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Abstract 

 

Title of Dissertation: The Role of the LDLR Family Member LRAD3 in the Brain  
 
Nathaniel Noyes, Doctor of Philosophy, 2014 
 
Dissertation Directed by: Dudley Strickland, PhD, Professor, Department of Surgery 
 
 The LDLR family is a class of cell surface receptors important in a wide range of 

biological activities, including neuronal function and pathology. We discovered the 

highly conserved gene LDLRAD3 in a screen of the human EST database for novel 

LDLR-related genes expressed in the brain.  The protein product for this gene, LRAD3, 

is highly conserved across species in amino acid sequence, specifically in functionally 

important protein domains and motifs.  Therefore, we hypothesized that LRAD3 should 

have an important role in the brain.  Indeed, we found LRAD3 to be highly expressed in 

the brain and specifically in neurons.   We performed an unbiased screen searching for 

proteins that interact with LRAD3 in mouse brain and discovered several of the WW 

domain containing members of the Nedd4 family, including the E3 ligase Itch.  This 

interaction results an increase in the ubiquitination activity of Itch that is dependent on 

the PPxY motifs in LRAD3.  The increase in Itch activity leads to increased auto-

ubiquitination and subsequent degradation of Itch.  Finally, we demonstrate that the 

activation-induced degradation of Itch is also achieved by the protein Spartin and is 

therefore not unique to LRAD3.  These results reveal that LRAD3 is a component of the 

ubiquitin proteasome system (UPS) similar to other Itch activating, PPxY containing 

proteins like NDFIP1 and Spartin.  The UPS regulates proteins involved in Alzheimers 

Disease (AD) and the UPS is dysfunctional in AD.  This led us to study the role of 



 

LRAD3 in the processing of the AD associated protein, APP, a protein regulated by a 

number of LDLR family members.  We found that LRAD3 interacts with APP and this 

interaction is mediated through either their transmembrane domains or intracellular 

domains. The association of LRAD3 with APP increases the amyloidogenic processing of 

APP resulting in a decrease in sAPPα production and an increase in Aβ peptide 

production. Pulse-chase experiments revealed that LRAD3 expression significantly 

decreases the cellular half-life of mature APP.  Our work indicates that LRAD3 may be 

an important component in AD, potentially through its regulation of the UPS.   
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Chapter 1- Introduction 
 
LDL Receptor Family 

The low-density lipoprotein (LDL) receptor family includes several family 

members that are closely related structurally (fig. 1.1).  These include the LDL receptor, 

the very low density lipoprotein (VLDL) receptor, ApoE receptor 2, multiple epidermal 

growth factor-like domains 7 (MEGF7), glycoprotein 330 (gp330/megalin/LRP2), Low 

density lipoprotein receptor-related protein 1 (LRP1) and LRP1b (Willnow et al., 

1999;Herz and Strickland, 2001).  In addition, this receptor family also includes members 

that are more distantly related, such as LRP5, LRP6 and SorLa/LRP11.  The prototypic 

member of this family is the LDL receptor which has a cytoplasmic domain containing an 

NPXY internalization sequence, a transmembrane domain, an O-linked sugar domain, a 

cluster of cysteine-rich LDL receptor type A (LDLa) repeats that are responsible for 

binding the ligands, epidermal growth factor like repeats, and a β-propeller domain 

(Yamamoto et al., 1984). Several members of the receptor family are endocytic receptors 

and have a broad range of ligands.  These ligands include proteases, signaling molecules, 

growth factors, lipoproteins, extracellular matrix proteins, and protease-inhibitor 

complexes (Strickland et al., 2002).  The receptor ligand complexes are internalized into 

endosomal compartments where the low-pH environment elicits their dissocation 

(Maxfield and McGraw, 2004).  Ligands are targeted for degradation in lysosomes while 

receptors are recycled back to the cell surface (Krieger and Herz, 1994; Strickland et al., 

1995).  This internalization mechanism facilitates the transport of nutrients vital to the 

cell, selective elimination and degradation of potentially harmful proteins from the  
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Figure 1.1 Domain structure of several members of the LDLR family. 
Abbreviations: ApoER2, apolipoprotein E receptor 2; EGF, epidermal growth 
factor; LDL, low-density lipoprotein; LDLR, LDL receptor; LRP, LDL-related 
protein; NPXY, asparigine-proline-x-tyrosine, where x is any amino acid; 
VLDLR, very low-density lipoprotein receptor. 
 
Adapted from Strickland et al. 2002 
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extracellular space and removal of signaling molecules.   

Additionally, several of the family members act as signaling receptors and function in a 

variety of signaling pathways (Strickland et al., 2002).  

   The LDLa repeats are approximately 40 amino acids long and contain acidic 

residues that coordinate a calcium ion and six cysteine residues involved in disulphide 

bond formation.  LRP1, LRP1b and LRP2 contain four clusters of multiple LDLa repeats 

that form the ligand-binding domains.  The epidermal growth factor (EGF) precursor 

homology domains contain multiple EGF repeats along with a β-propeller domain.  In the 

acidic environment of the endosomal compartments, the receptor undergoes a 

conformational change resulting in the β-propeller domain displacing ligand from the 

ligand-binding domains (Fisher et al., 2006).  The cytoplasmic tails of these receptors 

contain various endocytic signaling motifs.  NPxY (Chen et al., 1990), YXXL (Li et al., 

2000) and di-leucine motifs (Haft et al., 1994) all serve to recruit endocytic machinery 

and promote internalization .    

Low-density-lipoprotein receptor class A domain containing 3 (LRAD3) 

 The low-density-lipoprotein receptor class A domain containing 3 (LRAD3) is a 

member of the low-density lipoprotein (LDL) receptor family.  LRAD3 contains an 

extracellular region composed of three LDLa repeats, a transmembrane domain, and a 

large cytoplasmic domain (fig. 1.2) (Ranganathan et al., 2011).  The LDLa repeats in 

other members of the LDLR family members are responsible for ligand binding 

(Yamamoto et al., 1984).  Although the LDLa repeats contained in LRAD3 are 

homologous to those found in other LDLR family members, it lacks the full complement 

of calcium-coordinating acidic residues (fig. 1.3) (Ranganathan et al., 2011).  These  
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Figure 1.2 Domain organization of LRAD3. The signal peptide is followed by an 
ectodomain that contains with three LDLa repeats. The cytoplasmic domain contains a 
conserved dileucine motif (LL) that may function as an endocytic or targeting 
sequence, along with two polyproline regions (PPxY), which are consensus WW 
domain and SH3 domain binding motifs. 
 
Ranganathan et al., 2011 
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Figure 1.3 Comparison of LRAD3 LDLa repeats with the LDL receptor 
consensus sequence. The consensus amino acid F/W and three D residues 
identify amino acids that form an acidic pocket that interact with basic residues 
on LDLR ligands. Conserved amino acids are boxed. 
 
Ranganathan et al., 2011 
 
 
Ranganathan et al 2011 
 
 
Ranganathan et al 2011 
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conserved residues facilitate interaction with lysines in ligands and are critical in binding 

ligands (Fisher et al., 2006).  This suggests that LRAD3 will most likely bind to unique 

ligands with distinct binding requirements (Fisher et al., 2006).   

 LRAD3 is structurally unique compared to other members of the LDLR family in 

a number of ways.  EGF and β-propeller domains, important for pH-dependent ligand 

dissociation, are found in the extracellular portions of most LDLR members but are 

absent in LRAD3.  LRAD3 is also missing NPXY clathrin internalization motifs 

common in the cytoplasmic portions of LDLR family members. Two conserved protein 

interacting sequences, called PPxY (PY) motifs, are unique to LRAD3 among LDLR 

family members (Ranganathan et al., 2011).  LRAD3 does contains a conserved dileucine 

motif that is common among LDLR family members.  These motifs have been 

determined to facilitate the internalization of receptors. 

 The PPSY sequence (PY1) and the PPPY sequence (PY2) in LRAD3 have the 

potential to bind a number of proteins.  PPxY sequences have been implicated in 

mediating protein-protein interactions with proteins containing WW domains, a domain 

containing conserved tryptophans (W) spaced approximately 20 amino acids apart.  WW 

domains are found in a variety of proteins and mainly interact with PPxY domains and 

phosphorylated serines and threonines (Ilsley et al., 2002).   

 Work from our laboratory has demonstrated that LRAD3 mRNA is widely 

expressed in various tissues, including high levels in brain, lung, skeletal muscle, and 

pancreas (fig. 1.4). LRAD3 mRNA was expressed at moderate levels in heart, placenta, 

and kidney but was not detected in the liver. 
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Expression$of$LRAD3$mRNA$and$protein$in$various$;ssues.$A,-Tissue-distribu(on-of-
LRAD3-mRNA.-A-purified-EcoRI-fragment-of-the-human-EST-clone-358576-was-used-
to-probe-a-human-mul(ple-(ssue-Northern-blot-

Ranganathan-et-al-2011-
Figure 1.4 

Figure 1.4 Expression of LRAD3 mRNA and protein in 
various tissues. Tissue distribution of LRAD3 mRNA. A 
purified EcoRI fragment of the human EST clone 358576 was 
used to probe a human multiple tissue Northern blot. 
 
Ranganathan et al., 2011 
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Ubiquitin conjugation 

Ubiquitination is a sequential enzymatic reaction that results in the covalent 

conjugation of one or more ubiquitin molecules to a target protein (Hochstrasser, 2009). 

This post-translation modification plays a critical role in most cellular processes by 

altering target protein function, trafficking or marking the target protein for degradation.  

Generally, the final enzyme in the ubiquitination cascade, the E3 ubiquitin ligase, confers 

specificity by interacting with the target protein (Ciechanover, 1994).   

Proteins are continuously being synthesized and degraded in the cell.  The critical 

function of protein degradation is necessary for the elimination of dysfunctional and 

misfolded proteins, regulation of protein levels, protein function, protein localization in 

the cell and the recycling of amino acids for re-use in protein synthesis (Ciechanover, 

2005).  Originally it was believed that protein degradation was only mediated by the 

lysosome, an acidic vesicle containing a number of proteases.  It is now clear that protein 

degradation also occurs in proteasomes (Ciechanover et al., 1991; Glotzer et al., 1991), a 

protein complex with protease activity, and autophagasomes (Mizushima et al., 1998), 

double-membrane vesicles capable of taking up relatively large volumes of cytoplasm 

and whole organelles.  The mechanisms involved in determining what proteins get 

delivered to which degradation machinery is an intensely studied topic.  Ubiquitination 

status of the target protein is a key factor in this process.   

Ubiquitin is a small, 76 amino acid protein that is ubiquitously expressed in 

eukaryotic cells.  The covalent addition of ubiquitin to a target protein (fig. 1.5) is a post-

translation modification that results from a sequential process involving several enzymes. 

 First, an ATP-dependent E1 enzyme generates a C-terminus acyl-adenylated 
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Figure 1.5 Ubquitination is a sequential enzymatic process.  The ATP-dependent 
E1 generates a thioester bond with a ubiquitin molecule.  The activity of the E2 
enzyme catalyzes the conjugation of the now active ubiquitin to the active site 
cysteine on the E2 enzyme.  The E3 ligase promotes the transfer of ubiquitin to the 
target substrate.  The mechanism for this is dependent on the type of E3 ligase 
involved.    
 
Source: http://en.wikipedia.org/wiki/File:Ubiquitylation.svg 
Created by Roger B. Dodd 
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ubiquitin, which is next linked to cysteine on E1 with a thioester bond.  An E2 

enzyme then catalyses the transfer of the ubiquitin to a cystine residue on the E2 via a 

transthioesterfication reaction.  The final step is performed by an E3 enzyme and results 

in the transfer of the ubiquitin molecule to the target protein (Hochstrasser, 2009).  The 

two major families of E3 enzymes, RING (Really Interesting New Gene) domain-

containing and HECT (Homologous to the E6-AP Carboxyl Terminus) domain-

containing, perform this procedure in different ways.  RING domain-containing E3 

ligases act as scaffolds between the E2 and the substrate and catalyse the direct transfer 

of the ubiquitin to a lysine on the substrate.  In HECT-domain containing ligases a 

transient ubiquitin-thioster bond is formed with a cysteine in the HECT enzyme before 

the ubiquitin is transferred to a lysine on the substrate.  Catalysis by any E3 in either class 

results in an isopeptide bond between a lysine in the substrate and the C-terminal glycine 

in ubiquitin (Glickman and Ciechanover, 2002).   

The addition of a single ubiquitin to a substrate, termed monoubiquitination, has 

been implicated in protein trafficking and endocytosis, (Haglund et al., 2003), DNA 

repair (Bergink and Jentsch, 2009) and viral budding (Harrison et al., 2012) but is not 

generally associated with protein degradation.  Polyubiquitination is the addition of a 

chain of ubiquitin molecules. Chains are formed by linking C-terminal glycine of 

additional ubiquitins to a lysine of the ubiquitin already bound to substrate or already in 

the ubiquitin chain.  Polyubiquitination of a protein often results in the degradation of the 

protein through lysosomes, proteasomes or autophagasomes (Ciechanover, 2005).   

A major factor in controlling which degradation pathway a protein takes is the 

type of polyubiquitin chain attached to the substrate (Schwartz and Ciechanover, 2009).  
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Ubiquitin has 7 lysines, each of which can form a bond with another ubiquitin being 

newly added to the chain.  It is the specific lysine linkage that determines the structure, 

and therefore characteristics, of the ubiquitin chain.  For example, proteins with ubiquitin 

chains linked via the lysine at amino acid 48 are most often degraded in the proteasome 

while proteins linked through the lysine at amino acid 63 in ubiquitin chains are 

internalized and degraded in lysosomes (Hochstrasser, 2009).        

 Humans contain 28 members of the HECT family of E3 ligases (Li et al., 2008).  

This family of E3 ligases is characterized by the presence of a HECT domain at the C-

terminus (Huibregtse et al., 1995).  It is a bilobal domain characterized by a conserved 

cysteine that forms the transient thioester complex with ubiquitin.  The HECT domain is 

also responsible for binding the E2 enzymes, where each E3 ligase binds different E2 

enzymes with varying affinity.  The HECT family contains three distinct groups, the 

Nedd4 (neural precursor cell expressed developmentally down-regulated protein 4) 

family, the Herc (domain homologous to E6 associated protein carboxy-terminus and 

RCC1 domain protein) family and the other HECTS, sorted by their structural relatedness 

(Rotin and Kumar, 2009). 

Nedd4 family of E3 ubiquitin ligases 

In addition to the HECT domain, members of the Nedd4 family contain an N-

terminal C2 domain and multiple WW domains (fig. 1.6).  The C2 domain is calcium  

responsive and, by virtue of its affinity for phospholipids, is able to target proteins to the 

plasma membrane, endosomes and multi-vesicular bodies (Rotin and Kumar, 2009).  

WW domains contain conserved tryptophan residues spaced 20-23 amino acids apart. 

The whole domain is an approximately 40 amino acid-long triple stranded β-sheet  
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Figure 1.6 Domain architecture of the human Nedd4 family.  Three of the nine 
members are shown here. All members share three structural elements.  The C-
terminal C2 domain is a calcium-responsive domain able to bind lipids in the cellular 
membrane.  WW domains are protein-protein interaction domains capable of binding 
PPxY motifs as well as phosphorylated-serines and phosphorylated-threonines.  The 
HECT-domain is the catalytic arm for Nedd4 family members and contains the active 
site cysteine required for enzymatic activity.   
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and binds directly to PPxY motifs (Harvey and Kumar, 1999).  The Nedd4 family is 

found in all eukaryotes and the number of members expands when moving from simple 

organisms to higher animals; Saccharomyces cerevisiae has one member and humans 

have nine.  In all organisms studied, Nedd4 family members have pleiotropic effects and 

multiple substrates (Ingham et al., 2004).  

Nedd4 has been implicated in a broad array of biological functions including the 

regulation of ion channels (Gautam et al., 2013; Lin et al., 2011), growth factor receptors 

(Cao et al., 2008), neuromuscular junctions (Zhong et al., 2011) and viral budding (Sette 

et al., 2010).  Nedd4-null mice are significantly smaller at birth than their wild-type 

counterparts and experience global growth retardation.  The phenotype can be explained, 

in part, by the regulation of insulin-like growth factor 1 receptor (IGF1R), a growth factor 

receptor critical in normal growth and development (Cao et al., 2008).  Studies from 

these same Nedd4-null mice also indicate Nedd4 is important in immune cell regulation 

(Yang et al., 2008) and neuronal development (Camera et al., 2014).  The diversity of 

Nedd4 function stems from the ability of Nedd4 to ubiquitinate a diverse assortment of 

substrates.  For example, Nedd4 regulates T-cell function through the ubiquitination of 

Cbl (Yang et al., 2008) while Nedd4 regulation of axonal outgrowth may be 

accomplished via Nedd4 ubiquitination of PTEN (Christie et al., 2012).  

 Nedd4-2, owing either to a truly more narrow physiological role or simply a lack 

of investigation into the breadth of its function, has been primarily described as a 

regulator of ion channel trafficking. Cell surface abundance of the epithelial sodium 

channel (ENaC) is controlled through ubiquitination by Nedd4-2 and subsequent 

degradation (Kamynina et al., 2001a).  In this way, Nedd4-2 is involved in controlling 
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blood pressure.  Liddle’s Syndrome, a hereditary disorder of hypertension, results from a 

mutation in the PPxY motif in ENaC, disrupting its interaction and ubiquitination by 

Nedd4-2 (Zhou et al., 2007).  Nedd4-2 has also been described to regulate a number of 

voltage-gated sodium channels important in cardiac and neuronal cells (Ekberg et al., 

2014).   

Like Nedd4, Itch is an important regulator of many biological processes (Matesic 

et al., 2008; Melino et al., 2008).  Mice lacking the Itch gene display severe autoimmune-

like disease and die between 6-8 months of age from pulmonary interstitial inflammation 

(Hustad et al., 1995).  The Itch-null phenotype may be in part explained by a number of 

observations, including that Itch-/- T-cells are skewed toward the TH2 phenotype, 

produce increased TH2 cytokines and are resistant to anergy induction (Fang et al., 2002; 

Heissmeyer et al., 2004).  Human patients with Itch deficiency also have multisystem 

autoimmune disease, confirming the importance of Itch in regulating the immune system 

(Lohr et al., 2010).   

Itch modulates T-cells through a number of pathways.  Activated Itch 

ubiquitinates and promotes the degradation of the transcription factor JunB.  JunB 

induces the expression of the cytokine IL-4 which drives the differentiation of TH0  cells 

to TH2 cells (Fang et al., 2002).  Itch also targets Notch receptors, which regulate T-cell 

differentiation and activation.  Notch signaling induces the activation and survival of 

mature T lymphocytes. Itch-/- T-cells display dysregulated Notch turnover which 

increases Notch signaling.  This amplifies survival signals in mature T-cells that would, 

under normal physiological conditions, undergo apoptosis (Matesic et al., 2008).  The 

pleiotropic cytokine TGFβ is important in regulating the immune response.  Itch appears 
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to modulate TGFβ signaling in several ways.   Itch-deficient T-cells are resistant to TGFβ 

induced suppression of T-cell differentiation.  Itch ubiquitinates TGFΒ signaling 

molecule SMAD2 increasing its phosphorylation (Bai et al., 2004).  Additionally, Itch 

ubiquitinates transcription factor TIEG1, which facilitates the induction of another 

transcription factor, FoxP3.  Foxp3 expression is critical for T-cell suppression 

(Venuprasad et al., 2008).  

 Interestingly, Itch-deficient patients have a number of disorders not related to the 

immune system, including morphological and developmental defects (fig. 1.7) (Lohr et 

al., 2010).  This suggests that our understanding of the breadth of Itch functions is 

incomplete. A growing number of proteins with functions outside the immune system 

have been identified as substrates for Itch (Melino et al., 2008).  Additionally, recent 

work has uncovered potential roles for Itch in the regulation of hematopoietic stem cells 

(Rathinam et al., 2011), EGFR signaling (Azakir and Angers, 2009) and Notch signaling 

(Chastagner et al., 2008; McGill and McGlade, 2003; Qiu et al., 2000).  How the results 

from these cellular and biochemical studies relate to the disorders seen in Itch deficient 

patients remains to be determined.   

Regulation of Itch activity 

 While significant advances have been made in identifying Itch substrates and 

understanding the consequences of Itch-mediated ubiquitination, less is known about how 

Itch is regulated.  It is thought that Itch activity is suppressed through an auto-inhibitory 

intramolecular interaction (Gallagher et al., 2006). Binding studies reveal that under 

resting conditions the C-terminal HECT domain interacts with the central region of the 

protein containing the WW domains and a proline-rich region (PRR).  This is the ‘low 
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Mul;Hsyndromic$ItchHdeficiency$in$humans.$$A-rare-homozygous-muta(on-in-Old-Order-
Amish-children-yields-a-truncated-ITCH%gene-that-leads-to-dysfunc(on-in-mul(ple-systems.------%%$

Adapted-from-Naomi-et-al.-2010---

Figure 1.7 

Clinical-Features- Percent-Affected-

Failure-to-thrive- 100%-

Developmental-delay- 100%-

Dysmorphic-features- 100%-

Rela(ve-macrocephaly- 100%-

Hepato-and/or-splenomegaly- 90%-

Chronic-lung-disease- 90%-

Hypotonia- 60%-

Autoimmune-disease- 60%-

Figure 1.7 Multi-syndromic Itch deficiency in humans.  A rare homozygous 
mutation in Old Order Amish children yields a truncated ITCH gene that leads to 
dysfunction in multiple systems. 
 
Adapted from Naomi et al. 2010   
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activity’ state for Itch.  JNK-1-mediated phosphorylation of specific serine and threonine 

residues within or near the PRR weakens Itch self-association, increasing activity by 

freeing the catalytic arm (Gallagher et al., 2006). Protein domain deletion studies have 

indicated that the short stretch between the WW domains and the PRR is necessary for 

auto-inhibition but the PRR is not (Mund and Pelham, 2009).  Surprisingly, the three 

JNK-1 phosphorylation sites on Itch that relieve the auto-inhibition (Gallagher et al., 

2006) are within the sequence of the PRR not required for auto-inhibition.  It is unclear 

how the phosphorylation of a region that is not necessary for auto-inhibition can relieve 

the auto-inhibition and requires further study.   

Protein-protein interactions can also relieve Itch auto-inhibition (fig. 1.8).  

Members of the Nedd4 family interacting protein (NDFIP) family contain PPxY (PY) 

motifs that facilitate binding to the WW domains in Itch (Harvey et al., 2002).  NDFIP1 

and NDFIP2 increase Itch activity and this requires the PY motif-WW domain 

interactions (Mund and Pelham, 2009). Intriguingly, NDFIP2-/- mice phenotypically  

resemble Itch-/- mice, including a dysregulation of the immune system likely resulting 

from an aberrant skewing of T-cells toward the TH2 phenotype. Similarly, the PPxY 

motif-containing protein Spartin (Hooper et al., 2010) and the phospho-tyrosine binding 

domain containing protein Numb (Di Marcotullio et al., 2011)  both interact with Itch 

WW domains and generate increased Itch activity.  The working hypothesis based on  

these reports is that Itch auto-inhibition is relieved upon binding of the WW domains to 

partner proteins.  This binding, either through direct competition with the HECT domain 

or steric hindrance, frees the catalytic arm of Itch resulting in increased ubiquitination of 

substrates (Gallagher et al., 2006; Mund and Pelham, 2009).   
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Figure 1.8 Activation model for Nedd4 and Itch.  The inactive conformations of 
Nedd4 and Itch are a result of the inaccessibility of their catalytic arms.  The 
HECT domain is folded over and binds to the N-terminal portion of the protein.  
Activation occurs when a PPxY-containing protein binds the WW domain(s), 
displacing the catalytic arm thereby freeing the E3 to ubiquitinate target substrates. 
 
Adapted from Mund and Pelham 2009 
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Nedd4 family and Nedd4 family activators in neurons 

Itch expression has been detected in a wide variety of cell lines from different 

organ systems (Perry et al., 1998).  Additionally, Itch appears to be ubiquitously 

expressed in vivo, being found in all tissues tested in mice and humans with the highest 

levels of expression in the thymus, lung, liver, heart and brain in mouse tissues 

(Mouchantaf et al., 2006).   Within the healthy human brain, Itch is more highly 

expressed in neurons relative to glial cells.  Expression was detected in neurons in all six 

layers of the cerebral cortex, hippocampus, striatum, substania nigra and medulla 

(Pranski et al., 2012).  A role for Itch in the central nervous system has not been 

extensively studied.  However, humans with Itch deficiency display phenotypes that 

suggest a role for Itch in the nervous system.  Children with this disorder do not walk 

until the age of three or four, indicating an abnormal development of motor skills.  

Additionally, they are cognitively delayed requiring special assistance academically 

(Lohr et al., 2010).             

The Nedd4 family adaptor and activator NDFIP1 is upregulated in cortical 

neurons in a rat model of ischemic stroke (Lackovic et al., 2012).  NDFIP1 protein levels 

are increased in the surviving neurons and are associated with increased Nedd4-2 protein 

levels in the same neurons. Itch levels are also increased following stroke and Itch is also 

found upregulated in surviving neurons. Additionally, Nedd4 was discovered to mediate 

neuronal survival following stroke.  Upregulation of Nedd4 and NDFIP1 increases the 

ubiquitination of PTEN resulting in PTEN nuclear import and increased cell survival. 

This is consistent with the role of NDFIP1 as an activator of the Nedd4 family (Lackovic 

et al., 2012; Sang et al., 2006).  
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The Itch activator Spartin, the protein product of the SPG20 gene, also plays a 

role in neuronal physiology.  The SPG20 gene is one of a number of genes that can 

underlie hereditary spastic paraplegia (HSP).  The disorder is specifically known as 

Troyer Syndrome when the SPG20 gene is mutated, though all the forms of hereditary 

spastic paraplegia share common characteristics (Patel et al., 2002).  Generally, HSP 

results in muscle weakness, spasticity and progressive muscle atrophy.  Troyer Syndrome 

is associated with cognitive deficits and may result in mental retardation.  Many of the 

symptoms of the disease can be, in part, explained by the axonal degeneration of sensory 

and motor neurons.  Additionally, there is an increased likelihood of atrophy in a brain 

region known as cerebellar vermis with Troyer Syndrome (Blackstone, 2012) .  The exact 

mechanism underlying the neuropathologies seen in Troyer Syndrome is not clear, 

though Spartin may play a role in a number of processes important in neurons.   Loss of 

Spartin results in synaptic overgrowth at the neuromuscular junction in Drosophila.  

Overall, an inverse correlation was found between Spartin levels and synaptic growth.  In 

Spartin deficient Drosophila, bone morphogenic protein (BMP) signaling is elevated 

leading to a dysregulation of microtubule stability (Nahm et al., 2013).  Stability of 

microtubules is a process implicated a number of neurodegenerative diseases (Ittner et al., 

2011). Similarly, BMP signaling was also disrupted in an Spartin deficient mouse model.  

Cultured primary cortical neurons from these mice displayed abnormal axon growth and 

branching (Renvoise et al., 2012).  There have been no reports published describing 

neuronal morphology or function in Itch-deficient mice.  It is interesting to note that Itch  

deficient patients displayed higher rates of hypotonia (Lohr et al., 2010), which is often 

caused by dysfunction in motor neurons and the neuromuscular junction (Leyenaar et al., 
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2005).   

A majority of known Itch substrates have established functions within neurons.  

For example, the Itch substrate ErbB4 is highly expressed in the brain and has been 

implicated in schizophrenia.  In 2002, a genome wide scan of schizophrenic patients 

identified single-nucleotide polymorphisms (SNPs) in the gene NRG1 that are associated 

with increased risk of having the disease (Stefansson et al., 2002).  The protein product of 

that gene, Neuregulin 1, is a ligand for ErbB4.  Shortly following that study, SNPs in the 

ErbB4 gene itself were found that increased the risk of schizophrenia (Silberberg et al., 

2006).  Animal models have revealed roles for NRG1/ErbB4 signaling in neural 

development (Flames et al., 2004), synaptic plasticity (Li et al., 2007) and spine 

formation and maturation (Barros et al., 2009).  ErbB4 contains a PPxY motif that 

interacts with Itch WW domains.  Itch ubiquitinates ErbB4 and targets it for lysosomal 

degradation (Sundvall et al., 2008).  Another example of a neuronally important Itch 

substrate is endophilin.  Itch regulates endophilin via ubiquitination-dependent 

degradation through the proteasome (Azakir and Angers, 2009).  The endophilin proteins 

are important in normal synaptic function.  Endophilins are BAR-domain containing 

proteins that bind to membranes and promote membrane curvature.  Loss of endophilin 

1,2 and 3 in mice results in severe neurological defects and impaired synaptic 

transmission.  Microscopic examination of neurons from these mice reveals a decrease of 

synaptic vesicles in the absence of endophilin (Zhang et al., 2012).  

Nedd4 is ubiquitously expressed.  In mice, Nedd4 expression is developmentally 

regulated being highest at embryonic day 10 and decreases steadily until adulthood 

(Kumar et al., 1997).  Nedd4-2 expression is more tightly restricted to the liver, brain and 
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kidneys (Kamynina et al., 2001b).  As discussed above, Nedd4 and Nedd4-2 expression 

is regulated and is induced in the brain following insult.  Additionally, Nedd4 and Nedd4-

2 protein levels are regulated via post-translation modification including phosphorylation 

and structural regulation by adaptors (Snyder, 2009).   

Mice with transgenically deleted Nedd4 in postmitotic cerebral and hippocampal 

glutamatergic neurons have smaller cerebrums and reduced dendritic arborization in 

those regions (Kawabe et al., 2010).  Xenopus neurons deficient in Nedd4 have abnormal 

axons and dendrites.  Xenopus retinal ganglion cells require Nedd4 for proper outgrowth 

and terminal branching.  Similarly, loss of Nedd4 in mouse peripheral neurons prevents 

axonal growth and dendrite branching following a model of injury (Drinjakovic et al., 

2010).  In both cases, Nedd4 mediated its effects on neurons through the ubiquitination of 

PTEN.  Inhibition of PTEN in Nedd4-deficient neurons rescues the abnormities in growth 

and branching.     

An important mechanism in controlling synaptic plasticity is the regulation of 

neurotransmitter receptors.  Glutamatergic neurons respond to the neurotransmitter 

glutamate via the glutamate receptors α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid receptor (AMPAR) and N-methyl-D-aspartate receptor (NDMAR).  Increases and 

decreases in cell surface AMPAR at synapses serve to alter the intensity of the response 

to neurotransmitter release.  Ubiquitination of AMPAR by Nedd4 results in altered 

AMPAR trafficking.  Nedd4 is recruited to activated synapses where it ubiquitinates 

AMPAR subunits resulting in internalization and degradation (Lin et al., 2011).    

Nedd4 has recently been linked to Parkinson’s Disease (PD), a neurodegenerative 

disorder associated with loss of motor function and dementia.  Histopathologically, PD is 
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characterized by the intra-neuronal accumulation of aggregates, termed Lewy bodies 

(LBs), composed primarily from the protein alpha-synuclein.  Mutations in the gene that 

code for alpha-synuclein can result in familial PD and one hypothesis is LB accumulation 

results in neuronal cell death in the substania nigra (Wakabayashi et al., 2013).       

 Within LBs, alpha-synuclein is highly ubiquitinated and ubiquitination may play a 

role in the trafficking and degradation of non-pathological alpha-synuclein (Nonaka et 

al., 2005).  Recent work has discovered that Nedd4 is capable of ubiquitinating alpha-

synuclein and Nedd4 localizes to LBs.  In cells in culture expression of Nedd4 led to an 

increase in the ubiquitination and degradation of alpha-synuclein through the lysosome 

(Tofaris et al., 2011).   

Nedd4 may also play a role in PD outside of its ability to ubiquitinate  alpha-

synuclein.  In a compound screen, the compound NAB2 was discovered to rescue yeast 

from the toxicity of over-expressed  alpha-synuclein.  The effect of NAB2 was found to 

be dependent of Rsp5, the yeast homologue of Nedd4.  NAB2 activates Nedd4 but did 

not alter the levels of  alpha-synuclein.  However, NAB2 did reverse the endosomal 

defects caused by alpha-synuclein suggesting increased Nedd4 activity is beneficial for 

this endosomal trafficking (Tardiff et al., 2013).  In induced pluripotent stem cells from 

PD patients, NAB2 and Nedd4 overexpression were able to ameliorate alpha-synuclein 

induced endoplasmic reticulum stress (Chung et al., 2013).  A genomewide association 

study has found a correlation between a SNP in Nedd4 and an increased risk of PD 

(Tofaris et al., 2011).   

Amyloid Precursor Protein and Alzheimer’s disease 

Alzheimer’s disease (AD) is the leading cause of dementia in the elderly.  There are 5 
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million cases of AD in the United States and over 26-36 million worldwide (Prince et al., 

2013; Reitz and Mayeux, 2014).  The mean and median age of the population in the U.S. 

and around the world is increasing.  Since age is the most significant risk factor for AD, 

this trend will likely be associated with increases in the number of individuals affected by 

AD and the associated increased economic costs. 

AD is a neurodegenerative disorder resulting in a progressive loss of neurons and 

synapses in the brain.  The loss of neurons results in gross atrophy to brain regions 

including the hippocampus, frontal cortex and entorhinal cortex (Citron, 2010).   AD 

manifests itself in the early stages as short-term memory loss, confusion, impaired 

judgment and difficulty with language.  Later stages result in patients being completely 

dependent on caregivers for normal daily activities.  Diagnosis methods include 

psychological assessments (e.g. the mini-mental state exam) while the patient is alive and 

post-mortem histology (Citron, 2004).  Techniques are currently being developed and 

introduced to diagnose AD using brain imaging techniques and by detecting biomarkers 

in blood and cerebral spinal fluid (Jack and Holtzman, 2013). 

The two major pathological hallmarks of AD in the brain are senile plaques and 

neurofibrillary tangles.  Senile plaques are extracellular deposits primarily composed of 

Aβ peptide, aggregated fragments of the Amyloid Precursor Protein (APP). 

Neurofibrillary tangles are abnormal intracellular filaments composed of hyper-

phosporylated tau protein (Citron, 2004).  Whether these features directly cause AD or 

are epiphenomenal to some other instigating factor(s) is currently under debate.   

Aβ is produced as a result of the sequential cleavage of APP (Vassar et al., 1999).  

APP is an approximately 100 kDA type I transmembrane glycoprotein that exists as three 
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isoforms, APP695, APP751 and APP770 (fig. 1.9), containing 695, 751 and 770 amino 

acids each, respectively (Sandbrink et al., 1996).  All isoforms contain a small 

cytoplasmic tail that includes a consensus NPTY internalization sequence, a single 

transmembrane domain and a relatively large extracellular domain.  APP751 and APP770 

contain a Kunitz-type serine proteinse inhibitor.  APP751 and APP770 are ubiquitously 

expressed, while APP695 expression in mostly restricted to neurons (Sisodia and Price, 

1995).     

 The physiological function of APP is not well understood.  This may be due to, in 

part, the potential for redundancy of APP with two related proteins, Aplp1 and Aplp2.  

For example, mice lacking both the App and Aplp2 genes die shortly after birth, while the 

single App-null mouse has a normal lifespan suggesting in the absence of APP, Applp2 is 

able to compensate for that loss (Shariati and De Strooper, 2013).   APP expression is 

upregulated during neuronal differentiation (Hung et al., 1992) and injury  

(Murakami et al., 1998), while loss of APP is associated with impaired-long term 

potentiation, a process important in learning and memory (Seabrook et al., 1999).  APP 

has been observed to function as a cell adhesion molecule at burgeoning synapses and the 

expression of APP promotes synaptogenesis (Moya et al., 1994) .  APP may be required 

for physiological synapse formation and upregulation of APP following injury may be 

part of a mechanism to re-establish lost synapses.      

 There are two proteolytic processing pathways that APP can follow (fig. 1.10).  

The non-amyloidogenic pathway begins with the cleavage of APP by the protease  

complex α-secretase.  This first step results in the production of soluble APPα (sAPPα) 

(Brown et al., 2000).  sAPPα is secreted from neurons and has been proposed to play a 
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Figure 1.9 Domain architecture of APP isoforms.  Abbreviations: KPI, 
Kunitz Protease Inhibitor; AA, Amino Acid.   
 
Adapted from Sandbrink et al., 1996 
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Figure 1.10 Sequential enzymatic cleavage of APP.  APP may follow 
one of two processing pathways.  The red boxes indicate protease name.  In 
the non-amyloidogenic pathway (moving from APP to the left) APP is 
cleaved by the protease activity of the α-secretase producing sAPPα.  
Further cleavage by γ-secretase yields the extracelluar P3 and intracellular 
C83 products.  Alternatively, APP processing by β-secretase (moving from 
APP to the right) produces sAPPβ.  Subsequent cleavage γ-secretase 
generates the C99 fragment and the Aβ peptide. 
 
Adapted from Cole and Vassar, 2007 
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role in normal neuronal function.  It may promote cell growth, neurite outgrowth and 

prevent excitotoxicity (Chasseigneaux and Allinquant, 2012).  Following the α-cleavage 

step, APP can be processed further by the protease complex γ-secretase.  The remaining 

portion of APP is cleaved to produce the peptide P3 and APP intracellular domain 

(AICD) (Brown et al., 2000).   

The amyloidogenic pathway begins with the cleavage of APP by the protease 

complex β-secretase (Cole and Vassar, 2007).  The cleavage site for β-secretase is closer 

to the N-terminus than the site for α-secretase, leaving the Aβ region intact and 

producing soluble APPβ.  This cleavage generates a substrate for the γ-secretase that 

produces the Aβ peptide and AICD (Brown et al., 2000).  γ-secretase cleavage of APP 

can occur at multiple sites producing Aβ peptides of variable length.  Aβ plaques are  

composed primarily from Aβ peptides 40 and 42 amino acids in length (Aβ40 and Aβ42 

isoforms, respectively).  While Aβ40 constitutes most of the Aβ generated (90%), Aβ42 

is more likely to aggregate and is thought to be the more neurotoxic form (De Strooper 

and Annaert, 2000).  APP internalization into the endocytic pathway is required for Aβ 

generation.  β-secretase is highly concentrated in endosomes and β-secretase  activity is 

highest in the acidic pH found in the endosomes.  In contrast, components of α-secretase 

are localized to the cell surface (Sisodia and Price, 1995; Small and Gandy, 2006).           

 Several lines of genetic evidence support the hypothesis that the fundamental 

cause of AD is Aβ, be it in the form of senile plaques or oligomers.  Early-onset Familial 

Alzheimer’s disease (FAD), where age of onset is under 65 and more than one family 

member is afflicted, can be caused by mutations in genes responsible for the production 

and clearance of Aβ (Table 1.1).  FAD APP mutations lead to increased total Aβ 
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production or an increased ratio of Aβ42 to Aβ40.  Aβ42 is the form deposited early and 

selectively in neuritic amyloid plaques. Two common mutations in FAD are found in 

PSEN1 and PSEN2. The result of FAD mutations in these genes is an increase in the 

production of Aβ42 relative to Aβ40 (Bird, 1993; Citron, 2010).  Copy number variation 

in the form of APP duplication results in FAD (Cabrejo et al., 2006; Rovelet-Lecrux et 

al., 2006).  Similarly, trisomy 21, the cause of Down’s Syndrome, results in an extra copy 

of APP.  Down’s Syndrome is associated with an increased risk of AD and these patients 

have a high amyloid  burden (Lott and Head, 2001).  Conversely, a mutation in APP that 

results in a decrease in production of Aβ has been discovered to be protective against AD 

(Jonsson et al., 2012).  

 There are a number of clinical observations that call the amyloid hypothesis into 

question.  First, plaque burden, either measured in live patients with positron emission 

tomography or post-mortem brain analysis, does not correlate with cognitive  

impairment (Perrin et al., 2009; Terry et al., 1991). However, plaque burden may 

correlate with memory impairment and evidence is emerging that soluble Aβ oligomers 

levels may correlate with cognitive decline (DaRocha-Souto et al., 2011; Lue et al., 

1999).  Second, up to 30% of non-AD healthy control patients have some level of Aβ 

plaque accumulation (Arriagada et al., 1992; Wolk and Klunk, 2009).  It is possible these 

healthy individuals may be protected from cognitive decline by genetics, environment or 

they may have developed cognitive reserves.  Finally, several anti-Aβ therapies have 

performed poorly in clinical trials.  These include γ−secretase modulators, intended to 

thwart the final proteolytic step in Aβ production, and Aβ antibodies, designed to clear 

already produced Aβ from the brain.  For example, the Aβ targeting monoclonal 
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Gene Protein Product Relationship to Abeta pathway 

APP Amyloid Precursor Protein Precursor molecule to Abeta 

PSEN1 Presenilin 1 Subunit of gamma-secretase responsible for APP cleavage 

PSEN2 Presenilin 2 Subunit of gamma-secretase responsible for APP cleavage 

SORL1 Sortilin-related receptor Alters APP trafficking and procesing  

APOE Apolipoprotein E Influences Abeta clearance 

PSENEN Presenilin Enhancer 2 homolog Subunit of gamma-secretase responsible for APP cleavage 

APBB1 APP-binding, family B, member 1 (Fe65) APP adaptor protein 

NCSTN Nicastrin Subunit of gamma-secretase responsible for APP cleavage 

IDE Inuslin-degrading enzyme Enzymatically degrades Abeta 

!Adapted!from!h-p://www.malacards.org/card/alzheimers_disease!

A"select"number"of"Alzheimer’s"Diseases5associated"genes"known"to"influence"Abeta"produc<on.!

Table 1.1 

Table 1.1 Alzheimer’s disease genes that influence Aβ production. 
 
Adapted from http://www.malacards.org/card/alzheimers_disease 
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antibodies bapineuzumab and solanezumab both failed to improve cognitive status of AD 

patients despite the apparent success in reducing Aβ plaque burden (Benilova et al., 

2012).  However, there was evidence when data from multiple trials were pooled that 

solanezumab had a modest positive impact on cognition in patients with mild AD (Karran 

and Hardy, 2014).  Many investigators have  argued that these trials were performed on 

patients too far along in the progression of the disease to have a statistical impact.  

Currently, a long-term, early-intervention anti-Aβ trial is underway in a large family 

genetically predisposed to AD (Garber, 2012).   

LDL Receptor Family and Alzheimer’s disease 

 Several LDLR family members are expressed in the brain, where they 

contributeto the processing of APP.  One of the abundant neuronal receptors is LRP1, 

which regulates cholesterol homeostasis in neurons (Liu et al., 2007), the integrity of the 

blood brain barrier (Yepes et al., 2003), and has been implicated in the pathology of 

Alzheimer’s disease (Ulery et al., 2000).  High LRP1 expression in the brain (Bu et al., 

1994) and the genetic association of LRP1 ligands with AD (Bu et al., 2006) instigated 

investigations into possible links between LRP1 and APP.  It was discovered that LRP1 

interacts with APP via the adaptor protein Fe65 (Kinoshita et al., 2001; Trommsdorff et 

al., 1998).  Loss of LRP1 expression or disruption of this complex leads to decreased Aβ 

production and increased sAPPα (Kinoshita et al., 2001; Ulery et al., 2000).  This effect 

can be explained by the observation that loss of LRP1 decreases the internalization rate of 

APP leading to an increase in the amount of cell surface APP available to α-secretase.  

Processing of APP by α-secretase produces sAPPα and decreases available APP for β-

secretase cleavage (Cam et al., 2005).        
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LRP1b shares 59% amino acid identity and is structurally similar to LRP1.  They 

both contain four ligand-binding domains, a transmembrane domain and two NPXY 

motifs in the cytoplasmic tail.  LRP1b contains an additional ligand-binding repeat in the 

fourth ligand-binding domain and a 33 amino acid insert in the cytoplasmic tail where 

LRP1 does not (Li et al., 2001).  Similar to LRP1, LRP1b is also highly expressed in the 

brain and interacts with APP.  However, while LRP1 increases Aβ production expression,  

LRP1b decreases Aβ production.  The reduction of Aβ by LRP1b occurs concomitantly 

with elevated cell surface APP and sAPPα (Cam et al., 2004).  The disparity between the 

effects of LRP1and LRP1b may be due to differences in their endocytic rates.  LRP1 is 

endocytosed very quickly with a t1/2 of 30s while LRP1b is much slower at t1/2 of 8 

minutes (Liu et al., 2001).  By interacting with APP, LRP1b may slow the internalization 

of APP into endosomes thereby preventing it from co-localizing with β-secretase.  

Increased time at the cell surface would drive APP processing by α-secretase and 

preclude production of Aβ.   

Another member of the LDLR family highly expressed in neurons is 

SorLA/LRP11.  SorLA expression is reduced in the brains of AD patients (Scherzer et 

al., 2004). Additionally, mice lacking the Sorla gene have increased brain Aβ expression. 

SorLA expression increases APP retention in the Golgi (Andersen et al., 2005).  It has 

been suggested that SorLA delays APP exit from the Golgi network into proteolytic 

pathways of α-, β- and γ-secretases.  It is interesting to note that production of sAPPα is 

also decreased in the presence of SorLA, consistent with a SorLA-mediated delay in APP 

post-Golgi processing overall (Andersen et al., 2005).  Alternatively, SorLA may inhibit 

directly or indirectly β- and γ-secretases as it has been found to interact with both and be 
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proteolytically cleaved by γ-secretase (Liu et al., 2007).   

 ApoER2 may serve a dual role in regulating APP processing, either increasing or 

decreasing Aβ production depending on the presence of ligands and intracellular binding 

partners.  ApoER2 interacts with APP and this complex is stabilized by shared ligands 

like F-spondin (Hoe et al., 2005) and reelin (Hoe et al., 2006).  The APP/ApoER2 

complex internalizes slowly, is subject to increased α-secretase cleavage and results in 

decreased Aβ (Fuentealba et al., 2007).  Similarly, intracellular binding proteins X11 α 

and β bind to APP and ApoER2, maintaining them at the cell surface and reducing Aβ 

(He et al., 2007).  Conversely, adaptor proteins Dab1 and 2 and ligand ApoE increase 

complex endocytosis and processing by the β-secretase (Hoe et al., 2006).  ApoER2 may 

also push APP into lipid rafts where the β-secretase is active (Fuentealba et al., 2007).   

Hypotheses 

 A number of LDLR family members are expressed in neurons where they have 

functionally important roles in function and disease.  LRAD3 was discovered as a novel 

LDLR-related gene expressed in the brain in a screen of the human EST database. We 

formed the following hypotheses and designed Specific Aims to test them.   

Hypothesis 1) We hypothesize that LRAD3 interacts with brain expressed WW 

domain containing-proteins via the polyproline motifs in LRAD3 and thereby 

modulates the function of the WW domain-containing proteins.   

Rationale: LRAD3 is highly conserved and LRAD3 mRNA is expressed in the brain.  

Further, LRAD3 has consensus polyproline motifs within the cytoplasmic domain. 

Specific Aims 

1.1 Confirm LRAD3 protein expression in the brain and neurons  
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1.2 Identify WW domain-containing proteins that interact with LRAD3 and determine the 

role of WW domains and LRAD3 PPxY motifs in this interaction 

1.3 Determine the effect of LRAD3 expression on WW domain-containing protein 

function 

Hypothesis 2) We hypothesize that LRAD3 interacts with the AD-associated protein 

APP and alters its processing.     

Rationale: Our work has demonstrated that LRAD3 is expressed in neurons of 

brain regions affected by AD and is involved in the ubiquitin-proteasome system, 

which is altered in AD.  Additionally, there are well-established roles for other 

LDLR family members in AD. 

Specific Aims 

2.1 Confirm the interaction between LRAD3 and APP 

2.2 Map protein regions responsible for the interaction 

2.3 Measure the effect of LRAD3 expression on the processing of APP to Aβ. 
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Chapter 2- LRAD3 regulates the E3 ubiquitin ligase Itch 

Introduction 

Several LDLR family members are expressed in neurons where they contribute to 

critical biological functions and are involved in a number of disease processes (Beffert et 

al., 2004).  We identified a previously unstudied member of the LDLR family, LRAD3, 

and set out to determine what, if any, role LRAD3 plays in neuronal physiology.  Here, 

we determined that LRAD3 protein is also expressed in the brain and is enriched in 

neurons.  

To begin the work of understanding LRAD3 function in neurons, we searched for 

proteins in mouse brain that interact with LRAD3 intracellular domain (ICD).  The ICD 

of LRAD3 contains a number of conserved motifs including two polyproline sequences, 

PPSY and PPPY, which represent consensus sequences that are recognized by WW 

domain-containing proteins (Pawson and Scott, 1997; Sudol, 1996). WW domain are 

small modules of 35–40 aa that are characterized by four well conserved aromatic 

residues of which two are tryptophans (Bork and Sudol, 1994; Chen and Sudol, 1995). 

The PPxY motifs in LRAD3 are highly evolutionarily conserved and will likely be 

important in understanding the function of LRAD3.   

 In this study, we identified three LRAD3 binding candidates, Nedd4, Nedd4-2 

and Itch, all members of the Nedd4 family of ubiquitin ligases.  These enzymes interact 

with a growing list of proteins important in a broad variety of physiological processes.  

The WW domains in Nedd4 family members are critical to their functions via 

interactions with PPxY motifs in their binding partners (Harvey and Kumar, 1999).  Here, 

we will focus primarily on Itch.  PPxY containing proteins known to bind to Itch, like 
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LRAD3, can be segregated into one of two categories.  First, these proteins are often 

substrates for Itch with the PPxY motifs providing docking sites for Itch and allowing for 

efficient ubiquitination of the target protein (Melino et al., 2008).  Second, PPxY proteins 

function as Itch activators and result in the increase in ubiquitination of substrate proteins 

(Hooper et al., 2010; Mund and Pelham, 2009; Oliver et al., 2006).   

 There are several known proteins in the class of Itch activators.  It is likely that 

each activator serves to increase specificity of Itch activity in terms of time, cell type, 

subcellular localization and protein recruitment.  For example, Spartin, the protein 

product of the hereditary spastic paraplegia-associated gene SPG20, activates Itch via a 

single PPxY motif.  Spartin activates and recruites Itch to lipid droplets where it catalyzes 

the ubiquitination of adipophilin, a protein important in lipid-storage (Hooper et al., 

2010).  Similarly, the Nedd4 family activating proteins NDFIP1 and NDFIP2 recruit 

Nedd4 and Itch to endosomes where the ligases regulate activated EGFR signaling 

complexes (Mund and Pelham, 2010).  It is possible LRAD3 acts similarly to these other 

Nedd4 family activators and provides a distinct temporal and spatial specificity for 

Nedd4 family member activation.  In this study, we determine that LRAD3 is expressed 

in neurons and test our hypothesis that LRAD3 regulates Itch enzymatic activity via the 

PPxY motifs in LRAD3.      

Results 

Immunoblot analysis identifies an ∼50 kDa polypeptide in brain membrane extracts 

Affinity-purified antibodies were used for immunoblot analysis of membrane extracts 

from murine brain. The results (fig. 2.1, lane 2) identify a ∼50 kDa polypeptide from 

brain extracts that comigrates with recombinant LRAD3 expressed in COS-1 cells (fig.  
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Figure 2.1 Detection of LRAD3 protein in the brain: immunoblot.  
Immunoblot analysis of LRAD3 using affinity-purified Rb585 IgG in pcDNA–
LRAD3-transfected COS-1 cell lysates (lane 1). Lane 2 shows an immunoblot 
of mouse brain membrane lysate. Rb585 IgG binding was detected with goat 
anti-rabbit IRDye@680 using the Odyssey Infrared Imaging System (Li-Cor). 
 
Ranganathan et al., 2011 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 38 

2.1, lane 1).  

Immunohistochemical analysis of LRAD3 in the brain 

 The detection of LRAD3 in the brain prompted us to identify specific regions and 

cell types in the brain that express LRAD3. For this purpose, immunostaining of paraffin 

brain sections from adult mice was performed using affinity-purified anti-LRAD3 IgG. 

No positive staining was observed in brain sections when non-immune control rabbit sera 

was used (fig. 2.2A). In the hippocampus, LRAD3 is found in the CA1, CA2 and CA3 

regions. However, the staining appears more prominent in the CA1 layer and in the 

dentate gyrus (fig. 2.2B). LRAD3 is diffusely found in the cerebral cortex, but the 

staining is more intense in the cortical layers II–III and V (fig. 2.2C). We detected intense 

staining in neurons of the medial habenular nucleus (fig. 2.2D). In the brainstem, staining 

is evident in both the pontine nuclei (fig. 2.2E) and the medial vestibular nucleus (fig. 

2.2F). In the cerebellum, the staining is particularly intense in the granular layer (fig. 

2.2G). However, LRAD3 staining is also detected in some Purkinje and molecular layer 

cells (fig. 2.2H).  

LRAD3 staining of isolated cortical neurons that were not permeabilized confirmed cell 

surface staining in these neurons (fig. 2.3A–C). A punctuate intracellular  

staining pattern was observed in cells that were permeabilized (fig. 2.3D–F). The results 

shown in Figure 2.3 further highlight that not all of the neurons in culture seem to express 

LRAD3. 

LRAD3 interacts with Nedd4 family members 

 A GST pull-down experiment was performed to identify proteins that interact  

with LRAD3.  The intracellular domain from LRAD3 (LRAD3-ICD) fused to GST was 
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Figure 2.2 Detection of LRAD3 expression in the brain:  immunohistochemistry. 
Coronal sections of adult mouse brain immunostained with anti-LRAD3 antibody. 
Hippocampus, A, B; cerebral cortex, C; medial habenular nucleus, D; brainstem, E, F; 
cerebellum, G, H. Sections using non-immune antibody demonstrates no staining (A). 
All sections are counterstained with H&E. Insets show enlarged areas demonstrating 
LRAD3-expressing neurons in the CA1 region (inset in B), neurons of the pontine 
nuclei (inset in E), neurons of medial vestibular nucleus (inset in F), and neurons in 
the white matter (inset in G). LRAD3-positive neurons of granule and molecular 
layers of the cerebellum as well as Purkinje cells are shown in H. CA1, CA2, CA3, 
Fields of hippocampus; DG, dentate gyrus; Pn, pontine nuclei; tfp, transverse fibers of 
pons; MVN, medial vestibular nucleus; MLB, medial longitudinal bundle; GCL, 
granule cell layer; ML, molecular layer; WM, white matter. Scale bars: A–C, E, F, H, 
100 µm; D, G, 50 µm. 
 
Ranganathan et al., 2011 
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Figure 2.3 Expression of LRAD3 in cultured cortical neurons. Embryonic day 
15 neurons were grown for 7 d and then stained with affinity-purified Rb585 IgG 
and Alexa Fluor 488 anti-rabbit IgG to visualize LRAD3 expression. DAPI was 
used to detect the nucleus. The cells in A–C were not permeabilized, whereas the 
cells in D–F were permeabilized. B and E show a merged fluorescence image with 
the phase-contrast image. C and F are high magnification of sections of A and D, 
respectively and demonstrate that LRAD3 forms a punctate pattern in F. The 
image were taken with a 100× objective. 
 
Ranganathan et al., 2011 
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 used to pull down interacting proteins from mouse brain and lung lysate.  We observed a 

unique band from the Coomassie stained SDS-PAGE gel in the LRAD3-ICD elution and 

not the GST control elution from mouse brain lysate (fig. 2.4A).  We also performe the 

affinity purification in and mouse lung lysate (data not shown).  The bands were analyzed 

by mass spectrometry and the protein identities were determined (Tables 2.1 and 2.2).  

Three members of the Nedd4 family, Nedd4, Nedd4-2 and Itch, were identified.  The 

proteins in this family contain WW domains that are capable of interacting with PPxY 

motifs, like those in LRAD3.  The lower molecular weight bands in the LRAD3-ICD lane 

are most likely LRAD3-ICD fragments and bacterial protein contaminants.  These 

extraneous bands can also be seen in the purified LRAD3-ICD preparation (fig. 2.4A 

right lane).  

 The interaction between Itch and LRAD3 was confirmed in an 

immunoprecipiation experiment.  Itch co-immunoprecipitated with transiently expressed 

LRAD3 but was not detected in immunoprecipitate from control cell lysate not 

expressing LRAD3 (fig. 2.4B).  Itch also co-immunoprecipitated with endogenous  

LRAD3 in cultured primary neurons and was not detected in a co-immunoprecipitation  

performed with non-immune IgG (fig. 2.4C).   

Itch binds to PPxY motifs in LRAD3 

 The WW domains in Itch have been reported to bind directly to PPxY motifs in a 

number of proteins. Purified His-tagged WT and PPxY mutants of LRAD3-ICD were 

generated to determine how the motifs contribute to binding and whether that binding is 

direct (fig. 2.5A). mPY1 is mutated in the first PPxY motif, PPPY, leaving only the  

second PPxY motif functional.  mPY2 is mutated in the second PPxY motif, PPSY, 
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Figure 2.4 Itch interacts with LRAD3. A, GST pull-down experiment was 
performed using GST-LRAD3-ICD or GST captured on GSH sepharose beads.  The 
beads were incubated with mouse brain lysate and interacting proteins were eluted 
with SDS-PAGE sample buffer and resolved on an SDS-PAGE gel. Purified GST-
LRAD3-ICD Input that was not incubated with mouse brain lysate was visualized on 
the same SDS-PAGE gel to identify contaminating bacterial proteins and GST-
LRAD3-ICD fragments. The high molecular weight band (marked with arrow) in the 
GST-LRAD3-ICD lane was excised, trypsin digested and analyzed by liquid 
chromatography tandem mass spectrometry.  Several unique peptides were identified 
by Sequest and X!Tandem for protein identification. Itch, Nedd4 and Nedd4-2 were 
identified as components of this unique band. B, HEK-293 cells were transiently 
transfected with either LRAD3 or a vector control.  Cell lysates were 
immunoprecipitated (IP) with anti-LRAD3.  IPs and lysates were probed by 
immunoblot for LRAD3 and Itch. Figure . C, Lysates from mouse primary neurons 
were immunoprecipitated  with anti-LRAD3 or non-immune IgG control.  IPs  and 
cell lysates were probed for Itch. 
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Table 2.1 LRAD3-ICD interacting protein screen in mouse brain lysate. 
Unique peptides were identified by Sequest and X!Tandem for protein 
identification. 
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Table 2.2 LRAD3-ICD interacting protein screen in mouse lung lysate. Unique 
peptides were identified by Sequest and X!Tandem for protein identification. 
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Figure 2.5 PPxY motifs are required for LRAD3/Itch interaction. Lysate 
from cells transiently expressing Flag-tagged Itch was incubated with the 
different mutant versions of LRAD3-ICD (panel A) . B, Flag-Itch was 
precipitated with anti-Flag.  IPs were probed with anti Flag and anti-His 
antibodies for Itch and LRAD3-ICD expression, respectively. C,   His-LRAD3 
ICD was pulled down with TALON Dynabeads.  Elutions were probed for 
Flag-Itch and His-LRAD3ICD. D, Serial dilutions of ΔC2 Itch-GST were 
added to wells coated with the indicated forms of LRAD3-ICD.  Bound Itch 
was detected with an HRP-conjugated anti-GST antibody.  Curves were fit (top 
panel) and  Bmax and Kds determined in Sigma Plot (bottom panel).        
 



 46 

 leaving only the first PPxY motif functional.  mPY1/2 is mutated in both PPxY motifs 

leaving no functional PPxY motifs.     

Lysates from cells transiently transfected with Flag-Itch were incubated with the 

different versions of LRAD3-ICD.  Immunoprecipitation of Itch revealed that mPY1 and 

mPY2 bound Itch as well as WT LRAD3-ICD (fig. 2.5B).  However, mPY1/2 binding 

was dramatically reduced.  Similar results were obtained when the His- tagged LRAD3-

ICDs were pulled down and Itch binding was measured (fig. 2.5C).   

To determine if the binding between LRAD3 and Itch was direct and to obtain 

affinity constants for this interaction an ELISA experiment was performed. Here, we used 

purified ItchΔC2, a C2-domainless version of Itch that is more easily purified and stable. 

These studies revealed that ItchΔC2 bound LRAD3-ICD WT, mPY1 and mPY2 with 

similarly high affinities, with Kds ranging from 50 nM to 71 nM (fig 2.5D).  The affinity 

of Itch for mPY1/2 was an order of magnitude weaker with a Kd of 766 nM.  These 

results indicate that LRAD3 and Itch are capable of interacting directly with high affinity 

and that the high affinity interaction is dependent on the PPxY motifs in LRAD3.   

Additionally, it appears that both PPxY motifs have an equally high affinity for Itch, 

presumably through binding with the WW domains in Itch.   

WW domains interact with LRAD3 

 To determine the contribution of the individual Itch WW domains in LRAD3 

binding we observed the interaction between purified WW domains and LRAD3-ICD by 

surface plasmon resosance (SPR) (fig. 2.6).  WT, mPY1 and mPY2 LRAD3-ICD were 

bound to flow cells on an SPR chip and the WW domains were injected over these  

surfaces.  A flow cell was activated and blocked with no protein as a control.  WT (fig. 



 47 

Figure 2.6 LRAD3 interacts directly with the WW domains of Itch. Increasing 
concentrations of each of the 4 Itch WW domains and GST were injected on CM5 chip 
surfaces with immoblized A,WT B, mPY1 and C, mPY2 LRAD3-ICD. Binding of the 
WW domains to LRAD3 was measured at 25°C at a flow rate of 20 µl/min for 3 min 
followed by 3 min of dissociation. Response is indicated as resonance units (RU).  The 
bulk shift due to changes in refractive index and non-specific binding were measured 
on blank surfaces and was subtracted from the binding signal at each condition. 
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 2.6A) and mPY1 LRAD3-ICD (fig. 2.6B) bound similarly to the 4 WW domains. WW1 

and WW2 injections caused the highest response units (RUs) and WW3 and WW4 

elicited much lower RUs.  Similar to WT and mPY1 LRAD3-ICD, injections of WW1 

and WW2 over mPY2 LRAD3-ICD (fig. 2.6C) resulted in a large response.  However, 

injection of WW3 and WW4 over mPY2 resulted in virtually no response, indicating 

WW3 and WW4 require the second PPxY motif in LRAD3 to bind.   

 In order to quantify these interactions we performed a competitive ELISA in 

which microtiter wells were coated with the different versions of LRAD3-ICD.  

Radiolabeled ItchΔC2 was incubated in the wells and titrated with unlabeled ItchΔC2 or 

one of the four WW domains (fig 2.7).  In agreement with our previous results, full-

length Itch had similar IC50s for WT, mPY1 and mPY2 LRAD3-ICD between 350 nM 

and 400 nM (Table 2.3).  The IC50 of full-length Itch with mPY1/2  

LRAD3-ICD was over 2.1 µM, again indicating that the PPxY  motifs in LRAD3 are 

required for high affinity binding to Itch.  Of the four WW domains, WW2 had the lowest  

IC50 for WT, mPY1 and mPY2 (between 420 nM and 450 nM).  These IC50s are similar 

to the IC50 for ItchΔC2. This suggests that WW2 is responsible for the high affinity 

interaction between LRAD3 and Itch, especially considering the remaining WW domains 

were variable in their affinities for the different versions LRAD3-ICD.  Similar to the 

SPR results, there are large differences in the IC50s for WW3 and WW4 with the weakest 

binding for both being to mPY2.  

LRAD3 expression increases Itch activity 

Several PPxY motif-containing proteins have been demonstrated to increase the 

catalytic activity of Itch. Itch has been established to undergo increased 
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Figure 2.7 WW domains compete with Itch for binding to LRAD3.  Increasing 
concentrations of ItchΔC2 and Itch WW domains were incubated with 30 nM 
radiolabeled ItchΔC2 in microtiter wells coated with WT LRAD3-ICD (A-E). 
Following several washes, remaining bound radiolabeled ItchΔC2 was measure 
with a scintillation counter. Non-specific binding as determined by blank wells not 
coated will LRAD3-ICD and incubated with radiolabeled GST-Itch DeltaC2 was 
subtracted from the experimental wells.  
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Table 2.3 Affinity constants for WT LRAD3-ICD and mPY mutants 
binding to Itch WW domains.   

Affinity constants (KD) in nM 
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 following an increase in activity.  To determine if LRAD3 is capable of activating Itch, 

the effect of LRAD3 on the ubiquitination levels of Itch were measured.  Ubiquitination 

status of a protein can be determined by immunoprecipitating the protein of interest and 

probing the immuoprecipitate for ubiquitin by immunoblot. 

Immunprecipitated Itch from cells expressing LRAD3 was more highly 

ubiquitinated than Itch from cells that do not express LRAD3 (fig. 2.8A).  The high 

molecular weight smear is characteristic of highly ubiquinated proteins.  We generated a 

catalytically inactive version of Itch (Itch C830A) that is unable to ubiquitinate substrates 

or auto-ubiquitinate.  We found the increase in ubiquination caused by LRAD3 requires 

the catalytic activity of Itch (fig. 2.8B).  There was no difference in ubiquitination of WT-

Itch and catalytically inactive Itch in the absence of LRAD3, demonstrating that basal 

auto-ubiquitination is low (fig. 2.8C).  These data indicate that LRAD3 increases Itch 

enzymatic activity, which results in an increase in auto-ubiquitination. 

Interestingly, though Itch binds both PPxY motifs on LRAD3 similarly, Itch 

activation displays specificity for the two structural elements on LRAD3.  This was 

demonstrated in an experiment in which HEK-293 cells were transfected with WT and 

PPxY mutant versions of LRAD3 along with Itch.  Following transfection, Itch was 

immunoprecipitated and the extent of Itch ubiquitination measured by immunoblot 

analysis.  Although LRAD3 mPY2 binds Itch as well as WT LRAD3, it does not increase 

Itch activity to the same level (fig. 2.9).  LRAD3 mPY1 activates Itch to a similar degree 

as WT LRAD3.  As expected, LRAD3 mPY1/2, which binds Itch with a much lower 

affinity, does not activate Itch as well as WT LRAD3.  These results indicate that the 

second PPxY motif in LRAD3 is critical for LRAD3-induced Itch activation as measured  
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Figure 2.8 LRAD3 expression leads to increased Itch ubiquitination.    
A, HEK-293 cells were transiently transfected with Flag-Itch and either WT 
LRAD3 or vector control.   Following overnight lactacystin treatment, Itch 
was immunoprecipitated from cell lysates with anti-Flag antibody.  IPs were 
probed with anti-Flag antibody and anti-ubiquitin antibody.  Whole cell 
lysates (WCL) were probed with anti-LRAD3antibody. B, LRAD3-293 and 
C, Hek-293 cells were transiently transfected with WT Flag-Itch or C830A 
Flag-Itch.  Following overnight lactacystin treatment, Itch was 
immunoprecipitated from cell lysates with anti-Flag antibody.  IPs were 
probed with anti-Flag antibody for detecting Itch expression and anti-
ubiquitin.  Whole cell lysates were probed with anti-Flag antibody.  
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Figure 2.9 PPxY motifs are required for LRAD3-induced Itch 
activation.    HEK-293 cells were transiently transfected with Flag-Itch 
and variations of LRAD3 or vector control.  Following overnight 
lactacystin treatment, Flag-Itch was immunoprecipitated from cell 
lysates with anti-Flag antibody.  IPs were probed for ubiquitin and 
Flag-Itch.  Lysates were probed for LRAD3.  
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 by auto-ubiquitination.     

Itch protein stability is decreased by LRAD3 expression 

 Activation-induced auto-ubiquitination has been demonstrated to stimulate 

degradation of several E3 ubiquitin ligases.  We measured the effect of LRAD3 

expression on Itch steady-state protein levels.  Itch protein levels were markedly 

decreased in LRAD3-293 cells, a HEK-293 cell line stably expressing LRAD3, compared 

to parental 293 cells (fig. 2.10A).  

 To verify that LRAD3 affects Itch protein stability, and not decrease Itch levels 

through some other mechanism, we measured the degradation of Itch protein over time 

using the translation inhibitor cycloheximide.  Itch protein was stable in 293 cells up to 

24 hours (85% remaining), whereas Itch was degraded rapidly, (40% remaining at 4 

hours) in LRAD3-293 cells.  These results indicate that LRAD3-dependent Itch 

downregulation is a result of a dramatic increase in the rate of Itch turnover (fig 2.10B-

C).  Similar results were seen using the transcription inhibitor actinomycin D (fig 2.10D-

E).  

To rule out that LRAD3 does not decrease Itch protein levels by decreasing Itch 

transcription or mRNA stability we measured Itch mRNA levels. Total RNA from 

LRAD3-293 cells and parental 293 cells was isolated.  From this RNA, cDNA was 

generated by a reverse transcriptase reaction using oligo dT as the primer.  Gene specific 

primers for LRAD3 and Itch were used as PCR primers for PCR amplification of the 

cDNAs generated.  Actin mRNA was used for normalization. (fig 2.11 A-B).   

 If LRAD3-dependent Itch downregulation is due to an increase in Itch activity, 

the catalytically inactive version of Itch should turnover more slowly than WT Itch in the  
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Figure 2.10 LRAD3 expression increases the rate of Itch turnover.  A, Hek-293 
and LRAD3-293 cell lysates were probed by immunoblot with anti-Itch, anti LRAD3 
and anti-Tubulin. B, HEK-293 and LRAD3-293 cells were transiently transfected with 
Flag-Itch.  Cells were treated for the indicated times with cycloheximide (CHX). Cell 
lysates were probed by immunoblot with anti-Flag and anti-Tubulin.  C, Percent (%) 
Itch remaining relative to Tubulin was normalized to 100% at 0 hours (hrs). D, HEK-
293 and LRAD3-293 cells were transiently transfected with Flag-Itch.  Cells were 
treated for the indicated times with actinomycin D. Cell lysates were probed by 
immunoblot with anti-Flag and anti-Tubulin.  E, Percent (%) Itch remaining relative to 
Tubulin was normalized to 100% at 0 hours (hrs).   
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Figure 2.11 LRAD3 expression does not alter Itch mRNA. A, RNA was 
isolated from 293 and LRAD3-293 cells and was converted to cDNA by 
reverse transcription.  The cDNAs were subjected to traditional PCR using 
gene specific primers of Itch, LRAD3 and Actin as housekeeping gene.  
PCR products were visualized on 1% agarose gel.  B, Data were scanned, 
quantified and graphed as Itch mRNA relative to Actin mRNA.   
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presence of LRAD3.  Indeed, in LRAD3-293 cells catalytically inactive Itch protein 

 expression levels decreased more slowly than WT Itch during protein translation 

inhibition (fig 2.12A-C).  From these results we conclude that LRAD3 expression 

increases Itch activity resulting in an increase in Itch auto-ubiquitination.  The highly 

ubiquitinated Itch is then targeted for degradation.   

Protein turnover is generally a result of degradation through the proteasome or 

lysosome.  If LRAD3 increases the degradation of Itch, an increase in Itch protein levels 

should be apparent following inhibition of the lysosome and/or proteasome in cells 

expressing LRAD3.  Itch levels increased in cells expressing LRAD3 when treated with 

the proteasome inhibitor lactacystin (fig. 2.13A).  Both lysosome and proteasome 

inhibitors increase Itch protein levels in LRAD3-293 cells.  Additionally, laddering, a  

characteristic of poly-ubiquitin chains, is observed following both lysosome and 

proteasome inhibition (fig. 2.13B).   

PPxY motifs in LRAD3 are required for degradation 

We predicted that if LRAD3-induced activation is leading to Itch degradation 

then WT LRAD3 and LRAD3 mPY1 would lower Itch steady state levels more than 

LRAD3 mPY2 and LRAD3 mPY1/2.  Similar to previous results, WT LRAD3 

dramatically reduced Itch protein compared to vector control.  LRAD3 mPY1 also 

reduced Itch but to a lesser extent than WT LRAD3.  Itch protein levels in LRAD3 mPY2 

expressing cells are almost completely restored to levels seen in vector control cells.   

Interestingly, LRAD3 mPY1/2 expression slightly increased Itch levels compared to 

vector control, suggesting it may be acting as a dominant negative fig. 2.14).   
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Figure 2.12 LRAD3-dependent Itch downregulation requires Itch catalytic 
activity.  A and B, LRAD3-293 cells were transiently transfected with either 
A, WT Flag-Itch or B, catalytically inactive Flag-Itch (C830A).  Cells were 
treated for the indicated times with cycloheximide (CHX) and lysates were 
probed with anti-Flag and anti-Tubulin .  C, Percent (%) Itch remaining 
relative to Tubulin was normalized to 100% at 0 hours (hrs).     
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Figure 2.13 LRAD3-induced Itch turnover is mediated by proteasomal and 
lysosomal degradation.  A, Parental 293 and LRAD3-293 cells were transiently 
transfected with Flag-Itch.  The cells were left untreated or treated with chloroquine 
(Chq) or lactacystin (Lact) for 8 hours.  Cell lysates were probed by immunoblot with 
anti-Flag, ant-LRAD3 and anti-Actin.  B, LRAD3-293 cells were transiently 
transfected with Flag-Itch.  The cells were treated with the indicated inhibitors 
overnight.   Cell lysates were probed by immunoblot with anti-Flag and anti-Tubulin.      
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Spartin activation of Itch leads to Itch degradation 

To our knowledge, the current report is the first to demonstrate that increased Itch 

 activity results in degradation.  To determine if activation-induced Itch degradation is a 

unique feature of LRAD3 or may apply to additional Itch activators, the effects of Spartin 

on Itch were examined.  Spartin is a known Itch activator that induces an increase in Itch 

auto-ubiquitination. Immunprecipitated Itch from cells expressing Spartin were more 

highly ubiquitinated than Itch from control cells, confirming a previous report (fig. 

2.15a).  Additionally, the single PPxY motif in Spartin was required for Itch 

ubiquitination.  Similar to LRAD3, Spartin expression dramatically increases Itch 

turnover (fig. 2.15B-C). 

LRAD3 in Itch signaling  

 LRAD3 expression could positively or negatively effect Itch-mediated signaling.  

Expression of LRAD3 could increase Itch substrate ubiquitination as a result of an 

increase in active Itch.  Alternatively, Itch substrate ubiquitination could decrease as a 

result of less total Itch protein due to LRAD3-induced Itch degradation.  In order to 

determine the effect of LRAD3 on Itch-mediated signaling we studied known Itch 

substrates and Itch-mediated signaling pathways.  Many of the reports demonstrating the 

effects of Itch on substrates and signaling use cells from Itch-deficient mice or cells 

depleted of Itch by RNAi.  Unfortunately, we did not have convenient access to the Itch-

deficient mice or cells from those mice.  Additionally, we attempted RNAi using several  

reagents and protocols and were unable to knock-down Itch protein levels (data not 

shown). 

 As an alternative approach, we transiently expressed WT Itch and C830A Itch in  
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Figure2.14 PPxY motifs in LRAD3 are required for Itch downregulation.  
HEK-293 cells were transiently transfected with different forms of LRAD3 or 
vector control.  Cell lysates were probed by immunoblot with anti-Itch, anti-
LRAD3 and anti-GAPDH.   
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Figure 2.15 Spartin-induced Itch activation leads to increased Itch turnover.  A, 
HEK-293 cells were transiently transfected with Flag-Itch and either WT myc-Spartin, 
Myc-Spartin mPY or vector control.  Following overnight lactacystin treatment, Flag-
Itch was immunoprecipitated from cell lysates with anti-Flag antibody.  IPs were 
probed with anti-ubiquitin and anti-Flag.  Lysates were probed with anti-Myc.   B, 
HEK-293 cells were transiently transfected with Flag-Itch and either Myc-Spartin or a 
vector control.  Cells were treated for 16 hours with cycloheximide (CHX). Cell 
lysates were probed by immunoblot with anti-Flag and anti-Tubulin.  C, Percent (%) 
Itch remaining relative to Tubulin was normalized to 100% at 0 hours (hrs).    
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an attempt to detect alterations in known Itch substrates and signaling pathways.   

Additionally, we transiently expressed LRAD3 to determine if LRAD3 had any 

discernible effects on known Itch substrates and signaling pathways.   There was no 

 difference between WT Itch transfected cells and control cells when comparing the 

steady-state protein levels of the Itch substrates Flip, bid and endophilin (fig. 2.16).  

There was also no difference in these proteins in LRAD3 expressing cells, whether 

expressed alone or with WT Itch or C830A Itch.  There was also no difference in steady-

state levels of Notch, Cbl or ErbB4 (data not shown).   

 A previous report demonstrated an Itch dependent decrease in endophilin 

following EGF treatment.  We were able to replicate the effect of EGF treatment on  

endophilin but found no difference between WT Itch and C830A Itch expressing cells 

(fig. 2.17).  Additionally, we found no difference in Cbl turnover in the presence of WT 

Itch and C803A Itch (data not shown).   

 We measured the effects of Itch and LRAD3 on a number of reported Itch-

dependent signaling pathways.  There was no difference in phosphorylated Smad2 and 

phosphorylated ERK between cells transfected with vector, Itch or C830A Itch when 

treated with TGF-β2 for 2 hours (fig. 2.18).  Time points as short as 15 minutes and as 

long as 24 hours were measured for TGF-β1and TGF-β2 and EGF with no differences 

detected in phosphorylation of signaling molecules (data no shown).  These results 

suggest that the overexpression system is not appropriate to replicate studies done in cells  

from Itch-null mice or cells with ablated Itch expression by RNAi.   

Discussion 

 Here, we have demonstrated that LRAD3 is a potent activator of the E3 ubiquitin  
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Figure 2.16 Steady-state levels of Itch substrates.  HEK-293 cells and 
LRAD3-293 cells were transiently transfected with empty vector, WT Itch 
or C830A Itch.  Cell lysates were probed by immunoblot with anti-flp, 
anti-bid, anti-endophilin and anti-Tubulin.   
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Figure 2.17 EGF-dependent decrease in endophilin.  HEK-293 cells 
were transiently transfected with WT Itch or C830A Itch.  Cells were 
Serum starved for 16 hours and then treated with 100ng/ml rhEGF for 
the indicated times.  Cell lysates were probed by immunoblot with anti-
endophilin and anti-Tubulin. 
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Figure 2.18 Effect of Itch overexpression on TGFβ2 signaling.  HEK-
293 cells and LRAD3-293 cells were transiently transfected with vector, 
WT Itch or C830A Itch.  Cells were Serum starved for 16 hours and then 
treated with rhTGFβ2 for 2 hours.  Cell lysates were probed by 
immunoblot with anti-pSMAD2, anti-pERK and anti-Tubulin.   
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ligase Itch.  Itch activation depends on the PPxY motifs in LRAD3.  This mechanism of 

activation is similar to other PPxY containing proteins.  Members of the Nedd4 family 

interacting protein (NDFIP) family contain PPxY (PY) motifs that facilitate binding to 

the WW domains in Itch (Harvey et al., 2002).  NDFIP1 and NDFIP2 increase Itch 

activity and this requires the PY motif-WW domain interactions (Mund and Pelham, 

2009).  NDFIP2-/- mice phenotypically resemble Itch-/- mice, including a dysregulation 

of the immune system likely resulting from an aberrant skewing of T-cells toward the 

TH2 phenotype. Similarly, the PPxY motif-containing protein Spartin (Hooper et al., 

2010) and the PTB-containing protein Numb (Di Marcotullio et al., 2011)  both interact 

with Itch WW domains and generate increased Itch activity.  The working hypothesis 

based on these reports is that Itch auto-inhibition is relieved upon binding of the WW 

domains to partner proteins.  This binding, either through direct competition  

with the HECT domain or steric hindrance, frees the catalytic arm of Itch resulting in 

increased ubiquitination of substrates (Gallagher et al., 2006; Mund and Pelham, 2009).   

For the first time, we have established that increased Itch activation leads to an 

increase in Itch degradation, presumably from the rise in auto-ubiquitination.  Auto-

ubiquitination is a well-documented characteristic of E3 ubiqutin ligases and has been 

demonstrated to drive some ligases through proteasomal and lysosomal degradation.   

Itch has been demonstrated to undergo basal auto-ubiquitination in the absence of known 

stimulating factors.  However, the Itch protein is relatively stable and protein stability is 

not increased by loss of catalytic activity under non-stimulating conditions.  Additionally, 

Itch protein levels do not increase in the presence of proteasome or lysosome inhibitors 

(Scialpi et al., 2008).  Basal Itch auto-ubiquitination is protected from degradation by the 
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deubiquitinase USP9X.  Knockdown of USP9x leads to increased degradation of Itch 

through the proteasome. There is a modest correlation between USP9x protein levels and 

Itch protein levels in cell-lines.  Itch is abundant in tissue regardless of USP9x levels, 

though high USP9x expressing tissues have moderately more Itch.  USP9X may prevent 

ubiquitin chains from reaching the threshold length for proteasome or lysosome targeted 

degradation (Mouchantaf et al., 2006).  It is possible that LRAD3 interferes with the 

interaction of Itch and USP9x resulting in increased Itch degradation.  However, this 

seems unlikely to be the full explanation for LRAD3-dependent Itch downregulation as 

LRAD3 expression results in almost a complete loss of Itch protein, whereas cells with 

USP9x knocked-down to undetectable levels still have moderate Itch protein levels, albeit 

much lower than control cells (Mouchantaf et al., 2006).     

 As far as we can determine from the literature, activation-induced degradation of 

Itch has not been studied.  Based on our results, we predict that NDFIP1 and NDFIP2, 

Spartin and Numb, known Itch activators that stimulate Itch auto-ubiquination, may also 

trigger Itch degradation.  Our results support this prediction for Spartin.  Expression of 

Spartin increased the turnover of Itch, similar to the results obtained with LRAD3.  

Additionally, a recent report has demonstrated that the PPxY motif-containing protein 

UL56, an HSV-2 protein expressed in human cells during viral HSV-2 infection, 

downregulates Itch through degradation (Ushijima et al., 2010).  We propose that UL56 

is activating Itch and the decrease in protein level is a result of this activity.    

 Interestingly, the ability of LRAD3 to increase Itch activation is dependent on the 

second PPxY motif in LRAD3 while high affinity binding can occur through either of the 

two PPxY motifs.  The LPS-induced protein LITAF also contains two PPxY motifs that 
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both individually bind Itch with high affinity (Eaton et al., 2011).  It is unknown whether 

LITAF is also an Itch activator but it does recruit Itch to the late endosomal and 

lysosomal compartments.  Mutations in either of the individual PPxY motifs do not alter 

this recruitment.      
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Chapter 3- Modulation of APP processing by LRAD3 
 

Introduction 

Here, we test the hypothesis that LRAD3 interacts with and alters the processing 

of the AD-associated protein APP.  We based this hypothesis principally on two 

observations.  First, the ubiquitin-proteasome system is dysfunctional and potentially 

involved in the initiation and progression of AD (Bingol and Sheng, 2011; Oddo, 2008). 

Brains from patients with AD exhibit increased immunoreactivity to antibodies for 

ubiquitin.  The characteristic senile plaques (SPs) and neurofibrillary tangles (NFTs) of 

AD are strongly immunoreactive to ubiquitin antibodies (Cole and Timiras, 1987; Perry 

et al., 1987).  Additionally, proteasome activity is decreased in the regions most affected 

by AD, including the hippocampus (Keller et al., 2000).  Neuronal proteasome activity is 

impaired in mouse models of AD and that activity can be restored with immunotherapies 

targeted to Aβ (Tseng et al., 2008).  Indeed, Aβ itself is capable of inhibiting the 

proteasome, in the form of Aβ oligomers.  Inhibiting proteasome activity in these mice 

increases the prevalence of SPs and NFTs.  Restoration of activity with transgenically 

introduced or exogenous treatment of the ubiquitin C-terminal hydrolase L1 (Uch-L1), a 

neuronal protein that increases proteasome function, ameliorates synaptic and behavioral 

dysfunction associated with the disease model (Gong et al., 2006).  Interestingly, Uch-L1 

protein levels and enzymatic activity are reduced in AD brain samples.  In AD brains, 

Uch-L1 is reported to be highly oxidized and, as a result, its enzymatic activity can be 

reduced up to 70% (Choi et al., 2004).  The ubiquitin protein itself is altered in AD.  A 

process known as molecular misreading, which seems to occur during transcription, can 
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result in a dinucleotide deletion in ubiquitin mRNA.  The mRNA and resulting protein, 

UbB+1, increase in abundance during aging and are over-represented in AD brain.  

Similar to Aβ oligomers, Ubb+1 inhibits proteasomal activity (Dennissen et al., 2010).  

This is especially important since proteins involved in the generation of SPs and NFTs 

are subject to regulation by ubiquitination-mediated degradation.  Our work described in 

the previous chapter demonstrates that LRAD3 is involved in the ubiquitin-proteasome 

system through the regulation of Itch and potentially other members of the Nedd4 family.  

A number of E3 ubiquitin ligases are involved in the regulation of APP, the enzymes that 

process APP and the APP endocytic machinery.  It is possible that members of the Nedd4 

family are also involved in these processes and their involvement is mediated by LRAD3.   

The second observation on which we base our hypothesis is that many of the 

neuronally expressed members of the LDLR family, including LRP1, LRP1b, SorLA and 

ApoER2, are involved in the molecular pathways of AD.  The interactions and reciprocal 

regulation of LDLR family members and AD-related proteins are complex.  For example, 

the adaptor protein Fe65 is important for the intracellular interaction between full-length 

APP and LRP1 (Pietrzik et al., 2004).  However, LRP1 expressed in the 

cerebrovasculature is also able to interact extracellularly with Aβ and is involved in the 

clearance of extracellular Aβ once it has been produced (Bu et al., 2006).  Additionally, 

ApoE, a protein product of the AD risk factor gene APOE, can influence LRP1-mediated 

Aβ clearance (Deane et al., 2008).  ApoER2 and APP interact through both intracellular 

and extracellular domains and their interaction can be modulated by the presence of 

ApoER2 ligands (Fuentealba et al., 2007).  Importnant for the present work, LDLR 

family members also influence the trafficking of APP and processing of APP to Aβ.  
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Interaction with LDLR family members alters the endocytic rate and subcellular 

localization of APP leading to altered availability to the secretases that generate the final 

APP products (Li et al., 2001; Ulery et al., 2000).  Here, we examine the relationship 

between LRAD3 expression and APP processing.   

Results 

LRAD3 and APP interact 

We found that the widely used mouse hippocampal neuronal cell line HT22 

expresses LRAD3. The expression of LRAD3 in these cells was confirmed by both 

immunoblotting (fig. 3.1A, lane 2) and FACS analysis (fig. 3.1B,C). 

Immunofluorescence microscopy of HT22 cells revealed a punctate staining pattern for 

LRAD3 (fig 3.1D) and APP (fig. 3.1E) within the cytoplasm. Although APP and LRAD3 

do have distinct staining patterns, there is significant colocalization of LRAD3 with APP 

as evidenced from the merged image (fig. 3.1F).  

To examine the potential of LRAD3 and APP to interact, endogenous LRAD3 

was immunoprecipitated from mouse brain extracts. After separation of the proteins by 

SDS-PAGE, the presence of APP in the immunoprecipitate was investigated by 

immunoblot analysis. The results of this experiment, shown in figure 2.2A, lane 1, reveal 

that APP coimmunoprecipitates with LRAD3 from mouse brain extracts. Endogenous 

APP was also observed to coimmunoprecipitate with LRAD3 in HT22 cells (fig. 3.2B, 

lane 2). To examine the specificity of the interaction, we immunoprecipitated LRAD3 

from HT22 cell extracts and probed the immunoprecipitate for transferrin receptor. These 

experiments revealed that the transferrin receptor failed to coimmunoprecipitate with 

LRAD3 (fig. 3.2C), suggesting that the interaction of LRAD3 with APP is specific. 
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Figure 3.1 LRAD3 is expressed on the cell surface of the HT22 hippocampal 
neuronal-derived cell line and colocalizes with APP. A, Immunoblot of LRAD3 in 
LRAD3-transfected COS-1 cell lysates (lane 1) and HT22 cell lysates (lane 2). B, C, 
FACS analysis showing the cell surface (B) and intracellular expression of LRAD3 
(C) in HT22 cells. LRAD3 expression (blue lines) using Rb585 and isotype control 
staining (red lines) are shown. D–F, Confocal microscopy analysis for LRAD3 (D) 
and APP (E). F shows the merged images of LRAD3 and APP. Insets show enlarged 
image of the indicated regions. Scale bars, 10 µm. 
 
Ranganathan et al., 2011 
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Figure 3.2 Endogenous LRAD3 and APP coimmunoprecipitate. Mouse 
brain (A) and HT22 cell (B) lysates were subjected to immunoprecipitation 
using non-immune IgG (NI) (lane 2) or anti-LRAD3 Rb585 IgG (LRAD3) 
(lane 3). The immunoprecipitates were separated on 4–12% SDS-PAGE under 
reducing conditions and transferred to nitrocellulose membrane and analyzed 
for APP using LN27 antibody. Lane 1 represents an immunoblot of brain 
extract and HT22 cell lysates with LN27 IgG, respectively. C, 
Immunoprecipitation of HT22 cell lysates with NI (lane 2) or anti-LRAD3 IgG 
(lane 3), followed by immunoblotting for the transferring receptor (TfR). Lane 
1 represents an immunoblot of HT22 cell lysates with anti-TfR IgG. 
 
Ranganathan et al., 2011 
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To determine whether APP immunoprecipitation resulted in coprecipitation of LRAD3, 

we used a model system in which COS-1 cells were cotransfected with LRAD3 and  

APP751. COS-1 cells were selected because they do not express endogenous LRAD3. In 

the first part of this experiment, COS-1 cells were cotransfected with empty vector and 

LRAD3 or with APP751 and LRAD3. After transfection, APP751 was 

immunoprecipitated, and the immunoprecipitated proteins were probed for LRAD3 (fig. 

3.3A). The results confirm that LRAD3 coimmunoprecipitated with APP751. Cell 

extracts were also subjected to immunoprecipitation with antibodies against LRAD3, and 

the immunoprecipitated proteins were probed for APP751. The results (fig. 3.3B) confirm 

that APP751 coimmunoprecipitated with LRAD3. Together, all of these results suggest a 

specific interaction between LRAD3 and APP and further reveal that the order of 

immunoprecipitation does not alter the outcome.  

To map binding domain(s) of APP required for its interaction with LRAD3, we 

first examined a potential interaction of soluble forms of APP released by the action of α-

secretase (sAPPα) with the soluble LRAD3 ectodomain using solid-phase binding assays. 

In this assay, we coated the microtiter wells with purified sAPPα containing a myc 

epitope and incubated the coated microtiter wells with increasing concentrations of 

soluble recombinant LRAD3 (sLRAD3). Coating of the microtiter wells with 

sAPPα 751–myc was confirmed by incubating with increasing concentration of 9E10 

anti-myc IgG. As shown in Figure 3.4A, we did not observe any direct association 

between sAPPα and sLRAD3. However, when we transiently coexpressed LRAD3 and 

C99 (a 99-aa C-terminal fragment that contains the intact Aβ sequence and the  
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Figure 3.3 Transiently expressed LRAD3 and APP coimmunoprecipitate. A, 
COS-1 cells were transiently transfected with empty vector and LRAD3 (left lane) 
or APP751 and LRAD3 (right lane) for 48 h. Cell lysates were then 
immunoprecipitated with anti-APP IgG and then immunoblotted with anti-LRAD3 
to detect the coimmunoprecipitated LRAD3. The immunoblots were also reprobed 
with anti-APP to detect APP in the immunoprecipitate. B, COS-1 cells were 
transiently transfected with empty vector and APP (left lane) or LRAD3 and 
APP751 (right lane) for 48 h. Cell lysates were then immunoprecipitated with anti-
LRAD3 IgG and then immunoblotted with anti-APP to detect the 
coimmunoprecipitated APP. The immunoblots were also reprobed with anti-
LRAD3 to detect LRAD3 in the immunoprecipitate. IP, Immunoprecipitation; WB, 
Western blot 
 
Ranganathan et al., 2011 
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Figure 3.4 LRAD3 interacts the C99 APP fragment. A, Increasing 
concentrations of soluble LRAD3 were added to microtiter wells coated with 
soluble myc-APP751α (circles). Bound LRAD3 was detected using anti-
LRAD3 Rb585 IgG and horseradish peroxidase-conjugated goat anti-rabbit 
IgG antibody. To detect the immobilized soluble APP on the plate, increasing 
concentrations of the anti-myc IgG 9E10 was used (diamonds). B, COS-1 cells 
were transiently transfected with pcDNA–LRAD3 and vector (lane 1), 
pcDNA–LRAD3/C99 (lane 2), or empty vector/C99 (lane 3) in the presence of 
10 nM γ-secretase inhibitor. After transfection, cell extracts were subjected to 
immunoprecipitation with anti-LRAD3 and immunoblotted with 6E10 IgG. 
The samples in lanes 1–3 were run on the same gel. 
 
Ranganathan et al., 2011 
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cytoplasmic tail that results from β-secretase cleavage) in COS-1 cells, we noted that this 

fragment of APP coimmunoprecipitated with LRAD3 (Fig. 3.4B, lane 2). Together, these 

experiments reveal that the determinant for the interaction between APP with LRAD3  

resides within the C99 fragment but not within the large ectodomain of APP that is 

released during α-secretase cleavage.  

LRAD3 modulates the cellular processing of APP 

 To examine whether the potential of LRAD3 to interact with APP may modulate 

the cellular trafficking and proteolysis of APP, we evaluated the effect of LRAD3 

expression on total levels of cellular APP and secreted sAPPα (derived from the activity 

of α-secretase) in conditioned medium. Initially, COS-1 cells were transfected with 

LRAD3, and the effect of LRAD3 expression on levels of endogenous sAPPα in 

conditioned media was measured by immunoblot analysis. A decrease in the levels of 

sAPPα derived from proteolysis of endogenously expressed APP was observed in 

conditioned media from COS-1 cells that were transfected with LRAD3, but no change in 

total APP levels was noted (fig. 3.5A). These results suggest that expression of LRAD3 

affects the processing of endogenous APP, and similar results were obtained in other 

cells, such as H4 neuroglioma cells (data not shown). Next, we used CHO 13-5-1 cell 

lines that are known to be deficient in LRP1 (FitzGerald et al., 1995), another receptor 

that influences APP proteolytic processing (Ulery et al., 2000).  Because LRP1 is known 

to increase the production of Aβ peptide (Ulery et al., 2000), LRP1-deficient cell lines 

were chosen to eliminate any possible contribution of LRP1 to this process. As indicated 

in Figure 3.5B, coexpression of LRAD3 with either the APP695 or APP751 isoforms in  

these cells results in a decrease in the levels of sAPPα detected in the media, confirming 
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Figure 3.5 LRAD3 expression modulates APP processing. A, COS-1 cells were 
transfected with empty vector (lane 1) or pcDNA–LRAD3 (lane 2) and were then 
placed in serum-free medium. After 24 h, conditioned medium was collected and 
concentrated, and proteins were separated on 4–12% SDS PAGE. After transfer to 
nitrocellulose membranes, the proteins were probed for soluble APP using LN27 
antibody. Total APP was detected in cell extracts. The LRAD3 immunoblot was run 
on separate gels. B, CHO 13-5-1 cells were cotransfected with APP 695 or APP751 
along with pcDNA–LRAD3 or empty vector (V) and cultured for 24 h, before placing 
in a serum-free medium. The cells were incubated for 24 h in serum-free media, and 
the conditioned medium then collected and assayed for soluble APP by 
immunoblotting with 6E10 (top). Cell extracts were also analyzed by immunoblot for 
total APP (middle) or GAPDH (bottom). C, Bands shown in B were quantified using 
Odyssey imaging software, and the ratio of sAPPα to total APP was calculated. *p = 
0.0008, three independent experiments, each performed in duplicate; **p = 0.006, 
three independent experiments, each performed in duplicate. D, Conditioned medium 
from the experiment detailed in B were collected and analyzed for Aβ1–40 levels 
using ELISA. *p = 0.00001, three independent experiments, each performed in 
duplicate; **p = 0.00005, three independent experiments, each performed in duplicate. 
 
Ranganathan et al., 2011 
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that LRAD3 affects the processing of both APP751 and APP695 isoforms. The results 

were quantified and expressed as sAPPα levels normalized to the total APP in the cells 

and demonstrate a significant effect of LRAD3 expression on the production of sAPPα 

from both APP695 and APP751 isoforms (fig. 3.5C). Thus, LRAD3 expression appears 

to reduce the non-amyloidogenic processing of APP.  

 To determine whether LRAD3 alters the production of the Aβ peptide as might be 

expected from the results of Figure 3.5A–C, an ELISA was performed on conditioned 

media after cotransfection of LRAD3 and APP in CHO 13-5-1 cells. The results reveal 

that CHO 13-5-1 cells expressing LRAD3 produce significantly more Aβ40 than cells 

transfected with vector alone (fig. 3.5D). The increase in Aβ40 cannot be attributed to an 

increase in the expression of APP, because the total levels of APP in the transfected cells 

were similar (fig. 3.5B, middle). Finally, it should be highlighted that the effect of 

LRAD3 on Aβ production was observed with both isoforms of APP (i.e., APP751 and 

APP695).  

To further characterize the role of LRAD3 in APP processing, we performed 

metabolic labeling experiments to measure the turnover of APP by using 

[35S]methionine/cysteine. For these experiments, we generated stable cell lines 

expressing of LRAD3 in HEK-293 cells.  These cells and parental HEK-293 cells used as 

control were first transiently transfected with myc–APP695 and then incubated for 1 h at 

37°C with [35S]methionine/cysteine to metabolically label cellular proteins. After this  

incubation, the media was replaced with unlabeled methionine/cysteine and the fate of 

labeled APP was followed by APP immunoprecipitation with time. The results of this 

experiment, shown in figure 3.6A, demonstrate an increased turnover of APP695 isoform 
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Figure 3.6 LRAD3 expression increases APP turnover.  A, B, Turnover 
of full-length APP 695–myc in HEK 293 cells stably transfected with 
LRAD3 (+ LRAD3) or control HEK 293 cells (Control). The cells were 
pulse labeled with [35S]methionine/cysteine for 1 h and chased for 0, 1, 2, 
3.5, and 5 h. B, The half-life was determined by quantifying the results 
from A. Three independent experiments were performed, each in duplicate, 
and a representative experiment is shown. 
 
Ranganathan et al., 2011 
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in cells expressing LRAD3. The half-life of APP695 isoform in control HEK 293 cells 

was 2.6 h, a value that is consistent with previous studies (Borg et al., 1998).  In contrast,  

the half-life of APP695 isoform in HEK 293 cells expressing LRAD3 was reduced to 1.3 

h (fig. 3.6B).  

LRAD3 internalization rate 

 LRP1 and LRP1b interact with APP at the cell surface and alter the rate of APP 

internalization, ultimately influencing Aβ production. ApoER2 also likely influences 

APP at the cell surface, where its effect on processing is dependent on the ligands or 

adaptor proteins present.  SorLA/LRP11 interacts with APP in the Golgi reducing Aβ 

production by decreasing APP trafficking to endosomes.  Therefore, localization and 

trafficking of the receptors are important determinants of how a receptor will influence 

Aβ production.   In preliminary experiments we discovered LRAD3 localizes to the cell 

surface (fig. 3.7A-F). Additionally, we found that LRAD3 can undergo endocytosis in a 

radiolabeled antibody uptake assay (fig. 3.8A-D). These results confirm that LRAD3 is 

capable of mediating internalization of ligands, after it is delivered to the cell surface. 

The contrasting effects of LRP1 and LRP1b on Aβ production are in part explained by 

their particular endocytic rates.  The relatively slow internalization rate of LRP1b 

increases the retention of APP at the cell surface thereby decreasing processing of APP 

by β− and γ−secretases.  Conversely, the LRP1/APP complex is quickly endocytosed, 

increasing APP cleavage by β-secretase.  We determined the rate of LRAD3 

internalizationchain of LRP1 (LRP1-β) has a significantly higher endocytic rate constant 

(ke = 0.0308min−1) than that of LRAD3 (ke = 0.0038 min−1). Thus, LRAD3 internalizes 

ligands at a rate that is approximately eightfold slower than LRP1-β.  Previous work has 
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Figure 3.7 LRAD3 mediates the endocytosis of ligands: microscopy. Confocal 
microscopy of COS-1 cells transfected with pSecLRAD3 Nmyc and then stained for 
LRAD3 using anti-myc IgG (B, E) or for LRP1(A, D). Nuclei are stained with TO-
PRO3 and are shown in blue in merged images (C, F). In A–C, the cells were not 
permeabilized and demonstrate cell surface expression of LRP1(A) and LRAD3 (B). 
In D–F, the cells were permeabilized, showing a punctate intracellular staining of both 
LRP1(D) and LRAD3 (E).  
 
Ranganathan et al., 2011 
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Figure 3.8 LRAD3 mediates the endocytosis of ligands: uptake assay.  A, 
Immunoblot of COS-1 cell extracts transfected with vector or LRAD3 using 
anti-LRAD3 IgG demonstrating specificity of the antibody. B,  125I -labeled 
myc-specific 9E10 antibody was incubated with COS-1 cells transiently 
transfected with either pSecLRAD3–Nmyc or empty vector, and the amount of 
surface binding (B) and internalized (C) radioactivity was measured. D, The 
endocytic rate constant was measured by incubating transfected cells with 
125I-labeled 9E10 at 37°C for the indicated time periods. After incubation, the 
cells were placed on ice, and the amount of ligand bound to the surface (B) and 
internalized (C) was measured. Nonspecific binding and internalization were 
determined by incubating parallel cultures with excess unlabeled 9E10 and was 
subtracted from the total to determine specific binding and internalization. 
Filled diamonds, Cell transfected with LRP1-β; open circles, cells transfected 
with LRAD3. 
 
Ranganathan et al., 2011 
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demonstrated that the internalization rate of LRP1b is 15-fold slower than LRP1.  It is not 

clear if the rate of LRAD3 internalization influences Aβ production.   The fact that 

LRAD3 increases Aβ production and yet has a much slower internalization rate than 

LRP1 raises the possibility that LRAD3 alters Aβ production through a different 

mechanism.   

Discussion 

Here we have determined that LRAD3 alters the processing of APP.  We explored 

the interaction of APP and LRAD3. Coimmunoprecipitation experiments reveal that APP 

is capable of interacting with LRAD3. This interaction also occurs with a truncated 

version of the APP molecule termed C99 that contains the intracellular domain (ICD), the 

transmembrane domain, and a short extracellular sequence of APP but not with sAPPα, 

revealing that the large ectodomain of APP is not required for the interaction between 

APP and LRAD3. It is not clear from these studies if LRAD3 and APP are interacting 

directly through their transmembrane domains and/or cytoplasmic domains or if an 

unknown member of this complex mediates the interaction. Transfection of LRAD3 into 

cells expressing APP reveal that LRAD3 alters the proteolytic processing such that 

increased amounts of Aβ are produced along with decreased amounts of sAPPα. Given 

that Aβ deposition is thought to represent an initiating event in Alzheimer's disease, it is 

possible that LRAD3 may modulate the development and progression of this disorder.  

Finally, we demonstrate that expression of LRAD3 significantly increases the 

turnover of APP. The mechanism by which LRAD3 modulates the trafficking and 

processing of APP is not known but could result from a direct interaction with APP that 

might be expected to alter its cellular trafficking, such as enhancing its recycling through 
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endosomal compartments in which proteolysis can occur. 

The cellular trafficking of APP is complex because APP undergoes regulated 

intramembrane proteolysis (Citron, 2010; Sisodia and Price, 1995). This is a process in 

which an integral membrane protein is cleaved within its transmembrane domain after 

shedding of the ectodomain. In the case of APP, the initial shedding event occurs via the 

activity of an α- or β-secretase, followed by cleavage within the transmembrane domain 

mediated by a γ -secretase activity. Proteolysis by the β- and γ -secretase is thought to 

occur within the endosomal compartments (Sisodia and Price, 1995).  The β-secretase has 

been identified as a transmembrane aspartyl-proteinase termed BACE (Vassar et al., 

1999) whereas the γ -secretase has been identified as presenillin 1 or 2 (De Strooper and 

Annaert, 2000) along with several other proteins that form the enzyme complex (De 

Strooper and Annaert, 2000).  The presenilin-mediated cleavage of APP occurs within the 

transmembrane domain and releases the APP ICD, which is thought to participate in 

signaling pathways via association with the adaptor protein Fe65 and the histone 

acetyltransferase Tip60 (Cao and Sudhof, 2001). Enhanced proteolytic processing of APP 

when LRAD3 is expressed thus raises the possibility that LRAD3 might influence the 

signaling properties of APP as well.  
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Chapter 4- LRAD3 ectodomain binding partners  

Introduction  

 In order to identify biological roles for LRAD3, we are in the exploratory stages 

of investigating the function of the ectodomain domain of LRAD3.  While, the three 

LDLa repeats in the LRAD3 ectodomain are homologous to those found in LRP1 and 

other members of the LDL receptor family, none of these repeats in LRAD3 have the 

three conserved, calcium-coordinating acidic residues that form an acidic pocket that are 

common to other LDL receptor family members (Fisher et al., 2006; Ranganathan et al., 

2011).  Thus, it remains to be determined if LRAD3 shares common ligands with other 

LDLR family members, or binds an entirely different set of ligands, or both.   

To initiate these studies, we prepared a soluble LRAD3 ectodomain (sLRAD3), 

and used this region to investigate its ligand binding properties.  Here, we identify several 

proteins that interact with the LRAD3 ectodomain.  One of these proteins is tissue 

plasminogen activator (tPA), a serine protease that is a critical component of fibrinolysis 

and is involved in neuronal cell signaling (Pang and Lu, 2004).  tPA is also a ligand for 

LRP1, and in neurons, LRP1 is considered to be a functional tPA receptor (Zhuo et al., 

2000).  Binding of tPA to LRP1 initiates intracellular signaling cascades (Hu et al., 2006; 

Martin et al., 2008).  LRP1-mediated signaling initiated by tPA treatment of neurons 

requires expression of a functional N-methyl-D-aspartate receptor (NDMAR) (Mantuano 

et al., 2013; Martin et al., 2008). NMDAR is an ionotropic, glutamate-activated receptor 

critical in learning and memory and has been demonstrated to functionally interact with 

LRP1 (Bacskai et al., 2000; May et al., 2004).  Interestingly, a second protein identified 
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to interact with LRAD3 is the glutamate receptor, N-Methyl-D-Aspartate 3B (NR3B). 

NR3B is a subunit in the (NMDAR) complex, suggesting that LRAD3 may be a 

component of the tPA/NMDAR signaling complex.   

  Additionally, we identified a number of synaptic vesicle associated proteins that 

interact with LRAD3 including Synaptotagmin 1 (Syt1), Synapsin, Syntaxin and 

Syndapin that are involved in synaptic vesicle localization and calcium-mediated fusion 

with the plasma membrane.  Synaptic vesicles are phospholipid enclosed 

neurotransmitter stores that are essential for the transmission of neuronal impulses 

(Sudhof, 2013).  An action potential in a neuron initiates a calcium influx that promotes 

the fusion of synaptic vesicles with the plasma membrane resulting in the release of 

neurotransmitter into the synaptic cleft. Endocytosis, vesicle recycling and vesicle protein 

recycling are critical in the rapid replenishment of neurotransmitter-filled synaptic 

vesicles.  We also identified N-Ethylmaleimide-Sensitive Factor and the Adaptor-Related 

Protein Complex that are important components of synaptic vesicle and synaptic vesicle 

protein recycling.   

Results 

Comparative affinity of tPA for LRAD3 and LRP1 

 LRP1 can either bind free tPA or tPA complexed to its inhibitor, plasminogen 

activator inhibitor-1 (PAI-1).  PAI-1 is a member of the SERPIN family of protease  

inhibitors.  We measured the affinity of tPA for LRAD3 and LRP1 by SPR.  The soluble 

extracellular domain of LRAD3 (sLRAD3) and the soluble extracellular domain of LRP1 

(sLRP1) were immobilized to SPR chips and tPA or tPA:PAI-1 complexes were injected 

over these surfaces at increasing concentrations (fig. 4.1A and B).  From these data, Req 
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Figure 4.1 LRAD3 interacts with free tPA. Increasing concentrations of tPA 
were injected on CM5 chip surfaces with immoblized A, sLRAD3 and ,) sLRP1. 
Binding was measured at 25°C at a flow rate of 20 µl/min for 3 min followed by 2 
min of dissociation. Response is indicated as resonance units (RU).  The bulk shift 
due to changes in refractive index and non-specific binding were measured on 
blank surfaces and was subtracted from the binding signal at each condition. 
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 values were derived for each concentration of tPA or tPA:PAI-1, and these values then  

replotted verse concentration.  The data were fit to a single class of sites using non-linear  

regression analysis.  LRAD3, like LRP1 (fig. 4.2B and 4.3B), binds the tPA:PAI-1 

complex with a much higher affinity (KD= 103 nM) (fig.4.3a) than it does free tPA (KD = 

823 nM) (fig, 4.2a).  Interestingly, while LRP1 binds uPA:PAI-1 with a high affinity 

LRAD3 does not appear to bind to uPA:PAI1 (data not shown), indicating that the 

interaction of LRAD3 with tPA:PAI is specific for this complex.   

LRAD3 ectodomain domain protein binding screen 

 To further elucidate the biological role of LRAD3 in the brain, we searched for 

potential ligands and ectodomain binding partners.  For these experiments sLRAD3 was 

covalently immobilized to Sepharose.  The sLRAD3-Sepharose beads and uncoupled 

control Sepharose beads were incubated with mouse brain lysate.  Bound proteins were 

eluted with 100 mM glycine, pH 2.5 and 10 mM EDTA, and eluted proteins were 

separated on 4-12% SDS Tris-Glycine gel.  Coomassie staining of the eluted fractions 

demonstrated unique bands on sLRAD3-Sepharose pull-down when compared to control 

Sepharose (data not shown).  These bands were analyzed by mass spectrometry and 

unique peptides were identified by Sequest and X!Tandem for protein identification 

(Tables 4.1-4.9).          

LRAD3 interacts with the NMDAR 

 The affinity purification experiment revealed that NR3B is a potential binding 

partner for LRAD3.  NR3B is a subunit in the N-methyl-D-aspartate receptor (NMDAR) 

complex. Interestingly, LRP1 also binds NMDAR, and this interaction is required for 

NMDAR and LRP1-mediated tPA signaling.  We predicted that LRAD3 also binds to  
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Figure 4.2 LRAD3 interacts with free tPA: binding curves. Maximal change in 
response units (Rmax) were calculated and used to determine KD values using an 
equilibrium method. The data were fit to a single binding site using SigmaPlot 
software for A, sLRAD3 and B, sLRP1.   
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Figure 4.3 LRAD3 interacts with  tPA:PAI1 complex: binding curves. 
Maximal change in response units (Rmax) were calculated and used to 
determine KD values using an equilibrium method. The data were fit to a 
single binding site using SigmaPlot software for A, sLRAD3 and B, 
sLRP1.   
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Table 4.1 sLRAD3 interaction proteins: ubiquitin pathway proteins. For tables 
4.1-4.9 samples from a sLRAD3 affinity purification experiment were analyzed by 
liquid chromatography tandem mass spectrometry.  Unique peptides were identified 
by Sequest and X!Tandem for protein identification 

Table 4.1: Ubiquitination pathway proteins 

Table 4.2: Synaptic vesicle-associated proteins 

Table 4.2 sLRAD3 interaction proteins: synaptic vesicle-associated proteins 
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Table 4.4: Ion channels, receptors 
and receptor-associated proteins 

Table 4.3: Ligands and secreted proteins 

Table 4.3 sLRAD3 interaction proteins: ubiquitin pathway proteins 

Table 4.4 sLRAD3 interaction proteins: Ion channels, receptors and receptor-
associated proteins 
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Table 4.5: Mitochondrial proteins 

Table 4.5 sLRAD3 interaction proteins: mitochondrial proteins 
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Table 4.6: Kinases and phosphatases 

Table 4.6 sLRAD3 interaction proteins: kinases and phosphatases 
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Table 4.7: Structural and cytoskeletal proteins 

Table 4.7 sLRAD3 interaction proteins: structural and cytoskeletal proteins 
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Table 4.8: Other 

Table 4.8 sLRAD3 interaction proteins: other 
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Table 4.9: Other (continued) 

Table 4.9 sLRAD3 interaction proteins: other (continued) 
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NR1, a subunit required for a functional NMDAR.  To confirm this, we performed co- 

immunoprecipitation experiments, which revealed that NR1 co-immunoprecipitated with 

endogenous LRAD3 in cultured primary neurons.  Importantly, NR1 was not detected in 

a co-immunoprecipitation performed with non-immune IgG (fig. 4.4).   

LRAD3 interacts with Synaptotagmin 1 

 A number of proteins that regulate various aspects of synaptic vesicle function 

were identified as potential binding partners for sLRAD3, including Synaptotagmin 1 

(Syt1).  This interaction was confirmed in a co-immunoprecipitation experiment, in 

which we observed that Syt1 co-immunoprecipitated with endogenous LRAD3 in 

cultured primary neurons.  Importantly, Syt1 was not detected in a co-

immunoprecipitation performed with non-immune IgG (fig. 4.5).  In addition to the 64 

kDa band that corresponds to the predicted molecular weight of Syt1 we also detected a 

band around 50 kDa in several similar experiments.  This may represent non-specific 

binding or a contaminating protein that reacts to the Syt1 antibody or it may be a product 

of Syt1 that results from cleavage during the course of the experiment.  We believe the 50 

kDa band is Syt1 due to the fact that the initial identification of Syt1 in the affinity 

purification experiment was from a band visualized at 50 kDa (data not shown).   

Discussion 

These results indicate that, similar to LRP1, LRAD3 interacts with both tPA and the 

tPA:PAI-1 complex.  This interaction is specific for tPA, as uPA and uPA:PAI-1 

complexes do not bind to LRAD3.  Additionally, we identified the NR3B subunit of  

NMDAR in an affinity purification experiment and the NR1 subunit of NMDAR in a co-

immunoprecipitation experiment to interact with LRAD3.  It has been established that  
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Figure 4.4.  NMDAR subunit 
NR1 interacts with LRAD3.  
Lysates from mouse primary 
neurons were immunoprecipitated  
with anti-LRAD3 or non-immune 
IgG control.  IPs  and cell lysates 
were probed for by immunoblot 
with anti-NR1. 
 

Figure 4.5.  Synaptotagmin 1 
(SYT1) interacts with LRAD3.  
Lysates from mouse primary 
neurons were immunoprecipitated  
with anti-LRAD3 or non-immune 
IgG control.  IPs  and cell lysates 
were probed for by immunoblot 
with anti-synaptotagmin. 
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tPA signaling through the NMDAR is mediated by LRP1 and loss of LRP1 or inhibition 

of ligand binding to LRP1 by RAP results in decreased NMDAR-dependent 

phosphorylation of ERK1/2 following tPA treatment (Zhuo et al., 2000). It is possible 

that, like LRP1, LRAD3 mediates tPA signaling through NMDAR in neurons.   

The nature of LRP1 binding to NDMAR has not been precisely defined, but it has 

been demonstrated that this interaction is in part mediated via the LRP1 intracellular 

domain, perhaps through the post-synaptic scaffolding protein PSD-95 (May et al., 2004).  

We discovered the interaction between LRAD3 and NR3B using sLRAD3 as bait.  It is 

possible that LRAD3 and NMDAR interaction is mediated through their extracellular 

domains.  Alternatively, LRAD3 may self-aggregate through extracellular domain 

interactions forming homo-multimers.  In the sLRAD3 affinity purification experiment, 

sLRAD3 may have been forming a complex with endogenous full-length LRAD3 and 

thus pull-down experiments would include full length LRAD3.  

Finally, our work has identified unique proteins that interact with the extracellular 

region of LRAD3 but are not known to interact with other LDLR family members.  This 

work was undertaken in the hopes of discovering ligands that either signal through 

LRAD3 or are delivered into the cell via LRAD3 endocytosis. Our study revealed many 

intracellular and integral membrane proteins.  These proteins are not known to be 

secreted in any great quantity or to signal from the extracellular space. While we set out 

to discover LRAD3 ligands we may have identified a number LRAD3 co-receptors or 

interacting proteins that reside within subcellular compartments. 

 It is likely that we can develop a hypothesis regarding LRAD3 function by 

analyzing groups of LRAD3 binding proteins that are functionally related.  For example, 
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our studies reveal that a number of synaptic vesicle-associated proteins were identified as 

potential binding partners for sLRAD3 in an affinity purification experiment and Syt1 

was confirmed to bind full-length LRAD3 in a co-immunoprecipitation experiment.  

Based on these data, it is tempting to hypothesize that LRAD3 may participate in the 

trafficking of synaptic vesicles.  Although, to date the LDLR family has not been 

implicated in synaptic vesicle function, making it difficult to speculate the potential role 

of LRAD3 in this system.  Based on our work demonstrating the role of LRAD3 in the 

ubiquitin-proteasome system, we speculate LRAD3 may act to recruit E3 ligases to 

synaptic vesicle proteins.  The importance of ubiquitination of synaptic vesicle proteins is 

only just emerging but vesicle protein abundance and function have been demonstrated to 

be influenced by ubiquitination (Na et al., 2012; Wheeler et al., 2002; Yao et al., 2007).  

By regulating synaptic vesicle protein components the ubiquitin proteasome system is 

likely an important mechanism for control of neuronal function.  It will be important to 

establish the sub-cellular localization of LRAD3 to determine the validity of this 

hypothesis.  
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Chapter 5- Discussion 
 

We have discovered a novel LDL receptor family member and this receptor has 

been characterized in the present studies.  Our studies revealed that LRAD3 is expressed 

in the brain and specifically in neurons, and co-localizes with amyloid precursor protein 

(APP) in the hippocampus, a region affected by Alzheimer’s disease. LRAD3 expression 

alters the cellular trafficking of APP, altering the production of the Aβ peptide. 

One of the unique structural features of LRAD3 not found in other LDL receptor 

family members are the existence of conserved polyproline motifs within its cytoplasmic 

domain.  To gain insight into the potential function of LRAD3, we designed experiments 

to identify molecules that interact with the cytoplasmic domain of this receptor. Using 

affinity purification protocols in which the LRAD3-ICD was immobilized, we discovered 

that LRAD3-ICD interacts with the Nedd4 family members, Itch, Nedd4 and Nedd4-2, 

all of which are expressed in neurons.  Further, we demonstrated that the interaction 

between LRAD3 and Itch leads to an increase in Itch enzymatic activity. This 

enhancement in Itch activity resulted in increased Itch auto-ubiquitination and subsequent 

degradation.   

Potential biological impact of LRAD3 association with Itch, Nedd4 and Nedd4-2 

 It is not clear whether LRAD3 expression will increase the effects of Itch on Itch 

substrates due to increased enzymatic activity or lower overall Itch activity due to 

decreased total Itch protein.  Due to the ubiquitous expression of Itch and broad substrate 

diversity the impact of LRAD3 on Itch function will most likely be determined by the 

temporal and spatial nature of their interaction.  Well-regulated Itch activity is critical in 
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a normally functioning immune system (Melino et al., 2008; Perry et al., 1998).  Itch 

deficient humans display multisystem autoimmune disease due to T-cell skewing toward 

the TH2 phenotype and increased production of TH2 cytokines (Lohr et al., 2010; Matesic 

et al., 2008).  Itch ubiquitination of substrates like JunB (Fang et al., 2002), TIEG1 

(Venuprasad et al., 2008) and Notch (Qiu et al., 2000) is the key event in Itch-mediated 

regulation of T-cells and the ubiquitination activity level of Itch is tightly regulated 

(Gallagher et al., 2006; Oliver et al., 2006).  For example, NDFIP1-null mice die 

prematurely of autoimmune-like disorders, similar to Itch-null mice.  NDFIP1-null mice 

lack proper ubiquitination of Itch substrates leading to dysregulated T-cells (Oliver et al., 

2006).  The expression of LRAD3 in immune cells is not yet well characterized.  Itch is 

less well studied outside of the immune system but roles for Itch are beginning to emerge 

in areas like embryonic stem cell renewal (Liao et al., 2013), osteoclast differentiation 

(Zhang and Xing, 2013) and apoptosis (Azakir et al., 2010).   

 We are interested in studying the effects of LRAD3 expression on Nedd4 and 

Nedd4-2 in the future.  Though Itch, Nedd4 and Nedd4-2 are structurally similar and 

have overlapping expression profiles (Kamynina et al., 2001a; Kumar et al., 1997; 

Mouchantaf et al., 2006), they diverge sharply in their physiological roles and substrates.  

Nedd4 is involved in a number of processes.  Nedd4 controls growth and development 

through the regulation of growth factor receptors like IGF1R (Cao et al., 2008), is 

involved in the molecular pathways of Parkinson’s Disease through the degradation of 

alpha-synuclein (Tofaris et al., 2011) and regulates neuronal growth and branching by 

ubiquitinating substrates like PTEN (Christie et al., 2012).  The role of Nedd4 in IGF1R-

mediated animal growth is evident in Nedd4-null mice.  These mice are significantly 
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smaller at birth than wild-type mice and experience global growth retardation (Cao et al., 

2008).  Nedd4-2-deficient mice, on the other hand, develop normally and are of normal 

size until birth (Boase et al., 2011).  On a C57BL/6 inbred background, Nedd4-2 null 

mice are perinatal lethal due to improper lung function.  This is a result of a loss of 

Nedd4-2 regulation of the epithelial sodium channel ENaC in the lungs resulting in 

premature fetal lung fluid clearance.  In addition to ENaC, Nedd4-2 influences cell 

surface expression and trafficking of a number of ion channels, many in the brain 

(Ekberg et al., 2014) and heart (Lamothe and Zhang, 2013).   

 We are specifically interested in Nedd4 family function in neurons.  Interestingly, 

Itch, Nedd4 and Nedd4-2 along with Nedd4 family activator NDFIP1 are upregulated in 

neurons in an ischemic stroke model and a model of brain injury (Lackovic et al., 2012; 

Sang et al., 2006).  Following stroke, increased Nedd4-2 or Itch protein levels are 

associated with increased neuronal survival.  However, only increased Nedd4-2 is 

associated with increased NDFIP1 expression.  Neurons with increased Itch protein do 

not display increased NDFIP1.  It is interesting to speculate that LRAD3 could fulfill the 

role of inducible or constitutive Itch activator in neurons in this stroke model or perhaps 

even function as a general activator of Nedd4 family in neurons.  We have not explored 

the change in expression of LRAD3 under conditions of neuronal insult.  

 The sub-cellular localization of LRAD3 has not been determined but we have 

demonstrated that LRAD3 is present on the cell surface.  LRAD3 may recruit Nedd4 

family members to the plasma membrane from the cytosol. Itch, Nedd4 and Nedd4-2 

contain C2 domains which have a high affinity for phospholipids (Chen and Matesic, 

2007), so they may already be present at the plasma membrane and LRAD3 could 
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localize the E3 ligases to specific regions and help target specific substrates.  The high 

conservation of the transmembrane domain of LRAD3 suggests it is biologically 

important.  The LRAD3 transmembrane domain may recruit other transmembrane 

domain-containing proteins, bringing them in close contact with active Nedd4 family 

members.  Additionally, we have demonstrated that the LRAD3 ectodomain binds a 

diverse array of proteins and could also recruit potential Nedd4 family substrates via 

extracellular domain interactions.  There are a number of examples of substrate 

discrimination by adaptor proteins and not the E3 ligases themselves.  In an in vitro 

system the HIV protein Vpu acts to recruit the SCF ubiquitin ligase complex to the 

receptor CD4 (Zhang et al., 2013).  Vpu recruits SCF ubiquitin ligase complex via its 

cytoplasmic tail and CD4 via its transmembrane domain.  The recruitment of CD4 to the 

SCF complex as well as to deubiquitinating enzymes by Vpu is critical in tightly 

regulating the ubiquitination status of CD4 and ultimately determines whether CD4 is 

degraded or not.  Mutagenesis of the transmembrane domain of Vpu disrupts the 

interaction with CD4 and alters CD4 ubiquitination status and degradation.   

Mechanisms of Itch activation, and role of LRAD3 in this process 

Our work supports the hypothesis that LRAD3 is an Itch activator.  This places 

LRAD3 in a mostly structurally unrelated class of proteins, that of Nedd4 family 

activators. This includes NDFIP1 (Mund and Pelham, 2009), Spartin (Hooper et al., 

2010) and Numb (Di Marcotullio et al., 2011), and potentially LITAF (Eaton et al., 2011) 

and the HSV-1 encoded protein UL56 (Ushijima et al., 2010).  Our work demonstrates 

that LRAD3 binding to Itch increases Itch catalytic activity dramatically.  Similar to the 

other Nedd4 family activators, LRAD3 binding to Itch and LRAD3-induced Itch 
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activation require the LRAD3 PPxY motifs.  The requirement of this shared structural 

element indicates a common mechanism of activation.  It is hypothesized that the PPxY 

motif in the activating protein binds to one or more WW domains in the ligase, thereby 

disrupting the auto-inhibitory interaction between the catalytic arm and central portion of 

the ligase (Mund and Pelham, 2009).  It is interesting that both PPxY motifs in LRAD3 

are able to bind Itch with equally high affinities but that there is a dramatic difference 

between them in the induction of Itch activity.  Our experiments measuring binding of 

different Itch WW domains to the PPxY motifs in LRAD3 suggest that the third and 

fourth WW domains bind the individual PPxY motifs differently.  It is possible that 

binding via either of these third and fourth WW domains is required for a large increase 

in Itch catalytic activity.  Our work also demonstrates that activator-induced increased 

Itch catalytic activity results in Itch degradation.  We demonstrated this effect with 

LRAD3 and Spartin and we speculate that other Itch activators increase Itch degradation 

as well.  We have not studied the effect of LRAD3 expression on Nedd4 activity.  

However, LRAD3 expression does not appear to alter Nedd4 protein stability.  It is 

possible that LRAD3 increases Nedd4 activity but does not induce degradation or 

LRAD3 may not influence Nedd4 activity at all.  Future investigations into the effects of 

LRAD3 on Nedd4 activity are warranted as many of the Itch activators are also known to 

activate Nedd4.   

The fact that LRAD3 expression dramatically increases active Itch and 

dramatically decreases total Itch protein leads us to hypothesize that LRAD3 expression 

would have an effect on known Itch substrates and signaling pathways.  We were unable 

to test this hypothesis due to an inability to replicate the effects of Itch expression.  In the 
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literature, the experiments demonstrating Itch mediated-degradation and signaling were 

performed in Itch-null cell lines or in cells depleted for Itch by siRNA (Azakir and 

Angers, 2009; Bai et al., 2004).  The former system was unavailable to us and we were 

unable to achieve decreased Itch expression by the latter.  We attempted to reproduce the 

effects of Itch expression using overexpression of WT Itch or catalytically inactive Itch.  

We observed no difference in known Itch substrates or signaling pathways with 

expression of either WT or C830A Itch.   

In the future, determining LRAD3 subcellular localization will be critical in 

understanding the effects of LRAD3 on Itch function.  Spartin, in addition to activating 

Itch, recruits Itch to lipid droplets, which results in Itch –mediated ubiquitination and 

subsequent degradation of adipophilin, a lipid-droplet associated protein (Hooper et al., 

2010).  NDFIP1 and NDFIP 2 are associated with endosomal compartments where they 

interact with components of the EGFR signaling complex, including Cbl (Mund and 

Pelham, 2010).  Loss of NDFIP expression decreases Cbl turnover.  The localization of 

NDFIPs to endosomes may be critical in activating Itch to regulate newly activated and 

internalized EGFR signaling complexes.    

 Itch, Nedd4 and Nedd4-2 are expressed in neurons. Additionally, all three 

members as well as the Nedd4 family activator NDFIP1 are upregulated in neurons in an 

ischemic stroke model.  Following stroke, increased Nedd4-2 or Itch protein levels are 

associated with increased neuronal survival.  However, only increased Nedd4-2 was 

associated with increased NDFIP1 expression.  Neurons with increased Itch protein did 

not display increased NDFIP1.  It is interesting to speculate that LRAD3 could fulfill the 

role of inducible or constitutive Itch activator in neurons.  We have not explored the 
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change in expression of LRAD3 under conditions of neuronal insult.   

Potential role of E3 ligases in mediating the LRAD3 effect on APP trafficking 

Several LDLR family members that are expressed in neurons alter the processing 

of APP to Aβ (Li et al., 2001; Ulery et al., 2000).  Our work demonstrates that LRAD3 is 

also capable of modifying the production of Aβ from APP.  Similar to LRP1, LRAD3 

expression increases APP processing through the β-secretase pathway, which results in an 

increase in Aβ production and a decrease in sAPPα production.  LRP1, LRP1b and 

SoRLa, in part, modulate APP processing by altering the endocytic rate of APP.  The 

relatively fast internalization rate of APP/LRP1 complex results in increased APP in β-

secretase rich endosomes leading to high Aβ production (Bu et al., 2006).  Conversely, 

slower LRP1b internalization results in more cell surface APP and subsequently yields 

high sAPPα and lower Aβ production (Cam et al., 2004).  Our results suggest the LRAD3 

internalization rate is between the rates of LRP1 and LRP1b.  It is possible that LRAD3 

binds to APP through Itch, Nedd4 or Nedd4-2.  It is also possible that LRAD3 and APP 

interact directly.  Our results indicate that LRAD3 and APP interact through their 

transmembrane domains, their ICDs or both.   

 LRAD3-binding Nedd4 family members may play a role in APP processing and 

can account for LRAD3-mediated increased Aβ production.  APP itself, the APP 

processing machinery and the endocytic machinery responsible for APP trafficking are 

subject to regulation by ubiquitination.  APP is a substrate for the E3 ligases HRD1 

(ERAD-associated E3 ubiquitin-protein ligase) (Kaneko et al., 2010) and FBL2 (F-box 

and leucine-rich repeat protein 2) (Watanabe et al., 2012).  HRD1 preferentially 

ubiquinates unfolded APP marking it for degradation through the endoplasmic reticulum 
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associated degradation (ERAD) system. Experimental supression of HRD1 leads to 

increases in total APP, Aβ, ERAD and apoptosis (Kaneko et al., 2010; Kaneko et al., 

2012).  Total HRD1 is lower in AD brains while insoluble aggregates of HRD1 are 

increased.   Ubiquitination of APP by FBL2 leads to decreased production of Aβ 

(Watanabe et al., 2012). FLB2 expression increases the rate of APP degradation and also 

decreases the rate of APP endocytosis.  Components of the APP processing pathway are 

also ubiquitinated.  Ubiquitination regulates β-secretase protein levels and activity and in 

this way regulates APP processing to generate Aβ  (Zhou et al., 2004).  Disruption of β-

secretase ubiquitination leads to increased processing of APP at the β-secretase site.   

APP is internalized as part of clathrin mediated endocytosis.  Itch has been implicated in 

altering this process through the ubiquitination of internalization proteins including, 

endophilin (Azakir and Angers, 2009) and Hrs (Marchese et al., 2003). 

In Summary 

 The work presented here provides the foundation for very interesting research in 

the future.  The generation of transgenic animal models with altered LRAD3 expression 

would reveal a great deal about the function of LRAD3 as well as potentially providing 

insight into the role of Itch outside of the immune system.  Due to the high nucleotide and 

amino acid sequence conservation across species, it is likely that Ldlrad3 genetic deletion 

in mice would be lethal or incompatible with reproduction.  Tissue specific deletions or 

temporally controlled deletion would help avoid this pitfall.  Based on the current work, it 

would be interesting to examine the phenotypes of mice deficient for neuronal LRAD3 as 

well as phenotypes from mice deficient for neuronal Itch.  Additionally, LRAD3-null 

mice should be crossed with AD mouse models in order to examine the effects of 
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LRAD3 on AD pathology in vivo.  The potential to not only gain insights into neuronal 

biology but to undercover new druggable targets for AD by connecting the role of 

LRAD3 in AD to its role in Nedd4 family function as well as to its speculated role as a 

cell surface receptor justifies additional and more intense research.   
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Chapter 6- Materials and Methods 
 
Cell lines, proteins, antibodies reagents and expression constructs. 

 COS-1 and HEK-293 cells were obtained from American Type Culture 

Collection. LRP1-deficient Chinese hamster ovary cell lines (CHO 13–5-1) have been 

described (FitzGerald et al., 1995). HT22, a mouse hippocampal neuron-derived cell line, 

was a kind gift from D. Schubert (Salk Institute, La Jolla, CA). These cells were 

maintained in DMEM supplemented with 10% fetal bovine serum (FBS) and 

penicillin/streptomycin. To prepare soluble forms of LRAD3, the LRAD3 ectodomain 

cDNA sequence encoding amino acids 18–161 was cloned into pMT/BiP/V5–His B and 

expressed using the Drosophila expression system K5130-1 (Invitrogen). Soluble 

LRAD3 was purified from conditioned media obtained from S2 insect cells transfected 

with LRAD3 according to the instructions of the manufacturer. Commercial antibodies 

used are listed at the end of this chapter.  Rabbit polyclonal antibodies (Rb585) were 

raised against soluble LRAD3 and were purified by affinity chromatography using 

protein G–Sepharose and LRAD3–Sepharose. Cells producing anti-myc antibody 9E10 

were obtained from American Type Culture Collection, and IgG was purified using 

protein–G Sepharose. Rabbit anti-LRP1 polyclonal antibody R2629 has been described 

(Newton et al., 2005). Human full-length APP695 and APP751 in pHD vector have been 

described (Ulery et al., 2000). The insert from one of our clones containing full-length 

LRAD3 was purified after EcoRI digestion and ligated into pcDNA3.1from one of our 

clones containing full-length LRAD3 was purified after EcoRI digestion and ligated into 

pcDNprotein G–Sepharose and LRAD3–Sepharose.  Sequences for primers used are 

listed at the end of this chapter.   
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 HEK-293 cells were stably transfected with pcDNA–LRAD3  (LRAD3-293).  

These cells were maintained in DMEM supplemented with 10% fetal bovine serum 

(FBS) and penicillin/streptomycin.LRAD3-293 cells were supplemented with 1mg/ ml 

G418. Flag-Itch was a generous gift of Adriano Marchese (Loyola University, Chicago).  

PPxY mutants (mPY) of LRAD3 and Flag-ItchC830A were generated by site-directed 

mutagenesis using the Quikchange Xl kit (Agilent, Santa Clara).  LRAD3ICD was 

subcloned into pGEX4T vector.  The LRAD3ICD DNA product and PGEX4T vector 

were digested using EcoRI and BamH1 restriction enzymes.  The LRAD3 product was 

ligated into the PGEX4T vector with ligation kit.  GST-LRAD3ICD was purified from 

Rosetta competent cells (Millipore, BIllerica) and purified on GSH sepharose column.  

Proteins were eluted with 10 mM reduced glutathione and dialyzed in 5 mM HEPES.  

WT LRAD3ICD and mPY ICDs were subcloned into the pET22b+ vector following the 

same procedure that was used for PGEX4T.  His-LRADICD was purified with 

HisLink™ Protein Purification Resin and kit (Promega, Madison).  Annie Angers 

(Université de Montréal, Montreal) provided the GST-ItchΔC2 vector and GST-WW 

domains.  Purified ItchDeltaC2 and WW domains were generated using the same 

procedure used for GST-LRAD3-ICD.  Myc-Spartin and Myc-SpartinPY were supplied 

by Evan Reid (University of Cambridge, Cambridge). NP40 lysis buffer contained 50 

mm Tris, pH 7.4, 150 mm NaCl, 1% Nonidet P-40  protease inhibitors (Roche Applied 

Science) and phosphatase inhibitors (EMD Biosciences).  1x SDS sample buffer 

contained 50 mM TRIS, pH 6.8, 2% SDS, 10% glycerol, 12.5mM EDTA, and 0.02% 

bromophenol blue.  Reducing sample buffer was 1x SDS sample buffer with 1% β-

mercaptoethanol.   
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Immunofluorescence microscopy. 

 HT22 cells were grown on coverslips, fixed, permeabilized, and stained with 

Rb585 IgG and LN27 mouse monoclonal anti-APP IgG. After washing, the coverslips 

were mounted onto glass slides using FluorSave Reagent (Calbiochem) and viewed with 

the laser scanning system Radiance 2100 (Carl Zeiss/Bio-Rad). The images were 

captured using the Radiance 2100 software and prepared for publication using Adobe 

Photoshop software (Adobe Systems). 

Expression and purification of soluble APPα. 

 COS-1 cells were transiently transfected with Myc-tagged soluble APP695α and 

APP751α plasmids. At 24 h after transfection, cells were placed in serum-free medium, 

and the serum-free conditioned medium was collected after 30 h. Soluble APPα from the 

serum-free condition medium was purified using fast protein liquid chromatography 

using a Mono-Q column (Sepharose). A soluble APP fragment (sAPPα) was eluted with 

20 mM Tris, pH 7.5, and NaCl (0–1 M linear gradient). 

Solid-phase binding assay. 

 Purified sAPPα–myc was coated on 96-well flat-bottom microtiter plates in Tris-

buffered saline (TBS) (50 mm Tris and 150 mm NaCl) with 2 mm CaCl2 overnight at 

4°C and blocked with 1% BSA in TBS and 2 mm CaCl2 for 1 h at room temperature. The 

wells were then incubated with increasing concentrations of purified recombinant soluble 

LRAD3 and anti-myc mouse monoclonal IgG 9E10 in TBS, 2 mm CaCl2, and 0.05% 

Tween 20 overnight at 4°C. Bound LRAD3 was detected with Rb585 IgG (0.5 μg/ml) 

and horseradish peroxidase-conjugated goat anti-rabbit IgG antibody, and bound 9E10 

was detected using horseradish peroxidase-conjugated goat anti-mouse IgG antibody. 
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Samples were developed using tetramethylbenzidine peroxidase substrate (KPL), and 

absorbance was measured at 590 nm. 

Transfections 

 Cells were plated on tissue culture plates at 30-50% confluency.  24 hours later, 

cells were transfected with DNA (0.15-0.22 ug/cm2) and either Fugene HD (Promega), 

Fugene 6 (Promega) or Xtremegene hp (Roche) transfection reagent at a ratio of 4:1 

volume by weight of reagent to DNA.  Experiments were performed 24-48 hours 

following transfection.   

Immunoblots 

 Whole cell lysates were boiled in 1x reducing SDS sample buffer for 5 minutes. 

Samples were separated by 4–20% SDS-PAGE and transferred to nitrocellulose 

membranes for immunoblot analysis.   Membranes were blocked with 5% nonfat dry milk 

(BioRad) in TBS (50 mM Tris, 150 mM NaCl),  and 0.1% Tween 20 for 1 h at room 

temperature and incubated with specific primary antibodies in 5% milk in 1xTBS and 

0.1% Tween 20 for overnight. After 3 washes in TBS with 0.1% Tween, antibody binding 

to the immunoblots was detected one of the following two ways.  Incubation with an 

appropriate IRDye® (LI-COR Biosciences)-conjugated secondary antibody and 

immunoreactive bands were detected using the LI-COR Odyssey Infrared Imaging 

System. Alternatively incubation with horseradish peroxidase or alkaline phosphatase-

conjugated to the appropriate secondary antibody (1:10,000) in 5% milk in TBS and 

0.05% Tween 20 for 1 h, developed with chemiluminescent reagent (Pierce). 

Immunoreactive bands were visualized with Biomax Light film (Eastman Kodak). For 

visualizing total LRAD3 expressed, the membranes were stripped using a reblot Western 
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blot recycling kit (Millipore Bioscience Research Reagents) and probed with [125I]Rb585 

anti-LRAD3 antibodies (1 µg/ml).  The remaining proteins were visualized using the 

Odyssey infrared fluorescent imaging system (Licor).    

 Coimmunoprecipitation  

 Cells grown on 100 mm culture plates were washed with dPBS (Corning) and 

lysed in NP40 lysis buffer 36 hours following transfection.  Equal amount of whole cell 

lysates were were immunoprecipitated with the indicated antibodies (2-10ug/mL) and 

Dynabeads (Invitrogen).   The Dynabeads containing the precipitates were washed with 

NP40 lysis buffer three times then and boiled for 5 minutes in 1x SDS sample buffer.   

The samples were then analyzed by immunobloting.     

LRAD3ICD Affinity Purification 

 Adult mouse brains and lungs were lysed in NP40 lysis buffer with a polytron 

homogenizer.  Following ultra-centrifugation, lysate supernatant was pre-cleared with 

GSH sepharose beads rotating for 1 hour at 4°C.  The cleared lysate was then incubated 

with GSH sepharose and either GST-LRAD3ICD or GST rotating overnight at 4°C.  The 

incubated GSH sepharose beads were washed repeatedly with NP40 lysis buffer and 

remaining bound proteins were eluted with reducing 1x SDS sample buffer by boiling at 

100C for 5 minutes.  Samples were separated by 4–20% SDS and visualized by 

Coomassie stain.  The bands unique to the experimental lanes were excised, trypsin 

digested and analyzed by liquid chromatography tandem mass spectrometry.  Several 

unique peptides were identified by Sequest and X!Tandem for protein identification. 

sLRAD3 affinity purification 

 sLRAD3-sepharose column and control column were prepared according to the 
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manufacturers protocol.  sLRAD3 was resuspended in coupling buffer containing 0.1 M 

NaHCO3 buffer containing 0.5 M NaCl, pH 8.3.   Cyanogen-bromide activated 

sepharaose (Sigma, Saint Louis) was rinsed with 1 mM HCl at 200mL per mg of 

sepharose.  Sepharose is then washed in 10 column volumes of distilled H20 followed by 

5 column volumes of coupling buffer.    The sepharose was incubated with sLRAD3 in 

coupling overnight at 4C.  The coupled sepharose is washed with 10 column volumes of 

coupling buffer and the unreacted groups are blocked with 0.2M glycine, pH 8.0 for 2 

hours at room temperature.  Finally, the sepharose is washed with four cycles of washing 

alternating between 10 column volumes of coupling buffer, pH 8.5 followed by 0.1 M 

acetate buffer, pH 4.0 containing 0.5M NaCl.  The coupled sepharose was equilibrated in 

NP40 lysis buffer.  Adult mouse brain lysates were prepared the same as in the 

LRAD3ICD affinity purification protocol.  Brain lysates were incubated with sLRAD3 

and control sepharose overnight.  The sepherarose was washed extensively with NP40 

lysis buffer and the remaining bound proteins were eluted in 1mL fractions.  The first 10 

1mL fractions were eluted with 100 mM glycine, pH2.5 followed by 10 1mL fractions 

eluted with 10 mM EDTA. 1x SDS sample buffer was added to elution samples were 

separated by 4–20% SDS and visualized by Coomassie stain.  The bands unique to the 

experimental lanes were excised, trypsin digested and analyzed by liquid chromatography 

tandem mass spectrometry.  Several unique peptides were identified by Sequest and 

X!Tandem for protein identification. 

ELISA 

96-well ELISA plates were coated overnight at 4 degrees C with WT His-LRAD3ICD 

and mutants diluted in 0.5 M carbonate bicarbonate buffer, pH 9.6.  Wells were washed 
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with wash buffer (PBS and 0.05% TWEEN 20) and then blocked with blocking solution 

(wash buffer with 1%BSA) for one hour at room temperature.  GST-ItchΔC2 was serially 

diluted into the wells using blocking buffer as diluent and incubated overnight.  Wells 

were washed and HRP-conjugated anti-GST antibody diluted in blocking buffer was 

added for 2-4 hours at 4 degrees C.  Wells were then washed and substrate solution was 

added.  Stop solution was added when the color developed sufficiently.  The samples 

were then read at 405 nM.   

Competition Assay 

 96-well snap-well ELISA plates were coated overnight at 4 degrees C with WT 

His-LRAD3ICD and mutants diluted in 0.5 M carbonate bicarbonate buffer, pH 9.6.  

Wells were washed with wash buffer (PBS and 0.05% TWEEN 20) and then blocked 

with blocking solution (wash buffer with 1%BSA) for one hour at room temperature. 125I-

radiolabeled GST-ItchΔC2 was incubated at concentration of 30nM in all WT, mPY1 and 

mPY2 wells and 300nM in mPY1/2 wells.  Unlabeled GST-ItchΔC2 and WW domains 

were serially diluted into the wells with radiolabeled GST-ItchΔC2 and incubated 

overnight.   Following several washes the samples radioactivity was measured with a 

scintillation counter.  Non-specific binding as determined by blank wells not coated will 

LRAD3-ICD and incubated with radiolabeled GST- ItchΔC2 was subtracted from the 

experimental wells.  

Surface Plasmon Resonance 

 Binding of LRAD3- ICD to Itch WW domains and sLRAD3 to uPa, tPa and RAP 

was measured using a BIA 3000 optical biosensor (BIAcore AB, Uppsala, Sweden). For 

these studies, a CM5 BIAcore sensor chip was activated, and bait proteins were coupled 
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as described (Loukinova et al., 2002).  An additional flow cell, similarly activated and 

blocked without immobilization of protein, served as a negative control. All binding 

reactions were performed in 10 mM HEPES, 0.15 M NaCl, 0.05% Tween 20, 2 mM 

sodium orthovanadate, pH 7.4 (HBS-P buffer) (BIAcore, AB).  Binding was measured at 

25°C at a flow rate of 20 µl/min for the indicated time followed by dissociation. The bulk 

shift due to changes in refractive index measured on blank surfaces was subtracted from 

the binding signal at each condition to correct for nonspecific signals.  Maximal change 

in response units (Rmax) were calculated and used to determine Kd values using an 

equilibrium method. The data were fit to a single binding site using SigmaPlot software. 

Immunofluorescence microscopy. 

 COS-1 cells were grown on glass coverslips and transfected with 

pSecLRAD3Nmyc.  After 24 h, the cells were washed with PBS and fixed as described 

(Lee et al., 2006). The fixed cells either were permeabilized with 0.4% Triton X-100 for 

5 min or were not permeabilized. After incubation with anti-LRP1 (25 µg/ml) antibody or 

anti-myc antibody (15 μg/ml) in 2% donkey serum, the coverslips were washed with 

PBS and incubated with secondary antibody for 1 h at 37°C. TO-PRO3 (1:500 dilution; 

Invitrogen) was included in the secondary antibody mixture for nuclear staining. 

Measurement of the endocytic rate constant. 

 COS-1 cells were transiently transfected with Nmyc LRP1β (the LRP1 light 

chain) orNmyc LRAD3. The endocytic rate constant was measured by 

internalized/surface analysis. Transfected cells were incubated with125I-labeled 9E10 

(anti-myc monoclonal) for the indicated times. Radioactivity associated with the 

supernatant (proteinase K released cell surface [125I]9E10) and cell pellet (internalized 
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[125I]9E10) was quantified. The endocytic rate, ke, was calculated from the slope of the 

internalized/bound versus time plot. 

Immunohistochemistry. 

 Paraffin-embedded mouse brain slices from male C57BL/6J mice were 

deparaffinized and immersed in methanol containing 0.3% H2O2 for 30 min to exhaust 

endogenous peroxidase activity. The 5µm sections were cut and then preincubated with 

10% normal goat serum and 1% BSA (Sigma-Aldrich) in Dulbecco's PBS (DPBS) 

(Invitrogen) for 20 min, followed by incubation with affinity-purified rabbit anti-LRAD3 

IgG (Rb585) for 1 h. The sections were again washed in PBS and incubated with 

horseradish peroxidase-conjugated anti-rabbit IgG (Vectastain; Vector Laboratories), 

followed by another PBS wash and developed with chromogen-33-diaminobenzidine 

tetrahydrochloride (Sigma-Aldrich) for 5 min. Finally, the sections were briefly stained 

with hematoxylin to stain the nucleus. After mounting the coverslip, the sections were 

digitally scanned with Scan-Scope (Aperio). 

Aβ ELISA. 

 LRP1-null CHO 13-5-1 cells were transiently transfected with human APP695 or 

APP751 with or without pcDNA–LRAD3 expression vector. At 24 h after transfection, 

the cells were cultured in serum-free medium, and, 24–30 h later, the conditioned 

medium was collected for measuring Aβ and soluble APPα. Aβ levels were measured 

using the human β-amyloid 1–40 kit (Biosource) according to the instructions of the 

manufacturer, and the levels were normalized to total cellular protein. Three independent 

experiments, each performed in duplicate, were conducted. Cell extracts were blotted for 

LRAD3 and APP (anti-APP mouse monoclonal antibody 6E10) and GAPDH (rabbit anti- 
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GAPDH monoclonal IgG from Cell Signaling Technology), and conditioned media 

samples were concentrated 100-fold using Strataclean resin (Stratagene) and blotted for 

sAPPα using 6E10 antibody. All blots were probed with Li-Cor secondary antibodies 

and scanned and analyzed using Odyssey imaging software (Li-Cor). The bands were 

quantified using the same software. 

Pulse-chase experiments. 

 LRAD3-293 cells or HEK-293 cells were transiently transfected with 

APP695myc and then incubated in methionine and cysteine-free DMEM containing 300 

µCi/ml [35S]methionine/cysteine for 1 h. Cells were lysed immediately (time 0) or chased 

for 1, 2, 3.5, and 5 h. To determine the turnover of APP, APP was immunoprecipitated 

with mouse monoclonal anti-myc IgG 9E10. The immunoprecipitates were separated on 

4–12% SDS-PAGE and exposed to x-ray film. Band intensities were measured using 

NIH Image software. 

Ubiquitination Assay 

 Sixteen hours after transfection cells were treated with the proteasome inhibitor 

lactacystin overnight.  The following day cells were washed with dPBS and lysed with 

NP40 lysis buffer containing 10 mM of the deubiquitinase inhibitor N-ethylmaleimide 

(NEM).  SDS was added to the samples to a final concentration of 2%.  The samples 

were boiled and then diluted 1:20 with NEM containing NP40 lysis buffer.  The diluted 

samples were then subjected to immunoprecipitation and the precipitates analyzed by 

immunoblot.   

Protein turnover 

 Twentyfour hours after transfections, cells were treated with the translation 
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inhibitor cycloheximide or transcription inhibitor actinomycin D.  Cells were lysed in 

NP40 lysis buffer and analyzed by immunoblot.         

Primer Sequence 5’ to 3’ 
LRAD3 mPY1 Forward agtaggctccccagcctccgcctccgaggccttg 
LRAD3 mPY1 Reverse tcatccgaggggtcggaggcggaggctccggaac 
LRAD3 mPY2 Forward ggtatgaccttcctccagcggccgcctcttctgacacggaatc 
LRAD3 mPY2 Reverse accatactggaaggaggtcgccggcggagaagactgtgccttag 
Itch C830A Forward gctacccagaagtcataccgcttttaatcgcctggacctg 
Itch C830A Reverse caggtccaggcgattaaaagcggtatgacttctgggtagc 
LRAD3-ICD His Forward attggatccgcaccaccagcggaagcg 
LRAD3-ICD His Reverse attgcgaattcgctacttcttcagtgccctggct 
LRAD3-ICD GST Forward ttggatcccaccaccagcggaagcgg 
LRAD3-ICD GST Reverse gtgaattcttatacttcttcagtgccctggctg 
Itch RT-PCR Forward caagaccttcacgaccaccac 
Itch RT-PCR Reverse tccagatgttgctccttcagatg 
LRAD3 RT-PCR Forward gtgcaatgggtttgaggact 
LRAD3 RT-PCR Reverse gtgcaatgggtttgaggact 
Actin RT-PCR Forward accctgaagtaccccat  
Actin RT-PCR Reverse tagaagcatttgcggtg 
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Antibody Company 
LRAD3 (585) N/A 
Flag M2 Sigma 
Myc (9e10) N/A 
6xHis Sigma 
Itch Cell Signaling 
GAPDH Cell Signaling 
Actin  Cell Signaling 
Tubulin Cell Signaling 
Ubiquitin Santa Cruz 
LRP1 N/A 
APP(LN27) Santa Cruz 
APP (6e10) N/A 
Bid Pierce 
c-Flip Cell Signaling 
Cbl Cell Signaling 
Endophilin Cell Signlaing 
Phospho-SMAD2 Cell Signaling 
Phospho-ERK Cell Signaling 
Phosphor-EGFR Cell Signaling 
Non-Immune IgG (Rabbit) N/A 
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