic cases [44]. Meanwhile, over
90% of diabetic cases are type 2 diabetics, and while some subtypes of type 2 diabetes may be
genetic, is largely considered preventable. One of the leading complications of diabetes is diabetic
retinopathy (DR). It is the most common form of diabetic eye disease and is the leading cause of
blindness in adults in the United States [45].

29



1.6 Diabetic retinopathy

Diabetic Retinopathy (DR) is a retinal disease and a major complication of diabetes. It is a disease
that affects the vasculature, pericytes, and impacts vision capability. DR is categorized into four
different stages in order of increasing neurodegeneration: mild non-proliferative, moderate non-
proliferative, severe non-proliferative, and proliferative diabetic retinopathy [46] (Figure 1.9) The
first stage is characterized by loss of pericytes, and the presence of microaneurysms, or swelling,
in the retina. The presence of microaneurysms can lead to fluid leakage and pressure buildup in
the retina, known as macular edema[46]. In the second stage of DR, moderate non-proliferative
DR, there is the addition of hemorrhages, gliosis, lipid buildup (hard exudates), and dead cell
debris (cotton wool spots) [47]. Severe non-proliferative DR is characterized by weakening of the
blood vessels (venous beading) and there are areas in the retina that are no longer getting blood
flow because of damage to the vasculature [47]. The final stage of the disease, proliferative DR, is
characterized by neovascularization. In this stage, there is the formation of new vasculature, but
due to a loss of pericytes, and consequently tight junctions of the BRB, these blood vessels are
weak, leaky, and abnormal [47]. In the end stage of diabetic retinopathy, there is partial to complete

vision loss and in some cases, retinal detachment [47].

The issue with a retinal disease like DR is that clinically, by the time a patient has symptoms, the
disease state is already progressed far enough where damage has been caused. Research into this
retinal disease has mostly been focused on later stages of DR to determine ways of alleviating
symptoms and slowing down the progression of the disease. More recently, early stages of DR
have been studied in an attempt to identify key changes early in diabetes that trigger the onset of
the disease. Recent studies have shown that one of the first hallmarks of DR is the loss of pericytes
[48]. While it has been found that these cells are lost, the methods in which this happens have yet
to be uncovered [49]. Mechanisms relating to inflammatory stress have been proposed to explain
the loss of pericytes and the onset of DR including oxidative stress, advanced glycation end
products (AGEs), and a loss of PDGFB signaling [37]. The chronic inflammatory state of patients

with diabetes aligns with the proposed inflammatory mechanisms.
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STAGES OF DIABETIC RETINOPATHY

Proliferative

Figure 1.9 Stages of Diabetic Retinopathy The 4 main stages of DR are shown with some
hallmark symptoms that differentiate them compared to a normal retina. [50]

1.7 Mitogen activated protein kinase 1 (MAPK)

One mechanism that has shown potential for being involved in the onset of DR is the mitogen
activated protein kinase (MAPK) family. MAPKs make up a set of signaling pathways that are
essential to cell survival [51]. There are three main classes of MAPKS: extracellular-regulated
kinase (ERK), p38, and c-junN-terminal kinase (JNK) that are regulated by a cascade of
phosphorylation and are activated by extracellular stimulus[51]. ERK is important for neuronal

functioning while JNK and p38 are important in apoptosis [51].

MAPK can also be activated by PDGF. When ligand PDGF-BB, secreted by endothelial cells, is
binding to the receptor on pericyte cells, it triggers a phosphorylation cascade. A decrease in
signaling of PDGF leads to death of pericytes and consequently endothelial cells as well [52].
Reactive oxygen species (ROS), reactive nitrogen species (NOS), and advanced glycation end
products (AGEs), all of which can result from chronic inflammation due to diabetes, can lead to a
decrease in PDGFR signaling and lead to apoptosis. In the mouse retina, JNK was found to have
a role in mediated apoptosis [53]. A study in rats found that inhibition of p38 in diabetic animals
lead to inhibition of abnormalities associated in early stages of DR [54]. The activation of the
MAPKI/ERK signaling pathway has been used to study diabetic complications [55].

1.8 TGF-B activated kinase 1 (TAK1)

Recent studies have implicated TGF-B Activated Kinase 1, a MAP3K member or the MAPK
family, as a key regulator of cell death [1]. Phosphorylation, or activation, of TAK1 requires the
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adaptor protein TAK1 associated binding protein 1 (TAB1). TABL1 is also able to bind to p38.
Phosphorylation of TAK1 at threonine 184, threonine 187, and serine 192 are required at the NH2
terminal for activation of TAK1 [1].

TAKT1 has been found to have a key role in maintaining tissue homeostasis. Activated TAK1 has
been implicated in angiogenesis during embryonic development in mouse [56]. In various genetic
mouse studies, TAK1 has been shown to control inflammation and cell death through downstream
factors such as MAPKSs and nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB)
[1]. Although NF«B has been shown to lead to proliferation, in type 2 diabetics with non-
proliferative retinopathy, NFkB leads to pericyte apoptosis [57]. In mouse studies, dysregulation
of TAK1 signaling showed tissue abnormalities similar to human disease pathogenesis [1]. TAK1
dysregulation has also been associated with cancers in various organs such as the kidney, liver,
and colon [1, 58]. Deletion of TAK1 resulted in bone marrow and liver failure in mice as well as
inactivation of both downstream JNK and NF«B signaling [59](Figure 1.10).
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Figure 1.10 TAK1 downstream of TNF-a and upstream of proinflammatory factors [1].
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Aside from its implicated role in inflammation and apoptosis, TAK1 was also studied in human
retinal samples, the results of a study done in 2016 indicated a link between phosphorylation of
TAK1 and human retinal pathology [60]. In a study looking at TAKZ1 specifically in microglia,
TAK1 depletion negated post-ischemic neuroinflammation and apoptosis. Another similar study
created a conditional deletion of TAK1 in microglia in mice and found not only a reduction in
CNS inflammation, but also inhibition of the NF«xB, JNK, and ERK1/2 downstream pathways [4].
These results suggest that TAKL is important in pathology, particularly through mechanisms

within microglial cells [61].

Previous studies in the Belecky-Adams lab found that although pericyte loss is happening as early
as 3 weeks in genetic diabetic mouse models, inflammatory markers are not increased until about
the 6-week mark. This suggests that inflammation affecting pericytes may not originate from the
retina tissue itself. The BRB, where the pericytes reside, are surrounded by microglia. It is possible
that TAK1 within microglia may be acting as a molecular hub that may be affecting pericytes and
play a role in their loss in early diabetic retinopathy. The studies herein investigate the role of
TAKU1 in directing inflammation in diabetic retinopathy and in directing cell cycle progression in
the developing retina. Regarding diabetic retinopathy, we hypothesize that TAK1 activity in retinal
microglia increases the expression of secreted inflammatory factors that trigger the demise of
retinal pericytes. In the developing retina, we hypothesize that TAK1 plays a role cell cycle

progression by potentially signaling an increase in cell cycle length as development proceeds.
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CHAPTER 2. TAK1 IN DIABETIC RETINOPATHY

2.1 Abstract

Diabetes is a disease affecting millions of people world-wide. Diabetic retinopathy (DR) is major
complication of diabetes where 90% of Type 1 diabetics will develop DR and 60% of Type 2
diabetic will develop DR in the course of the disease. DR is one of the leading causes of blindness
in the United States [62]. Current approaches to DR focus on treatments to alleviate symptoms and
slow disease progression, particularly in the later stages of the disease. Events leading to the onset
of the disease and the disease’s early indicators have not been well studied and remain unclear.
One indication of early DR is the loss or absence of pericyte cells, but the cause of their loss is
unknown. Several factors are thought to be involved in their loss, however, the intracellular

signaling pathways are not completely understood.

There are two general molecular structures involved in the detection of damage that affects the
survival of an organism: damage-associated molecular pattern (DAMPSs) and pathogen-associated
molecular pattern (PAMPSs). In DR, DAMPs can result in microglial activation [63]. In diabetes,
receptor for advanced glycation end products (RAGE) and TLRs are the main DAMP and PAMP
receptors present that when persistently elevated, can incite chronic inflammation. Previous studies
have indicated that AGEs and other factors such as lipopolysaccharides (LPS), tumor necrosis
factor a (TNFa) and bone morphogenetic protein 7 (BMP7) may play a role in regulating the
expression of pro-inflammatory factors by acting as ligands at these receptors. Downstream of
these main DAMP and PAMP receptors is TAK1. TAK1 has been implicated in regulation of
inflammatory factors NF«B, JNK, and p38 in other parts of the body and in microglia in parts of
the CNS but has not yet been studied in retinal microglia [3, 4]. TAK1 may be a critical component
in the inflammatory pathway that acts downstream of multiple receptors and upstream of NFkB, a
transcription factor that directly regulates upstream regulatory regions of pro-inflammatory factors
[1, 2]. Studies from the Belecky-Adams laboratory have proposed that inflammation within the
retina may be regulated by TAK1. We first wanted to test TAK1 in vitro to determine whether
NF«B became activated in response to LPS, TNFa, and IFN-y and whether this response could be
inhibited by TAKinib. TAKIinib is a potent inhibitor of TAK1. TAKinib functions by binding to
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the ATP binding site of TAK1 via hydrophobic bonds. The nuclear localization of NFkB was used
as a read-out of up-regulation of pro-inflammatory factors. In preparation for testing the role of
TAKZ1 in an animal model of DR, | have also determined when pericytes are lost in streptozotocin
(STZ)-treated C57BL/6 mice. Determining when pericytes are lost in STZ treated mice will allow
me to be able to take the next step in creating an inducible knockout mouse model of TAK1 by
determining the timepoint in which pericytes are lost in these mice. Mice treated with control
vehicle or STZ will aid in determining if knockout of TAK1 in microglia reduces the presence of

inflammation in the retina and if there is a change to pericyte health in these mice.

2.2 Introduction

Diabetes is a growing epidemic, affecting 34.2 million people in the United States and millions
more worldwide [44]. Diabetes is characterized by increased blood glucose and chronic
inflammation [44] and is thought to play a role in diabetic retinopathy, a major complication of
diabetes. Nearly all type 1 diabetics and over 60% of type 2 diabetics will develop DR in the span
and progression of their diabetes [44]. It is currently the leading cause of blindness in the United
States. Chronic inflammation in diabetes is a direct result of excessive amounts of blood glucose

in the body.

Of the two most common types of diabetes, type 1 diabetes is an autoimmune disorder in which
the beta cells of the pancreas are destroyed, leading to insulin production being halted [43]. In type
2 diabetes, there is either insufficient insulin production and/or insulin resistance [43]. Both types
result in an increase in blood glucose, or hyperglycemia, and patients of both suffer from DR.
Despite such high prevalence of DR in diabetic patients, the mechanisms responsible for DR onset
in diabetic patients is not known. Early DR signs include vascular changes to the retina but the
major problem in DR is with the neurovascular unit (NVVU) which includes pericytes, endothelial

cells, macro and microglia, and neurons [64, 65].
Hyperglycemia or increased blood glucose has been shown to promote chronic inflammation due

to the activation of inflammatory factors, AGEs, oxidative stress, and excessive protein kinase C

(PKC) activation [66]. These various mechanisms can directly activate resident macrophages of
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the retina, promote pericyte receptor death, and increase endothelial cell permeability. The effect
of hyperglycemia on these cells directly affects the integrity of the BRB, thereby reducing retinal
health. Chronic inflammation broadens the scope of potential culprits within the retina that are
initiating DR to include: growth factors, cytokines, interleukins, and activation of microglia and
other glial cell types. Chronic inflammation can be a direct result of gliosis and has also been
shown to initiate astrogliosis as well [67]. Reactive gliosis is the activation of macroglia present
in the CNS, including microglia, astrocytes, and Miiller glia that can cause the formation of scar

tissue and neuronal cell death [67].

Inflammation is a normal physiological response to injury and will often be short-lived and resolve
itself. It often results in cytokine and chemokine secretion, changes in metabolism, and vascular
changes. Chronic inflammation results from the continuous release of cytokines and chemokines.
RAGE is present on many cells in the body including microglia and pericytes. AGEs have been
shown to cause cell death and result in chronic inflammation [68] Some inflammatory factors such
as IL-1B, TNF-a, and VEGF have been found to be increased in DR [69]. IFN-y and IL-6 and other
cytokines can directly cause dysfunction of glia. Microglial activation occurs in high glucose states
found in diabetes and when activated, the microglia release proinflammatory factors [70]. Early
signs of DR include microaneurysms and vascular changes and it has been found that one of the
earliest changes to the eye in DR is the loss of pericytes [64]. The loss of pericytes lead to the
changes seen in vascular integrity in the first category of DR. Multiple mechanisms have been
proposed to explain the loss of pericytes in DR [71]. Both type 1 and 2 diabetes cause
hyperglycemia which leads to oxidative stress [72, 73]. Hyperglycemia can also lead to an increase
in pathways which increase NFxB and pro-inflammatory genes [74] and has also been linked to

apoptosis [75].

Previous work from the Belecky-Adams laboratory suggest that chronic inflammation affected
pericyte survival [76]. As previously mentioned, microglia are the resident macrophages of the
CNS and are located near the vasculature. We hypothesized that TAK1, a kinase downstream of
Toll-like receptors (TLRs)s, TNFa, and other factors and upstream of pro-inflammatory and pro-
apoptotic factors, within microglia were responsible for exposing the neurovascular unit, including

pericytes, to inflammatory factors. In order to approach this hypothesis, we first wanted to establish
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that TAK1 can be activated by various factors in retinal microglia. | approached this by culturing
microglia cells and treating with various activators of the TAK1 pathway: LPS, IFN-g, and TNFa.
Immunocytochemistry was done to label for NFkB, a downstream factor of TAK1 that has been
shown by many investigators to act as a central mediator of innate and adaptive immune
responses[77]. NF«B is a transcription factor that does not require new protein synthesis to become
activated. NFkB becomes activated through T or B cell receptors, and following a cascade of
signaling components, eventually PKC becomes activated, activating NFkB, allowing it to be able
to enter the nucleus. Once NF«B is in the nucleus, it is able to upregulate genes responsible for T-

cell proliferation and development [78].

Cells immunolabeled with NFkB after activator treatment implicated the activation of TAK1
within those microglia. In addition to activator treatment alone, cells were also co-treated with
activators and TAKIinib, a specific inhibitor of TAK1 activation/phosphorylation, thereby
inhibiting the cascade of downstream factors and NF«B translocation to the nuclear [58].The next
step on testing this hypothesis is to test whether a loss of TAK1 would reduce inflammation in a
disease state, DR, and whether this altered the changes to the neurovascular unit, such as pericyte
loss. To perform those studies though, we first had to determine the time at which pericyte loss
was occurring in an STZ-treated mouse. C57BL/6 mice were given an injection of STZ, a drug
that Kills off beta cells of the pancreas, mimicking a type 1 diabetic phenotype. The retinas of these
animals were examined at various timepoints using immunolabeling in order to quantify pericytes
in STZ treated animals compare to VEH treated littermates. The goals of these two preliminary
studies was to explore 1) TAK1 can be activated and inhibited in microglia and 2) determine when
early changes to the NVU are happening so that we can target the correct timepoints in TAK1
conditional knockouts. This will allow us to determine if the knockout of TAK1 in microglia can
ameliorate any pericyte loss we see in C57BL/6 animals that were injected to have a type 1 diabetic
phenotype. With these studies, | hypothesize that TAKL1 acts as a molecular hub within microglia

that is regulating inflammation in the early stages of DR that affects the NVU.
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2.3 Materials and methods

2.3.1 Animals

C57BL/6J mice were purchased from Jackson Laboratories (Bar Harbor, ME). Animals were
maintained in a temperature and humidity-controlled room with free access to food and water. All
mice were housed in accordance with the Institutional Animal Care and Use Committee (IACUC)

at Indiana University-Purdue University School of Science, Indianapolis.

2.3.2 Microglia cells

Briefly, microglial cells were isolated from the retinas of PO-P4 immmortomouse back crossed
into C57BL/6J [79]. Retinas were digested in Trypsin/EDTA (5ml; 0.25% trypsin and 1ImM EDTA,;
Thermo Scientific) for 5 min at 37°C. Retinas were then agitated using a pipette before 5ml of
DMEM with 10% FBS was added to halt trypsin activity. Digested retinas were centrifuged at
room temperature for 5 min at 400 x g and the supernatant aspirated. The remaining pellet was
resuspended in microglia media made up of a 1:1 mixture of DMEM and F12 (Thermo Scientific)
containing 44 U/ml of interferon- y (R&D Systems, Minneapolis, MN) and 10% FBS. Microglia
were then plated on a single well of a 6-well plate and maintained in a tissue culture incubator at
31°C and 5% CO:a. Cells were fed every 3-4 days until they were nearly confluent in 1-2 weeks’
time. Once nearly confluent, media was removed from the plate and cells were rinsed with PBS
containing 0.04% EDTA before 2ml of PBS with 0.04% EDTA was added to the plate and the
plate was left on a multipurpose rotator at 100 rpm for 20-30 minutes at room temperature. The
supernatant of the plate was placed in 3 ml of DMEM containing 10% FBS in a 15 ml tube which
was then centrifuged at 400 x g for 5 minutes. The cells were then re-plated in microglia media
and allowed to reach confluence before being expanded into 60-mm dishes. Flow cytometry
analysis for F4/80 (eBiosciences; San Diego, CA) and keratin sulfate (Seikagaku Corporation;
Jersey City, NJ) and immunocytochemistry was done to determine purity of the microglial cultures.

The purity of the cultures was nearly 95% using both analyses.

Microglia were cultured in DMEM (Catalogue #D1152, Sigma-Aldrich, St. Louis, MO) containing
10% FBS and 44U/ml of murine recombinant interferon- y (R&D Systems, Minneapolis, MN).
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Cells were plated on a single well of a 6-well plate (BD Falcon) or a 100mm dish (BD Falcon) and
incubated in a tissue culture incubator at 31°C and 5% COxz. Cells had their media changed every
3 to 4 days and passaged every 5 to 7 days using .25% trypsin-EDTA (Sigma-Aldrich). Once
reaching 60-80% confluency, microglial media was removed from the microglia, cells were rinsed
with DMEM media and inoculated in non-FBS containing microglial media before being treated
with factors and inhibitors. Cells were treated with either 1 ul/ml vehicle (PBS for IFN- y for
TNFa), 50 ng/ml of mouse interferon-gamma (IFN-y; R&D systems), 10ng/ml of LPS (from E.
coli; Sigma), or 50uM recombinant mouse TNFa (TNFa; abm) for 1 hour. Microglial cells were
incubated with TNFa, IFN- vy, LPS, and vehicle for 1hr before being fixed and prepared for ICC.
In the case where cells were treated with inhibitor, TAKinib (Sigma), cells were treated with
100pM of TAKIinib for 24 hours before being treated with the above-mentioned concentrations of

activators for 1 hour and fixed and prepared for ICC in the same manner.

2.3.3 Immunocytochemistry (ICC)

Following the treatment mentioned previously, microglial cells were fixed with 4% PFA for 30
minutes, rinsed with 1x PBS for 5 minutes twice, incubated with methanol for 10 minutes, and
rinsed twice with 1x PBS for 5 minutes each. PBS was removed from each well of cells and a pap
pen (Eletron Microscopy Sciences, cat#71310) was used to draw a square in each treated well of
a 6 well plate and was allowed for dry for 10-15 minutes. Cells were blocked with 10% goat serum
in 1x PBS with 0.25% triton X-100 for 1 hour at room temperature. Cells were then inoculated in
primary antibody diluted in 1x PBS containing 0.25% Triton X-100 and 2% serum overnight at
4°C. The following day, dishes were brought to room temperature before primary antibody was
removed. Cells were rinsed with 1x PBS twice for 5 minutes each at room temperature before cells
were incubated with the secondary antibody in 1x PBS for 1 hour at room temperature in the dark.
After secondary antibody inoculation, cells were rinsed with 1x PBS twice for 5 minutes each,
stained with Hoechst nuclear stain for 15 minutes, rinsed with 1x PBS twice for 5 minutes each,
and then cover slipped using aqua mount and stored in the dark until imaged using a fluorescent

microscope (All-in-One Fluorescence Microscope BZ-X800; Keyence).
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Table 2.1 Table of Immunocytochemistry Antibodies

Antibody Concentration Catalog # Vendor RRID #
NF«B 1:100 PCRP-NFKB1- | Developmental AB_ 2618888
2B9 Studies
Hybridoma
Bank (DSHB
IBA1 1:250 019-19741 FUJIFILM AB_839504
Wako
Alexa Fluor 1:500 A-11029 Invitrogen® AB 138404

2.3.4 Streptozotocin treatment and animal monitoring

Male C57BL/6J mice were used for experimentation. Female mice were excluded because they
have been found to be more resistant to streptozotocin (STZ), requiring 50% more STZ per kg of
body weight compared to males [80]. Male mice of 8 weeks of age were fasted overnight by
removing food at 5pm until the following morning. Citrate buffer was prepared in a conical tube
(Corning) and adjusted to a 4.0 pH using 1M NaOH and filter sterilized before putting on ice. STZ
in solution has a half-life of 15-40 minutes so STZ-citrate buffer solution was made immediately
before injections to preserve ability to induce diabetes. Male mice were injected intraperitoneally
with STZ [81] at a dose of 100mg/kg using syringe with a 29 gauge needle (EXEL). In control
animals, citrate buffer was injected at the same volume used for the STZ group. Mice were given
10% sucrose water post-injection to prevent sudden hypoglycemia that was changed out for fresh
water the day following injection. Mice were housed in cages with extra absorbent bedding. A
reading of fed blood glucose >250mg/dL was considered diabetic. If STZ injected mice did not
have a blood glucose reading of >250mg/dL by the 5" day, they were euthanized, and the
procedure was redone on a new animal. Blood for blood glucose reading was obtained from the
tip of the tail and body weight and blood glucose was monitored the day before injection, the day
of injection, and daily for 5 days post injection to ensure reading above 250mg/dL. This was all
done at the same time of day, in the morning. Mouse blood glucose reading was also taken at the
time of sacrifice, which were also done in the morning (Table 2.2). Mice that experienced
complications and extreme weight loss or signs of distress were not included in the study and were
consequently euthanized using CO: followed by secondary method of euthanasia: cervical

dislocation.
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Table 2.2 Blood Glucose Readings

Group Sex Blood Glucose day Blood Glucose at
before injection time of sacrifice
(mg/dL) (SAC) (mg/dL)
4 week STZ (n=3) M 140 + 7 564.5 + 10.5
4 week VEH (n=3) M 1595+ 135 1745125
6 week STZ (n=4) M 164 + 3 2655115
6 week VEH (n=3) M 1615+.5 136.5+ 155
10 week STZ (n=2) M 127.5+85 331+ 16
10 week VEH (n=2) M 955+15 1305+ .5

2.3.5 Retinal flat-mount immunohistochemistry

Eyes were dissected from mice that were euthanized using CO2and cervical dislocation. Eyes were
placed in 4% PFA for 30 minutes on ice and then rinsed with 1x PBS several times. Retinas were
removed using a dissecting scope and tools and placed in methanol (MeOH) at -20°C until ready
for immunohistochemistry. Retinas were rinsed in 0.5% Triton X-100 in 1x PBS (PBST) twice for
10 minutes. Then they were placed in blocking solution made up of 10% serum in PBST-0.5%
overnight at 4°C. Retinas were rinsed once with 0.5% PBST for 10 minutes before incubating with
primary antibody in blocking solution at 4°C. For retinal processing, retinas were incubated with
primary antibody for 5 days. Retinas were then rinsed with 0.5% PBST three times for 5 minutes
each on a shaker before being incubated with secondary antibody in blocking solution overnight

at 4°C. Retinas were rinsed with 0.5% PBST 3 times for 5 minutes each on a shaker before being

mounted on slides with aqua mount and cover slipped (adapted from Buhr et al).
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Table 2.3 Table of Immunohistochemistry Antibodies

Antibody Concentration Catalog # Vendor RRID #
NG2 1:400 AB5320 Millipore AB 11213678
1B4 1:500 121411 Life AB_2314662
Technologies
Alexa Fluor 1:500 A11037 Life AB_2534095
Technologies

2.3.6 Retinal pericyte cell counts

For retinal flat mounts, retinas were divided into two regions. The inner region of the retina was
determined from 0-1000um from the optic nerve head and the outer region from 1001-2000um
from the optic nerve head. Images using a fluorescent microscope (All-in-One Fluorescence
Microscope BZ-X800; Keyence) were taken of 3-5 sections within each region. Images were
analyzed using NIH Image J. Statistical tests include one-way analysis of variance (ANOVA) with

a Tukey’s multiple comparison post-hoc tests with probability levels of 0.05, 0.01, 0.001.

2.3.7 Microglia cell counts and statistics

For microglial cell counts, 15-20 regions were imaged within a single well using a fluorescent
microscope (All-in-One Fluorescence Microscope BZ-X800; Keyence). Each treatment group
(n=2) was done in triplicates in a 6 well plate (n=1). Quantification was done using NIH Image J.
Error bars of averages n=6, 3 technical replicates and two biological replicates are shown in black.
Statistical tests include one-way analysis of variance (ANOVA) with a Tukey’s multiple

comparison test with probability levels of 0.05, 0.01, 0.001.
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2.4 Results

2.4.1 NFkB translocation to the nucleus was increased in microglia cells treated with TNFa

Current literature has not explored TAK1 and its role within microglial cells in regard to
inflammation in the eye. To approach our hypothesis that NFkB can be activated in microglia,
various factors known to activate NFxB, a downstream factor of TAK1 were used to treat
microglia. TNFa has been shown to recruit TAK1, leading to NFkB activation [82]. Microglia
cells were cultured and treated with 50uM of mouse recombinant TNFo and immunolabeled for
NFxB, a downstream factor of TAK1 (Figure 2.1A). In addition to TNFa treatment, microglia
were also treated with TNFa in the presence of TAKinib, an inhibitor of TAK1 phosphorylation
which is needed to activate downstream factors. Analysis of NFkB co-localization with Hoechst
in vehicle treated cells showed a mean of 42.05% + 3.98%. In cells treated with TNFa, NFxkB*
cells were 77.40% =+ 3.98% and when cells were treated with TNFa and inhibitor, 34.50% =+ 3.56%
of cell were labeled NFxB* (Figure 2.1B).
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Figure 2.1 NFkB translocation to the nucleus is increased by TNFa in microglia cells and this
translocation is reduced by TAK1 inhibition. A) Retinal microglia were grown in 6 well plates,
treated with vehicle, 50 mM TNFa, or 100pM TAKinib + 50 mM TNFa. Cells were
immunolabeled using nuclear factor kappa-light-chain-enhancer of activated B cells, NFxB, and
a nuclear marker, Hoechst. Each 6 well plate was split into two, with a triplicate of vehicle treated,
and a triplicate of the treatment group. 15-20 regions of each well were imaged at 40x
magnification using a fluorescent microscope, and cell counts of vehicle and treatment triplicates
were averaged for each plate (n=2). B) Quantification of NFxB+ cells were graphed using excel
with SEM bars shown in black. Statistical significance was determined using a one-way analysis
of variance (ANOVA) with a Tukey’s multiple comparison test (**** p<0.0001).

2.4.2 Treatment of microglia showed a change in NFkB+ cells in the presence of IFNy and

IFNy + TAK1 inhibitor

Figure 2.1 showed that TNFa treatment of microglia increased translocation of NFkB to the
nucleus and that this translocation appears to be inhibited by a TAK1 inhibitor. In order to explore
my hypothesis that inhibition of TAK1 can prevent NFkB translocation to the nucleus, IFNy was

used as a treatment for cells. IFNy is a known immune interferon and has been shown to activate



NF«B through the autophagy pathway. Microglia cells were cultured and treated with 50ng IFNy
and cells were then immunolabeled for NFxB (Figure 2.2A). In addition to 50ng IFNy treatment,
microglia were also treated with IFNy in the presence of TAKinib, an inhibitor of TAK1. Vehicle
treated microglia resulted in 41.21% =+ 6.06% cells labeled NFkB* Cells treated with IFNy showed
a 74.35% + 6.0% of NFkB* labeled cells. When cells were treated with IFNy plus the inhibitor,
number of cells labeled with NFkB* was 33.18% + 5.381% (Figure 2.2B).
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Figure 2.2 NFKB translocation to the nucleus is increased by IFNg in microglia cells and this
translocation is reduced by TAK1 inhibition. A) Retinal microglia were cultured in 6 well plates,
treated with vehicle, 50ng IFNy, and 100pM TAKinib + 50ng IFNg. Microglia were
immunolabeled using NFxB. Each 6 well plate was split into two, with a triplicate of vehicle
treated, and a triplicate of the treatment group. 15-20 regions of each well were imaged at 40x
magnification using a fluorescent microscope, and cell counts of vehicle and treatment triplicates
were averaged for each plate (n=2). B) Quantification of NFxB+ cells were graphed using excel
with SEM error bars shown in black. Statistical significance was determined using a one-way
analysis of variance (ANOVA) with a Tukey’s multiple comparison test (**** p<0.0001).



2.4.3 Treatment of microglia showed a change in NFkB+ cells in the presence of LPS and

LPS + inhibitor

The final activator we wanted to use to treat microglial cultures was LPS. LPS is categorized as
an endotoxin and has been shown to activate multiple protein kinases through TAK1 [83]. In a
similar fashion to previous activators used, microglia cells were cultured and treated with vehicle,
10ng LPS, or 10ng LPS + TAKinib. Cells were then immunolabeled for NFkB (Figure 2.3A).
Vehicle treated cells had 27.6% + 3.01% cells have NFxB* labeling in the nuclei. LPS treated cells
on the other hand had 66.46% + 3.0% of cells with NFkB* labeling in the nuclei. In LPS with
TAKinib treatment, only 31.77% = 3.0% of total cells were labeled NF«xB™* (Figure 2.3B).
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Figure 2.3 NFkB translocation to the nucleus is increased by LPS in microglia cells and this
translocation is reduced by TAK1 inhibition. A) Retinal microglia were cultured in 6 well plates,
treated with either vehicle, 10ng LPS, and 100pM TAKinib + 10ng LPS. Microglia were
immunolabeled using NFxB. Each 6 well plate was split into two, with a triplicate of vehicle
treated, and a triplicate of the treatment group. 15-20 regions of each well were imaged at 40x
magnification using a fluorescent microscope, and cell counts of vehicle and treatment triplicates
were averaged for each plate (n=2). B) Quantification of NFxB+ cells were graphed using excel
with SEM error bars shown in black. Statistical significance was determined using a one-way
analysis of variance (ANOVA) with a Tukey’s multiple comparison test (**** p<0.0001).

46



2.4.4 Pericyte loss was evident in the STZ model of diabetes at 4 weeks

In order to determine when the neurovascular unit was being affected in a diabetic animal model,
the progression of retinal pericyte loss in STZ-treated mice was determined. Control animals for
STZ-treated mice were littermates that were given intraperitoneal injections of corn oil not
containing STZ. Following injection of STZ, animals had a blood glucose reading every day for
five days until blood glucose read >250mg/dL and that was then denoted as day 1. Control animals
were aged from date of corn oil injections. 4, 6, and 10 weeks from the day of injection or day of
becoming diabetic, animals were sacrificed. When animals were sacrificed, retinas were taken and
fixed for retinal flat mounts that were then immunolabeled for pericyte marker neural/glial antigen
2 (NG2). 4 week vehicle animals had a mean of 36.83 (= 1.65; n=3) pericytes while 4 week STZ
animals had a mean of 33.62 (+ 2.1; n=3) pericytes in an area of 520 pm?. Pericyte at 6 weeks STZ
had a mean of 25.46 (+ 1.8; n=4) compared to 6 week vehicle which had 33.14 (+ 2.4; n=3)
pericytes per 520 pm?area. In 10 week old animals, STZ treated animals there were 16.19 (+ 1.6;
n=2) pericytes compared to vehicle treated at 10 weeks which had 29.42 (x 3.2; n=2) pericytes per
520um? area. When comparing STZ treated animals to their vehicle treated controls, there is a
downward trend, with statistical significance presence between STZ and vehicle at 6 weeks and at
10 weeks. STZ-treated animals at 6 and 10 weeks were both significantly lower in number of
pericytes compared to their wildtype littermates. The 4 week STZ-treated animals did not have a
significant decrease in pericyte number compared to the 4 week wild type although there does
appear to be a trend for a decrease in pericyte number at this timepoint. When a two-way ANOVA
was done, the results showed variability within animal ages in both treatment groups (Figure 2.5).
When comparing vehicle treated animals, there is a statistically significant decrease from 4 week
to 6 week and from 4 week to 10 week with a p value of 0.0358 and 0.0006 respectively. When
comparing STZ treated animals across the three varying ages, there is a downward trend is pericyte
number, with statistical significance present between 4 week STZ and 6 week STZ, 6 week STZ
to 10 week STZ, and 4 week STZ to 10 week STZ.
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Figure 2.4 Retinal Pericytes decrease in an STZ model of Diabetic Retinopathy. Retinal flatmounts
from 4, 6, and 10 week mice from WT or STZ treated animals were immunolabeled for pericytes
using neural glial antigen 2 (NG2) marker. Retinas were imaged in two regions, 0-1000um from
the optic nerve head and 1001-2000um from the optic nerve head. Within each region, 3-5 images
were taken and cell counts were done using NIH image J and then averaged. Quantification of
NG2+ cells from each region was graphed using Graphpad Prism. Statistical significance was
determined using a one-way analysis of variance (ANOVA) with a Tukey’s post hoc multiple
comparison test (**** p<0.0001).
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Figure 2.5 Retinal Pericytes at varying ages. Two-way Anova analysis of quantified NG2+ cell in
vehicle and STZ treated animals from 4, 6, and 10 week mice. Statistical significance was
determined using a two-way analysis of variance (ANOVA) with Tukey’s post hoc multiple
comparison test (**** p<0.0001).

2.5 Discussion

2.5.1 Summary

The role of inflammation in diabetic retinopathy is not well understood but is known to affect
every level of the neurovascular unit. Compromising the integrity of the neurovascular unit leads
to leaky vasculature, loss of retinal neurons, and gliosis in microglia and macroglia. The role of
TAK1 was explored in murine retinal microglial cultures by looking at the transcription of pro-
inflammatory factor NF«xB, known to be activated by multiple signaling pathways: TNFa, LPS,
and IFNy. Treatment with TNFo, LPS, and IFNy showed an increase in translocation of NF«kB to
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the nucleus. This translocation of NF«B to the nucleus was shown to be inhibited when cells were

treated in the presence of a TAK1 inhibitor.

In vivo work showed that inducing a type 1 diabetic phenotype in mice using STZ resulted in loss
of pericytes at 6 weeks post diabetic induction. Loss of pericytes steadily decreased from 4 week

to 6 week to 10 weeks post type 1 diabetic induction compared to vehicle treated controls.

2.5.2 TAKI activation leads to NFkB nuclear localization in retinal microglia cultures

Retinal microglia are the resident macrophages of the retina and when cytokine and chemokines
are secreted, chronic inflammation can result. PAMPs and DAMPs have been shown to be
upregulated in DR so we chose to treat cells with various ligands to activate receptors in order to
get an inflammatory response. Treatment with these ligands was used to determine if retinal
microglia would activate the NFkB pathway by labeling the translocation of NF«B to the nucleus.
AGEs have been found to be increased in DR but we were unable to treat microglia with these
since they are not commercially available. Few studies exist of lab made AGEs but the process is
complicated, requiring long incubation times and need characterization to ensure they indeed
function like AGEs. Although we could not treat with AGESs, we could treat with other ligands that
are known to activate the RAGE receptor, such as HMGBL, but this also activates TLRs.

In-vivo studies | conducted in retinal microglia determined that when looking at pro-inflammatory
activators and their effect on TAK1, there was an increase in NFkB+ cells when immunolabeling
was done on cells that were treated with various activators: LPS, IFNy, and TNFa. TNFa is a well-
known pro-inflammatory factor that has been linked to chronic inflammation in diabetes,
particularly type 1 diabetes. TNFa. is also known as one of the best activators of the NFkB pathway
[84].

Treatment of retinal microglia with TNFa had a statistically significant increase compared to
vehicle treated cells. When these cells were treated with the TAK inhibitor, TAKinib, first and
then TNFa, there was no significant change in NFxB+ labeled cells compared to vehicle treated

wells. Retinal microglial cultures treated with LPS yielded similar results, showing a statistically
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significant increase in NFkB+ cells when immunolabeling was done. When retinal microglia were
treated with TAKinib followed by LPS, there appeared to be no change in number of NFxB+ cells
compared to vehicle treated cells. While TNFa, LPS, and IFNy have all been found to activate the
NF«B pathway, only TNFa and LPS have been linked to working through the TAK1 pathway [77,
85].

IFNy on the other hand, has not previously been implicated to working through the TAK1 pathway
as a way of activating downstream factor NFkB. IFNy has previously been shown in
oligodendrocytes to activated NFxB through pancreatic endoplasmic reticulum kinase (PERK)
[86]. When retinal microglia cultures were treated with IFNy, there was an increase in the number
of NF«kB+ cells, which is expected. However, when retinal microglia cultures were treated with
TAKinib followed by IFNy, there is a decrease in number of NFkB+ cells compared to cells that
received just IFNy treatment, yielding a result similar to vehicle treated. It is possible that IFNy
can also work through the TAK1 pathway to activate downstream NF«B. Scarneo et al stimulated
THP-1 macrophages with IFNy and LPS and when co-treated with TAKinib, found that there was
areduction in TNF and IL-6 secretion, but did not look at NFkB [58]. It is also possible that TAK1

acts directly on NF«B regardless of stimulation leading to an inhibition of NFkB to the nucleus.

These results are consistent with what is known about these pathways and their activation of
inflammatory factors. Results of treatment with TAKinib were consistent with the hypothesis that
TAKU1 is playing a key role in these pathways. Because we did not look specifically at TAK1 and
pTAK1 levels, we cannot determine if TAK1 is being phosphorylated or completely inhibited.
While inhibitors have been shown to cross react with other kinases, TAKinib has been shown to

be specific to TAK1. However, studies need to be done to determine if this is the case.

TAKIinib works as an inhibitor of TAK1 by binding to the ATP-binding pocket of TAKL1. This
binding inhibits TAK1’s “substrate-like” autophosphorylation [58]. This inhibition slows down
the step of TAKZ1 activation. TAKinib has also been shown to be highly specific to TAK1 and does
not interfere with any of the MAP2Ks or MAP3Ks pathways or p38. This study characterizing
TAKinib also found that this inhibitor induces apoptosis following TNFa stimulation in breast

cancer and rheumatoid arthritis in vitro [58].
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Approaching these questions in vivo, with pure microglial cultures, allows us to determine if
TAK1 can be activated in microglia specifically. These preliminary studies help lay the
groundwork for the role of TAKL in microglia which can be further studied in vivo. Studies of
TAKTL in vivo can be complicated given that TAK1 is present in a variety of organs and has been
found to help regulate cell death, cell survival, and cell proliferation. TAK1 acta a molecular hub,

downstream and upstream of various pathways that converge at TAK1.

2.5.3 Pericyte loss is occurring in STZ-treated animals

The in vitro studies suggest that TAK1 is involved in inflammatory responses in microglia. We
then wanted to test the role of TAK1 in inflammation in vivo. DR is a disease affecting millions
of people due to diabetes that is well documented to have chronic levels of inflammation in its
progression. Previous work in the lab has shown that DR has an increase in inflammation in 2
animal models of the disease early on. In order to test TAKL1 in inflammation in this disease, it
would be more advantageous to use an animal model of diabetes that is inducible. STZ injections
allow for chemical induction of a diabetic phenotype. STZ is a drug that was administered
intraperitoneally that works by killing off the beta cells of the pancreas to mimic a type 1 diabetic
phenotype and in adult mice, also results in an inflammatory response. Type 1 diabetes has been
linked to chronic inflammation [87]. Three key players that have been linked to this chronic
inflammation in type 1 diabetes include IFNy, TNFa, and IL1-beta [88]. Loss of beta cells and
increased insulin levels contribute to chronic inflammation and impacts the progression of DR and

this inflammation may be the cause of pericyte loss seen in early stages of DR.

In order to test TAK1 in inflammation in a conditional knockout, it is essential to determine when
the neurovascular unit would be affected in this same animal model. Determining the timepoint in
which pericytes are lost is important in order to be able to replicate in conditional TAK1 knockouts.
C57BL/6 mice were treated with vehicle or STZ and their blood glucose monitored. STZ treated
animals maintained a blood glucose reading of 250mg/dL or above, whereas their WT littermates
maintained a blood glucose reading below that threshold for their respective age groups. Animals

were allowed to reach 4, 6, and 10 weeks post injections before being sacrificed. Retinas were
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dissected out and immunolabeling was done on them to label for NG2, a marker for pericytes. As
previously mentioned, STZ treated mice showed a decreased quantity of pericytes at 6 and 10
weeks compared to 4 weeks while there remains no statistical change between vehicle treated
animals in those time groups. In STZ treated mice, there was a decrease in pericyte number from
4 week STZ treated animals to 6 week STZ treated animals, although not statistically significant.
These results differ from previous work done in the lab on DB and Akita mice that found that
pericytes are being lost as early as 3 weeks. In the C57BL background, STZ-treated mice showed
a statistically different number of pericytes, a measure of NVU effects, at 6 weeks and 50% drop
in pericyte number at 10 weeks. Statistical analysis also shows that there is an age effect in vehicle
and STZ treated mice in pericyte quantification. While there is a difference in this timepoint in
which pericytes are lost, these are two different models of diabetes and have different mechanisms
at play. When comparing vehicle treated animals, there is a decreasing trend in pericyte numbers.
The same is apparent in the STZ treated animals, there is a decreasing number of pericytes as the
age of the STZ animals increase. This suggests that there may be variability between animals and
that pericytes may be naturally decreasing to a certain extent in mouse retina. This is important to
consider moving forward. Pericytes are incredibly important to the integrity of the BRB and are
essential for stabilization. In animals 6 and 10 week time points, there also appeared to be vascular

changes such as microaneurysms and branching, although this was not quantified.

2.5.4 Future directions

IFNy has been shown to activate NFkB through the PERK pathway but has not been previously
linked to acting through the TAK 1 pathway to activate NFkB. While this preliminary data shows
that inhibiting TAK1 using TAKinib inhibits the activation of NF«B, studies need to be done to
further explore the relationship between IFNy and TAK1. Increasing the number of experimental
replicates along with western blots and inflammatory panels can help elucidate the relationship
between IFNy and TAK1 signaling. Other growth factors such as BMP7 and IL-1beta have also
been shown to work through the TAK1 pathway in heart disease and cancer and warrant further
exploration in regards to inflammation and DR [89]. TNFa and LPS on the other hand has been
shown to recruit the TAB1/TAK1 complex leading to NF«B activation [82]. Both have also been
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shown to increase ROS production and cell apoptosis in murine macrophages [90]. Our results

support what the literature suggests.

In-vitro studies may not have the same effect in vivo. In order to apply our in vitro studies to in
vivo, we first had to determine timepoints pericytes are being lost in an STZ type 1 diabetic mouse
model. Retinal flatmounts of mice treated with STZ showed a decrease in pericytes starting at 6
weeks post injection. It is possible that pericyte loss is happening earlier on; this study was done
on a smaller number of experimental replicates and should be increased. Studying TAK1 further
is necessary to better understand the mechanisms in which it is working within microglia. We need
to look at pTAK1 compared to total TAKL in these treatments. We attempted to do this but
encountered issues with TAK1 and pTAKL1 antibodies which, with time, can be trouble-shot.
Future studies also would include treating microglia cells with an AGE ligand which | mentioned
earlier is not commercially available and can pose issues when attempting to create in a lab given
the length of time needed to create. It is also important to look at levels of JINK and p38 relative to
their phosphorylated forms when treated with activators and in or without the presence of TAKinib

to see if TAK1 specific labeling is affected.

Inflammatory panels using multiplex ELISA and qPCR to determine the effects of the ligands with
and without the inhibitors will allow us to further explore what is happening in microglia in regards

to secreted factors.

Determining that IFNy, TNFa, and LPS activate downstream factors of TAK1 and this response
can be inhibited using TAKIinib, confirms that pro-inflammatory factors trigger activation of
TAKL1 in microglia. Combined with seeing a loss of pericytes in an STZ diabetic model at 6 weeks
allows us to determine a timepoint to create an inducible TAK1 knockout specific to microglia.
The goal is to create an inducible knockout of TAK1 in microglia and then treat these knockout
animals with STZ to induce a type 1 diabetic phenotype. Analysis of these animals will give a
better idea the type of role TAKL1 is playing in microglia in the progression of DR. Knockout of
TAK1 in microglia may result in inhibition of inflammation. Whether this inhibition is partial or
whole will have to be determined. Microglial specific deletion of TAK1 has been shown to result

in neuroprotective effects in ischemic stroke [61]. In order to determine if inhibiting TAK1 in this
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conditional knockout increases the health of the NVU, STZ treatment done in these studies will be
replicated in those animals at 6 and 10 weeks post STZ treatment, the timepoint at which we found
a statistical decrease in pericyte numbers. Based on these previous studies and our timeline of STZ
effects on pericyte loss obtained here, transgenic animals will be treated with STZ to create a
diabetic phenotype and animals will be sacrificed at 10 weeks and retinal tissue taken for analysis.
Retinal flatmounts with labeling for pericytes using NG2 will give an initial indication as to
whether pericyte number has decreased from wildtype animals. If our hypothesis holds true and
TAK1 is working through microglia to create an inflammatory response that affects the NVU in
DR, inhibition, or knockout of TAK1 in microglia would potentially increase the health or inhibit
damage to the NVU.
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CHAPTER 3. TAK1 IN CHICK RETINAL DEVELOPMENT

3.1 Abstract

Coordination of the cell cycle with proliferation and differentiation is essential to obtain the right
number of cells at the appropriate time during the development of the central nervous system. Cell
cycle length, in particular that of the G1 phase of the cycle, has been coupled to differentiation in
the central nervous system, but the mechanism as well as the reason behind an increase in the
length of the cell cycle are unclear. Previous studies have proposed that the length of the G1 phase
is a critical determinant in the accumulation of differentiation factors in progenitor cells. The cell
has a better chance of amassing factor(s) necessary for the differentiation process with a longer
cell cycle. The studies herein focus on a potential role for transforming growth factor p-activated
kinase 1 (TAK1), a hub kinase that lies at the intersection of multiple signaling pathways, in the
coordination of cell cycle exit and differentiation in the chick retina. Previous studies have focused
predominantly on the role this kinase plays in the inflammation process and axonal growth. TAK1
is downstream of multiple signaling pathways that are critical to development of the central
nervous system, including transforming growth factor B (TGFf), bone morphogenetic proteins
(BMPs), and WNTSs. The present study indicates that activated TAK1 is found throughout the
developing chick retina; however, it is localized at higher levels in dividing and differentiating
cells. Further, chick ex ovo retinal studies using TAK1 inhibitor 5Z-7-oxozeaenol increased both
progenitor and differentiating cell populations, accompanied by a substantial increase in
proliferation and a smaller increase in cell death. These results indicate that TAK1 may be involved

in cell cycle progression.

3.2 Introduction

The hierarchical organization of the mature neural retina, containing seven basic cell types, is
common to vertebrate retinas [91, 92]. The developing retina is comprised of homogeneous group
of cells called retinal progenitors which generate groups of cell types at specific stages throughout
development [93, 94]. In most animals, cell cycle length is known to increase throughout

development, increasing the length of Giand increasing the overall time of cell division [95, 96].

56



Many studies have confirmed that retinal progenitors are mostly multipotent. However,
progenitors change in their capacity to generate earlier born cells at later stages of development
[91, 97, 98]. Differentiation of retinal cell types is the result of signaling pathways and transcription
factors activity which regulate cell type specification [97, 99-101]. Likewise, the activation of
specific signaling pathways and cell cycle genes is essential for cells that remain in the cell cycle.
Many of the key questions that still remain, lie in the regulation and coordination of cell cycle exit

and differentiation, and the responsible signaling pathways that govern the process.

When cell cycle exit does not function properly, issues such as hyperplasia and lack of
differentiated cell types lead to improper function of the retina [102]. Across various species,
multiple factors have been identified that play a role in cell cycle exit, including extrinsic factors,
signaling pathway members, and transcription factors [102, 103]. In addition to this, there are
factors that are associated with shortening of the cell cycle such as transcription factor E2f1, cyclin
G2 [95] and factors associated with the lengthening of the cell cycle such as Erf and Fbxw7 [95].
Transforming growth factors § (TGFPs), sonic hedgehog (SHH), and bone morphogenetic proteins
(BMPs) are all secreted factors that have been implicated in cell cycle regulation, all of which have

been implicated in both proliferation and cell cycle exit [104-107].

Many transcription factors that either drive cells to exit the cell cycle and/or drive cell type-specific
differentiation have been implicated as well [108-111]. Cyclin-dependent kinase inhibitors p27
and p57 are signaling proteins which are necessary for inhibiting the retinoblastoma protein
necessary to control cell cycle exit and these cyclins have also been implicated in cell cycle length
[112]. When it comes to cell cycle exit, there is evidence to suggest that in retinal development it
is more complex than previously shown, which indicates that there may be influential signaling

factors yet to be evaluated [103].

Transforming growth factor B-activated kinase 1 (TAK1) is a serine-threonine kinase that is
regulated by multiple signaling pathways, including tumor necrosis factor a (TNFa.), interleukin 1
(IL1), toll-like receptors (TLRs), TGFB, and BMPs [82, 113-115]. TAK1 acts as a hub kinase that
combines extracellular signaling events and concentrates those signals on the regulation of
mitogen activated kinase kinase 3/6 (MKK3/6), MKK4/7, and IxB kinase (IKK). It has been
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determined that MKK3/6 regulates p38, MKK4/7 activates c-jun N-terminal kinase (JNK), and
phosphorylation of IKK leads to the destruction of IkB, allowing NF«B to be transported to the
nucleus [116]. JNK and its upstream regulators MKK4/7 are key regulators of retinal ganglion cell
death in vertebrates [116, 117]. A recent study in retinal development showed that a loss of both
MKK4 and MKK?7 led to a decrease in INK signaling and a subsequent decrease in retinal ganglion
cells [118]. While the role of INK, MKK4 and MKK7 have been investigated, the role of TAK1

in retinal development is yet to be discovered.

The study described here investigates the role of TAKL in chick retinal development. Using
immunofluorescence, we describe localization patterns of activated phospho-TAK1 (pTAK1) at
critical stages of retinal development from the optic cup up to embryonic day 18 (E18). With
further analysis, we investigated a potential role for pTAKL in EG6 retina by treating ex ovo retinal
cultures with a TAK1 inhibitor. The results of this study have led us to hypothesize that TAKL is
responsible for increasing cell cycle length.

3.3 Materials and methods

Tissue collection and processing

Fertilized white leghorn chicken eggs were procured from University of Michigan and stored at
16°C in a BOD (Biological Oxygen Demand) incubator (Jeio tech: IL-11A). Eggs were incubated
at 37°C for the specified periods of time (Kuhl, Flemington, NJ). Eyes were enucleated and
extraocular tissues removed in 1X phosphate buffered saline (PBS) and fixed overnight in 4%
paraformaldehyde diluted in 0.1M phosphate buffer, pH7.4. Samples were rinsed twice in 1X PBS
at room temperature incubated overnight with increasing concentrations of sucrose solutions in
order: 5%, 10%, 15%, and 20% sucrose made in 0.1M phosphate buffer, pH 7.4. Samples were
then placed in 20% sucrose and optimal cutting temperature (OCT) medium at a ratio of 3:1 (4583
Tissue-Tek, Sakura, Torrance CA). The samples were incubated in the 3:1 solution and oriented
so that sections would be taken through the naso-temporal axis. They were then placed in dry ice
to freeze and stored for future sectioning at -80°C. Samples were sectioned using a Leica CM3050
S cryostat at a thickness of 12um and placed on vectabond-coated (Vector Labs, Burlingame, CA)

superfrost plus slides (Fisher Scientific, Pittsburgh, PA) and then stored at -80°C.
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Immunohistochemistry

Slides with cryosections previously stored at -80°C were thawed to room temperature (RT) and
the perimeter of the sections was lined using a peroxidase anti-peroxidase (PAP) pen (Electron
Microscope Sciences, Hatfield, PA, Cat #71310). All immunohistochemistry steps were conducted
at RT in a humid chamber lined with wet filter papers covered by nylon mesh unless otherwise
noted. Tissue samples were fixed with 4% paraformaldehyde made in 0.1M phosphate at pH7.4
for 30 minutes and then rinsed twice with 1X PBS for two minutes. Sections were permeabilized
with methanol for 10 minutes and subsequently rinsed with 1X PBS. Antigen retrieval was
conducted by treating sections with 1% SDS in 0.01M PBS (Fisher Scientific, Pittsburgh, PA) for
5 minutes and then rinsed for 5 minutes three times with 1X PBS. Tissue was rinsed twice with
1X borate buffer at pH 8.0 for 5 minutes and then rinsed twice with 1X PBS for 5 minutes.
Following these steps, sections were then treated with fresh 1% sodium borohydride (Acros, New
Jersey) in 1X PBS for 2 minutes to reduce auto fluorescence. Sections were then blocked with 10%
donkey or goat serum for 30 minutes. After blocking, primary antibodies were diluted into a
cocktail of 0.025% triton-X diluted into 1X PBS and 2% of goat or donkey serum to their
respective concentrations and added to sections. Sections were incubated with primary antibody
solution overnight at 4°C. Primary antibodies that were amplified with biotin-streptavidin were
used at half of their normal concentration and incubated in the same fashion. After overnight
incubation with primary, samples were rinsed using 1X PBS twice before being treated with
secondary antibody or a biotinylated antibody. Secondary antibodies were diluted with 1X PBS at
their respected concentrations and placed on slides incubated at room temperature for 1 hour in the
dark. Subsequently, sections were rinsed with 1X PBS twice for 2 minutes before being incubated
with 2ug/ml Hoechst stain (Invitrogen, Cat #H1399) for two minutes. For samples subjected to
biotin amplification, samples were treated with DyLight conjugated streptavidin (DyLight 549,
Vector Labs, Burlingame, CA, Cat# SA-5549-1) for an additional hour followed by a rinse with
1X PBS and incubation for 2 minutes with Hoechst. Finally, sections were rinsed twice more with
1X PBS and then prepared with mounting medium aqua polymount (Polyscience Inc, Warrington,
PA, Ca#18606-20) and cover slipped (Electron Microscopy Sciences, Hatfield, PA, Cat #71310),
the edges of which were sealed with clear nail paint (Electron Microscopy Sciences, Hatfield, PA,
Cat #71310).
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For co-labels with antibodies against phospho TAK1 (pTAK1) and other antibodies raised in rabbit,
citrate antigen retrieval with tyramide amplification was done following permeabilization with
methanol. Briefly, sections were incubated with 10mM sodium citrate with 0.05% Tween pH 6.0
for 1 hour at 63°C, then allowed to cool for 20 minutes followed by two rinses of with 1X PBS.
Sections were subsequently treated for 2 minutes with 1% sodium borohydride (Acros, New Jersey)
in 1X PBS and then blocked with 10% donkey or goat serum in 1X PBS containing 0.25% Triton
X-100 for 30 minutes. Primary antibodies were then diluted 5 to 10 times normal concentration in
a solution of 2% donkey or goat serum and 0.025% triton X-100 diluted in 1X PBS. After
incubation overnight at 4°C, sections were rinsed with 1X PBS and incubated with 3% solution of
hydrogen peroxide in methanol for 15 minutes. Sections were washed with 1X PBS twice for 2
minutes before being incubated with biotinylated secondary antibody (Vector Labs, Burlingame,
CA) in 1X PBS in the dark for one hour at room temperature. Sections were then washed using
HRP streptavidin (Vector Labs, Burlingame, CA) in 1X PBS 1:1000 (and 1:500 for pSMADL1) for
an hour in the dark. Afterwards, slides were then washed twice in 0.1M Tris-HCI, 0.15M NacCl,
0.05% Tween-20 (TNT) buffer and incubated with fluorescein plus amplification reagent diluted
1:300 in 1X tyramide signal amplification (TSA) amplification diluent (Perkin Elmer, Waltham,
MA, Cat# NEL741001KT) for 5 min in the dark. Slides were subsequently washed twice in TNT
buffer followed by two, 2-minutes rinses in 1X PBS, counterstained with hoechst solution and
mounted with aqua polymount and cover slipped. All images were acquired using an Olympus

Fluoview FV 1000 confocal microscope.
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Table 3.1 Antibodies used in study

Antigen Source Antibody Dilution RRID
Number
Fhospho-TAKI (Cat # ab79583) Abcam (Cambridge MA) 1:100 AB_1659038
Phospho-TAK1 (cat# ab192443) Abcam (Cambridge, MA) 1:100 AB_2819208
Phospho-histone 3 (Cat # 9706) Cell Signaling (Danvers, MA) 1:800 AB_331748
Developmental Studies 1:30 AB_528084
AP2a (3BS) Hybridoma Bank (lowa City, 1A)
BRN3A (Clone5A3.2) Millipore 1:100 AB_92154
SOX2 (Cat# sc17320) Santa Cruz (Santa Cruz, CA) 1:250 AB_ 2286684
Visinin (7G4) Developmental Studies 1:30 AB_ 528510
Hybridoma Bank (lowa City, 1A)
Isletl (39.4D5) Developmental Studies 1:30 AB_ 2314683
Hybridoma Bank (lowa City, 1A)
NAPA73 (E/C8) Developmental Studies 1:20 AB 531792
Hybridoma Bank (lowa City, 1A)
Phospho-JNK Millipore 1:300 AB_310412
Cleaved caspase 3 (cat#9661) Cell Signaling (Danvers, MA) 1:300 AB 2341188
B-tubulin (Cat# T0198) SIGMA (St. Louis, MO) N/A AB_477556
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Western Blots

Chick retinas were dissected out and placed in lysis buffer (5M NaCl, 1M Tris, 0.5M EDTA, 5%
TritonX-100 at pH 8.0 with 4% protease inhibitor cocktail and 1% phenylmethylsulfonyl fluoride
(PMSF; Sigma) (Cas # 329-98-6) for 20 minutes on ice. Tissue lysates were then centrifuged at
14,000 rpm for 15 minutes at 4°C and the supernatant was collected for protein estimation using
bicinchoninic acid (BCA) assay (Thermofisher Scientific, Rockford, IL) (Cat # 23225). Fifty ug
of total protein were combined with loading dye at a 1:3 ratio. This was then loaded onto a 10%
SDS polyacrylamide gel (Nalgene) and then run for an hour at 150 volts. Proteins were transferred
from gel to Polyvinylidene fluoride (PVVDF) membrane (Bio-Rad laboratories, Inc. Hercules, CA)
(Cat #1620174) at 4°C at 100 volts for 60 minutes in transfer buffer. Membrane was blocked using
Pierce protein-free T-20 (TBS) blocking buffer (Thermofisher Scientific, Rockford, IL) (Cat
#37571) for 30 minutes and incubated overnight at 4°C with § Tubulin antibody at 1:10,000 on
day 1 as our endogenous control. On day 2, the membranes were washed with 1X TBST twice and
subsequently incubated with a peroxidase conjugated secondary antibody (1:5000 goat anti-rabbit
HRP in 1X TBST) (Invitrogen Cat #31460) at room temperature for one hour in the dark. The
membranes were then treated with SuperSignal West Femto Chemiliminescent Substrate
(Thermofisher Scientific, Rockford, IL) (Cat # 34095) for two minutes and was covered in saran
wrap and stored in a light protective cassette. The blot was visualized using x-ray files
(Thermoscientific, Rockford, IL).

Ex Ovo Cultures/whole retinal explants

Method for retinal explants was adapted from [119]. Briefly, extraocular tissue was removed from
enucleated eyes and eyes subsequently incubated in 37°C 1X PBS to get to aid in removal of
pigmented epithelium with sharpened Dumont forceps. Explants were transferred into a well
containing 1mL culture medium. Culture medium was prepared using 10% FBS, 2mM
Glutamax™, 10u/mL penicillin streptomycin, 5 pg/ml Insulin, and 1:1 DMEM : F12 Nutrient mix
(Thermofisher Scientific, Rickford, IL) (Cat # 10565018). Each retinal explant was incubated in a
single well of a 24 well plate at 37°C for 1 hour on a rotator shaker inside a cell incubator with 5%
CO:2 at 50 RPM. Following this, retinal explants were either treated with vehicle (DMSO) as a
control, or with 2 mM of the TAK1-specific inhibitor, (5Z)-7-Oxozeaenol (Tocris) (Cat #3604).

Following treatment with vehicle or inhibitor, retinal explants were incubated at 37°C on a shaker
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with 5% CO: at a speed of 50 RPM for 24 hours. Subsequently, the 24 well plate containing the
explants was removed from the incubator, retinal transplants were transferred into a new 24-well
plate containing 4% paraformaldehyde in 1X PBS and incubated on ice for 15 minutes. Afterwards,
retinal transplants were rinsed with 1X PBS for 10 minutes in the 24 well plate on ice. Whole
retinal explants were transferred to wells with increasing concentrations of sucrose: 5%, 10%, 15%,
and 20% sucrose in 1X PBS, incubating on ice for an hour if the chick embryo was E3 or younger
and an addition 1-2 hours if older than E3. Retinal explants were then placed into 3:1 OCT: sucrose
solution and into an embedding mold. Embedded retinal explants were flash frozen on dry ice until

frozen solid. Samples were stored at —80°C until ready to be sectioned.

3.4 Results

Phosphorylated TAK1 (pTAK1) is heavily expressed in dividing and differentiating cells of the
developing chick retina and lightly in non-dividing progenitors

To examine the localization of TAKL in the developing chick retina, immunohistochemistry was
performed on sections from embryos at embryonic day 3 (E3), E5, E8, E15, and E18. E3 is
representative of the stages when the retina is populated primarily with proliferative progenitors.
E5 is representative of stages when early retinal cell types, such as cone photoreceptors and retinal
ganglion cells are present, in addition to proliferative progenitors. E8 is a mid-developmental stage
when most cell types have been generated in the retinal fundus and distinct outer and inner
plexiform layers are beginning to form. By E15, there is a fully laminated retina; however, cells
are still differentiating and refining connections. By E18, a mature retina is present, although there
is evidence that some cell types continue to develop [120].

Retinal cryosections were labeled using an antibody that recognizes activated TAKI,
phosphorylated at threonine 184/187 (pTAK1) coupled with a Hoechst label to visualize nuclei in
the tissue. At E3, pTAKZ1 heavily labeled dividing cells at the scleral edge of the retina and weakly
labeled retinal pigmented epithelium (RPE), retinal neuroblasts, and lens (Figure 3.1A-C).
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pTAK1 Hoechst pTAK1/Hoechst

Figure 3.1 Phosphorylated TAK1 (pTAK1) weakly labels progenitor cells and heavily labels
dividing and differentiating cells of the developing retina. Retinal sections from E3, E5, E8, E15,
and E18 chick embryos were co-labeled for pTAKL (A, D, G, J, M, P) and Hoechst nuclear stain
(B, E, H, K, N, Q). Overlap in labels is shown in C, F, I, L, O, R. Abbreviations: RPE, retinal
pigmented epithelium; NBL, neuroblast layer; INL, inner nuclear layer; GCL, ganglion cell layer;
OPL, outer plexiform layer; IPL, inner plexiform layer. Scale bar in A=50pm for images A-R

The RPE and cells of the retinal neuroblast layer (NBL) continued to be weakly labeled at E5
(Figure 3.1D-F); however, cells at the vitreal edge of the retina in the presumptive ganglion cell
layer (GCL) appeared to be more strongly labeled (Figure 3.1D-F). Dividing cells at the scleral
edge were still strongly labeled for pTAK1 (Figure 3.1D-F). At E8, the GCL and inner part of the

inner nuclear layer (INL), where presumptive amacrine cells would be found, were strongly
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immunolabeled for pTAK1, whereas the cells of the outer nuclear layer and outer portion of the
INL were either negative or weakly labeled (Figure 3.1G-I). Immunolabel at E15 appeared to be
widespread in the retina, with strong signal present in the inner part INL, GCL, and outer plexiform
layer (OPL), while weaker label was present in the remaining retina (Figure 3.1J-L). Label in the
ONL was restricted primarily to the inner segment (Figure 3.1J-L). Finally, at E18, pTAKL1
appeared to be localized throughout the retina, with similar patterns and strengths as those found
at E15 (Figure 3.1M-0). In addition to the photoreceptor inner segments, signal also appeared to
be present in the outer segment region (Figure 3.1M-0O). Retinal localization patterns were
confirmed by performing immunofluorescence using a second antibody that also recognizes
pTAK1 (T184, 187) at E8 (Figure 3.2).

Hoechst TAK1/Hoechst

TAK1

Figure 3.2 Confirmation of TAK1 immunolabeling at E8. Retinal sections from E8 chicken
embryos were labeled with a Hoechst (nuclei) and a second pTAK1-specific antibody (BIOSS).
As was seen in Figure 1, pTAK1 was detected throughout the retina, with stronger label appearing
in the outer nuclear layer (ONL), the outer half of the inner nuclear layer, and the ganglion cell
layer (GCL). Scale bar in A =50pm for images A-C.

Sections from each stage treated with isotype specific 1gG in place of the primary antibody showed
weak background label at the scleral edge of the retina at E5, E12-18 and weak label in the outer
plexiform label at E12. Otherwise, the retina was negative for any immunofluorescence (Figure
3.3A). Retinal lysates from E5, E8, E15 and E18 embryos were analyzed for pTAK1 expression

by western blot (Figure 3.3B). At each stage, a single band was detected at a molecular weight of
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approximately 68kDa. Specificity of the pTAK1 antibody was tested by neutralizing antibody with
the immunizing peptide. Weak, non-specific label was detected primarily at the scleral edge of the
retina from E3-E12, and in the outer plexiform layer at E15 and E18 (Figure 3.4).

A IgG Controls

B Western Blot Analyses of TAK1

E5 E8 E15 E18
150-

100-

75-
6o e g 0 PTAK1

50-

Figure 3.3 IgG controls for pTAK1 immunofluorescence and immunoblots for p TAK1. A) Retinal
sections from E3, E5, E8, E12, E15, and E18 chick embryos were incubated with isotype specific
IgG in place of the primary antibody and incubated with secondary as usual. B) Immunoblot of
lysates from E5, E8, E15 and E18 retina showed a single band at 68kDa. Lower insert shows [3-
tubulin loading control. Scale bars in A, A = 50um for images A-F.
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Figure 3.4 Immunolabel with pTAK1 preabsorbed with immunizing peptide. Retinal sections from
E3, E5, E8, E12, E15, and E18 chick embryos were co-labeled pTAKL (AD, G, J, M, P) and
Hoechst nuclear stain (B, E, H, K, N, O). Overlap in labels is shown in C, F, I, L, O, R.
Abbreviations: RPE, retinal pigmented epithelium; NBL, neuroblast layer; INL, inner nuclear
layer; GCL, ganglion cell layer. Scale bar in A= 50umfor images A-R.
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pTAK1 labeled dividing cells strongly and retinal progenitors weakly

Examination of immunolabel in Figure 1 suggested that pTAK1 was heavily localized to dividing
retinal progenitor cells and lightly to non-dividing progenitors. To confirm pTAKZ1 localization in
both progenitor populations, double-label fluorescence was carried out. Sections from E3, E5, and
E7 double-labeled for phospho-histone 3 (pH3), a marker of prophase in proliferating cells, and
pTAK1 were analyzed for co-label (Figure 3.5A-1). At each stage examined, pH3* cells all
appeared to be co-labeled with pTAK1. To determine if pTAK1 was also present in retinal
progenitors not actively dividing, sections from E3, E5, E8 and E18 embryos were double-labeled
for SRY (sex determining region Y) - box 2 (SOX2) and pTAKL1. At early stages (E3 and E5),
SOX2 labels all retinal progenitors, while in later stages (E8 and E18) SOX2 labels Mbller glial
cells, astrocytes, and cholinergic amacrine cells. E3 and ES5 retinal sections co-labeled with SOX2
showed a high degree of overlap with pTAK1 (Figure 3.5 A-I). At later stages of the retina
development, E8 and E18, SOX2 labeled cholinergic amacrine cells (Figure 3.6J-L, arrowheads),
Miller glia (Figure 3.6J-L, open arrows) and retinal astrocytes (Figure 3.6J-L, closed arrows).

pH3(Ser10) pTAK1 pTAK1/pH3

RPE
NBL

B

RPE ;
NBL ‘
GCL

E

H

Figure 3.5 pTAK1 was co-localized to the phospho-histone 3+ (pH3+) dividing cells of the early
chick retina. Chick retinal sections from E3, E5, and E7 embryos were double labeled with pH3
(A, D, G) and pTAK1 (B, E, H). Co-label is shown in C, F, and I. Dashed boxes in C, F, and | are
shown at higher magnification in insets in C, F, and I. Abbreviations: RPE, retinal pigmented

epithelium; NBL, neuroblast layer; GCL, ganglion cell layer. Scale bar in A = 50pm for images
A-l.
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Figure 3.6 pTAK1 was co-localized to SOX2* retinal progenitors in the early chick retina and a
subset of Miller glial, cholinergic amacrine, and astrocyte cells in later stages. Chick retinal
sections from E3, E5, E7, and E18 embryos were double-labeled with SOX2 (A, D, G, J) and
pTAK1 (B, E, H, K). Co-label is shown in C, F, I, and L. Open arrows indicated Muller glia, closed
arrows indicate retinal astrocytes, and arrowheads indicate cholinergic amacrine cells (J, K, and
L). Dashed boxes in C, F, I, and L are shown at higher magnification in insets in C, F, I and L.
Abbreviations: RPE, retinal pigmented epithelium; NBL, neuroblast layer; INL, inner nuclear
layer; GCL, ganglion cell layer. Scale bar in A = 50um for images A-L.

pTAK1 was localized to populations of cells expressing cell type-specific markers at E8 and E18.
To determine which populations of differentiated cells pTAK1 might be found in, we analyzed
sections from E8 and E18 double-labeled for pTAK1 and cell type-specific markers such as SOX2
(cholinergic amacrine, Miiller glia, and astrocyte cells), LIM1/2 (horizontal cells), CHX10 (bipolar
cells), AP2a (amacrine), and BRN3A (ganglion cells). At E8, TAK1 was co-localized with cells
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positive for SOX2, LIM1/2, CHX10, AP2a, and BRN3A (Figure 3.6G-I and Figure 3.7). A
subpopulation of cells labeled with Visinin appeared to be co-labeled with TAK1 (Figure 3.7A-
C). TAK1 also co-localized with cells expressing SOX2, LIM1/2, CHX10, AP20, and BRN3A at
E18 (Figure 3.6J-L and Figure 3.8D-O). TAK1 also heavily labeled inner and outer segment
regions and the synaptic region of Visinin® photoreceptors at E18 and weakly labeled
photoreceptor cell bodies (Figure 3.8A-C).

Cell-Type
arker DTAK1 Co-label

Visinin

LIM1/2

CHX10

AP2a

BRN3A

Figure 3.7 pTAK1 was localized to differentiating cells in E8 retina. Chick retinal sections from
E8 embryos were double-labeled with pTAK1 and Visinin (cones; A-C), LIM1/2 (horizontal cels;
D-F), CHX10 (bipolar cells; G-I), AP2a (amacrine cells; J-L) or BRN3A (ganglion cells; M-O).
Dashed boxes in C, F, I, L, and O are shown at higher magnification ininsets in C, F, I, L, and O.
Abbreviations: ONL, outer nuclear layer; NBL, neuroblast layer; INL, inner nuclear layer; GCL,
ganglion cell layer. Scale bar in A = 50pum for images A-O.
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Cell-Type
Marker pTAK1 Co-label

Visinin

LIM1/2

CHX10

AP2a §

BRN3A

Figure 3.8 pTAK1 was localized to differentiated cells at E18. Chick retinal sections from E18
embryos were double-labeled with pTAK1 and Visinin (photoreceptors; A-C), LIM1/2 (horizontal
cells; D-F), CHX10 (bipolar cells; G-I), AP2a (amacrine cells; J-L), or BRN3A (ganglion cells;
M-0). Areas shown by dashed boxes in C, F, I, L, and O are enlarged and shown in insets in C, F,
I, L, and O. Abbreviations: ONL, outer layer; INL, inner nuclear layer; GCL, ganglion cell layer.
Scale bar in A = 50pm for images A-O
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Retinas treated with TAK1 inhibitor (TAKIi) in ex ovo cultures show reduced number of phospho-
JNK labeled cells (pJNK) and an increased number labeled with cleaved Caspase 3

To examine the potential role of TAK1 in the differentiation of retinal cells, ex-ovo cultures of E6
retinas were treated with TAKL inhibitor (TAKi), 5Z-7-oxozeaenol. Biochemically, 5Z-7-
oxozeaenol forms a covalent bond with TAKL and inhibits the kinase activity as well as the
ATPase activity [9]. Initially, we determined whether the inhibitor was capable of reducing the
phosphorylated and activated downstream target, c-jun n-terminal kinase (pJNK). E6 retinas were
grown for 24 hours in vehicle or TAKI, sectioned and immunolabeled for pJNK (Figure 3.9).
Phospho-JNK labeled cells were widespread in vehicle-treated retinas (Figure 3.9A-C), while
TAKi-treated retinas showed reduced label in comparison (Figure 3.9D-F). Quantitation of the
number of pJNK-labeled cells in vehicle-treated retinas (N=3) indicated 31.3% (+/- 3.52% SD) of
the cells were pJNK*, whereas the percentage of pJNK™ cells in TAKi-treated retinas (N=3) was
17.45% (+/-2.03% SD) (Figure 3.9G).
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Figure 3.9 In comparison to vehicle-treated retinas, TAKi-treated retinas have a decrease in JNK
labeling and an increase in cleaved-caspase 3 labeling. E6 chick retinal cultures were treated with
vehicle or 2um TAKI1 inhibitor (TAKI) for 24 hours and sections through retinas were co-labeled
for downstream kinase phosphor- c-jun N-terminal kinase (pJNK; A, C, D, F) or apoptosis marker
cleaved caspase 3 (CC3; I, K, L, N) and Hoechst dye for DNA (blue; B, C, E, F, J, K, M, N).
Percentages of labeled cells were quantified in 3 separate retinas for pJNK+ cells (G) or cleaved
caspase 3 (H). Standard deviation is shown in G and H. A = 50um for images A-F and I-N.
Abbreviations: NBL, neuroblast layer; GCL, ganglion cell layer. Scale bar in A = 50pum for images
A-F and I-N.

Previous investigations in some tissues have produced data showing TAK1 to be involved in cell
death [1, 121, 122]. To investigate the role of TAKL1 in developing retinal cell death, we examined

the activation of cell death marker caspase 3 (cleaved caspase 3; CC3) in vehicle- and TAKIi-



treated retinas (Figure 3.91-N). In sections immunolabeled for CC3, there appeared to be an
increase in CC3* cells in sections from TAKi-treated retinas (Figure 3.9L-N) in comparison to
vehicle-treated (Figure 3.91-K). In both vehicle- and TAKi-treated retinas, CC3™ cells appeared to
be localized to the GCL. Quantitation of sections through retinas (N=3 for each treatment)
indicated that vehicle-treated retinas had 2.70% (+/-0.25% SD) cells were CC3*, while TAKIi-
treated retinas contained 4.67% (+/-0.36% SD) (Figure 3.9H).

Inhibition of TAK1 leads to an increase in the number of pH3- and SOX2-labeled cells.

The localization of pTAKL in dividing and differentiating cells led to the hypothesis that TAK1
was important in cell type-specific differentiation. If TAK1 was involved in cell cycle exit, the
number of proliferating and/or retinal progenitor cells may increase in the presence of an inhibitor.
To investigate whether there was a change in the number of dividing cells, retinas treated with
vehicle or TAKi were sectioned and immunolabeled for pH3 (Ser10), a modification that is highly
correlated with chromosomal condensation occurring in mitosis and meiosis [123]. Sections
through the vehicle-treated retinas showed modest labeling for pH3 near the edge of the scleral
edge of the retina (Figure 3.10A-C). In comparison, sections through TAKi-treated retinas showed
a clear increase in the number of pH3* cells at the scleral edge, and it was apparent that some
aberrantly labeled cells localized within to the GCL were also present (Figure 3.10D-F).
Quantification of vehicle-treated retinas indicated 1.58% (+/- 0.19% SD) were pH3*, while TAKIi-
treated contained 6.15% (+/- 0.52% SD) pH3* cells (Figure 3.10G).

Localization of retinal progenitor cells was carried out localizing and quantitating cells positive
for progenitor marker SOX2 in vehicle and TAKi-treated ex-ovo retinas (Figure 3.10H-N). In
vehicle-treated retinas, SOX2 was abundant in the elongated nuclei of retinal progenitors in the
neuroblast layer as well as in dividing cells at the scleral edge (Figure 3.101-K). SOX2 also labeled
cells primarily in the neuroblast layer of the TAKI-treated retina; however, the number of labeled
nuclei appeared much greater than the vehicle-treated retinas and the labeled nuclei are round in
appearance rather than the normal elongated nuclei (Figure 3.10L-N). Quantitation of SOX2-
labeled cells upheld the observation that there were more labeled cells in the TAKi-treated retinas
(78.24% +/- 3.09%SD) in comparison to vehicle-treated retinas (54.10% +/-2.42% SD) (Figure
3.10H).
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Figure 3.10 Taki-treated retinas have an increase in pH3+ and SOX2+ retinal progenitors in
comparison to vehicle-treated retinas. E6 chick retinal cultures were treated with vehicle or 2um
TAKTL1 inhibitor (TAKI) for 24 hours and sections through retinas were co-labeled for cell division
marker phospho-histone 3 (pH3; A, C, D, F) or progenitor marker SOX2 (1, K, L, N) and Hoechst
dye for DNA (blue; B, C, E, F, J, K, M, N). Percentages of labeled cells were quantified in 3
separate retinas for pH3+ cells (G) or SOX2+ cells(H). Standard deviation is shown in G and H.
A = 50um for images A-F and I-N. Abbreviations: ONL, outer nuclear layer; NBL, neuroblast
layer; GCL, ganglion cell layer. Scale bar in A = 50um for images A-F and I-N.
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Inhibition of TAK1 also leads to an increased number of cells labeled with visinin, isletl, NAPA73,
and Brn3a.

To determine if there was a change in the number of cells expressing differentiation-specific
markers, we treated ex-ovo retinal cultures with vehicle or TAKI, localized and quantitated cells
expressing visinin, isletl, NAPA73, and BRN3A (Figure 3.11). The ex-ovo cultures could not be
cultured for long periods of time, hence the analysis was focused primarily on retinal cells that
differentiate early, such as cones (Visinin) and ganglion cells (NAPA73 and BRN3A). The number
of Visinin+ cells in vehicle-treated retina averaged was 7.29 cells per section (+/- 0.82, N= 4
retinas), whereas TAKi-treated cells per section averaged 12.68 (+/-1.46, N=3 retinas). Likewise,
immunolabel for NAPA in vehicle-treated retinas showed an average of 10.91 cells per section
(+/- 1.43, N=4 retinas) and TAKi-treated samples showed an average of 21.80 cells per section
(+/- 0.84, N=4). Brn3a+ cells showed a similar increase, with vehicle-treated retinas showing 3.15
cells per section (+/- .021, N=4) and TAKi-treated an average of 11.30 per section (+/-0.74, N=4).
Isletl, a marker that has been shown to label cells undergoing differentiation, labels primarily
ganglion cells at early stages, but later is found in most cells of the retina [124]. For this study, we
used isletl as a gauge of differentiation within the retina. Vehicle-treated retinas contained an
average of 8.25 (+/-0.59, N=4 retinas) labeled cells per section. In comparison, TAKi-treated
retinas contained an average of 15.92 (+/-0.23, N=4 retinas). With each marker, it was clear there
were more differentiated cells within the TAKi-treated retinas in comparison to vehicle-treated

retinas.
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Figure 3.11 Sections through TAKi-treated retinas show an increased percentage of cells
expressing cell type-specific markers Visinin, Isletl, NAPA73, and BRN3A in comparison to
vehicle-treated retinas. E6 chick retinal cultures were treated with vehicle or 2mM TAKL inhibitor
(TAKI) for 24 hours and sections through retinas were co-labeled with Hoechst dye (DNA; blue)
and visinin (A-D), isletl (E-H), napa73 (I-L), or BRN3A (M-P). Abbreviations: NBL, neuroblast
layer; GCL, ganglion cell layer. Scale bar in A = 50um for images A-C.

3.5 DISCUSSION

The present study focused on the role of TAK1 in the developing chick retina.
Immunolocalization of pTAK1 with markers present in progenitor and differentiating retinal cells
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indicated that pTAK1 was widely expressed in progenitor (dividing and non-dividing) and
differentiating cells of the retina, although expression in dividing progenitors and differentiating
cell populations was heavier than expression noted in progenitors that were not actively dividing.
Ex vivo EG6 retinal cultures treated with TAK1 inhibitor, 5Z-7-oxozeaenol, for 24 hours showed an
increase in 1) progenitor cells (both actively undergoing mitosis and those that were not actively

dividing), 2) apoptotic cells, and 3) cones and ganglion cells.

TAK1 in Cell Cycle Regulation

Prior to conducting this study, we hypothesized that TAK1 played a role in differentiation, as has
been suggested by studies in other tissues [1, 82, 113, 121]. However, results using TAK1
inhibition in conjunction with ex-vivo retinal cultures indicated there was an increase in cell type-
specific differentiation, an increase in proliferating progenitors, and an increase (albeit small) in
apoptosis. Together, these results suggest that TAK1 may not be limited to a role in differentiation
but may play a broader role in cell cycle progression. Previous studies have shown that cell cycle
length increases during neural development, brought about by an increase in the G1 phase of the
cell cycle [125, 126]. More recent studies in murine central nervous system have shown that there
may also be a lengthening of the S phase in progenitors during development [95]. A lengthening
in the G1 phase of the cell cycle is associated with a decrease in proliferation and an increase in
cells leaving the cell cycle to differentiate [126-128]. Cyclin D is essential for the progression of
proliferating cells from G1 to S phase, such that an overexpression of cyclin D decreases the length
of G1 phase and knockdown of cyclin D increases the length of G1 substantially [129]. Moreover,
overexpression of cyclin A2, normally important in both S and G2 phases, shortens cell cycle
length in Xenopus, reducing neuronal differentiation [130]. TAKL1 also has some revealing links

to the cell cycle.

TAKT1 has been shown to directly affect levels of both cyclins D1 and A, although none have been
shown in the central nervous system [131, 132]. A constitutively active form of TAK1 expressed
in kidney cells reduces 3H uptake by cells as well as passage through G2 to M phases. Further
investigation indicated the constitutively active form of TAK1 inhibited both cyclin D1 and cyclin
A promoter activity and the expression of protein [131]. Cyclin D1 is critical for progression of

cells through the G1 phase of the cell cycle, while cyclin A is important in both synthesis and
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mitosis [131, 133]. This finding is indicative of TAKZ1 inhibiting progression though G1 of the cell
cycle, consistent with our observations that the inhibition of TAK1 in the retina leads to an increase
in cell cycle progression and an increase in synthesis and G2 to M transition, leading to an increase
in both proliferating and differentiating cells. TAK1 has also been implicated in reducing cell cycle
progression following DNA damage in cells [134]. Inactive tousled-like kinase (TLK) bound to
TAK1 increased p38 kinase activity, leading to an increased G2 phase. Collectively, these studies
suggest that TAK1 is playing a key role in cell cycle progression, which is also indicated by our

findings.

In our working model (Figure 3.12), we propose a physiological role for TAK1 in developing

retina in cell cycle progression.

lengthening of the cell
cycle via G; phase

Cell cycle
E7

[G 1 s [ G | M

Normal cell lengthening during retinal

Cell cycle development
E6
I I —
[Gd s [ G | M
Abnormal
Cell Cycle

N

TAK inhibition either stops lenghtening
of G, phase or shortens G, phase

Figure 3.12 Proposed model of TAKL1 action in normal cell cycle progression, the G1 phase
lengthens in successive generation of progenitors. Cells with lengthened G1 phase will eventually
enter GO and differentiate (upper diagram). In the presence of TAKL1 inhibitor, the G1 phase does
not lengthen in a subpopulation of cells. Progenitor cells with a cell cycle that has not lengthened
will continue proliferating.
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During normal development, TAK1 may reduce the activity of cyclin D1, allowing the cycle to
lengthen in G1, and increasing the number of cells that leave the cell cycle. When TAK1 activity
is decreased, there is less disruption to cyclin D1 activity, allowing cells to progress through G1
and the rest of the cell cycle, leading to an increase in cells that proliferate. By increasing cells that
proliferate, it ensures an increase in cells that can also escape the cell cycle and differentiate.
However, according to Lange and Huttner [129], the “cell cycle length hypothesis™ states that the
length of G1 phase determines differentiation and that G1 functions in terms of a threshold; when
G1 is below a certain threshold, differentiation does not occur. G1 phase beyond this threshold is
what is necessary to drive differentiation, along with bHLH [126]. Transcription factors of the
bHLH proneural family are considered the master regulators of neurogenesis and are responsible
for controlling progenitor maintenance through the Notch-Delta pathway, cell cycle exit, and
differentiation [126]. If the cell cycle length hypothesis holds true and G1 exhibits a threshold, this
could possibly explain why our results show both an increase in proliferation and differentiation.
Future studies will focus on investigating the link between TAK1, cell cycle progression, and the

threshold in G1 phase of the cell cycle.

TAK1 in Apoptosis

TAK1 has been implicated in survival, apoptosis and necroptosis, depending on extracellular and
intracellular context [1, 135]. Survival appears to involve transcription of genes downstream of
nuclear factor kappa-light-chain-enhancer of activated B (NFkB) and c-jun-N-terminal kinase
(JNK). Studies using a dominant negative form of TAK1 in liver have shown that quiescent cells
re-enter the cell cycle via expression of c-Myc [136]. While c-Myc can drive cells into division it
has also been shown to induce apoptosis. Cell death induced by c-Myc has been shown to be
connected to the activation of apoptotic factors caspase-3 and c-Jun N-terminal kinases (JNKSs)
[137]. Whether the activation of NFkB leads to survival, apoptosis, or necroptosis is likely to
depend on various present factors. RIPK1 and RIPKS3 factors lead to necroptosis, JNK apoptosis,
ATGS5 and Beclinl in autophagy [135].

Multiple studies have shown that c-Myc is necessary for apoptosis in response to pathologies such

as cancers, DNA damage, and chemotoxins [138]. In the central nervous system, a study found

that in microglia, activated TAKL resulted in an increase in pro-inflammatory cytokines and
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apoptosis [61]. TAKLI inhibition in cancer cells in vitro has shown an increase in apoptosis through
the inhibition of TNF survival and inflammatory signaling [139]. TAK1 has also been found to
regulate cell survival through oxidative stress and receptor-interacting protein kinase 1 (RIPK1)
and when TAK1 is inhibited or knocked out, it results in apoptosis in most tissue types [1]. TAK1
inhibition or dysregulation results in abnormalities that could be key to learning more about human

pathologies.

TAK1 in Maintenance of the Retina and in Pathology

In these studies, we have shown that TAK1 is more widespread within cell types of the retina than
previously observed. Collectively, the results of this study lead to the suggestion that TAK1 is
responsible for increased cell cycle length within the developing chick retina. Previous work has
shown that TAK1 expression that is found in the chick retina is similar to the TAK1 expression
found in the human retina [60]. Activated TAK1 has been found to be present in all layers of a
normal retina while it is barely detectable in pathological retinas [60]. This similarity between
TAKZ1 prevalence in chick and human retinas sheds light on possible approaches for studying
human retinal pathologies. TAK1 has been implicated and shown to be involved in cell
proliferation, cell death, and most importantly, cell cycle progression. Future studies exploring
TAKTIs role in the cell cycle, proliferation, and cell death could elucidate potential therapies for

retinal abnormalities and diseases.
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