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Introduction

1.1 Neurotrophins and their receptors

Neurotrophins are growth factors that include Nerve Growth Factor (NGF), Brain-Derived
Neurotrophic Factor (BDNF), Neurotrophin-3 (NT-3) and Neurotrophin-4 (NT-4). They
exert different functions, such as in cell survival, proliferation, differentiation, axonal
growth and synaptic plasticity through binding to their receptors. There are two kinds of
receptors for neurotrophins: Tropomyosin-Related Kinase (Trk) neurotrophin receptors
and p75 neurotrophin receptor (p75NTR) (Rodriguez-Tebar et al. 1990; Chao 2003). Trk
neurotrophin receptors, which consist of TrkA, TrkB and TrkC, belong to the Receptor
Tyrosine Kinases (RTKs) family. Different neurotrophins bind specifically to Trk
neurotrophin receptors: NGF to TrkA, BDNF and NT4 to TrkB, and NT-3 to TrkC (Figure
Intr1) (Huang et al. 2003; Arevalo et al. 2006c¢). Unlike Trk, all neurotrophins bind to

p75NTR, which belongs to the Tumor Necrosis Factor Receptor (TNFR) superfamily.

Leucine-rich
motifs/cysteine
clusters

NGF GC) % proNGF

T3

sonF @@

o0 “ proBDNF
NT-3/4 “

—

Ig-C2 domains 4

-

Transmembrane
region

Tyrosine kinase {

Figure Intr1. Neurotrophins and their receptors (Arevalo et al. 2006c)

TrkA TrkB TrkC p75NTR

Neurotrophins are dimers that bind with equal affinity to p75NTR, and specifically to Trk neurotrophin
receptors. Neurotrophins are synthesized as pro-proteins that bind exclusively to p75NTR. Trk
neurotrophin receptors contain an extracellular domain composed of three leucine-rich motifs flanked by
two cysteine clusters, two immunoglobulin-like C2 type domains (Ig-C2), a single transmembrane domain,
and a cytoplasmic region with a kinase domain. The extracellular domains of Trk neurotrophin receptors
are involved in ligand binding and also in the prevention of the spontaneous dimerization of the receptor

in the absence of ligand.
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The binding of neurotrophins to Trk neurotrophin receptors causes dimerization, activation
and signalling transduction in the cytoplasm and therefore promotes and modulates the
survival and axonal growth of different neuronal populations during development (Huang
et al. 2001). Additionally, they have also been implicated in pain sensation,
neuropsychiatric disorders, mood disorders, depression, bipolar disease (Duman 2004)
as well as in neurodegenerative diseases such as Alzheimer’s, Huntington’s and

Parkinson’s disease (Allen et al. 2006).

1.1.1 NGF

NGF was discovered by Rita Levi-Montalcini in the 1950s as a small secreted protein
(about 13 kDa) playing a role in maintaining the survival and growth of neurons. Prior to
the availability of cloning techniques, the mouse submandibular gland was the richest
source of NGF, since few tissues provide sufficient amounts for NGF isolation.
Neurotrophins are synthesized as precursors or pro-neurotrophins, which are cleaved to
produce the mature proteins. Both pro-neurotrophins and mature neurotrophins have
biological functions, but differ considerably from each other. For example, the
unprocessed precursor of the NGF neurotrophin, proNGF, has been suggested to be a
death-inducing ligand for the neurotrophin receptor p75NTR (Lee et al. 2001a; Harrington

et al. 2004), while NGF is necessary for neuronal survival (Levi-Montalcini 1987).

In the nervous system, NGF is expressed in both neurons and glial cells (Shelton et al.
1986; Fahnestock 1991). By the reverse transcriptase polymerase chain reaction
(RT-PCR), the highest concentrations of NGF mRNA were found in the cortex and
hippocampus, which are the major targets of the NGF-responsive cholinergic neurons of
the basal forebrain nuclei. Moreover, glial cells such as astrocytes and microglia have
been found to strongly up-regulate the expression of NGF after local tissue injury and
inflammation. The expression of NGF is not limited to the nervous system; the skin is also
a rich source of NGF and the epidermis is a recognized site of NGF expression (Di Marco
et al. 1993). During development, skin-derived NGF directs innervation and maintains the

survival of sensory neurons, whereas in adulthood the NGF produced by the skin is not in
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charge of neuronal survival. Instead, it has been shown to be up-regulated in mast cells,
keratinocytes, fibroblasts, lymphocytes and macrophages after skin injury or inflammation
(Di Marco et al. 1993), indicating its involvement in inflammatory and immune responses,

and in the maintenance of pain hypersensitivity (Pezet et al. 2006).

1.1.2 The TrkA neurotrophin receptor

TrkA was originally discovered as a rearrangement of non-muscle tropomyosin with an
unknown tyrosine kinase (Martin-Zanca et al. 1986) and was subsequently identified as a
receptor for NGF (Kaplan et al. 1991b; Klein et al. 1991). Trk neurotrophin receptors are
single transmembrane catalytic receptors with intracellular tyrosine kinase activity. They
contain an extracellular domain composed of three leucine-rich motifs flanked by two
cysteine clusters, two immunoglobulin-like C2 type domains (Ig-C2), a single
transmembrane domain followed by the juxtamembrane region, and a cytoplasmic region
with a tyrosine kinase domain (Figure Intr1) (Arevalo et al. 2006c¢). The cytoplasmic kinase
domain includes several tyrosine residues (Tyr) such as Tyr490, Tyr674/675, Tyr751 and
Tyr785, whose phosphorylation is necessary for the docking of different adaptor

molecules and the induction of downstream signalling pathways.

TrkA is expressed in a variety of cell types, neurons and non-neuronal cells. TrkA is found
in certain sensory neurons in the Dorsal Root Ganglia (DRG), the Trigeminal Ganglia (TG)
and in the sympathetic neurons in the Superior Cervix Ganglia (SCG) in the Peripheral
Nervous System (PNS) (Martin-Zanca et al. 1990) and in a small subset of cholinergic
neurons in the caudatoputamen and the basal forebrain in the Central Nervous System
(CNS) (Martin-Zanca et al. 1990). The expression of TrkA is not restricted to neurons. It
has been observed in glial cells such as the Schwann cells in the PNS, astrocytes and
microglia cells in the CNS (Savaskan et al. 2000) and in gliomas and astrocytomas
(Kramer et al. 1996). In addition, it has also been found in defensive keratinocytes,

immune mast cells, and macrophage cells (Tam et al. 1997; Terenghi et al. 1997).

TrkA, together with accessible NGF, plays an important role in neuronal survival during
development and nociception in adulthood. The survival of TrkA-expressing sensory
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neurons in DRGs in the PNS (Crowley et al. 1994; Smeyne et al. 1994) and cholinergic
neurons in the CNS depends on their ability to access target-derived NGF (Sofroniew et
al. 1990). A considerable body of evidence has shown the importance of NGF-TrkA in
pain sensation during adulthood, since mice with a null mutation for either NGF or TrkA

are unresponsive to painful stimuli (Crowley et al. 1994; Smeyne et al. 1994).

1.1.3 The p75NTR neurotrophin receptor

Although TrkA is the best studied receptor for NGF, p75NTR was the first one identified
(Chao et al. 1986). p75NTR is a transmembrane glycoprotein protein of about 75 KDa that
belongs to the TNFR superfamily. Like other TNFRs, p75NTR is composed of four
cysteine repeats (CR1-CR4) in the extracellular domain that form the ligand-binding
domain, a short transmembrane spanning domain, and a short intracellular domain
(Arevalo et al. 2006c¢). Unlike TrkA, p75NTR has no intrinsic catalytic activity; cytoplasmic
interactors must be recruited to produce the signals (Hasegawa et al. 2004), which include

NADE (Bex3), NRIF, NRAGE, SC1, RhoA, TRAF, FAP-1, etc.

The expression patterns of p75NTR and TrkA overlap extensively in specific neurons in
the CNS and in sensory and sympathetic neurons in the PNS (Davies 2000). However,
unlike the cell survival and proliferation induced by NGF-TrkA signalling, the
NGF-p75NTR complex induces apoptosis. In addition, although proNGF was initially
considered as an inactive form of NGF, in fact it can bind to p75NTR and induce apoptotic
cell death even in the presence of TrkA (Lee et al. 2001b). Similar to TrkA, the level of
p75NTR may be modulated by the inflammatory condition. For example, (1) in
Alzheimer’s patients, cortical neurons express p75NTR, where p75NTR is not normally
detected (Mufson et al. 1992); (2) after nerve lesions or removal of axonal contacts, an
up-regulation of p75NTR has been observed in Schwann cells (Lemke et al. 1988), and
(3) in multiple sclerosis p75NTR is has been found to be increased in oligodentrocytes,

microglia and macrophages (Lee et al. 2001a).
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1.2 NGF-induced signalling pathways

NGF exerts its biological functions through binding to TrkA and p75NTR neurotrophin
receptors, which trigger different signalling pathways and elicit different biological
functions. While NGF-TrkA signalling causes cell survival and is involved in nociception,
NGF-p75NTR signalling leads to cell death. This complexity and even the opposite
biological functions are due to the different signalling pathways that each receptor uses.
Here we review the signalling pathways induced by each NGF receptor and their

cross-talk.

1.2.1 TrkA-mediated NGF signalling

Upon NGF binding, TrkA neurotrophin receptor dimerizes and is transphosphorylated in
the intracellular tyrosine residues, like other RTKs. Among them, the activation of Tyr490
and Tyr785 are those best studied and form the major docking sites for adaptor proteins,
such as Src Homology 2 (SH2)-containing protein Shc, fibroblast growth factor receptor
substrate-2 (FRS2) and Phospholipase C gamma (PLC-y) (Figure intr2). Three major
signalling pathways are initiated: the Mitogen-Activated Protein Kinase (MAPK) pathway,
the Phosphatidyllnositol-3-kinase (PI3K)-AKT pathway, and the PLC-y protein kinase C

(PKC) pathway (Arevalo et al. 2006c¢).

The MAPK pathway

Phosphorylation at the Tyr490 residue in the cytoplasmic domain of TrkA by NGF recruits
the SH2 domain-containing adaptor protein Shc to form a complex with Growth factor
Receptor Bound protein 2 (Grb2), the Guanine nucleotide Exchange Factor (GEF) SOS
and Gab1/2. Activation of SOS promotes the exchange of GDP for GTP in Ras, (a small
GTPase) to make Ras active and then activates a cascade including the protein kinase
activity of Raf kinase, the mitogen-activated protein kinase kinase (MEK), and MAPK.
Activated MAPK transduces the ligand-induced signalling to the nucleus to modulate gene

transcription (Aftab et al. 1997) (Figure Intr2). The MAPK is a pathway induced by the
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activation of different RTKs. However, the biological functions differ considerably,
depending on the different ligands and receptors. For example, PC12 cells, a rat adrenal
pheochromocytoma cell line, respond to both NGF and Epidermal Growth Factor (EGF)
through TrkA and Epidermal Growth Factor Receptor (EGFR), respectively, triggering the
MAPK signalling pathway. However, EGF causes cell proliferation, while NGF induces cell
differentiation. Why does the same signalling bring about different outcomes? It has been
reported that besides triggering a transient MAPK signalling pathway similar to that
induced by EGF through Ras activation, the binding of NGF to TrkA leads to a sustained
MAPK signalling pathway by the activation of the small GTPase Rap1 (York et al. 1998).
Although both EGF and NGF cause a transient activation of Ras, only NGF induces the
activation of Rap1, whose activation is sustained for hours (York et al. 1998). Moreover, it
has been proposed that endosomes are a site from which NGF induces the prolonged
activation of MAPK, since pre-treatment of PC12 cells with brefeldin A, which disrupts the
Golgi and endosomal compartments, has little effect on Ras activation but strongly inhibits
NGF-induced Rap1 activation and prolonged MAPK activation (Wu et al. 2001; Arevalo et
al. 2006a). Nevertheless, how TrkA activation induces Rap activation is not well
understood. Arévalo et al. reported that an unusual ankyrin-rich transmembrane protein
(ARMS/kidins220) acts as a major and neuronal-specific platform for prolonged MAP
kinase signalling by neurotrophins (Arevalo et al. 2004). They found that ARMS is closely
associated with Trk neurotrophin receptor tyrosine kinases (Chang et al. 2004), but not
the EGF receptor, through interactions between the transmembrane domains of Trk and
ARMS. Upon neurotrophin treatment, ARMS is rapidly tyrosine-phosphorylated and
provides a docking site for the complex of an adaptor protein, CrkL, and a guanine
nucleotide exchange factor, C3G (the CrkL-C3G complex), resulting in Rap1-dependent
sustained MAPK activation (Figure Intr2) (Arevalo et al. 2004; Arevalo et al. 2006a). Other
groups have proposed that FRS2 would be involved in Rap1 activation (Meakin et al.

1999; Kao et al. 2001).

Activated MAPK is capable of modulating gene expression by phosphorylating

transcription factors such as c-Jun (Neuberg et al. 1989), c-Fos (Neuberg et al. 1989), and
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Elk1 (Dalton et al. 1992). In addition, the protein kinase Ribosomal S6 Kinase is another
substrate of activated MAPK. Phosphorylated RSK leads to its nuclear translocation and
consequently the phosphorylation of Cyclic Adenosine Monophosphate (c-AMP)
Response Element-Binding Protein (CREB), which then leads to c-Fos transcription.
Activated CREB also regulates bcl-2 transcription, thereby functioning in controlling cell

death and survival (Meller et al. 2005).

The PI3K/AKT pathway

Engagement of Shc to TrkA upon activation induces the formation of a complex with Grb2
and Gab1/2 that can activate PI3K. PI3Ks are a family of lipid kinases defined by their
ability to phosphorylate the 3-OH group of the inositol ring in lipid phosphoinositides
(PtdIns) (Blume-Jdensen et al. 2001; Jimenez et al. 2002). Thus, the, activation of PI3K
could transform Ptdins(4)P or Ptdins(4,5)P, to PtdIns(3,4)P, or Ptdins(3,4,5)Ps,
respectively, on the plasma membrane. These PtdIns recruit phosphoinositide-dependent
kinase 1 (PDK1) and AKT to the plasma membrane through the PH domain and then AKT
is phosphorylated and activated by PDK1. AKT is a key downstream effector of PI3K and
its activation regulates several transcription factors and regulatory proteins to modulate
cell survival, proliferation and other biological functions. For example, the role of Akt in cell
survival is through the regulation of its downstream pro-apoptotic and pro-survival
effectors: (1) the phosporylation of BAD and Caspase-9 by Akt inhibits their pro-apoptotic
effects (Rothenberger et al. 1996); (2) the phosphorylation of the forkhead transcription
factor FKHRL1 by Akt results in FKHRL1 retention in the cytoplasm and the inhibition of
FKHRL1-dependent expression of pro-apoptotic proteins (Brunet et al. 1999); (3) the
NF-kB pro-survival pathway is activated via Akt phosphorylation of the inhibitor IkB, which
causes the dissociation of IkB from NF-kB, thereby allowing the translocation of NF-kB to
the nucleus. Once there, it up-regulates the transcription of anti-apoptotic genes, such as

the inhibitors of apoptosis proteins (IAPs) and Bcl-2 (Kim et al. 2001).
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The PLC-y pathway

The phosphorylation of Y785 of TrkA in response to NGF recruits PLC-y through an SH2
domain. PLC-y signalling is important in mediating growth factor actions both in vitro and
in vivo (Choi et al. 2001). Similarly to PI3K, the recruitment of PLC-y to the membrane
brings the enzyme to their substrates in the lipid bilayer. Activated PLC-y catalyzes PIP2
to form the second messenger diacylglycerol (DAG) and inositol trisphosphate (IP3)
(Berridge et al. 1984; Lopes et al. 2007). DAG activates protein kinase C (PKC), while IP3
triggers calcium release from intracellular stores. Through Raf, active PKC can cause the

activation of the MAPK signalling pathway.

Differentiation Survival Differentiation
survival survival

Figure Intr2. Trk receptor-mediated signalling pathways (Arevalo et al. 2006c¢).

Neurotrophin binding to Trk triggers its dimeration, auto-phosphorylation and recruitment of different
adaptor proteins to lead the activation of various signalling pathways, such as the Ras, Rap, PI3K, and

PLC-y pathways, which result in survival, neurite outgrowth, gene expression, and synaptic plasticity.
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1.2.2 p75NTR-mediated NGF signalling

Unlike TrkA, p75NTR does not have cytoplasmic kinase activity; its activity relies on the
adaptor proteins (NADE, NRIF, NRAGE, TRAF, SC1, etc.) bound to the cytoplasmic
domain (Figure Intr3). Through different adaptors, p75NTR may cause very different
actions: cell death as well as cell survival, neurite elongation and growth arrest (Abrams et
al. 1998; Mamidipudi et al. 2002); signalling via NADE (Mukai et al. 2000), NRIF
(Casademunt et al. 1999) or NRAGE (Salehi et al. 2000) causes cell apoptosis, but
conversely the recruitment of TRAF proteins leads to the activation of transcription factors
such as, NF-kB and JNK, thereby promoting cell survival and differentiation (Ye et al.
1999). An interaction between p75NTR and Rho A or SC-1 in a ligand-dependent manner
modulates neurite elongation and growth arrest respectively (Chittka et al. 1999;

Yamashita et al. 1999).
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Figure Intr3. The p75NTR signalling pathway (Arevalo et al. 2006c¢)

Mature neurotrophins or pro-neurotrophins bind to p75NTR to trigger the activation of different signalling
pathways through different adaptors that result in diverse, and at times opposite, outcomes such as

survival, apoptosis, axonal growth, axonal collapse, and cell cycle arrest.
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1.2.3 Crosstalk between TrkA and p75NTR

NGF binds to both TrkA and p75NTR, which are co-expressed in many cells. However,
these two types of receptor may lead to opposite actions: cell survival or apoptosis
respectively. Thus, what will the final outcome in cells that co-express both receptors be?
Do they cooperate or perform their different roles alone? Growing evidence suggests the
existence of a significant cross-talk between these receptors (Figure Intr4). It has been
found that p75NTRis associated with TrkA, TrkB and TrkC in cells transfected with both
receptor types (Bibel et al. 1999) and the co-expression of p75NTR with TrkA causes cell
survival and growth instead of cell death (Bibel et al. 1999; Jiang et al. 1999). Moreover,
less NGF is needed in cells that co-express TrkA and p75NTR than in those only
expressing TrkA (Hempstead et al. 1991). In addition, p75NTR knock-out mice showed a
loss of nociceptive sensory neurons (Lee et al. 1992), as in NGF knock-out (Crowley et
al. 1994) and TrkA knock-out mice (Smeyne et al. 1994). It therefore seems that p75NTR
cooperates with TrkA and that NGF-mediated cell death through p75NTR only occurs
when TrkA is absent. TrkA activation can block p75NTR-mediated cell death by several
mechanisms. For example, the interaction of both receptors may disrupt the interaction of
p75NTR with a death-transducing protein, in analogy with the interaction of the TNF

receptor with the suppressor of the death domain protein (Jiang et al. 1999).

High-affinity sites

MAFE,

FPIZE,
PLC-y

Figure Intr4. Cross-talk between TrkA and p75NTR (Chao 2003)

Interactions between Trk and p75NTR neurotrophin receptors can lead to changes in the binding affinity

for neurotrophins.
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1.3 TrkA ubiquitination

1.3.1 Ubiquitination and E3 ubiquitin ligases

Ubiquitination is a post-translational modification carried out by a set of enzymes to tag
ubiquitin, a 76-amino acid polypeptide, to the substrate protein. In this process, ubiquitin is
covalently conjugated to the ubiquitin-activating enzyme (E1) in an ATP-dependent
manner, after which it is transferred to the ubiquitin-conjugating enzyme (E2), and finally
to the substrate protein through the ubiquitin-protein ligase (E3) bridge (Hershko et al.
2000) (Figure Intr5A). Ubiquitin is bound to a substrate protein through the formation of
isopeptide bonds between the C terminus of ubiquitin and lysine (K) present on
substrates. Depending on the number of ubiquitin moieties added to the substrate, there
are: (i) monoubiquitination, which is the attachment of a single ubiquitin to a protein; (ii)
multi-monoubiquitination, in which more than one ubiquitin is added to the target protein
and (iii) polyubiquitination, in which several moieties of ubiquitin are added (Figure Intr5B).
Since ubiquitin itself contains seven lysine residues (K6, K11, K27, K29, K33, K48, and
K63), the conjugated ubiquitin can serve as a substrate for the binding of the next

ubiquitin to form a chain (Hershko et al. 1998).

The degradation of a protein is as crucial as its synthesis in the cellular biological
functions. It ensures the elimination of signalling proteins and the proteins that participate
in cell growth and cell cycle in time. If this does not occur, an unwanted protein will be
accumulated and consequently this will lead to functional disorders. In certain cancers,
oncogenic targets are mutated such that they are no longer subjected to ubiquitination
and therefore escape from degradation and accumulate in the cell. In the nervous system,
correct degradation ensures cell-surface protein turnover and substrate delivery to the
proteolytic machineries that are required for both synaptic plasticity and self-renewal (Tai
et al. 2008), while abnormal protein accumulation could lead to chronic neurodegenerative
processes, such as Alzheimer’s disease, Parkinson’s disease, Lewy body dementia, and

amyotrophic lateral sclerosis (Bedford et al. 2011).
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Figure Intr5. Protein ubiquitination (Woelk et al. 2007)

(A) Schematic representation of the ubiquitination process.
(B) Schematic representation of the different Ub modifications with their functional roles. The question

mark indicates that the functions of branched chains are largely unknown.

Although protein ubiquitination was first identified as a tag of protein degradation,
numerous lines of evidence have shown that ubiquitin labelling is not always fatal for a
protein. For example, it has been found that monoubiquitination is involved in histone
regulation, endocytosis, virus budding, Golgi reassembly, gene transcription, DNA repair
and tumour suppression (Ikeda et al. 2008). K48 polyubiquitination mainly leads to the
proteasomal degradation of substrates while, similar to monoubiquitination, K63
polyubiquitination contributes to intracellular trafficking (Hershko et al. 2000; Geetha et al.
2005; Mukhopadhyay et al. 2007). Thus, protein ubiquitination is a complex process that
is still not fully understood. Different forms of ubiquitination are related to different fates of

the ubiquitinated substrate proteins and hence distinct cell biological functions.

In the process of ubiquitination, much attention has focused on ubiquitin-related enzymes.
Interestingly, it was found that mammalian genomes encode just two E1s, dozens of E2s,

but more than 500 E3s (Kawabe et al. 2011). Moreover, while E2s share many
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well-conserved catalytic domains, E3 ubiquitin ligases only share a few conserved motifs.
Therefore, E3 ubiquitin ligases are considered to carry out the important task of
recognizing substrate proteins. E3 ubiquitin ligases are divided into several families based
on their structural characteristics, which include (i) the Really Interesting New Gene
(RING) family, such as MDM2, and c-Cbl; (ii) the Homologous to EGAP Carboxy Terminus
(HECT) family, such as the neural precursor -cell-expressed, developmentally
down-regulated 4 (Nedd4) family; and (iii) the UFD2 homology (U-box) family. The
functional differences between the RING-family and the HECT-family E3 ubiquitin ligases
lie in the fact that that the RINGs E3 ubiquitin ligases add ubiquitin carried by E2s directly
to the substrates, whereas the HECT E3 ubiquitin ligases form a thiol ester intermediate
with ubiquitin transferred from the E2s first and then transfer the ubiquitin to the substrate
(Figure Intr5A). In addition, HECT E3 ubiquitin ligases have a direct role in catalysis
during ubiquitination, whereas RING and U-box E3 ubiquitin ligases facilitate protein
ubiquitination. These latter two E3 ubiquitin ligase types act as adaptor-like molecules by
bringing an E2 and a substrate into sufficiently close proximity to promote the
ubiquitination of the substrate. While RING-type E3 ubiquitin ligases, such as MDM2 and
c-Cbl, can apparently act alone, other E3 ubiquitin ligases are found as components of

much larger multi-protein complexes (Ardley et al. 2005).

1.3.2 E3 ubiquitin ligases for TrkA

Once activated by NGF, TrkA undergoes activation and ubiquitination (Geetha et al. 2005;
Makkerh et al. 2005; Arevalo et al. 2006b). Until now, several groups have reported that

different E3 ubiquitin ligases are responsible for TrkA ubiquitination.

TRAF6

In 2005, Geetha et al. reported that TNF Receptor Associated Factor 6 (TRAF6) can
ubiquitinate TrkA in a K63 polyubiquitinating manner (Geetha et al. 2005). TRAFG6 is a
docking protein with a C-terminal TRAF domain that facilitates its interaction with
receptors and other adaptor proteins, while its N-terminal domain possesses an E3

ubiquitin ligase RING motif. A cluster of zinc fingers connects the C-terminal and
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N-terminal regions (Ishida et al. 1996). TRAF proteins are associated with and mediate
signal transduction from members of the TNF receptor superfamily. For example, TRAF6
has been found to be associated with p75NTR, functioning as a signal transducer for NGF
actions through p75NTR (Khursigara et al. 1999). TRAF6 forms a complex with p75NTR
and p62 to ubiquitinate Trk neurotrophin receptors at K485 in the juxtamembrane region
(Geetha et al. 2005). Besides ubiquitinating Trk proteins, TRAF6 has been found to be an
E3 ubiquitin ligase for Akt and it seems to be essential for Akt ubiquitination, membrane
recruitment, and phosphorylation upon growth factor stimulation (Namjou et al. 2012).
Recently, TRAF6 has also been reported to be involved in muscle atrophy (Paul et al.
2012), in the pathogenesis of autoimmunity (Mu et al. 2011; Starczynowski et al. 2011), in
CD40-mediated cell death (Jundi et al. 2012), in Huntington’s disease (Zucchelli et al.

2011) and in cancer (Mu et al. 2011; Starczynowski et al. 2011).

Nedd4-2

Following the identification of TRAF6 for TrkA ubiquitination, Arévalo et al. reported that
Neural precursor cell Expressed Developmentally Down-regulated protein 4-2 (Nedd4-2),
a HECT E3 ubiquitin ligase, ubiquitinates TrkA (Arevalo et al. 2006b). Nedd4-2 is
specifically associated with TrkA and is phosphorylated upon NGF binding. Nedd4-2 binds
to TrkA by recognizing the PPXY motif, a motif that is not present in TrkB; hence, Nedd4-2
cannot bind and ubiquitinate TrkB (Arevalo et al. 2006b). Nedd4-2 belongs to the Nedd4
family, which includes nine members in humans: Nedd4-1, Nedd4-2 (Nedd4LlL), ltch,
WWP1, WWP2, SMURF1, SMURF2, Bul1 and NedL2. All of them contain a catalytic
HECT domain at the C-terminus, a C2 domain in the N terminus, and several WW
domains (Figure Intr6) (Yang et al. 2010). The C2 domain translocates the protein to the
membrane upon calcium binding, and the WW domains are known to bind substrate
proteins containing PY motifs. The catalytic cysteine within the HECT domain is
responsible for ubiquitin transfer (Chen et al. 2007). In 2011, Georgieva et al.
demonstrated that the C-terminal tail hydrophobicity of TrkA regulates the strength and
activity of Nedd4-2 binding and therefore controls the turnover of TrkA (Georgieva et al.

2011). Additional support for Nedd4-2 in regulating TrkA comes from a study using protein
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microarrays that identified TrkA as a binding partner of Nedd4-2 (Persaud et al. 2009).
Although it is clear that Nedd4-2 binds and regulates the levels of TrkA, the mechanism by

which Nedd4-2 affects TrkA is not completely understood.
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Figure Intr6. Schematic diagram of Nedd4-2 E3 ubiquitin ligases (Chen et al. 2007)

The C2 domain in the N terminus translocates the protein to the membrane upon calcium binding, and
the two-to-four WW domains are known to bind substrate proteins containing PY motifs. The catalytic
cysteine within the HECT domain at the C-terminus is responsible for ubiquitin transfer.

Besides ubiquitinating TrkA and regulating the survival of sensory neurons (Arevalo et al.
2006b), Nedd4-2 has also been identified as an E3 ubiquitin ligase for the Epithelial Na
Channel (ENaC), regulating its degradation and activity. The ENaC is responsible for salt
and fluid re-absorption in the distal nephron, distal colon, and lung epithelia, and abnormal
elevations of ENaC activity lead to hypertension (Hummler 1999). It has been found that
Nedd4-2 catalyzes both the monoubiquitination and polyubiquitination of ENaC (Zhou et
al. 2007). Mutations that delete or disrupt a C-terminal PY motif in the ENaC prevent the
interaction of Nedd4-2 and the ENaC and increase renal Na+ absorption, causing Liddle’s
syndrome (an inherited form of hypertension) (Knight et al. 2006). The roles of Nedd4-2 in
ENaC activity have also been found in the clearance of lung fluid in newborn animals.
Mice knocked-out for Nedd 4-2 die perinatally with increased ENaC expression and
activity in the lung, which leads to a failure to inflate the lungs, in turn resulting in an
inability of the pups to breathe (Zhang et al. 2010; Boase et al. 2011). In addition, Nedd4-2
has been reported to play a protective regulatory role against the development of cystic

fibrosis in lung through the regulation of ENaC function (Zhang et al. 2010).
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Cbl

In 2011, Takahashi reported that the E3 ubiquitin ligase Cbl , a well studied E3 ubiquitin
ligase for EGFR (Grovdal et al. 2004; Visser Smit et al. 2009; Zhou et al. 2011), may
mediate the ligand-induced ubiquitination and degradation of TrkA (Takahashi et al. 2011).
They found that Cbl and ubiquitinated TrkA were in a complex after NGF stimulation. TrkA
ubiquitination and degradation required direct interactions between Cbl and
phosphorylated TrkA and hence the authors concluded that the ligand-induced
down-regulation of TrkA is partly regulated through Cbl. Cbl has a highly proline-rich
region and a large number of potential tyrosine phosphorylation sites, which could
mediate its interactions with the SH3 and SH2 domains of signalling proteins, respectively

(Blake et al. 1991).

1.4 Trafficking of RTKs

Once activated upon ligand binding at the plasma membrane, RTKs are internalized into
early endosomes (EE). From here, internalized receptors can be transported to late
endosomes (LE) and lysosomes to attenuate receptor-mediated signalling pathways
through degradation, or they can be transported back to the recycling endosomes (RE) to
be reinserted into the cell surface for functional resensitization (Sorkin et al. 2009). Strong
evidence shows that during intracellular trafficking before being degraded receptors are
still active in endosomes (Wiley et al. 2001). Thus, cytoplasmic receptor trafficking

controls the activation and downstream signalling pathways.

1.4.1 Internalization pathways of RTKs

Several pathways have been identified as being responsible for the internalization of
RTKs: clathrin-dependent endocytosis, caveolin-dependent endocytosis and clathrin- and
caveolin-independent pathways (Aguilar et al. 2005; Sigismund et al. 2005). In the
clathrin-dependent pathway, receptors and their bound ligands are invaginated in
clathrin-coated vesicles, while in the caveolin-dependent endocytosis, internalization
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occurs in caveolae, which are invaginations of the plasma membrane rich in the protein
caveolin and in cholesterol and glycolipids. The clathrin-dependent pathway is the one
most studied. However, RTKs are not assigned to any particular internalization pathway;
several factors together determine which pathway will be used. For example, it has been
reported that low EGF concentrations favour the clathrin-dependent endocytosis of
EGFR, whereas high, but still physiologically relevant, concentrations of EGF primarily
promote caveolin-dependent internalization (Aguilar et al. 2005). Similar to EGFR, TrkA
uses different internalization pathways. Although there is considerable evidence that
NGF-TrkA complexes are internalized through a clathrin/dynamin-dependent process
(Bilderback et al. 1999; Zweifel et al. 2005), TrkA has also been localized to caveola
domains in PC12 cell lines upon NGF treatment (Peiro et al. 2000). In addition, TrkA can
also be internalized by the clathrin-caveolin-independent pathways. Shao et al. identified
an NGF-induced protein, Pincher (pinocytic chaperone) that mediates the endocytosis
and trafficking of NGF and TrkA through macropinacytosis (Shao et al. 2002). They found
that in PC12 cells, the overexpression of Pincher dramatically stimulated the
NGF-induced endocytosis of TrkA in response to NGF, unexpectedly at sites of

clathrin-independent macropinocytosis within cell surface ruffles.

Ubiquitination has been implicated in the process of endocytosis. In yeast,
monoubiquitination has been found to be sufficient as an endocytic internalization signal
(Terrell et al. 1998) and K63 poly-ubiquitination facilitates endocytosis (Galan et al. 1997).
However, in eukaryotic cells this situation is more complicated. Sigismund et al. reported
that when EGFR is stimulated with low doses of EGF it is internalized without
ubiquitination almost exclusively through the clathrin-dependent pathway but that with
higher concentrations of ligand a substantial fraction of the receptor is endocytosed
through a clathrin-independent, lipid-raft-dependent route as the receptor becomes
ubiquitinated (Sigismund et al. 2005). Regarding the NGF receptor TrkA, Geetha et al.
found the K63 polyubiquitination is required for TrkA internalization and signalling (Geetha
et al. 2005), while Arévalo et al. revealed that the multi-monoubiquitination of TrkA by

Nedd4-2 does not affect TrkA internalization upon NGF treatment (Arevalo et al. 2006b).
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Therefore, which endocytic pathway a receptor will choose relies on many factors, such
as the cell type expressing the receptor, the ligand concentration and its level and type of

ubiquitination.

1.4.2 Factors that modulate receptor trafficking

Intracellular trafficking is a complicated and well-organized process. During this process

many proteins and complexes are involved.

ESCRT

Ligand binding induces the activation and ubiquitination of the receptors and,
consequently, their endocytosis to the EE. After the internalized cargoes have reached
the EE, the Endosomal Sorting Complex for Transport (ESCRT) machinery recognizes
the ubiquitinated cargoes and prevents their recycling and retrograde trafficking (Raiborg
et al. 2009). The ESCRT machinery consists of ESCRT-0, ESCRT-I, ESCRT-Il and
ESCRT-III plus several accessory components. The ESCRT-0 complex comprises two
subunits, Hrs and STAM, which localize to endosomal membranes. Both can engage
ubiquitinated substrates destined for lysosomal degradation (Mayers et al. 2011).
ESCRT-0 has been shown to form domains of clustered cargo but does not deform
membranes. In combination, ESCRT-I and ESCRT-II deform the membrane into buds, in
which the cargo is confined (Wollert et al. 2010). Following binding with ESCRT-I,
ESCRT-Il and ESCRT-III, the EEs carrying the internalized cargoes mature to LEs and

then fuse with lysosomes for degradation (Grabbe et al. 2011).

DUBs

As is known, endocytic cargoes can escape from entering the degradation pathway by
being transported to the RE and returned to the cell surface. If the ESCRT machinery is in
charge of the degradation pathway there must be other modulators involved in the
recycling pathway. The ubiquitination of RTKs initiated at the plasma membrane is
regarded as the degradation tag for its substrate. However, this is a reversible process. It

has been shown that at the EE, deubiquitination of the internalized cargoes caused by
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deubiquitinating enzymes (DUBSs) redirects the sorting cargoes to recycling. The role of
DUBs in the sorting process has been illustrated by two structurally unrelated endosomal
DUBs, AMSH and UBPY, in mammalian cells (McCullough et al. 2006; Row et al. 2006).
They are recruited not only by ESCRT-IIl and Alix but also by the ESCRT-0 subunit STAM
to endosomes in order to remove polyubiquitin chains from substrates. Interestingly,
UBPY and AMSH have differential substrate preferences. Although both deubiquitinate
Lys-63-linked polyubiquitin chains, UBPY, but not AMSH, also uses Lys-48-linked
polyubiquitin chains as a substrate (Row et al. 2006; Raiborg et al. 2009), which raises the
possibility that these DUBs might function in the remodelling of ubiquitin chains attached

to the cargo.

1.4.3 Intracelluar trafficking of TrkA

The intracellular trafficking of RTKs plays an important role in their biological functions.
Upon NGF treatment, TrkA is internalized to EE regardless of the mode of entry, where
the decision is made to be transported either to LE and lysosomes for degradation, or to
RE for reinsertion into the plasma membrane (Figure Intr7). It has been reported that TrkA
recycles back to the cell surface in a ligand-dependent manner in both neurosecretory
cells and neurons. Conversely, TrkB are predominantly sorted to the degradative pathway
(Sommerfeld et al. 2000; Chen et al. 2005). Compared with TrkB, TrkA produces a
prolonged activation of PI3K/Akt signalling as well as survival responses upon prolonged
neurotrophin treatment (Chen et al. 2005). Therefore, different endocytic trafficking

pathways lead to distinct biological properties.

The identification of specific markers of each endosome facilitates the investigation of the
intracellular trafficking of internalized receptors. It has been reported that Rab proteins
-small GTP-binding proteins of the Ras superfamily- reside in a particular type of
endosome and function by recruiting specific effector proteins (Simons et al. 1993; Novick
et al. 1997; Armstrong 2000). For example, Rab5 is a marker for EE, while Rab7 is one for

LE and Rab11 is a marker for RE (Sorkin et al. 2009).
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Figure Intr7. Pathways of receptor intracellular trafficking (Sorkin et al. 2009)

Endocytic vesicles derived from both clathrin-dependent and clathrin-independent endocytosis fuse with
early endosomes. Following their internalization into early RAB5-containing endosomes, receptors can
rapidly recycle back to the plasma membrane, traffic to the recycling compartment that contains RAB11A,
or remain in endosomes, which mature into multivesicular bodies (MVBs) and late endosomes. Fusion of

late endosomes and MVBs with lysosomes carrying proteolytic enzymes results in cargo degradation.

1.4.4 Retrograde transport of TrkA

TrkA is expressed in small DRG neurons that are characterized by the long distance
travelled by their axons to reach the tissue they innervate. Therefore, NGF-TrkA signalling
triggered in the distal axon innervating the target tissue must travel retrogradely for a
considerable distance to the cell body to modulate gene expression (Howe et al. 2001;
Delcroix et al. 2003; Zweifel et al. 2005). Early work studying the retrograde transport of
'25|.NGF showed that NGF is retrogradely transported in sympathetic and sensory
neurons (Claude et al. 1982). Neurons were grown in compartmentalized culture dishes
and their distal processes were exposed to '?°I-NGF. After 8 hours of transport, the
'2|_NGF label was primarily localized to the MVB and the lysosomes when the
radioactivity in the cell bodies had reached steady-state. More recently, phosphorylated
TrkA (pTrkA) has also been shown to be transported retrogradely, together with
neurotrophins, in neurons in vivo in a manner that is dependent on endogenous
target-derived NGF, (Tsui-Pierchala et al. 1999). However, it is possible that neurotrophin

is not necessary in retrograde endosomes (Maclnnis et al. 2002). It is known that a high
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concentration of Trk neurotrophin receptors, as may be found in Trk-containing vesicles,
can support receptor autophosphorylation and signalling regardless of the ligand, at least
in PC12 cells (Hempstead et al. 1994). Furthermore, neurotrophins, Trks, and activated
components of the Ras-MAP kinase signalling pathway have also been found in

retrograde endosomes (Howe et al. 2001).

Because the passive diffusion of signalling effectors is far too slow to account for such
retrograde signalling, there must be an active transport pathway or transport machinery
responsible for this. Since it is known that TrkA undergoes intracellular trafficking in the
EE and LE, in which its activity is maintained, it has been proposed that signalling
endosomes carrying TrkA activity are those due to undergo retrograde transport (Grimes
et al. 1996; Philippidou et al. 2011) (Figure Intr8). However, the nature and component
characteristics of signalling endosomes are not completely understood. In 2003, Delcroix
et al. provided evidence that TrkA signalling endosomes showed the characteristics of
EEs (Delcroix et al. 2003), although it has also been reported that Rab7, which is present
in LEs, is a key component in axonal retrograde transport by controlling a vesicular
compartment involved in neurotrophin traffic (Deinhardt et al. 2006). In 2011, Philippidou
et al. found that retrogradely transported Trk was delivered to the soma in multivesicular
bodies (MVB), which are derived from Pincher- and Rac-dependent macropinocytosis.
They further found that retrograde signalling through Pincher-generated Trk-multivesicular
bodies was distinctively refractory to signal termination by lysosomal processing, resulting
in sustained somal signalling and neuronal gene expression (Philippidou et al. 2011). It
seems that apart from the characteristics of endosomes, retrograde signalling endosomes
must possess their own distinguishing feature to avoid being degraded before they are
transported retrogradely to the cell body. Recently, the role of actin depolymerization in
this process has been addressed. It is known that both NGF and NT3 bind to TrkA in a
target-derived manner in sympathetic neurons, but only NGF triggers the formation of
TrkA-containing signalling endosomes that are transported in a retrograde manner to the
somata to promote neuronal survival. Upon comparing the different routes of activated

TrkA in response to NGF and NT3, Harrington et al. found that actin depolymerization was
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essential for the initiation of NGF/TrkA endosome trafficking and that the actin
filament—severing protein cofilin colocalized to a greater extent with TrkA endosomes in
NGF-treated neurons than in those treated with NT3 (Harrington et al. 2011). Moreover,
they observed an impaired retrograde transport of TrkA endosomes in NGF-treated
neurons when shRNA against cofilin was expressed. In addition, they found that the acidic
condition was involved in the retrograde transport of TrkA. NGF can promote a survival
signal because, unlike NT3, it forms stable complexes with TrkA under acidic conditions, a
property that enables this ligand to trigger TrkA-mediated signalling in endosomes, the

recruitment of actin-organizing proteins, and the retrograde transport of TrkA endosomes.
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Figure Intr8. Signalling processes that begin at the cell surface and continue in
endosomes (Sorkin et al. 2009).

Ligand-bound nerve growth factor receptors (NTRKs) are internalized by clathrin-dependent and
clathrin-independent endocytosis, with associated components of the MAPK signalling cascade, into
early endosomes or macropinosomes that have a multivesicular body-like morphology. NTRK signalling
complexes are delivered to the soma in retrograde endosomal carriers, which are a population of early or
late endosomes and macropinosomes, by dynein motor-mediated microtubular transport. The MAPK
extracellular signal-regulated kinase 5 (ERK5) is then phosphorylated and activated in the soma. It
phosphorylates the cAMP responsive element-binding protein (CREB), which regulates the transcription

of anti-apoptotic genes.
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In sum, through retrograde transport the NGF synthesized and released by target tissues
promotes the survival of TrkA-expressing sensory neurons, which are located in the
DRGs. Upon analyzing the signalling pathways triggered by retrogradely transported
TrkA, it has been found that retrogradely transported TrkA induces the activation of ERK5
and the phosphorylation of CREB in the neuronal soma to maintain cell survival (Figure
Intr8) (Kuruvilla et al. 2000; Watson et al. 2001). At the same time, signalling proteins of
the Rap1/Erk1/2, p38MAPK, and PI3K/Akt pathways have also been identified in the
retrograde endosomes in sensory neurons, revealing the complexity and the importance

of the retrograde transport of TrkA in its biological functions (Delcroix et al. 2003).

1.5 Pain sensation and TrkA-expressing DRG neurons

According to the International Association for the Study of Pain the definition of pain states
that, "Pain is an unpleasant sensory and emotional experience associated with actual or
potential tissue damage, or described in terms of such damage". Pain is primarily detected
by the nerve terminals of sensory neurons, whose cell bodies are located in the DRG and
TG. Sensory neurons are pseudo-unipolar neurons with two branches from one axon that
are extended and targeted in two directions: to the periphery and to the spinal cord.
Depending on their type, sensory neurons project to different laminae of the spinal cord
(Figure Intr9). After synaptic transmission and modulation inside the primary sensory
neuron and spinal cord, nociceptive signals reach the brain, where they are finally
perceived as sensations of touch, warmth, cold, all kinds of pain, limb movements and
limb spatial positions within the context of cognitive and environmental factors (Woolf

2000).
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Figure Intr9. Subclasses of dorsal root ganglia neurons and sensory input to the

spinal cord (Marmigere et al. 2007)

Different groups of sensory neurons in DRGs project to different lamini of the spinal cord. nociceptive
neurons terminating in the dorsal horn, mechanoreceptors in deeper laminae of the dorsal spinal cord,

proprioceptive neurons in the intermediate zone and in the ventral spinal cord horn.

Sensory neurons located in the DRGs or TGs are not homogenous. For example, in
DRGs they are classified in different groups: (1) based on morphology, sensory neurons
can be divided into small-, medium- and large-diameter neurons; (2) according to their
axonal fibres, these neurons have been grouped into unmyelinated C fibre, thinly
myelinated Ad fibre, myelinated AB fibre and Aa fibre neurons; (3) according to their
survival-dependence on the corresponding neurotrophins, sensory neurons in the DRGs
are divided into TrkA-, TrkB- and TrkC-expressing neurons; (4) they can also be
distinguished from each other by whether they express neuropeptides or not, and which
type (Table Intr1). There is an overlap among the different classifications; as can be seen
in Table Intr1, small diameter neurons contain thinly myelinated Ad fibre neurons and
unmyelinated C fibre neurons, which can be further classified by the receptor they express
and the neuropeptide they release. Ad fibre neurons can be divided into type | and type I,

depending on whether they express TrkA or neuropeptide. (Table Intr1).
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Table Intr1: Classification of sensory neurons from DRG

Size (diameter)

Fibres

Sub-groups

Characteristics

Small

neurons

AD fibres

(Thiny-myelinated)

Type I

- Respond to mechanical stimuli

- Respond to chemical stimuli

- have relatively high heat thresholds
(>50°C) (Basbaum et al. 2009).

Type 11
(TrkA+ peptidergic)

- A very high mechanical threshold.

- A much lower heat threshold.

- Activity of this afferent almost
certainly mediates the “first” acute

pain (Basbaum et al. 2009)

C fibres

(Unmyelinated)

Peptidergic:
SP+
CGRP+
TrkA+,

(Sah et al. 2003)

non-peptidergic:

CGRP-, TrkA -, c-Ret+,

Mrg+, P2X3+
(Sah et al. 2003)

Polymodal:
- thermal
- mechanical

- chemical

A population of such neurons has
been reported as mechanically

insensitive (Perl 2007)

TrkB+ and/or

Slight touch, pressure and vibration

medium-sized ApB fibres TrkC+ neurons low threshold mechanoreceptive
neurons (de Carlos et al. 2006) neurons (Djouhri et al. 2004)
TrkC+ neurons proprioceptive neurons (Davies
Large neurons Aa fibres (Matsuo et al. 2000) 1986; Pecho-Vrieseling et al. 2009)

The role of NGF/TrkA in nociception

has been widely addressed: (1) NGF levels were

found to be elevated in peripheral neuropathic pain (Herzberg et al. 1997; Li et al. 2003)

and direct administration of NGF into the sciatic nerve was seen to produce hyperalgesia

(Ruiz et al. 2004); (2) TrkA-expressing neurons are mainly involved in pain sensation

(Table Intr1), while TrkB- and TrkC-expressing sensory neurons in the DRGs are mainly in

charge of physiological sensations (Marmigere et al. 2007); (3) TrkA and NGF knock-out

mice show extensive losses of DRG neurons and fail to respond to painful stimuli

(Crowley et al. 1994; Smeyne et al. 1994); (4) elevated NGF levels have been found in

peripheral neuropathic pain (Herzberg et al. 1997; Li et al. 2003) and direct administration

of NGF into the sciatic nerve produces hyperalgesia (Ruiz et al. 2004); (5) TrkA is the
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gene responsible for congenital insensitivity to pain with anhidrosis (CIPA) (Indo et al.
1996), a hereditary autosomal recessive disorder characterized by recurrent episodic
fever, anhidrosis (inability to sweat), the absence of reaction to noxious stimuli,
self-mutilating behaviour, and mental retardation. TrkA mutations have been identified in
an extracellular domain involved in NGF binding, as well as in the intracellular signal
transduction domain in CIPA patients (Indo 2001; Indo 2010). In light of the above,
NGF/TrkA can be said to play a very important role in pain sensation. Any alteration or

mutation in TrkA may cause disorders or functional changes in nociception.

How does NGF/TrkA regulate pain sensation? NGF/TrkA signalling can modulate pain
sensation in several ways. (1) Through regulating TRPV1. TRPV1 belongs to the transient
receptor potential channel family (TRP) and has been well studied and its important role in
pain sensation has been demonstrated. It has been reported that the use of a chemical
method to ablate neurons expressing TRPV1 nullifies heat pain (Mishra et al. 2010).
Interestingly, TRPV1 has been shown to be regulated by NGF/TrkA signalling. TRPV1
expression was found to be increased within TrkA-positive neurons after inflammation
(Amaya et al. 2004), and upon NGF binding to TrkA the PI3 kinase pathway-Src kinase
binds to and phosphorylates TRPV1 for insertion into the surface membrane (Zhang et al.
2005). This explains most of the rapid sensitizing actions of NGF. (2) Through modulating
pain-related neuropeptides such as substance P (SP) and calcitonin gene-related peptide
(CGRP). SP was first discovered in 1931 as a tissue extract that caused intestinal
contraction in vitro (US et al. 1931). With further investigation, SP was found to be a very
important player in pain sensation, especially in carrying the pain signal to the brain
(Harmar et al. 1980; Hua et al. 1999; McLeod et al. 1999). The fact that activation of TrkA
by NGF in neurons leads to the generation and release of SP suggests a role of TrkA in
nociception (Lindsay et al. 1989). The release of CGRP in the dorsal spinal cord has also
been associated with nociceptive transmission, while its release from perivascular nerve
endings causes neurogenic vasodilatation (Rosenfeld et al. 1983; Benemei et al. 2009).
Double labelling using markers for several DRG subpopulations revealed that nearly all

(92%) TrkA-immunoreactive cells express CGRP (Averill et al. 1995). (3) Through other
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modulators of pain. For example, BDNF is synthesized in the primary sensory neurons
and is involved in the modulation of painful stimuli (Obata et al. 2006). It has also been
found to be up-regulated in DRG through an NGF-dependent mechanism (Michael et al.

1997).

The crucial role NGF/TrkA in nociception sheds light on its application in pain relief. As is
known, the widely used non-steroidal anti-inflammatory drugs (NSAIDs) have side effects
of gastrointestinal and renal morbidity, while dependence on and addiction to opioids for
severe pain limit their use. Therefore, new drugs designed specifically to treat chronic pain
are urgently needed to overcome the drawbacks of currently available compounds. In this
sense, drugs targeting the NGF/TrkA pathway may be good candidates. To date,
antibodies against TrkA and NGF have been developed and applied for the treatment of
pain (McMahon et al. 1995; Koltzenburg et al. 1999; Halvorson et al. 2005). Application of
the TrkA monoclonal antibody MNAC13 shows potent analgesic effects in inflammatory
and chronic pain (Ugolini et al. 2007) and in reducing fracture-related pain, with no
evident effect on the density or function of sensory and sympathetic nerve fibres (Ghilardi
et al. 2011). The humanized monoclonal antibody against NGF, Tanezumab, has shown
equal or greater efficiency than opiates or NSAIDs in preclinical models of pain. Phase |
and phase |l clinical trials of Tanezumab in osteoarthritis, chronic low back pain and
interstitial cystitis have demonstrated the drug's analgesic efficacy across these three
chronic pain settings (Cattaneo 2010; Lane et al. 2010; Katz et al. 2011). However,
Tanezumab's steady progress faltered when some individuals in phase Il osteoarthritis
trials developed joint damage (Garber 2011). These side effects suggest that more work
needs to be done to address the mechanisms of NGF-TrkA-mediated nociception to

provide better insight into how chronic pain can be tackled.
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Aims

As a continuation of the study of Arevalo et al. on Nedd4-2 (Arevalo et al. 2006b),
and based on the published data related to NGF-TrkA signalling, ubiquitination and

biological functions, the Aims of this thesis are the following:

® To test the role of TrkA ubiquitination mediated by Nedd4-2
in the turnover and intracellular trafficking of TrkA upon NGF

treatment in DRG sensory neurons.

® To assess the role of TrkA ubiquitination mediated by

Nedd4-2 in TrkA functions in vitro and in vivo.
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3 Materials and Methods
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Materials and Methods

3.1 Materials

3.1.1 General reagents

Table M1. General reagents

Names Application in the project Concentration
MEM Cell culture media --
NeuroBasal Cell culture media for neurons -
L-15 Tissue dissection --
FBS Cell culture supplement 10%
Glucose Cell culture supplement 0.4%
Glutamine Cell culture supplement 2mM
NGF Nerve growth factor 50 ng/ml
BDNF Brain-derived nerve factor 25 ng/ml
B27 / NS21 Neuron culture supplement 1:100
Pen/Strep Cell culture 100 U/ml
Trypsin Tissue dissection 0.25%
5-Fluoro Uridine Inhibitor to kill dividing cells 2.44 ug/mi
Uridine Cell culture 2.44 pg/mi
Matrigel Cell substrate 1:10
Poly-D-Lysine (PDL) Cell substrate 0.1-1 pg/ml
SDS Protein lysis 0.2%
Sodium orthovanadate Inhibitor of all tyrosine protein phosphatases 1mM
Sodium fluoride (NaF) Inhibitor of serine/threonine protein phosphatase 10 mM
Aprotinin Protease inhibitor 1 pg/mi
Leupeptine Lysosomal protease inhibitor 2 pg/mi
B-glycerophosphate Reversible inhibitor of aspartic proteases 20 mM
PMSF Protease inhibitor 1mM
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Table M1 (continued). General reagents

Names Application in the project Concentration
BSA Protein concentration measurement 1 pg/ul
Sulfo-NHS-SS-Biotin Surface protein labeling 0.5 pg/ml
NeutroAvidin-Beads Biotin pulldown -
DTT Stripping biotin from labeled protein 50 mM
Z-VAD-FMK Inhibitor of apoptosis 20 uM
Cycloheximide Inhibitor of protein translation 0.1 mg/ml
Trizol RNA extraction --
Chloroform RNA extraction --
Isopropyl alcohol RNA extraction -
GoScriptTM Reverse Transcript Kit Reverse Transcript -
Taq DNA polymerase PCR -
2X Master Mix gqPCR --
Lipofectamine 2000 Transfection reagent --
Opti-MEM Transfection reagent -
Tween 20 Cell permeabilization 0.1%
Triton X-100 Cell permeabilization 0.1%
Hoechst 33342 Staining nulei 1:10,000
Cresyl violet Staining neurons 0.5%
Proteinase K Tissue digestion 20 pg/ml
PFA Tissue fixation 4%
Formalin Formalin assay 5%
RNAse A In situ hybridization 20 pg/ml
Normal Goat Serum Inmmunofluorescece / In situ hybridization 10%
Anti-DIG-AP Ab In situ hybridization 1:3000
AP substrate In situ hybridization -
tetramysole In situ hybridization 1mM
EDTA In situ hybridization 2mM
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3.1.2 Buffers

e 2 x HBS Buffer
140 mM NacCl, 1.5 mM Na2HPO4, 50 mM HEPES, pH 7.05

e NP-40 Lysis Buffer

20 mM Tris-HCI pH 8, 137 mM NacCl, 10% glycerol, 1% Nonidet P-40, 2 mM EDTA with
protease and phosphatase inhibitors (Sodium orthavanadate, NaF, Aprotinin,
Leupeptin, B-glycerophosphate and PMSF).

e 2 x SDS Loading Buffer
100 mM Tris pH 7.5, 25% glycerol, 2% SDS, 0.01% bromophenol blue
o Electrophoresis Buffer
25 mM Tris, pH8.3; 192 mM Glycine; 0.1% SDS (1XTris/Glycine/SDS buffer)
e Western Blot Transfer Buffer
25 mM Tris, pH8.3; 192 mM Glycine; Metanol 10%-20% (1XTris/Glycine/Metanol
buffer)
o TBST Buffer
10 mM Tris pH 8, 150 mM NaCl, 1 mM EDTA, 0.1% Tween 20
¢ Blocking Buffer
2% BSA in TBST (primary antibody) or 3% milk in TBST (secondary antibody)

e Enhanced chemiluminescent buffer (ECL)

Solution A (500 mL): 6.057 g Tris, 195 mg luminol, 237 mg P-iodophenol, pH 9.35.
Solution B: 37% H,0..
(10 ml solution A and 1pl solution B were mixed and added onto blots for 1 minute).

o Membrane-stripping solution

1. Acidic glycine solution (25 mM glycine-HCI, pH 2.5)
2. 1% (w/v) SDS in H,O

¢ Biotinylation Buffer
PBS containing 1 mM CacCl,, 0.5 mM MgCl, and 0.5 mg/ml Biotin
¢ Homogenization Buffer

250 mM Sucrose, 20 mM Tricine, 1 mM EDTA, 2 mM MgCl,, pH 7.8
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¢ In situ hybridization Acetylation Buffer
1.3 ml of Triethanolamine (Sigma), 260 pl of 12N HCI, 250 ul Acetic anhydride (Fluka),
were mixed and reach to a final volume of 100 ml by DEPC treated H-O.

¢ In situ hybridization Hybridization Buffer

50 ml of redistilled formamide (Sigma), 20 ml of 50% stock dextran sulfate (Sigma), 2
ml of 50xDenhardt’s (Sigma), 2.5 ml of 10 mg/ml stock yeast tRNA (Sigma), 6 ml of 5M
NaCl, 2 ml of 1M Tris-HCI (pH8.0), 1 ml of 0.5 M EDTA, 1 ml of 1 M Na3POy, 5 ml of
20% Sarcosyl (Sigma) and 10.5 ml of dH,O were mixed together to obtain a 100 mi
solution.

¢ In situ hybridization RNAse Buffer.
880 ml of dH,O, 100 ml of 5 M NaCl, 10 ml of Tris-HCI (pH 7.5), 10 ml of 0.5M EDTA
were mixed together to obtain a1-L solution.

¢ In situ hybridization AP Stain Buffer.

To make 100 ml: 2 ml of 5 M NaCl, 10 ml of 1 M Tris-HCI (pH 9.5), 5 ml of 1 M MgCl,,
0.1 ml of Tween-20, and 82.9 ml of dH,O were mixed together to obtain a 100-ml
solution.
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3.1.3 Antibodies

Table M2. Antibodies

Name Host Company / Article Use MW (kDa)
Nedd4-2 Rabbit (Arevalo et al. 2006b) WB 1ug/ml 120/140
pPLC-y Rabbit Cell Signaling WB 1:1000 155

pTrk (Y490) Rabbit Cell Signaling WB 1:1000 140
pAkt (Ser473) Mouse Upstate WB 1:1000 60
pMAPK Mouse Cell Signaling WB 1:2000 42/44
TrkA (C-14) Rabbit Santa Cruz WB 1:400 110/140
TrkA RTA Rabbit gift from L. Reichardt WB 1:2000 110/140
TrkA(C14)-agarose Rabbit Santa Cruz IP 10ul/sam 110/140
p75 (9992) Rabbit Gift from M. Chao WB 1:2000 75
pTrkA (Y785F) Rabbit Gift from M. Chao IF 1:500 140
Akt Mouse Santa Cruz WB 1:200 60
MAPK Rabbit Cell Signaling WB 1:1000 42/44
P4D1 (ubiquitin) Rabbit Santa Cruz WB 1:400 -

Rab5 Mouse BD IF 1:50 25

EEA1 Mouse BD IF 1:250 180
Rab11 Mouse BD IF 1:50 25

Rab7 Mouse Sigma IF 1:200 25

BI-Tubulin Rabbit Sigma WB 1:10000 55
GFP Mouse Molecular Probes and Chemicon ~ WB 1:3000 27

c-fos Rabbit Oncogene Research Products IH 1:7500 --
Protein A-HRP Life Technologies 1:8000 -
Protein G-HRP Life Technologies 1:8000 --
Anti-mouse HRP Jackson Labs 1:5000 --
Anti-rabbit HRP Jackson Labs 1:8000 --

BD: Beckton Dickinson; Sam: sample
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3.2 Methods

3.2.1 Cell Line Culture

HEK293 and HEK293FT cell lines were cultured in DMEM media supplemented with 10%
Bovine Serum, 2 mM glutamine and 100 U/ml Pen/Strep and maintained in a humidified

incubator at 37°C with 5% CO..

3.2.2 HEK293 cell transfection using Calcium Phosphate

HEK293 cells (3 x 106) were plated in a 10-cm plate coated with PDL (0.1 mg/ml) on the
day before transfection. The following day, the medium was replaced with fresh medium
2-3 hours before transfection. As mentioned in Table M3, solution A for transfection was
prepared by mixing 10 ug of plasmid and 150 pl of 1 M CaCl, together to a final volume of
500 pl in a sterile 1.5-ml Eppendorf tube. The same amount of Solution B (2 x HBS, pH
7.05) was added in a sterile 15-ml tube. To form the transfection complex, Solution B was
mixed using a vortex while the CaCl,/DNA solution A was added drop-wise with a 200-pl
pipette. The mixture was incubated at room temperature for 20 min before distributing it
over the HEK293 cells in the culture plate with gentle shaking to make the precipitate
become evenly distributed. The cells were incubated for 16 hours and the medium was
replaced by fresh medium to remove the CaCl,/DNA/HBS transfection complexes. The
cells were incubated for a further 1-2 days and transfection was confirmed for GFP

expression under a fluorescence microscope.

Table M3. HEK 293 cell transfection using Calcium Phosphate

Solution A Quantity Solution B Quantity
Plasmids 10 ug 2 x HBS (pH 7.05) 500 pl
1M CaCl, 150 pl

H20 Up to 500 pl
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3.2.3 HEK293 cell transfection using Lipofectamine 2000

One day before transfection, 4-8 x 10° cells were plated in each well of a 6-well plate with
1.5 ml of complete growth medium without antibiotics to have the cells at 90-95%
confluence at the time of transfection. 2 ug of DNA and 6 pl of Lipofectamine™ 2000 were
diluted in 50 pl of Opti-MEM (or another medium without serum), respectively, mixed
gently, and incubated for 5 min at room temperature; then, the diluted DNA was mixed
with diluted Lipofectamine™ 2000 and incubated for another 20 min at room temperature
(the total volume was 100 pl and the ratio of DNA (pg) to Lipofectamine™ 2000 (ul) was
1:3). When the plasmids did not express any fluorescent protein, a GFP-expressing vector
was included in the DNA mixture to monitor transfection efficiency. After incubation, the
DNA:Lipfectamine mixture was distributed to each well with cultured cells. The plate was
shaken gently to make the DNA:Lipofectamine complex spread evenly and then replaced
in the incubator at 37°C with 5%-95% CO,-air. After 4-6 hours, the medium was changed
with fresh complete medium to prevent toxicity to the cells. GFP expression in cells was
used to test the transfection efficiency 24-48 hours post transfection before performing

any additional experiments.

3.2.4 Lentivirus generation and infection

The 5’-aagtggacaatttaggccgaa-3’ sequence corresponding to nucleotides 727-747 of
human Nedd4-2 cDNA was used to generate Nedd4-2 shRNA, which was subsequently
cloned into the pLVTHM lentiviral vector. The Nedd4-2 sequence used to generate the
shRNA has 100% homology with rat and mouse Nedd4-2 cDNAs. Control shRNA were
generated using the 5’-gcgcgctttgtaggattcg-3’ sequence from Euglena gracilis chloroplast
DNA between 16 S and 16 S rRNA (Kuratomi et al. 2005).

Lentiviruses were generated by co-transfection of lentiviral vectors with helper plasmids
into HEK293FT cells using the calcium phosphate method. Briefly, 2.5 x 10° HEK293FT

cells were seeded on a 10-cm plate the day before transfection. 9 ug of pLVTHM control
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shRNA or pLVTHM-Nedd4-2 shRNA vector together with 6 ug of psPAX2 and 5 ug of
pMD.2G plasmids were transfected into the cells. The medium was replaced with fresh
medium without antibiotics after 16 hours of transfection to prevent damage to the cells
that were later to become infected. 48 hours after transfection, the supernatants
containing the lentivirus were collected, centrifuged at 3500 rpm for 10 min, filtered
through a 0.45 uM filter, and stored in aliquots at -80 °C. To infect DRG neurons, 100 pl of
supernatant-containing lentivirus was added to 1 x 10° DRG cells cultured in the NB
medium. Infected neurons were monitored by the expression of GFP. The efficiency of
infection was also analyzed by western blot analysis, looking at Nedd4-2 protein

depletion.

3.2.5 Primary DRG Neuron Dissection and Culture

DRGs were dissected at E13.5 and E15.5 from mouse and rat embryos, respectively.
E0.5 was considered the day the plug was observed. The abdominal skin at midline and
the muscles of the pregnant mother were cut to obtain the entire uterus, which was placed
in a sterile 10-cm tissue culture dish. Embryos were isolated from the uteri by cutting
through the tissue surrounding the amniotic fluid, gently squeezed through an incision and
placed in another sterile 10-cm dish containing L-15 media (Gibco). Under a dissecting
microscope, the head, the tail and the ventral part (belly) of the embryos were removed to
obtain the dorsal structures (back) containing the spinal cord. The entire spinal cord was
exposed by carefully cutting between the vertebral column and the spinal canal at the
rostral end using a micro-dissecting scissors, and the spinal cord was peeled out from the
embryo with attached DRGs. Then, the DRGs were plucked off from spinal cord, pooled,
and incubated with 0.25% trypsin (Gibco) in L-15 media for 45 min at 37°C followed by
centrifugation to eliminate trypsin. The resulting cells were resuspended in plating medium
(MEM, 10% FBS, 0.4% glucose, 2 mM glutamine, 100 U/ml Pen/Strep). Single-cell
suspensions were obtained by pipetting up and down 30 times with a 1-ml tip followed by

30 times with a 200-ul tip. After counting, cells were plated in plating medium
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supplemented with the corresponding neurotrophin, NGF (50 ng/ml) or BDNF (25 ng/ml)
overnight on plastic plates coated with Growth Factor Reduced Matrigel 1:10 diluted in
MEM as substrate. On the following day, the media were changed to NB media
(neurobasal media, B-27 or NS21, 0.4% glucose, 2 mM glutamine), supplemented with
NGF or BDNF, 5-fluorodeoxyuridine (5-FU) and uridine. Proliferating cells were killed after

3-4 days by 5-FU and more than 95% of cells were neurons after 8 days.

3.2.6 Western Blot

A) Sample preparation

From cells in culture. To prepare samples from cell cultures, 100,000 DRG neurons
cultured in 12-well plates were washed with cold PBS for the cells to detach themselves
from the wells and after a spin to discard the supernatant the cells were lysed in 500 pl of
NP40 lysis buffer containing protease inhibitors by gentle shaking at 4°C for 40 min. The
samples were then centrifuged for 15 min at 12,000 rpm at 4 °C and the supernatant
containing the proteins was collected.

The Bradford Assay (BioRad) was used to quantify the concentration of the protein and 20
Mg of lysates was mixed with 2 x SDS Loading Buffer and boiled for 7 min to denature the
proteins. Proteins were resolved using 6-12% SDS-PAGE, transferred onto
PVDF-membranes, and probed with antibodies against the different proteins. The

remaining proteins were stored at -20°C for later usage.

From tissue. To prepare samples from tissues, up to 5 mg of fresh tissue from DRG,
cortex or hippocampus was lysed in 500 pl of NP-40 lysis buffer in the presence of 0.2%
SDS and protease inhibitors at 4°C. Samples were then homogenized by pipetting up and
down to accelerate the lysis process and incubated at 4°C for 40 min with gentle shaking,
followed by centrifuging for 15 min at 12,000 rpm at 4 °C. The supernatants containing

proteins were transferred into a clean 1.5-ml Eppendorf tube and quantified for the
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concentration of protein using the Bradford Assay. For longer storage, prepared samples

were stored at -80°C.

B) Quantification of protein concentrations using the Bradford assay:

Before quantification, a 5 x Bradford Solution was diluted with ddH,O to a 1 x Bradford
Solution (1/4 V/V). 0, 2, 5 and 10 ug of BSA were used to set up the standard curve of the
assays by dissolving BSA in the buffer used to prepare the samples. Samples were mixed
with 1 mL of 1 x Bradford Solution and measured in a spectrophotometer with an
absorbance wavelength of 595 nm. The total protein concentration of each sample was

obtained using linear regression fitting, when the R?values were more than 0.95.

C) Electrophoresis

Depending on the molecular size of the proteins, different percentages of SDS-PAGE
were prepared (e.g. 15 kDa--12%; 25 kDa--10%; 50 kDa or higher--6%), as shown in the
table below (Table M4). Care was taken to avoid bubbles in the mixture during its pouring
into the assembled supporters. Samples were loaded and run with electrophoresis buffer
for 20 min at 80-100 V and then120-150 V for the remaining time until the front dye

reached the bottom of the gel.

Table M4. Preparation of PAGE gels

Components Separating gel Stacking gel
6% 75% 8% 10% 12% 15% 4.0%
30% Acrylamide (ml) 2 25 2.7 3.3 4 5 0.52

1.5M Tris, pH 8.8 +SDS (ml) 2.5 25 25 25 25 25 X

0.5M Tris pH 6.8 +SDS (ml) X X X X X X 1
H,0 (ml) 5.5 5 438 4.2 3.5 2.5 2.5
10% APS (ul) 100 100 100 100 100 100 40
TEMED (pl) 10 10 10 10 10 10 4
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D) Transfer of proteins onto a PVDF membrane

The principle is that proteins with an electrical charge (provided by the SDS bound to
them) can be induced to travel through a gel in an electrical field, such that the proteins
can be transferred in an electrical field from the gel onto a sturdy support such as a
membrane. Briefly, for wet transfer the gel and membrane were sandwiched between
sponge and paper (sponge/paper/gel/membrane/paper/sponge) and all were clamped
tightly together after ensuring no air bubbles were present between the gel and
membrane. The sandwich was then submerged in transfer buffer to which an electrical
field was applied (400mA, 4°C, 2 hours). The negatively-charged proteins were

transferred onto the membranes in the electrical field.

E) Antibodies and detection

Once the proteins had been transfered to the PVDF membrane, antibodies against the
proteins we were interested in were used to blot the membrane. First, the membranes
were blocked using blocking buffer for 20 min at room temperature or overnight at 4°C to
prevent non-specific background binding of the primary and/or secondary antibodies to
the membrane (which has a high capacity for binding proteins, and hence antibodies).
Then, the primary antibody was diluted in the blocking buffer at the corresponding
concentration and the membrane was incubated with shaking overnight at 4°C. After
washing 3 x 10 min with TBST at room temperature, the blots were incubated with
anti-rabbit or anti-mouse antibodies conjugated with HRP, depending on the source of the
primary antibody. The secondary antibodies were diluted in TBST containing 3% non-fat
milk and incubated for 40 min at room temperature with shaking. After 3 x 10 min washes

with TBST the signals were detected with ECL buffer.

F) Analysis of Western Blot results

The results from Western blotting were scanned and analyzed with Image J for

quantification.
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G) Stripping and reprobing the membranes

When it was necessary to re-blot the membrane, the antibodies were stripped from the
membrane by incubating it with the acidic glycine solution (25 mM glycine-HCI, pH 2.5) for
10 min at room temperature with shaking followed by incubation with 1% (w/v) SDS for 10
min. After washing the blots three times for 5 min each with TBST, the blots were

re-probed with new primary antibodies.

3.2.7 Immunoprecipitation (IP)

To detect specific modifications of certain proteins, it is necessary to separate or
concentrate one protein from others; accordingly, immunoprecipitation (IP) is used. The
principle of IP is based on the specificity of antibody-antigen binding and subsequent
antibody-antigen pulldown with beads that recognize the antibody. Depending on whether
the antibody is attached to the beads or not, the processes of IP may involve either one or
two steps. In the case where the antibody was labeled directly with Sepharose beads, the
total lysates were incubated with the antibodies at 4°C overnight with gentle shaking and
the immune complexes were recovered by centrifugation and washed 3-5 times using
lysis buffer. When the antibody was not labeled, the total lysates were incubated first with
these antibodies overnight under gentle shaking, after which Sepharose protein A or G
was added, depending on the species of the primary antibodies (Table M5) at 4°C for
another 1-3 hours. After the incubation of protein A or G, the immune complexes were
recovered by centrifugation and washed 3-5 times wusing lysis buffer. The
immunoprecipitated proteins were eluted from the beads using 2 x SDS loading buffer
under heating, subjected to SDS-PAGE, and immunoblotted with the corresponding
antibodies. To avoid problems with the IgG chains during the development of the signals,
Protein-A or Protein-G conjugated HRP were used for the secondary antibodies when

same species antibodies were used for both immunoprecipitation and western blotting.
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Table M5. Binding affinity of Protein A and Protein G

Species Inmunoglobulin Isotype Protein A Protein G

Mouse 1gG1 + +++
IgG2a +++ +++

IgG2b ++ ++

1gG3 + +
IgM Use anti Mouse IgM

All rabbit isotypes +++ ++

Rat 1gG1 - +
IlgG2a - e+

IgG2b - ++

IgG2c + ++

3.2.8 Immunofluorescence (IF)

The DRG neurons used to perform immunofluorescence (IF) analyses were cultured on
coverslips coated with poly-D-Lysine (PDL) at 1 mg/ml and Growth Factor Reduced
Matrigel with a low density to obtain separated cells. Where necessary, the attached
DRGs were infected with 10 yl of supernatants containing lentivirus expressing control or
Nedd4-2 shRNA for 5 days before performing IF. The following day, after NGF starvation
in the presence of the caspase inhibitor Z-VAD-FMK, NGF was added for different times
to induce TrkA activation and internalization. Cells were then fixed with 4%
paraformaldehyde (PFA) in PBS for 5 min, quenched with 50 mM NH4CI for 10 min,
blocked and permeabilized with PBS containing 5% NGS, 0.1% Tween-20, 0.1%
TritonX-100 for 30 min, and incubated with primary antibodies overnight at 4°C. The
following day, cells were washed three times with PBS, incubated with the corresponding
fluorescent dye-conjugated secondary antibody at room temperature for 40 min, and
washed with PBS three times. Images were collected with a Leica confocal microscope.

To avoid bleed-through between channels, each channel was acquired separately in the
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co-localization experiments. For co-localization analysis, images of the cells were
processed with Imaged (NIH), using similar threshold settings for all pictures analyzed.
Quantification of the processed images was performed with a custom-written program in

Matlab.

3.2.9 Biotinylation Assay

Sulfo-NHS-SS-biotin reagent (sulfosuccinimidyl-2-[biotinamido]ethyl-1,3-dithiopropionate)
is a thiol-cleavable, water soluble and amine-reactive biotinylation reagent that contains

an extended spacer arm to reduce the steric hindrances associated with avidin binding

(Figure M1).
o
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Figure M1. Sulfo-NHS-SS-biotin

Sulfo-NHS-SS-biotin is an excellent reagent for labeling cell surface protein in light of the
following characteristics: the N-hydroxysulfosuccinimide (NHS) ester group on
Sulfo-NHS-SS-biotin reacts with the e-amine of lysine residues present in protein to
produce a stable product. Sulfo-NHS-SS-biotin is cell membrane-impermeable due to its
sodium sulfonate group, and the biotinylated protein can be pulled down and detected
using agarose- labeled NeutroAvidin. Moreover, it is possible to cleave the biotin group
from the crosslinked target protein under reducing conditions using DTT with
Sulfo-NHS-SS-biotin; it is also applied to test the internalization of surface proteins in
response to an internalization-induced stimulation. Therefore, the labeling of cell surface
proteins with Sulfo-NHS-SS-biotin is a good option for discriminating cell surface proteins

from total cell proteins (Figure M2).
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Biotinylated surface TrkA

a0

—1
|

dDC':D

Figure M2. Sulfo-NHS-SS-biotin is an excellent reagent to label cell surface

proteins.

3.2.10 Surface Biotinylation Assay

DRG neurons from rat embryos were cultured on a 12-well plate at a density 100,000 per
well and were infected with control and Nedd4-2 shRNA lentivirus to downregulate the
level of Nedd4-2 before NGF-starvation overnight. Cells were stimulated without or with
NGF (50 ng/ml) for different times (15 min and 60 min) to induce the internalization of
activated TrkA neurotrophin receptors. To have enough amounts of cell-surface labeled
proteins, two wells of cells were used for each time-point. Then, cells were washed
sequentially with room-temperature and cold PBS, 1 mM CacCl,, 0.5 mM MgCl,, chilled on
ice, and incubated in 0.5 pg/ml Sulfo-NHS-SS-biotin for 20 min at 4 °C to label the
membrane proteins (Figure M3). Free biotin was quenched with 0.1 M Glycine for 15 min
at 4 °C. Cells were then washed twice with cold PBS, 1 mM CaCl,, 0.5 mM MgCl, and
lysed. Biotinylated proteins were isolated from the total cell lysate by immobilization on
NeutroAvidin-beads for at least 3 hours at 4°C. Beads were washed three times with lysis
buffer and mixed with 20 pl of 2 x SDS sample buffer before boiling for 7 min. Proteins

were subjected to SDS-PAGE and immunoblotted with the corresponding antibodies.

TrkA ¢ NtGF ¢ Biotinylation Surface-labeled
O rea meT IR d) proteins
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Figure M3. Surface biotinylation assay
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3.2.11 Internalization Assay

Unlike the surface biotinylation sssay, which tests surface protein after NGF stimulation,
the internalization assay tested internalized surface protein in response to NGF. Briefly,
infected DRG neurons were grown in mass cultures, infected with control and Nedd4-2
shRNA lentivirus to downregulate the level of Nedd4-2, and then NGF-starved overnight.
As outlined in Figure M4, Neurons were subjected to biotinylation on ice with the
reversible membrane-impermeable derivative of Sulfo-NHS-SS-biotin. Cells were then
washed twice to eliminate free biotin and incubated in pre-warmed medium at 37 °C
without or with NGF for different times (15 min and 60 min) to induce the internalization of
biotinylated surface protein. To remove the remaining surface-labeled proteins, the cell
surface-bound biotin was cleaved by reducing its disulfide linkage with 50 mM DTT for 15
min at 4 °C. Cells were lysed and biotinylated proteins were precipitated by
NeutroAvidin-beads, eluted from the beads, resolved by SDS-PAGE, and immunoblotted

with the corresponding antibodies.

Internalized
TrkA Biotinylation NGF DTT TrkA

Figure M4. Internalization assay

3.2.12 Degradation Assay

Infected DRGs with control and Nedd4-2 shRNA lentivirus were NGF-starved overnight.
The following day, neurons were washed with PBS 1 mM CaCl,, 0.5 mM MgCl, chilled on
ice, and biotinylated using 0.5 pg/ml Sulfo-NHS-SS-biotin for 20 min at 4 °C. Cells were
sequentially washed with cold and room-temperature PBS, 1 mM CacCl,, and 0.5 mM
MgCl, and were incubated in pre-warmed medium at 37 °C w/o NGF (50 ng/ml) for

different times (15 min and 60 min) to allow the biotinylated receptors to become
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internalized and degraded (Figure M5). Subsequently, cells were washed and lysed using
lysis buffer and the biotinylated proteins were precipitated with NeutroAvidin-beads,
washed and subjected to SDS-PAGE, and immunoblotted using different antibodies. With
this method it was possible to detect surface-labeled proteins that had not been degraded
at different time-points, regardless of whether the proteins had been internalized or

whether they had returned to the plasma membrane.

. . NGF Surface-labeled
TrkA Biotinylation treatment TrkA

(not degraded)
—_— O —_— g
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Figure M5. Degradation assay

3.2.13 TrkA ubiquitination

Total TrkA ubiquitination in DRGs in response to NGF stimulation

To test TrkA ubiquitination in rat and mouse DRGs neurons, we first obtained and cultured
DRG neurons. Rat DRG neurons were obtained from E15.5 embryos, after which the
neurons were infected with lentivirus to downregulate the level of Nedd4-2 and starved
overnight on DIV9. The following day, NGF was added for 10 and 30 min to stimulate
TrkA. DRG neurons from mouse embryos were obtained and cultured like rat DRG
neurons, but without infection. Cells were lysed and TrkA was immunoprecipitated using
anti-Trk (C-14) conjugated agarose. TrkA pulled-down complexes were recovered,

washed, and resolved using SDS-PAGE and reprobed for anti-Ubiquitin antibody.
TrkA ubiquitination in early endosomes in response to NGF stimulation

To test the ubiquitination of TrkA in early endosomes in DRGs neurons, we first obtained
the early endosomal compartment by immunoprecipitation, using the membrane marker

Rab5. Then, the early endosomal compartment was solubilized and TrkA neurotrophin
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receptors were immunoprecipitated for the ubiquitination test (Figure M6). Cultured DRG
neurons were prepared as mentioned in the total TrkA ubiquitination assays and then the
cells were washed with 1ml cold PBS followed by centrifuging for 5 min at 300 x g at 4°C
to obtain cell pellets. 800 ul of homogenization buffer with inhibitors was added to make
up a cell suspension solution and cells were homogenized by passing them through a
22G needle (1ml) on ice 30 times, followed by 5 times using a 26G needle to homogenize
the cells without solubilizing the membranes. The supernatants containing the
membranes were obtained by centrifugation for 10 min at 800 x g at 4°C, leaving 40 pl
apart as input. The remaining supernatants were used to immunoprecipitate early
endosomes by incubation with anti-Rab5 antibody overnight, followed by incubation with
protein-G Sepharose for another 2 hours. The immunoprecipitated complexes were
recovered by centrifugation at 5000 rpm for 1 min and were resuspended in 750 pl of lysis
buffer containing protease inhibitors in the presence of 0.1% SDS and incubated for 15
min at 4°C to release the proteins specific to the early endosomall compartment into the
supernatants, which were used for immunoprecipitating TrkA using anti-Trk (C-14)
conjugated agarose. TrkA pulled-down complexes from the early endosomal
compartment were recovered, washed, and resoveld using SDS-PAGE and reprobed with

anti-Ubiquitin antibody.

TrkA NGF Homogenization Enrich IP
treatment Q) , EE TrkA
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Figure M6. Scheme showing the procedure used to assess TrkA ubiquitination from

early and late endosomes.

3.2.14 NGF-mediated signalling

DRG neurons from E15.5 rat embryos or E13.5 mouse embryos were cultured in the

presence of NGF to select TrkA-expressing neurons. Once the cultures were free of
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dividing cells, the rat DRG neurons were infected with lentivirus expressing control or
Nedd4-2 shRNA for 5 days in order to downregulate the level of Nedd4-2. Using GFP as
an indicator of the efficiency of infection, by 5 days after infection at least 80% of the
cultured neurons were green under the fluorescence microscope. DRG neurons from
mice were cultured like the neurons from rat DRGs but they were not infected. The day
before the experiment was performed, cultured DRG neurons were starved of
neurotrophins overnight to stop the constitutively activated signals. The starvation was
performed in the presence of 20 uM Z-VAD-FMK apoptotic inhibitor to prevent the cell
death caused by the absence of NGF. On the following day, NGF was added to the
medium for 5, 15, 30, 45 and 60 min to induce TrkA activation, after which stimulated
neurons were immediately chilled on ice, washed with cold PBS and lysed in 2 x SDS
loading buffer. The lysates were denatured by heating at 100 °C for 7 min and then
resolved using SDS-PAGE. Western blots were performed to analyze the level of p-Trk,
p-Akt (Ser473), p-MAPK, and p-PLCy for the activation of the kinases; Nedd4-2 for the

efficiency of infection, and B-Tubulin Ill as an indicator of sample loading.

3.2.15 Retrograde transport

To mimic the activation of TrkA on the distal axon of DRG neurons in vivo microfluidic
chambers (Standard Neuron Device 450 uM, Xona Microfluidics) were used to separate
the environment of cell bodies from the axons (Figure M7). The microfluidic chambers
were assembled on glass coverslips previously treated with 1 mg/mL PDL and placed in a
10 cm Petri dish the day before dissection of the DRGs, as indicated by the manufacturer.
200 pl of NB medium was added to the top wells while 150 ul was added to the bottom
wells and these were incubated overnight in the incubator to ensure that there would not
be any leakage of liquid. The separation of the upper compartment and the lower
compartment was monitored by the level of the liquid (Figure M7A). The following day,
any chamber with signs of leakage was discarded. Then, the chambers were coated with

Matrigel and 10 pl of plating medium with NGF containing 2 x 10° rat DRG neurons was
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plated in the hole of the groove on the upper side of each chamber to assess retrograde
transport. Cells were allowed to adhere to the coverslip in the groove for 10 min and
additional plating medium was added to each well of the chamber. To isolate each
chamber, the volume in the wells on one side of the device was higher than the other side.
The plating medium was replaced on the following day with NB medium with NGF and
5FU to kill dividing cells. After three days of culture, the separation of axons of the DRG
neurons from the cell bodies was observed (Figure M7B), then, lentivirus infections were
performed as a standard procedure at this point. To determine whether the neurons had
undergone retrograde transport, red fluorescent beads (40 nm, Invitrogen) were added to
the distal compartments and the next day the cell body compartment was monitored for
red fluorescence. The chambers with a large amount of fluorescence in the proximal
compartment were used for the experiments. To test retrograde transport, neurons were
NGF-starved overnight as previously described and followed by NGF stimulation in

different compartments to test the activation of TrkA.

A B

Somal compartments

° Axonal compartments

Figure M7. Microfluidic chambers isolate neuronal soma from axons.

(A) Picture of a microfluidic chamber.
(B) DRG neurons were plated in the upper wells (cell body compartment) and axons crossed the

microgrooves to localize in the lower wells (axonal compartment).
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3.2.16 TrkAP782S Knock-in mice generation

To generate a targeting construct for TrkAP782S knock-in mice, a genomic clone from
129SV/J mice containing exon 17, which encodes the C-terminus of TrkA, was used. The
triplet coding for proline (CCA) from this DNA clone was mutated to serine (TCG) using
site-directed mutagenesis, which was confirmed by sequencing and the disappearance of
a BstXI restriction site. A neomycin-resistance gene flanked by FRT sites containing a
loxP site was inserted downstream from exon 17. The truncated diphtheria toxin gene was
placed at the end of the short arm for negative selection. The targeting vector was
linearized at a unique upstream BstXI site and was electroporated into CJ7 embryonic
stem (ES) cells, as previously described (Tessarollo 2001). Ninety-seven G418-resistant
colonies were screened for homologous recombination by Southern blot analysis with an
external probe. This probe was a 1.2Kb DNA fragment that was excised from the pmA5
plasmid by Sacl digestion. A total of 7 clones showed the correct band pattern with the
external probe and a Neo probe. Three ES clones were injected into C57BL/6 blastocysts
to generate chimeric mice. The chimeras were bred with C57BL/6 mice that expressed the
Flp recombinase driven by the actin promoter to remove the Neo cassette and all three
gave germline transmission. TrkAP782S genotyping was performed by PCR with tail
genomic DNA and the following two primers: TrkA-Pvul-F (5’-ggcgcaggcgatcgagtgtatc-3’)
and mTrkA-1-B (5'-cctccgcaatggacaggag-3’). A 1.2 Kb product was amplified from the WT
allele, and a 1.4 Kb product was amplified from the mutant allele. Confirmation of the
genotyping was accomplished by digestion of the PCR product with the BstXI restriction
enzyme, which digests the wt alleles but not the mutant alleles. In addition, digestion with
the Pstl restriction enzyme was performed to confirm that the lack of digestion of mutant

TrkA DNA with BstXl was not due to problems with the amplified DNA.

All animals were housed and bred in Specific Pathogen Free (SPF) Animal Facility of the
University of Salamanca. All animal care and procedures were done in accordance with
protocols approved by the Bioethics Committee of the University of Salamanca and

following the European Community guidelines.
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3.2.17 DRG neuron survival assay

NGF- and BDNF-dependent rat DRG neurons plated on 24 well-plates were transfected at
DIV4-5 with plasmids expressing both GFP and control or Nedd4-2 shRNA using
Lipofectamine 2000 (Invitrogen). The following day, the mediUM was replaced with fresh
medium containing NGF or BDNF for 48 hours, after which both neurotrophins were
withdrawn. Transfected cells were recognized by GFP expression and apoptotic neurons,
identified by fragmented or condensed nuclei using Hoechst 33342, were scored 72-120
hours after the corresponding withdrawal of neurotrophin. Images were taken from
random fields using a Leica DMI3000B microscope equipped with a Leica DFC300FX
camera. To avoid variability among the independent experiments, a figure of 100 % was

given to the percentage of apoptosis after counting all cells.

For the E13.5 wild-type and knock-in mice, DRG neurons were dissected and 10.000 cells
were plated on a 24-well plate with 0, 1, 5, 10 or 25 ng/ml of NGF. The following day, the
medium was changed to NB medium containing 5FU, keeping the same amount of NGF
as that plated. Images were taken from 4 random fields after 6-9 days and living cells

were counted. The number of live cells growing in 25 ng/ml of NGF was considered 100%.

3.2.18 RNA extraction, Reversed Transcript and qPCR

DRG neurons from E13.5 wild-type and knock-in TrkP782S mice were dissected as
described above and the isolated DRGs were homogenized in Trizol (Gibco) and frozen at
-80°C for future RNA extraction. Total RNA was extracted using chloroform and isopropyl
alcohol according to the manufacturer. Normally, 0.2-0.5 ug/ul of total RNA with high RNA
quality (A260/A280>1.8) was obtained. The first cDNA was synthesized using GoScript™
Reverse Transcription System (Promega) with random primers. The cDNA sample
concentration was determined by measuring the absorbance at 260 nm using a NanoDrop
2000C Spectrophotometer (Thermo Scientific). Quantification of the PCR products (TrkA

and [B-actin, as reference gene) was accomplished with a standard curve using
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SYBR-Green. The SYBR-Green was included in a 2 x Master Mix (Applied Biosystems,
Madrid, Spain) (SYBR Green dye, dNTPs, Passive Referente (ROX), AmpliTaq Gold DNA
polymerase). The final volume of each reaction was 20 pl: 10 yl of Master Mix, 0.8 ul (16
pMoles) of each oligonucleotide, 7.4 ul of distiled water and 1 pl of cDNA at a
concentration of 100 ng/ul. A standard curve was constructed for each experiment by
serial dilutions of cDNA: 0.01 ng/ul, 0.001 ng/ul, 0.0001 ng/ul and 0.00001 ng/ul. The
amplification reaction took place in an ABI Prism 7300 detection system (Applied
Biosystems), with the following conditions: 10 min at 95 °C followed by 36 cycles of 15 s at
95 °C and 1 min at 53 °C (TrkA and -actin). The primers for TrkA and 3-actin and their
amplicons are listed in Table M6. Three PCR reactions were performed for each sample
per plate, and each experiment was repeated three times. Data are represented as means
+ SEM and were analyzed using a two-tailed Student’s t-test (n=3). Significance for all

tests was assumed at p<0.05.

Table M6. List of Primers

Name Amplicon Sense Primer sequence

B-Actin 104 bp Forward 5-AGC CAT GTA CGT AGC CAT CC-3'

Reverse 5-ACC CTC ATA GAT GGG CAC AG-3'

TRKA 156 bp Forward 5-CGA TCC ACC AAG CCA GTATT-3’

Reverse 5-ATC CTG GGT CTT TCC AGC TT-3’

3.2.19 Thermal Response — Tail Flick Test

An automatic tail-flick apparatus (Ugo Basile Tail Flick) was used to assess the thermal
nociceptive threshold in the mice. Before performing the test with WT and Kl mice, the
infrared heat stimulus was adjusted in different sets of WT animals to an intensity
sufficient elicit a tail-flick latency around 5-6 seconds. The time from the start of the
heating till the point when the tail was removed from the heating source was read by the

apparatus automatically. 3- to 4-month-old WT and Kl male mice (25-30 g) were
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habituated for 30 min in individual cages and manipulated for 3-4 days until they were not
stressed by the manipulation. Mice were gently held with a towel and the source of
heating was applied to a point marked at 4 cm from the tip of the tail. To avoid tissue
damage, a maximum cutoff of 10 seconds was used. Data were collected, presented as

means + SEM and tested for statistical significance using Student’s t-test.

3.2.20 Thermal Response — Cold plate Test

Mice were placed within a transparent Plexiglas chamber (16 x 16 x 27 cm, |-w-h
dimensions) on ice and the temperature of the bottom of the chamber was maintained at
4°C. The latency to respond with one of the following types of behavior was measured
with a stopwatch: licking, lifting, guarding, shaking or biting of the hind paw, or jumping.
This test did not result in any signs of tissue injury, such as swelling or post test grooming.
Data were collected, presented as means + SEM and tested for statistical significance

using a Student’s t-test.

3.2.21 Mechanical Response — Paw Pressure Test

Paw pressure experiments were employed to test how the mice responded to mechanical
stimulus using an analgesy-meter device. A gradually increasing mechanical force was
applied to the hind paw of the mouse until the mouse felt pain: struggling or moving its
paw. The force applied until the mice moved their paws was recorded. Both WT and KiI
male mice were subjected to this test and data were presented as means + SEM and

analyzed statistically using a Student’s t-test.
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3.2.22 Inflammation Response — Formalin Assay

To test the response of the mice to chemically induced inflammatory pain, 3-4-month-old
WT and Kl male mice (25-30 g) were used for the formalin assay. 20 yl of 5% formalin
diluted in PBS was injectedin to the right plantar hind paw of each mouse using a 26-G
needle. If the injection caused bleeding, the animal was discarded from the data analysis.
Immediately after the injection, the mouse was put in a cage and monitored using a video
camera for 55 min without disturbance. For analysis, 55 min recording was split into 11
intervals of 5 min each. During every interval, the time the mice spent in licking or biting
the injected paw was recorded and summed. All these data were collected, presented as
means * SEM and statistically analyzed using Student’'s t-test. Also, based on the
response of the mice to the formalin injection their behavior was divided into phase | (0-15
min) and phase Il (15-55 min). Phase | corresponded to the burning effect of formalin and
phase |l to the inflammatory phase. In each phase, the time a mouse spent in licking or
biting its paw was recorded and summed. All these data were collected, presented as

means * SEM and statistically analyzed using Mann-Whitney test.

3.2.23 In Situ Hybridization

PO mice from both WT and KI mice were dissected to obtain the spinal cords with the
DRGs, fixed in 4% PFA for 48 hours, cryoprotected overnight in PBS containing 30%
sucrose, embedded in OCT, and frozen at -20°C. The tissue was cut in 12-uym thick
sections, mounted on positively-charged slides and kept at -20°C until use. Sense and
antisense probes used for staining MRNA of CGRP and SP were labeled with digoxigenin.
To generate the probes, corresponding regions of each mouse gene were PCR-amplified
from mouse tissue and cloned in pcDNAS in the sense and antisense orientations.

For hybridization, slides were warmed to room temperature and fixed in 4% PFA-PBS
solution for 10 min at room temperature, followed by washing with PBS. Subsequently,

slides were pretreated with proteinase K for digestion and fixed again in 4% PFA-PBS
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solution for another 10 min, followed by washing with PBS. Acetylation was carried out for
10 min at room temperature and the slides were washed with PBS. The probes diluted in
hybridization buffer (200 pl/slide) at 0.5-2 pg/ml were denatured at 80°C for 5 min, added
to the surface of the slides, covered with parafilm, and incubated in a humidified
environment overnight at 55°C. The next day, slides were rinsed with 5 x SSC 5 min at
65°C, with 2 x SSC containing 50% formamide for 30 min at 65°C and with RNAse buffer
for 15 min at 37°C. The slides were then treated with 20 ug/ml RNAse A for 30 min at
37°C and washed with RNAse buffer for 15 min at 65°C, with 2 x SSC for 15 min at 37°C,
0.1 x SSC for 15 min at 37°C and with PBST (PBS containing 0.1%Tween-20) for 15 min
at room temperature. Sections were blocked for 1.5 hours with PBST containing 10%
NGS (normal goat serum). Then, anti-digoxigenin alkaline phosphatase-conjugated
antibodies (anti-DIG-AP Ab) diluted in PBST containing 1% NGS at 1:3000 were added
and incubated overnight at 4°C. On the next morning the slides were washed with shaking
twice with PBST for 1.5 hours each and twice with AP stain buffer for 10 min each time.
BM-purple AP substrate (Roche) mixed with 1mM tetramysole was added to the slides at
room temperature in a dark, humidified environment for 24 to 48 hours, depending on the
staining signal. The reaction was stopped by rinsing with water several times and with 2
mM EDTA before mounting in Mowiol. The slides were dried overnight and photos were

taken using a Leica microscope.

3.2.24 Neuron counts

Tissues from PO WT and Kl mice were fixed in PBS containing 4% PFA, cryoprotected
overnight in PBS containing 30% sucrose, and frozen. Cyrostat sections (12 ym) of DRG
were prepared and stained with a solution containing 0.5% cresyl violet, and cells with

visible nucleoli were counted as neurons.
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4.1 Part one: Results from in vitro-cultured rat DRG

neurons

4.1.1 Nedd4-2 requlates total- and surface-TrkA levels

It has been previously described that the exogenous expression of Nedd4-2 regulates
TrkA, but not TrkB or TrkC, levels (Arevalo et al. 2006b). Since Nedd4-2 is an E3 ubiquitin
ligase for TrkA, we first tested whether endogenous Nedd4-2 modulates the levels of
total- and surface-TrkA neurotrophin receptors. We addressed this question using in
vitro-isolated DRG neurons from E15.5 rat embryos as a model since most DRG neurons
express TrkA during development (Snider 1994). We obtained DRG neurons and cultured
them in the presence of NGF (50ng/ml) to select TrkA-expressing neurons. Then, these
neurons were infected with control and Nedd4-2 shRNA lentivirus at the day in vitro (DIV)
4 to modulate Nedd4-2 protein levels. The rate of infection to perform all the biochemical
experiments reported henceforth was at least 90%, as seen from GFP expression (Figure
R1A).
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Figure R1. Infection of DRG neurons using Nedd4-2 shRNA lentivirus

%

(A) Infected DRG neurons were identified by the expression of GFP. Scale bar, 100 pm.

(B) Cultured DRG neurons were infected on DIV4 with control or Nedd4-2 shRNA lentivirus and extracts
were obtained on DIV10 to check the down-regulation of Nedd4-2 using western blot. Tubulin was used
as a loading control. Representative western blots are shown. C: Control shRNA lentivirus; N: Nedd4-2
shRNA lentivirus.
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After confirming that the level of Nedd4-2 was dramatically decreased upon infection with
lentivirus expressing Nedd4-2 shRNA (Figure R1B), we compared TrkA levels in neurons
infected with control and Nedd4-2 shRNA lentivirus and found that Nedd4-2 depletion led
to an increase in total TrkA levels (Figure R2A). However, the levels of p75 neurotrophin
receptor were not altered by the depletion of Nedd4-2, suggesting that Nedd4-2 did

specifically function on TrkA regulation (Figure R2A).
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Figure R2. Nedd4-2 depletion increases TrkA levels.

(A) Increased levels of TrkA upon Nedd4-2 depletion. Cultured DRG neurons were infected on DIV4 with
control or Nedd4-2 shRNA lentivirus and extracts were obtained on DIV10 to analyze the expression of
different proteins using western blot analysis. Tubulin was used as a loading control. Representative
western blots are shown. C: Control shRNA lentivirus; N: Nedd4-2 shRNA lentivirus.

(B) Enhanced surface TrkA in Nedd4-2-depleted neurons. Cell surface proteins from NGF-starved DRG
neurons infected with control and Nedd4-2 shRNA lentivirus were labeled with biotin and the same
amount of proteins was pulled down with Neutroavidin. Western blot analyses were performed with TrkA
and p75 antibodies. Representative western blots are shown. C: Control shRNA lentivirus; N: Nedd4-2
shRNA lentivirus.

(C) Quantification of TrkA and p75 proteins in response to Nedd4-2 depletion. Western blots were
scanned and quantified using ImageJ software. Data are presented as means + SEM. P values were

calculated using a two-tailed Student’s t-test (n = 6-8).
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To assess whether Nedd4-2 depletion may also influence the surface expression of TrkA,
we performed biotinylation experiments. Surface proteins from infected DRG neurons
were labeled with sulfo-NHS-SS-biotin, a cell membrane-impermeable compound that
only labels cell surface proteins, and pulled-down with Neutroavidin beads followed by
western blot analysis. We found that surface-TrkA levels, but not surface-p75 levels, were
increased following Nedd4-2 depletion (Figure R2B). Actin was used as a control to
confirm that the biotin-labeled proteins indeed came from the cell surface (Figure R2B).
Quantification of the data corresponding to the different experiments to detect the total
and surface TrkA levels indicated an 88% increase in total TrkA levels and a 46%
increase in surface TrkA levels in Nedd4-2-depleted neurons as compared to control
neurons (Figure R2C). No significant differences in p75 levels were observed (Figure
R2C). These results suggest that endogenous Nedd4-2 in sensory neurons regulates the

amount of total and surface-bound TrkA, but not p75.

4.1.2 Nedd4-2 modulates TrkA levels through its degradation

To address whether Nedd4-2 modulates the degradation rate of TrkA in response to NGF,
we performed degradation assays using biotinylation. NGF-dependent DRG neurons
were infected with control and Nedd4-2 shRNA lentivirus, starved of NGF overnight in the
presence of the anti-apoptotic inhibitor Z-VAD-FMK and protein synthesis inhibitor
cycloheximide, and then the cell surface proteins were biotinylated and stimulated with
NGF to induce the internalization and degradation of the biotinylated TrkA, as outlined in
Figure R3A. After 1 hour of NGF treatment, there was a clear decrease in the amount of
biotin-labeled TrkA in the control neurons as a result of TrkA degradation (Figure R3B).
However, the amount of biotinylated TrkA neurotrophin receptors from Nedd4-2-depleted
neurons was not altered (Figure R3B), suggesting a deficiency of TrkA degradation.
Quantification of multiple experiments indicated that no significant degradation of surface
TrkA occurred in Nedd4-2-depleted neurons upon NGF stimulation for 1 hour, whereas a
30% reduction in surface TrkA was noted in control cells (Figure R3C). No differences

were detected in the degradation rate of p75 in response to NGF from the control and
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Nedd4-2-depleted neurons (Figure R3D). Therefore, Nedd4-2 levels modulate the

degradation rate of TrkA in response to NGF.
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Figure R3. Nedd4-2 regulates TrkA degradation.

(A) A receptor degradation assay was performed as described in Material and Methods and is depicted
in the schematic diagram.

(B) Representative western blots are shown. Infected DRG neurons were biotinylated to label surface
proteins and treated or not with NGF (50 ng/ml) for 15 and 60 minutes. An aliquot of the cell lysates was
used as loading control and the biotinylated proteins were precipitated with Neutroavidin-agarose.
Surface proteins were subsequently subjected to western blot analysis with Trk, p75 and tubulin
antibodies. Tubulin was used as a negative control for biotinylated proteins and as a loading control for
lysates.

(C) Quantification of surface-labeled TrkA. Data are normalized to the amount of biotinylated TrkA in
control and in Nedd4-2-depleted neurons without NGF treatment. Data are presented as means + SEM.
P values were calculated using a two-tailed Student’s t-test (n = 4).

(D) Quantification of surface-labeled p75. Data are normalized to the amount of biotinylated p75 in
control and in Nedd4-2-depleted neurons without NGF treatment. Data are presented as means + SEM.

(n = 4); ns, not significant.
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The degradation of TrkA protein in response to NGF requires the internalization and
trafficking of the receptor to the lysosomes. Any change in this process may affect the
outcome of the degradation of TrkA. To assess whether Nedd4-2 protein modulates the
internalization rate of TrkA in response to NGF, we performed internalization assays in
infected DRG neurons using biotinylation. Infected neurons were NGF-starved as
described above and cell surface biotinylation was performed using cleavable biotin, as
outlined in Figure R4A. NGF was then applied for 15 or 60 minutes and reducing
conditions were applied to strip the biotin from surface proteins that had not been
internalized. This treatment allowed the detection of internalized biotinylated proteins,
which remained protected from cleavage, upon pulling them down using Neutroavidin
beads. We did not observe any significant differences in the rate of internalization of TrkA
or p75 in the control and Nedd4-2-depleted cells (Figure R4B, C, D). Thus, these data
suggest that Nedd4-2 protein does not regulate the internalization rate of TrkA in
response to NGF. These results are consistent with previous observations regarding the
lack of differences in the internalization rate of wild-type TrkA and TrkAP782S, a mutant

receptor that does not bind Nedd4-2 (Arevalo et al. 2006b).
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Figure R4. Nedd4-2 does not alter TrkA internalization.

(A) A schematic diagram of the internalization assay using a biotinylation procedure is shown.

(B) Representative western blots are shown. DRG neurons were infected with control and Nedd4-2
shRNA lentivirus. Cells were biotinylated as described in Experimental Procedures and then treated with
NGF (50 ng/ml) for 15 and 60 minutes. Biotin from non-internalized proteins was removed using reducing
conditions as described in Material and Methods. Cell lysates were prepared, surface proteins were
subjected to precipitation with Neutroavidin, and western blot analyses were performed with the
corresponding antibodies. Tubulin was used as a negative control for biotinylated proteins.

(C) Quantification of internalized TrkA. Data are presented as means + SEM. (n = 3); ns, no significant.
(D) Quantification of internalized p75 receptor. Data are presented as means + SEM. (n = 3).
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4.1.3 TrkA trafficking at early and late endosomes is regulated
by Nedd4-2

It is known that after NGF stimulation TrkA is internalized and subjected to intracellular
trafficking. After observing that Nedd4-2 regulates TrkA degradation, we next addressed
whether Nedd4-2 regulates TrkA trafficking using immunofluorescence analysis by
detecting the localization of activated TrkA upon depletion of Nedd4-2 in sensory neurons.
We performed immunofluorescence analyses to locate activated TrkA upon depletion of
Nedd4-2 in sensory neurons by co-staining phosphorylated TrkA with different endosomal
markers. Infected NGF-dependent neurons cultured on coverslips and starved as
described above, were stimulated with NGF for different times and stained. GFP
expression allowed us to detected infected neurons unambiguously. We observed that
upon NGF treatment, internalized TrkA co-localized with Rab5 in both the control and
Nedd4-2-depleted cells. Upon NGF treatment, more pTrkA was localized in the early
endosomes (Rab5 marker) in the Nedd4-2 depleted neurons (Figure R5A). However,
considering that surface TrkA levels were increased in the neurons with Nedd4-2
depletion, we normalized pTrkA levels with TrkA surface levels at steady-state in control
and Nedd4-2-depleted neurons, as described in Material and Methods. No significant
differences in the co-localization of pTrkA with Rab5 were observed between the control
and Nedd4-2-depleted neurons at 5 or 30 min after normalization (Figure RS5B).
Therefore, these results indicate that depletion of Nedd4-2 does not alter the arrival of
activated TrkA at early endosomes, in support of previous data indicating that Nedd4-2

does not modify the internalization of TrkA in response to NGF.
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Figure R5. Upon NGF treatment pTrkA localization in early endosomes is not

affected by Nedd4-2.

(A) Co-localization of pTrkA with Rab5 compartments upon NGF treatment in control and in Nedd4-2
shRNA-infected DRG neurons. Infected DRG neurons were identified by GFP expression.
Immunofluorescence was performed as described in Material and Methods. Images were taken with a
confocal microscope. Scale bar, 20 um.

(B) Quantification of pTrkA co-localization in Rab5 endosomes. Images were processed using ImageJ
and the percentage of co-localization was normalized to the surface levels of TrkA in control and in
Nedd4-2-depleted neurons in the absence of NGF. Data are presented as means + SEM. (n = 6-9

neurons/time point).

We next tested whether the level of Nedd4-2 affects the trafficking of activated TrkA to the
late endosomes (Rab7 marker). Based on previous data suggesting that Nedd4-2
depletion leads to more TrkA on the surface in the sensory neurons, but does not alter the
internalization of TrkA upon NGF stimulation, we expected an increase in activated TrkA
levels in late endosomes in a similar way to what was observed for early endosomes
Surprisingly, in the Nedd4-2-depleted neurons, less activated TrkA was found in late
endosomes after NGF treatment for 10 minutes (Figure R6A). The data were then
normalized as stated above and indicated that after 10 min of NGF treatment there was a
40% decrease in the amount of pTrkA present in the late endosomes of Nedd4-2-depleted

cells (Figure R6B). This means that unlike internalization, increased activated TrkA in the
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early endosomes was not efficiently transported to late endosomes. In addition, we
analyzed what happened at later time-points upon NGF treatment and found that unlike
NGF treatment for 10 minutes, NGF treatment for 30 minutes caused a massive
accumulation of pTrkA (three fold increase) in the late endosomes from Nedd4-2-depleted
neurons as compared with the control neurons (Figure R6A, B). All these data suggested
that Nedd4-2 depletion hindered both the entry of activated TrkA into the late endosomes

and the exit from late endosomes to lysosomes.
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Figure R6. Upon NGF treatment pTrkA localization in late endosomes is regulated

by Nedd4-2.

(A) Co-localization of pTrkA with Rab7 compartments upon NGF treatment in control and in Nedd4-2
shRNA-infected DRG neurons. Scale bar, 20 um.
(B) Quantification of pTrkA co-localization in Rab7 endosomes was performed. Data are presented as

means + SEM. P values were calculated using a two-tailed Student’s t-test (n = 5-7 neurons/time point).

To further confirm that the sorting of activated TrkA between early and late endosomes
and between late endosomes and lysosomes can be regulated by Nedd4-2, a
biochemical approach was applied. Neurons infected with control and Nedd4-2 shRNA
lentivirus were NGF-starved overnight, followed by stimulation with NGF (50 ng/ml) for 10

or 30 min, and the cells were homogenized without detergent to obtain crude membranes.
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Rab5 and Rab7 antibodies were used to pull down the same amount of endomembranes
containing these two proteins from control and Nedd4-2-depleted neurons treated with
NGF for 10 min (Rab5 immunoprecipitation) or for 30 min (Rab7 immunoprecipitation) and
the amount of TrkA protein in the immunoprecipitated membranes was assessed. An
increase in TrkA in Rab5- and Rab7-endomembranes from Nedd4-2 depleted neurons as
compared to the control neurons was observed after NGF treatment for 10 and 30 min,
respectively (Figure R7). Taken together, the results of the co-localization and the
biochemical experiments suggest that Nedd4-2 regulates the trafficking of activated TrkA

between early endosomes and late endosomes.
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Figure R7. TrkA localization in early endosomes and late endosomes upon NGF

stimulation

Infected DRG neurons were treated with NGF for 10 or 30 min and lysates were immunoprecipitated with
Rab5 or Rab7 antibodies, respectively. Representative blots are shown (n = 3). C: Control shRNA
lentivirus; N: Nedd4-2 shRNA lentivirus.

4.1.4 Increased TrkA recycling to the plasma membrane by

Nedd4-2 depletion

After internalization, activated TrkA that reaches early endosomes can also recycle to the
plasma membrane via recycling endosomes (Chen et al. 2005). To address whether
Nedd4-2 modulates the recycling of TrkA to the plasma membrane, we performed
immunofluorescence analysis in DRG neurons treated with NGF to detect pTrkA in

recycling endosomes (Rab11 marker). The images suggested that there may be more
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co-localization of pTrkA within recycling endosomes in Nedd4-2-depleted neurons than in
control neurons (Figure R8A). Indeed, quantification analyses of different cells indicated
that in Nedd4-2-depleted neurons there was an increased co-localization of pTrkA with
Rab11 as compared to control neurons (208% at 10 min and 258% at 30 min) (Figure
R8B). These data suggest that more TrkA protein recycled to the cell surface when

Nedd4-2 is reduced.
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Figure R8. Enhanced pTrkA recycling in Nedd4-2-depleted DRG neurons

(A) Co-localization of pTrkA with Rab11 compartments upon NGF treatment in control and in Nedd4-2
shRNA-infected DRG neurons was performed. Scale bar, 20 um.
(B) Quantification of pTrkA co-localization in Rab11 recycling endosomes. Data are presented as means

+ SEM. P values were calculated using a two-tailed Student’s t-test (n = 5-7 neurons/time point).

Further confirmation for this hypothesis came from biotinylation experiments detecting the
amount of TrkA at the cell surface at different time points upon NGF treatment, as outlined
in Figure R9A. Upon NGF treatment, we observed a reduction over time in the amount of
surface TrkA in control cells (Figure R9B, C). However, in Nedd4-2-depleted neurons this
reduction in surface-TrkA levels in response to NGF stimulation was attenuated (Figure

R9B, C), suggesting that TrkA recycling may be enhanced. In contrast, the reduction in
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p75 from the cell surface in response to NGF was not affected by Nedd4-2 depletion
(Figure R9B, D). Therefore, it may be surmised that TrkA recycles more and is increased

in the plasma membrane when Nedd4-2 is depleted, further supporting a potential role for

Nedd4-2 in TrkA intracellular trafficking.

A Control  Nedd4d-2
m shRNA  shRNA
- 15 60 - 15 60 NGF (min)

l NGF treatment

J

Trk

Avidin
l Biotinylation pulldown | [l S0 S5 S 8 s p75

25\ Actin
o b

ol W W Trk

surf labeled Lysates
urrace-labele .
proteins 0 2% B8 W | Tubulin
c D
——
—4— Control shRNA . EOZLTIZS":;’:A
< -m- Nedd4-2 shRNA eddad-zs
n
= o
'y 100 g 100 -\\i
o g se
8 © =
£ £
a 50 @ 50
s 6
2 R
0 15 60 0 15 60
NGF (min) NGF (min)

Figure R9. Enhanced surface TrkA in Nedd4-2-depleted DRG neurons upon NGF
treatment

(A) A schematic diagram of the surface expression assay using the biotinylation procedure in response
to NGF is shown.

(B) Representative western blots are shown. DRG neurons were infected with control and Nedd4-2
shRNA lentivirus. Cells were treated with NGF (50 ng/ml) for 15 and 60 minutes and then biotinylated as
described in Material and Methods. Cell lysates were prepared; surface proteins were subjected to
precipitation with neutroavidin-agarose, and western blot analyses were performed with the

corresponding antibodies. Tubulin and actin were used as a loading control for lysates and as a negative
control for biotinylated proteins, respectively.

(C) Quantification of surface TrkA upon NGF treatment. Data are presented as means + SEM. P values
were calculated using atwo-tailed Student’s t-test (n = 3).

(D) Quantification of surface p75 upon NGF treatment. Data are presented as means + SEM. (n = 3).
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4.1.5 Nedd4-2 modulates TrkA ubiquitination in early
endosomes and late endosomes

To address whether Nedd4-2-mediated ubiquitination of TrkA may be responsible for the
impaired trafficking of activated TrkA between different endosomal compartments, we
performed ubiquitination assays. Using cultured DRG neurons infected with control and
Nedd4-2 shRNA lentivirus we treated the cells with NGF for 10 min and performed
immunoprecipitation of total TrkA. Surprisingly, we did not observe a decreased TrkA
ubiquitination in the Nedd4-2-depleted DRG neurons; by contrast, more TrkA was
ubiquitinated upon NGF treatment (Figure R10).
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Figure R10. TrkA ubiquitination in response to NGF in rat DRGs
Infected DRG neurons were NGF stimulated for 10 minutes and immunoprecipitated with TrkA
antibodies. C: Control shRNA lentivirus; N: Nedd4-2 shRNA lentivirus.

We next tested whether Nedd4-2 was able to ubiquitinate TrkA protein in different
endosomal compartments. First, we tested the localization of Nedd4-2 by
immunofluorescence using Nedd4-2 antibodies previously generated (Arevalo et al.
2006b). The specificity of Nedd4-2 antibody was confirmed with the lack of Nedd4-2
staining in Nedd4-2-depleted neurons as compared with control neurons (Figure R11A).
Staining of NGF-dependent DRG neurons indicated a strong co-localization of Nedd4-2
with the early endosomal markers, EEA1 and Rab5, and with the late endosomal marker,
Rab7 (Figure R11B). This localization resembles the localization of ltch, another member
of the Nedd4 family (Marchese et al. 2003; Angers et al. 2004).
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Figure R11. Nedd4-2 localization in the early endosomes and late endosomes in

sensory neurons

(A) Nedd4-2 antibody specificity. Nedd4-2 antibodies stain Nedd4-2 specifically. DRG neurons infected
with control and Nedd4-2 shRNA lentivirus were stained with Nedd4-2 antibodies. Images from control
and Nedd4-2 depleted neurons were acquired with a confocal microscope using the same settings and
processed in a similar way. Note the almost complete disappearance of the signal in Nedd4-2-depleted
neurons. Scale bar, 20 ym.

(B) Co-localization of Nedd4-2 with early endosomes (EEA1 and Rab5) and late endosomes (Rab7).
Scale bar, 20 um.

The localization of Nedd4-2 in endosomes led us to hypothesize that Nedd4-2 may play a
role in the ubiquitination of TrkA in these compartments. Therefore, we next tested
whether Nedd4-2 depletion specifically altered the ubiquitination status of TrkA in early
endosomes. Overnight-starved DRG neurons infected with control and Nedd4-2 shRNA
lentivirus were treated with NGF for 10 and 30 minutes to activate TrkA and this allowed
the receptors to be ubiquitinated. Early endosomes were enriched using Rab5 antibody to
pull them down after the neurons had been homogenized. Upon solubilization of the early
endosomes, TrkA was immunoprecipitated and the samples were subjected to Western
blot to test TrkA ubiquitination. The results showed that TrkA ubiquitination decreased in
the early endosomes from Nedd4-2-depleted neurons (Figure R12), which indicated that

Nedd4-2 regulates TrkA ubiquitination in the early endosomes. These data further
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supported the role of Nedd4-2-mediated ubiquitination of TrkA in its trafficking in these
compartments.

IP: Rab5, IP: TrkA

10 min 30 min NGF
C N C N Lysates

L E 1 10 min 30 min NGF
— C N C N
E & E 4
- - - —
E = = - | Ubiquitin = —
e= =i ——
= = B 5B FT | Neddd-2
| — | = | X
E S |~
E = [
S ——— | Tubulin
WEE .. | TrkA
W . ew

Figure R12. Reduced ubiquitination of activated TrkA in early endosomal

compartments

Infected DRG neurons were homogenized, immunoprecipitated with Rab5 antibodies, and then
immunoprecipitated with TrkA antibodies after solubilization. Representative blots are shown (n = 2). C:
Control shRNA lentivirus; N: Nedd4-2 shRNA lentivirus.

4.1.6 Nedd4-2 depletion increases TrkA signalling in rat DRG
neurons

From the results presented above we hypothesized that if the down-regulation of Nedd4-2
caused impaired degradation of activated TrkA and led to an increased surface level of
TrkA, there could consequently be an increased downstream signalling induced by NGF.
To address this issue, we infected NGF-dependent DRG neurons with control and
Nedd4-2 shRNA lentivirus and performed western blot analyses in response to NGF.
Infected neurons were NGF-starved overnight in the presence of the anti-apoptotic
inhibitor Z-VAD-FMK, after which NGF was applied for different times (0, 5, 15, 30, 45, 60
min). Cell lysates were collected and analyzed by western blot. Activation of TrkA and
several signalling pathways downstream from TrkA was tested using antibodies that
recognized activated forms of TrkA, PLCy, Akt and MAPK in order to assess the role of
Nedd4-2. The levels of Nedd4-2 and B-tubulin were examined for the efficiency of
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infection and sample loading, respectively. Our results showed that the depletion of
Nedd4-2 resulted in an enhancement of the phosphorylation of TrkA and, subsequently,
the PLCy, Akt and MAPK signalling pathways (Figure R13). Thus, these data
demonstrated that Nedd4-2 regulates NGF-mediated signalling.
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Figure R13. Nedd4-2 modulates NGF-mediated signalling.

Nedd4-2 depletion enhances NGF-mediated signalling. DRG neurons were infected with control and
Nedd4-2 shRNA lentivirus, and cell extracts were analyzed upon NGF treatment. Active TrkA, PLCy,
MAPK and Akt were assessed using antibodies that recognized specific phosphorylated residues.
Representative blots are shown (n = 5). C: Control shRNA lentivirus; N: Nedd4-2 shRNA lentivirus.

4.1.7 Nedd4-2 depletion enhances the retrograde transport of

TrkA in DRG neurons

Unlike other cell types, sensory neurons are characterized by their long axons, which in
vivo reach the target area far away from where the cell body is located. An additional fate
of internalized TrkA protein that escapes degradation is retrograde transport to the cell
body (Zweifel et al. 2005). To address whether the depletion of Nedd4-2 affected the
retrograde transport of activated TrkA, we set up compartmentalized DRG cultures using
microfluidic compartments. Using this small device, we were able to accomplish the
separation of the soma and the axon of the DRG neurons (Figure R14A). DRG neurons
growing on microfluidic compartments were infected with control or Nedd4-2 shRNA

lentivirus on DIV4, NGF-starved overnight at DIV7, and then stimulated with NGF at the

88



Results

distal axons for 15 hours. The rate of retrograde transport in the neurons was monitored
by the presence of red fluorescent beads in the cell body compartment that were applied
to the distal compartment (Figure R14B). Nedd4-2 depletion resulted in an increased
amount of activated TrkA in the cell body compartment as compared with control neurons
(Figure R14C). Therefore, the retrograde transport of activated TrkA is also affected by

Nedd4-2 protein.
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Figure R14. Enhanced NGF-mediated retrograde transport of pTrkA in Nedd4-2

depleted DRG neurons

(A) DRG neurons growing in microfluidic chambers. The cell body compartment (the upper part) and the
axon compartment (the lower part) are clearly separated.

(B) Retrograde transport in infected neurons. The retrograde transport in the infected neurons
(GFP-positive) was monitored by the presence of red fluorescence in the cell body compartment.
Red-fluorescent beads were added to the distal compartment 15 hours before subsequent experiments
were performed. Scale bar, 20 ym.

(C) Increased retrograde transport of pTrkA upon Nedd4-2 depletion. Neurons were infected with control
or Nedd4-2 shRNA lentivirus and either not stimulated or stimulated with NGF for 10 min in the cell body
compartment or for 15 hours in the distal compartment. Lysates were analyzed by western blot with
pTrkA antibodies. Tubulin was used as a loading control. Numbers represent pTrk intensity normalized
with respect to tubulin loading. C: Control shRNA lentivirus; N: Nedd4-2 shRNA lentivirus. A

representative experiment is shown.
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4.1.8 Nedd4-2 depletion increases the survival of

NGF-dependent DRG neurons

What are the functional consequences of Nedd4-2 depletion on DRG neurons? It is
known that DRG neurons depend on neurotrophins through Trk-mediated signalling for
their survival during development (Snider 1994). To address whether Nedd4-2 modulates
the neurotrophin-dependence survival of sensory neurons, we obtained NGF- and
BDNF-dependent neurons and knocked down their levels of Nedd4-2. The dissected
neurons were transfected on DIV4-5 with plasmids that expressed GFP and control
shRNA or GFP and Nedd4-2 shRNA. The presence of GFP allows transfected neurons to
be identified unambiguously. Apoptotic and non-apoptotic cells were scored at 72-120 h
after NGF or BDNF withdrawal (Figure R15A). The percentage of apoptosis observed
upon NGF withdrawal in the Nedd4-2-depleted neurons was only 34.9%, which was
significantly reduced in comparison with the 60.8% of control transfected neurons (Figure
R15B). Upon BDNF deprivation, no differences in apoptosis between control (58.7%) and
Nedd4-2 shRNA (58.6%) transfected cells were observed in BDNF-dependent neurons
(Figure R15B). Therefore, these data indicate that Nedd4-2 is able to specifically
influence the survival of NGF-dependent sensory neurons through the modulation of

NGF-mediated signalling.

90



Results

Hoechst

Control
shRNA

Nedd4-2
shRNA

B NGF-depleted neurons
P =0.0016 = BDNF-depleted neurons

801

% Apoptotic cells

Control Nedd4-2 Control Nedd4-2
shRNA shRNA shRNA shRNA

Figure R15. Nedd4-2 modulates NGF-mediated cell survival.
(A) Images showing NGF-dependent DRG neurons transfected with control and Nedd4-2 shRNA

plasmids. Transfected cells were visualized by GFP expression, and non-apoptotic cells (arrowheads)
and apoptotic cells (arrows) were identified by staining with Hoechst3342. Transfected neurons in the
Hoechst3342 panel are indicated in red. Scale bar, 20 ym.

(B) Quantification of apoptosis in NGF- and BDNF-dependent neurons transfected with control and
Nedd4-2 shRNA plasmids upon withdrawal of the corresponding neurotrophin for 72-120h. Data are
presented as Mean + SEM. P values were calculated using a two-tailed Student’s t-test [n = number of
cells from 6 (NGF) and 3 (BDNF) independent experiments].
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4.2 Part two: Results from TrkAP782S mutant mice

4.2.1 Generation of a knock-in (KI) mouse model expressing

TrkAP782S

Nedd4-2 is an E3 ubiquitin ligase for several different substrates (Yang et al. 2010) and
hence shRNA against Nedd4-2 could exert indirect effects on TrkA protein. Previously, it
has been reported that the PPVY785 motif present in TrkA, but not in TrkB, is required for
the binding of Nedd4-2 (Arevalo et al. 2006b). In order to rule out the possibility that our
results in rat DRG neurons using Nedd4-2 shRNA lentivirus might be the consequence of
an indirect effect, we mutated the PPVY785 motif of TrkA by replacing the first proline with
a serine to obtain TrkAP782S, which would prevent the binding of Nedd4-2 to TrkA.
TrkAP782S was assumed to be incapable of either binding to or being ubiquitinated by
Nedd4-2. To confirm this, we transfected HEK293 cells with a Nedd4-2 plasmid together
with a plasmid expressing WT TrkA or TrkAP782S to test the binding of Nedd4-2 to
TrkAP782S and the ubiquitination of TrkAP782S. The results revealed that TrkAP782S
lost the ability to bind Nedd4-2 and, consequently, it was not ubiquitinated (Figure R16),
confirming that Nedd4-2 is an E3 ubiquitin ligase for TrkA that leads to its ubiquitination

through the PPXY motif.
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Figure R16. TrkAP782S can not be ubiquitinated by Nedd4-2

Nedd4-2 ubiquitinates and binds to wild-type TrkA but not TrkAP782S. Lysates from HEK293 cells
transfected with TrkA or TrkAP782S receptor and FLAG-Nedd4-2 were immunoprecipitated using Trk
antibodies. Western blots were performed to assess Nedd4-2 co-immunoprecipitation, TrkA

ubiquitination and TrkA levels.

Based on these in vitro data, our laboratory, in collaboration with Dr. Lino Tessarollo
(National Cancer Institute, Bethesda), generated a TrkAP782S mutant knock-in (KI)
mouse. This mouse carries a point mutation in the TrkA DNA sequence in the codon that
encodes proline 782. Thus, proline 782 was replaced by serine, the amino acid present in
TrkB. The targeting vector to generate the TrkAP782S mouse was constructed by
introducing two changes in the proline 782 codon to code for serine in exon 17 (Figure
R17A). The presence of these changes was confirmed by sequencing and by the
disappearance of a BstXI restriction site. Targeted ES cells were monitored by southern
blotting with an external probe (Figure R17B) and with an internal (neo) probe (data not
shown), as described in Material and Methods. KI mice were generated from targeted ES
cells and they were viable and fertile, with a normal life span. The genotyping of the mice
was performed by PCR, amplifying 1185 bp and 1385 bp fragments from the WT and Ki,
respectively (Figure R17C). The presence of the mutation was assessed by the lack of
digestion of the PCR fragment with BstXl in the KI mice (Figure R17D). To confirm that
the mutant amplified DNA could be digested, we used the Pstl restriction site (Figure

R17D).
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Figure R17. Generation of TrkAP782S mutant mice

(A) Schematics of the wild-type TrkA allele, the targeting vector, and the targeted allele before and after
Flp recombination. Neo, neomycin resistance gene; DT-A, diphtheria toxin. E, B, and S denote the sites
for the restriction enzymes EcoRV, BstXI, and Smal; black rectangles denote exons; triangles denote
loxP sites; and grey rectangles flanking the neo cassette denote FRT sites.

(B) Southern blot analysis of genomic DNA from WT and targeted ES cells after digestion with EcoRV.
As indicated in the schematics in (A), the 5° probe detects an 8.8-kb fragment from WT alleles, and a
10.8-kb fragment from the targeted ES cells.

(C) PCR genotyping using mouse tail DNAs is shown. The primer sites used for genotyping are shown
(arrows). B: BstXI; P: Pstl.

(D) The presence of the mutation that changes the proline to serine was assessed by BstXI digestion in
the PCR product obtained from the Kl animals. The upper panel shows the expected DNA fragments
from digestion of the amplified DNA from the WT and Kl mice. Note the lack of digestion with BstXI, but

not with Pstl, in the amplified DNA fragment from the KI mouse.
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4.2.2 Reduced amounts of TrkAP782S and TrkAP782S mRNA

in KI DRGs

Depletion of Nedd4-2 in rat DRGs afforded increased amounts of TrkA (Figure R2). To
address the levels of TrkA in DRGs from Kl mice, we obtained DRG neurons from WT and
Kl E13.5 embryos and cultured them in the presence of NGF to select TrkA-expressing
neurons. To our surprise, we found that total TrkA levels were decreased in the Kl mice as
compared with those seen in WT mice (Figure R18A). To further confirm this, two different
antibodies were used for TrkA detection in order to check the possibility that the mutation
of TrkAP782S may cause some defect in the antibody recognition. It is known that C-14
antibody recognizes the cytoplasmic part of TrkA, while RTA antibody binds to the
extracellular sequence of TrkA. We found a 32% and 23% reduction in TrkA levels with
the C-14 and RTA antibodies, respectively (Figure R18B). These data suggest that the
decrease in TrkA levels in the KI DRG neurons is not a consequence of the altered
binding affinity of C-14 antibody. Therefore, Kl neurons express lower amounts of

TrkAP782S protein.
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Figure R18. Reduced TrkA levels in the DRGs of Kl mice

(A) Reduced amount of TrkAP782S protein in Kl mice. Lysates from cultured DRG neurons were
subjected to western blot analysis with the indicated antibodies.
(B) Quantification of TrkA expression in WT and Kl DRG neurons. Data are presented as means + SEM.

P values were calculated using a two-tailed Student’s t-test (n = 4).
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The level of a given protein is determined by its synthesis and degradation. Any alteration
in these two processes may result in changes in the levels of the protein. To elucidate the
cause of the decreased TrkAP782S levels in the KI mice, we measured the mRNA levels
of TrkA by RT-gPCR using RNA extracted from E13.5 WT and Kl DRG neurons in
collaboration with Dr. Raquel Rodriguez’s lab. The results showed that the mRNA level of
TrkAP782S was significantly decreased as compared with TrkA in DRGs (Figure R19A),
suggesting a potential cause for the reduced TrkAP782S protein levels in KI DRGs.
Interestingly, when we normalized TrkA protein levels to the corresponding mRNA, the
data showed that the decrease in TrkAP782S at protein level (23%, Figure R18) was less
prominent than that at transcriptional level (40%, Figure R19A), suggesting that the
degradation of TrkAP782S may be slower than TrkA (Figure R19B). Taken together, the
results pointing to the decreased TrkAP782S levels are probably due to a reduced

amount of MRNA synthesis.
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Figure R19. gPCR analysis shows a reduced expression of TrkAP782S mRNA levels

in KI mice.

(A) mRNA extracted from the DRGs of E13.5 embryos from WT and Kl mice were used for reverse
transcription, followed by gPCR. The number of TrkA transcripts are shown as means + SEM (n =2).
(B) Protein/mRNA ratio.
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4.2.3 Impaired degradation of TrkAP782S in response to NGF
treatment

Based on the fact that with less mMRNA expression in TrkAP782S neurons there is a
greater relative amount of protein, we surmised that TrkAP782S may be more resistant to
degradation than TrkA in response to NGF. Moreover, this idea is supported by previous
findings such as the fact that the over-expression of Nedd4-2 decreased the levels of
TrkA (Arevalo et al. 2006b) and the depletion of Nedd4-2 in sensory neurons resulted in a
slower degradation rate of TrkA (Yu et al. 2011). The degradation rates of surface
TrkAP782S and TrkA upon NGF treatment were measured in the WT and KI DRGs using
biotinylation assays (Figure R20A). We observed a decrease in biotin-labeled WT TrkA
levels upon NGF treatment for one hour in the WT DRG neurons, a consequence of the
above degradation (Figure R20B, C). However, the difference in surface TrkAP782S
levels before and after NGF treatment was indistinguishable in the KI DRG neurons
(Figure R20B, C). No significant changes in p75 levels were observed upon NGF
treatment in either WT or KI DRG neurons (Figure R20D). These data suggested that the
degradation rate of TrkAP782S was slower than TrkA, similar to what we observed in the

rat DRGs depleted of Nedd4-2 (Figure R3).
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Figure R20. TrkAP782S and TrkA degradation in response to NGF in mouse DRGs

(A) A receptor degradation assay was performed as described in Material and Methods and is depicted
in the schematic diagram.

(B) Representative western blots are shown. Actin was used as a negative control for biotinylated
proteins and tubulin was used as a loading control for lysates.

(C) Quantification of surface-labeled TrkA. Data are normalized to the amount of biotinylated TrkA in WT
and in Kl neurons without NGF treatment. Data are presented as means + SEM. P values were
calculated using a two-tailed Student’s t-test (n = 4).

(D) Quantification of surface-labeled p75. Data are normalized in the same way as TrkA. Data are

presented as means + SEM. P values were calculated using a two-tailed Student’s t-test (n = 4).

In the degradative pathway, activated TrkA is internalized into early endosomes and then
transferred to late endosomes and lysosomes for degradation. To test whether this

trafficking route of TrkAP782S is altered in DRG neurons, we applied
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immunofluorescence to test the colocalization of pTrkA with the early endosomal marker
EEA1 or with the late endosomal marker Rab7 in the WT and KI DRG neurons upon NGF
treatment. Unlike WT TrkA, more activated TrkAP782S was found in the early endosomes
with NGF treatment for 30 minutes (Figure R21A, B), indicating an accumulation of
activated TrkAP782S there. However, we failed to observe any increase in the
colocalization of activated TrkAP782S with the late endosomal marker Rab7 upon NGF
treatment; instead, a significantly decreased amount of activated TrkAP782S was found in
the late endosomes (Figure R22A, B), suggesting that less TrkAP782S is transported

from early endosomes to late endosomes for degradation.
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Figure R21. pTrkAP782S and pTrkA localization in early endosomes in mice DRGs
(A) Co-localization of pTrkA with EEA1 upon NGF treatment in WT and Kl DRG neurons.

(B) Quantification of pTrkA co-localization in early endosomes. Data are presented as means + SEM. P

values were calculated using a two-tailed Student’s t-test (n = 5-7 neurons/time-point).
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Figure R22. pTrkAP782S and pTrkA localization in late endosomes in mouse DRGs

(A) Co-localization of pTrkA with Rab7 upon NGF treatment in WT and KI DRG neurons.
(B) Quantification of pTrkA co-localization in late endosomes. Data are presented as means + SEM. P

values were calculated using a two-tailed Student’s t-test (n = 5-7 neurons/time-point).

4.2.4 Enhanced surface TrkA in DRG neurons from Kl mice

with NGF treatment

As shown above, the degradation pathway of activated TrkAP782S is impaired compared
with WT TrkA. To determine whether this would lead to an increased amount of
TrkAP782S recycling, we tested the amount of TrkA at the cell surface at different
time-points upon NGF treatment, as outlined in Figure R23A. We found that NGF
treatment for one hour resulted in a clear reduction in surface WT TrkA in DRG neurons
(Figure R23B). However, the reduction rate of surface TrkAP782S levels was much
slower in DRG neurons (Figure R23B, C). No differences were detected in the decrease
of surface p75 levels in response to NGF (Figure R23B, D). Additionally, when we tested
the level of activated TrkA among the surface-TrkA neurotrophin receptors, we found that
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the level of activated TrkAP782S was similar or even higher than WT TrkA in DRG
neurons with NGF treatment for one hour (Figure R23B). Together with the data from
Arévalo et. al (Arevalo et al. 2006b) indicating that the internalization of TrkAP782S is not
altered, these data revealed that the recycling of TrkAP782S is enhanced when Nedd4-2

does not bind to it, further supporting a potential role for Nedd4-2 in TrkA intracellular

trafficking.
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Figure R23. Enhanced surface pTrkA with NGF treatment in DRGs of Kl mice

(A) A schematic diagram of the surface expression assay using the biotinylation procedure in response
to NGF is shown.

(B) Representative western blots are shown. Cultured DRG neurons from E13.5 embryos of WT and KiI
mice were starved and treated with NGF (50 ng/ml) for 15 and 60 minutes and then biotinylated as
described in Material and Methods. Cell lysates were prepared, labeled surface proteins were subjected
to precipitation with neutroavidin-agarose, and western blot analyses were performed with the
corresponding antibodies. Tubulin and actin were used as a loading control for lysates and as a negative
control for biotinylated proteins, respectively.

(C) Quantification of surface TrkA upon NGF treatment. Data are presented as means + SEM. P values
were calculated using a two-tailed Student’s t-test (n = 3).

(D) Quantification of surface p75 upon NGF treatment. Data are presented as means + SEM. (n = 3).
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4.2.5 Decreased ubiquitination of TrkAP782S in the Kl DRG
neurons

The ubiquitination of an internalized receptor determines its intracellular trafficking route
(Grant et al. 2009; Grabbe et al. 2011). In order to find a possible reason for the enhanced
TrkAP782S recycling, we next compared the ubiquitination level of TrkA with TrkAP782S
upon NGF treatment in DRG neurons. We found that upon NGF treatment, TrkAP782S
was less, but still, ubiquitinated than WT TrkA in the primary cultured DRG neurons
(Figure R24), indicating that interruption of Nedd4-2 binding to TrkAP782S decreased
TrkAP782S ubiquitination and hence may cause the alteration in TrkAP782S
intracellular trafficking. At the same time, it also suggests that Nedd4-2 is not the only E3

ubiquitin ligase for TrkA in DRG neurons.
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Figure R24. TrkAP782S is less ubiquitinated in vivo than wild-type TrkA.

Equal amount of lysates from WT and Kl cultured DRG neurons treated with NGF (50 ng/ml) were
immunoprecipitated with TrkA antibodies. Western blot analyses were performed to assess the levels of
ubiquitination, expression and phosphorylation of TrkA proteins. A representative experiment is shown (n
= 3). WT: wild type TrkA; KI: TrkAP782S.

4.2.6 Enhanced TrkA signalling in DRG neurons from Kl mice

We have previously demonstrated that the down-regulation of Nedd4-2 levels led to
enhanced surface-TrkA levels and an increase TrkA recycling in rat DRG neurons and,
consequently, enhanced TrkA and its downstream signalling pathways upon NGF

treatment. To address the NGF-mediated signalling emanating from TrkAP782S, DRG
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neurons from E13.5 WT and KI embryos were dissected and cultured as described
previously. The results revealed that NGF-dependent neurons from Kl mice showed an
increase in TrkA, PLCy, Akt and MAPK activation after NGF treatment in comparison with
that observed in WT DRG neurons, although the level of TrkAP782S was lower than that
of TrkA (Figure R25). Therefore, the blockade of Nedd4-2 binding to TrkAP782S caused

an increased TrkA activation and an increase in its downstream signalling pathways.
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Figure R25. Enhanced NGF-mediated signalling in DRG neurons from Kl mice

DRG neurons were obtained and cultured for 6-8 days, as described in Material and Methods. NGF was
withdrawn and Z-VAD-FMK (20uM) was added to the neurons overnight. Stimulation with NGF (50ng/ml)
was performed for different times, and cell extracts were assessed using antibodies that recognized
specific phosphorylated residues for TrkA, PLCy, MAPK and Akt. Representative western blots are
shown (n = 4). WT: wild-type TrkA; KI: TrkAP782S.

4.2.7 Enhanced survival of DRG neurons in vitro and in vivo
from Kl mice

To address the functional consequences of TrkAP782S expression in DRGs, we
performed survival assays in NGF-dependent neurons obtained from WT and Kl mice.
Dissected neurons were plated with different amounts of NGF (25, 20, 5, 1, 0 ng/ml) and
survival was monitored on DIV6-9. Without NGF application, the dissected neurons died

on the second day after plating. We found that the survival of WT DRG neurons was
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related to the NGF concentration: the lower the concentration of NGF, the fewer living
cells were observed. However, in the KI DRG neurons cell survival was not dependent
on the NGF concentration: decreasing the amount of NGF did not lead to the death of
such neurons (Figure R26). In particular, we found that Kl neurons cultured with 1 ng/ml
NGF survived as well as neurons cultured with 25 ng/ml NGF, while only 20.09% of WT
neurons survived with 1 ng/ml NGF (Figure R26). Therefore, TrkAP782S confers a
survival advantage to DRG neurons in limiting amounts of NGF, very probably due to the

increased TrkA signalling.
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Figure R26. Increased survival of DRG neurons from Kl mice with limiting amounts

of NGF

DRG neurons from WT and Kl embryos were plated on different amounts of NGF (25, 20, 10, 5, and 1
ng/ml). The number of live neurons present in medium supplemented with 25 ng/ml of NGF was
considered 100% and the rest were normalized with respect to this percentage. Data are presented as
means + SEM. P values were calculated using a two-tailed Student’s t-test (n = 5). WT: wild-type TrkA;
KI: TrkAP7828S.

During development, DRG neurons project to their targets and receive trophic support
from the neurotrophins provided by the tissues innervated. Neurons that do not receive
enough signalling will die (Snider 1994). In vitro survival experiments revealed that DRG
neurons from Kl mice survived better than the neurons from WT mice with limiting
amounts of NGF in the culture (Figure R26). We next addressed whether the survival of
DRG neurons in WT and Kl was different during development. We counted the neurons in

the L3 ganglia from WT and Kl mice at PO (Figure R27A) and found that the average
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number of neurons in the KI DRGs (4578 + 276) was significantly increased compared to
that in the WT DRGs (3100 + 191) (Figure R27B). Therefore, the lack of Nedd4-2 binding
to TrkAP782S leads to an increased cell survival in vitro and enhanced neuronal numbers

in vivo.
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Figure R27. Number of neurons in L3 ganglia in WT and Kl mice

(A) Cresyl violet staining of L3 Ganglion from WT and Kl mice at PO.
(B) Quantification of the numbers of DRG neurons. Data are presented as means £+ SEM. P values were
calculated using a two-tailed Student’s t-test (n = 4). WT: wild-type TrkA; KI: TrkAP782S.

4.2.8 Enhanced sensitivity to acute noxious thermal stimuli in
Kl mice

It has previously been reported that TrkA is expressed in the nociceptive small-diameter
neurons in DRGs (Martin-Zanca et al. 1990) and that NGF-TrkA signalling is involved in
nociception (Crowley et al. 1994; Smeyne et al. 1994; Vega et al. 1994; Ugolini et al.
2007). To test whether KI mice exhibited changes in their nociception, we performed tail
flick and cold-plate assays to assess their threshold to acute noxious thermal stimuli.
Using an automatic tail flick apparatus, the latency to remove the tail from the heat source
was measured. We observed a significant decrease in withdrawal latency in the Kl mice
(3.09 = 0.2s) as compared with WT mice (5.8 £ 0.1s) (Figure R28A), suggesting that Ki
mice are more sensitive to acute noxious heat stimuli. Then, we performed another
thermal stimulus involving cold. WT and Kl mice were placed in a container with the

surface temperature at 0-4°C. The time from when the mice were placed on the cold
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surface until they started licking/biting, lifting, shaking the hind paw or jumping was
recorded. Similar to what we observed in the tail flick test, KI mice (4 + 0.55s) presented
an earlier response than WT mice (6.33 £ 0.58s) to the noxious cold stimulus (Figure

R28B). All these data indicate that KI mice are more sensitive to acute noxious thermal

stimuli.
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Figure R28. Response of WT and KI mice to acute noxious thermal stimuli

(A) Withdrawal latency of WT and Kl mice to noxious heat. KI mice showed a significantly decreased
latency. Data were expressed as means + SEM, P values were calculated using a two-tailed Student’s
t-test (WT mice n=11, Kl mice n=15). WT: wild-type TrkA; KI: TrkAP782S.

(B) Withdrawal latency of WT and KI mice to noxious cold. Data were expressed as means + SEM. P
values were calculated using a two-tailed Student’s t-test (WT mice n=9; Kl mice n=5). WT: wild-type
TrkA; Kl: TrkAP782S.

4.2.9 WT and Kl mice respond similarly to acute noxious

mechanical stimuli

To test how Kl mice respond to mechanical stimull, we subjected the WT and Kl mice to
the Randall-Selitto Test to measure the maximal pressure they were able to support on
the paw. No significant differences were observed between the WT and KI mice in their
withdrawal latency (Figure R29), indicating that the sensitivity in the KI mice for noxious

mechanical stimuli was not altered.
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Figure R29. Responses of WT and KI mice to acute noxious mechanical stimulus

Data were expressed as means + SEM, P values were calculated using a two-tailed Student’s t-test (WT
mice n =20; Kl mice n =20). WT: wild type TrkA; KI: TrkAP782S.

4.2.10 Enhanced response of Kl mice to formalin induced
inflammatory pain

It is widely documented that NGF acts as an inflammatory mediator (Pezet et al. 2001).
After observing an increased TrkA signalling upon NGF treatment in the DRG neurons
from KI mice, we hypothesized that KI mice may respond differently to inflammatory pain.
To test this idea, we performed the formalin assay. Briefly, 20 pl of 5% formalin was
injected into the right hind paw of both the WT and the Kl mice to induce chemical
inflammation in the injected area, and the mice were recorded using a video camera for
55 minutes. Licking or biting of the injected paw was considered to reflect pain. The time
each animal spent on these types of behaviour was counted every 5 minutes. We found
that the Kl mice spent a significantly increased time in licking or biting the
formalin-injected paw than the WT mice, suggesting that they felt more pain (Figure
R30A). Moreover, the responses of the mice to formalin injection was also analyzed by
the presence of two different phases. Phase |, the acute phase (0-15 min), corresponded
to the burning phase, whereas phase I, the chronic phase (15-55 min), corresponded to
the inflammatory phase (Hunskaar et al. 1987). The Kl mice spent more time licking/biting
the formalin injected paw than the WT mice in both phases (WT mice: 51 + 7.65s vs. Kl

mice: 105.4 £ 14.6s in phase |; WT mice: 205.9 + 43s vs. Kl mice: 478.7 + 63s in phase Il)
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(Figure R30B). Therefore, Kl mice present a higher sensitivity to inflammatory pain than

WT mice.
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Figure R30. Response of WT and Kl mice to noxious chemical stimulation

(A) The time spent in licking/biting the injected paw every 5 minute are shown for the total time-course
(55 minutes after formalin injection). Data are expressed as means + SEM (WT mice n =10; Kl mice n
=13). *p<0.05, **P<0.01 (Mann-Whitney test).

(B) Total licking/biting time in phase | (0-15 minute after formalin injection) and phase Il (15-55 minutes
after formalin injection). Data are expressed as means + SEM. P values were calculated using a
two-tailed Student’s t-test (WT mice n =10, KI mice n =13). WT: wild-type TrkA; Kl: TrkAP782S.

The expression of c-fos has been described to increase rapidly in response to neuronal
activity (Greenberg et al. 1987). To address the neuronal activity in the spinal cord of the
WT and Kl mice in the formalin assay, c-fos expression was tested. Two hours after the

formalin injection into the hind paw, the animals were perfused with paraformaldehyde,
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and c-fos expression was assessed by immunohistochemistry. We observed an
increased c-fos expression in the lumbar spinal cord of the ipsilateral side in the KI mice
(Figure R31), consistent with the behavioural response to formalin injection in which the
Kl mice spent more time licking/biting the injected paw; however, no signal of c-fos was
detected on the contralateral side (Figure R31). Therefore, the neurons in the spinal cord
of the KI mice are more active than those in the WT mice after formalin injection, which

may explain why Kl mice are more sensitive to inflammation.

WT Kl

g s

Figure R31. C-fos expression in the lumbar spinal cord in WT and KI mice after

formalin injection

Immunohistochemistry using c-Fos antibody was performed in spinal cord sections two hours after
formalin injection into the right hind paw. Top: C-fos staining was observed in the ipsilateral spinal cord
dorsal horn. Bottom: c-fos staining at higher magnification. WT, wild-type mice; Kl, TrkAP782S mutant

mice.

4211 KI mice have a up-regulated mRNA levels of
pain-related neuropeptides

To address the mechanism of enhanced sensitivity in the Kl mice, we focused on the
neuropeptides SP and CGRP, because these are involved in the pain sensation to

noxious stimuli, and at the same time are regulated by TrkA signalling (Harmar et al. 1980;
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Otten et al. 1980). We tested the levels of SP and CRGP mRNA in DRG from PO WT and
Kl mice using in situ hybridization. The results showed a slight increase in CGRP and an
evidently enhanced expression of SP in the DRGs of KI mice compared with WT mice
(Figure R32), suggesting that Kl mice are born with a higher expression of the
neuropeptide SP--a major regulator in pain transmission. These results therefore offered

a possible explanation for the lower threshold to acute thermal stimuli in the KI mice.
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Figure R32. Expression of SP and CGRP in DRGs from WT and KI mice at PO
SP and CGRP were detected using in situ hybridization in DRGs from WT and Kl mice at PO. New-born

mice at PO were fixed and secctioned. Stainings were compared between the same DRGs (L3-4) from
the WT and Kl mice. C-, control staining with sense probe for SP.
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In the present work we provide evidence that the E3 ubiquitin ligase Nedd4-2 modulates
NGF-mediated TrkA functions in vitro and in vivo via the modulation of TrkA ubiquitination
and the regulation of TrkA intracellular trafficking. The depletion of Nedd4-2 in rat DRG
neurons alters the intracellular sorting of activated TrkA by reducing the level of TrkA
ubiquitination in early endosomes, which results in enhanced TrkA recycling and
retrograde transport and decreased TrkA degradation. Consequently, TrkA signalling
is increased in these neurons and so is their survival with limited amounts of NGF.
The function of Nedd4-2 on TrkA is specific, since alterations in Nedd4-2 levels do not
affect the neurotrophin receptor p75. The fact that Nedd4-2 regulates TrkA intracellular
trafficking was further confirmed in DRG neurons from a Kl mouse expressing a mutant
TrkA protein that does not bind Nedd4-2. In addition, we observed that KI mice are more
sensitive to acute noxious thermal stimuli and chronic inflammatory pain. These effects
may be due to the increased amount of DRG neurons, an increased expression of SP in
DRGs, and enhanced neuronal activity in the spinal cord upon stimulation. Taken together,
TrkA ubiquitination mediated by Nedd4-2 plays an important role in NGF-mediated

functions.

5.1 Nedd4-2 regulates TrkA trafficking in the early and late

endosomal compartments

Since Nedd4-2 is an E3 ubiquitin ligase for TrkA (Arevalo et al. 2006b), we tested the role
of Nedd4-2 in TrkA degradation. The results indicated that TrkA degradation in response
to NGF treatment was much slower in the Nedd4-2-depleted DRG neurons than in control
neurons (Figure R3). Therefore, Nedd4-2 depletion leads to a decreased degradation of
TrkA in response to NGF treatment and this therefore results in increased amounts of
total- and surface-TrkA in DRG neurons (Figure R2). Like other RTKs, TrkA undergoes
intracellular trafficking before being degraded in lysosomes upon NGF treatment. In order
to determine whether the slower TrkA degradation observed in Nedd4-2.-depleted DRG

neurons was a consequence of some alteration in TrkA trafficking, we assessed TrkA
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intracellular transport in DRGs upon NGF treatment. We first tested whether Nedd4-2
depletion caused any change in the internalization of TrkA once it had been activated. On
one hand, internalization is the initial step of intracellular trafficking of activated TrkA and
any alteration in this step will affect the ensuing trafficking; on the other hand,
ubiquitination of the activated receptor by an E3 ubiquitin ligase may be involved in
regulating endocytosis (Terrell et al. 1998). Geetha et al. found that K63
poly-ubiquitination is required for TrkA internalization and signalling. They observed that
TrkA is a substrate of TRAF6, and an absence of TRAF6 abrogated TrkA
poly-ubiquitination and internalization (Geetha et al. 2005). However, in 2006 Arévalo et
al. reported that TrkA can also be multi-monoubiquitinated by Nedd4-2 in an
NGF-dependent manner, and that this ubiquitination did not have any effect on TrkA
internalization (Arevalo et al. 2006b). Our data using immunofluorescence and
biochemical experiments showed that the internalization of activated TrkA in
Nedd4-2-depleted neurons is as efficient as in control neurons (Figure R4, R5). Therefore,
the internalization of activated TrkA is not affected by the depletion of Nedd4-2 in rat DRG
neurons. Together with the results from Geetha et al., these observations suggest that
different forms of ubiquitination of TrkA may be involved in distinct biological functions.
While the K63 poly-ubiquitination of TrkA may affect its internalization, the
multi-monoubiquitination of TrkA caused by Nedd4-2 does not affect internalization and

may have a role in intracellular trafficking.

Activated receptors in early endosomes following internalization can be transported either
to late endosomes for degradation or to recycling endosomes to be reinserted back into
the plasma membrane. Since both routes afford completely different outcomes, a small
alteration in this process may result in distinct biological functions. To assess the
trafficking of activated TrkA, we applied immunofluorescence staining of pTrkA together
with the late endosomal marker Rab7 or with the recycling endosomal marker Rab11.
Upon NGF treatment for 10 minutes, we observed less pTrkA in late endosomes (Figure
R6), but more pTrkA in recycling endosomes (Figure R8) in Nedd4-2-depleted DRG

neurons, indicating that Nedd4-2 depletion alters TrkA intracellular trafficking by
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transporting more TrkA to the recycling route. Interestingly, after NGF treatment for 30
minutes we found an increase in pTrkA levels in both the late endosomes and in the
recycling endosomes in Nedd4-2-depleted DRG neurons (Figure R6, R8). These results
suggest a hindered transport of pTrkA from late endosomes to lysosomes, in addition to
an increased recycling of TrkA in these neurons. Therefore, Nedd4-2 must play an
important role in the regulation of TrkA intracellular trafficking in the early and late
endosomal compartments. The depletion of Nedd4-2 impaired TrkA degradation by
diverting more TrkA to the recycling pathway, which was further confirmed by testing

surface TrkA levels after NGF treatment of DRG neurons (Figure R9).

5.2 Nedd4-2 regulates TrkA intracellular trafficking by

modulating its ubiquitination level in early endosomes

Ubiquitination and ESCRT are well-known factors involved in control of the intracellular
trafficking of internalized receptors. The level of ubiquitination and/or ubiquitination type of
internalized EGFR have been reported to be necessary for its proper endosomal sorting
and degradation (Huang et al. 2006). ESCRT is the factor responsible for sorting the
internalized cargoes by recognizing the ubiquitin attached to them and thus preventing
their recycling and retrograde trafficking (Raiborg et al. 2009). Therefore, the level and
forms of ubiquitination of a receptor determine its fate. The fact that Nedd4-2 is an E3
ubiquitin ligase for TrkA led us to speculate that the depletion of Nedd4-2 might affect the
intracellular trafficking of TrkA through modulation of its ubiquitination. To determine
whether Nedd4-2 depletion might lead to less TrkA ubiquitination, we compared the
ubiquitination level of TrkA in Nedd4-2-depleted DRG neurons with that observed in
control neurons upon NGF treatment. We did not find any decrease in TrkA ubiquitination,
as would have been expected (Figure R10). In contrast, an increased degree of TrkA
ubiquitination was observed in the Nedd4-2-depleted neurons, possibly due to the
enhanced TrkA levels and activation. It has been reported that co-transfection of TrkA

together with Nedd4-2 in HEK293 cells leads to TrkA ubiquitination (Arevalo et al. 2006b).
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A possible explanation as to why Nedd4-2 depletion does not reduce the ubiquitination
levels of TrkA in DRG neurons is that Nedd4-2 might not be the only E3 ubiquitin ligase for
TrkA. If Nedd4-2 were indeed the only E3 ubiquitin ligase for TrkA, the depletion of
Nedd4-2 would bring about a strong defect in TrkA ubiquitination, but this was not the
case. E3 ubiquitin ligases are well known to be responsible for substrate recognition in the
process of ubiquitination, but one substrate may be ubiquitinated by more than one E3
ubiquitin ligase. Several E3 ubiquitin ligases have been identified for TrkA: TRAF6
(Geetha et al. 2005; Georgieva et al. 2011), Nedd4-2 (Arevalo et al. 2006b; Georgieva et
al. 2011) and Cbl (Takahashi et al. 2011). Also, one E3 ubiquitin ligase can be assigned
for several substrates. For example, besides TrkA, AKT is another substrate of TRAF6
(Yang et al. 2009); Nedd4-2 was found to be an E3 ubiquitin ligase responsible for ENaC
ubiqutination (Staub et al. 1996), and Cbl is well-known to be responsible for the direct
ubiquitination of EGFR. The complexity of the ubiquitination indicates that the depletion of
Nedd4-2, one of the E3 ubiquitin ligases for TrkA, may only affect the ubiquitination of
TrkA partially. In addition, Nedd4-2 belongs to the family of Nedd4 E3 ubiquitin ligase
proteins (Ingham et al. 2004; Yang et al. 2010). All members of the family share structural
homology, with a C2 domain in the N-terminus, several WW domains, and a HECT
catalytic domain at the C-terminus (Harvey et al. 1999). According to different reports
using genetic approaches to knock out their expression, Nedd4 family members exert
specific functions (Fang et al. 2002; Yamashita et al. 2005). However, other studies have
indicated that there is also functional compensation and redundancy among different

Nedd4 proteins (Myat et al. 2002; Wilkin et al. 2004).

In order to determine how and where Nedd4-2 functions on TrkA, we tested the location of
Nedd4-2 in DRG neurons and found that Nedd4-2 was located in early endosomes and
late endosomes (Figure R11). Considering the delay taken by activated TrkA to arrive at
late endosomes, and the accumulation of activated TrkA in late endosomes at later
time-points when Nedd4-2 is depleted (Figure R6), Nedd4-2 may be functioning to
ubiquitinate TrkA at the early and late endosome stages. Accordingly, we tested TrkA

ubiquitination in early endosomes. We found that unlike the results concerning total TrkA
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ubiquitination, the TrkA present in early endosomes was ubiquitinated to a considerably
lesser extent in Nedd4-2-depleted rat DRG neurons than in control neurons (Figure R12).
Additionally, by immunofluorescence more activated TrkA was found in the early
endosomes in these DRG neurons because of the unchanged internalization rate of TrkA
in the Nedd4-2-depleted rat DRGs (Figure R4, R5). Thus, Nedd4-2 depletion results in an
increased level of activated, but less ubiquinated, TrkA in early endosomes, which could
not be recognized by ESCRT as efficiently as the ubiquitinated TrkA in the control DRG
neurons. Consequently, more TrkA becomes available for recycling. All these data
suggest that early endosomes would be a potential site where Nedd4-2 functions in TrkA
trafficking and sorting to the degradative pathway through ubiquitination. Although this
may be a mechanism of Nedd4-2 in regulating TrkA intracellular trafficking, further
analysis of the forms of TrkA ubiquitination and the ubiquitination level of TrkA in late
endosomes in response to NGF should provide more information and evidence for the

roles of Nedd4-2 in TrkA trafficking and sorting.

5.3 Implications of alterations in the proper TrkA trafficking

caused by Nedd4-2

In neurons, TrkA signalling may emanate from the cell surface as well as from intracellular
compartments (Grimes et al. 1996; Zhang et al. 2000). There are reports in the literature
supporting the notion that activated TrkA exerts its signalling function from early
endosomes (Howe et al. 2001; Wu et al. 2001) as well as from late endosomes (Deinhardt
et al. 2006; Hisata et al. 2007). The impaired trafficking of activated TrkA protein caused
by Nedd4-2 depletion in sensory neurons resulted in the availability of increased TrkA
levels at the cell surface and in intracellular compartments, which consequently brought
about an enhanced TrkA signalling as assessed by the activation of PLC-y, Akt and
MAPK. When we tested the biological functions of the increased signalling pathways
using a cell survival assay, we found that the DRG neurons from rat E15.5 embryos with

Nedd4-2 depletion survived longer than control neurons in response to NGF deprivation
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(Figure R15). These data were further supported by the enhanced survival of DRG
neurons from Kl mice with limited amounts of NGF in vitro as compared with the survival
of the DRG neurons of WT mice (Figure R26). Furthermore, we observed more DRG
neurons in vivo in the L3 ganglion(ganglia) of KI mice at PO (Figure R27), possibly due to
their increased cell survival during development. In sum, Nedd4-2 affects cell survival in

vitro and in vivo by regulating TrkA trafficking and signalling in DRG neurons.

It has been reported that in DRGs TrkA is mainly expressed in nociceptive neurons (Fang
et al. 2005). The importance of NGF-TrkA signalling in nociception has been
demonstrated in: 1) TrkA and NGF knock-out mice, which fail to respond to painful stimuli
(Crowley et al. 1994; Smeyne et al. 1994); 2) patients with CIPA (Indo et al. 1996); 3) the
application of antagonists of NGF-TrkA signalling (Mantyh et al. 2011) and anti-TrkA and
anti-NGF monoclonal antibodies for pain relief (Ugolini et al. 2007; Abdiche et al. 2008).
Thus, as well as testing the biological functions of TrkA ubiquitination mediated by
Nedd4-2 in its signalling, trafficking and cell survival in vitro and in vivo, we also tested its
roles in nociception in vivo. By using tail-flick, cold plate and paw pressure tests, we
applied different kinds of acute stimuli to the mice and found that KI mice were more
sensitive to noxious heat and cold but not to pressure stimuli (Figure R28, R29). Why do
Kl mice show a modified response to specific stimuli? There are several lines of evidence
that could be explored to address this question: first, TrkA-positive sensory neurons are C
fibre and Ad fibre neurons, which are polymodal and responsible for almost all kinds of
pain transduction. However, not all C fibre and A& fibre neurons are TrkA-positive neurons
(Table Intr1), suggesting that the processing of thermal and mechanical stimuli may be
separate in distinct afferent circuits (Basbaum et al. 2009); second, the majority of
TrkA-positive neurons express TRPV1, which has been shown to mediate responses to
thermal but not mechanical pain (Mishra et al. 2010); third, ablation of non-peptidergic
Mrgprd neurons in DRGs, which do not express TrkA, attenuates mechanosensation, but
not thermosensation (Cavanaugh et al. 2009). Therefore, increased signalling and
recycling of TrkA in sensory neurons in Kl mice may only result in an alteration to the

response to thermal stimuli. By applying in situ hybridization, we tested the expression of
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the nociceptive peptide SP in DRGs at PO in both WT and Kl mice. On one hand, NGF
has been reported to regulate SP in adult sensory neurons through both TrkA and p75
receptors (Lindsay et al. 1989; Skoff et al. 2006), and on the other hand there is evidence
that mice overexpressing SP display hyperalgesia, as measured by faster reaction times
on the tail withdrawal (McLeod et al. 1999). We observed an enhanced expression of SP
in KI DRGs (Figure R32), which accounts for the increased sensitivity to acute noxious
thermal stimuli in KI mice. It has been reported that the expression of TRPV1, a well
studied and accepted channel for heat sensation, can be enhanced by increased TrkA
signalling (Ji et al. 2002), and neurons expressing TRPMS8, a channel related to cold
sensation, also express TrkA (Nealen et al. 2003; Kobayashi et al. 2005; Caspani et al.
2009; Shailendra Kapoor 2012). All these reports suggest that further work addressing the
expression of TRPV1 and TRPM8 in DRGs should provide more evidence on how
increased TrkA signalling leads to the increased sensitivity of KI mice to acute noxious

thermal stimuli.

To test whether the KI mice responded to inflammation differently from the WT mice,
formalin was injected into the hind paw of the mice and the time each mouse spent
licking/biting the injected paw was recorded as an indicator of pain sensation. Formalin
injection causes a biphasic profile of the response (Figure R30A): phase | and phase I
(Hunskaar et al. 1987). The difference between phase | and phase Il lies in that phase | is
due to a direct effect on nociceptors, while in phase Il a prolonged inflammatory response
is involved. We observed a significant increase in the time spent by the K1 mice
biting/licking in both phase | and phase Il (Figure R30B), indicating enhanced nociception.
The increased sensitivity to formalin of the Kl mice was further confirmed by the increased
c-fos expression in the spinal cord two hours after formalin injection (Figure R31), which is
a widely recognized marker of neuronal activity (Greenberg et al. 1986; VanElzakker et al.
2008). Formalin injection causes the release of inflammatory mediators including NGF,
which is well-known to modulate hypersensitivity in inflamed tissue through binding to
TrkA and p75NTR (Nicol et al. 2007). The enhanced NGF-TrkA signalling in the DRGs of

Kl mice (Figure R25) may lead to hypersensitivity in several ways. First, as reported by us,
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an increased retrograde NGF-TrkA signalling was observed in the DRGs depleted with
Nedd4-2 (Figure R14); second, enhanced signalling may regulate the expression of genes
related to nociception, such as the neuropeptides SP and CGRP, which are well known to
induce hypersensitivity (Oku et al. 1987; Nakamura-Craig et al. 1989; De Felipe et al.
1998); third, according to published data NGF-TrkA signalling can also regulate the
activity (Vellani et al. 2001) and surface insertion of TRPV1 (Stein et al. 2006), the
channel involved in NGF-mediated hypersensitivity (Caterina et al. 1997; Michael et al.

1999; Ji et al. 2002).

In sum, the results reported here support the notion that correct modulation of the
trafficking of TrkA by ubiquitination in response to NGF is a critical event for its functions
both in vitro and in vivo. Increased TrkA signalling caused by the inhibition of Nedd4-2
binding in KI mice renders them more sensitive to acute noxious thermal pain and chronic
inflammatory pain. In addition, it is believed that NGF and TrkA may also play important
roles in the aetiology of neurodegenerative diseases, such as Alzheimer’'s. A hypothesis
of impaired NGF transport and the subsequent degeneration of cholinergic neurons could
be evoked to account for one of the earliest events in Alzheimer’s disease (Connor et al.
1996). Future experiments involving the modulation of TrkA protein levels and
NGF-mediated signalling may help to further understand the role of NGF in nociception
and neurodegenerative diseases. The identification of Nedd4-2 as a molecular
determinant of TrkA trafficking represents a potential target for controlling the level of TrkA

activation and NGF-TrkA-mediated functions.
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Conclusions

1. Nedd4-2-mediated ubiquitination of TrkA regulates its

degradation upon NGF treatment in DRG sensory neurons.

2. Nedd4-2-mediated ubiquitination of TrkA at early
endosomes modulates TrkA intracellular trafficking upon NGF

treatment.

3. TrkA ubiquitination mediated by Nedd4-2 plays a critical
role in NGF-mediated signalling and survival in vitro and in

ViVO.

4. TrkA ubiquitination mediated by Nedd4-2 modulates
nociceptive response to acute noxious thermal and
inflammatory stimuli in a TrkA-mutant mouse model, in which

Nedd4-2 does not ubiquitinate TrkA.
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INTRODUCCION
1. Las neurotrofinas y sus receptores

El funcionamiento correcto del sistema nervioso necesita de
distintos factores de crecimiento procedentes de los tejidos inervados
para la formacion de las conexiones neuronales apropiadas durante el
desarrollo y su mantenimiento en el sistema nervioso adulto. Entre otros
factores, las neurotrofinas tienen un papel primordial tanto para el
desarrollo como para el correcto funcionamiento del sistema nervioso.
Las neurotrofinas se han implicado directamente en patologias humanas
que incluyen desérdenes neuropsiquiatricos (depresion, esquizofrenia y
alteraciones del comportamiento) y enfermedades neurodegenerativas
(enfermedad de Alzheimer, Parkinson y Huntington). En mamiferos se
han descrito cuatro neurotrofinas, NGF (nerve growth factor), BDNF
(brain  derived-nerve factor), NT-3 (neurotrophin-3) y NT-4
(neurotrophin-4). Todas las neurotrofinas se unen al receptor p75 con
una afinidad parecida, mientras que se unen a los receptores tirosina
quinasa Trk de forma especifica. Asi, NGF, BDNF o NT-4 y NT-3 se

unen especificamente a TrkA, TrkB o TrkC, repectivamente (Chao 2003;
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Huang et al. 2003). TrkA fue el primer miembro identificado de la familia
de receptores Trk (Martin-Zanca et al. 1986) y es el receptor para NGF
(Kaplan et al. 1991a; Klein et al. 1991). La expresion de TrkA esta
principalmente localizada en ganglios del sistema nervioso periférico,
aunque también se expresa de forma muy restringida en el sistema
nervioso central (Martin-Zanca et al. 1990). Los ratones KO para TrkA y
NGF presentan una reduccion severa en el numero de neuronas de los
ganglios raquideos, cervical superior y trigémino, que se traduce en una
insensibilidad a altas temperaturas (Crowley et al. 1994; Smeyne et al.
1994). En humanos, mutaciones inactivantes en el gen TrkA se han
asociado directamente con una neuropatia sensorial denominada CIPA
(Congenital Insensitivity to Pain with Anhidrosis) (Indo et al. 1996; Indo

2001).

2. Vias de senalizacion activadas por TrkA y NGF
La unidon de NGF al receptor TrkA provoca su dimerizacion y la
fosforilacion de distintos residuos de tirosina entre los que se encuentran

Y490 y Y785. Una vez fosforilados se convierten en lugares de anclaje
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para distintas proteinas que contienen dominios del tipo SH2. Asi, en el
residuo fosforilado Y490 se une la proteina adaptadora Shc, que a su vez
une Grb2 para activar las rutas SOS-Ras-Raf-Mek-Erk vy
Gab1/2-PI3K-Akt. Por su parte el residuo fosforilado Y785 une PLCy para
activar la ruta PKC-Raf-Mek-Erk. NGF activa la ruta de Erk o MAPK de
forma transitoria a través de Ras o de forma sostenida a través de Rap1
(York et al. 1998). La activacion de Rap1 puede estar mediada mediante
la activacion de FRS2, que es una proteina adaptadora que se uniria a
Y490 fosforilada, (Meakin et al. 1999), o mediante la proteina
adaptadora ARMS/Kidins220 (Arevalo et al. 2004; Arevalo et al. 2006a).
Las activaciones de estas rutas de sefializacion determinarian la
modulacion de otras proteinas citoplasmicas y de factores de

transcripcidn que regularian la expresion de distintos genes.

3. Ubiquitinacién de TrkA
Los receptores Trk se ubiquitinan una vez que se activan por la
unién de su ligando en la parte extracelular. La ubiquitinaciéon es un

proceso en el que un pequefio polipéptido de 76 aminoacidos
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denominado ubiquitina se une de forma covalente a un sustrato a través

de una lisina. Esta reaccion esta mediada por la accidén sucesiva de tres

grupos de enzimas, una E1, que activa la ubiquitina, una E2 que conjuga

la ubiquitina y una E3 que bien hace de puente entre la E2 con la

ubiquitina conjugada y el sustrato para que sea ubiquitinado (E3

ubiquitina ligasas de la familia RING) o bien une la ubiquitina para

transferirla directamente al sustrato (E3 ubiquitina ligasas de la familia

HECT). Dependiendo del numero de ubiquitinas que se unan al sustrato y

la forma de unidn tenemos distintos tipos de ubiquitinacién: 1)

monoubiquitinacién, en la que una unica ubiquitina se une al sustrato; 2)

multi-monoubiquitinacién, en la que varias ubiquitinas se unen cada una

directamente al sustrato; y 3) poliubiquitinacién, en la que un sustrato

puede llevar numerosas ubiquitinas que estan unidas entre si.

Dependiendo del residuo de lisina de la ubiquitina al que esté unida otra

ubiquitina para formar la cadena tenemos distintos tipos de

poliubiquitinacion (K6, K11, K27, K29, K48 y K63). Cada tipo de

ubiquitinacion estan implicada en distintos procesos celulares. La
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ubiquitinacion de receptores tirosina quinasa se ha implicado en la

internalizacion, transporte y degradacion de los receptores.

Se ha descrito que los receptores Trk se ubiquitinan en respuesta a

su activacion (Geetha et al. 2005; Makkerh et al. 2005; Arevalo et al.

2006b). Geetha et al., publicaron que TRAF6 es una E3 ubiquitina ligasa

que puede ubiquitinar TrkA mediante poliubiquitinacion en K63. Este

proceso se produciria mediante la formacion de un complejo de TRAF6

con p62 y p75NTR. En 2006, Arevalo et al. identificaron una proteina E3

ubiquitina ligasa, Nedd4-2, que se une, ubiquitina y degrada

especificamente el receptor TrkA. Nedd4-2 se une a un motivo del

receptor TrkA, PPSY, que estda muy conservado en todos los receptores

TrkA de distintas especies pero no en los receptores TrkB o TrkC

(Arevalo et al. 2006b). Nedd4-2 pertenece a la familia Nedd4 de E3

ubiquitina ligasas. Se ha descrito que puede haber redundancia en las

funciones desemperfiadas por distintos miembros de la familia (Myat et al.

2002; Wilkin et al. 2004; Yamashita et al. 2005). La expresion exdégena de

Nedd4-2 en neuronas que dependen de NGF para sobrevivir tiene como

resultado la apoptosis de estas células debido a una reduccion en los
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niveles de TrkA y consiguientemente de las vias de sefalizacidon
mediadas por NGF (Arevalo et al. 2006b). Sin embargo, neuronas que
dependen de BDNF no estan afectadas. Ademas, la implicacion de
Nedd4-2 en la ubiquitinacion de TrkA ha sido confirmada en estudios
realizados por otros grupos independientes (Persaud et al. 2009;
Georgieva et al. 2011). En 2011, Takahashi et al. sugirieron que c-Cbl
podria ubiquitinar TrkA (Takahashi et al. 2011). A pesar de estos estudios
el papel de la ubiquitinacion de TrkA en las distintas funciones mediadas

por NGF esta aun por determinar.

4. Trafico de los receptores Trk

Una vez activados por su ligando, los receptores Trk se internalizan
rapidamente para seguir tres posibles rutas: reciclaje a la membrana
plasmatica, degradacion via lisosomas o, a diferencia de otros receptores
tirosina quinasa, transporte retrogrado desde el axén al cuerpo celular.
Los receptores TrkA una vez internalizados llegan a los endosomas
tempranos donde son clasificados. Por una parte son enviados a los

endosomas tardios y cuerpos multivesiculares para su posterior

132



Resumen en Espafiol

degradacién y por otra pueden ser enviados a los endosomas de reciclaje

para regresar a la membrana plasmatica y comenzar un nuevo ciclo de

union de NGF, activacion e internalizacion. A diferencia de TrkA, los

receptores TrkB una vez internalizados son enviados principalmente

hacia la ruta de degradacién a los lisosomas (Sommerfeld et al. 2000;

Chen et al. 2005). Los mecanismos moleculares por los que distintos

receptores Trk tienen distinto destino apenas se conocen.
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OBJETIVOS

Los objetivos que se plantearon para la realizacién de esta tesis fueron

los siguientes:

Objetivo 1- Estudiar el papel de la ubiquitinacién de TrkA mediada por

Nedd4-2 en la modulaciéon de los niveles y en el trafico intracelular del

receptor en respuesta a NGF en neuronas sensoriales de ganglios

raquideos.

Objetivo 2- Investigar el papel de la ubiquitinatiéon de TrkA mediada por

Nedd4-2 en las funciones de TrkA tanto in vitro como in vivo.
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METODOLOGIA Y DISENO EXPERIMENTAL

Para estudiar los objetivos descritos previamente se utilizaron
técnicas en las que el laboratorio del Dr. Juan Carlos Arévalo tiene una
experiencia contrastada.

Para la realizacion de esta tesis se han utilizado las siguientes
técnicas:

1- Biologia Molecular: Se han usado los métodos basicos de

clonacién de ADN de acuerdo con los protocolos descritos. Se han

generado lentivirus para reducir la expresion de Nedd4-2. Asi, se ha

utilizado la secuencia 5’-aagtggacaatttaggccgaa-3’ correspondiente a los

nucleotidos 727-747 del cDNA humano de Nedd4-2 para generar un

shRNA que fue posteriormente clonado en el vector lentiviral pLVTHM. La

secuencia utilizada tiene una homologia del 100% con la secuencia de

rata y ratébn. Como control se generé un shRNA correspondiente a la

secuencia de 5’-gcgcgctttgtaggattcg-3° del DNA de cloroplastos de

Euglena gracilis (Kuratomi et al. 2005). Los lentivirus se generaron

mediante la co-transfeccién en células HEK293FT de los plasmidos

pLVTHM generados junto con otros dos plasmidos (pMD2.G y pPAX2)
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para generar lentivirus deficientes en replicacion. Los sobrenadantes de

los cultivos que contienen los lentivirus fueron utilizados para infectar

neuronas sensoriales.

2- Cultivo de lineas celulares y de neuronas primarias: Se han

utilizado cultivos celulares de las lineas celulares HEK293, HEK293FT y

PC12. Las neuronas primarias se obtuvieron de los ganglios raquideos

de embriones E15.5 de rata y E13.5 de ratén. Se sembraron en placas

tratadas con Matrigel en un medio que contiene un 10% de suero bovino

fetal y NGF (50 ng/ml) o BDNF (25 ng/ml). Al siguiente dia, el medio se

sustituyé por medio neurobasal suplementado con B27 y glutamina junto

con un antimitético (5-fluorouridina) y se le anadio la correspondiente

neurotrofina. Las células gliales y fibroblastos contaminantes del cultivo

desaparecieron 2-3 dias después.

3- Bioquimica: Las proteinas se analizaron mediante la técnica de

western blot. Las proteinas de la superficie celular se marcaron con

biotina a 4°C y se separaron del resto usando una matriz con avidina, que
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une especificamente biotina, y posteriormente, se identificaron mediante

analisis de western blot. Se realizaron distintas aproximaciones con la

biotina para estudiar el marcaje de superficie, la degradacion y la

internalizacion. La ubiquitinacion del receptor TrkA se analizé mediante

una inmunoprecipitacion del receptor para posteriormente realizar

western blot utilizando anticuerpos que reconocen ubiquitina.

4- Biologia celular: Para los analisis de inmunofluorescencia se

utilizaron cultivos de neuronas sensoriales en cubreobjetos tratados con
poly-lysina y matrigel. Las neuronas se infectaron o transfectaron para
regular la expresion de distintas proteinas y posteriormente, se
estimularon como se indica en cada experimento. Los cubres con las
células se recogieron 'y procesaron para realizar las

inmunofluorescencias con los correspondientes anticuerpos.

5- Animales transgénicos: Se generd un ratén transgénico en

colaboracién con el Dr. Lino Tessarollo (NCI) en el que se introdujo una

mutacion en el codon correspondiente a la prolina 782 que se cambid a
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serina (TrkAP782S). EI raton TrkAP782S generado se utilizdé para

obtener neuronas de ganglios raquideos que se usaron para estudios de

trafico del receptor, sefalizacion y supervivencia. Ademas estos ratones

se utilizaron para estudios anatdmicos y de comportamiento.

6- Estudios de comportamiento: El ratén TrkAP782S se utiliz6 para

distintos estudios de tipo comportamental en los que NGF/TrkA se han

implicado directamente. Asi, se realizaron estudios de desviacion de la

cola en respuesta a calor (tail flick), de sensibilidad al frio (cold plate), de

sensibilidad a dolor por presion (Randall-Sellito test) y de sensibilidad a

dolor inflamatorio mediante la inyeccion de formalina en la pata trasera.

El mantenimiento de la colonia de ratones y los estudios llevados a

cabo con ellos se realizaron de acuerdo con los protocolos aprobados por

el Comité de Bioética de la Universidad de Salamanca y siguiendo las

directrices marcadas por la Comunidad Europea.
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RESULTADOS
1. Nedd4-2 modula el trafico y los niveles de TrkA regulando
su degradacion.

Previamente, se habia descrito que la sobreexpresion de Nedd4-2
in vitro produce un descenso en los niveles del receptor TrkA (Arevalo et
al. 2006b). Sin embargo, se desconocian los efectos de Nedd4-2
expresada enddégenamente en neuronas sensoriales. Para la realizacién
de esta tesis doctoral se generaron lentivirus que expresaban un shRNA
control y otro que reconocia especificamente la secuencia de Nedd4-2,
lo que permitié la reduccidén de los niveles endogenos de Nedd4-2 en
neuronas en cultivo infectadas con lentivirus que expresan el shRNA
contra Nedd4-2 (Figure R1). Este descenso de Nedd4-2 provocd un
incremento tanto en los niveles totales como en los de superficie del
receptor TrkA, (Figure R2). Sin embargo, los niveles del receptor de
neurotrofinas p75 no se vieron afectados.

Para estudiar la degradacion, reciclaje e internalizacion del
receptor TrkA que se activa en la membrana plasmatica en respuesta a

NGF se utilizaron una serie de aproximaciones que consistieron en el
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marcaje de las proteinas de membrana con biotina para poder seguirlas.

Los resultados obtenidos indican que la degradacion del receptor TrkA

activo, pero no de p75, se produjo de manera mas lenta cuando se

redujeron los niveles de Nedd4-2 (Figure R3). Estos datos sugirieron

que la proteina Nedd4-2 estaria implicada en el proceso de degradacién

del receptor TrkA. También se realizaron experimentos para estudiar si

Nedd4-2 podria afectar a la internalizacion del receptor TrkA. Los

resultados obtenidos indicaron que la reduccion de los niveles de

Nedd4-2 no altera la internalizacion de TrkA ni de p75 en respuesta a

NGF (Figure R4).

Todos estos datos obtenidos referentes al papel de Nedd4-2 en la

degradacion e internalizacion de TrkA se complementaron con

experimentos de immunofluorescencia que indicaron que hay una

acumulacion de receptores TrkA activos en determinados

compartimentos celulares cuando se redujo la proteina Nedd4-2.

Concretamente, se observdé que los receptores TrkA llegan a los

endosomas tempranos con independencia de los niveles de Nedd4-2

(Figure R5), pero tardan mas tiempo en llegar a los endosomas tardios
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(Figure R6) cuando se reducen los niveles de Nedd4-2. Estos
resultados fueron ademas confirmados utilizando fraccionamientos
subcelulares para obtener fracciones enriquecidas en endosomas
tempranos y tardios. De este modo, se observd que cuando se elimina
Nedd4-2 los receptores TrkA se acumulan en endosomas tempranos y
tardios a distintos tiempos que cuando Nedd4-2 esta presente (Figure
R7). Todos estos datos indican que Nedd4-2 modula el trafico de los
receptores TrkA en respuesta a NGF.

Cuando se estudid cual puede ser el destino de los receptores
TrkA que se acumulan al reducir los niveles de Nedd4-2, se observo que
habia mas receptores TrkA en endosomas de reciclaje (Figure R8) y
que el reciclaje de TrkA a la membrana se increment6 una vez que ha
sido internalizado en respuesta a NGF (Figure R9). Por lo tanto, si los
receptores TrkA no son enviados a la degradacion por la falta de

Nedd4-2 vuelven mas la membrana plasmatica.

2. Nedd4-2 modula la ubiquitinacion de TrkA en endosomas

tempranos
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Posteriormente, se investigd la ubiquitinacidén del receptor TrkA en

respuesta a NGF cuando se redujeron los niveles de Nedd4-2.

Sorprendentemente, se observd que no hubo un descenso en los

niveles de ubiquitinacion del receptor TrkA, al contrario, parecia que

habia un incremento (Figure R10), que podria ser debido al incremento

en los niveles y la activacion de TrkA. Para tratar de explicar estos

resultados realizamos estudios de inmunofluorescencia para identificar

la localizacion de Nedd4-2. Se detectd que Nedd4-2 estaba presente en

endosomas tempranos y tardios por la co-localizacion con los

marcadores EEA1 y Rab5 (endosomas tempranos) y Rab7 (endosomas

tardios) (Figure R11). A la vista de estos datos se realizaron estudios

adicionales de ubiquitinacion de los receptores TrkA obtenidos de

endosomas tempranos, los cuales indicaron que Nedd4-2 ubiquitina el

receptor TrkA en estos compartimentos (Figure R12). Todos estos

resultados juntos indican que Nedd4-2 esta presente en endosomas

tempranos y tardios, que ubiquitina el receptor TrkA en compartimentos

especificos y que esta modificacion del receptor es necesaria para que

TrkA progrese en la ruta de degradacion hacia los lisosomas.
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3. Nedd4-2 regula la senalizacién y la supervivencia de
neuronas dependientes de NGF

Posteriormente, se realizaron distintos experimentos para estudiar
como la reduccion de Nedd4-2 afectaba la sefializacion de NGF
mediada por TrkA. Como resultado del aumento de TrkA en neuronas
con niveles reducidos de Nedd4-2 se observd un incremento
concomitante en las vias de sefalizacién activadas por la adicion de
NGF a las neuronas. Asi, se produjo un incremento en la activacién de
TrkA, PLCy, MAPK y Akt en las neuronas tratadas con NGF que
presentan niveles disminuidos de Nedd4-2 (Figure R13). Estos
resultados sugieren que Nedd4-2 modula los niveles del receptor activo

y las cascadas de sefalizacion en respuesta a NGF.

Las neuronas sensoriales presentan su cuerpo celular en los
ganglios raquideos o en el ganglio trigémino mientras que su axones
proyectan bien a la médula espinal o inervan distintos érganos o la piel.
La mayor parte de estas neuronas obtienen las sefales necesarias para

sobrevivir mediadas por la activacion del receptor TrkA mediante las
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neurotrofinas a partir de los tejidos que inervan. Por lo tanto, la

activacion de TrkA debe viajar a través del axon desde la terminal al

cuerpo neuronal mediante un transporte retrégrado. Para estudiar si

Nedd4-2 modulaba el transporte retrégrado de TrkA, se utilizaron

camaras microfluidicas que permiten la separacién del cuerpo neuronal

de las terminales axodnicas in vitro. Asi, se obtuvieron neuronas de

ganglios raquideos, se sembraron en las camaras microfluidicas y los

axones fueron capaces de pasar al compartimento distal. Estas

neuronas fueron infectadas con lentivirus para eliminar la expresion de

Nedd4-2, posteriormente, se estimularon con NGF en el compartimento

distal y finalmente, se recogieron extractos correspondientes al

compartimento que tiene los cuerpos neuronales. Los analisis de

western blot indicaron que el transporte retrégrado de TrkA activado en

las neuronas sensoriales sin Nedd4-2 se increment6 con respecto al de

neuronas control (Figure R14). Por lo tanto, Nedd4-2 modula el

transporte retrégrado de TrkA activado.

Ademas, como las neuronas sensoriales dependen de NGF o

BDNF para su supervivencia se realizaron experimentos en los que se
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elimind la expresion de Nedd4-2, después se retiré el NGF o BDNF y se
analizaron el numero de neuronas apoptoéticas. Las neuronas
dependientes de NGF presentaron una supervivencia incrementada
cuando se les elimind Nedd4-2 mientras que las dependientes de BDNF
no (Figure R15). Estos resultados indicaron que Nedd4-2 modula la
supervivencia de las neuronas dependientes de NGF mediante la

regulacion de los niveles de TrkA pero no las dependientes de BDNF.

4. ElI receptor TrkAP782S, insensible a la accion de Nedd4-2,
presenta una degradacioén y trafico alterados

Se ha descrito que Nedd4-2 tiene numerosos sustratos. Para
confirmar de modo independiente que los efectos de Nedd4-2 no eran
un resultado indirecto sobre TrkA se realizaron otras aproximaciones
experimentales. En colaboracién con el Dr. Lino Tessarollo (National
Cancer Institute, USA) se generd un raton modificado genéticamente
que expresa un receptor TrkA mutante (knock-in) que no une Nedd4-2 vy,

por tanto, es insensible a la accion de esta E3 ubiquitina ligasa (Figure
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R16). Previamente, se habia identificado que el dominio PPXY presente

en TrkA, pero no TrkB, era el responsable entre la unidn de TrkA y

Nedd4-2 (Arevalo et al. 2006b). El codon codificante para la Prolina

782 fue mutado a un coddén codificante para Serina, el aminoacido

presente en TrkB. De esta manera se destruyo el motivo PPXY de TrkA.

La construccion y el “screening” de los clones de las células ES se

muestran en la Figure R17. Se obtuvieron neuronas de ganglios

raquideos a partir de embriones E13.5 procedentes de ratones

silvestres y knock-in para realizar una serie de experimentos. Lo primero

que se hizo fue mirar los niveles de expresion de TrkA. La hipotesis que

se barajo, basada en los datos obtenidos con la eliminaciéon de Nedd4-2,

era que los niveles de TrkAP782S deberian incrementarse debido a la

falta de union y ubiquitinacion por Nedd4-2 de este receptor mutante.

Sorprendentemente, se observd un descenso significativo (23%) en los

niveles de TrkA en los ratones mutantes (Figure R18), lo contrario de lo

esperado. Para explicar estas discrepancias entre los datos obtenidos

con las muestras de rata y raton se realizaron experimentos en los que

se analizaron los niveles de ARNm producidos por el raton mutante en
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las neuronas de ganglios raquideos. Se observd un descenso en los

niveles de ARNm (40%) en los ratones knock-in mediante PCR

cuantitativa (Figure R19), que podrian ser responsables del descenso

en los niveles de proteina. Cuando se analizd la relacién entre la

cantidad de proteina presente y el ARNm producido, se vio un que

habia un incremento en el ratdn knock-in, lo que indicé que para una

misma cantidad de ARNm se producia mas TrkAP782S que TrkA

silvestre. Estos datos sugirieron que la proteina TrkAP782S podria ser

mas estable que TrkA.

Para estudiar si TrkAP782S era mas estable que TrkA se realizaron

experimentos de degradacion con neuronas de los ratones mediante

biotinilizacion, de la misma manera que la descrita anteriormente con

las neuronas de rata. Se observé que TrkAP782S es mas resistente a la

degradacién en respuesta a NGF que el receptor silvestre (Figure R20).

Estos datos se complementaron mediante estudios adicionales del

trafico del receptor en los que se encontré que el receptor mutante se

acumulaba en endosomas tempranos (Figure R21), no llegaba de forma

eficiente a los endosomas tardios (Figure R22) y volvia mas a la
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membrana en endosomas de reciclaje (Figure R23). Por lo tanto, el

receptor TrkAP782S una vez activado era mas resistente a la

degradacién debido a un problema de trafico entre distintos

compartimentos. Posteriormente, se estudid la ubiquitinacion del

receptor TrkAP782S. Se observé un descenso en la ubiquitinacion del

receptor TrkAP782S respecto al TrkA silvestre (Figure R24), que no era

debida a ningun problema en la activacion del receptor ya que

presentaba un incremento en su fosforilacion (Figure R24). Por lo

tanto, el receptor TrkAP782S se degrada menos que el silvestre debido

a un defecto en su ubiquitinacion.

5. La expresion de TrkAP782S confiere un incremento en la
sefalizacion y supervivencia de las neuronas que lo expresan

Ademas, se investigd la activacion de TrkAP782S y de las vias de
sefalizacion en respuesta a NGF. Se observé un incremento en la
activacion del receptor TrkAP782S usando neuronas en cultivo
procedentes de este raton knock-in que iba acompanado de un

incremento en la sefalizacion con respecto a neuronas obtenidas de un
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ratén silvestre (Figure R25). Estos datos fueron muy similares a los

previamente descritos cuando se elimind la expresion de Nedd4-2. Para

estudiar las consecuencias funcionales de este aumento en la

senalizacion en TrkAP782S, se realizaron experimentos de

supervivencia utilizando neuronas sensoriales, las cuales dependen de

la senalizacion dependiente de NGF. Usando NGF a una concentracion

de 25 ng/ml observamos aproximadamente la misma supervivencia en

las neuronas que expresaban TrkA silvestre y TrkAP782S. Sin embargo,

las neuronas que expresaban TrkAP782S presentaban una mayor

supervivencia (105%) que las que expresaban TrkA (20%) cuando se

cultivaron en concentraciones limitantes de NGF (1 ng/ml) respecto a

las que sobrevivian con 25 ng/ml de NGF (Figure R26). Estos datos

fueron ademas confirmados in vivo cuando se cuantificé el numero de

neuronas presentes en los ganglios raquideos L3. Los ratones knock-in

presentaron un incremento significativo en el numero de neuronas

respecto a los silvestres (Figure R27). Estos datos indicaron que la

expresion del receptor TrkAP782S confiere una ventaja para la

supervivencia de las neuronas que lo expresan debido al incremento en
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su activacion y en las vias de sefializacion dependientes de NGF al no

ser afectado por la ubiquitinacién mediada por Nedd4-2.

6. Los ratones knock-in que expresan TrkAP782S presentan
un incremento en la sensibilidad a dolor térmico e inflamatorio

Previamente se habia descrito que los ratones “knock-out” para
TrkA y NGF son insensibles a estimulos dolorosos por calor (Crowley et
al. 1994; Smeyne et al. 1994). Por lo tanto, se realizaron estudios en
ratones silvestres y knock-in para investigar su sensibilidad a dolor por
calor, frio y presion en colaboracion con la Dra. Raquel Rodriguez
(INCyL, Universidad de Salamanca). Los resultados obtenidos indicaron
que el ratdn knock-in es mas sensible que el silvestre a un estimulo
doloroso producido por calor o frio (Figure R28). Sin embargo el ratén
knock-in se comporta de la misma manera que el silvestre en respuesta
a un estimulo mecanico (Figure 29). Estos datos indicaron que la
expresion de TrkAP782S confiere un incremento en la sensibilidad de

los ratones knock-in a estimulos dolorosos de tipo térmico.
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Posteriormente, se realizaron otros estudios para comprobar la

sensibilidad de los ratones mutantes a estimulos de tipo inflamatorio, en

los que TrkA/NGF han sido directamente implicados. Asi, la inflamacién

inducida mediante la inyeccion de formalina en la pata de los ratones,

produjo un incremento en el tiempo que los ratones knock-in

experimentaron distintos sintomas asociados al dolor inflamatorio en

comparacion con los silvestres (Figure R30). Este aumento en los

tiempos de respuesta en los ratones mutantes se correlacioné con el

incremento en la actividad neuronal en la médula espinal medida

mediante la expresion de c-fos (Figure R31). Por lo tanto, los ratones

knock-in presentaron una sensibiidad a dolor inflamatorio

incrementada.

Finalmente, se realizaron hibridaciones in situ para estudiar la

expresion de los ARNm correspondientes a los genes Sustancia P y

CGRP, dos moléculas que se han relacionado directamente con la

sensibilidad al dolor y que son modulados por la activacién del receptor

TrkA en respuesta a NGF. Los resultados obtenidos indicaron que la

expresion de Sustancia P esta incrementada en gran medida en los
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ganglios raquideos procedentes de los ratones knock-in mientras que se

observé un ligero aumento en los niveles de CGRP (Figure R32).

Todos los datos obtenidos con el ratdon knock-in apoyan los datos
anteriores obtenidos con las neuronas sensoriales de rata en las que
se redujo la expresién de Nedd4-2 e indican que la ubiquitinacion de
TrkA mediada por Nedd4-2 juega un papel muy importante en las

funciones mediadas por NGF/TrkA.
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CONCLUSIONES

1. La ubiquitinacion de TrkA mediada por Nedd4-2 modula la

degradacion de TrkA en neuronas sensoriales.

2. La ubiquitinaciéon de TrkA mediada por Nedd4-2 en los
endosomas tempranos modula el trafico intracelular del

receptor en respuesta a NGF.

3. La ubiquitinacién de TrkA mediada por Nedd4-2 juega un
papel crucial en la sefializacion mediada por NGF y en la

supervivencia de neuronas sensoriales in vitro e in vivo.

4. La ubiquitinacion de TrkA mediada por Nedd4-2 modula la
respuesta nociceptiva a estimulos térmicos e inflamatorios en
un modelo de ratdn que expresa un receptor TrkA insensible

a la accion de Nedd4-2.
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Upon activation by nerve growth factor (NGF), TrkA
is internalized, trafficked and sorted through different
endosomal compartments. Proper TrkA trafficking and
sorting are crucial events as alteration of these processes
hinders NGF-mediated functions. However, it is not fully
known which proteins are involved in the trafficking
and sorting of TrkA. Here we report that Nedd4-2
regulates the trafficking of TrkA and NGF functions
in sensory neurons. Depletion of Nedd4-2 disrupts the
correct sorting of activated TrkA at the early and
late endosome stages, resulting in an accumulation of
TrkA in these compartments and, as a result of the
reduced trafficking to the degradative pathway, TrkA
is either reverted to the cell surface through the recycling
pathway or retrogradely transported to the cell body.
In addition, Nedd4-2 depletion enhances TrkA signaling
and the survival of NGF-dependent dorsal root ganglion
neurons, but not those of brain-derived neurotrophic
factor-dependent neurons. Furthermore, neurons from a
knock-in mouse expressing a TrkA mutant that does not
bind Nedd4-2 protein exhibit increased NGF-mediated
signaling and cell survival. Our data indicate that TrkA
trafficking and sorting are regulated by Nedd4-2 protein.
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Neurotrophins are growth factors involved in different
functions in the nervous system, including survival, prolif-
eration, differentiation, axonal growth and synaptic plastic-
ity. All neurotrophins, including nerve growth factor (NGF),

brain-derived neurotrophic factor (BDNF), neurotrophin-3
(NT-3) and neurotrophin-4 (NT-4), exert their functions
by binding to two different receptors, namely the neu-
rotrophin receptors Trk, which belong to the receptor
tyrosine kinase (RTK) superfamily, and the neurotrophin
receptor p75, which belongs to the tumor necrosis factor
receptor superfamily. All neurotrophins bind to p75 with
similar affinity, whereas there is preferential binding to
specific Trk receptors: NGF to TrkA, BDNF and NT-4 to
TrkB and NT-3 to TrkC (1,2).

The trafficking and sorting of activated RTKs is a complex
and highly regulated process that is seminal for the reg-
ulation of the specificity and duration of RTK-generated
responses (3—7). The first stage of RTKs upon internaliza-
tion in response to ligand binding is the early endosome,
where their cargo can follow different fates; receptors that
are mainly recycled back to the plasma membrane (i.e.
transferring receptor) are sent to recycling endosomes,
whereas those destined mainly for degradation (i.e. the
EGF receptor) are sorted to late endosomes and then
to lysosomes (5). The trafficking of Trks is critical for
neurotrophin-mediated functions. Trk proteins represent a
class of RTKs that are both recycled and degraded upon
neurotrophin-induced internalization (8—10). However, dif-
ferent Trks are differentially regulated; although TrkA is
mainly recycled, TrkB is predominantly degraded (11,12).
In contrast to other RTKs, Trks also undergo retrograde
transport from the tip of the axon to the soma, TrkA being
the most widely studied neurotrophin receptor (13-19).
Retrogradely transported TrkA modulates the survival of
NGF-dependent neurons (13—19). Although the trafficking
of activated TrkA upon NGF binding needs to be tightly
regulated, little is known about the molecular machinery
involved in the trafficking and sorting of activated TrkA.

The ubiquitination of RTKs has emerged as a critical event
for appropriate receptor trafficking and degradation (20).
Ubiquitination is a reversible protein modification that is
achieved by two opposite families of enzymes: E3 ubig-
uitin ligases, which add the ubiquitin protein to other
proteins, and deubiquitinases, which remove the ubig-
uitin (21). Three independent groups have reported the
ubiquitination of Trk proteins (22-24). We have previously
reported that TrkA, but not TrkB, binds through a PPXY
motif and is ubiquitinated by Nedd4-2 (22), an E3 ubiquitin
ligase that belongs to the family of Nedd4 E3 ubiquitin
ligases (25). Over-expression of Nedd4-2 in heterologous
cells leads specifically to the downregulation of TrkA pro-
tein without altering the internalization rate of the recep-
tor (22). Additional support for our findings comes from an
unbiased study using protein microarrays that identified
TrkA as a binding partner of Nedd4-2 (26). Although it is
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clear that Nedd4-2 regulates the levels of TrkA, the mech-
anism by which Nedd4-2 exerts its function is unknown.

Here we report a new function for Nedd4-2 protein. In
addition to modulating TrkA levels (22), Nedd4-2 regu-
lates the trafficking of TrkA protein in response to NGF
in dorsal root ganglion (DRG) neurons. We observed that
Nedd4-2 depletion delays the arrival of active TrkA to late
endosomes, but not to early endosomes, with a subse-
quent increase in the recycling and retrograde transport of
TrkA. As a result, Nedd4-2 affects TrkA signaling and the
survival of NGF-dependent sensory neurons; this is a spe-
cific effect because Nedd4-2 depletion does not alter the
survival of BDNF-dependent DRG neurons. Furthermore,
we have generated a knock-in mouse that expresses a
TrkA mutant protein that does not bind Nedd4-2. Sensory
neurons obtained from this knock-in show increased NGF-
mediated signaling and survival. Our data identify Nedd4-2
as a critical protein in the trafficking of TrkA and, therefore,
in NGF-mediated functions.

Results

Nedd4-2 regulates TrkA receptor levels

To address whether the endogenous expression of
Nedd4-2 modulates the levels of TrkA, we infected DRG
neurons with lentivirus expressing specific shRNA to
deplete Nedd4-2. Most DRG neurons express TrkA during
development and depend on NGF for their survival (27),
suggesting that these neurons offer an excellent model
to study NGF and its receptor TrkA in vitro. Accordingly,
we obtained DRG neurons from E15.5 rat embryos and
cultured them in the presence of NGF (50 ng/mL) to
select TrkA-expressing neurons. Then, the neurons were
infected with control and Nedd4-2 shRNA lentivirus at day
in vitro (DIV) 4 to modulate Nedd4-2 protein levels. The rate
of infection to perform all the biochemical experiments
reported here was at least 90%, as seen from green fluo-
rescent protein (GFP) expression (Figure S1). Cell lysates
from infected neurons were subjected to western blot
analysis to assess Nedd4-2 protein levels. Infection with
Nedd4-2 shRNA lentivirus rendered a dramatic decrease
in the levels of endogenous Nedd4-2 protein (Figure 1A).
Concomitant with Nedd4-2 depletion, the amount of total
TrkA was increased, whereas p75 levels were not affected
(Figure 1A). To assess whether Nedd4-2 depletion might
influence the surface expression of NGF receptors, we
performed biotinylation experiments. Surface proteins
from infected DRG neurons were labeled with biotin and
pulled down with neutroavidin beads. Surface TrkA lev-
els, but not surface p75 levels, were increased following
Nedd4-2 depletion (Figure 1B). Quantification of the data
corresponding to the different experiments indicated an
88% increase in total TrkA levels and a 46% increase in
surface TrkA levels in Nedd4-2-depleted neurons as com-
pared with the control neurons (Figure 1C). No significant
differences in p75 levels were observed. These results
suggest that endogenous Nedd4-2 in sensory neurons

522

A B

Lysates Avidin
T N pulldown

C
_—- TrikA N

TrkA

i p75

4 | 75
L Neddd-2 2
e | Tubulin Actin

B Control shRNA

P 0.020 | Neddd4-2 sShRNA

200,
™
o
-5_150 |
]
© 100
* 50

TrkA  p75 TrkA  p75
Total Surface

Figure 1: Nedd4-2 depletion increases TrkA levels. A)
Increased levels of TrkA upon Nedd4-2 depletion. Cultured
DRG neurons were infected on DIV4 with control or Nedd4-
2 shRNA lentivirus and extracts were obtained on DIV10 to
analyze the expression of different proteins using western blot
analysis. Tubulin was used as a loading control. Representa-
tive western blots are shown. C, control shRNA lentivirus; N,
Nedd4-2 shRNA lentivirus. B) Enhanced surface TrkA in Nedd4-2-
depleted neurons. Cell-surface proteins from NGF-starved DRG
neurons infected with control and Nedd4-2 shRNA lentivirus were
labeled with biotin and the same amount of proteins was pulled
down with neutroavidin. Western blot analyses were performed
with TrkA and p75 antibodies. Representative western blots are
shown. C, control shRNA lentivirus; N, Nedd4-2 shRNA lentivirus.
C) Quantification of TrkA and p75 proteins in response to Nedd4-
2 depletion. Western blots were scanned and quantified using
IMAGEJ software. Data are presented as means &+ SEM. p-Values
were calculated using a two-tailed Student's t-test (n = 6-8).

regulates the amount of total and surface-bound TrkA, but
not p7b.

Nedd4-2 modulates the degradation of TrkA

in response to NGF

Upon activation, TrkA receptors are ubiquitinated and
terminated by degradation (22-24). To address whether
Nedd4-2 modulates the degradation rate of TrkA, we per-
formed degradation assays in response to NGF using
biotinylation. NGF-dependent DRG neurons infected with
control and Nedd4-2 shRNA lentivirus were NGF-starved
overnight in the presence of the anti-apoptotic inhibitor
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Z-VAD-FMK, and then the cell-surface proteins were
biotinylated, followed by NGF stimulation (50 ng/mL),
as described in Materials and Methods and outlined in
Figure 2A. After 1 h of NGF treatment, there was a clear
decrease in the amount of biotin-labeled TrkA in the con-
trol neurons as a result of TrkA degradation (Figure 2B).
However, the amount of biotinylated TrkA receptors from
Nedd4-2-depleted neurons was not altered (Figure 2B).
Quantification of multiple experiments indicated no sig-
nificant degradation of surface TrkA in Nedd4-2-depleted
neurons upon NGF stimulation for 1 h, whereas a 30%
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reduction in surface TrkA was noted in the control cells
(Figure 2C). The levels of biotinylated TrkA were sim-
ilar in the control and Nedd4-2 shRNA neurons after
15 min of NGF treatment (Figure 2B,C). No differences
were detected in the degradation rate of p75 in response
to NGF from the control and Nedd4-2-depleted neurons
(Figure 2B,D). Therefore, Nedd4-2 levels modulate the
degradation rate of TrkA in response to NGF.

The degradation of TrkA protein in response to NGF
requires the internalization and trafficking of the receptor
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to the lysosomes. To assess whether Nedd4-2 protein
modulates the internalization rate of TrkA in response to
NGF, we performed internalization assays in infected DRG
neurons using biotinylation. Neurons were NGF-starved
as described above and cell-surface biotinylation was per-
formed using cleavable biotin, as outlined in Figure 2E.
NGF (50 ng/mL) was then applied for 15 or 60 min and
reducing conditions were applied to strip the biotin from
surface proteins that had not been internalized. This treat-
ment allows the detection of internalized biotinylated
proteins, which remained protected from cleavage, upon
pulling them down using neutroavidin beads. We did not
observe any significant differences in the rate of internal-
ization of TrkA or p75 in the control and Nedd4-2-depleted
cells (Figure 2F,G). Thus, these data suggest that Nedd4-2
protein does not regulate the internalization rate of TrkA
in response to NGF. These results are consistent with
previous observations regarding the lack of differences in
the internalization rate of wild-type TrkA and TrkAP782S,
a mutant receptor that does not bind Nedd4-2 (22).

TrkA trafficking at early and late endosomes

is regulated by Nedd4-2

To address whether Nedd4-2 regulates TrkA trafficking,
we performed immunofluorescence analysis to detect the
localization of activated TrkA upon depletion of Nedd4-2
in sensory neurons. First, we identified the localization
of Nedd4-2 in neurons using a previously described
antibody (22). Staining of NGF-dependent DRG neurons
indicated a strong colocalization of Nedd4-2 with the
early endosomal markers EEA1 and Rab5 and with the
late endosomal marker Rab7 (Figure 3A). This localization
resembles the localization of Itch, another member of the
Nedd4 family (28,29). The specificity of Nedd4-2 antibody
was confirmed using Nedd4-2-depleted neurons, which
showed almost no signal from the Nedd4-2 antibody as
compared with the control neurons (Figure S2). These
data indicate that Nedd4-2 is located in early and late
endosomes.

To address whether Nedd4-2 modulates the location
of activated TrkA, we performed stainings with anti-
bodies against phosphorylated TrkA (22,30) and different
endosomal markers. Infected NGF-dependent neurons
were starved as described above, stimulated with NGF
(50 ng/mL) for different times and stained. Upon NGF
treatment, internalized TrkA colocalized with Rab5 in both
the control and Nedd4-2-depleted cells (Figure 3B). No
staining with pTrkA antibody was observed in the absence
of NGF (data not shown). To quantify the colocalization,
we used a custom program, as described in Materials and
Methods, and the data corresponding to the surface levels
of TrkA at steady state in control and Nedd4-2-depleted
neurons were normalized. No significant differences in the
colocalization of pTrkA with Rab5 were observed between
the control and Nedd4-2-depleted neurons at 5 or 30 min
after normalization (Figure 3C). Therefore, these results
indicate that depletion of Nedd4-2 does not alter the
arrival of activated TrkA at early endosomes, in support of
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previous data indicating that Nedd4-2 does not modify the
internalization of TrkA in response to NGF.

In addition, we performed immunofluorescence studies
of activated TrkA with the late endosomal marker Rab7
in response to Nedd4-2 depletion (Figure 3D). Our data
normalized as stated above indicated that after 10 min of
NGF treatment there was a 40% decrease in the amount
of pTrkA present in the late endosomes of Nedd4-2-
depleted cells (Figure 3E). However, at later time-points
along NGF treatment (30 min) there was a massive accu-
mulation of pTrkA receptors in late endosomes from
Nedd4-2-depleted neurons as compared with the con-
trol neurons (300% increase) (Figure 3E). Accordingly, the
sorting of activated TrkA between early and late endo-
somes and between late endosomes and lysosomes
seems to be regulated by Nedd4-2. These data were
further confirmed using a biochemical approach. Neurons
infected with control and Nedd4-2 shRNA lentivirus were
NGF-starved overnight, followed by stimulation with NGF
(50 ng/mL) for 10 or 30 min and the cells were homog-
enized without detergent to obtain crude membranes.
Rabb and Rab7 antibodies were used to immunoprecip-
itate the same amount of endomembranes containing
these two proteins from control and Nedd4-2-depleted
neurons treated with NGF for 10 min (Rab5 immunopre-
cipitation) or for 30 min (Rab7 immunoprecipitation) and
the amount of TrkA protein in the immunoprecipitated
membranes was assessed. An increase in TrkA in Rabb-
and Rab7-endomembranes from Nedd4-2-depleted neu-
rons as compared with the control neurons was observed
after NGF treatment for 10 and 30 min, respectively
(Figure 3F). Taken together, the colocalization and the
biochemical experiments suggest that Nedd4-2 regulates
the trafficking of activated TrkA at the level of early and
late endosomes.

To address whether Nedd4-2 depletion altered specifi-
cally the ubiquitination status of TrkA in early endosomes,
we performed immunoprecipitation of activated TrkA
from Rabb5-immunoprecipitated endomembranes. West-
ern blots using ubiquitin antibodies indicated that TrkA
ubiquitination was reduced in Nedd4-2-depleted neurons
(Figure 3G). Therefore, these data indicate that Nedd4-
2 ubiquitinates TrkA at the early endosomes, further
supporting the role of Nedd4-2 protein in these com-
partments.

Increased TrkA recycling to the plasma membrane
by Nedd4-2 depletion

Activated TrkA that reaches early endosomes can also
recycle to the plasma membrane via recycling endo-
somes (31). To address whether Nedd4-2 modulates the
recycling of activated receptors to the plasma membrane,
we performed immunofluorescence analysis in DRG neu-
rons using the recycling endosomal marker Rab11. Our
data suggested that there might be more colocalization
of pTrkA with recycling endosomes in Nedd4-2-depleted
neurons than in control neurons (Figure 4A). Indeed,
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Figure 3: Upon NGF treatment pTrkA localization is regulated by Nedd4-2. A) Colocalization of Nedd4-2 with early (EEA1 and Rab5)
and late endosomes (Rab7). Scale bar, 20 um. B) Colocalization of pTrkA with Rab5 compartments upon NGF treatment in control and
in Nedd4-2 shRNA-infected DRG neurons. Infected DRG neurons were identified by GFP expression (data not shown) as described in
Figure S1. Immunofluorescence was performed as described in Materials and Methods. Images were taken with a confocal microscope.
Scale bar, 20 um. C) Quantification of pTrkA colocalization in Rab5 endosomes. Images were processed using IMAGEJ and the percentage
of colocalization was normalized to the surface levels of TrkA in control and in Nedd4-2-depleted neurons in the absence of NGF. Data
are presented as means + SEM (n = 6—9 neurons/time-point). D) Colocalization of pTrkA with Rab7 compartments upon NGF treatment
in control and in Nedd4-2 shRNA-infected DRG neurons was performed as described in Figure 3B. Scale bar, 20 um. E) Quantification of
pTrkA colocalization in Rab7 endosomes was performed as described in Figure 3C. Data are presented as means + SEM. p-Values were
calculated using a two-tailed Student'’s t-test (n = 5—7 neurons/time-point). F) Immunoprecipitation of Rab5- and Rab7-endomembranes.
Infected DRG neurons were treated with NGF for 10 or 30 min and lysates were immunoprecipitated with Rab5 or Rab7 antibodies,
respectively. Representative blots are shown (n = 3). C, control shRNA lentivirus; N, Nedd4-2 shRNA lentivirus. G) Reduced ubiquitination
of activated TrkA in endosomal compartments. Infected DRG neurons were homogenized, immunoprecipitated with Rab5 antibodies
and, after solubilization, immunoprecipitated with TrkA antibodies. Representative blots are shown (n = 2). C, control shRNA lentivirus;
N, Nedd4-2 shRNA lentivirus.
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quantification analyses of different cells indicated that in
Nedd4-2-depleted neurons there was an increased colo-
calization of pTrkA with Rab11 as compared with the
control neurons (208% at 10 min and 258% at 30 min)
(Figure 4B). These data suggest that more TrkA protein
recycles to the cell surface when Nedd4-2 is reduced. Fur-
ther confirmation for this hypothesis came from biotinyla-
tion experiments aimed at detecting the amount of TrkA
at the cell surface at different time-points upon NGF
treatment, as outlined in Figure 4C. Upon NGF treatment
(50 ng/mL), we observed a reduction over time in the
amount of surface TrkA in control cells (Figure 4D,E).
However, in Nedd4-2-depleted neurons this reduction in
TrkA surface levels in response to NGF stimulation was
attenuated (Figure 4D,E), suggesting that TrkA recycling
may be enhanced. In contrast, the reduction in p75 from
the cell surface in response to NGF was not affected
by Nedd4-2 depletion (Figure 4D,F). Therefore, it may be
surmised that TrkA recycles more and is increased in
the plasma membrane when Nedd4-2 is depleted, further
supporting a potential role for Nedd4-2 in TrkA sorting at
early endosomes.

Nedd4-2 depletion enhances the retrograde transport
of TrkA in DRG neurons

An additional fate of internalized TrkA protein that escapes
degradation is retrograde transport to the cell body (19).
To address whether the depletion of Nedd4-2 affected
the retrograde transport of activated TrkA, we set up
compartmentalized NGF-dependent DRG cultures using
microfluidic compartments. The rate of retrograde trans-
port in neurons was monitored by the uptake and ret-
rograde transport of red-fluorescent beads by healthy
neurons projecting axons to the beads-containing distal
compartment (Figure 5A). These beads do not bind to
TrkA protein. DRG neurons were infected with lentivirus
expressing control or Nedd4-2 shRNA on DIV4, NGF-
starved overnight at DIV7 and then stimulated with NGF
(50 ng/mL) at the distal axons for 15 h. Nedd4-2 deple-
tion resulted in an increased amount of activated TrkA
in the cell body compartment as compared with the
control neurons (Figure 5B). Therefore, the retrograde
transport of activated TrkA is also affected by Nedd4-2
protein.

Nedd4-2 depletion increases TrkA signaling

and the survival of NGF-dependent DRG neurons
What are the functional consequences of Nedd4-2 deple-
tion on DRG neurons? To address whether TrkA-mediated
signaling was affected by Nedd4-2 expression, we
infected NGF-dependent DRG neurons with control and
Nedd4-2 shRNA lentivirus and performed western blot
analysis in response to NGF. Infected neurons were NGF-
starved overnight in the presence of the anti-apoptotic
inhibitor Z-VAD-FMK, after which NGF (50 ng/mL) was
applied for different times. Cell lysates were collected and
analyzed by western blot using antibodies that recognized
activated forms of TrkA, phospholipase Cy (PLCy), Akt and
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Figure 5: Enhanced NGF-mediated retrograde transport of
pTrkA in Nedd4-2-depleted DRG neurons. A) DRG neurons
growing in microfluidic chambers. Retrograde transport in
infected neurons (GFP positive) was monitored by the presence of
red fluorescence in the cell body compartment. Red-fluorescent
beads were added to the distal compartment 15h before
subsequent experiments were performed. Scale bar, 20 um. B)
Increased retrograde transport of pTrkA upon Nedd4-2 depletion.
Neurons were infected with control or Nedd4-2 shRNA lentivirus
and either not stimulated or stimulated with NGF for 10 min in
the cell body compartment or for 15 h in the distal compartment.
Lysates were analyzed by western blot with pTrkA antibodies.
Tubulin was used as a loading control. Numbers represent pTrk
intensity normalized with respect to tubulin loading. C, control
shRNA lentivirus; N, Nedd4-2 shRNA lentivirus.

MAPK. Our results indicate that the depletion of Nedd4-
2 resulted in an enhancement of the phosphorylation of
TrkA and, subsequently, the PLCy, Akt and MAPK sig-
naling pathways (Figure 6A). Thus, these data suggested
that Nedd4-2 regulates NGF-mediated signaling.

DRG neurons depend on neurotrophins through Trk-
mediated signaling for their survival during develop-
ment (27). To address whether Nedd4-2 modulates the
dependence of sensory neuron survival on neurotrophins,
we obtained NGF- and BDNF-dependent neurons and
modified their levels of Nedd4-2. The dissected neurons
were transfected on DIV4-5 with plasmids that expressed
GFP and control shRNA or GFP and Nedd4-2 shRNA.
The presence of GFP allows transfected neurons to be
identified unambiguously. Apoptotic and non-apoptotic
cells were scored at 72-120 h after NGF or BDNF
withdrawal (Figure 6B). Non-transfected neurons showed
approximately 60% of apoptosis upon neurotrophin depri-
vation for 72-120 h (data not shown). The percentage of
apoptosis observed upon NGF withdrawal in the Nedd4-
2-depleted neurons was only 34.9%, i.e. significantly
reduced in comparison with 60.8% of control trans-
fected neurons (Figure 6C). Upon BDNF deprivation, no
differences in apoptosis between control (568.7%) and

527



Yu et al.

A NGF (min)
5 15 30 45 60
C N CMNI CNZ CMNTCNTCHN

won | pTrk

s i e i i ey s | PPLCY

._.-_-w--—_-—-wnp“

_ - - pAkt

- P — W - Neddd-2

—————— e — v | TUbUlIN

Control
shRNA

Nedd4-2
shRNA

)

B NGF-depleted neurons
@ g0 P=0.0016 = BDNF-depleted neurons
8 '
L 601
=
B
o 407
<
2 20

Control Neddd-2 Control Neddd-2

shRNA shRNA  shRNA shRNA

Figure 6: Nedd4-2 modulates NGF-mediated signaling and
cell survival. A) Nedd4-2 depletion enhances NGF-mediated
signaling. DRG neurons were infected with control and
Nedd4-2 shRNA lentivirus, and cell extracts were analyzed
upon NGF treatment. Active TrkA, PLCy, MAPK and Akt
were assessed using antibodies that recognized specific
phosphorylated residues. Representative blots are shown (n = b).
C, control shRNA lentivirus; N, Nedd4-2 shRNA lentivirus.
B) Images showing NGF-dependent DRG neurons transfected
with control and Nedd4-2 shRNA plasmids. Transfected cells
were visualized by GFP expression, and non-apoptotic cells
(arrowheads) and apoptotic cells (arrows) were identified by
staining with Hoechst 3342. Transfected neurons in the Hoechst
3342 panel are indicated in red. Scale bar, 20 um. C) Quantification
of apoptosis in NGF- and BDNF-dependent neurons transfected
with control and Nedd4-2 shRNA plasmids upon withdrawal of
the corresponding neurotrophin for 72-120 h. Data are presented
as means 4+ SEM. p-Values were calculated using a two-tailed
Student’s t-test [n, number of cells from six (NGF) and three
(BDNF) independent experiments].
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Nedd4-2 shRNA (58.6%) transfected cells were observed
in BDNF-dependent neurons (Figure 6C). Therefore, these
data indicate that Nedd4-2 is able to specifically influence
the survival of NGF-dependent sensory neurons through
the modulation of NGF-mediated signaling.

Enhanced TrkA signaling and survival in DRG
neurons from TrkAP782S mutant mice

As Nedd4-2 can ubiquitinate several different pro-
teins (32), shRNA could exert multiple direct and indirect
effects on TrkA protein. To rule out the possibility that
our results might be the consequence of an indirect
effect, we followed a different experimental approach.
Thus, we disrupted the binding of Nedd4-2 to TrkA. Previ-
ously, we have reported that the PPVY785 motif present
in TrkA, but not in TrkB, is required for the binding of
Nedd4-2 (22). Therefore, we generated a knock-in mouse
carrying a point mutation in TrkA protein in the codon
that encodes for proline 782, which was replaced by ser-
ine (Figure 7A-D), the amino acid present in TrkB. This
mutant TrkA protein (TrkAP782S) lacks the PPVY motif
and does not bind Nedd4-2 (22), but is still able to engage
PLCy (Figure S3). The targeting vector was constructed
by introducing two changes in the proline 782 codon to
code for serine in exon 17 (Figure 7A). The presence of
these changes was confirmed by sequencing and by the
disappearance of a BstXl restriction site. Targeted embry-
onic stem (ES) cells were monitored by Southern blot with
an external probe (Figure 7B) and with an internal (neo)
probe (data not shown), as described in Materials and
Methods. Knock-in TrkAP782S mice (Kl) were viable and
fertile with a normal life span. Genotyping of the mice was
performed by polymerase chain reaction (PCR), amplify-
ing 1185 and 1385 bp fragments from the wild-type and
Kl, respectively (Figure 7C). The presence of the mutation
was assessed by the lack of digestion of the PCR fragment
with BstXl in the KI mice (Figure 7D). To confirm that the
mutant-amplified DNA could be digested, we used the
Pstl restriction site (Figure 7D).

To assess whether the NGF-mediated signaling emanat-
ing from TrkAP782S protein was altered, we obtained
DRG neurons from E13.5 WT and Kl embryos. Neurons
were cultured and processed as described previously
for rat DRG neurons. NGF-dependent neurons from Kl
mice did present an increase in TrkA, PLCy, Akt and
MAPK activation as compared with the WT neurons
(Figure 7E). Therefore, TrkAP782S protein, which does not
bind Nedd4-2, is more active upon NGF binding, leading to
a higher activation of the downstream signaling cascades.

During development, DRG neurons project to their tar-
gets and receive trophic support from the neurotrophins
provided by the tissues innervated. Neurons that do not
receive enough signaling will die (27). To address the func-
tional consequences of TrkAP782S expression in DRGs,
we performed survival assays in NGF-dependent neu-
rons obtained from WT and Kl mice. Dissected neurons
were plated on different amounts of NGF (25, 20, 5 and

Traffic 2011; 12: 521-534



TrkA Trafficking Is Regulated by Nedd4-2

A B

E B B S E \4.
—_— a8 =\ L
i X S x"a__wild-type genomic locus

55'?

B P782S . “$
+ targeting vector
E B Plazs S E o |=-10.8 kb
- ‘_- - {11 L Targeted locus
5 probe Flp recombinase driven by actin W W |- 88 kb
E B 5 E
[l 1 = :?*B‘zs s* 1 1

PB
WT * PCR fragment | BstXl digestion | Pstl digestion
> * wT 1185 1016+ 169 | 1041 + 144
P
Kl I.. -] Kl 1385 1385 1241 + 144
> -«
WT Kl

&S S S

1600 bp
1

«—1385 bp 000 bp

<1185 bp

200 bp
100 bp

NGF (min) oW P=0.017
5 15 30 45 3150 _—
WT KI WT KIWT KIWT KIWTKI E
=
- - --~——|pTrkA %mﬂ
BT T T L -
- - z
L-----—--_---?IPHKI E 50
|_ = =--=:'| pMAPK &
‘q——“--—-—-| Tubulin
25 10 5 1
NGF (ng/ml)

Figure 7: DRG neurons from TrkAP782S mouse display enhanced NGF-mediated signaling and survival. A) Schematics of the
wild-type TrkA allele, the targeting vector and the targeted allele before and after Flp recombination. Neo, neomycin-resistance gene;
DT-A, diphtheria toxin. E, B and S denote the sites for the restriction enzymes EcoRV, BstXl and Smal; black rectangles denote exons;
triangles denote loxP sites and gray rectangles flanking Neo cassette denote FRT sites. B) Southern blot analysis of genomic DNA from
WT and targeted ES cells after digestion with EcoRV. As indicated in the schematics of (A), the 5’ probe detects an 8.8-kb fragment
from WT alleles and a 10.8-kb fragment from the targeted ES cells. C) PCR genotyping using mouse tail DNAs is shown. The primer
sites used for genotyping are shown (arrows). B, BstXI; P, Pstl. D) The presence of the mutation that changes the proline to alanine was
assessed by BstX| digestion in the PCR product obtained from the Kl animals. The upper panel shows the expected DNA fragments
from digestion of the amplified DNA from the WT and K| mice. Note the lack of digestion with BstXI, but not with Pstl, in the amplified
DNA fragment from the KI mouse. E) Enhanced NGF-mediated signaling in DRG neurons from TrkAP782S mice. DRG neurons were
obtained and cultured for 6-8 days, as described in Materials and Methods. NGF was withdrawn and Z-VAD-FMK (20 um) was added
to the neurons overnight. Stimulation with NGF (50 ng/mL) for different times was performed and cell extracts were assessed using
antibodies that recognized specific phosphorylated residues for TrkA, PLCy, MAPK and Akt. Representative western blots are shown
(n=4). KI, TrkAP782S; WT, wild-type TrkA. F) Increased survival of DRG neurons from TrkAP782S mice in limiting amounts of NGF.
DRG neurons from WT TrkA and TrkAP782S embryos were plated on different amounts of NGF (25, 20, 10, 5 and 1 ng/mL). The number
of live neurons present in medium supplemented with 25 ng/mL of NGF was considered 100% and the rest were normalized with

respect to this percentage. Data are presented as means + SEM. p-Values were calculated using two-tailed Student’s t-test (n = 5). K,
TrkAP782S; WT, wild-type TrkA.
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1 ng/mL) and survival was monitored on DIV6-9. We
observed similar survival percentages in neurons from
the WT and KI when 25, 10 and 5 ng/mL of NGF were
applied to cultured neurons (Figure 7F), although at a con-
centration of 5 ng/mL the trend was for there to be lower
survival in WT neurons than in Kl neurons (71 versus
99.8% survival). Using 1 ng/mL of NGF, the survival of
WT neurons was compromised; only 20.9% of WT neu-
rons survived at 1 ng/mL in comparison with 100% in
25 ng/mL (Figure 7F). In contrast, the percentage of Kl
neurons that survived at 1 ng/mL was very similar to that
obtained with Kl neurons cultured with 25 ng/mL of NGF
(Figure 7F). Accordingly, mutant TrkAP782S confers a sur-
vival advantage to DRG neurons in limiting amounts of
NGF, probably because of the increased TrkA signaling.

Discussion

Here we provide evidence that Nedd4-2 protein regu-
lates the degradation of TrkA through modulation of the
trafficking of the receptor. Depletion of Nedd4-2 caused
impairment in the ubiquitination of TrkA in the early endo-
somes and in the sorting of activated TrkA at the early
and late endosomes, the compartments where Nedd4-2
is located, which resulted in enhanced TrkA recycling and
retrograde transport. In addition, TrkA signaling and the
survival of NGF-dependent DRG neurons were enhanced
in response to reduced levels of Nedd4-2. Moreover, neu-
rons from a knock-in mouse expressing a TrkA mutant
that does not bind Nedd4-2 behaved in the same way as
regards NGF-mediated signaling and the survival effects
of Nedd4-2-depleted neurons.

Nedd4-2 regulates TrkA trafficking at the early

and late endosome compartments

The trafficking of activated RTKs is a complex and highly
regulated process that modulates the magnitude and con-
trols the specificity of the ligand-elicited response. Alter-
ations of RTK trafficking have profound consequences
as regards the amount of receptors and therefore in
the final outcome of each specific receptor. Our experi-
ments involving decreasing the levels of Nedd4-2 protein
in TrkA-dependent neurons indicate an increase in the
levels of TrkA through an alteration of receptor trafficking.
Our colocalization and biochemical experiments suggest
that activated TrkA in Nedd4-2-depleted neurons arrive at
the early endosomes as efficiently as in control neurons.
However, once there TrkA is not sorted properly to the
late endosomes in Nedd4-2-depleted neurons; instead,
there is increased cell-surface recycling and an intracellu-
lar accumulation of active TrkA protein. The accumulation
of activated TrkA in endosomal compartments has been
reported previously when Rab7 activity was impaired (33).

The decision to recycle RTKs is made at the early endo-
some compartment (5,6). Nedd4-2 depletion leads to
increased recycling of TrkA to the plasma membrane
(Figure 4A,B) and subsequent accumulation of surface
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TrkA (Figures 1C and 4D,E). As Nedd4-2 is located at the
early endosomes (Figure 3A) and considering the delay of
activated TrkA in reaching late endosomes when Nedd4-2
is depleted (Figure 3E), we believe that Nedd4-2 must
play a role in TrkA trafficking at the early endosomes. In
addition, Nedd4-2 is also located in the late endosomes
(Figure 3A) and considering the accumulation of activated
TrkA at later time-points in late endosomes (Figure 3E),
it is very plausible that Nedd4-2 is functioning at the late
endosome stage as well. All together, our results indicate
that Nedd4-2 is functioning at the early and late endosomal
compartments. Nedd4-2 depletion leads to an increased
recycling and to a slight accumulation of activated TrkA
at the early endosomes in early time-points. At later time-
points upon NGF treatment, Nedd4-2 depletion results in
an accumulation of activated TrkA at the late endosomes.
To sum up, Nedd4-2 seems to regulate the trafficking and
sorting of active TrkA to the degradative pathway acting
at the early and late endosome stages. Our data also
showed that Nedd4-2 ubiquitinates activated TrkA recep-
tors in early endosomes (Figure 3G), suggesting that this
may be a mechanism by which TrkA trafficking is regu-
lated. In addition, the effect is specific for TrkA in response
to NGF, as p75 trafficking kinetics was not affected. The
availability of extra TrkA protein at the cell surface and at
intracellular compartments in Nedd4-2-depleted cells ren-
ders these neurons more responsive to NGF treatment.
This may contribute in part to the increased TrkA signaling
observed following NGF treatment (Figure 6A).

Nedd4-2 belongs to the family of Nedd4 E3 ubiquitin
ligase proteins (25,32). All members of the family share
structural homology, with a C2 domain in the N-terminus,
several WW domains and an HECT catalytic domain at the
C-terminus (25,34,35). The localization of Nedd4 proteins
depends on the C2 domain, which is a phospholipid mem-
brane interaction motif. According to different reports
using genetic approaches to knock out their expression,
Nedd4 family members exert specific functions (36—-40).
However, other studies have indicated that there is also
functional compensation and redundancy among different
Nedd4 proteins (38,41,42). Here, we have described a
specific function for Nedd4-2 in the modulation of TrkA
trafficking. In the absence of Nedd4-2 TrkA turnover, albeit
at lower kinetics, still proceeds, suggesting that other E3
ubiquitin ligases can compensate for Nedd4-2 depletion.
Future work should address the role of other members
of the Nedd4 family on TrkA protein, mainly those ones
that might be upregulated or compensate in response to
Nedd4-2 depletion.

The endosomal sorting of RTKs upon activation is ini-
tiated by their ubiquitination by specific E3 ubiquitin
ligases, which often begins at the plasma membrane
and continues on endosomal membranes. In the endo-
some membrane, ubiquitinated RTKs are recognized and
captured by the endosomal sorting complex required
for transport machinery. Alteration of the ubiquitination
of TrkA mediated by Nedd4-2 impairs the sorting and
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trafficking of the receptor, leading to an accumulation
of activated TrkA in compartments where it is not nor-
mally accumulated. The level of ubiquitination and/or
specific ubiquitination mediated by Nedd4-2 on the TrkA
receptor may be required for proper endosomal sort-
ing and degradation, as previously described for EGF
receptor (43). Further analysis of the residues that are
ubiquitinated in TrkA in response to NGF should shed
light on the type and levels of ubiquitination provided by
Nedd4-2 that are required for correct TrkA trafficking and
sorting.

Implications of alterations of proper TrkA trafficking
In neurons, TrkA signaling may emanate from the cell
surface as well as from intracellular compartments (4,44).
There are reports in the literature supporting the notion
that activated TrkA exerts its signaling function as
from the early endosome (16,18,45,46) as well as from
late endosomes (33,47,48). The impaired trafficking of
activated TrkA protein in response to Nedd4-2 depletion
in sensory neurons results in enhanced signaling, as
assessed by the activation of PLCy, Akt and MAPK and,
finally, in increased survival of these neurons (Figure 6).
These data are further supported by the use of sensory
neurons obtained from a newly generated knock-in mouse
that expresses a mutant TrkA that does not bind Nedd4-2
(Figure 7). These results suggest an important role for
Nedd4-2 and its interaction with TrkA in the modulation of
NGF-mediated signaling pathways.

The results reported here highlight the notion that correct
modulation of the trafficking of the neurotrophin receptor
TrkA in response to NGF is a critical event for its func-
tions. It is believed that NGF and TrkA may play important
roles in the etiology of neurodegenerative diseases such
as Alzheimer’s. A hypothesis of impaired NGF transport
and the subsequent degeneration of cholinergic neurons
may underlie one of the earliest events in Alzheimer’s
disease (49). Future experiments involving the modula-
tion of TrkA protein levels and NGF-mediated signaling
may help to further understand the role of NGF in neu-
rodegenerative diseases. The identification of Nedd4-2
as a molecular determinant of TrkA trafficking repre-
sents a potential target for control of the level of TrkA
activation.

Materials and Methods

Materials

The following antibodies were used: rabbit Nedd4-2 polyclonal and phos-
phoTrkA (Y785) have been used previously (22); p75 (9992); Trk (C-14)
and P4D1 (ubiquitin) (Santa Cruz); Rab7 and bllI-Tubulin (Sigma); phospho-
Trk (Y490), phosphoPLCy and phosphoMAPK (Cell Signaling); EEA1, Rab5
and Rab11 (Beckton Dickinson); phosphoAkt (Ser473) (Upstate) and GFP
(Molecular Probes and Chemicon).

Plasmids
The sequence 5'-aagtggacaatttaggccgaa-3’ of Nedd4-2 cDNA correspond-
ing to nucleotides 727-747 was used to generate Nedd4-2 shRNA using
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the lentiviral vector pLVTHM. Control shRNA lentivirus was generated
using the sequence 5’-gcgcegctttgtaggattcg-3’ from Euglena gracilis chloro-
plast DNA between s16 S and 16 S rRNA (50).

DRG neuron culture

DRGs were dissected from E15.5 rat embryos, incubated and dissociated
with 0.25% trypsinin L-15 media for 45 min at 37°C. Cells were centrifuged
to eliminate trypsin and resuspended in plating medium (MEM, 10% FBS,
0.4% glucose, 2 mm glutamine and 100 U/mL Pen/Strep). A single-cell sus-
pension was obtained by pipetting up and down 30 times with a 200-uL tip.
After counting, cells were plated using plating medium and the correspond-
ing neurotrophin, NGF (50 ng/mL) or BDNF (25 ng/mL) overnight on plastic
plates coated with Growth Factor Reduced Matrigel (BD Biosciences) as
substrate. On the following day, the medium was changed to NB (neu-
robasal medium, B-27, 0.4% glucose, 2 mm glutamine), NGF or BDNF and
5-fluorodeoxyuridine (6FU; 2.44 ug/mL) and uridine (2.44 pug/mL). Prolifer-
ating cells disappeared after 3—-4 days and more than 95% of cells at DIV8
were neurons.

Lentivirus generation and infection

The lentivirus used in this study was generated by cotransfection using
calcium phosphate in 293FT cells. 293FT cells (2.5 x 10%) seeded in a
10-cm plate the day before were transfected with 9 ug of pLVTHM control
shRNA or pLVTHM-Nedd4-2 shRNA together with 6 ug of psPAX2 and
5 ug of pMD.2G plasmids. The medium was changed to fresh medium
without antibiotics after 16 h. Forty-eight hours later, the supernatant con-
taining the lentivirus was collected, centrifuged at 2750 x g for 10 min,
filtered through a 0.45 um filter and stored in aliquots at —80°C. To infect
1 x 10° DRG cells, 100 uL of supernatant containing lentivirus was added
to the NB medium. Infected neurons were monitored by the expression
of GFP. According to the western blot analysis, Nedd4-2 levels decreased
by 80-90% within 3-4 days after infection.

Western blot analysis

Cells were lysed in a lysis buffer (10 mm Tris pH 7.4, 150 mm NaCl, 2 mm
ethylenediaminetetraacetic acid, 1% Nonidet P-40, 1 mm phenylmethylsul-
fonyl fluoride, 1 ug/mL aprotinin, 2 ug/mL leueptine, 1 mm vanadate, 10 mm
sodium fluoride and 20 mwm p-glycerophosphate) for 40 min at 4°C with gen-
tle shaking and centrifuged at 13 000 x g 15 min to eliminate the debris.
Lysates were added 5x SDS buffer and boiled for 7 min to denature the
proteins. Proteins were resolved by SDS-PAGE and western blots were
performed with antibodies against the different proteins. To avoid prob-
lems with the immunoglobulin chains we used ProtA- or ProtG-conjugated
horseradish peroxidase when same species antibodies were used for both
immunoprecipitation and western blot as previously described (51).

NGF-mediated signaling

Rat NGF-and BDNF-dependent DRGs at DIV3 were infected with lentivirus
expressing control or Nedd4-2 shRNA for 5 days. After overnight starva-
tion of neurotrophins in the presence of 20 um Z-VAD-FMK, DRGs were
either not stimulated or stimulated with NGF (50 ng/mL) for 5, 15, 30,
45 and 60 min at 37°C and then immediately chilled on ice. Cells were
washed with cold PBS and lysed in 2x SDS loading buffer (100 mm Tris pH
7.5, 25% glycerol, 2% SDS and 0.01% bromophenol blue). Lysates were
denatured by heating at 100°C for 7 min and then used for SDS—PAGE.
Western blots were performed to analyze pTrk, pAkt Serd73, p-pMAPK,
pPLCy, Nedd4-2 and B-tubulin I11.

Surface biotinylation assays

Infected DRGs with control and Nedd4-2 shRNA lentivirus were NGF-
starved as indicated above. Cells were stimulated with or without
NGF (50 ng/mL) for different times (15 and 60 min) to induce the
internalization of biotinylated surface proteins. Subsequently, cells were
washed sequentially using room temperature PBS and cold PBS, chilled
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on ice and incubated in 0.5 ug/mL Sulfo-NHS-SS-biotin (Pierce) dissolved
in biotinylation buffer (PBS, 1 mm CaCl, and 0.5 mm MgCly) for 20 min at
4°C to label the membrane proteins. Free biotin was quenched with 0.1 m
glycine for 15 min at 4°C. Cells were then washed twice with cold PBS and
lysed as indicated above. Biotinylated proteins were isolated from the total
cell lysate by immobilization on neutroavidin beads (Pierce) for at least 3 h at
4°C. Beads were washed three times with lysis bufferand 20 uL of 2x SDS
sample buffer was added before boiling for 7 min. Proteins were subjected
to SDS-PAGE and immunoblotted with the corresponding antibodies.

Internalization assay

Unlike the surface biotinylation assay, which tests surface protein after
NGF (50 ng/mL) induction, the internalization assay tested internalized
surface protein in response to NGF. Briefly, infected DRG neurons were
grown in mass cultures for 8-10 days and then NGF-starved overnight, as
indicated previously. Neurons were subjected to biotinylation on ice with
the reversible membrane-impermeable derivative of biotin (sulfo-NHS-SS-
biotin from Pierce; 0.5 mg/mL in PBS). Cells were then washed twice to
eliminate free biotin and incubated in prewarmed medium at 37°C with or
without NGF for different times (15 and 60 min) to induce the internaliza-
tion of biotinylated surface protein. To address the rate of internalization,
the remaining cell-surface biotin was cleaved by reducing its disulfide
linkage with 50 mm DTT for 15 min at 4°C to assess only the internal-
ized protein. Cells were lysed and biotinylated proteins were precipitated,
eluted from the beads, resolved by SDS-PAGE and immunoblotted with
the corresponding antibodies.

Degradation assays

Infected DRGs with control and Nedd4-2 shRNA lentivirus were NGF-
starved as indicated above. The following day, neurons were washed with
PBS, chilled on ice and biotinylated using 0.5 ug/mL Sulfo-NHS-SS-biotin
for 20 min at 4°C. Cells were sequentially washed with cold and room tem-
perature PBS and incubated in prewarmed medium at 37°C with or without
NGF (50 ng/mL) for different times (15 and 60 min) to allow the biotinylated
receptors to become internalized and degraded. Subsequently, cells were
washed and lysed using lysis buffer and the biotinylated proteins were pre-
cipitated with neutroavidin beads, washed and subjected to SDS-PAGE
and immunoblotted using different antibodies. With this method it was
possible to detect surface-labeled proteins that had not been degraded
at different time-points, regardless of whether the proteins had been
internalized or whether they had returned to the plasma membrane.

Immunofluorescence and quantification

The DRG neurons used to perform immunofluorescence analysis were cul-
tured on coverslips coated with 1 mg/mL poly-D-Lysine and Growth Factor
Reduced Matrigel and then infected with 10 uL of lentivirus expressing
control or Nedd4-2 shRNA for 5 days. After NGF starvation as described
above, 50 ng/mL NGF was added to induce TrkA activation and internal-
ization. Cells were then fixed with 4% paraformaldehyde in PBS for 5 min,
quenched with 50 mm NH4ClI for 10 min, blocked and permeabilized with
PBS containing 5% normal goat serum, 0.1% Tween-20, 0.1% Triton X-100
for 30 min and incubated with primary antibodies overnight at 4°C. The
following day, cells were washed three times with PBS, incubated with
the corresponding fluorescent secondary antibody at room temperature
for 40 min and washed with PBS three times. Images were collected with
a Leica confocal microscope. To avoid bleed-through between channels,
each channel was acquired separately in the colocalization experiments.
For colocalization analyses, images of the cells were processed with the
functions of ImaceJ (National Institutes of Health, NIH), using similar thresh-
old settings for all pictures analyzed, as described (52). Quantification of
the processed images was performed with a custom-written program in
MATLAB.

Retrograde transport
DRG neurons were obtained from E.15.5 embryos as described above.
Compartmentalized cultures using microfluidic chambers (Standard Neuron
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Device 450 um, Xona Microfluidics) were used to assess retrograde trans-
port. The microfluidic chambers were assembled on glass coverslips
previously treated with 1 mg/mL PDL the day before dissection of the
DRGs, as indicated by the manufacturer. Two hundred microliters of NB
media was added to the top wells and 150 uL to the bottom wells and
incubated overnight in the incubator. The following day, any chamber with
signs of leakage was discarded. The chambers were coated with Matrigel
and 2 x 10° cells in 10 uL of plating medium with NGF were plated in
each chamber. Cells were allowed to adhere to the coverslip for 10 min
and additional plating medium was added to each well of the chamber. To
isolate each chamber, the volumes in the wells on one side of the device
were higher than the other side. The difference in volume creates hydro-
static pressure, thus isolating each compartment fluidically. The plating
medium was replaced on the following day with NB medium with NGF
(50 ng/mL) and 5FU. Lentivirus infections were performed as described
previously. To assess that there was retrograde transport, we have used
red-fluorescent beads (40 nm) from Invitrogen.

DRG neuron survival

NGF-and BDNF-dependent rat DRG neurons plated on 24-well plates were
transfected at DIV4-5 with plasmids expressing GFP and control or Nedd4-
2 shRNA using lipofectamine 2000 (Invitrogen) overnight. The following
day, the medium was replaced, keeping NGF or BDNF for 48 h, after which
both neurotrophins were withdrawn. Transfected cells were recognized by
GFP expression and apoptotic neurons, identified by fragmented or con-
densed nuclei using Hoechst 33342, were scored 72-120 h after the corre-
sponding withdrawal of neurotrophin. Images were taken at random fields
using a Leica DMI3000B microscope equipped with a Leica DFC300FX
camera. To avoid variability among the independent experiments, a figure
of 100% was given to the percentage of apoptosis after counting all
cells.

DRGs from E13.5 WT and KI mice were dissected as indicated above. Ten
thousand cells per well in a 24-well plate were plated with 25, 10, 5, 1
or 0 ng/mL of NGF. The following day, the medium was changed to NB
medium and 5FU, keeping the same amount of NGF as when they had
been plated. Images were taken from four random fields after 6-9 days
and live cells were counted. The number of live cells growing in 25 ng/mL
of NGF was considered 100%.

TrkAP782S knock-in mice

To generate a targeting construct for TrkA P782S knock-in mice, a
genomic clone from 129SV/J mice containing exon 17, which encodes
the C-terminus of TrkA, was used. The triplet coding for proline (CCA)
was mutated to serine (TCG) using directed mutagenesis and this was
checked by sequencing and the disappearance of a BstXI restriction site.
A neomycin-resistance gene flanked by FRT sites containing a loxP site
was inserted downstream from exon 17. The truncated diphtheria toxin
gene was placed at the end of the short arm for negative selection. The
targeting vector was linearized at a unique upstream BstXI site and was
electroporatedinto CJ7 ES cells, as previously described (53). Ninety-seven
G418-resistant colonies were screened for homologous recombination by
Southern blot analysis with an external probe. This probe was a 1.2-kb
DNA fragment that was excised from the pmAb plasmid by Sacl digestion.
A total of seven clones showed the correct band pattern with the external
probe (Figure 7) and a Neo probe (data not shown). Three ES clones were
injected into C57BL/6 blastocysts to generate chimeric mice. The chimeras
were bred with C57BL/6 mice that expressed the Flp recombinase driven
by the actin promoter to remove the Neo cassette and all three gave
germline transmission. TrkAP782S genotyping was performed by PCR
with tail genomic DNA and the following two primers: TrkA-Pvul-F (5’
ggcgeaggegategagtgtate-3’) and mTrkA-1-B (5'-cctccgeaatggacaggag-3').
A 1.2-kb product was amplified from the WT allele and a 1.4-kb product
was amplified from the mutant allele. Confirmation of the genotyping was
accomplished by digestion of the PCR product with the BstXI restriction
enzyme, which digests the wt alleles but not the mutant alleles. In addition,
digestion with the Pstl restriction enzyme was performed to confirm that
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the lack of digestion of mutant TrkA DNA with BstX| was not because of
the problems with the amplified DNA.

All animals were housed and bred in the SPF Animal Facility of the
University of Salamanca. Proper measures were taken to reduce the pain
or discomfort of experimental animals. All animal care and procedures were
done in accordance with protocols approved by the Bioethics Committee
of the University of Salamanca and following the European Community
guidelines.
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Figure S1: Infection of DRG neurons using lentivirus. Infected DRG
neurons were identified by the expression of GFP. Scale bar, 100 um.

Figure S2: Nedd4-2 antibodies stain specifically Nedd4-2. DRG
neurons infected with control and Nedd4-2 shRNA lentivirus were stained
with Nedd4-2 antibodies. Images from control and Nedd4-2-depleted
neurons were collected with a confocal microscope using the same
settings and processed in a similar way. Note the almost complete
disappearance of the signal in Nedd4-2-depleted neurons. Scale bar, 20 um.

Figure S3: TrkAP782S receptor binds to PLCy. HEK 293 cells
were transfected with empty vector (—), wild-type TrkA, TrkAP782S or
TrkAY785F. Endogenous PLCy was immunoprecipitated and western blot
analysis was performed to test the binding of PLCy to different TrkA
receptors. Note the similar binding of wild-type TrkA and TrkAP782S to
PLCy and the lack of binding of TrkAY785F.
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Any queries (other than missing material) should be directed to the
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