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Abstract 

 

-Amyloid precursor protein (APP) is a receptor-like, type-I membrane protein that 

plays a central role in the pathogenesis of Alzheimer’s disease. The cytoplasmic domain 

of APP is important for the metabolism and physiological functions of APP. The 

cytoplasmic domain contains a GYENPTY motif that interacts with proteins that 

contain a phosphotyrosine binding (PTB) domain such as X11/Mint, FE65, and the JIP 

family of proteins. X11 and X11-like proteins are neuronal adaptor proteins involved in 

presynaptic function and the intracellular trafficking of proteins. Recent studies in X11s 

knock-out mice confirmed findings from in vitro studies that X11 proteins affect APP 

metabolism and the generation of -amyloid peptide. FE65 proteins are involved in 

transactivation in coordination with the intracellular domain fragment of APP, and/or in 

cellular responses to DNA damage. Neurodevelopmental defects observed in FE65s 

double knockout mice suggest that FE65 proteins cooperate with APP to play a role in 

neuronal cytoskeletal regulation. c-Jun N-terminal kinase (JNK) interacting protein-1 

(JIP-1), a scaffolding protein for the JNK kinase cascade, has been suggested to mediate 

the intracellular trafficking of APP by molecular motor kinesin-1. This article reviews 

some of the recent findings regarding the regulation of physiological function and 

metabolism of APP by APP binding proteins. 



 3 

Introduction 

 

-amyloid precursor protein (APP) is the precursor of -amyloid (A) peptide, 

which is a principal component of senile plaques and is implicated in the cause and 

progression of Alzheimer’s disease (AD) [1]. Physiologically, APP and its two 

paralogues, -amyloid precursor-like protein 1 (APLP1) and 2 (APLP2), play essential 

roles in brain development and neuromuscular synapse formation, and are necessary for 

survival during the early postnatal stages in mice [2–4]. APP is a receptor-like, type-I 

membrane protein, which has a large extracellular domain, a transmembrane domain, 

and a short cytoplasmic domain. Decades of research have demonstrated that the 

cytoplasmic region of APP is important for the protein interactions that affect its 

metabolism and physiological function. This review provides a brief overview of the 

APP binding proteins and their involvement in the regulation of APP processing and 

functions. Then we focus on three families of proteins, X11/Mint, FE65 and JIP. Recent 

findings on the relation between the protein interactions and phosphorylation of APP are 

also discussed. 

 

The cytoplasmic domain of APP and its binding proteins 

 

     The cytoplasmic domain of APP is composed of 47 amino acid residues that are 

highly conserved among species. From the time that the APP gene was cloned in the late 

1980’s, a number of proteins that interact with the cytoplasmic domain of APP have 

been identified by yeast two-hybrid screening and biochemical screening (Fig. 1).  

     The cytoplasmic domain of APP contains a 681-GYENPTY-687 sequence 

(numbering for the APP695 isoform), which consists of an internalization signal 

sequence and a consensus binding motif for a phosphotyrosine binding (PTB) domain. 

The PTB domain, also referred to as a phosphotyrosine interaction (PI) domain, is a 

protein-protein interaction domain similar to the classical Src homology 2 (SH2) 

domain. At present, approximately 60 human proteins have been found to contain PTB 

domains [5]. Many proteins that contain a PTB domain have been shown to bind to 

APP: X11/X11/Mint1, X11-like (X11L)/X11/Mint2, and 

X11-like2(X11L2)/X11/Mint3 [6, 7] [8, 9]; FE65, FE65-like (FE65L1), and 

FE65-like2 (FE65L2) [6, 7, 10–13]; c-Jun N-terminal kinase (JNK) interacting 

protein-1b/Islet brain 1 (JIP-1b/IB1) and JIP-2 [14–18]; disabled-1 (Dab1) and Dab2 

[19]; ShcA and ShcC [20, 21]; Numb and Numb-like (Nbl) [22]; autosomal recessive 

hypercholesterolemia (ARH) [23]; and APP intracellular domain associated protein-1 
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(AIDA-1) [24, 25]. Some proteins without a PTB domain such as c-Abl [26], growth 

factor receptor-bound protein 2 (Grb2) [27], UV-DDB [28], and sorting nexin 17 

(SNX17) [19] also bind to the GYENPTY motif of APP. The SH2 domains of c-Abl and 

Grb2 are involved in the binding of these proteins to the GYENPTY motif of APP. 

     The PTB domain was originally discovered as a domain that recognizes 

phosphotyrosine in the context of a NPXpY sequence. However, there are many 

proteins with a PTB domain that bind to NPXY sequences in the absence of tyrosine 

phosphorylation [5]. Phosphorylation of the GYENPTY motif of APP is not necessary 

for the binding of APP to most of its binding proteins that contain a PTB domain. The 

only exception to this is Shc, which requires the phosphorylation of Tyr682 for binding 

to APP [21, 29]. Tyr682 phosphorylation is also necessary for the binding of APP to the 

SH2 domains of Abl and Grb2, and might regulate downstream signal transduction 

cascades [29, 30]. Structural studies have revealed that the binding interface of APP and 

the PTB domain of X11 involves residues within the GYENPTY motif [31]. Recently, 

the structures of FE65 PTB2 bound to the cytoplasmic domain of APP and of FE65L1 

PTB2 bound to the APP peptide in solution were revealed by crystallography and NMR, 

respectively [32, 33]. These studies suggest that the PTB domains of these APP binding 

proteins bind to the GYENPTY motif in a manner that is similar to other proteins with 

PTB domain, however, the presence of additional binding interfaces might allow for 

additional specificity.  

     Regions of the APP cytoplasmic domain that mediate protein interactions are not 

limited to the GYENPTY motif. Other regions of the APP cytoplasmic domain are 

known to bind to proteins such as GTPase Go [34], kinesin light chain (KLC) [35], 

protein interacting with the APP tail 1 (PAT1) [36], caveolin-3 [37], a human 

homologue of yeast amino-terminal acetyltransferase (hARD1) [38], FKBP12 [39], 

peptidyl-prolyl isomerase (Pin1) [40, 41], and APP-binding protein 1 (APP-BP1) [42]. 

APP-BP1, which is a regulatory subunit of the activating enzyme for the small 

ubiquitin-like protein NEDD8, binds to the 31 amino acid C-terminus of APP. APP-BP1 

is co-localized with APP in lipid rafts and has been suggested to mediate the neuronal 

apoptosis that is induced by APP [42–44]. 

 

Regulation of APP metabolism by APP binding proteins 

 

     Newly synthesized APP passes through the protein secretory pathway, is 

transported to the plasma membrane, internalized by endocytosis, and delivered to the 

endosomes and lysosomes (Reviewed in [45]). During the secretory process, APP is 
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N-glycosylated in the endoplasmic reticulum (ER) and O-glycosylated in the Golgi 

apparatus. The “mature” glycosylated APP is subjected to two-step proteolytic 

cleavages. First, cleavage at the extracellular juxtamembrane position by - or 

-secretase produces a large N-terminal ectodomain (sAPP or sAPP) and a truncated 

C-terminal fragment with a transmembrane region (CTF or CTF). Second, CTF is 

cleaved by -secretase presenilin complex [46], which generates a non-amyloidogenic 

p3 fragment and an APP intracellular domain (AICD). CTF is cleaved by the same 

-secretase to generate amyloidogenic A peptides (A40 and A42) and an AICD. 

Although the subcellular compartment in which each proteolytic cleavage occurs is not 

known completely, it is likely that the short cytoplasmic domain is critical for the 

regulation of intracellular APP trafficking and processing. Indeed, deletion of the 

cytoplasmic domain of APP impairs the internalization of APP from the plasma 

membrane and decreases the secretion of A peptides [47, 48]. Substitutions of residues 

in the GYENPTY motif with Ala also result in impaired internalization of APP and 

decreased secretion A peptides in cultured cells [49]. In the knock-in mice, in which 

endogenous APP is replaced with truncated APP lacking residues around the 

GYENPTY motif, turnover of APP and Alevels are strongly reduced in brain [50]. 

These results suggest that the interaction of proteins with the GYENPTY motif of APP 

is important for the regulation of APP metabolism. 

     Many studies have examined the effects of different APP binding proteins on 

APP processing in cultured cells using protein overexpression and knock-down 

techniques [51]. Result from such studies have shown that the X11 family of proteins 

stabilizes cellular APP and decreases the secretion of sAPP and A peptides [8, 52–55], 

whereas the FE65 family of proteins promote the secretion of sAPP and A peptides 

[12, 56–59]. JIP-1b stabilizes immature APP and decreases the secretion of sAPP and 

A peptides [15]. Recent findings on these three protein families are further described 

below. Dab1 regulates neuronal migration in mammals by binding to the cytoplasmic 

domain of the apoE receptor [60]. Dab1 increases levels of sAPP and CTFs in 

transfected cell lines and primary neuronal cultures. Treatment with reelin protein, an 

extracellular ligand for the apoE receptor, significantly enhanced the interaction of APP 

and Dab1, resulting in the increased cleavage of APP and the decreased production of 

CTF and A peptides [61]. Dab2 regulates APP endocytosis at the cell surface [19]. 

Numb, an endocytic adapter protein that is important for cell fate determination during 

development, has been shown to affect APP metabolism in isoform-dependent manner 

[62]. Expression of Numb with a short PTB domain resulted in the accumulation of APP 

in early endosomal and recycling compartments. In contrast, expression of Numb with a 
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PTB domain containing an extra insertion resulted in lower levels of cellular APP and 

cleaved fragments. Numb might alter the intracellular trafficking and sorting of APP to 

the recycling and degradation pathways [62]. ARH is expressed mainly in skeletal 

muscle and liver, and regulates cholesterol uptake. Down-regulation of ARH by RNA 

interference has been shown to increase cellular levels of APP [23]. AIDA-1 is an 

adaptor protein expressed in brain; however, its function remains unknown. AIDA-1a, a 

shorter splice variant of AIDA-1 composed of two N-terminal SAM domains and a 

C-terminal PTB domain, binds to APP and decreases secretion of A40 by inhibiting 

-secretase. In contrast, AIDA-1b, a longer isoform of AIDA-1 with an additional 

N-terminal region containing ankyrin repeats, does not bind to APP [24, 25]. SNX17 is 

a member of the sorting nexin family that binds low density lipoprotein receptors and 

regulates the endocytic trafficking of these receptors. Although SNX17 lacks a PTB 

domain, it binds to the GYENPTY motif of APP. Suppression of SNX17 decreases the 

half-life of APP and increases the production of A peptides [19]. 

     In addition to the protein interactions at the GYENPTY motif, the metabolism of 

APP is regulated by protein interactions at other APP motifs. For example, a human 

homologue of the yeast N-terminal acetyltransferase hARD1, binds to a novel motif 

(658-HGVVEVD-664) in the cytoplasmic domain of APP. hARD1 acts as 

acetyltransferase in association with its co-factor, hNAT1. Co-expression of hARD1 and 

hNAT1 suppresses the secretion of A40 in cell culture [38]. PAT1 is associated with 

microtubules and binds to a region of the cytoplasmic domain of APP that contains a 

basolateral sorting signal (649-KKKQYTSIHHG-659) [36]. PAT1a, a polymorphic 

variant of PAT1, facilitates the trafficking of APP to the cell surface and increases the 

proteolytic cleavage of APP, which promotes the secretion of A peptides [63].  

     As mentioned above, the metabolism of APP is influenced by the network of 

protein interactions via the cytoplasmic domain. But the contribution of each binding 

protein on the metabolism may not be equal. Only a few binding proteins such as X11 

and FE65 families have already been tested their roles on APP in vivo. Some binding 

proteins may not directly regulate the metabolism of APP but just display secondary 

effects by competing with other binding proteins. Further quantitative studies will be 

required to compare the significance of each binding protein for the metabolism of APP.  

 

X11/Mint family of proteins 

 

     X11 proteins are adaptor proteins that contain a conserved C-terminal PTB 

domain that binds to APP and PDZ domains, and divergent N-terminal regions that bind 
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to synaptic proteins such as CASK and Munc-18. X11 and X11L are expressed in 

neurons, whereas X11L2 is expressed ubiquitous (Reviewed in [64, 65]). X11 binds to 

the molecular motor KIF17 to regulate intracellular transport in neurons [66]. X11 

proteins are involved in synaptic function such as presynaptic neurotransmitter release, 

and the regulation of APP metabolism [67–69]. 

     In cultured cells, the overexpression of an X11 protein (X11, X11L, or X11L2) 

stabilizes intracellular APP and suppresses the production of cleaved fragments 

including A peptides [8, 52–55]. Based on these in vitro observations, the effects of 

X11 proteins on APP metabolism were examined in vivo using murine models of AD. 

The effects of X11 protein overexpression were examined using transgenic mice that 

express APP containing a familial AD mutation (APPswe) that results in high levels of 

A production. The amount of A40 and the number of amyloid plaques were deceased 

in double-transgenic mice expressing X11 and APPswe compared to control [70]. There 

were also low levels of A peptides and plaque formation in the cerebrum of 

double-transgenic mice expressing X11L and APPswe [71]. In contrast, high levels of 

A peptides and CTF have been observed in the hippocampi of X11L knock-out mice 

[72], suggesting that X11L regulates the amyloidogenic metabolism of APP. In double 

knock-out mice lacking both X11 and X11L, the -cleavage of APP and the 

accumulation of A peptides were increased in brain. One possible mechanism 

underlying these effects is that members of the X11 family of proteins might regulate 

the -cleavage of APP by anchoring APP outside of the detergent-resistant membrane 

fraction, thereby protecting APP from active -secretase -site-cleaving enzyme 

(BACE) [73] (Fig. 2A). Taken together, these studies support the idea that the X11 

family of proteins functions as stabilizers of APP metabolism.  

     Recently, Ho et al. reported that the deletion of each of the three X11 genes in 

transgenic mice decreased the production of amyloid plaques and resulted in lower 

levels of A40 and A42 peptides by reducing the -secretase cleavage of APP [74]. 

These results, although apparently at odds with those described above, might be 

attributable to the different genetic backgrounds used in the different studies: the studies 

described above examined endogenous APP and A peptides in the brains of knock-out 

mice [72, 73]. The studies conducted by Ho et al. examined human A peptides in 

double-transgenic mice in which human mutant APP and mutant -secretase presenilin1 

were overexpressed, thereby resulting in a greater production of A peptide in the 

brains of those mice [74]. Thus, the precise role of X11 proteins in the regulation of 

APP processing in human brain remains unknown; however, it is likely that these 

proteins play a critical role. Among the X11 proteins, X11L is likely to be the most 
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important regulator for the processing of APP in brain because mice with defective 

X11L display the most striking changes in APP processing compared to other members 

of the X11 family [73, 74]. This might be a result of the higher affinity of X11L for APP 

or the broader distribution of X11L in brain compared to X11.  

     Results from the in vitro and in vivo studies described above suggest that the 

interaction of APP and X11 proteins is a potential therapeutic target for AD. Therefore, 

it is important to understand what factors influence the APP/X11 interaction (Fig. 2B). 

The expression of the PTB domain of X11 alone is sufficient to mimic the effects of 

full-length X11 in cultured cells [75]. However, data from this laboratory has shown 

that X11L also contains an N-terminal regulatory region (X11L221–250) that is 

separate from the PTB domain. Phosphorylation of Ser236 and Ser238 in the regulatory 

region is critical for increasing the association of X11L with APP. This region and the 

putative phosphorylation sites are conserved in X11, but not in the non-neuronal protein 

X11L2 [76].  

     The effects of X11 proteins on APP metabolism are also affected by other 

proteins that bind to the X11 proteins. For example, X11L interacts with Alcadein, a 

type I membrane protein, and forms a tripartite complex composed of APP, X11L, and 

Alcadein. The formation of this tripartite complex has been shown to suppress the 

metabolic cleavage of APP [77]. X11L binding protein of clone number 51 (XB51), also 

known as NIP1 or NECAB3, has been shown to regulate the formation of A peptides 

in an isoform-dependent manner; the association of XB51 with X11L and APP can 

increase the formation of Awhereas XB51 alone suppresses the formation of Ain an 

X11L-independent manner [78, 79]. The ADP-ribosylation factor (ARF) GTPase, which 

binds to the PTB and PDZ domains of X11 proteins, is essential for vesicle budding and 

is important for X11 protein-mediated increases in cellular APP [80]. The synaptic 

protein Munc18-1 has been reported to enhance the effects of X11 to decrease APP 

processing and A peptide secretion in vitro [81]. Interaction of X11 or X11L with 

Munc18-1 mediates the association of APP with syntaxin 1-containing microdomains. 

This association inhibits the APP-BACE interaction and -cleavage via microdomain 

segregation [82].  

 

FE65 family of proteins 

 

     The human and murine FE65 family of proteins consists of FE65, FE65L1, and 

FE65L2 (reviewed in [83]). These proteins are expressed in brain and share an 

N-terminal WW domain and two C-terminal PTB domains, PTB1 and PTB2. The 
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interaction of FE65 proteins with the cytoplasmic domain of APP is mediated by the 

PTB2 domain, whereas the PTB1 domain binds proteins such as the low density 

lipoprotein receptor-related protein ApoER2, the histone acetyltransferase Tip60, and 

the transcription factor CP2/LSF/LBP1 [84–86].  

     FE65 is localized in the cytoplasm and nucleus of the cell. Nuclear translocation 

of FE65 is regulated by its interaction with APP and/or AICD [86-89]. Data from many 

laboratories have shown that FE65 forms a complex with AICD and nuclear proteins 

such as Tip60 and CP2/LSF/LBP1 to regulate transcriptional activity [83, 85, 86]; 

however, the physiological relevance of the activity remains unclear. Recent reports 

also showed that FE65 involved in the response of cell stress, especially to DNA 

damages [88, 96]. FE65 and APP have also been shown to regulate neuronal membrane 

motility by interacting with Mena, a regulator of actin dynamics that is important for 

neurite growth and synapse modification [90, 91]. The physiological roles of the FE65 

proteins have been studied in vivo using knock-out mice. Isoform-specific FE65 

knock-out mice exhibit impaired learning and memory [92]. FE65 and FE65L1 

double-knock-out mice display neuroanatomical abnormalities in the cortex and 

hippocampus that resemble the abnormalities that occur in mice lacking APP family 

members or Mena/Vasp proteins [93]. These results imply the possibility that FE65 

proteins cooperate with APP to play a role in neural development.  

     FE65 proteins also play a role in the metabolism of APP. A number of studies 

have reported that overexpression of FE65, FE65L1, and FE65L2 promoted the 

production of Apeptides and the secretion of sAPP in cultured cells [12, 56–59], 

whereas the effects of FE65 to stabilize immature APP and inhibit the secretion of 

Apeptides in HEK293 cells have also been shown [94]. In APP/FE65 

double-transgenic mice, lower levels of A42 and decreased accumulation of 

Apeptides in the cerebral cortex were observed compared to controls [95]. In primary 

neuronal cultures from transgenic mice in which human mutant APP was expressed and 

FE65 was partially knocked out (the 97 kDa isoform of FE65 was absent, but the 60 

kDa isoform of FE65 was increased), secretion of A was decreased compared to 

control [92]. The effects of FE65 protein deficiency on endogenous APP processing 

was examined in double knock-out mice lacking both FE65 and FE65L1. In these mice, 

levels of A42 were significantly reduced in young adult males compared to control, 

although the steady-state levels of APP were unchanged [93].  

 

JIP family of proteins 
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     JIP proteins are scaffold proteins that bind the components of the JNK kinase 

cascade to facilitate the signal transduction [97–99]. JIP proteins also associate with 

kinesin-1 motor proteins to mediate its active transport of cargo proteins along 

microtubules [100, 101]. In the mouse, JIP-1 plays an important role in neuronal stress 

responses involving the JNK pathways, and is necessary for the kinesin-1-dependent 

promotion of axonal growth [102, 103]. Among the JIP family of proteins, JIP-1 and 

JIP-2 contain an N-terminal JNK-binding domain and a C-terminal Src homology 3 

domain and PTB domain. The PTB domain of JIP-1b, a splice variant of JIP-1 also 

known as Islet Brain 1 (IB1) [104], binds to the GYENPTY motif of APP. Both JIP-1a, 

the other variant that lacks a part of the PTB domain, and JIP-2 have weak binding 

affinities for APP [14–17, 105]. 

     APP undergoes fast anterograde axonal transport [106]. APP can be transported 

not only as cargo in transport vesicles but also as a cargo receptor associated with a 

motor complex. It was previously thought that the association of APP with the motor 

complex involved the direct binding of the cytoplasmic domain of APP to the KLC 

subunit of the kinesin-1 motor [35, 107]. However, the existence of a direct interaction 

between the KLC and APP is not universally accepted [108]. JIP-1 contains a binding 

motif for KLC at the C-terminal end adjacent to the PTB domain. Recent reports 

support an alternative model in which JIP-1 serves as a bridge between the KLC and 

APP (Fig. 3) [14, 18, 109]. In cultured cells, the interaction of JIP-1b with APP 

stabilized immature cellular APP and inhibited the secretion of A peptides [15]. The 

precise relationship between axonal transport and the processing of APP in neurons 

remains unclear. Kamal et al. proposed that the proteolytic processing of APP occurs in 

an axonal membrane compartment that contains APP, -secretase BACE, and 

-secretase presenilin-1, and that the transport of APP occurs via kinesin-1 [107]. 

However, this model is somewhat controversial as results from several laboratories have 

failed to support its predictions [108]. Alcadein is an X11L binding protein that also 

binds the KLC and competes with JIP-1 for binding to the kinesin-1 motor. In the 

presence of Alcadein, the APP-JIP-1 complex is released from the KLC, the transport of 

APP-containing vesicles is inhibited, and the generation of A peptides is increased 

(Fig. 3) [110]. These results suggest that the transport of APP-containing vesicles by 

kinesin-1 suppresses the formation of A peptides, whereas the accumulation of 

stationary or aggregated APP-containing vesicles increases the formation of A 

peptides.  

     In addition to its role in APP trafficking, JIP-1 is also reported to be involved in 

AICD-dependent transcriptional regulation. JIP-1b has been shown to transport AICD 
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to nuclei and dock AICD with Tip60 in similar manner as FE65 [89]. However, in 

contrast to the effects of FE65 on gene activation, data from a Gal4-dependent reporter 

gene assay suggests that the gene activation by JIP-1 is Tip60-independent [111]. 

 

Phosphorylation of APP at Thr668 and interactions with APP binding proteins 

 

     The Thr668 residue in the middle of the cytoplasmic domain of APP is 

constitutively phosphorylated by CDK5 and GSK3 in neurons. It is also transiently 

phosphorylated by JNK during the stress response and by CDC2 in dividing cells. The 

phosphorylation state of Thr668 is an important modulator of APP metabolism and 

function (Reviewed in [112]). The APP binding proteins JIP-1b and X11L can affect the 

phosphorylation state of Thr668. JIP-1b enhances the phosphorylation of Thr668 by 

JNK by scaffolding of APP and JNK kinases [14, 18, 113]. X11L (but not X11 or 

X11L2) also facilitates the phosphorylation of Thr668, possibly through a 

conformational change of APP upon its binding to X11L [114]. 

     The interactions of APP binding proteins are also modulated by Thr668 

phosphorylation. Thr668 is located within the 667-VTPEER-672 motif, which forms a 

type I -turn and N-terminal helix-capping box structure to stabilize its C-terminal helix 

structure. The phosphorylation of Thr668 results in a significant conformational change 

in the cytoplasmic domain of APP [115] and disrupts the interaction of APP with FE65 

[94]. Further evidence for this “molecular switch” model is provided by structural 

analysis of AICD bound to the PTB2 domain of FE65 [32]. The binding interface of the 

cytoplasmic domain of APP to the PTB2 domain of FE65 consisted of two alpha-helices 

in addition to the typical NPTY motif. The phosphorylation of Thr668 disrupted the 

N-terminal alpha helix resulting in a dissociation of the complex as suggested 

previously. Dissociation of APP and FE65 as a result of phosphorylation might be 

responsible for the decreased effects of FE65 on the secretion of A peptides in cells, 

on nuclear transport, and on gene transactivation mediated by AICD [88, 95, 116]. JIP-1 

is reported to interact with phosphorylated APP and to exhibit greater co-localization 

with phosphorylated APP than with non-phosphorylated APP. JIP-1 might facilitate the 

localization of phosphorylated APP to the terminals of neurites [105]. Pin1 has been 

proposed to be a phosphorylation-dependent regulator of APP conformational change. 

Pin1 is a peptidyl-prolyl isomerase that specifically recognizes phosphorylated S/T-P 

bonds and facilitates the cis-trans interconversion of the peptidyl-prolyl bond, thereby 

affecting protein folding. Pin1 binds to the phosphorylated Thr668-Pro motif of APP 

and accelerates its isomerization, resulting in a conformation change of the APP 
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cytoplasmic domain [40, 41]. This interaction might be important for the regulation of 

A production. Pastorino et al. reported that Pin1 knock-out mice exhibit increased 

amyloidogenic APP processing and elevated levels of insoluble A42 peptide in brain 

in an age-dependent manner [40]. However, in another study, Akiyama et al. observed 

decreased production of A peptides in Pin1-deficient mice [41]. There is ongoing 

debate over the importance of Thr668 phosphorylation with regard to the production of 

A peptides in brain. The treatment of neurons with kinase inhibitors, which decrease 

Thr668 phosphorylation, has been shown to decrease the secretion of A peptides [117]. 

However, the levels and subcellular distribution of APP and its metabolic products 

including A peptides were unaffected in APP T668A knock-in mice in which the 

Thr668 residue was substituted to Ala and could not be phosphorylated [118].  

 

Conclusion 

 

     Decades of research have identified nearly thirty proteins that bind to the 

cytoplasmic domain of APP. To play physiological roles APP may act together with 

and/or regulate binding proteins such as FE65 and JIP-1 as reviewed in this issue. The 

gene disruption studies have revealed that FE65 family and JIP-1 are involved in 

neuronal development [93, 103]. However, it still remains unclear whether the 

interactions with APP are critical for their functions. APP knock-out mice display 

modest brain developmental and behavior defects, and double or triple knock-out of 

APP family proteins causes much severer phenotype [2–4]. Ring et al. reported that the 

cytoplasmic domain of APP was dispensable to rescue gross phenotypes observed in 

APP knock-out mice [50]. This result implies that the major functions of APP may not 

be mediated by the interactions through the cytoplasmic domain. Alternatively, since 

many APP binding proteins also bind to APLP1 and 2, APP binding proteins may be 

involved in the core roles of APP, for which the cytoplasmic domain of APLP1 or 2 

functions redundantly. More detailed studies are necessary to evaluate the physiological 

meaning of the interactions between APP and the binding proteins that are predicted 

from in vitro observations.  

     In contrast, the roles of APP binding proteins to regulate the metabolism of APP 

are well analyzed. Without protein interactions through the cytoplasmic domain, the 

intracellular trafficking or proteolytic cleavages of APP is not disrupted completely but 

severely disturbed both in vitro and in vivo [47, 48, 50]. Recent gene ablation studies 

support the model that X11 and FE65 family proteins are involved in the regulation of 

APP metabolism [72–74, 93, 94]. Future studies will be required to evaluate the roles of 
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other binding proteins that have been suggested by in vitro studies. It will also be 

important to examine the relationships among the numerous binding proteins with 

regard to their effects on the metabolism of APP. As highlighted in this review, each 

APP binding protein behaves differently on the APP metabolism. Basically APP binding 

proteins with PTB domain may compete each other for the binding to the short 

GYENPTY motif of APP. Therefore the regulation of binding affinity and the local 

protein concentration of each molecule in intracellular microdomains may be important 

for precise metabolism of APP [73]. The phosphorylation at Thr668 may function as a 

molecular switch that changes the binding preference of APP [112]. And the 

perturbation of the balance of protein interactions is likely to be a putative cause of AD. 

From therapeutic perspective, the manipulation of the protein interaction of APP is a 

potential approach to reduce A production. For example, the interaction of X11L with 

APP can be promoted by stimulating N-terminal regulatory region of X11L to decrease 

the production and deposit of A[76]. The development of new tools and compounds 

that allow for the specific manipulation of individual protein interactions will be 

valuable for exploring therapeutic strategy and also contribute to a deeper understanding 

of the function and metabolism of APP at the molecular level. 

 

Acknowledgement 

 

     We thank Tohru Yamamoto and Tadashi Nakaya for helpful suggestions and 

discussions. This work was supported by Grants-in-Aid for Scientific Research 

20012001 (T.S.) and 20390018 (T.S.), and by The Naito Foundation (T.S.), and start-up 

fund from Hokkaido University Leader Development System based on the 2007 Special 

Coordination Funds for Promoting Science and Technology of MEXT (H.T.). The final 

publication is available at IOS Press through http://dx.doi.org/10.3233/JAD-2009-1148 



 14

Reference 

 

 

[1] Hardy J, Selkoe DJ (2002) The amyloid hypothesis of Alzheimer's disease: progress 

and problems on the road to therapeutics. Science 297, 353-356. 

[2] Herms J, Anliker B, Heber S, Ring S, Fuhrmann M, Kretzschmar H, Sisodia S, 

Muller U (2004) Cortical dysplasia resembling human type 2 lissencephaly in mice 

lacking all three APP family members. EMBO J 23, 4106-4115. 

[3] Wang P, Yang G, Mosier DR, Chang P, Zaidi T, Gong YD, Zhao NM, Dominguez B, 

Lee KF, Gan WB, Zheng H (2005) Defective neuromuscular synapses in mice lacking 

amyloid precursor protein (APP) and APP-Like protein 2. J Neurosci 25, 1219-1225. 

[4] Heber S, Herms J, Gajic V, Hainfellner J, Aguzzi A, Rulicke T, von Kretzschmar H, 

von Koch C, Sisodia S, Tremml P, Lipp HP, Wolfer DP, Muller U (2000) Mice with 

combined gene knock-outs reveal essential and partially redundant functions of 

amyloid precursor protein family members. J Neurosci 20, 7951-7963. 

[5] Uhlik MT, Temple B, Bencharit S, Kimple AJ, Siderovski DP, Johnson GL (2005) 

Structural and evolutionary division of phosphotyrosine binding (PTB) domains. J 

Mol Biol 345, 1-20. 

[6] Borg JP, Ooi J, Levy E, Margolis B (1996) The phosphotyrosine interaction domains 

of X11 and FE65 bind to distinct sites on the YENPTY motif of amyloid precursor 

protein. Mol Cell Biol 16, 6229-6241. 

[7] McLoughlin DM, Miller CC (1996) The intracellular cytoplasmic domain of the 

Alzheimer's disease amyloid precursor protein interacts with 

phosphotyrosine-binding domain proteins in the yeast two-hybrid system. FEBS 

Lett 397, 197-200. 

[8] Tomita S, Ozaki T, Taru H, Oguchi S, Takeda S, Yagi Y, Sakiyama S, Kirino Y, 

Suzuki T (1999) Interaction of a neuron-specific protein containing PDZ domains 

with Alzheimer's amyloid precursor protein. J Biol Chem 274, 2243-2254. 

[9] Tanahashi H, Tabira T (1999) X11L2, a new member of the X11 protein family, 

interacts with Alzheimer's beta-amyloid precursor protein. Biochem Biophys Res 

Commun 255, 663-667. 

[10] Fiore F, Zambrano N, Minopoli G, Donini V, Duilio A, Russo T (1995) The regions of 

the Fe65 protein homologous to the phosphotyrosine interaction/phosphotyrosine 

binding domain of Shc bind the intracellular domain of the Alzheimer's amyloid 

precursor protein. J Biol Chem 270, 30853-30856. 

[11] Duilio A, Faraonio R, Minopoli G, Zambrano N, Russo T (1998) Fe65L2: a new 



 15

member of the Fe65 protein family interacting with the intracellular domain of the 

Alzheimer's beta-amyloid precursor protein. Biochem J 330 ( Pt 1), 513-519. 

[12] Tanahashi H, Tabira T (1999) Molecular cloning of human Fe65L2 and its 

interaction with the Alzheimer's beta-amyloid precursor protein. Neurosci Lett 261, 

143-146. 

[13] Bressler SL, Gray MD, Sopher BL, Hu Q, Hearn MG, Pham DG, Dinulos MB, 

Fukuchi K, Sisodia SS, Miller MA, Disteche CM, Martin GM (1996) cDNA cloning 

and chromosome mapping of the human Fe65 gene: interaction of the conserved 

cytoplasmic domains of the human beta-amyloid precursor protein and its 

homologues with the mouse Fe65 protein. Hum Mol Genet 5, 1589-1598. 

[14] Inomata H, Nakamura Y, Hayakawa A, Takata H, Suzuki T, Miyazawa K, Kitamura 

N (2003) A scaffold protein JIP-1b enhances amyloid precursor protein 

phosphorylation by JNK and its association with kinesin light chain 1. J Biol Chem 

278, 22946-22955. 

[15] Taru H, Kirino Y, Suzuki T (2002) Differential roles of JIP scaffold proteins in the 

modulation of amyloid precursor protein metabolism. J Biol Chem 277, 

27567-27574. 

[16] Matsuda S, Yasukawa T, Homma Y, Ito Y, Niikura T, Hiraki T, Hirai S, Ohno S, Kita 

Y, Kawasumi M, Kouyama K, Yamamoto T, Kyriakis JM, Nishimoto I (2001) c-Jun 

N-terminal kinase (JNK)-interacting protein-1b/islet-brain-1 scaffolds Alzheimer's 

amyloid precursor protein with JNK. J Neurosci 21, 6597-6607. 

[17] Scheinfeld MH, Roncarati R, Vito P, Lopez PA, Abdallah M, D'Adamio L (2002) Jun 

NH2-terminal kinase (JNK) interacting protein 1 (JIP1) binds the cytoplasmic 

domain of the Alzheimer's beta-amyloid precursor protein (APP). J Biol Chem 277, 

3767-3775. 

[18] Taru H, Iijima K, Hase M, Kirino Y, Yagi Y, Suzuki T (2002) Interaction of 

Alzheimer's beta -amyloid precursor family proteins with scaffold proteins of the 

JNK signaling cascade. J Biol Chem 277, 20070-20078. 

[19] Lee J, Retamal C, Cuitino L, Caruano-Yzermans A, Shin JE, van Kerkhof P, Marzolo 

MP, Bu G (2008) Adaptor protein sorting nexin 17 regulates amyloid precursor 

protein trafficking and processing in the early endosomes. J Biol Chem 283, 

11501-11508. 

[20] Tarr PE, Roncarati R, Pelicci G, Pelicci PG, D'Adamio L (2002) Tyrosine 

phosphorylation of the beta-amyloid precursor protein cytoplasmic tail promotes 

interaction with Shc. J Biol Chem 277, 16798-16804. 

[21] Russo C, Dolcini V, Salis S, Venezia V, Zambrano N, Russo T, Schettini G (2002) 



 16

Signal transduction through tyrosine-phosphorylated C-terminal fragments of 

amyloid precursor protein via an enhanced interaction with Shc/Grb2 adaptor 

proteins in reactive astrocytes of Alzheimer's disease brain. J Biol Chem 277, 

35282-35288. 

[22] Roncarati R, Sestan N, Scheinfeld MH, Berechid BE, Lopez PA, Meucci O, McGlade 

JC, Rakic P, D'Adamio L (2002) The gamma-secretase-generated intracellular 

domain of beta-amyloid precursor protein binds Numb and inhibits Notch signaling. 

Proc Natl Acad Sci U S A 99, 7102-7107. 

[23] Noviello C, Vito P, Lopez P, Abdallah M, D'Adamio L (2003) Autosomal recessive 

hypercholesterolemia protein interacts with and regulates the cell surface level of 

Alzheimer's amyloid beta precursor protein. J Biol Chem 278, 31843-31847. 

[24] Ghersi E, Noviello C, D'Adamio L (2004) Amyloid-beta protein precursor (AbetaPP) 

intracellular domain-associated protein-1 proteins bind to AbetaPP and modulate its 

processing in an isoform-specific manner. J Biol Chem 279, 49105-49112. 

[25] Ghersi E, Vito P, Lopez P, Abdallah M, D'Adamio L (2004) The intracellular 

localization of amyloid beta protein precursor (AbetaPP) intracellular domain 

associated protein-1 (AIDA-1) is regulated by AbetaPP and alternative splicing. J 

Alzheimers Dis 6, 67-78. 

[26] Zambrano N, Bruni P, Minopoli G, Mosca R, Molino D, Russo C, Schettini G, Sudol 

M, Russo T (2001) The beta-amyloid precursor protein APP is 

tyrosine-phosphorylated in cells expressing a constitutively active form of the Abl 

protoncogene. J Biol Chem 276, 19787-19792. 

[27] Zhou D, Noviello C, D'Ambrosio C, Scaloni A, D'Adamio L (2004) Growth factor 

receptor-bound protein 2 interaction with the tyrosine-phosphorylated tail of 

amyloid beta precursor protein is mediated by its Src homology 2 domain. J Biol 

Chem 279, 25374-25380. 

[28] Watanabe T, Sukegawa J, Sukegawa I, Tomita S, Iijima K, Oguchi S, Suzuki T, 

Nairn AC, Greengard P (1999) A 127-kDa protein (UV-DDB) binds to the cytoplasmic 

domain of the Alzheimer's amyloid precursor protein. J Neurochem 72, 549-556. 

[29] Russo C, Venezia V, Repetto E, Nizzari M, Violani E, Carlo P, Schettini G (2005) The 

amyloid precursor protein and its network of interacting proteins: physiological and 

pathological implications. Brain Res Brain Res Rev 48, 257-264. 

[30] Nizzari M, Venezia V, Repetto E, Caorsi V, Magrassi R, Gagliani MC, Carlo P, Florio 

T, Schettini G, Tacchetti C, Russo T, Diaspro A, Russo C (2007) Amyloid precursor 

protein and Presenilin1 interact with the adaptor GRB2 and modulate ERK 1,2 

signaling. J Biol Chem 282, 13833-13844. 



 17

[31] Zhang Z, Lee CH, Mandiyan V, Borg JP, Margolis B, Schlessinger J, Kuriyan J 

(1997) Sequence-specific recognition of the internalization motif of the Alzheimer's 

amyloid precursor protein by the X11 PTB domain. EMBO J 16, 6141-6150. 

[32] Radzimanowski J, Simon B, Sattler M, Beyreuther K, Sinning I, Wild K (2008) 

Structure of the intracellular domain of the amyloid precursor protein in complex 

with Fe65-PTB2. EMBO Rep 9, 1134-1140. 

[33] Li H, Koshiba S, Hayashi F, Tochio N, Tomizawa T, Kasai T, Yabuki T, Motoda Y, 

Harada T, Watanabe S, Inoue M, Hayashizaki Y, Tanaka A, Kigawa T, Yokoyama S 

(2008) Structure of the C-terminal phosphotyrosine interaction domain of Fe65L1 

complexed with the cytoplasmic tail of amyloid precursor protein reveals a novel 

peptide binding mode. J Biol Chem 283, 27165-27178. 

[34] Nishimoto I, Okamoto T, Matsuura Y, Takahashi S, Murayama Y, Ogata E (1993) 

Alzheimer amyloid protein precursor complexes with brain GTP-binding protein 

G(o). Nature 362, 75-79. 

[35] Kamal A, Stokin GB, Yang Z, Xia CH, Goldstein LS (2000) Axonal transport of 

amyloid precursor protein is mediated by direct binding to the kinesin light chain 

subunit of kinesin-I. Neuron 28, 449-459. 

[36] Zheng P, Eastman J, Vande Pol S, Pimplikar SW (1998) PAT1, a 

microtubule-interacting protein, recognizes the basolateral sorting signal of amyloid 

precursor protein. Proc Natl Acad Sci U S A 95, 14745-14750. 

[37] Nishiyama K, Trapp BD, Ikezu T, Ransohoff RM, Tomita T, Iwatsubo T, Kanazawa I, 

Hsiao KK, Lisanti MP, Okamoto T (1999) Caveolin-3 upregulation activates 

beta-secretase-mediated cleavage of the amyloid precursor protein in Alzheimer's 

disease. J Neurosci 19, 6538-6548. 

[38] Asaumi M, Iijima K, Sumioka A, Iijima-Ando K, Kirino Y, Nakaya T, Suzuki T (2005) 

Interaction of N-terminal acetyltransferase with the cytoplasmic domain of 

beta-amyloid precursor protein and its effect on A beta secretion. J Biochem 137, 

147-155. 

[39] Liu FL, Liu PH, Shao HW, Kung FL (2006) The intracellular domain of amyloid 

precursor protein interacts with FKBP12. Biochem Biophys Res Commun 350, 

472-477. 

[40] Pastorino L, Sun A, Lu PJ, Zhou XZ, Balastik M, Finn G, Wulf G, Lim J, Li SH, Li X, 

Xia W, Nicholson LK, Lu KP (2006) The prolyl isomerase Pin1 regulates amyloid 

precursor protein processing and amyloid-beta production. Nature 440, 528-534. 

[41] Akiyama H, Shin RW, Uchida C, Kitamoto T, Uchida T (2005) Pin1 promotes 

production of Alzheimer's amyloid beta from beta-cleaved amyloid precursor protein. 



 18

Biochem Biophys Res Commun 336, 521-529. 

[42] Chow N, Korenberg JR, Chen XN, Neve RL (1996) APP-BP1, a novel protein that 

binds to the carboxyl-terminal region of the amyloid precursor protein. J Biol Chem 

271, 11339-11346. 

[43] Chen Y, Liu W, McPhie DL, Hassinger L, Neve RL (2003) APP-BP1 mediates 

APP-induced apoptosis and DNA synthesis and is increased in Alzheimer's disease 

brain. J Cell Biol 163, 27-33. 

[44] Chen Y, McPhie DL, Hirschberg J, Neve RL (2000) The amyloid precursor 

protein-binding protein APP-BP1 drives the cell cycle through the S-M checkpoint 

and causes apoptosis in neurons. J Biol Chem 275, 8929-8935. 

[45] Small SA, Gandy S (2006) Sorting through the cell biology of Alzheimer's disease: 

intracellular pathways to pathogenesis. Neuron 52, 15-31. 

[46] Selkoe DJ, Wolfe MS (2007) Presenilin: running with scissors in the membrane. Cell 

131, 215-221. 

[47] Koo EH, Squazzo SL (1994) Evidence that production and release of amyloid 

beta-protein involves the endocytic pathway. J Biol Chem 269, 17386-17389. 

[48] LeBlanc AC, Gambetti P (1994) Production of Alzheimer 4kDa beta-amyloid peptide 

requires the C-terminal cytosolic domain of the amyloid precursor protein. Biochem 

Biophys Res Commun 204, 1371-1380. 

[49] Perez RG, Soriano S, Hayes JD, Ostaszewski B, Xia W, Selkoe DJ, Chen X, Stokin 

GB, Koo EH (1999) Mutagenesis identifies new signals for beta-amyloid precursor 

protein endocytosis, turnover, and the generation of secreted fragments, including 

Abeta42. J Biol Chem 274, 18851-18856. 

[50] Ring S, Weyer SW, Kilian SB, Waldron E, Pietrzik CU, Filippov MA, Herms J, 

Buchholz C, Eckman CB, Korte M, Wolfer DP, Muller UC (2007) The secreted 

beta-amyloid precursor protein ectodomain APPs alpha is sufficient to rescue the 

anatomical, behavioral, and electrophysiological abnormalities of APP-deficient mice. 

J Neurosci 27, 7817-7826. 

[51] King GD, Scott Turner R (2004) Adaptor protein interactions: modulators of amyloid 

precursor protein metabolism and Alzheimer's disease risk? Exp Neurol 185, 

208-219. 

[52] Borg JP, Yang Y, De Taddeo-Borg M, Margolis B, Turner RS (1998) The X11alpha 

protein slows cellular amyloid precursor protein processing and reduces Abeta40 

and Abeta42 secretion. J Biol Chem 273, 14761-14766. 

[53] Sastre M, Turner RS, Levy E (1998) X11 interaction with beta-amyloid precursor 

protein modulates its cellular stabilization and reduces amyloid beta-protein 



 19

secretion. J Biol Chem 273, 22351-22357. 

[54] Shrivastava-Ranjan P, Faundez V, Fang G, Rees H, Lah JJ, Levey AI, Kahn RA 

(2008) Mint3/X11gamma is an ADP-ribosylation factor-dependent adaptor that 

regulates the traffic of the Alzheimer's Precursor protein from the trans-Golgi 

network. Mol Biol Cell 19, 51-64. 

[55] McLoughlin DM, Irving NG, Brownlees J, Brion JP, Leroy K, Miller CC (1999) 

Mint2/X11-like colocalizes with the Alzheimer's disease amyloid precursor protein 

and is associated with neuritic plaques in Alzheimer's disease. Eur J Neurosci 11, 

1988-1994. 

[56] Guenette SY, Chen J, Ferland A, Haass C, Capell A, Tanzi RE (1999) hFE65L 

influences amyloid precursor protein maturation and secretion. J Neurochem 73, 

985-993. 

[57] Guenette SY, Chang Y, Hyman BT, Tanzi RE, Rebeck GW (2002) Low-density 

lipoprotein receptor-related protein levels and endocytic function are reduced by 

overexpression of the FE65 adaptor protein, FE65L1. J Neurochem 82, 755-762. 

[58] Sabo SL, Lanier LM, Ikin AF, Khorkova O, Sahasrabudhe S, Greengard P, Buxbaum 

JD (1999) Regulation of beta-amyloid secretion by FE65, an amyloid protein 

precursor-binding protein. J Biol Chem 274, 7952-7957. 

[59] Chang Y, Tesco G, Jeong WJ, Lindsley L, Eckman EA, Eckman CB, Tanzi RE, 

Guenette SY (2003) Generation of the beta-amyloid peptide and the amyloid 

precursor protein C-terminal fragment gamma are potentiated by FE65L1. J Biol 

Chem 278, 51100-51107. 

[60] Trommsdorff M, Gotthardt M, Hiesberger T, Shelton J, Stockinger W, Nimpf J, 

Hammer RE, Richardson JA, Herz J (1999) Reeler/Disabled-like disruption of 

neuronal migration in knockout mice lacking the VLDL receptor and ApoE receptor 

2. Cell 97, 689-701. 

[61] Hoe HS, Tran TS, Matsuoka Y, Howell BW, Rebeck GW (2006) DAB1 and Reelin 

effects on amyloid precursor protein and ApoE receptor 2 trafficking and processing. 

J Biol Chem 281, 35176-35185. 

[62] Kyriazis GA, Wei Z, Vandermey M, Jo DG, Xin O, Mattson MP, Chan SL (2008) 

Numb endocytic adapter proteins regulate the transport and processing of the 

amyloid precursor protein in an isoform-dependent manner: implications for 

Alzheimer disease pathogenesis. J Biol Chem 283, 25492-25502. 

[63] Kuan YH, Gruebl T, Soba P, Eggert S, Nesic I, Back S, Kirsch J, Beyreuther K, Kins 

S (2006) PAT1a modulates intracellular transport and processing of amyloid 

precursor protein (APP), APLP1, and APLP2. J Biol Chem 281, 40114-40123. 



 20

[64] Rogelj B, Mitchell JC, Miller CC, McLoughlin DM (2006) The X11/Mint family of 

adaptor proteins. Brain Res Rev 52, 305-315. 

[65] Miller CC, McLoughlin DM, Lau KF, Tennant ME, Rogelj B (2006) The X11 proteins, 

Abeta production and Alzheimer's disease. Trends Neurosci 29, 280-285. 

[66] Setou M, Nakagawa T, Seog DH, Hirokawa N (2000) Kinesin superfamily motor 

protein KIF17 and mLin-10 in NMDA receptor-containing vesicle transport. Science 

288, 1796-1802. 

[67] Ho A, Morishita W, Atasoy D, Liu X, Tabuchi K, Hammer RE, Malenka RC, Sudhof 

TC (2006) Genetic analysis of Mint/X11 proteins: essential presynaptic functions of a 

neuronal adaptor protein family. J Neurosci 26, 13089-13101. 

[68] Ho A, Morishita W, Hammer RE, Malenka RC, Sudhof TC (2003) A role for Mints in 

transmitter release: Mint 1 knockout mice exhibit impaired GABAergic synaptic 

transmission. Proc Natl Acad Sci U S A 100, 1409-1414. 

[69] Mori A, Okuyama K, Horie M, Taniguchi Y, Wadatsu T, Nishino N, Shimada Y, 

Miyazawa N, Takeda S, Niimi M, Kyushiki H, Kondo M, Mitsumoto Y (2002) 

Alteration of methamphetamine-induced striatal dopamine release in mint-1 

knockout mice. Neurosci Res 43, 251-257. 

[70] Lee JH, Lau KF, Perkinton MS, Standen CL, Shemilt SJ, Mercken L, Cooper JD, 

McLoughlin DM, Miller CC (2003) The neuronal adaptor protein X11alpha reduces 

Abeta levels in the brains of Alzheimer's APPswe Tg2576 transgenic mice. J Biol 

Chem 278, 47025-47029. 

[71] Lee JH, Lau KF, Perkinton MS, Standen CL, Rogelj B, Falinska A, McLoughlin DM, 

Miller CC (2004) The neuronal adaptor protein X11beta reduces amyloid 

beta-protein levels and amyloid plaque formation in the brains of transgenic mice. J 

Biol Chem 279, 49099-49104. 

[72] Sano Y, Syuzo-Takabatake A, Nakaya T, Saito Y, Tomita S, Itohara S, Suzuki T 

(2006) Enhanced amyloidogenic metabolism of the amyloid beta-protein precursor in 

the X11L-deficient mouse brain. J Biol Chem 281, 37853-37860. 

[73] Saito Y, Sano Y, Vassar R, Gandy S, Nakaya T, Yamamoto T, Suzuki T (2008) X11 

proteins regulate the translocation of amyloid beta-protein precursor (APP) into 

detergent-resistant membrane and suppress the amyloidogenic cleavage of APP by 

beta-site-cleaving enzyme in brain. J Biol Chem 283, 35763-35771. 

[74] Ho A, Liu X, Sudhof TC (2008) Deletion of Mint proteins decreases amyloid 

production in transgenic mouse models of Alzheimer's disease. J Neurosci 28, 

14392-14400. 

[75] Mueller HT, Borg JP, Margolis B, Turner RS (2000) Modulation of amyloid precursor 



 21

protein metabolism by X11alpha /Mint-1. A deletion analysis of protein-protein 

interaction domains. J Biol Chem 275, 39302-39306. 

[76] Sakuma M, Tanaka E, Taru H, Tomita S, Gandy S, Nairn AC, Nakaya T, Yamamoto 

T, Suzuki T (2009) Phosphorylation of the amino-terminal region of X11L regulates 

its interaction with APP. J Neurochem 109, 465-475. 

[77] Araki Y, Tomita S, Yamaguchi H, Miyagi N, Sumioka A, Kirino Y, Suzuki T (2003) 

Novel cadherin-related membrane proteins, Alcadeins, enhance the X11-like 

protein-mediated stabilization of amyloid beta-protein precursor metabolism. J Biol 

Chem 278, 49448-49458. 

[78] Lee DS, Tomita S, Kirino Y, Suzuki T (2000) Regulation of X11L-dependent amyloid 

precursor protein metabolism by XB51, a novel X11L-binding protein. J Biol Chem 

275, 23134-23138. 

[79] Sumioka A, Imoto S, Martins RN, Kirino Y, Suzuki T (2003) XB51 isoforms mediate 

Alzheimer's beta-amyloid peptide production by X11L (X11-like protein)-dependent 

and -independent mechanisms. Biochem J 374, 261-268. 

[80] Hill K, Li Y, Bennett M, McKay M, Zhu X, Shern J, Torre E, Lah JJ, Levey AI, Kahn 

RA (2003) Munc18 interacting proteins: ADP-ribosylation factor-dependent coat 

proteins that regulate the traffic of beta-Alzheimer's precursor protein. J Biol Chem 

278, 36032-36040. 

[81] Ho CS, Marinescu V, Steinhilb ML, Gaut JR, Turner RS, Stuenkel EL (2002) 

Synergistic effects of Munc18a and X11 proteins on amyloid precursor protein 

metabolism. J Biol Chem 277, 27021-27028. 

[82] Sakurai T, Kaneko K, Okuno M, Wada K, Kashiyama T, Shimizu H, Akagi T, 

Hashikawa T, Nukina N (2008) Membrane microdomain switching: a regulatory 

mechanism of amyloid precursor protein processing. J Cell Biol 183, 339-352. 

[83] McLoughlin DM, Miller CC (2008) The FE65 proteins and Alzheimer's disease. J 

Neurosci Res 86, 744-754. 

[84] Trommsdorff M, Borg JP, Margolis B, Herz J (1998) Interaction of cytosolic adaptor 

proteins with neuronal apolipoprotein E receptors and the amyloid precursor protein. 

J Biol Chem 273, 33556-33560. 

[85] Zambrano N, Minopoli G, de Candia P, Russo T (1998) The Fe65 adaptor protein 

interacts through its PID1 domain with the transcription factor CP2/LSF/LBP1. J 

Biol Chem 273, 20128-20133. 

[86] Cao X, Sudhof TC (2001) A transcriptionally [correction of transcriptively] active 

complex of APP with Fe65 and histone acetyltransferase Tip60. Science 293, 

115-120. 



 22

[87] Nakaya T, Kawai T, Suzuki T (2008) Regulation of FE65 nuclear translocation and 

function by amyloid beta-protein precursor in osmotically stressed cells. J Biol Chem 

283, 19119-19131. 

[88] Nakaya T, Suzuki T (2006) Role of APP phosphorylation in FE65-dependent gene 

transactivation mediated by AICD. Genes Cells 11, 633-645. 

[89] von Rotz RC, Kohli BM, Bosset J, Meier M, Suzuki T, Nitsch RM, Konietzko U 

(2004) The APP intracellular domain forms nuclear multiprotein complexes and 

regulates the transcription of its own precursor. J Cell Sci 117, 4435-4448. 

[90] Stante M, Minopoli G, Passaro F, Raia M, Vecchio LD, Russo T (2009) Fe65 is 

required for Tip60-directed histone H4 acetylation at DNA strand breaks. Proc Natl 

Acad Sci U S A 106, 5093-5098. 

[91] Sabo SL, Ikin AF, Buxbaum JD, Greengard P (2001) The Alzheimer amyloid 

precursor protein (APP) and FE65, an APP-binding protein, regulate cell movement. 

J Cell Biol 153, 1403-1414. 

[92] Sabo SL, Ikin AF, Buxbaum JD, Greengard P (2003) The amyloid precursor protein 

and its regulatory protein, FE65, in growth cones and synapses in vitro and in vivo. 

J Neurosci 23, 5407-5415. 

[93] Wang B, Hu Q, Hearn MG, Shimizu K, Ware CB, Liggitt DH, Jin LW, Cool BH, 

Storm DR, Martin GM (2004) Isoform-specific knockout of FE65 leads to impaired 

learning and memory. J Neurosci Res 75, 12-24. 

[94] Guenette S, Chang Y, Hiesberger T, Richardson JA, Eckman CB, Eckman EA, 

Hammer RE, Herz J (2006) Essential roles for the FE65 amyloid precursor 

protein-interacting proteins in brain development. EMBO J 25, 420-431. 

[95] Ando K, Iijima KI, Elliott JI, Kirino Y, Suzuki T (2001) Phosphorylation-dependent 

regulation of the interaction of amyloid precursor protein with Fe65 affects the 

production of beta-amyloid. J Biol Chem 276, 40353-40361. 

[96] Santiard-Baron D, Langui D, Delehedde M, Delatour B, Schombert B, Touchet N, 

Tremp G, Paul MF, Blanchard V, Sergeant N, Delacourte A, Duyckaerts C, Pradier L, 

Mercken L (2005) Expression of human FE65 in amyloid precursor protein 

transgenic mice is associated with a reduction in beta-amyloid load. J Neurochem 93, 

330-338. 

[97] Whitmarsh AJ, Cavanagh J, Tournier C, Yasuda J, Davis RJ (1998) A mammalian 

scaffold complex that selectively mediates MAP kinase activation. Science 281, 

1671-1674. 

[98] Dickens M, Rogers JS, Cavanagh J, Raitano A, Xia Z, Halpern JR, Greenberg ME, 

Sawyers CL, Davis RJ (1997) A cytoplasmic inhibitor of the JNK signal transduction 



 23

pathway. Science 277, 693-696. 

[99] Yasuda J, Whitmarsh AJ, Cavanagh J, Sharma M, Davis RJ (1999) The JIP group of 

mitogen-activated protein kinase scaffold proteins. Mol Cell Biol 19, 7245-7254. 

[100] Verhey KJ, Meyer D, Deehan R, Blenis J, Schnapp BJ, Rapoport TA, Margolis B 

(2001) Cargo of kinesin identified as JIP scaffolding proteins and associated 

signaling molecules. J Cell Biol 152, 959-970. 

[101] Koushika SP (2008) "JIP"ing along the axon: the complex roles of JIPs in axonal 

transport. Bioessays 30, 10-14. 

[102] Whitmarsh AJ, Kuan CY, Kennedy NJ, Kelkar N, Haydar TF, Mordes JP, Appel M, 

Rossini AA, Jones SN, Flavell RA, Rakic P, Davis RJ (2001) Requirement of the JIP1 

scaffold protein for stress-induced JNK activation. Genes Dev 15, 2421-2432. 

[103] Dajas-Bailador F, Jones EV, Whitmarsh AJ (2008) The JIP1 scaffold protein 

regulates axonal development in cortical neurons. Curr Biol 18, 221-226. 

[104] Bonny C, Nicod P, Waeber G (1998) IB1, a JIP-1-related nuclear protein present in 

insulin-secreting cells. J Biol Chem 273, 1843-1846. 

[105] Muresan Z, Muresan V (2005) Coordinated transport of phosphorylated 

amyloid-beta precursor protein and c-Jun NH2-terminal kinase-interacting 

protein-1. J Cell Biol 171, 615-625. 

[106] Koo EH, Sisodia SS, Archer DR, Martin LJ, Weidemann A, Beyreuther K, Fischer P, 

Masters CL, Price DL (1990) Precursor of amyloid protein in Alzheimer disease 

undergoes fast anterograde axonal transport. Proc Natl Acad Sci U S A 87, 

1561-1565. 

[107] Kamal A, Almenar-Queralt A, LeBlanc JF, Roberts EA, Goldstein LS (2001) 

Kinesin-mediated axonal transport of a membrane compartment containing 

beta-secretase and presenilin-1 requires APP. Nature 414, 643-648. 

[108] Lazarov O, Morfini GA, Lee EB, Farah MH, Szodorai A, DeBoer SR, Koliatsos VE, 

Kins S, Lee VM, Wong PC, Price DL, Brady ST, Sisodia SS (2005) Axonal transport, 

amyloid precursor protein, kinesin-1, and the processing apparatus: revisited. J 

Neurosci 25, 2386-2395. 

[109] Matsuda S, Matsuda Y, D'Adamio L (2003) Amyloid beta protein precursor 

(AbetaPP), but not AbetaPP-like protein 2, is bridged to the kinesin light chain by 

the scaffold protein JNK-interacting protein 1. J Biol Chem 278, 38601-38606. 

[110] Araki Y, Kawano T, Taru H, Saito Y, Wada S, Miyamoto K, Kobayashi H, Ishikawa 

HO, Ohsugi Y, Yamamoto T, Matsuno K, Kinjo M, Suzuki T (2007) The novel cargo 

Alcadein induces vesicle association of kinesin-1 motor components and activates 

axonal transport. EMBO J 26, 1475-1486. 



 24

[111] Scheinfeld MH, Matsuda S, D'Adamio L (2003) JNK-interacting protein-1 promotes 

transcription of A beta protein precursor but not A beta precursor-like proteins, 

mechanistically different than Fe65. Proc Natl Acad Sci U S A 100, 1729-1734. 

[112] Suzuki T, Nakaya T (2008) Regulation of amyloid beta-protein precursor by 

phosphorylation and protein interactions. J Biol Chem 283, 29633-29637. 

[113] Scheinfeld MH, Ghersi E, Davies P, D'Adamio L (2003) Amyloid beta protein 

precursor is phosphorylated by JNK-1 independent of, yet facilitated by, 

JNK-interacting protein (JIP)-1. J Biol Chem 278, 42058-42063. 

[114] Taru H, Suzuki T (2004) Facilitation of stress-induced phosphorylation of 

beta-amyloid precursor protein family members by X11-like/Mint2 protein. J Biol 

Chem 279, 21628-21636. 

[115] Ramelot TA, Nicholson LK (2001) Phosphorylation-induced structural changes in 

the amyloid precursor protein cytoplasmic tail detected by NMR. J Mol Biol 307, 

871-884. 

[116] Chang KA, Kim HS, Ha TY, Ha JW, Shin KY, Jeong YH, Lee JP, Park CH, Kim S, 

Baik TK, Suh YH (2006) Phosphorylation of amyloid precursor protein (APP) at 

Thr668 regulates the nuclear translocation of the APP intracellular domain and 

induces neurodegeneration. Mol Cell Biol 26, 4327-4338. 

[117] Lee MS, Kao SC, Lemere CA, Xia W, Tseng HC, Zhou Y, Neve R, Ahlijanian MK, Tsai 

LH (2003) APP processing is regulated by cytoplasmic phosphorylation. J Cell Biol 

163, 83-95. 

[118] Sano Y, Nakaya T, Pedrini S, Takeda S, Iijima-Ando K, Iijima K, Mathews PM, 

Itohara S, Gandy S, Suzuki T (2006) Physiological mouse brain Abeta levels are not 

related to the phosphorylation state of threonine-668 of Alzheimer's APP. PLoS ONE 

1, e51. 



 25

 

 

 

 

Figure 1.  

The cytoplasmic domain of APP and its binding proteins.  

Shown here is the amino acid sequence of the APP cytoplasmic domain. Two functional 

motifs, 667VTPEER672 and 681GYENPTY687, are marked (numbers indicate amino 

acid positions of the APP695 isoform). Proteins that contain PTB domains and bind the 

GYENPTY motif of APP are indicated with white letters in black boxes. Proteins that 

do not have a PTB domain and bind the GYENPTY motif are indicated with black 

letters in gray boxes. Other binding proteins are indicated with black letters in white 

boxes. The Thr668 residue is the major phosphorylation site of APP in brain. Cdk5, 

GSK3, JNK, and CDC2 are protein kinases responsible for the phosphorylation of 

Thr668. Thr668 phosphorylation affects the interaction of proteins such as FE65 and 

Pin1. Tyr682 is a putative phosphorylation site, the phosphorylation of which is 

required for interaction with Shc, Abl, and Grb2. 
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Figure 2  

A model for the regulation of APP metabolism by X11 proteins. 

A. X11 proteins interact with the cytoplasmic domain of APP and anchor APP outside 

of a compartment corresponding to the detergent-resistant membrane (DRM) fraction. 

Once APP dissociates from X11 proteins, APP is translocated to the DRM, where 

-secretase BACE is activated. In the DRM, APP is cleaved by BACE and -secretase 

presenilin to generate A peptides. B. Proposed machinery that might modulate the 

binding between APP and X11 proteins. The PTB domain of X11 proteins is sufficient 

for APP binding (middle); however, protein interactions or modifications of other 

regions can affect binding. For example, the protein interactions of X11L with 

X11L-binding proteins such as XB51 might inhibit APP binding (left). In contrast, the 

phosphorylation of the N-terminal region of X11 or X11L by unknown protein kinases 

might induce a conformational change and facilitate the interaction with APP (right).  



 27

 

 

 

Figure 3  

A model for the fast axonal transport of the APP–JIP-1 complex by kinesin-1 in 

neurons. Vesicles containing APP are subject to anterograde transport by the molecular 

motor kinesin-1 from the soma to the nerve terminals along microtubules in axons. 

JIP-1 binds APP via the PTB domain as well as kinesin-1 via its C-terminal binding 

motif, and might serve as a bridge between APP and kinesin-1 during transport. The 

axonal transport of APP might be closely related to APP processing. For example, 

Alcadein can compete with the APP–JIP-1 complex for binding to kinesin-1 and inhibit 

APP transport. APP vesicles released from kinesin-1 can enter the amyloidogenic 

pathway to produce Apeptide. 

 

 

 


