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GDF11 protects retinal ganglion cells in vitro

Abstract

Growth differentiation factor 11 (GDF11) was recently identified as a rejuvenation
factor that promoted neurogenesis in aged mice. Previous work has revealed that gdfi!/
mRNA is expressed in the developing retina, and GDF11 protein can signal retinal ganglion
cells (RGCs) to grow dendrites in vitro. The developmental expression pattern of GDF11 in
RGCs and the impact of GDF11 on mammalian RGCs remain unknown. The current study
investigated 1) the developmental time course of GDF11 expression in RGCs, 2) the effect of
GDFI11 on RGC survival and axon growth in vitro, and 3) the mechanisms mediating GDF11
responses in RGCs. Retinae were collected from C57BL/6 wild-type (WT) mice at different
developmental stages to evaluate the expression of GDF11 in RGCs. Postnatal RGCs were
also cultured in the presence of GDFI11 treatment. The results show that GDF11 does not
promote axon growth but rather enhances RGC survival in vitro through activation of

Smad2/3.
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1.0 Introduction

1.1 Organization and components of the nervous system

The nervous system is categorized into the central nervous system (CNS) and the
peripheral nervous system (PNS). The CNS, which consists of the brain and spinal cord,
conducts and interprets signals, overall functioning as the control center; on the other hand,
the PNS consists of motor and sensory nerves that transmit signals between the CNS and the
rest of the body (Siddique and Thakor, 2013). The nervous system consists mostly of neurons
and glial cells. The basic functional units of the nervous system are neurons, which are made
up of a cell body, axons that send neural signals away from the cell body, and dendrites that
direct incoming neural signals to the cell body (Siddique and Thakor, 2013). There are
different types of glial cells residing in the CNS and PNS; astrocytes, microglia and
oligodendrocytes are found in the CNS while Schwann cells are found in the PNS (Siddique
and Thakor, 2013). Astrocytes are specialized glial cells that contiguously cover the entire
CNS and have diverse essential functions in the healthy CNS; for instance, astrocytes release
various molecular mediators that control CNS blood vessel diameter and blood flow, regulate
fluid homeostasis via aquaporin 4 (AQP4) and clear excess neurotransmitters from the
synaptic space via various neurotransmitter transporters (Sofroniew and Vinters, 2010).
Microglia are tissue-resident mononuclear phagocytic macrophages in the CNS that not only
eliminate microbes, dead cells and protein aggregates but also play a crucial role in synaptic
pruning and remodeling during development and adulthood (Prinz and Priller, 2014; Wake
and Fields, 2011). Schwann cells and oligodendrocytes form myelin sheaths around axons in
the PNS and CNS, respectively, allowing the rapid propagation of action potentials by

saltatory conduction (Debanne et al., 2011). Besides myelinating axons and facilitating nerve

1
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conduction, they also play a crucial role in determining the regenerative capabilities of the

PNS and CNS.

1.2 Nerve injury and regeneration in peripheral and central nervous system

In the PNS and CNS, nerve injury induces beading and swelling of the axon
membrane (Vargas and Barres, 2007). The subsequent influx of extracellular Ca** leads to the
activation of calpain and other intracellular Ca*"-dependent proteases (Wang et al., 2012).
These proteases mediate the disintegration of the axonal cytoskeletal components, such as
microtubulin, spectrin and neurofilaments, and cause the fragmentation of the axon (Wang et
al., 2012). The injured axon is known to undergo two degenerative processes: retrograde
degeneration and Wallerian degeneration (WD) (Calabrese et al., 2015). The proximal portion
of the injured axon, which is connected to the cell body, undergoes retrograde degeneration
towards the cell body, eventually resulting in retrograde neuronal cell death (Calabrese et al.,
2015). On the other hand, the distal portion of the injured axon, which is disconnected from
the neuronal cell body, undergoes WD towards the post-synaptic end (Coleman and Freeman,
2010). This disconnection is thought to deprive the constant anterograde supply of
neurotrophic factors from the cell body and thus cause the intracellular level of these
molecules to fall below a threshold to maintain axonal integrity and function (Wang et al.,
2012). In addition, nicotinamide mononucleotide adenylyltransferases (NMNATSs), essential
enzymes for axon maintenance and growth, are rapidly lost after axonal injury and cannot be
delivered from the cell body to the distal portion of the injured axon (Stefano et al., 2015).
Because NMNATs catalyze the synthesis of nicotinamide adenine dinucleotide (NAD) from
nicotinamide mononucleotide (NMN), the loss of NMNATs results in the accumulation of

NMNs, which has been shown to promote WD (Stefano ef al., 2015).
2
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The rate of WD differs between the PNS and CNS; in mammals, WD takes
approximately 7 to 14 days in the PNS while it takes months to years in the CNS (Vargas and
Barres, 2007). The drastically slower WD in the CNS is attributed to the lack of mechanisms
for clearing myelin debris in the CNS. In the PNS, axonal injury causes Schwann cells to
shed myelin sheaths, which are rapidly broken down to myelin ovoids and further digested by
Schwann cells (Hirata and Kawabuchi, 2002). The PNS axon degeneration also leads to the
breakdown of the blood nerve barrier (BNB), allowing blood-circulating opsonins, such as
complement, pentraxins and antibodies, to enter and attach to the degenerating PNS nerve
and thereby facilitating the phagocytic myelin clearance by macrophages in the PNS (Vargas
and Barres, 2007). In the CNS, axonal injury causes oligodendrocytes to shed myelin sheaths,
but oligodendrocytes cannot digest myelin debris like Schwann cells, thereby delaying the
clearance process (Brosius Lutz and Barres, 2014). According to past studies,
oligodendrocytes respond to WD by either undergoing apoptosis or entering an atrophy-like
resting state (Ludwin, 1990; Casha et al., 2005). Furthermore, the CNS injury leads to only
partial disruption of the blood brain barrier (BBB), limiting the influx of peripheral
macrophages as well as opsonins to the degenerating CNS nerve (Vargas and Barres, 2007).
Microglia residing in the CNS are phagocytic and hence capable of clearing myelin debris,
but they are not as efficient as peripheral macrophages (Skoff and Vaughn, 1971 and

Aldskogius et al., 1974).

While intact myelin enhances conduction speed and protects axon integrity, injured
myelin releases components that are known to inhibit nerve outgrowth, such as chondroitin
sulfate proteoglycans (CSPGs), Nogo-A, myelin-associated glycoprotein (MAG), and

oligodendrocyte myelin glycoprotein (OMgP) (Brosius Lutz and Barres, 2014). Although
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these inhibitory components were first discovered by studying CNS myelin, MAG is also
present in the PNS (Vargas and Barres, 2007). However, PNS axons can still overcome
myelin inhibition and regenerate after injury because myelin debris containing MAG are
rapidly and effectively cleared by Schwann cells and macrophages (Brosius Lutz and Barres,
2014). Schwann cells also release neurotrophic factors, extracellular matrix molecules and
growth factors, creating growth-promoting environment; furthermore, injury to the PNS axon
reactivates an intrinsic growth program in the neuronal body that initiates regenerative
growth (Abe and Cavalli, 2008; Madduri and Gander, 2010). In the CNS, not only do neurons
lack the intrinsic growth capacity but also the growth-inhibitory environment and ineffective
clearance of myelin debris prevent their axon regeneration (Siddique and Thakor, 2013;

Strittmatter, 2010; Lee ef al., 2010).

Past studies focused on characterizing the inhibitory myelin-associated molecules in
the adult CNS and blocking their inhibitory signals in an attempt to promote axon
regeneration; however, the efficacy of this approach remains controversial (Lee et al., 2010;
Smith ef al., 2009). Recent studies have shown that stimulating intrinsic growth potential of
CNS neurons can induce axon regeneration after CNS injury, providing the concept that
robust neuron-intrinsic growth potential can potentially overcome the inhibitory extrinsic
environment of the injured CNS (Park et al., 2008; Smith et al., 2009; Noro et al., 2015;
Kaplan ef al., 2015). It is critical to investigate the potential mechanisms in the adult CNS
that could be effective at enhancing the intrinsic regenerative ability of injured CNS neurons
to facilitate axon regeneration and promote repair, following CNS injury, such as spinal cord

injury, stroke and neurodegenerative diseases.
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1.3 Using the visual system to study CNS regeneration in mammals

The visual system of mammals, especially rodents, has been widely used for studying
neuroprotection and axon regeneration in the CNS, as it exhibits characteristics of the CNS
(Shen et al., 1999; Park et al., 2008; Smith et al., 2009; Sanchez-Migallon et al., 2015; Peng
et al., 2016). The eye is surrounded by blood-ocular barriers that are similar to the CNS
gating system; for instance, the inner blood retinal barrier (BRB) consists of retinal capillary
endothelial cells that are firmly connected by tight junctions and surrounded by astrocyte
end-feet, thereby resembling the BBB (Kaur et al., 2008). In addition, aqueous humour inside
the eye is a fluid enriched with anti-inflammatory and immunoregulatory mediators, which is
similar to the cerebrospinal fluid (CSF) in the brain and spinal cord (London et al., 2012).
The retina and optic nerve (ON) are considered as a part of the CNS since they extend from
diencephalon during embryonic development (London ef al., 2012). The inner most layer of
the retina is composed of retinal ganglion cells (RGCs) whose projecting axons bundle
together to form the ON that conveys visual information from the retina to the brain (Berry et
al., 2008; Almasieh et al., 2012). Similar to the CNS axons, the ON, myelinated by
oligodendrocytes, undergoes retrograde and Wallerian degeneration and fails to regenerate

spontaneously after injury (Goldberg et al., 2002; Berry et al., 2008; Almasieh et al., 2012).

The ON crush and complete ON transection are in vivo CNS injury models
commonly used to induce the specific loss of RGCs, which begins quickly following the ON
damage; depending on the severity of the damage, approximately 27-90% of RGCs can
survive to two weeks post-injury (Johnson and Tomarev, 2010). For studying in vivo post-
injury RGC survival and axon regeneration, potential growth-stimulating molecules are

delivered to the retina via intravitreal injection before inducing the ON damage (Park ef al.,

5
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2008; Smith et al., 2009; Sanchez-Migallon et al., 2015). Although the in vivo injury models
are required to confirm that a phenomenon occurs in living organisms, in vitro models
become more useful when conducting highly controlled preliminary investigations. RGC
culture is a useful in vitro model for assessing the response of RGCs to specific conditions in
isolation from the rest of the eye (Johnson and Tomarev, 2010). A wide variety of growth-
promoting molecules have been identified by using both in vitro and in vivo models, and
current literature continues to focus on identifying new and more effective growth-promoting
molecules (Smith et al., 2009; Legacy et al., 2013; Morquette et al., 2015 ; Sharma et al.,
2015; Peng et al., 2016). Recent studies have shown that members of transforming growth
factor B (TGF-B) superfamily can effectively promote both axon regeneration and
neuroprotection in the CNS, suggesting TGF- pathway as a new therapeutic target for CNS

regeneration (Dobolyi et al., 2012).

1.4 Transforming growth factor f superfamily

TGF-p superfamily is a large group of related growth factors that regulate not only
diverse developmental processes, such as proliferation, differentiation, migration and
apoptosis, but also adult tissue homeostasis and tissue repair (Krieglstein et al., 2011). The
family is subdivided into four subgroups: TGF-fs, bone morphogenetic proteins (BMPs) and
growth differentiation factors (GDFs), activin/inhibins and the outsider subgroup (Yadin et al.,
2016). TGF-Bs, including TGF-B1, 2, 3, form the smallest subgroup and serve as the
archetypal examples for the TGF-f superfamily; on the other hand, BMPs and GDFs form the
largest subgroup, which can be further divided into BMP2/4, BMP5/6/7/8, GDF1/3,
GDF2/BMP10, GDF5/6/7, GDF8/11, GDF9/BMP15 and GDF10/BMP3 sub-divisions (Yadin

et al., 2016). While activin/inhibins subgroup consists of inhibin a and B, activin A, B and AB,
6
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nodal and lefty1/2, the outsider subgroup includes those TGF-B superfamily members that do
not fit into any of the other three groups, such as anti-Miillerian hormone (AMH) and glial-
derived neurotrophic factor (GDNF) (Yadin et al., 2016). The TGF-B superfamily ligands are
secreted as precursors consisting of an amino-terminal (N-terminal) prodomain and a
carboxy-terminal (C-terminal) mature domain (Wu and Hill, 2009). The mature domain is
cleaved from the prodomain by furin or furin-like proteases, and then forms a butterfly-
shaped homomeric or heteromeric dimer, held together by disulphide bonds (Feng and
Derynck, 2005; Wakefield and Hill, 2013). All members of the TGF-f superfamily share
fundamentally the same signaling mechanism (Wakefield and Hill, 2013). They bind and
activate heteromeric complexes of transmembrane serine/threonine kinase receptor type I and
type II; in the activated complex, the type II receptor phosphorylates the type I receptor on
serine and threonine residues in a highly conserved glycine- and serine-rich domain (Wu and
Hill, 2009; Wakefield and Hill, 2013). The activated type I receptor phosphorylates the
intracellular downstream targets, typically receptor-specific Smad (R-Smad) proteins,
including Smadl, 2, 3, 5 and 8 (Wu and Hill, 2009). The phosphorylation of R-Smads leads
to the multimerization of R-Smads with the common-mediator Smad (co-Smad), Smad4,
which serves as a common partner for all R-Smads (Chu et al., 2004; Levy and Hill, 2005).
The Smad complex then translocates into the nucleus and modulates the transcription of
target genes along with transcriptional cofactors (Wu and Hill, 2009). While Smad3 and 4 are
known to recognize the sequence AGAC or its reverse complement, Smadl, 5 and 8
preferentially bind GC-rich elements with the sequence GRCGNC (Wakefield and Hill, 2013).
Unlike other Smads, Smad2 cannot bind directly to DNA due to steric hindrance by an

inserted sequence in the DNA-binding region (Morikawa et al., 2013); hence, it has to
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multimerize with other Smad proteins, specifically Smad3 or Smad4, to interact with target
genes. R-Smads and co-Smad consist of two conserved globular domains connected by a
linker region: the N-terminal Mad-homology 1 (MH1) domain and the C-terminal Mad-
homology 2 (MH2) domain (Kubiczkova ef al., 2012). The MH1 domain is a DNA-binding
module stabilized by a tightly bound zinc atom, and its contact with DNA is accomplished by
a B hairpin structure, which is conserved in both R-Smads and co-Smad (Massagué et al.,
2005). The MH2, on the other hand, is one of the most versatile protein-interacting modules
in signal transduction; it contains hydrophobic patches known as hydrophobic corridors that
mediate interactions with receptors, cytoplasmic proteins, nucleoporins and DNA-binding
cofactors (Massagué et al., 2005). A region overlapping the linker and MH2 domains
mediates interactions with transcriptional activators and repressors in the nucleus (Massagué
et al., 2005). The Smad pathways were once considered to be unidirectional and linear, but
they are rather dynamic networks since Smad proteins constantly shuttle between the
cytoplasm and nucleus (Massagué et al., 2005). In the cytoplasm, the receptor-mediated
phosphorylation decreases the affinity of R-Smads for cytoplasmic anchors and increases
their affinity for transcription factors (Shi and Massagué, 2003; Xu and Massague, 2004). In
the nucleus, Smad phosphatases dephosphorylate R-Smads and allow them to return to the

cytoplasm (Inman et al., 2002).

Although the Smads are the best understood downstream targets of TGF-B
superfamily receptors, Smad-independent pathways can be activated by the TGF-B
superfamily. p38 mitogen-activated protein kinase (MAPK), extracellular signal-regulated
kinases (ERK) 1/2 and c-Jun N-terminal kinases (JNK) has been shown to be activated by

TGF-B superfamily in a cell type-specific manner (Tsuchida et al, 2009). For instance,
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activin has been shown to work synergistically with basic fibroblast growth factor (bFGF) to
increase the level of tyrosine hydroxylase in mouse striatal and hippocampal cells via
ERK1/2 phosphorylation; additionally, it has been shown to inhibit the pituitary transcription
factor Pit-1 gene promoter in prolactin cells via p38 MAPK phosphorylation (Bao ef al., 2005;
De Guise et al.,2006). As for TGF-f-mediated JNK signaling, TGF-B1 has been shown to
induce epithelial-mesenchymal transition (EMT) in rat peritoneal mesothelial cells via INK
activation (Liu et al, 2012). In addition to these Smad-independent pathways, the TGF-$3
superfamily is also capable of signaling through phosphoinositide 3-kinase (PI3K)/protein
kinase B (Akt) pathway; TGF-B has been shown to induce hypertrophy during EMT by
activating mammalian target of rapamycin (mTOR) through PI3K and Akt (Lamouille and
Derynck, 2007). Overall, the TGF-f superfamily can utilize a multitude of intracellular

signaling pathways and trigger a wide array of cellular responses.

Cellular responses to TGF-B signaling depend on cell types and physiological
conditions. TGF-B signaling limits proliferation of epithelial and haematopoeitic cells by
inducing cyclin-dependent kinase (CDK) inhibitors p15 and p21, whereas it inhibits apoptosis
of follicular dendritic cells by down-regulating the expression of Fas and caspase-8 (Park et
al., 2005; Meulmeester and Dijke, 2011). Additionally, in tumors, the TGF- signaling can
function as tumor suppressor in early stages of tumorigenesis and tumor promoter in late
stages (Meulmeester and Dijke, 2011). Its growth-inhibitory function is due to the ability to
suppress expression and function of c-Myc and CDKs and to enhance expression of the CDK
inhibitors (Kubiczkova et al., 2012). During late stages of tumor progression, mutations in
TGF-B downstream components are believed to affect TGF-B signal transduction and

potentially promote cancer development and progression (Inman, 2011). Due to these
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pleiotropic actions, the TGF-f signaling is considered to be highly cellular context-dependent
and influenced by transcription factor availability, epigenetic status, crosstalk with other
biochemical pathways and developmental or disease stages (Akhurst and Hata, 2012;

Massague, 2012).

Members of TGF- superfamily have been shown to be expressed in various regions
of the CNS, including hippocampus, hypothalamus, medulla oblongata, reticular formation
and choroid plexus (Dobolyi et al., 2012). They are also involved in the development of
nervous system; as an example, BMPs can induce neural crest, regulate spinal cord
proliferation, pattern forebrain and cerebellum, and promote neurogenesis and neurite
outgrowth (Bond et al., 2012). TGF-Bs have anti-proliferative effects on neural crest cells,
fetal cortical cells, postnatal cerebellar cells and neuronal precursor cells; however, they
enhance differentiation of neural crest cells into adrenergic cells and sensory neuron
precursors (Zhang et al., 1997; Aigner and Bogdahn, 2008). Furthermore, TGF-f signaling
has been shown to protect retinal neurons from apoptosis during the development of the
mammalian eye. According to Braunger et al. (2013), mice lacking TGF-f type II receptors
(TBRIIRs) in the inner layer of the optic cup exhibited reduction of phosphorylated Smad3
(pSmad3) in retina and apoptosis of retinal neurons during embryonic and postnatal
development; additionally, TGF-B2 treatment inhibited apoptosis of cultured RGCs through
the Smad-dependent pathway. Other TGF-3 proteins, including TGF-B1, activin and BMP4,
have been shown to promote both survival and axon regeneration in CNS neurons, indicating
that TGF-f signaling does hold a therapeutic potential for CNS regeneration (Sulyok et al.,

2004; Parikh et al., 2011; Ueki and Reh, 2012; Omura et al., 2015; Li et al., 2017).

Recently, a TGF-B superfamily member GDF11, also known as bone morphogenetic
10
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protein 11 (BMP11), has recently emerged as a circulating factor in young mice with age-
dependent decline in expression (Loffredo et al., 2013). According to Loffredo et al. (2013),
prolonged administration of GDF11 in old mice can restore GDF11 expression to youthful
levels and reverse age-related cardiac hypertrophy. In support of this proposed rejuvenation
effect of GDF11, Katsimpardi et al. (2014) have shown that GDF11 administration can not
only improve cerebral vasculature but also enhance neurogenesis in both olfactory bulb and
subventricular zone (SVZ) of aged mice. Considering this regenerative effect of GDF11 in
the CNS, it may hold therapeutic potential for neuroprotection and axon regeneration in the

CNS after injury.

1.5 Growth differentiation factor 11

GDF11 was first cloned and characterized from rat incisor pulp RNA by reverse
transcription polymerase chain reaction (RT-PCR) with degenerate primers based on the
conserved mature region of BMPs and GDFs (Nakashima et al., 1999). In situ hybridization
of whole-mount mouse embryos showed that the distribution of gdf// mRNA changes
throughout the development. It is first strongly expressed in the tail bud at embryonic day 8.5
(e8.5) and then later in the branchial arches, limb and tail buds, posterior dorsal neural tube,
and inner layer of the optic cup at e10.5 (Nakashima et al., 1999). At e14.5, it is expressed in
various regions of the developing brain, including hippocampus, striatum, preoptic area,
inferior colliculi and nuclei in the ventral midbrain and anterior hindbrain. In the adult brain,
gdfl] mRNA is strongly expressed in thalamus and Purkinje cell layer while being weakly
expressed in hippocampus and scattered cells in the midbrain and hindbrain (Nakashima et al.,
1999). Other studies later reported that gdf// mRNA is also expressed in heart, pancreas,

intestine, kidney, skeletal muscle and spleen; notably, the spleen has been shown to express
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the highest levels of gdfl1/ mRNA (McPherron, 2010; Loffredo et al., 2013). As for GDF11
protein expression, GDF11 has been shown to be expressed in the aforementioned tissues as
well as blood (Walker et al., 2016). Souza et al. (2008) first reported that it is expressed in
both human and mouse systemic circulation; however, the tissue source for this circulating
GDF11 remians unknown. Recently, Loffredo et al. (2013) reported the significant reduction
of GDF11 expression in both spleen and blood of old mice, suggesting that the spleen may be

the major source of circulating GDF11.

Similar to other TGF-f proteins, GDF11 is first synthesized as a precursor where the
N-terminal prodomain is cleaved from the C-terminal mature domain by a furin or furin-like
protease (Walker et al., 2016). The molecular structure of GDF11 is not well characterized,
but the recent unbound x-ray crystal structure of the protein revealed that the mature form of
GDFT11 is the canonical homomeric dimer of the TGF- superfamily; it is viewed as a ‘hand’
with a four-stranded B-sheet comprising the ‘fingers,’ a cysteine-knot structure occupying the
palm and a-helix forming the ‘wrist’ (Padyana et al., 2016). Unlike other TGF-f ligands, the
mature form of GDF11 is tightly bound to its prodomain even after furin cleavage; this form
is known as a latent state, in which GDF11 is unable to bind its receptors and believed to
interact with extracellular matrix components and remain inactivated (Walker et al., 2016).
To become fully activated, the prodomain has to be properly cleaved by a tolloid-like (TLD)
metalloproteinase (Ge et al., 2005). As shown in Figure 1, the active form of GDF11 binds to
transmembrane serine/threonine kinase activin type II receptor (ActRII) and forms the
complex that recruits one of three specific type I receptors, activin-receptor like kinase 4
(ALK4), ALKS5 and ALK7 (Tsuchida et al., 2009). Although the receptor interaction

mechanism of GDF11 has yet to be determined, GDF11 is believed to bind to its receptors in
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a similar manner as TGF-f3 proteins (Walker et al., 2016). TGF-Bs exhibit high affinity for the
type II receptor and low affinity for the type I receptor, and they bind type II receptor via
their ‘fingertips,” facilitating a cooperative binding between type II and type I receptors
(Walker et al., 2016). The initial binding of GDF11 to the type II receptor can be inhibited by
follistatin-like 3 (FSTL-3) and growth differentiation factor-associated serum proteins 1 and 2
(GASP-1 and GASP-2); while GASP-1 and GASP-2 prevent GDF11 from binding to ActRII,
FSTL-3 conceals GDF11 receptor epitopes by symmetrically embracing GDF11 (Walker et
al., 2016). The activated type I receptors phosphorylate R-Smad proteins Smad2 and Smad3
(Smad2/3), which multimerize with co-Smad Smad4 (Tsuchida et al., 2009; Walker et al.,
2016). The Smad complex then translocates into the nucleus and regulates the transcription of
target genes along with transcriptional cofactors; Smad co-activators, such as cyclic
adenosine monophosphate response element binding protein (CBP) and p300 function as
histone acetylases and allow Smad-mediated transcription activation whereas Smad co-
repressors, such as c-ski and Ski-related novel protein N (SnoN), recruit histone deacetylases
and downregulate Smad-mediated transactivation (Jinnin et al., 2007). Similar to other TGF-
B members, GDF11 may also signal through Smad-independent pathways, such as Akt/PI3K

and MAPK pathways (Tsuchida et al., 2009).

GDF11 plays a broad role in mammalian development. GDF11 knockout (KO) mice
exhibit cleft palate, renal agenesis, anterior homeotic transformation of the axial skeleton
with lumbar vertebrae transformed into thoracic vertebrae, and malformations of the stomach,
spleen and pancreas (McPherron et al., 1999; Harmon et al., 2004). Furthermore, the
knockout mice all die within 24 hours, possibly due to the developmental defects in kidney

and palate formation (McPherron ef al., 1999; McPherron, 2010). Due to this perinatal
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lethality of GDF11 KO mice, the functions of GDF11 in postnatal tissues are still unknown
(Walker et al., 2016). However, several studies have explored the consequences of transgenic
overexpression of GDFI11 in specific regions of a developing embryo. While GDF11
overexpression in embryonic chick spinal cord causes rostral shifts in the positions of motor
neuron columns and pools, its overexpression in the early wing bud of a developing chick
causes severe limb truncations by inhibiting chondrogenic and myogenic cell differentiation
(Gamer et al., 2001; Liu, 2006). Interestingly, transgenic overexpression of GDFI1
prodomain in embryonic skeletal tissue results in the transformation of the seventh cervical

(C7) vertebra into a thoracic vertebra without causing any perinatal lethality (Li et al., 2010).

GDF11 is closely related to another TGF-f protein growth differentiation factor 8
(GDFB), alternatively known as myostatin; they share 90% sequence identity in their mature,
C-terminal signaling domains and 52% identity in their N-terminal prodomains (Walker et al.,
2017). Like GDF11, GDFS8 is initially synthesized in a precursor form, enters the latent state
after undergoing furin-processing and becomes fully activated by a TLD metalloprotease; in
its active form, GDF8 can bind to ActRII and signal through ALK 4, 5, 7 to activate Smad2/3
(Walker et al., 2017). The biochemical similarities between GDF11 and GDF8 have led to the
assumption that they have identical signaling potencies and properties; in support of this
assumption, a past study showed that double mutant mice lacking GDF11 and GDF8 exhibit
fully penetrant phenotypes of GDF11 KO mice, including renal agenesis and cleft palate,
suggesting that they may be functionally indistinguishable (McPherron et al., 2009).
However, accumulating evidence suggests that they are not biochemically and functionally
equivalent. According to Walker et al. (2017), in various cells transfected with Smad3-

responsive luciferase reporter, GDFI11 stimulated greater Smad3 activation in a
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concentration- and a time-dependent manner and also induced greater reporter responses than
GDF8 via ALK 4 ,5, 7; notably, only GDF11 resulted in significant signaling at lower
concentrations and exposure times (Walker ef al., 2017). It also has been found that the major
differences between the structures of GDF11 and GDFS are located at each end of the wrist
helix and include GDF11 residues Q62 and G100; these GDFI11 residues are thought to
stabilize the dimer interface of GDF11 and potentially contribute to its higher potency
(Walker et al., 2017). Interestingly, substitution of GDF8 residues H62 and A100 with
GDF11 residues Q62 and G100 greatly increases the potency of GDFS, confirming the
biochemical difference between GDF11 and GDF8 (Walker et al., 2017). It has been well
documented that GDF8 is predominantly expressed in both developing and adult skeletal
muscles and therein negatively regulates skeletal muscle mass by suppressing hypertrophy
and hyperplasia of myofibers (McPherron et al, 2009; Elkasrawy and Hamrick, 2010).
Although GDFI11 has been shown to suppress myogenesis in the chick embryo, muscle fiber-
specific deletion of GDF11 in mice does not induce a wide spread increase in skeletal muscle
mass like GDF8 KO mice, providing the notion that GDF11 and GDF8 are functionally
distinct; moreover, GDF8 KO mice does not exhibit perinatal lethality (Walker ef al., 2016).
GDF8 is also believed to regulate glucose metabolism and adipogenesis, in which GDF11 is
not known to be involved; it has been shown that loss of GDF8 in genetic models of obesity
leads to suppression of fat accumulation and glucose metabolism (McPherron and Lee, 2002).
Further supporting the functional difference between GDF11 and GDFS8, previous studies
have shown that unlike GDF8, GDF11 has important roles in the development of nervous

system.
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Figure 1: GDF 11 biochemical pathway. GDF11 binds to ActRII and facilitates a cooperative
binding interaction between ActRII and one of type I receptors (ALK4, 5, 7). Extracellular-
binding antagonists, such as GASP-1, GASP-2 and FSTL-3, can prevent GDFI11 from
binding to ActRIIL. The activated Type IR phosphorylates Smad2/3, which forms oligomeric
complexes with Smad4. The Smad2/3/4 complex then enters the nucleus and regulates gene
expression with transcription cofactors. GDF11 can also signal through Smad-independent

pathways (Akt/PI3K and MAPK).
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GDF11 is known to exert pleiotropic effects on the developing nervous system by
acting as both positive and negative factor of neurogenesis. Gamer et al. (1999) have shown
that GDF11 induces neural tissue during vertebrate embryogenesis; on the contrary, Wu et al.
(2003) have shown that GDF11 inhibits olfactory epithelium (OE) neurogenesis in vitro, and
mice lacking functional GDF11 have more progenitors and neurons in OE. In the developing
spinal cord, gdf]] mRNA is expressed transiently in newly born neurons adjacent to the
progenitor domain, and deletion of gdfi/ not only slows down the neuronal progenitor
differentiation but also reduces the expression level of cyclin-dependent kinase inhibitors
p27°P! and p57kipz (Shi and Liu, 2011). This observation has created a model in which
GDF11 secreted by newly born neurons in the developing spinal cord generates a positive
feedback signal on the progenitors to promote cell cycle exit, suppress proliferation and
promote differentiation (Shi and Liu, 2011). As for the mammalian visual system, GDF11 has
been shown to have an important role for the retina development. Kim et al. (2005) have
shown that GDF11 controls the length of time that retinal progenitor cells are competent to
produce RGCs by inhibiting Math5 mRNA expression and regulates the ratio of RGCs to
photoreceptors and amacrine cells. However, Hocking et al. (2008) have shown that
administering GDF11 to cultured Xenopus laevis RGCs results in retinal dendrite growth,
suggesting its role as a dendrite initiation factor. As no studies have shown whether or not
GDFI11 can promote retinal dendrite growth in mammalian RGCs, the potential regenerative

effect of GDF11 in mammalian retina remains unknown.
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2.0 Research objectives and hypotheses

Objective I: To determine the developmental time course of GDF11 expression in mouse
RGCs and compare developmental changes in GDFI11 expression in RGCs to previously

established developmental decline in intrinsic growth ability of RGCs.

Hypothesis 1. Similar to the trend in loss of intrinsic growth ability of RGCs, the expression

of GDF11 in mouse RGCs will decrease throughout retina development.

Objective 2: To determine the impact of GDF11 administration on mouse RGC survival and
axon growth and the potential mechanisms used by GDF11 to promote its functional effects

on RGC:s in vitro.

Hypothesis 2: GDF11 administration will promote mouse RGC survival and axon growth in
vitro, through activation of its main downstream target Smad2/3 as well as another potential

downstream target BDNF.
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3.0 Rationale

Although the developmental expression of gdfl// mRNA in retina has been well
documented, the developmental expression of GDF11 protein in retina has not been reported;
furthermore, no studies have determined the developmental pattern of GDF11 expression in
RGCs. Hence, GDF11 expression in prenatal, postnatal and adult RGCs was examined.
According to Goldberg et al. (2002), the intrinsic growth ability of RGCs decreases sharply
within a day of birth and continues to decline afterwards. Based on this observation as well as
the potential role of GDF11 as a retinal dendrite growth initiator, the expression of GDF11 in

RGCs was expected to decrease throughout the retina development.

As the impact of GDF11 administration on mammalian RGCs remains unknown, the
effect of GDFI1 on mouse RGC survival and axon growth was determined, using an
established in vitro mouse RGC culture system (Legacy ef al., 2013). As Smad2/3 proteins
are known to be the main downstream targets of GDFI11 and involved in GDF11-induced
neurogenesis in aged brain (Katsimpardi et al., 2014; Walker et al., 2017), changes in
Smad2/3 expression in cultured RGCs after GDF11 administration were investigated. In
addition, as BDNF is a well-known neurotrophic factor that promotes RGC survival both in
vitro and in vivo (Khalin et al., 2015), the BDNF expression in cultured RGCs was also
investigated to determine if GDFI1 promotes neuronal survival by upregulating BDNF
expression. Considering the known beneficial effects of GDF11 on neurogenesis and retinal
dendrite growth (Hocking et al., 2008; Katsimpardi et al., 2014), GDF11 administration was

expected to promote both RGC survival and axon regeneration.

The potential neuroprotective and regenerative effects of GDFI11 in mammalian
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RGCs could contribute to the development of pharmacological therapy for CNS injury,
particularly glaucoma since it involves RGC death and ON degeneration; moreover, it could
be further applied to the ongoing development of treatments for neurodegenerative diseases,

such as Alzheimer's and Parkinson's disease.
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4.0 Materials and method

4.1 Animals

All animal experiments were conducted according to the guidelines of the Canadian
Council on Animal Care and were approved by the Carleton University Animal Care
Committee. All experiments were performed on C57BL/6J WT mice purchased from Charles
River Laboratories (Montreal, Quebec, Canada). Mouse pups (embryonic day 18 (el8),
postnatal day 1 (pl), p4, p7 and p14, n=4 for each developmental stage) and male adult mice

(n=4) were housed with consistent light-dark cycle, with food and water provided ad libitum.

4.2 Retinal cryosections

Eyes from different developmental stages (el8, pl, p4, p7, pl4 and adult) were
enucleated and placed into 4% paraformaldehyde (PFA) diluted in 0.01 M phosphate buffered

saline (PBS) for 48 hours. They were then placed into 20% sucrose for 24 hours and then
transferred to 10% sucrose for storage at 4 C until cryosection preparation and collection of
samples on glass slides. Retinal cross-sections (16um thick) were collected on glass slides
using a cryostat at -20 C. Figure 1 shows the experimental timeline of retinal cryosection

preparation.
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48 hours 24 hours
L ) ¥ W
Retina collection Transfer 1 Transfer 2
# Retina enucleated > Evyes placed into # Eves placed into
(el8.pl,p4, p7, pl4 and adult) 20% sucrose 10% sucrose until
#» Eves placed into 4% PFA used for retinal

cryosection
Figure 2: Experimental timeline of retinal cryosection preparation. After being enucleated,

eyes were placed into 4% PFA for 48 hours. They were then transferred to 20% sucrose

solution, and after 24 hours, they will be kept in 10% sucrose solution until being sectioned.

72 hours 2 hours
W L 2 W
RGC Culture RGCsFixed Immunocytochemistry
> p7 retina enucleated > 4% PFA ¥ RGCs stained for B 1I-tubulin
# Papain dissociation system administration  and DAPI

# GDF11 administration

(0,20, 40 ng/ml)
Figure 3: Experimental timeline for RGC culture. After extracting p7 retina, RGCs were
isolated by using papain dissociation system and then plated into culture wells. Control and
treatment groups were treated with culture medium and GDF11, respectively. After 72 hour
incubation, RGCs were fixed in 4% PFA for 2 hours. Immunocytochemistry was carried out

immediately after fixing the cells.
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Figure 4: Experimental timeline for ALKS inhibitor experiment. 6 different treatment groups
were used for this experiment: control (cell culture medium), 0.5% DMSO, 5 uM ALKS
inhibitor, 20 ng/ml GDF11, co-treatment (5 pM ALKS inhibitor+20 ng/ml GDF11) and pre-
treatment (30 min incubation with 5 uM ALKS inhibitor, followed by 20 ng/ml GDF11).
After 72 hour incubation, RGCs were fixed in 4% PFA for 2 hours. Immunocytochemistry

was carried out immediately after fixing the cells.
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4.3 RGC culture for GDF11 administration

Three p7 mice eyes were pooled together to create n=1. They were enucleated and
placed in cold Dulbecco’s phosphate buffered saline (DPBS) without Ca®" and Mg®" (Life
Technologies). The samples were dissected on ice and incubated in a dissociation solution

containing papain (Worthington Biochemical Inc.) at 37 C for 20 minutes with agitation

every 5 minutes. The cells were then triturated in papain inhibitor and deoxyribonuclease |
(DNase I) (Worthington), followed by centrifugation. The supernatant was discarded, and the
isolated RGCs were immediately resuspended in cell culture medium containing Neurobasal
A (Invitrogen), 2% B-27 serum-free supplement (Invitrogen), 0.3% | -glutamine (Invitrogen)

and 0.5% penicillin-streptomycin (Invitrogen), as previously published (Legacy et al., 2013).

Cell quantification was carried out by using a hemacytometer before plating RGCs in
culture wells coated with 20 pg/mL poly-p-lysine (PDL) (Sigma-Aldrich) and 10 pg/mL
laminin (Corning); approximately 12,000 cells were plated per well in 24-well plates
(Sarstedt). GDF11 (0.1 mg/ml) (Peprotech) was diluted to 20 ng/mL, 40 ng/mL, 60 ng/mL,
80 ng/mL and 100 ng/mL in culture medium and incubated with RGCs, either at the time of
plating or at specific time points following plating. RGCs were cultured for 72 hours and then
fixed in 4% PFA for 2 hours before immunocytochemistry (Legacy et al., 2013). Figure 2

outlines the timeline of RGC culture.
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4.4 ALKYS inhibitor administration

The RGC culture was prepared in the same manner as outlined above. ALKS
inhibitor I (Enzo Life Sciences) was dissolved in 10% DMSO to produce the stock solution
(500uM). The inhibitor was diluted to SuM in culture medium, ensuring that the final DMSO
concentration was 0.5%. For the inhibitor experiment, a total of 6 treatment groups were used:
control group (culture medium), DMSO control group (0.5% DMSO), ALKS inhibitor group
(5uM ALKS inhibitor), GDF11 group (20ng/ml GDF11), co-treatment group (both 5uM
ALKS inhibitor and 20ng/ml GDF11 at the time of plating) and pre-treatment group (30 min
pre-treatment with SuM ALKS inhibitor before administering 20 ng/ml GDF11). 72 hours
after plating, RGCs were fixed in 4% PFA for 2 hours, followed by immunocytochemistry.

Figure 3 summarizes the timeline for ALKS inhibitor experiment.

4.5 Immunohistochemistry to assess the developmental expression of GDF11

Retinal sections were washed three times every 15 minutes with 0.01M PBS before
being incubated at the room temperature overnight with mouse anti-f III-tubulin antibody
(1:1000, Biolegend) and rabbit anti-GDF11/8 (1:250, AbCam) or rabbit anti-GDF8 antibody
(1:250, MilliporeSigma), diluted in 0.5% Triton X-100 solution. After primary antibody
incubation, the sections were washed three times every 15 minutes with 0.01M PBS and then
incubated for 2 hours with anti-mouse Alexa 488 (1:200, Cell Signaling) and anti-rabbit
Alexa 555 (1:200, Cell Signaling), diluted in 0.5% Triton X-100 solution. The samples were
then washed three times every 15 min with 0.01M PBS, and labelled with 4',6-diamidino-2-
phenylindole (DAPI) (1:10000, Thermo Scientific) to detect cell nuclei. Three sample areas

across the ganglion cell layer (GCL) of each retina cross-section were captured randomly at
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20X magnification using a Zeiss Axiovert Microscope (Zeiss); at least four cross-sections
were captured for each retina. The images were collected using Infinity Analyze software
(Lumenera Corporation), and the number of GDF11/8 or GDFS8 positive RGCs was manually
counted using ImageJ (NIH). Using IBM SPSS Statistics 23, one-way ANOVA was

performed, followed by Bonferroni's post hoc test for the statistical analyses of the results.

4.6 Immunocytochemistry and quantification of RGC survival in vitro

After fixation in 4% PFA, the RGC culture samples were washed three times every
15 min with 0.01M PBS and then incubated overnight with mouse B III-tubulin antibody
(1:1000, Biolegend) and rabbit anti-phoshorylated-Smad2 (pSmad2) antibody (1:1000, Cell
Signaling) or rabbit anti-brain derived neurotrophic factor (BDNF) (1:1500, Cell Signaling)
diluted in 0.5% Triton X-100 solution. The samples were then washed three times every 15
min with 0.01M PBS and then incubated for 2 hours with anti-mouse Alexa 488 (1:200, Cell
Signaling) and anti-rabbit Alexa 555 (1:200, Cell Signaling) diluted in 0.5% Triton X-100
solution. After the incubation, the samples were washed three times every 15 min with 0.01M
PBS and then stained with DAPI (1:10000, Thermo Scientific). Three sample areas in each
well were taken randomly by Zeiss Axiovert Microscope at 20X; a total of four wells were
analyzed for each treatment group. After manually counting the number of surviving RGCs in
each sample area, statistical analyses were conducted using one-way ANOVA, followed by

Bonferroni's post hoc test.
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5.0 Results

5.1 GDF'11 expression in RGCs is reduced in adult retina

To study the developmental time course of GDFI11 expression in RGCs, the
percentage of RGCs expressing GDF11 at each developmental stage (el8, p1, p4, p7, p14 and
Adult) was determined by DAPI, B III-tubulin and GDF11 staining. It should be noted that 3
[II-tubulin has been used as a reliable marker for RGCs (Jiang et al., 2015). As shown in
Figure 5, GDF11 was broadly detected in both developing and adult retinae (only el8, p7 and
adult retinae shown in Figure 5). However, it was highly expressed around the GCL and
localized to RGCs in both developing and adult retinae. According to Bonferroni’s post hoc
test (p<0.05), there were no significant changes in GDF11 expression in el 8~p14 RGCs (only
el8 and p7 shown in Figure 5J). However, GDF11 expression in adult RGCs was
significantly reduced in comparison to the GDF11 expression in developing RGCs,
supporting the previous evidence that circulating GDF11 level declines with age (Loftredo et
al., 2013). Due to the structural similarities between GDF11 and GDFS, the currently
available GDF11 antibody (AbCam) detects GDF11 and GDF8 8 (Poggioli ef al., 2016); this

1s why it is now noted as GDF11/8 antibody.

GDF8-specific antibody (MiliporeSigma) was used to determine the developmental
expression pattern of GDF8 in RGCs. As there is no evidence that the GDF8 antibody
(MilliporeSigma) can detect both GDF11 and GDFS8, the protein labelled by this antibody is
referred to as GDFS8. The percentage of RGCs expressing GDF8 at each developmental stage
(el8, pl, p4, p7, pl4 and Adult) was determined by DAPI, B III-tubulin and GDF8 staining.

As shown in Figure 6, GDF8 was broadly expressed in both developing and adult retinae
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(only €18, p7 and adult retinae shown in Figure 6). Furthermore, it was also highly expressed
around the GCL and localized to RGCs in both developing and adult retinae. Statistically,
there were no significant changes in GDF8 expression in samples collected from multiple
developmental time points, starting from e18 to adult RGCs (representative images from e18,
p7 and adult are shown in Figure 6J). It is notable that there were no significant changes in
GDF8 expression in adult RGCs; this suggests that the decline in expression noted with

GDF11/8 antibody (AbCam) may be predominantly due to changes in GDF11 expression.
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Figure 5: GDF11/8 expression declines in adult retina. e18 (A-C), p7 (D-F) and adult (G-I)
retinal cryosections were triple-labeled with anti-GDF11/8 (A,D,G), DAPI (B,E,H) and anti-
[[I-tubulin (C,F,I). Quantitative graphic representation of percentage of GDF11/8-positive
RGCs in each retina development stage (J). Bars are presented as mean = SEM from 4
animals per age group. Statistical analysis was carried out by using one-way ANOVA

followed by Bonferroni’s post hoc test, *p < 0.05. Scale bar = 50um.
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Figure 6: GDF8 expression does not change throughout retina development. e18 (A-C), p7
(D-F) and adult (G-I) retinal cryosections were triple-labeled with anti-GDF8 (A,D,G), DAPI
(B,E,H) and anti-p IlI-tubulin (C,E]I). Quantitative graphic representation of percentage of
GDF8-positive RGCs in each retina development stage (J). Bars are presented as mean +
SEM from 4 animals per age group. Statistical analysis was carried out by using one-way

ANOVA followed by Bonferroni’s post hoc test, *p<0.05. Scale bar = 50um.
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5.2 GDF11 promotes survival of p7 retinal ganglion cells in culture

To assess the effects of GDF11 administration on RGC survival and axon growth, p7
RGCs were isolated for the RGC culture. According to Goldberg et al. (2002), the intrinsic
growth ability of p7 RGCs is diminished but not completely lost; hence, p7 RGCs were used
in order to see whether GDF11 administration can restore the diminished intrinsic growth
ability of p7 RGCs and promote RGC survival and axon regeneration. Initially, a preliminary
experiment was conducted by using six different GDF11 concentrations (0, 20, 40, 60, 80 and
100 ng/ml) in order to determine the most effective GDF11 concentration for RGC survival
and axon regeneration. The preliminary data revealed that none of GDF11 treatments
promoted axon regeneration in cultured p7 RGCs; however, the 20 ng/ml GDF11 appeared to
promote a dramatic beneficial effect on RGC survival (data not shown). Thereafter, the initial
GDFI11 concentration range was narrowed down (0, 20 and 40 ng/ml), and the p7 RGC
culture experiment was repeated using these dosage parameters, as described in Figure 2.
Figure 3G shows that only 20 ng/ml GDF11 treatment resulted in significant RGC survival in
comparison to control treatment; remarkably, 20ng/ml GDF11 treatment had over 200% more
surviving p7 RGCs than the control treatment. As expected, none of the GDFI11

concentrations promoted axon growth.
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Figure 7: GDF11 administration promotes survival of p7 mouse RGCs. Cultured p7 RGCs
were double labeled with anti-f III-tubulin (A,A’,C,E) and DAPI (B,D,F). Quantitative
graphic representation of percent B IlI-tubulin positive cell bodies; data are represented as a
percentage of control (G). Bars represent mean + SEM from 3 animals per treatment group.
Statistical analysis was carried out by using one-way ANOVA followed by Bonferroni’s post

hoc test, *p < 0.05. Scale bar for A-F = 50um. Scale bar for A’=25 pm.
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5.3 GDF'11 administration increases pSmad?2 expression but not BDNF expression

To evaluate the mechanisms involved in the GDF11-induced RGC survival, the
ALKS inhibitor experiment was carried out, as outlined in Figure 4. ALKS inhibitor was used
since ALKS is one of type I receptors that GDF11 is known to use ALKS5 predominantly.
ALKS inhibitor I (Enzo Life Sciences) is an ATP-competitive inhibitor that interrupts the
ActRII-mediated phosphorylation of ALKS5 by competitively binding to ATP binding sites of
ALKS. 5uM ALKS inhibitor was used, as it has been previously suggested as the lowest
effective concentration required to inhibit TGF-B signaling in vitro (Yousef et al., 2015).
Because ALKS inhibitor I (Enzo Life Sciences) is soluble in DMSO and DMSO
concentration > 1% (v/v) is known to cause retinal apoptosis in vitro (Galvao et al., 2014),
0.5% DMSO was used as another control treatment to verify that DMSO concentration < 1%
does not cause apoptosis of p7 RGCs. There was no significant RGC survival difference
between control treatment and 0.5% DMSO treatment, confirming that 0.5% DMSO does not
induce retinal apoptosis (data not shown). Based on the previous observation that 20 ng/ml
GDF11 is the most effective concentration for p7 RGC viability, this concentration was used
again for the ALKS inhibitor experiment. As expected, 20 ng/ml GDFI11 significantly
enhanced the RGC survival (Fig. 8M); specifically, the RGC survival was enhanced by 70%.
Treatment with ALKS inhibitor alone did not significantly increase the RGC survival as well
as pSmad2/3 expression, compared to GDF11 treatment (Data not shown). Co-treatment with
both ALKS5 inhibitor and GDFI11 also did not significantly reduce the RGC survival and
enhanced the RGC survival by 56%. On the contrary, pre-treatment with ALKS inhibitor
prior to GDF11 administration showed a significant reduction in RGC survival (Fig. 8M); in

comparison to GDF11 treatment, the ALKS inhibitor pre-treatment caused 60% reduction in
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RGC survival, suggesting that GDF11 is potent, and the incubation period is required for the

ALKS inhibitor to prevent ALKS5-mediated phosphorylation of downstream targets.

The pSmad2 antibody (Cell Signaling) detects Smad2 only when dually
phosphorylated at S465 and S467; however, as it can also detect pSmad3 at its equivalent site,
the proteins detected by this antibody are referred to as pSmad2/3. As shown in Figure 8N,
the GDF11 treatment and co-treatment resulted in significantly increased pSmad2/3
expression in p7 RGCs by approximately 10%, compared to the control treatment.
Interestingly, ALKS5 inhibitor treatment also induced significant pSmad2/3 expression (Data
not shown). On the contrary, the ALKS inhibitor pre-treatment significantly reduced
pSmad2/3 expression by 10%, suggesting that GDF11 administration promotes RGC survival
through ALK5-pSmad2/3 pathway. Figure 8F’ shows that pSmad2/3 expression was detected

within p7 RGCs.

Because previous studies have shown that BDNF promotes RGC survival both in
vitro and in vivo (Khalin et al., 2015), BDNF expression in cultured p7 RGCs after GDF11
administration was also examined to investigate whether GDF11 promotes RGC survival by
upregulating BDNF expression. As shown in Figure 9M, none of the treatments appeared to
influence the expression of BDNF in p7 RGCs, suggesting that GDF11 does not induce

BDNF expression through ALK5-pSmad2/3 pathway.
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Figure 8: ALKS inhibitor pre-treatment prevents GDFI1-induced survival of p7 mouse
RGCs and activation of Smad2/3. Cultured p7 RGCs were triple labeled with anti-pSmad2
(A,D,G,J), DAPI (B,E,H,K) and anti-B II-tubulin (C,F,LL). The co-localization between
pSmad2 and B IIl-tubulin stains confirmed that pSmad2 was detected in p7 RGCs (F’).
Quantitative graphic representation of percent [ III-tubulin positive cell bodies (M); data are
represented as a percentage of control. Quantitative graphic representation of percentage of
RGCs expressing pSmad2 (N). Bars represent mean = SEM from 3 animals per treatment
group. Statistical analyses was carried out by using one-way ANOVA followed by

Bonferroni’s post hoc test, *p<0.05. Scale bar for A-L = 75um. Scale bar for F>=37.5 um
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Figure 9: ALKS inhibitor pre-treatment does not affect the expression of BDNF in p7 mouse
RGCs. Cultured p7 RGCs were triple labeled with anti-BDNF (A,D,G,J), DAPI (B,E,H,K)
and anti-f III-tubulin (C,F,LL). Quantitative graphic representation of percentage of RGCs
expressing BDNF (M). Bars represent mean = SEM from 3 animals per treatment group.
Statistical analysis was carried out by using one-way ANOVA followed by Bonferroni’s post
hoc test, *p<0.05. Scale bar = 75um.
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6.0 Discussion

6.1 GDF11 protein expression decreases in adult retina

Previous studies have used in situ hybridization to show that gdf1/ and gdf8 mRNAs
are expressed in embryonic mouse RGCs (Kim et al., 2005; Mu et al., 2004). However, no
studies have used immunohistochemistry to examine GDF11 and GDF8 protein expressions
and their developmental patterns in RGCs. In this study, GDF11/8 (AbCam) and GDFS8
(MilliporeSigma) antibodies were used to investigate the developmental time course of
GDFI11 and GDFS8 protein expressions in RGCs. The immunohistochemistry revealed that
both GDF11 and GDFS8 proteins are expressed in RGCs, supporting the previously reported
gdf1] and gdf8 mRNA expressions in RGCs. The statistical analyses indicated that GDF11
expression in adult RGCs is significantly reduced; however, the major caveat of the
immunohistochemical staining data is that the GDF11/8 antibody (AbCam) detects both

GDF11 and GDFS.

Loftredo et al. (2013) first used the GDF11/8 antibody (AbCam) for Western Blot
analysis to determine whether circulating GDF11 decreases with age. Their Western Blot
analysis showed a 25-kDa band that was only found in the blood of young mice, suggesting
that circulating GDF11 decreases with age; they identified this protein as a homomeric
dimer of mature GDF11 domains, which consists of 2 disulfide-linked 12.5-kDa C-terminal
monomers (Loffredo et al., 2013; Poggioli et al., 2016). Egerman et al. (2015) later tested
the cross-reactivity of the GDF11/8 antibody (AbCam) by using Western Blot, discovering
that the antibody could label both mature dimer (25 kDa) and reduced monomer (12.5 kDa)

of both recombinant GDFI11 and GDF8. They also developed a new
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electrochemiluminescence (ECL) immunoassay method to specifically measure GDF11
level in blood; they confirmed that this immunoassay (R&D systems) can detect only
GDF11 and not GDF8 (Egerman et al., 2015). By using this assay, they analyzed circulating
GDF11 concentration of young and old rats (6 month- and 24 month-old) and humans
(20~30 year- and 60 year-old) and showed an age-dependent increase in GDF11 (Egerman
et al., 2015). Performing RNA sequencing on skeletal muscle from 6, 12, 18, 21 and 24
month-old rats and showing an age-dependent increase in gdf//, Egerman et al. (2015)
argued that GDFI11 rather increases with age and started the controversy surrounding the
relationship of GDF11 to aging. Recently, Poggioli et al. (2016) further confirmed that the
GDF11/8 antibody (AbCam) does detect both GDF11 and GDFS8; however, they also
discovered that the GDF11/8 antibody can detect a 25-kDa immunoglobulin light chain.
They performed immunoglobulin G (IgG) depletion from serum pooled from old mice and
showed that the 25-kDa band was nearly eliminated while the 12.5-kDa band remained
unchanged; they did perform mass spectrometry analysis to confirm that IgG light chain is
the predominant component of the 25-kDa band (Poggioli et al., 2016). By using Western
Blot analyses of 4 different mammalian species at various ages, Poggioli et al. (2016)
revealed that the 12.5-kDa band decreased dramatically with age while the 25-kDa band
showed an age-dependent increase, concluding that the 25-kDa and 12.5-kDa bands are
immunoglobulin light chain and GDF11/8, respectively; it should be noted that
immunoglobulin has long been known to increase with age (Natsuume-Sakai et al., 1977).
This recent study by Poggioli et al. (2016) not only supports the previous evidence that
GDF11 decreases with age but also raises a question regarding the validity of the GDF11-

specific immunoassay used by Egerman et al. (2015); they did not confirm whether the
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immunoassay (R&D systems) distinguished between GDFI1 and immunoglobulin light
chain. Considering that the GDF11/8 antibody (AbCAm) can detect IgG light chains as well,
it is possible that proteins detected by this antibody in the developing and adult retinae
would inevitably include IgG light chains. However, since RGCs have been shown to only
weakly express IgG (Niu ef al., 2011), the majority of proteins detected by the GDF11/8

antibody in RGCs would likely be GDF11 and GDFS.

Unlike the GDF11/8 antibody (AbCam), the GDF8 antibody (MilliporeSigma) has
been shown to specifically detect GDF8 (Sharma et al., 2012; Breitbart et al., 2013;
Hauerslev et al., 2014), and there is no evidence that it can also detect GDF11 and/or IgG
light chain. As shown in Figure 6, no developmental changes in GDFS8 expression in RGCs
were detected. Considering that the GDF8 antibody detects GDF8 only, the proteins that
were reduced in the adult RGCs are likely GDF11. Based on the reduced GDF11 expression
in adult RGCs and the potential role of GDF11 as a retinal dendrite growth initiator, it was
speculated that the developmental decline in GDF11 expression in RGCs may contribute to
the previously reported developmental decline in intrinsic growth ability of RGCs. However,
the data indicate that GDF11 does not promote axon regeneration in cultured p7 mouse
RGCs, suggesting that the developmental reduction of GDF11 expression in RGCs may not

contribute to the developmental decline in intrinsic growth ability of RGCs.
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6.2 Status of GDF11 in the developing and adult retinae

In addition to the cross-reactivity of GDF11/8 antibody (AbCam), another caveat of
the immunohistochemical staining data is that it only shows the total amount of proteins and
cannot distinguish four different states of GDF11 and GDFS that could exist in the retina.
These states are: precursor state, latent state, bioactive state and inactivated state. The newly
synthesized GDF11 and GDF8 exist in the precursor state, where they retain both prodomains
and mature domains. Since protein translation takes place inside the cell, the GDF11 and
GDF8 precursors would exist in the RGCs; hence, the immunohistochemical staining data
could account for the precursor state of GDF11 and GDFS8 in the RGCs. The data would
likely also account for the latent state of GDF11 and GDF8 in the RGCs. The precursors of
GDFI11 and GDF8 are processed by furin or furin-like proteases and enter the latent state, in
which the prodomains are cleaved but still tightly attached to the mature domains (Walker et
al., 2017). The furin-processing mainly takes place inside the trans-Golgi network (TGN), a
late Golgi structure that sorts secretory pathway proteins to their final destinations, such as
lysosomes and secretory granules (Thomas, 2002). Hence, the proteins detected by the
GDF11/8 and GDF8 antibodies could be the latent GDFI11 and GDFS8 proteins that are

synthesized in the TGN.

Considering the previously proposed model of newly born neurons secreting GDF11
(Shi and Liu, 2011), RGCs might secrete GDF11 and GDF8 through the TGN pathway;
however, the exact mechanism of GDF11 and GDF8 secretion has not been reported. Since
the latent GDF11 and GDF8 proteins can be activated by extracellular TLD
metalloproteinases (Walker et al., 2017), the latent proteins could be packaged into secretory

granules and then later secreted into the extracellular space to be activated by TLD
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metalloproteinase. Therefore, those latent GDF11 and GDFS8 proteins detected by the
GDF11/8 and GDF8 antibodies could be stored in the secretory granules. As Walker et al.
(2017) have recently shown that the latent GDF11 and GDF8 proteins can be activated by
treatment with HCI to pH 2.5, it is possible that they are taken up by lysosomes, converted
into the bioactive homomeric dimers and then secreted out of RGCs. If this lysosomal
activation of GDF11 and GDFS8 does take place in RGCs, then some of GDF11/8 proteins

detected in RGCs could also be in the bioactive state.

As for the status of GDF11 and GDF8 outside of the RGCs, they might exist in the
latent, bioactive and inactivated states. The latent GDF11 and GDFS proteins secreted out of
the RGCs could be either free-floating in the extracellular space or attached to the
extracellular matrix (Walker et al, 2016). Once the prodomains are fully cleaved by
extracellular TLD metalloproteinases, the latent GDF11 and GDF8 become bioactive and
capable of binding to their transmembrane receptor ActRIl. However, by being bioactive,
they also become susceptible to extracellular inactivation by FSTL-3 that can symmetrically
embrace the bioactive GDF11 and GDF8 homomeric dimers. In addition to these possible
states of GDF11 and GDF8 in the extracellular space, their precursors might also be directly
secreted out of RGCs immediately after translation; since furins can cycle between the TGN
and the cellular surface (Thomas, 2002), the extracellular precursors could be converted into
their latent forms by the surface furins. Figure 10 summarizes the possible states and cellular

locations of GDF11/8.

As both GDF11/8 and GDF8 antibodies cannot identify different states of GDF11
and GDF8, it is likely not possible to precisely pinpoint the intracellular and extracellular

states of GDF11 and GDFS detected in €18, pl, p4, p7, pl4 and adult RGCs and deduce how
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they could contribute to the survival of RGCs during the retina development. Considering
that developing RGCs are known to undergo retrograde neuronal cell death more rapidly than
adult RGCs after ON injury (Isenmann et al., 2003), it is possible that the developing retina
has intracellular precursor, latent and/or bioactive GDF11 but lacks extracellular bioactive
GDF11. This is further supported by the p7 RGC survival data showing that administration of
bioactive GDF11 can promote RGC survival. The adult retina stained with the GDF11/8
antibody (Figure 5G) showed limited staining in the GCL, where only B III-tubulin and DAPI
stains were co-localized; this suggests that GDF11 is mostly expressed outside of RGCs in
the adult retina. As explained above, the extracellular GDF11 could be in latent, bioactive,
inactivated and even perhaps precursor states. Considering the ability of bioactive GDFI11 to
promote cultured p7 RGC survival, some extracellular GDF11 in the adult retina could exist
in the bioactive state and thus contribute to the delayed retrograde neuronal cell death in the

adult retina after ON injury.
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Figure 10: States and locations of intracellular and extracellular GDF11/8. a) Precursor

GDF11/8 (P-GDF11/8) is translated from gdf11/8 mRNA. b) Precursor GDF11/8 can then go
through the trans-Golgi network (TGN) and then processed by furin, being converted to
latent GDF11/8 (L-GDF11/8). c) Latent GDF11/8 could be taken up by lysosome and
undergo acid activation, becoming bioactive GDFI11/8 (B-GDF11/8). d) Acid-activated
GDF11/8 can then be secreted out of the cell. f) Alternatively, latent GDF11/8 could be
packaged into secretory granules instead. f) Latent GDF11/8 in the granules would later be
secreted out of the cell. g) Secreted latent GDF11/8 could become activated by TLD
metalloproteinase. h) Precursor GDF11/8 could potentially be secreted out of the cell. 1)
Secreted precursor GDF11/8 might be converted into latent GDF11/8 by surface furin and
then become activated by TLD metalloproteinase. j) Bioactive GDF11/8 could become

inactivated by its extracellular inhibitor FSTL-3.
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6.3 GDF'11 promotes survival of RGCs in vitro

Although GDF11 has been shown to promote neurogenesis in the aged brain and
dendrite growth in RGCs (Hocking et al., 2008; Katsimpardi et al., 2014), the effect of
GDFI11 on mammalian RGC survival has not been previously reported. The RGC survival
data (Figure 7G) reveal that 20 ng/ml was an effective GDF11 concentration that promoted
RGC survival in vitro. Since this concentration falls within the effective concentration range
of GDF11 (10-50 ng/ml) that has been previously shown to promote dendrite growth
(Hocking et al., 2008), it was initially expected to promote dendrite or axon growth in
cultured mouse RGCs. However, as shown in Figure 7, it did not promote any dendrite or
axon growth in the RGC culture. This outcome does not reconcile with the previous study by
Hocking et al. (2008), although it must be noted that different animal model was used. Unlike
mammals, amphibians possess greater capacity for CNS regeneration, as evident in both
larval and adult salamander’s ability to successfully regenerate spinal cord structures after
amputation (Tanaka and Ferretti, 2009). With regard to retina regeneration in frogs, both
larval and adult frogs are capable of regenerating retina after injury; furthermore, the
surviving RGCs in the frog visual system are able to regenerate and reconnect with their
targets in the optic tectum (Tanaka and Ferretti, 2009; Duprey-Diaz et al., 2016). The
concentration of GDF11 used in this study did not promote any dendrite or axon outgrowth in
p7 mouse RGCs, perhaps because they partially lost the intrinsic growth capacity, which is
retained in frog RGCs. It is possible that GDF11 can enhance the existing intrinsic growth
potential but cannot restore the intrinsic growth potential once it has been lost, as is the case
for p7 mouse RGCs. Another reason for the discrepancy could be that GDF11 does not

function as a dendrite growth initiator in mammalian retina. According to Bialas et al. (2013),
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TGF-B signaling is involved in initiating synaptic pruning of postnatal mouse RGCs, which
takes place between p5 and p8. Since synaptic pruning happens in the absence of neuronal
death (Vanderhaeghen and Cheng, 2009), GDF11 may suppress further axon growth and
simultaneously promote survival mechanisms to preserve postnatal RGCs during the pruning
process. In support of this, Augustin et al. (2017) recently found that 10 ng/ml GDFI1
reduces neurite outgrowth of cultured el8 rat cortical neurons without inducing apoptosis.
Hence, GDFI11 may be an essential growth factor that maintains the viability of postnatal

RGCs while facilitating axon pruning process.

Although the regenerative capability of frog RGCs are superior to that of mammalian
RGCs, studies have shown that many RGCs in both frog and mammalian visual system die
rapidly after axotomy (Duprey-Diaz et al., 2016). Considering this similarity in their survival
rate, it is possible that frog and mammalian RGCs share the same survival mechanism.
Notably, this is evident in the current study: the effective GDF11 concentration that promoted
the mouse RGC survival is within the effective GDF11 concentration range that promoted
frog RGC survival. It is interesting that only 20 ng/ml GDFI11 resulted in the significant
mouse RGC survival while the GDFI11 concentration range (10-100 ng/ml) reported by
Hocking et al. (2008) sustained the frog RGC viability. This could be due to the age
difference in animals used in each study; postnatal RGCs may express less ALKS receptors
and Smad2/3 than embryonic RGCs, and thus may be responsive to a lower GDFI11
concentration range (e.g. 5-20 ng/ml). Additionally, higher doses of GDF11 may result in
non-specific downstream signaling that is not involved in RGC survival. Overall, it is evident
that GDF11 holds a therapeutic potential for neuronal survival in glaucoma and other

neurodegenerative diseases.

45



GDF11 protects retinal ganglion cells in vitro

6.4 GDF'11 promotes survival of RGCs through Smad2/3 activation

Previous rejuvenation studies have confirmed GDF11-induced rejuvenation by
reporting the phosphorylation of Smad2/3 (Loffredo et al., 2013; Katsimpardi et al., 2014); in
addition, Smad2/3 is also known to be involved in RGC survival both in vitro and in vivo
(Ueki and Reh, 2012; Braunger et al., 2013). Figure 8M and 8N show that the GDF11
treatment significantly increased the percentage of surviving p7 RGCs expressing pSmad2/3,
compared to the control treatment. As shown in Figure 8F’, pSmad2/3 proteins were
expressed broadly within RGCs, indicating that they were in both cytoplasm and nucleus.
Upon activation by GDF11-ActRII complex, type I receptors can phosphorylate their main
downstream target, Smad2/3. In the basal state, these R-Smads are known to be bound to a
cytoplasmic anchor protein called Smad anchor for receptor activation (SARA) (Runyan et
al., 2009). SARA interacts with MH2 domain of Smad2/3 through its Smad binding domain,
regulating the subcellular distribution of Smad2/3 (Itoh et al., 2002). As it can bind to TGF-8
receptor complex via its C-terminal region, SARA is thought to play a role in presenting R-
Smads to the receptor for phosphorylation (Runyan et al., 2009). Once phosphorylated by the
TGF-B receptor complex, Smad2/3 proteins dissociate from SARA and then multimerize with
Smad4 to translocate into the nucleus (Itoh ef al., 2002). Although no studies have shown that
activin type receptor complexes interact with SARA, they could do so, considering that both
TGF-B and activin type receptors can produce the same TGF-f signaling and activate the
same downstream targets. Hence, it is possible that the detected pSmad2/3 proteins in RGCs
were undergoing type I receptor-mediated phosphorylation and dissociation from SARA in
the cytoplasm. Alternatively, the detected pSmad2/3 proteins could have been already

dissociated from SARA and going through multimerization with Smad4 in the cytoplasm.
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The nuclear translocation of the Smad complex occurs through the nuclear pore complex
(NPC), which consists of multiple copies of 30 different nucleoporins and forms a
hydrophobic channel through the nuclear envelop (Hill, 2009). Although it is still not clearly
known how the Smad proteins are imported to the nucleus, karyopherin-dependent import
involving the MH1 domain of Smad proteins and karyopherin-independent import by direct
contacts between nucleoporins and the MH2 domain of the Smad proteins have been
proposed (Hill, 2009). Karyopherins are carrier proteins that bind to cargo molecules and
pass through the nuclear pore by interacting with nucleoporins; depending on the direction of
transport, karyopherins are classified as importins or exportins (Hill, 2009; Chen and Xu,
2011). In the karyopherin-dependent import model, the importin-Smad complex entering the
nucleus is disrupted by the small guanosine triphosphatase (GTPase) Ran in its guanosine
triphosphate (GTP) bound form; on the contrary, in the karyopherin-independent import
model, the Smad proteins directly interact with nuclear pore components, particularly nuclear
pore complex protein 214 (Nup214) at the cytoplasmic side of the nuclear pore and Nup153
at the nucleoplasmic side (Hill, 2009). Considering these two different models of Smad
nuclear translocation, the detected pSmad2/3 in p7 RGCs could have been bound to importin
in the cytoplasm or nucleus; alternatively, it could have been interacting with NUP214 and
NUP153 at the nuclear membrane. Inside the nucleus, the Smad complex interacts with the
target genes and modulates the gene transcription along with transcriptional activators or
suppressors (Jinnin et al., 2007); hence, other detected pSmad2/3 in the nucleus could have

been interacting with the target genes.

Based on the significant p7 RGC survival induced by GDF11 administration, it is

probable that the Smad complex interacted with transcriptional activators to increase the
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transcription of a gene or set of genes involved in cellular survival. Although no GDF11-
specific target genes have been identified, a strong candidate gene that promoted p7 RGC
survival could encode growth arrest and DNA-damage-inducible protein (Gadd45p).
Gadd45p, a member of the Gadd45 protein family, is known to be localized mainly within the
nucleus, and it has been shown to play a role in cell cycle arrest, DNA repair, apoptosis and
cell survival (Gupta et al., 2005). It has been revealed that Gadd45p can promote adult
neurogenesis by promoting epigenetic DNA demethylation and neuronal survival in ischemic
stroke, reperfusion and RGC injury models (Ma ef al., 2009; Liu et al., 2013; Liu et al., 2015;
He et al., 2016). According to Liu et al. (2009), induction of Gadd45p by TGF-f1-mediated
activation of nuclear factor k light chain enhancer of activated B cells (NF-kB) increased the
resistance of RGCs against tumor necrosis factor o (TNF-a) and paraquat oxidative stress.
Since Gadd45B expression has been shown to be upregulated by the ALKS5-dependent
activation of Smad2 as well (Ungefroren et al, 2005), it is possible that GDFI11

administration promoted p7 RGC survival by inducing Gadd45f expression.

As shown in Figure 8M and 8N, the co-treatment with ALKS inhibitor and GDF11
could not prevent GDF11-induced RGC survival and Smad2/3 activation, suggesting the high
potency of GDF11. In support of this, Walker et al. (2017) have shown that low doses of
GDFI11 (25 pM and 125 pM) could significantly enhance Smad3-dependent cellular response
in 30 minutes, compared to the same doses of GDF8. Hence, the ALKS inhibitor needs to be
incubated with the cells before GDF11 administration in order to prevent the GDF11-induced

RGC survival and Smad2/3 activation, as evident in the pre-treatment group.

In the pre-treatment group, the ALKS inhibitor would have bound to the majority of

ALKS in p7 RGCs prior to GDF11 administration, reducing the availability of ALKS for
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GDF11-ActRII complexes and forcing GDF11 to signal through other available type I
receptors. As recently shown by Walker et al. (2017), GDF11 is capable of activating the
Smad-dependent pathway through ALK4 and ALK?7. Interestingly, studies seem to suggest
that they induce different cellular responses; while ALK4 has been shown to promote cell
survival in a Smad-independent manner, ALK7 has been shown to induce apoptosis in a
Smad-dependent manner (Kim et al., 2004; Wang and Tsang, 2007; Zhao et al., 2012). Kim
et al. (2004) transfected hepatoma cells with the constitutively active form of ALK7 and
discovered that ALK7-induced apoptosis involved Smad2/3 activation; in addition, they also
found that short interfering RNA-mediated inhibition of Smad3 significantly suppressed
ALK7-induced caspase-3 activation. In support of this study, Zhao et al. (2012) showed that
nodal-induced ALK7 activation led to increased pSmad2/3 expression as well as caspase-3
expression, causing the apoptosis of pancreatic B-cells. Considering the apoptotic effects of
ALK7-mediated Smad2/3 activation, it is possible that in the RGCs pre-treated with ALKS
inhibitor, GDF11 recruited ALK7 and caused apoptosis of RGCs by inducing Smad2/3-
mediated caspase-3 expression. However, there was no significant loss of p7 RGCs in the
ALKS inhibitor pre-treatment group; there was no significant difference in RGC survival
between the control and ALKS inhibitor pre-treatment groups. This suggests that GDF11
perhaps neutralized the apoptotic effects of ALK7 by activating ALK4 and promoting ALK4-
mediated caspase-3 inactivation; in fact, it has been shown that TGF-f signaling can interrupt

caspase-3 activation in rat primary hippocampal cultures (Zhu et al., 2001).
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6.5 ALK5-Smad2/3 pathway may function independent of BDNF

BDNF, a member of the nerve growth factor (NGF) family, is the most abundantly
expressed neurotrophic factor found in the CNS and locally produced by RGCs and
astrocytes in the retina (Gupta et al., 2014; Nurjono et al., 2012). It is also synthesized in the
superior colliculus and the lateral geniculate nucleus, from which it is retrogradely
transported to RGCs via ON; hence, it has been suggested that deprivation of BDNF supply
to RGCs via optic nervy injury results in the retrograde neuronal death (Gupta et al., 2014).
Intravitreal injection of BDNF at the time of the nerve injury has been shown to effectively
enhance RGC survival; furthermore, intravitreal BDNF injection followed by bilateral
delivery of BDNF to the visual cortex has been shown to provide even greater level of
neuroprotection, strongly suggesting the neuroprotective role of BDNF in the visual system
(Weber et al., 2010). However, therapeutic use of BDNF in CNS degeneration has been
limited due to the inability of BDNF to cross the BBB; hence, studies have been targeting the

BDNF signaling pathway for promoting RGC survival (Kimura et al., 2016).

BDNF-induced neuronal survival is initiated by the activation of the BDNF receptor
tropomyosin receptor kinase B (TrkB) (Kimura ef al., 2016). Upon binding to BDNF, TrkB
undergoes dimerization and then autophosphorylation by tyrosine residues in the cytoplasmic
kinase domain that serve as docking sites for effector molecules (Cunha et al., 2010). TrkB
can activate ERK, Akt/PI3K and phosphoinositide phospholipase C-y (PLCy) pathways,
which eventually result in the phosphorylation of transcription factor cyclic adenosine
monophosphate response element-binding protein (CREB) and the transcription of genes
involved in the neuronal survival (Cunha et al., 2010). As both BDNF and TGF-B pathways

involve ERK and Akt/PI3K, there could be a crosstalk between these two pathways; in fact,
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the study by Lu et al. (2005) revealed that the functional blockade of Smad4 and TPRIIR
attenuates BDNF-mediated cellular activity, indicating that the crosstalk does exist.
Considering the neuroprotective effects of BDNF and the potential crosstalk between BDNF
and TGF-p, it is possible that GDF11 administration could have increased the expression of
BDNF in RGCs and promoted their survival. Therefore, the BDNF expression of cultured p7
RGCs was investigated to determine whether or not BDNF is one of survival factors whose
expression was upregulated by GDF11 administration. As shown in Figure 9M, there were no
significant differences in BDNF expression among different treatment groups, suggesting that
GDFI11 administration did not induce the BDNF expression in surviving p7 RGCs. However,
it is possible that GDF11 did upregulate BDNF expression transiently, starting soon after
administration of the GDFI11. Considering the high potency of GDF11, GDFI11-induced
BDNF upregulation could have taken place within 24 hours or 48 hours, and excess BDNF
could have been secreted out of RGCs or degraded within RGCs 72 hours after plating. In
support of this, Sometani et al. (2001) have shown that 20 ng/ml TGF-Bltreatment can
enhance BDNF mRNA expression in neurons isolated from rat cerebral cortex within 24-48
hours and results in accumulation of BDNF protein in the culture medium; additionally, they
noted that the intracellular content of BDNF was nearly unchanged. This could explain why
there was no significant difference in BDNF expression between the control and GDFI11
treatments. As the ALKS inhibitor pre-treatment did not reduce the expression of BDNF
within p7 RGCs, GDFI11 does not appear to upregulate BDNF expression through ALKS-
pSmad2/3 pathway. However, GDF11 could have utilized ALK4 and promoted RGC survival
through the Smad-dependent pathway leading to the upregulation of BDNF expression;

alternatively, GDF11-induced ALK4 activation could have activated the Smad-independent
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pathways and enhanced the BDNF expression in RGCs. This would explain why the ALKS
inhibitor pre-treatment did not significantly reduce the BDNF expression. Overall, although
BDNF expression in p7 RGCs could have been transiently upregulated by GDF11 within 24-
48 hours, it is evident that GDF11 does not appear to upregulate BDNF expression in p7

RGCs through ALK5-pSmad2/3 pathway.
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7.0 Conclusions and future directions

TGF-B signaling has been shown to promote neuronal survival as well as axon
regeneration in CNS neurons, including RGCs in the visual system, and has become the
therapeutic target for CNS neuroprotection and regeneration. Recently, GDF11, a member of
TGF-B superfamily, was described as a rejuvenation factor that promotes neurogenesis in
aging mice. Previous studies have shown that gdf1/ mRNA is expressed in developing RGCs,
and GDF11 administration can promote dendrite outgrowth in cultured frog RGCs. However,
the developmental pattern of GDFI11 expression in RGCs and the impact of GDFI11
administration in mammalian RGCs have yet to be determined. The current study shows that
GDF11 expression is indeed expressed in RGCs and appears to decline in adult RGCs. It was
speculated that the developmental decline in GDF11 expression in adult RGCs may
contribute to the developmental decline in intrinsic growth ability of RGCs. The in vitro RGC
survival data indicate that GDF11 administration cannot promote any dendrite or axon
regeneration in postnatal RGCs, suggesting that the developmental reduction of GDFI11 in
RGCs may not contribute to the developmental decline in intrinsic growth ability of RGCs.
However, as the data also reveal that GDF11 enhances survival of postnatal RGCs, it holds a
therapeutic potential for neuronal survival in neurodegenerative diseases. The ALKS inhibitor
treatment prior to GDF11 administration prevented the GDFI11-induced RGC survival by
attenuating the ALKS-pSmad2/3 signaling. Although GDF11 does not appear to upregulate
BDNF expression in cultured RGCs through ALKS5-pSmad2/3 pathway, GDFI11 still may
promote RGC survival by upregulating BDNF expression through ALK4-mediated Smad-

dependent or Smad-independent pathways.

As there is no reliable antibody that can distinguish between GDF11 and GDFS,
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future studies should focus on developing new antibodies or new methods for detecting
GDF11. The most reliable method for detecting GDF11 is currently the immunoplexed liquid
chromatography with tandem mass spectrometry assay, designed by Schafer ez al. (2016); this
method overcomes the high amino acid sequence homology of GDFI1 and GDF§ by
monitoring multiple distinct residues within GDF11 and GDF8. However, as this method still
cannot identify the four possible states of endogenous GDF11 (i.e. precursor, latent, bioactive
and inactivated forms), further research is required to find a way to distinguish one GDF11

state from another.

As 20ng/ml GDF11 was shown to promote RGC survival in vitro, the same GDF11
concentration should be used for an ON injury model to evaluate the neuroprotective effects
of intravitreal GDF11 injection. Furthermore, since systemic administration of GDF11
(0.Img/kg mouse body weight) has been shown to promote neurogenesis in aging mice
(Katsimpardi et al., 2014), it would be interesting to see if the systemic administration of
GDF11 could also promote RGC survival after ON injury. Although GDF11-induced RGC
survival was shown to involve pSmad2/3 activation, it is still unclear which survival factors
are being upregulated by GDF11; hence, future research should focus on identifying potential

survival factors that are upregulated by GDF11.

54



GDF11 protects retinal ganglion cells in vitro

8.0 References

Abe, N. and Cavalli, V. (2008) Nerve injury signaling. Curr Opin Neurobiol, 18: 276—283.

Aigner, L. and Bogdahn, U. (2008) TGF-beta in neural stem cells and in tumors of the central
nervous system. Cell Tissue Res, 331: 225-241.

Akhurst, R. J. and Hata, A. (2012) Targeting the TGF[ signaling pathway in disease. Nat Rev
Drug Discov, 11: 790-811.

Aldskogius, H. (1974) Indirect and direct Wallerian degeneration in the intramedullary root
fibers of the hypoglossal nerve. An electron microscopical study in the kitten. Adv. Anat.
Embryol. Cell Biol, 50: 7-78.

Almasieh, M., Wilson, A. M., Morquette, B., Cueva Vargas, J. and Di Polo, A. (2012) The
molecular basis of retinal ganglion cell death in glaucoma. Progress in Retinal and Eye
Research, 31: 152-181.

Bao, Y. L., Tsuchida, K., Liu, B., Kurisaki, A., Matsuzaki, T. and Sugino, H. (2005)
Synergistic activity of activin A and basic fibroblast growth factor on tyrosine hydroxylase
expression through Smad3 and ERKI/ERK2 MAPK signaling pathways. Journal of
Endocrinology, 184: 493-504.

Berry, M., Ahmed, Z., Lorber, B., Douglas, M. and Logan, A. (2008) Regeneration of axons
in the visual system. Restorative Neurology and Neuroscience, 26: 147-174.

Bond, A. M., Bhalala, O. G. and Kessler, J. A. (2012) The dynamic role of bone
morphogenetic proteins in neural stem cell fate and maturation. Dev Neurobiol, 72: 1068-
1084.

Braunger, B. M., Pielmeier, S., Demmer, C., Landstorfer, V., Kawall, D., Abramov, N.,
Leibinger, M., Kleiter, 1., Fischer, D., Jiagle, H. and Tamm, E. R. (2013) TGF-f signaling
protects retinal neurons from programmed cell death during the development of the
mammalian eye. The Journal of Neuroscience, 33: 14246-14258.

Breitbart, A., Scharf, G. M., Duncker, D., Widers, C., Gottlieb, J., Vogel, A., Schmidt, S.,
Brandes, G., Heuft, HG, Lichtinghagen, R., Kempf, T., Wollert, K. C., Bauersachs, J. and
Heineke, J. (2013) Highly specific detection of myostatin prodomain by an
immunoradiometric sandwich assay in serum of healthy individuals and patients. PLoS One,
8: e80454.

Brosius Lutz, A. and Barres, B. A. (2014) Contrasting the glial response to axon injury in the
central and peripheral nervous systems. Dev. Cell., 28:7-17.

55



GDF11 protects retinal ganglion cells in vitro

Calabrese, M., Magliozzi, R., Ciccarelli, O., Geurts, J. and Martin, R. (2015) Exploring the
origins of grey matter damage in multiple sclerosis. Nature Reviews Neuroscience, 16:147-
158.

Chu, G. C., Dunn, N. R., Anderson, D. C., Oxburgh, L. and Robertson, E. J. Differential
requirements for Smad4 in TGF-B-dependent patterning of the early mouse embryo.
Development, 131: 3501-3512.

Coleman, M. P. and Freeman, M. R. (2010) Wallerian degeneration, W1d%, and Nmnat. Annu.
Rev. Neurosci., 33: 245-267.

Cunha, C., Brambilla, R. and Thomas, K. L. (2010) A simple role for BDNF in learning and
memory? Front mol neurosci, 3:1.

Debanne, D., Campanac, E., Bialowas, A., Carlier, E. and Alcaraz, G. (2011) Axon
physiology. Physiol Rev, 91: 555-602.

Dobolyi, A., Vincze, C., Pal, G. and Lovas, G. (2012) The neuroprotective functions of
transforming growth factor beta proteins. Int J Mol Sci, 13:8219-8258.

Duprey-Diaz, M. V., Blagburn, J. M. and Blanco, R. E. (2016) Exogenous modulation of
retinoic acid signaling affects adult RGC survival in the frog visual system after optic nerve
injury. PLoS One, 11: €0162626.

Egerman, M. A., Cadena, S. M., Gilbert, J. A., Meyer, A., Nelson, H. N., Swalley, S. E.,
Mallozzi, C., Jacobi, C., Jennings, L. L., Clay, 1., Laurent, G., Ma, S., Brachat, S., Lach-
Trifilieff, E., Shavlakadze, T., Trendelenburg, AU, Brack, A. S. and Glass, D. J. (2015)
GDFI11 increases with age and inhibits skeletal muscle regeneration. Cell Metab, 22: 164-174.

Elkasrawy, M. N. and Hamrick, M. W. (2010) Myostatin (GDF-8) as a key factor linking
muscle mass and bone structure. J Musculoskelet Neuronal Interact, 10: 56-63.

Feng, X. H. and Derynck, R. (2005) Specificity and versatility in TGF-f signaling through
Smads. Annu. Rev. Cell Dev. Biol, 21: 659-693.

Galvao, J., Davis, B., Tilley, M., Normando, E., Duchen, M. R. and Cordeiro, M. F. (2014)
Unexpected low-dose toxicity of the universal solvent DMSO. FASEB J, 28: 1317-1330.

Gamer, L. W., Cox, K. A., Small, C. and Rosen, V. (2001) Gdfl1 is a negative regulator of
chondrogenesis and myogenesis in the developing chick limb. Developmental Biology, 229:
407-420.

Gamer, L. W., Wolfman, N. M., Celeste, A. J., Hattersley, G. Hewick, R. and Rosen, V. (1999)
A novel BMP expressed in developing mouse limb, spinal cord, and tail bud is a potent
mesoderm inducer in Xenopus embryos. Developmental Biology, 208: 222-232.

56



GDF11 protects retinal ganglion cells in vitro

Ge, G., Hopkins, D. R., Ho, WB and Greenspan, D. S. (2005) GDF11 forms a bone
morphogenetic protein l-activated latent complex that can modulate nerve growth factor-
induced differentiation of PC12 cells. Mol Cell Biol, 25: 5846-5858.

Goldberg, J. L., Klassen, M. P., Hua, Y. and Barres, B. A. (2002) Amacrine-signaled loss of
intrinsic axon growth ability by retinal ganglion cells. Science, 296: 1860-1864.

De Guise, C., Lacerte, A., Rafiei, S., Reynaud, R., Roy, R., Roy, M., Brue, T. and Lebrun, JJ
(2006) Activin inhibits the human Pit-1 gene promoter through the p38 kinase pathway in a
Smad-independent manner. Endocrinology, 147: 4351-4362.

Gupta, S. K., Gupta, M., Hoffman, B. and Liebermann, D. A. (2005) Hematopoietic cells
from gadd45a-deficient and gadd45b-deficient mice exhibit impaired stress responses to
acute stimulation with cytokines, myeloablation and inflammation. Oncogene, 25: 5537-5546.

Gupta, V., You, Y., Li, J., Gupta, V., Golzan, M., Klistorner, A., van den Buuse, M. and
Graham, S. (2014) BDNF impairment is associated with age-related changes in the inner
retina and exacerbates experimental glaucoma. Biochim Biophys Acta, 1842: 1567-1578.

Harmon, E. B., Apelqvist, A. A., Smart, N. G., Gu, X., Osborne, D. H. and Kim, S. K. (2004)
GDF11 modulates NGN3" islet progenitor cell number and promotes B-cell differentiation in

pancreas development. Development, 131: 61636174.

Hauerslev, S., Vissing, J. and Krag, T. O. (2014) Muscle atrophy reversed by growth factor
activation of satellite cells in a mouse muscle atrophy model. PLos One, 9: e100594.

He, G., Xu, W., Tong, L., Li, S., Su, S., Tan, X. and Li, C. (2016) Gadd45b prevents
autophagy and apoptosis against rat cerebral neuron oxygen-glucose deprivation/reperfusion
injury. Apoptosis, 21: 390-403.

He, Y., Zhang, H. Yung, A., Vileda, S. A., Jaeger, P. A., Olayiwola, O., Fainberg, N. and
Wyss-Coray, T. (2014) ALKS-dependent TGF-f signaling is a major determinant of late stage
adult neurogenesis. Nat Neurosci, 17: 943-952.

Hill, C. S. (2009) Nucleocytoplasmic shuttling of Smad proteins. Cell Res, 19: 36-46.

Hirata, K. and Kawabuchi, M. (2002) Myelin phagocytosis by macrophages and
nonmacrophages during Wallerian degeneration. Microsc Res Tech, 57: 541-547.

Hocking J. C., Hehr, C. L., Chang, RY, Johnston, J. and McFarlane, S. (2008) TGFp ligands
promote the initiation of retinal ganglion cell dendrites in vitro and in vivo. Molecular and
Cellular Neuroscience, 37: 247-260.

57



GDF11 protects retinal ganglion cells in vitro

Inman, G. J., Nicolas, F. J., and Hill, C. S. (2002) Nucleocytoplasmic shuttling of Smads 2, 3,
and 4 permits sensing of TGF-3 receptor activity. Mol Cell, 10: 283-294.

Isenmann, S., Kretz, A. and Cellerino, A. (2003) Molecular determinants of retinal ganglion
cell development, survival, and regeneration. Prog Retin Eye Res, 22: 483-543.

Itoh, F., Divecha, N., Brocks, L., Oomen, L., Janssen, H., Calafat, J., Itoh, S. and Dijke, P.
(2002) The FYVE domain in Smad anchor for receptor activation (SARA) is sufficient for

localization of SARA in early endosomes and regulates TGF-B/Smad signaling. Genes Cells,
7:321-331.

Jiang, SM, Zeng, LP, Zeng, JH, Tang, L., Chen, XM and Wei, X. (2015) B-IlI-tubulin: a
reliable marker for retinal ganglion cell labeling in experimental models of glaucoma. Int J
Ophthalmol, 8: 643-652.

Jinnin, M., Thn, H., Mimura, Y., Asano, Y. and Tamaki, K. (2007) Involvement of the
constitutive complex formation of c-Ski/SnoN with Smads in the impaired negative feedback

regulation of transforming growth factor beta signaling in scleroderma fibroblasts. Arthritis
Rheum, 56: 1694-1705.

Johnson, T. V. and Tomarev, S. 1. (2010) Rodent models of glaucoma. Brain Research
Bulletin, 81: 349-358.

Kaplan, A., Tone, S. and Fournier, A. (2015) Extrinsic and intrinsic regulation of axon
regeneration at a crossroads. Frontiers in Molecular Neuroscience, 8: 27.

Katsimpardi, L., Litterman, N., Schein, P., Miller, C., Loffredo, F., Wojkiewicz, G., Chen, J.,
Kaur, C., Foulds, W. S. and Ling, E. A. (2008) Blood-retinal barrier in hypoxic ischaemic
conditions: Basic concepts, clinical features and management. Progress in retinal and eye
research, 27: 622-647.

Khalin, 1., Alyautdin, R., Kocherga, G. and Bakar, M. A. (2015) Targeted delivery of brain-
derived neurotrophic factor for the treatment of blindness and deafness. International Journal
of Nanomedicine, 10: 3245-3267.

Kim, BC, van Gelder, H., Kim, T. A., Lee, HJ, Baik, K. G., Chun, H. H., Lee, D. A., Choi, K.
S. and Kim, SJ. (2004) Activin receptor-like kinase-7 induces apoptosis through activation of
MAPKSs in a Smad3-dependent mechanism in hepatoma cells. J Biol Chem, 279: 28458-
28465.

Kim, J., Wu, HH, Lander, A. D., Lyons, K. M., Matzuk, M. M. and Calof, A. L. (2005)
GDFI1 controls the timing of progenitor cell competence in developing retina. Science,
308:1927-1930.

58



GDF11 protects retinal ganglion cells in vitro

Kimura, A., Namekata, K., Guo, X., Harada, C. and Harada T. (2016) Neuroprotection,
growth factors and BDNF-TrkB signaling in retinal degeneration. Int J Mol Sci, 17: 1584.

Krieglstein, K., Zheng, F., Unsicker, K. and Alzheimer, C. (2011) More than being protective:
functional roles for TGF-PB/activin signaling pathways at central synapses. Trends in
Neurosciences, 34: 421-429.

Kubiczkova, L., Sedlarikova, L., Hajek, R. and Sevcikova, S. (2012) TGF-p — an excellent
servant but a bad master. Journal of Translational Medicine, 10: 183.

Lamouille, S. and Derynck, R. (2007) Cell size and invasion in TGF-B-induced epithelial to
mesenchymal transition is regulated by activation of the mTOR pathway. The Journal of Cell
Biology, 178: 437-451.

Lee, J. K., Geoftroy, C. G., Chan, A. F., Tolentino, K. E., Crawford, M. J., Leal, M. A., Kang,
B. and Zheng, B. (2010) Assessing spinal axon regeneration and sprouting in Nogo, MAG
and OMgp deficient mice. Neuron, 66: 663-670.

Lee, YS and Lee, SJ. (2013) Regulation of GDF-11 and myostatin activity by GASP-1 and
GASP-2. PNAS, :E3713-E3722.

Legacy, J., Hanea, S., Theoret, J. and Smith, P. (2013) Granulocyte macrophage colony-
stimulating factor promotes regeneration of retinal ganglion cells in vitro through a
mammalian target of rapamycin-dependent mechanism. Journal of Neuroscience Research,
91: 771-779.

Levy, L. and Hill, C. S. (2005) Smad4 dependency defines two classes of transforming
growth factor B (TGF-B) target genes and distinguishes TGF-B-induced epithelial-
mesenchymal transition from its antiproliferative and migratory responses. Mol Cell Biol, 25:
8108-8125.

Li, S., Gu, X. and Yi, S. (2017) The regulatory effects of transforming growth factor-3 on
nerve regeneration. Cell Transplantation, 26: 381-394.

Li, Z., Kawasumi, M., Zhao, B., Moisyadi, S. and Yang, J. (2010) Transgenic over-expression
of growth differentiation factor 11 propeptide in skeleton results in transformation of the
seventh cervical vertebra into a thoracic vertebra. Mol Respond Dev, 77:990-997.

Liu, B., Sun, X., Suyeoka, G., Garcia, J. and Leiderman, Y. 1. (2013) TGFp signaling induces
expression of Gadd45b in retinal ganglion cells. Invest Opthalmol Vis Sci, 54: 1061-1069.

Liu, B., Zhang, YH, Jiang, Y., Li, LL, Chen, Q., He, GQ and Tan, XD (2015) Gadd45b is a
novel mediator of neuronal apoptosis in ischemic stroke. Int J Biol Sci, 11: 353-360.

59



GDF11 protects retinal ganglion cells in vitro

Liu, JP (2006) The function of growth/differentiation factor 11 (Gdfll) in rostrocaudal
patterning of the developing spinal cord. Development, 133: 2865-2874.

Loffredo, F., Steinhauser, M. Jay, S., Gannon, J., Pancoast, J., Yalamanchi, P., Sinha, M.,
Dall'Osso, C., Khong, D., Shadrach, J., Miller, C., Singer, B., Stewart, A., Psychogios, N.,
Gerszten, R., Hartigan, A., Kim, M., Serwold, T., Wagers, A. and Lee, R. (2013) Growth
differentiation factor 11 isa circulating factor that reverses age-related cardiac hypertrophy.
Cell, 153: 828-839.

London, A., Benhar, I. and Schwartz, M. (2013) The retina as a window to the brain-from eye
research to CNS disorders. Nat Rev Neurol, 9:44-53.

Lu, J., Wu, Y., Sousa, N. and Almeida, O. (2005) SMAD pathway mediation of BDNF and
TGFP2 regulation of proliferation and differentiation of hippocampal granule neurons.
Development, 132:3231-3242.

Ludwin, S. K. (1990) Oligodendrocyte survival in Wallerian degeneration. Acta Neuropathol.,
80:184-191.

Ma, D. K., Jang, MH, Guo, J. U., Kitabatake, Y., Chang, ML, Pow-anpongkul, N., Flavell, R.
A., Lu, B., Ming, GL and Song, H. (2009) Neuronal activity-induced Gadd45b promotes
epigenetic DNA demethylation and adult neurogenesis. Science, 323: 1074-1077.

Madduri, S. and Gander, B. (2010) Schwann cell delivery of neurotrophic factors for
peripheral nerve regeneration. Journal of the Peripheral Nervous System, 15: 93-103.

Massagué, J. (2012) TGF signaling in context. Nat Rev Mol Cell Biol, 13: 616-630.

Massagué, J., Seoane, J. and Wotton, D. (2005) Smad transcription factors. Genes Dev., 19:
2783-2810.

McPherron, A. C. (2010) Metabolic functions of myostatin and GDF11. Immunol Endocr
Metab Agents Med Chem, 10: 217-231.

McPherron, A. C., Lawler, A. M. and Lee, SJ. (1999) Regulation of anterior/posterior
patterning of the axial skeleton by growth/differentiation factor 11. Nat Genet, 22: 260-264.

McPherron, A. C. and Lee, SJ. (2002) Suppression of body fat accumulation in myostatin-
deficient mice. J Clin Invest, 109: 595-601.

McPherron, A. C., Huynh, T. V. and Lee, SJ (2009) Redundancy of myostatin and
growth/differentiation factor 11 function. BMC Developmental Biology, 9:24.

Meulmeester, E. and Dijke, P. (2011) The dynamic roles of TGF-f in cancer. J Pathol, 223:
205-218.

60



GDF11 protects retinal ganglion cells in vitro

Morikawa, M. Koinuma, D., Miyazono, K. and Heldin, CH (2013) Genome-wide
mechanisms of Smad binding. Oncogene, 32: 1609-1615.

Morquette, B., Morquette, P., Agostinone, J., Feinstein, E., McKinney, R., Kolta, A. and Di
Polo, A. (2015) REDD2-mediated inhibition of mTOR promotes dendrite retraction induced
by axonal injury. Cell Death and Differentiation, 22: 612-625.

Mu, X., Beremand, P. D., Zhao, S., Pershad, R., Sun, H., Scarpa, A., Liang, S., Thomas, T. L.
and Klein, W. H. (2004) Discrete gene sets depend on POU domain transcription factor
Brn3b/Brn-3.2/POU4f2 for their expression in the mouse embryonic retina. Development,
131: 1197-1210.

Nakashima, M., Toyono, T., Akamine, A. and Joyner, A. (1999) Expression of
growth/differentiation factor 11, a new member of the BMP/TGFf superfamily during mouse
embryogenesis. Mechanisms of Development, 80, 185-189.

Natsuume-Sakai, S., Motonishi, K. and Migita, S. (1977) Quantitative estimations of five
classes of immunoglobulin in inbred mouse strains. Immunology, 32: 861-866.

Niu, N., Zhang, J., Sun, Y., Wang, S., Sun, Y., Korteweg, C., Gao, W. and Gu, J. (2011)
Expression and distribution of immunoglobulin G and its receptors in an immune privileged
site: the eye. Cell Mol Life Sci, 68: 2481-2492.

Nurjono, M., Lee, J. and Chong, SA (2012) A review of brain-derived neurotrophic factor as
a candidate biomarker in schizophrenia. Clin Psychopharmacol Neurosci, 10: 61-70.

Omura, T., Omura, K., Tedeschi, A., Riva, P., Painter, M. W., Rojas, L., Martin, J., Lisi, V.,
Huebner, E. A., Latremoliere, A., Yin, Y., Barrett, L., Singh, B., Lee, S., Crisman, T., Gao, F.,
Li, S., Kapur, K., Geschwind, D. H., Kosik, K. S., Coppola, G., He, Z., Carmichael, S. T.,
Benowitz, L. 1., Costigan, M. and Woolf, C. J. (2015) Robust axonal regeneration occurs in
the injured CAST/Ei mouse central nervous system. Neuron, 86: 1215-1227.

Padyana, A. K., Vaidialingam, B., Hayes, D. B., Gupta, P., Franti, M. and Farrow, N. A. (2016)
Crystal structure of human GDF11. Acta Crystallogr F Struct Biol Commun, 72: 160-164.

Parikh, P., Hao, Y., Hosseinkhani, M., Patil, S. B., Huntley, G. W., Tessier-Lavigne, M. and
Zou, H. (2011) Regeneration of axons in injured spinal cord by activation of bone
morphogenetic protein/Smad] signaling pathway in adult neurons. PNAS, 108: E99-E107.

Park, K., Liu, K., Hu, Y., Smith, P. D., Wang, C., Cai, B., Xu, B., Connolly, L., Kramvis, 1.,
Sahin, M. and He, Z. (2008) Promoting axon regeneration in the adult CNS by modulation of
the PTEN/mTOR pathway. Science, 322: 963-966.

61



GDF11 protects retinal ganglion cells in vitro

Park, SM, Kim, S., Choi, JS, Hur, DY, Lee, WJ, Lee, MS, Choe, J. and Lee, T. H. (2005)
TGF-B inhibits Fas-mediated apoptosis of a follicular dendritic cell line by down-regulating
the expression of Fas and caspase-8: counteracting role of TGF-3 pm TNF sensitization of
Fas-mediated apoptosis. J Immunol, 174: 6169-6175.

Peng, S., Shi, Z., Su, H., So, KF and Cui, Q. (2016) Increased production of omega-3 fatty
acids protects retinal ganglion cells after optic nerve injury in mice. Experimental Eye
Research, 148, 90-96.

Poggioli, T., Vujic, A., Yang, P., Macias-Trevino, C., Uygur, A., Loffredo, F. S., Pancoast, J.
R., Cho, M., Goldstein, J., Tandias, R. M., Gonzalez, E., Walker, R. G., Thompson, T. B.,
Wagers, A. J., Fong, Y. W. and Lee, R. T. (2016) Circulating growth differentiation factor
11/8 levels decline with age. Circ Res, 118: 29-37.

Prinz, M. and Priller, J. (2014) Microglia and brain macrophages in the molecular age: from
origin to neuropsychiatric disease. Nat Rev Neurosci, 15: 300-312.

Ross, S. and Hill, C. S. (2008) How the Smads regulate transcription. Int J Biochem Cell Biol,
40: 383-408.

Runyan, C. E., Hayashida, T., Hubchak, S., Curley, J. F. and Schnaper, H. W. (2009) Role of
SARA (Smad anchor for receptor activation) in maintenance of epithelial cell phenotype. J
Biol Chem, 284: 25181-25189.

Sanchez-Migallon, M. C., Valiente-Soriano, F. J., Nadal-Nicolas, F. M., Vidal-Sanz, M. and
Agudo-Barriuso, M. (2015) Apoptotic retinal ganglion cell death after optic nerve transaction

or crush in mice: delayed RGC loss with BDNF or a caspase 3 inhibitor. Invest Ophthalmol
Vis Sci, 57: 81-93.

Schafer, M. J., Atkinson, E. J., Vanderboom, P. M., Kotajarvi, B., White, T. A., Moore, M. M.,
Bruce, C. J., Greason, K. L., Suri, R. M., Khosla, S., Miller, J. D., Bergen, H. R. and
LeBrasseur, N. K. (2016) Quantification of GDF11 and myostatin in human aging and
cardiovascular disease. Cell Metab, 23: 1207-1215.

Sharma, N., Castorena, C. M. and Cartee, G. D. (2012) Greater insulin sensitivity in calorie
restricted rats occurs with unaltered circulating levels of several important myokines and
cytokines. Nutr Metab, 9:90.

Sharma, T. P., Liu, Y., Wordinger, R. J., Pang, IH and Clark, A. F. (2015) Neuritin 1 promotes
retinal ganglion cell survival and axonal regeneration following optic nerve crush. Cell Death
and Disease, 6: €1661.

Shen, S., Wiemelt, A.P., McMorris, F.A., Barres, B.A., (1999) Retinal ganglion cells lose
trophic responsiveness after axotomy. Neuron , 23: 285-295.

62



GDF11 protects retinal ganglion cells in vitro

Shi, Y. and Liu, JP (2011) Gdfl1 facilitates temporal progression of neurogenesis in the
developing spinal cord. J Neurosci, 31: 883-893.

Shi, Y. and Massagué, J. (2003) Mechanisms of TGF-f signaling from cell membrane to the
nucleus. Cell, 9: 3309-3319.

Siddique, R. and Thakor, N. (2013) Investigation of nerve injury through microfluidic devices.
Journal of The Royal Society Interface, 11: 20130676.

Skoff, R. P. and Vaughn, J. E. (1971) An autoradiographic study of cellular proliferation in
degenerating rat optic nerve. J Comp Neurol, 141: 133-155.

Smith, P. D., Coulson-Thomas, V. J., Foscarin, S., Kwok, J., Fawcett, J. W. (2015) GAG-ing
with the neuron: the role of glycosaminoglycan patterning in the central nervous system.
Experimental Neurology, 274: 100-114.

Smith, P. D., Sun, F., Park, K.K., Cai, B., Wang, C., Kuwako, K., Martinez-Carrasco, 1.,
Connolly, L. and He, Z. (2009) SOCS3 deletion promotes optic nerve regeneration in vivo.
Neuron, 64: 617-623.

Sofroniew, M. V. and Vinters, H. V. (2010) Astrocytes: biology and pathology. Acta
Neuropathologica, 119: 7-35.

Sometani, A., Kataoka, H., Nitta, A., Fukumitsu, H., Nomoto, H. and Furukawa, S. (2001)
Transforming growth factor-f1 enhances expression of brain-derived neurotrophic factor and
its receptor, TrkB, in neurons cultured from rat cerebral cortex. J Neurosci Res, 66: 369-376.

Souza, T. A., Chen, X., Guo, Y., Sava, P., Zhang, J., Hill, J. J., Yaworsky, P. J. and Qiu, Y.
(2008) Proteomic identification and functional validation of activins and bone morphogenetic
protein 11 as candidate novel muscle mass regulators. Molecular Endocrinology, 22: 2689-
2702.

Di Stefano, M., Nascimento-Ferreira, 1., Orsomando, G., Mori, V., Gilley, J., Brown, R,
Janeckova, L., Vargas, M. E., Worrell, L. A., Loreto, A., Tickle, J., Patrick, J., Webster, J.,
Marangoni, M., Carpi, F. M., Pucciarelli, S., Rossi, F., Meng, W., Sagasti, A., Ribchester, R.
R., Magni, G., Coleman, M. P. and Conforti, L. (2015) A rise in NAD precursor nicotinamide
mononucleotide (NMN) after injury promotes axon degeneration. Cell Death Differ, 22: 731-
742.

Stoll, G., Trapp B. D., Griftin, J. W. (1989) Wallerian degeneration in the peripheral nervous
system: participation of both Schwann cells and macrophages in myelin degradation. J.
Neurocytol., 18: 671-683.

63



GDF11 protects retinal ganglion cells in vitro

Strittmatter, S. (2010) Spinal cord regeneration: Ready, set, Nogo. Eukaryon, 6, 55-60.

Sulyok, S., Wankell, M., Alzheimer, C. and Werner, S. (2004) Activin: an important regulator
of wound repair, fibrosis, and neuroprotection. Molecular and Cellular Endocrinology, 225:
127-132.

Tanaka, E. M. and Ferretti, P. (2009) Considering the evolution of regeneration in the central
nervous system. Nat Rev Neurosci, 10: 713-723.

Thomas, G. (2002) Furin at the cutting edge: from protein traffic to embryogenesis and
disease. Nat Rev Mol Cell Biol, 3: 753.766.

Tsuchida, K., Nakatani, M., Hitachi, K., Uezumi, A., Sunada, Y., Ageta, H. and Inokuchi, K.
(2009) Activin signaling as an emerging target for therapeutic interventions. Cell
Communication and Signaling, 7:15.

Ueki, Y. and Reh, T. A. (2012) Activation of BMP-Smad1/5/8 signaling promotes survival of
retinal ganglion cells after damage in vivo. PLos One, 7:€38690.

Ungefroren, H., Groth, S., Ruhnke, M., Kalthoff, H. and Findrich, F. (2005) Transforming
growth factor-f (TGF B) type I receptor/ALKS5-dependent activation of the GADDA45f gene
mediates the induction of biglycan expression by TGF- B. J Biol Chem, 280: 2644-2652.

Vargas, M. E. and Barres, B. A. (2007) Why is Wallerian degeneration in the CNS so slow?
Annu Rev Neurosci, 30: 153-179.

Wake, H. and Fields, R. D. (2011) Physiological function of microglia. Neuron Glia Biol, 7:
1-3.

Wakefield, L. M. and Hill, C. S. (2013) Beyond TGF-f: roles of other TGF-B superfamily
membrane in cancer. Nature Reviews Cancer, 13: 328-341.

Walker, R. G., Czepnik, M., Goebel, E. J., McCoy, J. C., Vujic, A., Cho, M., Oh, J., Aykul, S.,
Walton, K. L., Schang, G., Bernard, D. J., Hinck, A. P., Harrison, C. A., Martinez-Hackert, E.,
Wagers, A. J., Lee, R. T. and Thompson, T. B. (2017) Structural basis for potency differences
between GDF8 and GDF11. BMC Biology, 15, 19.

Walker, R. G., Poggioli, T., Katsimpardi, L., Buchanan, S. M., Oh, J., Wattrus, S., Heidecker,
B., Fong, Y. W., Rubin, L. L., Ganz, P., Thompson, T. B., Wagers, A. J. and Lee, R. T. (2016)
Biochemistry and biology of GDF11 and myostatin: similarities, differences, and questions
for future investigation. Circulation Research, 118: 1125-1141.

Wang, H. and Tsang, B. K. (2007) Nodal signaling and apoptosis. Reproduction, 133: 847-
853.

64



GDF11 protects retinal ganglion cells in vitro

Wang, J. T., Medress, Z. A. and Barres, B. A. (2012) Axon degeneration: molecular
mechanisms of a self-destruction pathway. J Cell Biol, 196: 7-18.

Weber, A. J., Viswanathan, S., Ramanathan, C. and Harman, C. D. (2010) Combined
application of BDNF to the eye and brain enhances ganglion cell survival and function in the
cat after optic nerve injury. Invest Ophthalmol Vis Sci, 51: 327-334.

Weiss, A. and Attisano, L. (2013) The TGFbeta superfamily signaling pathway. Wiley
Interdiscip Rev Dev Biol, 2: 47-63.

Wu, M. Y. and Hill, C. S. (2009) TGF- superfamily signaling in embryonic development and
homeostasis. Developmental Cell, 16: 329-343.

Wu, H.H., Ivkovic, S., Murray, R. C., Jaramillo, S., Lyons, K. M., Johnson, J. E. and Calof, A.
L. (2003). Autoregulation of neurogenesis by GDF11. Neuron, 37:197-207.

Xu, L. and Massagué, J. (2004) Nucleocytoplasmic shuttling of signal transducers. Nat. Rev.
Mol Cell Biol, 5: 209-219.

Yadin, D., Knaus, P. and Mueller, T. D. (2016) Structural insights into BMP receptors:
specificity, activation and inhibition. Cytokine Growth Factor Rev, 27: 13-34.

Yousef, H., Conboy, M. J., Morgenthaler, A., Schlesinger, C., Bugaj, L., Paliwal, P., Greer, C.,
Conboy, I. M. and Schaffer, D. (2015) Systemic attenuation of the TGF-p pathway by a single
drug simultaneously rejuvenates hippocampal neurogenesis and myogenesis in the same old
mammal. Oncotarget, 6: 11959-11978.

Zhao, F., Huang, F., Tang, M., Li, X., Zhang, N., Amfilochiadis, A., Li, Y., Hu, R., Jin, T,
Peng, C. and Wang, Q. (2012) Nodal induces apoptosis through activation of the ALK7
signaling pathway in pancreatic INS-1 B-cells. Am J Physiol Endocrinol Metab, 303: E132-
E143.

Zhang, JM, Hoffmann, R. and Sieber-blum, M. (1997) Mitogenic and anti-proliferative
signals for neural crest cells and the neurogenic action of TGF-B1. Developmental Dynamics,
208: 375-386.

Zhu, Y., Ahlemeyer, B., Bauerbach, E. and Kriegstein, J. (2001) TGF-betal inhibits caspase-3
activation and neuronal apoptosis in rat hippocampal cultures. Neurochem Int, 38: 227-235.

65



