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                             Abbreviation 

aa:  Amino Acid 

AD: Alzheimer disease 

Aβ: Amyloid beta 

Aβ40: 40 amino acid proteolytic product from the amyloid precursor protein 

(APP) 

Aβ42: 42-Residue amyloid beta-protein fragment 

APP: Amlyoid precursor protein 

AKT: Protein kinase B 

BSE: Bovine spongiform encephalopathy 

BACE: β-Site APP-cleaving enzyme 

CJD: Creutzfeldt-Jakob disease 

CNS: Central nervous system 

DC: Dendritic cell 

DRM: Detergent resistant membrane 

EE: Early Endosome 

ER: Endoplasmic reticulum 

ERC: Endosomal Recycling Compartment 

ERAD: ER-associated degradation system 

ERK: Extracellular signal–regulated kinase 

fCJD: Familial Creutzfeldt-Jakob disease 

FSE: Feline spongiform encephalopathy 

GPI: Glycosylphophatidylinositol 

GSK3β:  Glycogen synthase kinase 3 β 

HD: Huntington disease 

HS: Heparan sulfate 

iCJD: Iatrogenic Creutzfeldt-Jakob disease 

kDa: Kilo Dalton 

LYS: Lysosomes 
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Lys: Lysine residue 

LiCl: Lithium Chloride  

M: Molar 

mM: Milimolar 

μM: Micromolar 

μ: Micron 

N-Gly: N-Glycosidase 

Neur:  Neuramidase 

NaOH: Sodium hydroxide 

NH4Cl: Ammonium chloride 

nm: Nanometer 

NSC48478: 1-((4-methoxyanilino) methyl)-2-naphthol 

O-Gly: O-Glycosidase 

PFA: Paraformaldehyde 

PM:  Plasma membrane 

Prion: proteinaceous infectious particles 

PrP
C
: Cellular (i.e. wild type) prion protein 

PrP
Sc

: Scrapie (i.e. infectious) prion protein 

ROS: Reactive oxygen species 

SDS: Sodium dodecyl sulphate 

sh: Short hairpin 

TGN: Trans-Golgi-network 

TME: Transmissible mink encephalopathy 

TSE: Transmissible spongiform encephalopathy 

TX-100: Triton X-100 

UK: United Kingdom 

USA: United States of America 

WB: Western Blot 

37/67kDa LR: 37/67kDa Laminin Receptor 
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Abstract 

 
The vicious circle of spread, seed, and accumulation of misfolded protein 

aggregates within the central nervous system has been reported for prion 

protein, but also amyloid beta-peptide (Aβ), α-synuclein and tau, which can 

form amyloidogenic aggregates that spread through the brain causing distinct 

neurodegenerative diseases. Amyloid precursor protein (APP) is processed 

along both the non-amyloidogenic pathway preventing Aβ production and the 

amyloidogenic pathway, generating Aβ, whose accumulation in the brain is a 

neuropathological hallmark of Alzheimer’s disease. The A is produced by the 

sequential processing of APP by β- and γ-secretases likely in the 

endo/lysosomal pathway where APP physiologically traffics and where γ-

secretases are preferentially distributed. Items of evidence report that the 

intracellular trafficking plays a key role in the generation of Aβ and that the 

37/67kDa laminin receptor LR, acting as a receptor for Aβ, may mediate Aβ-

pathogenicity. Although many reports suggest a critical role for intracellular 

trafficking of APP in Aβ generation, little is known on the exact site for Aβ 

production, its localization and the possibility to correct them for proper 

protein folding and function.  

Mutations in APP cleavage sites and in the Aβ sequence can affect the 

processing of the protein with consequences in the trafficking, folding, 

posttranslational modifications (PTMs: glycosylation, phosphorylation, 

acetylation) and amyloidogenic abilities. Therapeutics for misfolding disorders 

do not exist. Previous reports revealing a critical role for 37/67kDa laminin 

receptor in APP processing through direct interaction with the γ-secretases and 

indirect with β-secretase, highlight the importance of identifying therapeutics 

that point to target the 37/67kDa LR, which has been previously shown by us 

to be also interactor and regulator of prion protein trafficking.  

Starting from these observations, we propose to shed light on the role of 

37/67kDa LR in APP processing and trafficking by assaying the effects of 

receptor inhibitors in neuronal cells and fibroblasts from AD patients 

challenged with different molecules already tested to be receptor inhibitors.  

We show herein that APP and 37/67Kda LR interact in neuronal cells and that 

the specific 37/67kDa LR inhibitor, NSC48478, can affect this interaction. 

Moreover, NSC48478 reversibly regulates the maturation of APP, in an 

NH4Cl-dependent manner, resulting in the partial accumulation of the 

immature APP isoforms (unglycosylated/acetylated forms) in both the 

Endoplasmic Reticulum and Transferrin-positive recycling endosomes, 

indicating alteration of the APP intracellular trafficking. By shRNA-mediated 

knockdown of the receptor, we found that these effects were directly mediated 

by the 37/67kDa LR and accompanied by inactivation of ERK1/2 signaling and 

activation of Akt, with concomitant inactivation of GSK3β.  

Our data reveal NSC48478 inhibitor as a novel small compound to be tested in 

disease conditions.  
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Our preliminary data (work in progress, not shown here) reveal a different 

localization of APP in fibroblasts from AD patients respect to control 

fibroblasts, and while NSC48478 did not exert any effect on APP localization, 

the analog small molecule NSC47924 was able to rescue the physiological 

Golgi distribution of APP in AD-patient fibroblasts. 

These data reveal that the small 37/67kDa LR inhibitors are useful tools to be 

tested against AD. 
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1. Misfolding diseases, Prion and Prion-like Proteins  

The most common neurodegenerative diseases, including Alzheimer’s disease 

and Parkinson’s disease, are characterized by the misfolding of a small number 

of proteins that assemble into ordered aggregates in affected brain cells. For 

many years, the events leading to aggregate formation were believed to be 

entirely cell autonomous, with protein misfolding occurring independently in 

many cells. Recent research has now shown that cell non-autonomous 

mechanisms are also important for the pathogenesis of neurodegenerative 

diseases with intracellular filamentous inclusions. The intercellular transfer of 

inclusions made of tau, a-synuclein, huntingtin and superoxide dismutase 1 has 

been demonstrated, revealing the existence of mechanisms reminiscent of those 

by which prions spread through the nervous system
[1]

. 

Prion diseases belong to the group of protein misfolding neurodegenerative 

diseases that are characterized by the abnormal aggregation of cellular Prion 

Protein (PrP
C
) after its conformational conversion into the pathological scrapie 

PrP
SC

. The misfolded proteins form highly ordered filamentous inclusions with 

a core region of cross-β conformation. Tau, β-amyloid and α-synuclein are the 

most commonly misfolded proteins 
[2]

.  

 

Radioinactivation studies suggested that the agent of scrapie may replicate 

without nucleic acid 
[3, 4]

 and that its purification led to the identification of the 

prion protein showing that the scrapie agent was devoid of nucleic acid 
[5]. 

To 

distinguish protein pathogens from viruses, the term “prion” (proteinaceous 

infectious particle) was introduced
 [6]

. Human prion diseases include Kuru, 

Creutzfeldt-Jakob disease (CJD), Gerstmann-Sträussler-Scheinker (GSS) 

disease, and fatal insomnia. Scrapie, bovine spongiform encephalopathy (BSE), 

and chronic wasting disease (CWD) are prion diseases in animals. A 

polymorphism at codon 129 of human PRNP, where M or V is encoded, is a 

susceptibility factor for prion diseases
 [7]

. Cases of variant CJD (vCJD), which 

humans acquire through the consumption of BSE contaminated food products, 

have so far almost all been M/M 
[8]

. With the identification of causative 

mutations in PRNP, a possible explanation for dominantly inherited and 

sporadic cases of CJD emerged 
[9, 10, 11].

 Mutations were surmised to lower the 

energy barrier for conversion of the cellular form PrP
C
 to its scrapie form 

PrP
Sc

. Once a sufficient number of PrP
Sc

 molecules have formed, the 

conversion of PrP
C
 to PrP

Sc
 occurs readily. Upon introduction into a new host, 

PrP
Sc

 seeds convert PrP
C
, which explains how prion diseases can be infectious. 

More investigations are needed to learn about the sites of prion conversion and 

the mechanisms of intercellular propagation of prions. The transfer of 

pathology from one neuron to another appears to occur trans-synaptically 
[12]

. 

Mutations in PRNP account for ~10% of cases of CJD, with 90% being 

sporadic. This is reminiscent of Alzheimer’s disease (AD) and Parkinson (PD), 
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in which dominantly inherited mutations account for a minority of cases, with 

the majority being sporadic. Mice heterozygous for human PrP V127 are 

resistant to Kuru and CJD but not vCJD prions. Remarkably, homozygous 

mice are resistant to all prion strains 
[13]

. Initially, the prion concept was 

confined to a small group of diseases, typified by scrapie and CJD, in which 

PrP, a glycolipid-anchored sialoglycoprotein, adopts a conformation rich in β-

sheet
[14]

. Similar conformational changes have been observed for Aβ, tau, and 

α-synuclein upon assembly. The prion concept may thus also apply to AD and 

PD. After injection of misfolded prion protein into the brain, a large increase in 

the titer of infectivity is observed. It remains to be seen whether this is also the 

case of assembled Aβ, tau, and α-synuclein. There is reluctance to use the term 

prion with respect to the inclusions of AD and PD. The main reason is that in 

contrast to Kuru and CJD, transmission of AD and PD between individuals has 

not been demonstrated. The infectious cases in humans have occurred under 

unusual circumstances, such as ritualistic cannibalism, consumption of BSE-

contaminated food products, injection of cadaveric growth hormone and 

gonadotropin, blood transfusions, corneal transplants, and dura mater grafts, as 

well as implantation of improperly sterilized depth electrodes. It remains to be 

seen whether the apparent lack of infectivity of AD and PD can be attributed to 

the more fragile nature of Aβ, tau, and α-synuclein assemblies, as compared 

with misfolded prion protein, or to other properties. For prion diseases, the 

molecular species responsible for infectivity and toxicity appear to be different 
[15, 16, 17]

.
 
It has been proposed that neurodegeneration is mediated by a toxic 

form of PrP, called PrPL, that is distinct from PrP
Sc

, but whose formation is 

catalyzed by PrP
Sc

. Although the molecular species responsible for toxicity are 

not well defined, they may be crucial for activating one or more downstream 

pathways. Targeting the unfolded protein response in mice over expressing PrP 

has been reported to prevent neurodegeneration
[18]

.  

Whereas prion diseases, also referred as Transmissible spongiform 

encephalopathies (TSEs) are rare, AD, PD and frontotemporal dementia (FTD) 

are common. Like most cases of prion disease, they are largely sporadic, with a 

small percentage being inherited. Mutations in the genes encoding amyloid 

precursor protein (APP), tau and -synuclein cause dominantly inherited forms 

of AD, FTD and PD 
[19, 20, 21]

. 

In TSEs prions behave like infectious agents. Though evidence suggests that 

common misfolding diseases are not transmitted between individuals, 

investigation of the formation of tau and α-synuclein inclusions as a function of 

age has shown that they develop in a stereotypical manner in particular brain 

regions from where they appear to spread 
[22,  23]

 [Fig. 1]. This is consistent 

with an intercellular transfer of inclusions, provided one accepts that studies of 

their temporal appearance describe a single pathophysiological process. 
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Figure: 1 

Prion-like mechanism of misfolded protein aggregation 

 
Misfolding of normal physiological form of a protein and formation of pathological 

seeds is a rare and energetically unfavourable event, based upon exposition of amide 

groups and high concentration of a given protein. Genetic mutations or environmental 

factors (e.g., exposure PrP
Sc

, pesticides) can induce the conversion from soluble 

normal form to insoluble pathological oligomers and larger species that aggregate and 

fibril006Cize. Once a seed has formed, thanks to a template-assisted misfolding, each 

single molecule can acquire a different shape and add to growing aggregates.  

These latter can be fragmented generating new seeds that are able to accelerate the 

aggregation, giving life to fibrils formation. Question marks (??) indicate open issues. 

(Adapted from Sarnataro et el. International journal of Molecular Sciences 2018) 

 

The relationship between TSEs and other neurodegenerative diseases has been 

studied for many years 
[24, 25, 26, 27 ]

. However, it is the flurry of recent research 

describing the induction of protein misfolding and spreading between cells 
[28, 

29, 30,
 
31, 32]

 that has shown most convincingly that common neurodegenerative 

diseases can be driven by cell non autonomous mechanisms. It’s now clear that 

characteristics of misfolded prion protein can be shared by other proteins 

central to neurodegenerative diseases. Proteins exhibiting prion-like properties 

have also been named ‘prionoids’ 
[32].

  

A typical prion-like protein is tau. Tau misfolding causes several human 

neurodegenerative diseases including AD, some cases of GSS, familial British 

and Danish dementias, Pick’s disease, progressive supranuclear palsy (PSP), 

corticobasal degeneration (CBD), argyrophilic grain disease (AGD), Guam 

Parkinsonism-dementia complex, tangle-only dementia, white matter tauopathy 

with globular glial inclusions and frontotemporal dementia and Parkinsonism 
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linked to chromosome 17 (FTDP-17T) 
[33]

. In these diseases, the normally 

soluble tau protein is hyperphosphorylated and filamentous. Whereas the 

hyperphosphorylated sites in tau are similar between diseases, filament 

morphologies vary widely 
[34]

. Intraneuronal tau inclusions coexist with 

extracellular deposits of Aβ in AD. These findings are consistent with an 

intercellular transfer of tau aggregates. The presence of inclusions made of 

distinct sets of tau isoforms in different diseases is consistent with the existence 

of tau strains, like to the prion strains made of distinct conformers of PrP
Sc

. In 

some of these diseases, tau inclusions are also found in glial cells. 

A growing body of research supports the concept that misfolding and 

aggregation of the endogenous protein fragment Aβ initiates and sustains the 

pathogenesis of AD, which is characterized by the presence of Aβ plaques and 

neurofibrillary tangles (NFTs), these latter consisting of intracellular bundles of 

hyperphosphorylated tau protein 
[35, 36].

 Both Aβ and tau, as well as PrP
C
, 

assume a tertiary structure (or fold) rich in β-sheets which in turn promotes the 

self-assembly of monomers into small oligomeric species, with neurotoxic 

properties, and fibrillary assemblies 
[37, 38]

. 

Several years ago, it was shown that the injection of brain extract from AD 

patients into the brain of mice transgenic for human mutant APP promotes the 

aggregation and deposition of β-amyloid 
[39]

. 

Recently, eight hormone recipients in Great Britain who died of  CJD  at  ages  

ranging  from 36  to  51 yr  were examined  for  the  co-presence  of  AD-type  

lesions.  Four of them had significant Aβ accumulation in the form of Aβ 

plaques, and two others had sparse Aβ deposits 
[40]

. These  findings  raise the 

possibility  that  some  batches  of  growth  hormone  were  contaminated  with  

Aβ seeds  that originated   from   pituitary   glands   collected from patients 

who had died with AD (or incipient  AD)
[41]

.  Because the  growth  hormone  

recipients  had  died  of CJD,  it  is  unknown  whether  they  ultimately would 

have developed AD (none of them displayed signs of tauopathy). It will be 

informative to follow the surviving recipients who did not manifest CJD to 

assess their relative risk of AD and other neurodegenerative proteopathies. 

Also important will be to  examine   any   remaining   batches   of   cadaveric 

growth  hormone  for  the  presence  of  Aβ and other  types  of  prion-like  

seeds.  The risk of AD is increased by mutations and polymorphisms that 

promote Aβ misfolding and aggregation. Whether and how physiological  and  

environmental  factors  influence  the Aβ cascade  and  how  the aggregation  

of Aβ is ultimately  linked   to  dementia  remain  open questions, but it now 

seems likely that Aβ aggregation is a central mechanism on which risk factors 

converge to facilitate the  development of AD. 
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2. Amyloid beta and Alzheimer’s disease  

Aβ peptides, cleavage products of APP, were discovered as the major 

component of amyloid plaques and cerebral vascular inclusions, whereas tau 

protein was identified as the major component of the neurofibrillary lesions in 

AD. In 1991, a missense mutation in APP gene was shown to cause AD
 [42]

, 

and in 1998, mutations in MAPT, the tau gene, were reported to cause 

frontotemporal dementia and Parkinsonism 
[43, 44, 45]

. More recently, it has 

become apparent that AD is caused by protein assemblies that adopt alternative 

conformations and become self-propagating, like prions 
[46, 47]

. 

Among all neurodegenerative diseases, AD is the most common one and 

defined clinically by a progressive decline in memory, other cognitive 

functions, and neuropathologically by brain atrophy, the accumulation of 

abundant extracellular Aβ plaques and intraneuronal neurofibrillary tau lesions. 

Electron microscopy images showed that plaques and neurofibrillary lesions 

are made of abnormal filaments with the fine structure of amyloid 
[48]

. Each 

amyloid filament exhibits characteristic dye-binding properties and consists of 

several proto filaments with β-sheet structures that are stabilized through 

hydrogen bonding. Parallel β-sheet organization predominates in amyloid 

filaments. The crystal structures of amyloidogenic peptides have shown that 

amino acid side-chains complement each other across the sheet-sheet interface 

and that the space between sheets is devoid of water (dry steric-zipper)
[49, 50]

. 

Besides that, non filamentous aggregates are also present 
[2, 51]

 which are β-

sheet–rich but transient and are objects of intense investigation
 [52]

.  

Age is the strongest risk factor for the development of AD. Moreover, the age 

of 65 is used to arbitrarily classify AD. Patients with early-onset AD (EOAD) 

start to manifest symptoms before age 65, while patients with the late-onset 

form of AD (LOAD) manifest symptoms after this age. The most common 

form of AD is LOAD, with only 10% of cases being diagnosed with EOAD, 

usually between 45 and 60 years 
[53]

. The first genetic studies of AD were 

based on genetic linkage analyses of AD families and proved the involvement 

of genetic factors in this disease, as well as its genetic heterogeneity with 

differences between EOAD and LOAD forms. EOAD includes sporadic cases 

and the majority of the autosomal-dominant forms of the disease (AD EOAD), 

also often referred to as familial AD. This autosomal dominant form is 

classified as a rare disease corresponding to less than 1% of all cases of AD 
[54]

. 

Three genes harboring mostly heterozygous mutations are associated with 

EOAD: APP, PSEN1 (Presenilin1), and PSEN2 (Presenilin 2). Differently from 

EOAD, LOAD is a multi factorial and complex disease with no consistent 

pattern of inheritance and estimated heritability of 60–80%. Genetic factors 

play a very important role in LOAD development and age of onset 
[55]

. Most 

cases of LOAD are sporadic with no clear familial pattern of disease. The 

application of genome-wide association studies (GWAS) to LOAD contributed 

to the identification of several loci associated with increased or reduced AD 
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risk. Interestingly, some of the variants identified are located in or near genes 

known to be involved in specific biologic pathways: cholesterol metabolism, 

immune response, and endocytosis/vesicle-mediated transport.  

 

2.1. Amyloid precursor protein: posttranslational modifications, 

trafficking and processing 

APP encodes a widely expressed type 1 transmembrane glycoprotein that is 

alternatively spliced to produce three major transcripts: APP695, APP751, and 

APP770 
[56, 57],

 with APP695 being the major isoform in neurons. APP 

posttranslational modifications including N-glycosylation, O-glycosylation, 

phosphorylation and acetylation
[58] 

are directly correlated to intracellular 

localization and protein trafficking, which are of fundamental importance for 

the correct protein processing that in turn plays a key role in the production of 

Aβ as well as phosphorylated tau in AD. Specifically, APP goes through broad 

post-translational modifications, including N-glycosylation (N-Gly), O-

glycosylation (O-Gly) and phosphorylation. The residue numbering 

corresponds to the APP695 
[59]

. 

When the nascent APP translocates into the ER, it is glycosylated by the 

oligosaccharyltransferase complex with the addition of a precursor 

oligosaccharide to the luminal side of a polypeptide chain, forming the 

immature APP. Two sites, Asn467 and Asn496, are predicted to be N-

glycosylated
[60]

.The O-glycosylation occurs in the Golgi apparatus to form the 

mature APP. Numerous O-Gly sites of APP have been identified by both in 

vitro and in vivo studies. Thr291, Thr292, Thr576, and Thr353 (numbering of 

APP770) are found to be O-Glycosylated in cell cultures 
[61]

. The O-Gly of 

Ser597, Ser606, Ser611, Thr616, Thr634, Thr635, Ser662 and Ser680 

(numbering of APP770) has also been identified in human CSF. Alteration of 

O-GlcNAcylation in APP plays an important role in regulating APP processing 

and Aβ generation 
[62, 63]

.  

Several reports showed that APP O-GlcNAcylation acts as a vital key 

substance in APP processing. Jacobsen et el. stated that a high amount of O-

GlcNAcylated APP by O-GlcNAcase (OGN) inhibitor stimulated α-cleavage 

of APP and reduction in Aβ generation 
[64]

. Similarly, the Chun group in 2015 

showed that the OGN inhibitor increased α-cleavage and inhibited the β-

cleavage of APP 
[65]

.  This indicates that glycosylation regulates APP 

processing and Aβ generation, which is associated with the alteration of APP 

trafficking. The fully glycosylated (N- and O-glycosylated) APP is prone to 

phosphorylation 
[66, 67, 68]

. Till now ten phosphorylated sites of APP have been 

identified, where two of them are in the ectodomain (Ser198 and Ser206) and 

eight sites are in the cytoplasmic domain (Tyr653, Tyr682, Tyr687, Ser655, 

Ser675, Thr654, Thr668, and Thr686) 
[69, 66]

 Phosphorylation of Ser655 is 
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mainly detected in the mature APP; on the contrary, Thr668 is the common 

phosphorylated site in the immature APP 
[67].

 The phosphorylation of APP and 

Aβ generation is related to the dysregulation of multiple kinases and 

phosphatases including, GSK3, PKC, DYRK1A, PP1, PP2A 
[70]

 in AD brains. 

Even enhancement of Thr668 phosphorylation has been detected in AD brains 

and resulted from the imbalance between kinases and phosphatases. Numerous 

studies have suggested that Thr668 phosphorylation increases Aβ generation 

both in vitro and in vivo 
[71, 72] 

and that phosphorylated Tyr682 and Tyr687 

have been detected in AD brains but not in healthy controls 
[73, 74]

.  

Protein acetylation is another major PTM step for proteins, in which the acetyl 

group from acetylcoenzyme A (Ac-CoA) is transferred to a specific site on a 

polypeptide chain. The N-terminal acetyltransferases interacts with the 

cytoplasmic domain of the APP. The acetylated protein is able to proceed 

along the secretory pathway and achieve conformational maturation, whereas 

the non-acetylated intermediates are localized in the ER-Golgi intermediate 

compartment (ERGIC)
 [75]

. Two Endoplasmic Reticulum (ER)/ER Golgi 

Intermediate Compartment-based Lysine Acetyltransferases post-

translationally regulate BACE1 levels 
[76].

 Importantly, lack of acetylation is 

associated with several neurodegenerative disorders including AD, PD etc
 [77]

. 

APP is rapidly processed, undergoing two cleavage events that require the 

presence of α- or β- and γ-secretases. This process can occur in all cells by two 

different pathways. In the nonamyloidogenic or constitutive pathway α-

secretase cleaves APP in the extracellular domain and γ-secretase in the 

transmembrane region, leading to the formation of sAPPα and the α-C-terminal 

fragment (C83), both classified as non pathogenic fragments. The 

amyloidogenic pathway involves the proteolytic cleavage by β-secretase at the 

N-terminus of the Aβ domain and by γ-secretase, resulting in the formation of 

the Aβ peptide, sAPPβ and the amyloid precursor protein intracellular domain 

(AICD). Since the site of γ-secretase cleavage can vary, several Aβ peptides 

with different C terminals and lengths may be formed. Typically, these 

peptides have between 39 and 43 residues. Aβ1–40 is the most abundant 

alloform (90%), followed by A1–42 (10%) 
[78, 79, 80]

. The Aβ1–42 form is 

considered to be the most responsible for AD development, since the 

conformational changes suffered by this alloform result in its aggregation, 

promoting the neurotoxicity and neuronal loss characteristic of this disease 

[Fig. 2] 
[78]

. The first APP mutation associated with AD was the p.Val717lle 

identified in a family with an age of onset of 57 years 
[81]

.  
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Figure: 2 

Processing of APP 
Cleavage of APP through two different pathways: amyloidogenic pathway and non-

amyloidogenic pathway. Sequential cleavage of APP by β-secretase (BACE1) and γ-

secretase generates N-terminal ectodomain (sAPPβ) and Aβ*(Modified. Strooper T. et 

el., 2011) 

 C83 = 83 amino acid C-terminal fragment, 

CTF = C terminal fragment, C99 = 99-amino acid C terminal fragment, BACE1 = β-

secretase, AICD = the amyloid intracellular domain 

 

Missense mutations are all located within or immediately flanking the Aβ 

sequence. A double mutation affecting codons 670 and 671 is located just N-

terminal to the Aβ domain. The p.Lys670Asn/ Met671Leu mutation was 

predicted to increase the total production of Aβ, including the Aβ1–42 form 
[82].

 

Other mutations have been found within the Aβ domain, disturbing APP 

processing through different mechanisms. An increase of Aβ formation, 

changes in β-secretase local cleavage, and enhanced propensity to form 

protofibrils increasing the insolubility of Aβ, are some of the described 

mutational mechanisms causative of AD 
[83, 84]

. Mutations located C-terminal to 

the Aβ domain can also cause EOAD. In fact, in addition to the first APP AD 

mutation (p.Val717lle), other mutations in the same or neighboring residues 

have been shown to affect γ-secretase cleavage, causing an increase in Aβ1–42 

over Aβ1–40 
[85]

. In contrast to other APP mutations, the p.Ala673Val 

mutation was found to be pathogenic only in the homozygous state, in an 

Italian family. Heterozygous individuals did not manifest the disease, 

suggesting a recessive model of inheritance for AD. In addition to point 

mutations, genomic duplications of APP have been shown to cause EOAD 
[86 
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,87,  88,  89]
. In these patients the duplication of APP leads to the overexpression 

of the gene and consequent increased formation and accumulation of Aβ. 

2.1.1. Trafficking of APP 

Along the endocytic trafficking pathway, APP and BACE1 (Beta-site amyloid 

precursor protein cleaving enzyme-1) have been shown to undergo 

internalization from the plasma membrane through clathrin-mediated 

endocytosis 
[90, 91]

. Internalized APP and BACE1 both traffic to the early 

endosomes, an acidic compartment whereby BACE1 activity is favourable and 

Aβ production has been detected 
[92, 93]

. From the early endosomes, APP is 

transported to the late endosomes/lysosomes for degradation 
[92]

. APP may also 

be recycled back to the TGN 
[94]

, which is likely dependent on the 

phosphorylation state of APP 
[95]

. However, work from the Gleeson laboratory 

has shown that internalized APP predominantly traffics along the lysosomal 

pathway 
[92]

. On the other hand, BACE1 has been shown to traffic from the 

early endosomes to the recycling endosomes and back to the PM with very 

little BACE1 detected at the Golgi using an antibody internalization assay 
[92, 

96]
 [Fig. 3A]. BACE1 may also be targeted to the lysosomes for turnover 

[97]
. 

Collectively, these studies indicate that APP and BACE1 are likely to be 

segregated along the endocytic pathway at the early endosomes. Both APP and 

BACE1 are synthesized in the ER and undergo posttranslational modifications 

within the Golgi as described [Fig. 3B]. The co-transport of newly synthesized 

APP and BACE1 is likely to provide an opportunity for APP processing and 

subsequently, Aβ production along the biosynthetic/secretory pathway 
[98, 99,  

100] 
.The transport and sorting of APP and BACE1 in the Golgi is currently 

under investigation in a number of laboratories. The secretory pathway has 

been shown to also contribute to the generation and release of Aβ in cultured 

CHO cells stably expressing either the APP751wt or APP751 (K670N/ 

M671L) Swedish mutation (APPSwe) 
[100]

. However, it remains unclear 

whether the endocytic or secretory pathway plays a more significant role in Aβ 

production 
[99]

. APP appears to be cleaved by α-, β-, and γ-secretases during its 

transport through the Golgi apparatus after O-glycosylation of APP, or at the 

TGN 
[98]

. Moreover, given the acidic nature of the TGN 
[101]

, this site may 

serve as a favourable location for BACE1 activity. From the TGN, early 

studies proposed that newly synthesized APP is transported directly to the 

plasma membrane
 [102, 103]

. However, more recent work suggests that APP is 

transported from the TGN directly to early endosomes, a transport process 

regulated by AP-4 
[104, 105]

. The sorting and trafficking of APP and BACE1 is 

regulated by sorting signals present on their cytosolic tails. 
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Figure: 3 Intracellular trafficking of APP 

(A) Endocytic pathway of APP (red arrows) and BACE1. Both APP and BACE1 

(green arrows) are internalized from the PM to the early endosomes. The early 

endosome is one of the major organelles for Aβ production. From the early 

endosomes, APP traffics to the late endosomes/lysosomes for degradation while 

BACE1 traffics to the recycling endosomes and recycles back to the PM.  

(B) APP and BACE1 are both synthesized at the endoplasmic reticulum and 

posttranslationally modified along the Golgi apparatus. APP is directly transported to 

the early endosomes, whereas BACE1 may be transported directly to the PM. This 
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model proposes that APP and BACE1 are sorted into distinct transport carriers at the 

TGN. (Adapted: Jing et el; BBA-Biomembranes, 2019) 

 

3. 37/67kDa laminin receptor and Neurodegenerative 

diseases 

3.1. Structure and Function of the 37/67kDa LR 

The 37/67kDa LR, also referred to as the 37kDa laminin binding protein 
(37LBP), laminin receptor (LamR) 

[106]
, laminin-binding protein precursor p40 

(LBP-p40) 
[107]

, and the ribosomal protein SA (RPSA) 
[108] 

is a multifunctional 

protein. The 295aa, type II receptor protein has a theoretical molecular mass of 

32.854 kDa 
[109] 

but has been detected via western blotting at apparent 

molecular masses of both 37kDa and 67kDa 
[109, 110]

. Although both isoforms of 

the protein are encoded by the same gene sequence, the mechanism through 

which the 37kDa LRP (precursor) forms the 67kDa LR (mature) is elusive. 

Various isoforms of 37/67kDa LR, corresponding to different maturation states 

(44kDa, 60/67kDa and 220 kDa) all of which retain PrP
C
 binding affinities, 

have been identified in the murine brain 
[111]

.  

This protein is divided into two domains, namely an intracellular N-terminal 

domain (1-209 aa), which contains a palindromic LMWWML sequence which 

has been conserved in all metazoans 
[109]

 and an extracellular C-terminal 

domain (210-295aa), which is highly conserved amongst vertebrates 
[109, 110]

 

[Fig. 4].  
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Figure 4: Structure of 37/67 kDa LR 

 

The 37-kDa LRP is made of 295 amino acids and located on the cell surface 

encompassing four functional domains.  

A tran membrane domain located between amino acids 86-101 which docks the 

receptor to the cell membrane. (Modified; Nelson et al., 2008).  

Two laminin binding domains localized between amino acid 161-180 (peptide G 

lamimin binding domain) and 205-229 (direct laminin binding domain) which also 

serves as attachment sites for PrP (direct PrP binding site) and heparin(Heparin 

dependent PrP binding domain), respectively.  

The third binding domain is localized towards the C terminal of the receptor between 

amino acids 272-280 and serves as an attachment site for IgG antibodies. 

 

The amino acid sequence of this receptor is 98% identical in all mammals, 

thereby implying that the receptor occupies a central physiological role. It must 

be noted that 37/67kDa LR is post-translationally modified by phosphorylation 

at multiple sites 
[112]

. The phosphorylation status of the 37/67kDa LR is 

regulated in part by TGF-β inhibited membrane associated protein (TIMAP) 

and protein phosphatase-1 (PP-1) 
[113]

, both of which interact with the 

intracellular N-terminus of the protein. TIMAP phosphorylation may be 

induced by GSK-3β 
[114]

 and 37/67kDa LR phosphorylation as a consequence 

of its association with TIMAP may be involved in filopodia formation 
[113]

. The 

consequence of the alterable phosphorylation status of 37/67kDa LR requires 

further investigation but it may be suggested that this feature may be of 

particular significance with regards to the signal transduction pathways 

triggered by the protein. 37/67kDa LR is located within the cholesterol-rich 

lipid raft domains of the plasma membrane, in the cytoplasm, as well as in the 

nucleus 
[115, 116]

. Within the nucleus, the receptor has been identified in 

association with DNA and histones H2A, H2B and H4 
[117]

, and has been 

suggested to play a role in the maintenance of nuclear structures. In the cytosol 

37/67kDa LR has been implicated in the maturation and assembly of the 

ribosome (through its associations with 18s rRNA and the S21 ribosomal 

protein) 
[118]

. Moreover, 37/67kDa LR has been shown to associate with 

cytoskeletal proteins including actin and α-tubulin, a major component of 

microtubules (to which tau similarly binds as discussed in above) 
[119]

. 

At the cell surface [Fig. 4], this protein serves as a multifunctional receptor 

exhibiting binding sites for heparin and heparan sulphate proteoglycans 

(HSPGs)
[115]

; viruses including Sindbis202, Dengue203, Venezuelan equine 

encephalitis (VEE) and Adeno-associated virus 168 as well as the cellular 

(PrP
C
) 

[120]
 and infectious (PrP

Sc
) prion proteins

[121]
. Many of the binding sites 

for different ligands overlap, namely 161-180aa (termed the peptide G region) 

has been reported to serve as a binding site for both laminin-1 and heparin, 

whilst the region 205-229 may bind laminin-1 in addition to PrP
C
 
[116, 122]

. The 

conformation of laminin-1 is altered upon binding to the peptide G region 

(containing the palindromic sequence) of receptor. This association has been 



23 
 

implicated in the induction of several signal transduction cascades and thereby 

largely underlies the receptor’s physiological roles in cellular proliferation, 

growth, differentiation, migration 
[123] 

and the remodelling of the extracellular 

matrix 
[124] 

through the induction of urokinase-type plasminogen activator 

(uPA) and matrix metalloproteinase 9 (MMP-9) 209 activity. Cell surface 

associated 37/67kDa LR also serves as a receptor for midkine (MK) 
[125]

, a 

growth factor which promotes gene expression as well as cellular growth, 

survival and migration 
[126]

. 

 

3.2. The 37/67 kDa LR and neurodegenerative disease  

As a transmembrane receptor, 37/67kDa LR serves several functions such as 

cell migration, cell-matrix adhesion, cell viability proliferation and 

angiogenesis 
[127, 128, 129, 130]

. However, increasing evidence suggests that the 

receptor could be implicated in neurodegenerative diseases. 

37/67kDa LR has been shown to bind with high affinity both the cellular and 

infectious prion protein isoforms, PrP
C
 
[120,  116] 

and PrP
Sc

 
[120, 131]

. It is important 

to note that heparin sulphate proteoglycans (HSPGs) serve as co-receptors, 

facilitating the 37/67kDa LR-PrP
C
 association 

[116]
. Most importantly, the 

receptor is central in mediating the internalization of both PrP
C
 and PrP

Sc
 

isoforms 
[120, 130, 114]

. As the conversion of PrP
C
 to PrP

Sc
 is proposed to occur 

both at the cell surface and within endocytic vesicles 
[120, 132]

, and intracellular 

accumulation of the aggregated isoform underlies neuronal death, the fact that 

the 37/67kDa LR is involved in prion uptake mechanism 
[133]

 suggests that it is 

central in mediating the progression and pathogenesis of prion disorders. This 

has been confirmed by the fact that targeting the receptor, through the use of 

antibodies and decoy mutants, significantly hampers PrP
Sc

 propagation both in 

vitro 
[121, 134]

 and in vivo 
[119, 132]

. Recent reports have demonstrated that 

37/67kDa LR is crucial for alimentary PrP
Sc

 uptake 
[135]

 across different species 

(between livestock species as well as between livestock and humans).  

Laminin receptor could be implicated in Alzheimer’s disease too. The cleavage 

of APP producing Aβ occurs through sequential cleavage by β-secretase and γ-

secretase possibly at the plasma membrane or within endosomes 
[102]

. The 

resultant Aβ may consequently be shed into the extracellular space, be 

exocytosed or accumulated intracellularly. Aβ (particularly Aβ42 which binds 

PrP
C
) shares the same binding partners and a common cellular location of 

37/67kDa LR, thus it has been proposed a link between 37/67kDa LR receptor 

and the pathogenesis of AD [Fig. 5].  
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Figure 5: 37/67LR plays a role in Aβ internalization, presumably by facilitating the 

endocytosis of the toxic PrP
C
-Aβ complex. (Modified; Jovanovic, K. et al.2015) 

37/67kDa LR has been reported to co-localize with APP, β- and γ-secretase 

both on the cell surface and intracellularly within the cytoplasm 
[136] 

revealing a 

role for 37/67kDa LR in the regulation of APP processing. Moreover, its 

modulation could affect Aβ cytotoxicity and its release from cells 
[137, 138 , 139, 

136]
. This co-localization is limited to 200 nm when observed for BACE1 and 

37/67kDa LR, to 80 nm between APP and 37/67kDa LR and less than 10 nm 

for 37/67kDa LR and PS1 in 2D cytofluorogram. These results reveal a novel 

interaction between 37/67kDa LR and the PSEN1 catalytic subunit of the γ-

secretase and suggest that the previously observed interaction between 

37/67kDa LR and BACE1 is likely an indirect connection only 
[136]

.  

Interaction between these proteins, be it direct or indirect, seems plausible and 

thus the possibility of such an interaction and the influence thereof on Aβ42- 

mediated cell loss warranted investigation.  

 

3.3. Inhibition of 37/67kDa LR and consequences for neurodegenerative 

disease-related proteins 

As the receptor exhibits binding affinities for both PrP
C
 and the infectious 

PrP
Sc

 isoforms, 37/67kDa LR may be implicated in either direct or indirect 

PrP
Sc

 uptake or consequently the establishment of prion disorders 
[115]

. Thus, 

understanding the role of 37/67kDa LR in prion pathogenesis and targeting this 

association has become ever more critical. The importance of the 37/67kDa LR 
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in prion disorders has been verified by the observation that therapeutics 

targeting the receptor or impedance of the 37/67kDa LR-PrP
C
 cell surface 

association significantly reduced PrP
Sc

 accumulation in vitro 
[121, 140]

 and 

prolonged the preclinical (before symptom onset) phase in vivo 
[132]

. Such 

strategies included the use of an 37/67kDa LR decoy mutant (102-295aa, 

thereby lacking a transmembrane domain required for cell surface anchorage) 
[134]

, as well as use of siRNA-mediated downregulation of 37/67kDa LR 
[141]

, 

heparin mimetics 
[121]

 and pentosane polysulfates (which interfere with the cell 

surface pathogenic association, thereby hindering PrP endocytosis)
[126] 

as well 

as antibodies directed against 37/67kDa LR. 

Numerous approaches have been developed to target 37/67kDa LR 
[142, 143, 144]

 

including i) anti-37/67 kDa LR antibodies, ii) small interfering RNAs directed 

against the LRP mRNA
[145]

. Though anti-37/67 kDa LR antibody (polyclonal 

antibody) has shown effect in prion formation in scrapie-infected N2a cells 
[146] 

this antibody doesn’t bind effectively with infectious prions in mammalian 

cells 
[121]

.  

Since a polyclonal antibody format is not suitable for therapy in animals or 

humans, single-chain antibodies directed against 37/67kDa LR have been 

developed. Different studies characterized two single-chain antibodies (scFvs) 

N3 and S18 that are directed against 37/67kDa LR. The single-chain antibody 

S18 shows inhibitory effects on prion replication in vivo, indeed, peripheral 

prion propagation levels are reduced. However, the S18 mediated reduction of 

the peripheral PrP
Sc

 propagation was not concomitant with a significant 

prolongation of the incubation and survival times in scrapie-infected mice 

treated with scFv S18 
[147]

. 

37/67kDa LR blockage by IgG1-iS18 has been reported to effectively impede 

Aβ shedding. This was further confirmed by shRNA-mediated downregulation 

of the receptor. These results taken together suggest that 37/67kDa LR plays a 

pivotal role in the amyloidogenic processing of APP.  

sAPPβ is the initial cleavage product of APP by β-secretase and is released into 

the extracellular space. The administration of IgG1-iS18 at increasing 

concentrations resulted in a dose dependent decrease in sAPPβ levels, 

suggesting that blocking 37/67kDa LR impedes β-secretase activity. Similar 

results were seen when 37/67kDa LR was downregulated, thus further 

corroborating the possibility of an interaction between these two proteins. 

These results implicate 37/67kDa LR in the amyloidogenic process, 

specifically via promoting β-secretase activity 
[137]

.  

 

3.4. NSC small molecule inhibitors of 37/67kDa LR 

A structure-based virtual screening (SB-VS) was employed to search for 67LR 

inhibitory small molecules, by focusing on a 37LRP sequence, the peptide G, 

able to specifically bind laminin-1 (LM).  

An in silico screening approach was undertaken to identify compounds from 

the NCI Diversity library with a potential to bind at the putative cavity on the 
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peptide G of 67LR and hamper laminin binding. 3D structures of compounds 

from the NCI’s chemical libraries were downloaded from the NCI 

Developmental Therapeutics Program web site 

(http://dtp.nci.nih.gov/branches/dscb/repo_open. html/) and processed with 

LigPrep software to produce 3D structures for the Diversity Set. Among the 46 

candidates, only five compounds (Table 1) were able to inhibit 37/67kDa LR 

cell adhesion to LM 
[148]

. 

Table 1: Experimentally Determined IC50 values and properties predicted by 

QikProp of the five NSC compounds which are able to inhibit LM binding by 

interacting with 37/67 kDa LR receptor. 

 

cpd Structure NCI 

No. 

MW
a
 IC50 

 

(μM) 

 
13 

 

47924 279.3 19.3 

50 

 

 

47923 263.3 1.9 

52 

 

48478 283.8 1.8 

http://dtp.nci.nih.gov/branches/dscb/repo_open.%20html/
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60 

 

48869 405.5 4.0 

37 

 

48861 419.5 3.4 

 

(For detailed description of the compounds see Pesapane et al., 2015). 

 

 

The fact that 37/67kDa LR may play a role in Alzheimer’s disease 
[142,139 ,149]

 

and that modulation of 37/67kDa LR could affect Aβ cytotoxicity 
[137,150]

, 

highlights the importance of NSC molecules along with its capacity to amend 

37/67kDa LR trafficking and degradation. This prompted us to investigate the 

effect of NSC molecules on post-translational modification of APP and 

traffickig. 

Sarnataro research group (Sarnataro et al., 2016) demonstrated that the small 

molecule inhibitor (NSC47924) treatment affects 37/67kDa LR-PrP
C 

interaction both in vitro and stabilizes PrP
C 

on the cell surface by inducing 

37/67kDa LR internalization. The presence of 37/67kDa LR from the cell 

surface is decreased along with increasing times of NSC treatment, resulting in 

its partial early endosomes accumulation and progressive late endo-lysosomal 

localization with subsequent degradation. This phenomenon suggests that the 

intracellular trafficking and the normal endocytic pathway of 37/67kDa LR are 

regulated by NSC47924 
[151]

. These findings are fundamental if we consider the 

effect of 37/67kDa LR inhibitor on prion and prion-like proteins. All these data 

provide a logical anticipation to test a laminin receptor inhibitor against APP. 

 

4. 37/67kDa LR and Cellular Signalling  

It has been proposed that the 37/67kDa LR occupies a central role in mediating 

the vital physiological cellular processes listed above largely as a result of its 

binding to laminin-1, and the subsequent induction of the MAPK signal 

transduction pathway. The 37/67kDa LR has been shown to regulate 

expression levels of MKP1 and PAC1, MAPK phosphatases 
[152]

, which 

dephosphorylate and deactivate ERK, p38 and JNK.  

Interestingly, it has recently been reported that the 37/67kDa LR-laminin-1 

interaction, via MAPK signal transduction cascades, increases the 

phosphorylation status of c-Myc and thereby induces the expression of the Fas 

ligand (FasL) 
[153]

. Moreover, the expression of the 37/67kDa LR may in turn 
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be regulated by the ERK and JNK MAPK signal transduction cascades, upon 

stimulation of these cascades by hypoxia. This is of particular relevance to 

cancer biology as hypoxia promotes tumour metastasis. 

 

4.1. MAPK in Alzheimer’s disease 

Mammalian MAPK subgroups are differentially activated during the course of 

the Alzheimer’s disease 
[154]

. According to reports by Zhu et al., 
[154]

, non 

demented patients lacking AD-associated pathology exhibit either ERK or JNK 

activation whilst the activation of both ERK and JNK was observed in patients 

displaying pathological features of AD but not yet demonstrating dementia. 

However, in patients suffering from mild to severe Alzheimer’s disease, all 

three pathways (ERK, JNK and p38) were activated 
[154]

. And augmented JNK 

signalling activity has been implicated in the phosphorylation of tau. In 

addition, this pathway has been implicated in Aβ- induced cytotoxicity as 

inhibition hereof significantly hindered apoptosis induced by Aβ 
[155, 156]

. The 

p38 MAPK pathway occupies a central role in AD pathogenesis and is 

implicated in neuroinflammation, cytotoxicity, reduced synaptic plasticity, tau 

hyperphosphorylation and apoptosis (through increased expression of Bax 

proteins) 
[157]

. 

ERK activation, although classically associated with cell survival, has been 

reported to be increased in neurons treated with Aβ peptides 
[158, 159 ]

 [Fig. 6]. 

ERK signalling has been shown to play a pro-apoptotic role, in a caspase-

independent manner, in the event where external stimulus is plasma membrane 

damage, which is a consequence of Aβ insertion into the plasma membrane 
[157]

. 

It must be stated that altered phosphatase activity cannot be excluded as a 

contributor to the MAPK signalling modulation (ERK, JNK and p38 levels and 

activities) observed in AD 
[154]

. 
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Figure 6: Steps leading to neurodegeneration in AD 
  

Several factors including environmental, brain injury, enhanced inflammation, and 

genetic deformation induce Aβ generation as well as microglial activation which lead 

to increased generation of IL-1β (cytokine) which in turn has been shown to enhance 

alpha-1-antichymotrypsin (ACT) expression. ACT has been shown to induce tau 

hyperphosphorylation through activation of GSK-3α β, or ERK or JNK. This may lead 

to AD and neurodegeneration. ACT already has been shown to enhance Aβ 

aggregation and accelerated plaque formation. 

 

 

4.2. GSK-3 in AD 

GSK3β (Glycogen synthase kinase-3) is a negative regulator of the growth 

factor-mediated PI3K-Akt survival pathway; indeed, active GSK3 can lead to 

a loss of survival pathway 
[160]

.  

It has been reported that GSK3β phosphorylates APP, resulting in increased 

mature APP production 
[161] 

and that GSK3β activation is a critical step in brain 

aging and the cascade of detrimental events in AD, preceding neuronal death 

pathways. 

GSK3 is intimately linked to the amyloid plaque pathology of AD through its 

interactions with both the APP and A. An aberrant production of A in AD 

brain could amplify its neurotoxic effects through activation of GSK3 [Fig. 

6]. In fact, the neurotoxic A peptide has been shown to activate GSK3 in 

hippocampal neurons and to cause cell death, an event that is blocked by 

introduction of antisense oligonucleotides to GSK3 
[162]

.  

Furthermore, A-induced activation of GSK3 leads to increased 

phosphorylation of tau 
[163, 164]

. 
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Aim of the study 

 
Previously proposed drugs against misfolding diseases range from small 

organic compounds to antibodies. Various therapeutic strategies have been 

proposed, including blocking the conversion of normal to misfolded protein, 

increasing clearance of amyloid aggregates, and/or stabilizing amyloid fibrils. 

While several compounds have been effective in vitro and animal models, none 

have been proven effective in clinical studies to date mostly because, for many 

of them, it has not been discovered or described both the mechanism of action 

and the eventual molecular target. Such lack of in vivo efficacy is attributable 

to high compound toxicity and the lack of permeability of the selected 

compounds across the blood-brain barrier. Our proposed small molecules 

(naphthol derivatives) have the advantages to be not cytotoxic and to be small 

enough to possibly cross the blood-brain barrier. Moreover, these compounds 

are known to act on a specific cellular target: the 37/67kDa LR.  

The overarching objective of our study is to shed light on the role of 37/67kDa 

LR in the trafficking, PTMs, and processing of APP in neuronal cells by 

assaying the effects of small molecules known to be its specific inhibitors. 

 

 

 

 

 

 

           

 My PhD research has been focused on:  

 

 The effects of a 37/67 laminin receptor (LR) inhibitor (NSC48478) 

on the post-translational modification and trafficking of amyloid 

precursor protein (APP) 
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Materials and methods 

Reagents and antibodies 

Cell culture reagents were purchased from Gibco Laboratories (Grand Island, 

NY). The SAF32 anti-PrP antibody was from Cayman Chemical (USA). The 

recombinant His-tagged 37LRP polypeptide (r37LRP) was made in bacteria 

and Nickel affinity purified, as previously described (Pesapane et.al, 2015). 

The polyclonal 4290 Ab was made against a C-terminal peptide derived from 

LR and was a kind gift from Dr. Mark E. Sobel (Bethesda, MD); the 

NSC48478 inhibitor has been already described (Pesapane et.al, 2015). 

Protein-A-Sepharose was from Pharmacia Diagnostics AB (Uppsala, Sweden). 

Transferrin Alexa-594- conjugated (Tfr), Alexa-488-, Alexa-546-conjugated 

secondary Abs and Lysotracker Red DND-99 were from Invitrogen (Molecular 

Probes). The anti- KDEL, anti-Giantin, antibodies were from StressGen 

Biotechnologies Corp (Victoria, BC, Canada). Anti-β-tubulin antibody was 

from Abcam. DAPI was purchased from Cell Signal Technology. Biotin-LC 

was from Pierce and all other reagents were from Sigma Chemical Co. (St 

Louis, MO). 

Cell culture and drug treatment 

GT1 (mouse hypothalamic neuronal cell line) and HeLa were grown in 

Dulbecco’s modified Eagle’s medium (DMEM), with 4500 mg/glucose/L, 110 

mg sodium pyruvate and L-glutamine (SIGMA D6429), supplemented with 

10% fetal bovine serum. For inhibitor NSC48478 treatment, the cells were 

washed in serum free medium, incubated for 30 min at room temperature in 

Areal medium (13.5 g/l of Dulbecco’s modified eagle’s medium with 

glutamine SIGMA-D-7777 without NaHCO3, 0.2% BSA and 20 mM HEPES, 

final pH 7.5) and for further indicated times at 37 °C under 5% CO2 in the 

presence of 20 μM inhibitor in DMEM supplemented with 1% serum. NH4Cl 

(20 mM in culture medium) was used for 24 h.  

shRNA interfering 

Short hairpin RNA sequence used 

"TGCTGTTGACAGTGAGCGAGCATTGCAGAAGTGAAGGATTTAGTG

AAGCCACAGATGTAAATCCTTCACTTCTGCAATGCCTGCCTACTGCC

TCGGA" against mouse 37/67kDa LR (m 2170)(from Open Biosystems 

library, Euroclone) was cloned in pSHAG-MAGIC vector. GT1 cells at 65% 

confluence were transfected in Optimem with shRNA by Lipofectamine LTX 

(Invitrogen see manufacturer’s protocol). Puromycin (Sigma Aldrich p8833) 

2μg/ml for 5 days was used to select cells with integrated plasmid. 
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Deglycosylation assays  

PNGaseF, Endo-H, and O-glycosidase/Neuraminidase digestions were 

performed as follows: for PNGaseF treatment, protein extracts were denatured 

at 100°C in denaturing buffer for 10 min (as indicated in manufacturer 

instruction, code 1365169, Sigma-Aldrich), then treated with the enzyme in 

Glyco buffer with NP40 for 1h at 37°C. For Endo-H digestion (code 1088726, 

Roche), samples were first denatured for 3 min at 100°C in 0.1M sodium 

citrate, 0.1% SDS, then incubated with the enzyme 16h at 37°C. For O-

glycosidase/Neuraminidase treatment, samples were denatured as reported in 

manufacturer instruction (code P0733S/P0720S New England BioLabs) and 

digested with the enzymes 1h at 37°C. All samples were analysed by SDS-

PAGE and western blotting.  

Indirect immunofluorescence and confocal microscopy 

GT1 cells were cultured to 50–70% confluence in growth medium for three 

days on coverslips, washed in PBS, fixed in 4% paraformaldehyde (PFA), 

permeabilized or not with 0.1% TX-100 for 30 min (where indicated) and 

processed for indirect immunofluorescence using specific antibodies 30 min in 

PBS/BSA 0.1%. The cells were incubated with rabbit anti-APP (A8718) 

antibody and markers of intracellular organelles, followed by incubation with 

fluorophore-conjugated secondary antibodies. For lysosomal staining, cells 

were incubated for 1 h with Lysotracker (1:10000) in complete medium before 

fixing. For Tfr-Alexa 594 staining, the cells were incubated 30 min in complete 

medium before proceeding with immunofluorescence. Nuclei were stained by 

using DAPI (1:1000) in PBS.  

Pearson’s Correlation Coefficient (PCC) was employed to quantify co-

localization (Bolte et.al.2006) between APP and KDEL (as well as other 

intracellular markers), and was determined in at least 25 cells from four 

different experiments. PCC was calculated in regions of APP and reference 

protein co-presence (Bolte et.al. 2006). In brief, the Otsu algorithm was applied 

to segment APP and KDEL (as well as other intracellular markers) images, in 

order to define co-localization regions of the reference proteins. The PCC was 

then calculated in the defined regions for the images of interest. 

Immunofluorescences were analyzed by the confocal microscope Zeiss META 

510 equipped with an oil immersion 63 × 1.4 NA Plan Apochromat objective, 

and a pinhole size of one airy unit. We collected twelve-bit confocal image 

stacks of 10–15 slices at 0.4 μm Z-step sizes from dual-labeled cells using the 

following settings: green channel for detecting Alexa-488, excitation 488 nm 

Argon laser, emission bandpass filter 505– 550 nm; red channel for detecting 

Alexa-546, excitation 543 nm Helium/Neon laser, emission bandpass filter 
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560– 700 nm (by using the meta monochromator); blue channel for detecting 

DAPI, excitation 405 nm blue diode laser, and emission bandpass 420–480 nm.  

Measurements of fluorescence intensity were taken on a minimum of three 

confocal stacks per condition, from a single experiment (∼50 cells), using 

LSM 510 Zeiss software. The background values raised by fluorescent 

secondary antibodies alone were subtracted from all samples.  

37LRP-His-tag protein and 37LRP conjugated agarose beads preparation 

To investigate the interaction of APP with 37/67kDa LR, a 37LRP-His-tag 

fusion protein was generated. To this end, wild-type 37LRP cDNA 
[165]

 was 

cloned into the pTrc-His B expression vector (Invitrogen, San Diego, CA, 

USA) and expressed in TOP-10 bacteria (Invitrogen) and the resulting plasmid 

was named pPLR2-1. According to the procedures specified by Invitrogen, 

TOP-10 bacteria were transformed with pPLR2-1 and pTrc-His B alone, as a 

control, and lysed in a denaturing lysis buffer (20 mM sodium phosphate, 500 

mM sodium chloride, pH 7.8) containing 6M guanidium.  Both bacterial 

lysates were bound to nickel-NTA agarose beads, through their His-tagged N-

terminus, in the same denaturing buffer containing 8M urea. Beads were 

washed several times at pH 6.0 and 5.3, to dissociate contaminating proteins 

and His tagged proteins were eluted at pH 4.0. His tagged recombinant 37LRP 

(r37LRP) purity was than 90% pure, as assessed by SDS-PAGE and 

Coomassie stain, as compared to pTrc-His B eluate.  

r37LRP conjugated beads and pTrc-His B-conjugated control beads, produced 

as described above, were washed in 50 mmol/l Tris (pH 7.5)-0.1% Triton X-

100, to remove urea, and resuspended in the same buffer for pull-down assays. 

Binding of soluble r37LRP to immobilized GT1 and HeLa cell 

lysates 

High binding plates with 96 flat-bottomed wells (Corning, Amsterdam, ND) 

were coated with GT1 and Hela cell lysates, or BSA as a negative control, and 

incubated at 4°C overnight. After a wash in PBS, residual binding sites were 

blocked for 1 h at 37°C with 200 μl of blocking buffer (2% FCS, 1 mg/ml 

BSA, in PBS). Wells were incubated with 2 μg of pTrc-His B control eluate 

(diluted in PBS, 1 mg/ml BSA), or 2 μg of r37LRP (diluted in PBS, 1 mg/ml 

BSA), which both contained a 6 × His-tag, for 1 h at 37°C. Each well was 

washed three times with wash buffer (0.5% Tween in PBS). Penta-His HRP 

conjugate (1:500) (Qiagen) was added for 2 h at room temperature. After 

washing, substrate solution was added and absorbance was detected at 490 nm 

on an ELISA plate reader (Bio-Rad). Binding affinity was determined by 

subtracting background absorbance (BSA wells).  
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For inhibition experiments, wells pre-coated with GT1 cell lysates were 

incubated with 2 μg of pTrc-His B, as control, and 2 μg of r37LRP, alone and 

in the presence of APP antibody (1:1000), or NSC48478 compound (20 μM). 

 

Pull-Down Assay 

Neuronal GT1 cell line was harvested into 500 μl of magnesium lysis buffer 

(MLB, 125mM HEPES, pH 7.5, 750mM NaCl, 5% Igepal CA-630, 50mM 

MgCl2, 5mM EDTA and 10% glycerol), containing protease and phosphatase 

inhibitors. Total cell lysates were pre-cleared with 50 μl of nickel-NTA agarose 

beads (Invitrogen) overnight at 4°C.After precleaning, cell lysates were 

incubated in the presence of 50 μl of agarose-bound r37LRP (approximately 2 

μg) or in the presence of 50 μl of agarose-bound His pTrc-His B, as a control, 

for 2h at 4°C. Beads were washed five times with MLB, and then resuspended 

in Laemmli buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% 

bromphenol blue and 0.125 M Tris HCl) followed by boiling for 5 minutes and 

centrifugation at 25,000g for 3 min. Supernatants were analysed by SDS-

PAGE and blotted with anti-APP antibody. Separately, 50 μg of total cell 

lysate were immunoblotted for APP. 

Biotinylation assay 

GT1 cells grown on dishes were cooled on ice and biotinylated with NHS-LC-

Biotin at 4°C (as previously indicated Pepe A 2017, Caputo A BJ 2010). Cells 

were lysed for 20 min using buffer 1 (25 mM Tris-HCl pH 7.5), 150 mM NaCl, 

5 mM EDTA, 1% TX-100). Biotinylated cell surface proteins were 

immunoprecipitated with streptavidin beads (40 μl/sample, Pierce n. 20349). 

APP was specifically immunorevealed with the A8717 antibody. In the case of 

NSC48478 treatment, the cells were first incubated with the inhibitor (or not, 

control) for 24 h, then biotinylated on ice, following the protocol described 

above.  

Statistical analysis: Statistical significance of samples against untreated cells 

was determined by One-way analysis of Variance (ANOVA), followed by the 

Dunnett’s test. Each value represents the mean ± SEM of at least three 

independent experiments performed in triplicate (*P < 0.05).  
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Results 

 

1. Inhibitor of 37/67kDa LR, NSC48478, affects maturation of APP in 

neuronal cells 

Newly synthesized APP can undergo a series of posttranslational modifications 

during its transit from the ER to the Golgi apparatus, N- and O-linked 

glycosylation, phosphorylation, sulfation
[69, 166]

 and acetylation 
[167]

 

To evaluate the possible effects of NSC48478 on APP posttranslational 

modifications, as well as on APP levels, we employed neuronal GT1 cells that 

we had previously used to analyze 37/67kDa LR trafficking 
[151]

. As previously 

observed, APP migrated on SDS-PAGE gel as a typical glycosylated protein, 

showing different bands ranging from ~110 to ~135 kDa 
[168]

. 

Starting from the finding that for affecting the binding between 37/67kDa LR 

and laminin-1 the calculated IC50 value was 19,35M
[148]

, we found that, 

NSC48478 exerted a strong effect on the maturation of APP at 20 μM 

concentration, with accumulation of the immature APP [Fig.1A], which has a 

faster electrophoretic mobility respect to mature (mAPP) 
[169]

.  

 

We found that APP was not affected by incubation with this enzyme both in 

the cell extracts from control (untreated cells, -) and treated with NSC48478 

[Figure 1B, Endo-H, lanes +].  

To further characterize APP glycosylation, we used PNGaseF, an enzyme 

which hydrolyzes nearly all types of N-linked sugar chains from glycoproteins, 

unless there is a 1-3) Fucose on the core GlcNAc of the protein 
[170]

.  

We found that APP was again largely unaffected both in untreated cells 

(without NSC48478) and in drug-treated cells [Figure 1B, PNGaseF], 

suggesting two possibilities: 1) the endogenous APP is mainly O-glycosylated 

in GT1 cells, or 2) PNGaseF is not able to cleave because an 1-3) Fucose is 

on the core GlcNAc 
[170]

.  

It has been reported that APP is a substrate for O-glycosylation modifications 
[171]

.  

We thus performed a digestion assay by using O-glycosidase which 

removes O-linked galactose-N-acetylgalactosamine disaccharides after 

cleavage of the terminal sialic acids by Neuraminidase 
[172]

. A clear shift in the 

electrophoretic mobility of APP was found after incubation with 

Neuraminidase, especially when coincubated with O-glycosidase [Fig. 1B, 

lanes 3 and 4]. Under NSC48478 (bands indicated with #, lane 5), in contrast, 

immature APP accumulated and seemed to be not affected by digestion with 

these two enzymes [Fig. 1B, lanes 6 and 7 compared to 5]. Conceivably, the 

APP immature band (asterisk) is the unglycosylated form, while the 

intermediate bands (indicated with #) are not O-glycosylated APP isoforms.  
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To check whether the mature APP (m) and the intermediate bands (#) derived 

from N-glycosylation events and APP was resistant to PNGaseF digestion, we 

employed tunicamycin [Fig. S1], a drug known to prevent N-glycosylation 

events. Treatment of GT1 cells with tunicamycin for 16 h [Fig. S1], in 

agreement with previous observations 
[173]

, revealed that the mature APP 

results from N-glycosylation [and O-glycosylation, as shown in Fig. 1B] 

modifications and that after NSC48478 treatment [Fig. S1] the resulting 

immature APP isoforms (* and #) were not N-glycosylated. PrP, a typically N-

glycosylated protein, was carried as control of the procedure.  

Our finding that APP was affected by tunicamycin treatment but not by 

PNGaseF, suggests that APP can be differently glycosylated in GT1 cells 

respect to other cell lines (such as SHSY5Y cells) where APP sugar 

modifications can be digested by PNGaseF (not shown). Further analyses will 

be necessary to validate this assumption. 

We hypothesized that the band of immature APP is the unglycosylated form (*) 

and the upper bands (#) could be constituted by other post-translational 

modifications, presumably acetylation or phosphorylation which occur in the 

ER 
[174, 167]

.  
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Figure 1: NSC48478 inhibitor affects maturation of APP in neuronal cells 

 

(A) GT1 cells grown in DMEM supplemented with 10% fetal bovine serum were 

scraped in lysis buffer and 40 μg of total proteins were subjected to SDS-

PAGE. APP was revealed by Western blotting on PVDF and hybridization 

with the A8717 antibody. NSC48478 was used at different indicated 

concentrations for 24 h. Protein levels of APP were calculated by 

densitometric analysis with Image J software and expressed as a percentage. 

The plot shows the percentage of APP after indicated concentration of 

NSC48478 treatment, using as 100% the expression value in control 
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conditions (NSC48478 -). Data are expressed as the means ± SEM of three 

independent experiments (*P < 0.05).  

 

(B) GT1 cells were either untreated or digested for 16 h with PGNaseF, EndoH, 

Neuraminidase and/or O-glycosidase. After lysis in buffer 1, cell extracts 

were incubated with the specific buffers (see materials and methods for 

details) and APP was revealed by SDS-PAGE and Western blotting. Asterisk 

(*) points to the immature unglycosylated APP; # indicates intermediate, 

not O-glycosylated APP isoform; “m” points to mature glycosylated APP. 

 

 

Since this phenomenon has not been observed for other glycosylated proteins, 

such as the prion protein PrP and the placental alkaline phosphatase PLAP, 

[Fig. S1], we can assume that the effect of the drug is specific for APP.  

Different glycosidases, followed by western blot analysis with anti-APP 

antibody, were employed to test if the accumulation of immature APP, by 

NSC48478 treatment, corresponded to immaturely glycosylated APP. 

Immature glycoproteins that traffic through the early secretory pathway 

between the ER and the first cisternae of the Golgi complex can be digested by 

Endoglycosidase-H (Endo-H), which cleaves N-linked mannose-rich 

oligosaccharides. In the late Golgi cisternae, highly processed complex 

oligosaccharides are added to glycoproteins and cannot be digested by Endo-H. 
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Figure S1: Inhibition of N-glycosylation by tunicamycin and specific effects of 

NSC48478 on APP maturation 

GT1 cells, treated or not with NSC48478 for 24h and/or tunicamycin for 16h at 37°C, 

were processed for western blotting analysis to reveal indicated proteins (APP, PrP, 

PLAP) in the total (35 μg) cell extract. Anti-tubulin antibody was used to reveal the 

amount of tubulin in the lysates, as loading control. 

 

The finding by Jonas M.C. et. al.,
 [167]

 reporting that APP is a substrate of the 

ER-based acetylation machinery, prompted us to verify this possibility. APP 

was immunoprecipitated from total cell lysates of GT1 cells treated (+) or not 

(-) with NSC48478, and the presence of acetylated isoforms were tested by an 

antibody against acetylated lysine. We found that only the immature forms of 

APP were acetylated [Fig. 2, arrowheads] and the upper bands, the mature 

mAPP, were not acetylated. The possibility that the upper APP bands (#) 

derived from APP sulfation was ruled out since reaction protein sulfation 

occurs in the late Golgi compartments from which APP is excluded under 

NSC48478 treatment (see figure IF with Giantin). 
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Figure 2: The immature APP isoforms accumulating under NSC48478 are 

acetylated 

 Total cell lysates were immunoprecipitated with an anti-APP antibody and then 

analysed for both APP (upper panel) and anti-acetylated lysine (lower panel) 

antibodies. Only the immature APP isoforms are acetylated (arrowheads). Beads alone 

indicate the negative control of the IP.  

Asterisks * (around 100 kDa) point to aspecific band deriving from anti-acetylated 

lysine antibody hybridization.  

 

Moreover, to further analyze APP post-translational modifications, as shown in 

[Fig. 3], we decided to digest immunoprecipitated APP by alkaline 

phosphatase enzyme to cleave phosphate groups from protein. The treatment 

produced a shift on SDS-PAGE gel APP migration (compare IP lane –, black 

arrow with lane +, white arrowheads) indicating the presence of 

phosphorylated APP in GT1 cells. Interestingly, after NSC48478 incubation of 

GT1 cells, we found that [Fig. 3, right panel] alkaline phosphatase digestion 

did not affect APP migration, concluding that APP was not phosphorylated 

under inhibitor exposure. 

These results, altogether indicate that NSC48478 prevents both N- and O-

glycosylation of APP, as well as phosphorylation, presumably affecting its 

intracellular localization. 
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Figure 3: NSC48478 affects APP phosphorylation 

Immunoprecipitated APP from untreated (left panel) or NSC48478 treated GT1 cells 

(right), was digested with alkaline phosphatase for 1h at 37°C and run on SDS-PAGE 

followed by western blotting analysis and hybridization of PVDF membranes with the 

anti-APP antibody. Black arrow indicates phosphorylated APP; white arrowheads 

point to non-phosphorylated APP. Phospho-ribosomal protein RPS6 was carried as 

control of the procedure. Note to the disappearance of phosphor-RPS6 from the gel 

after alkaline phosphatase treatment (+). L: cell lysate; IP: immunoprecipitate; SN: 

supernatant. 

 

2. APP is partially retained both in the ER and TfR-positive recycling 

endosomes under NSC48478 inhibitor incubation 

In order to analyze the effects of NSC48478 on the intracellular localization of 

APP, we employed confocal fluorescence microscopy. Respect to control 

conditions (without drug), where APP was mainly localized to Golgi complex 

and lysosomes [Fig. 4], the treatment with NSC48478 revealed a deep change 

in the intracellular localization of APP, which was distributed in puncta 

scattered in the cytoplasm and in a pattern that resembled the typical ER 

structures [Fig. 5A]. However, biotinylation-based assays indicated that the 

presence of APP on the cell surface was not prevented by NSC48478 [Fig. 

5B]. The colocalization analysis of APP with the ER-resident KDEL was 

measured by Pearson’s Correlation Coefficient (PCC), which produced a value 

of 0.68, [Fig. 5A, panel NSC48478+], reflecting the good degree of co-

localization between the two proteins and confirming the partial ER 

localization of APP.  
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Figure 4: APP is localized in the Golgi apparatus and in the endolysosomal 

compartment 

GT1 cells were grown on coverslips, fixed in PFA 4% and permeabilized in 

0.1% TX-100 for 30 min, then they were stained with A8717 rabbit Ab (1:500) 

and Giantin (1:50) to label APP and Golgi, respectively. Lysotracker, was used 

1 h in cell culture medium before fixation to label endolysosmes. Images are 

representative of at least 100 cells analysed. Scale bars, 10 μm.  
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Figure 5: NSC48478 inhibitor induces partial ER retention of APP but 

does not affect APP cell surface distribution 

(A) GT1 cells grown on coverslips, either untreated or treated with 

NSC48478 for 24 h, were subjected to immunofluorescence analysis by 

using anti-KDEL and anti-APP antibodies. Co-localization between 

APP and KDEL was then measured as indicated in the methods section. 

Scale bars, 10 μm.  

 

(B) Cell surface proteins were biotinylated at 4°C in control (without 

inhibitor) or after treatment with NSC48478 and were recovered from 

cell lysates by immunoprecipitation with streptavidin-beads. Total (40 

μg of total cell lysates) and cell surface proteins (IP from streptavidin 

beads), were loaded on the gel and processed for SDS-PAGE and ECL. 

APP was immunodetected by blotting with A8717 Ab. L: cell lysate; 

IP: immunoprecipitated biotinylated proteins by streptavidin beads; SN: 

supernatant. 
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The PCC close to zero produced by co-localization analysis of APP puncta 

scattered in the cytoplasm and KDEL (PCC close to zero) suggested that these 

structures are not part of the ER structure. Next, by using different markers of 

intracellular organelles, after NSC48478 incubation of GT1 cells, we found a 

significant co-localization of APP with the marker of the endosomal recycling 

compartment Transferrin (Tfr) [Fig. 6, PCC 0.89], with a concomitant loss of 

APP localization in the Golgi [Fig. 6, compare control versus NSC48478, 

APP/Giantin]. 

 

These results strongly suggest that NSC48478 triggers the entry of APP in the 

ER-associated structures that favor the sorting of APP in the endosomal 

recycling-dependent pathway against the physiological ER to the Golgi 

secretory pathway, thus affecting regular APP maturation.  
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Figure 6: Localization of APP in the Golgi apparatus was lost, under 

NSC48478, in favor of Tfr-enriched endosomal compartment 

redistribution 
 

GT1 cells grown on coverslips, either untreated or treated with NSC48478 for 

24 h, were subjected to immunofluorescence analysis by using anti-Giantin and 

anti-APP antibodies. TfrAlexa-594 in the cell culture media was used to label 

recycling endosomes. Colocalization between APP and the different markers 

was then measured as indicated in the methods section. Scale bars, 10 μm.  
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3. Correct APP maturation and intracellular localization are rescued 

by regulation of endolysosomal activity 

 

Previous findings reporting the involvement of a pH-sensitive compartment for 

APP sorting to the plasma membrane 
[102]

, prompted us to check the 

consequences of inhibition of vesicular acidification by NH4Cl when 

NSC48478 was administrated to GT1 cells. 

In agreement with previous findings reporting APP transport from the Golgi to 

lysosomes for processing and degradation 
[175]

, we found that treatment with 

NH4Cl increased APP level respect to basal conditions [Fig. 7]. Interestingly, 

maturation of APP was completely rescued by NH4Cl without perturbing total 

APP and tubulin levels, under NSC48478 treatment [Fig. 7, bottom panel]. 

These results indicate that the drug is perturbing the acidic-dependent 

compartments. 

             
 
 Figure 7: NH4Cl-induced acidification rescues drug effects on APP maturation 
 

GT1 cells grown on dishes were treated or not with the inhibitor NSC48478 in the 

presence or absence of NH4Cl (method section). The cells were scraped in lysis buffer 

1 and 40 μg of total proteins were subjected to SDS-PAGE. APP and tubulin (as a 

loading control) were revealed by Western blotting on PVDF and hybridization with 

A8717 and anti-tubulin Ab, respectively. Protein levels of APP were calculated by 

densitometric analysis with Image J software and expressed as a ratio, which was 

determined by imposing as 100% (ratio 1) the signal of APP in the untreated cells 

(lane 1, NSC48478-, NH4Cl-). Mean ± SEM of three experiments were considered 

(P < 0.05). All data were statistically significant. 
 

These data were strengthened by results from fluorescence microscopy [Fig. 

8 and 9]. Here we show that after NSC48478 incubation, the partial ER 
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localization of APP [Fig. 8, compare upper and bottom panels] was 

completely rescued by using NH4Cl. 

Similarly, the same experiment performed by analyzing the fluorescence signal 

deriving from APP and lysotracker (a marker of endolysosomes), revealed that 

NH4Cl rescued the endolysosomal localization of APP which was lost under 

NSC48478 treatment [Fig. 9]. 

 

  
 

Figure 8: NH4Cl-induced acidification rescues drug effects on APP subcellular 

localization 

GT1 cells grown on coverslips, were treated or not with the inhibitor NSC48478 in the 

presence or absence of NH4Cl. GT1 cells were subjected to immunofluorescence 

analysis by using anti-KDEL and anti-APP antibodies. Co-localization between APP 

and KDEL was then measured as indicated in the methods section. Scale bars, 10 μm.  
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Figure 9: NH4Cl-induced acidification rescues drug effects on APP subcellular 

localization 

 The cells were treated as above (Figure 8), with the exception that here lysotracker 

was added in vivo before fixation and immunofluorescence analysis. Scale bars, 10 

μm. 

 

4. NSC48478 affects the interaction between APP and 37/67kDa LR  

In recent years, it has been demonstrated that direct or indirect interaction 

between 37/67kDa LR and APP was possible 
[115, 116, 137, 149] 

. Thus we analyzed 

the structural interaction between these proteins in neuronal GT1 cells both in 

vitro and ex vivo.  

To assess whether APP directly interacts with 37/67kDa LR, the binding of 

human recombinant soluble 37LRP (r37LRP) to APP was evaluated in vitro by 

ELISA assays on cell lysates from neuronal GT1 cells. Purified His-tagged 

r37LRP and pTrc-His B, as a control, were incubated on wells pre-coated with 
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cell lysates and binding was detected by anti-His HRP. As a control for the 

specificity of binding, r37LRP binding to BSA-coated wells was also evaluated 

in parallel and the absorbance readings subtracted. As shown in [Fig. 10A], 

r37LRP binding to cell lysate-coated wells was significant.  

These initial data provide the first evidence that APP could interact with 

37/67kDa LR.  

The ability of NSC48478 to inhibit the binding of r37LRP to APP was first 

evaluated by ELISA assays [Fig. 10B]. Purified His-tagged r37LRP and pTrc-

His B were incubated on wells pre-coated with GT1 cell lysate and binding 

was detected by anti-His HRP. r37LRP binding to BSA-coated wells was 

evaluated in parallel, as control, and the absorbance readings subtracted. 

r37LRP binding to the cell lysate was significantly higher than pTrc-His B and 

specifically inhibited by both anti-APP antibody, as the control for binding 

specificity, and by NSC48478.  

A pull-down assay with r37LRP coupled to nickel-NTA agarose on GT1 cell 

lysates was performed to confirm the data obtained from ELISA, in both 

control condition and after addition of 20 μM NSC48478. As shown in [Fig. 

10C], no APP was detectable using pTrc-His B bound agarose whereas 

r37LRP specifically and directly interacted with APP and this interaction could 

be strongly inhibited by NSC48478. Thus, NSC48478 is a specific inhibitor of 

37/67kDa LR binding to APP. 

 

     

 

Figure 10: NSC48478 inhibitor affects the interaction between APP and 

37/67kDa LR in neuronal cells 

(A) Purified human His-tagged recombinant 37LRP (r37LRP) and control 
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pTrc-His B were placed for 1 hour at 37 °C on wells coated with 2 μg of GT1 

cell lysates. Bound r37LRP was revealed by anti-His-HRP and OPD staining; 

the absorbance at 490 nm was measured. r37LRP binding to BSA-coated 

wells was subtracted to obtain a specific binding. Results are expressed as a 

percent increase of absorbance value over pTrc-His control. Values represent 

the mean ± SEM of three experiments carried out in triplicate; (*P < 0.05).  

(B) Purified human His-tagged recombinant 37LRP (r37LRP) and control 

pTrc-His B were placed for 1 hour at 37 °C on wells coated with 2 μg of GT1 

cell lysates in the presence of anti-APP antibody, or NSC48478, or DMSO as 

vehicle control. Bound r37LRP was revealed by anti-His-HRP and OPD 

staining; the absorbance at 490 nm was measured. r37LRP binding to BSA-

coated wells was subtracted to obtain a specific binding. Values represent the 

mean ± SEM of three experiments carried out in triplicate; (*P < 0.05).  

 

(C) Lysates from GT1 cells were incubated with agarose-bound recombinant His-

tagged 37LRP (His-tag 37LRP) or with agarose bound His-tag (His-tag), as a 

negative control. His-tag 37LRP conjugated beads were washed, resuspended 

in Laemmli sample buffer, boiled and supernatants were analyzed by 15% 

SDS-PAGE and blotting with the anti-APP antibody. Separately, 50 μg of 

total GT1 lysate were immunoblotted with the anti-APP antibody. 

 

 

 

5. Effects of NSC48478 inhibitor are dependent on 37/67kDa LR 

expression 

To analyse the role of the 37/67kDa LR in the regulation of APP intracellular 

localization and maturation, the receptor was downregulated by short hairpin 

RNAs (shRNAs) (material and methods) [Figure 11A]. Downregulation of 

37/67kDa LR (by shRNA 37/67kDa LR 2170), compared to the shRNA 

scrambled (shRNA GFP), impeded the effects of inhibitor on APP subcellular 

localization. The co-localization between APP and KDEL in shRNA GFP cells 

treated with NSC48478 [Figure 11B panels a,b, PCC 0.65] was lost in cells 

interfered for receptor (shRNA 37/67kDa LR) [Figure 11B, panels c,d, PCC 

close to zero]. 

These results indicate that the presence of the receptor in GT1 cells mediates 

the effects of inhibitor on APP. 
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Figure 11: Downregulation of 37/67kDa LR by short hairpin RNA hampers the 

effects exerted by the inhibitor  
 

(A) 37/67kDa LR was silenced using a specific shRNA (mouse shRNA 

2170) for 48h. In comparison to shRNA 37/67kDa LR (mouse shRNA 

2170), 35 mg of total cell lysate from control cells (nontargeting RNA, 

shRNA GFP, scrambled) were loaded for reference. Membranes were 

probed with an anti-37/67kDa LR antibody to reveal the receptor. The 

same membranes were probed with an anti-tubulin antibody followed by 

ECL. The amount of silenced receptor was quantified from three 

independent experiments (*P < 0.05).  

 

  (B) Immunofluorescence analysis of scrambled or receptor silenced cells 

was conducted to analyze the effects of NSC48478 on APP localization. The 

cells were processed as in Figure 4. Colocalization analysis has been 

described in the methods section. Scale bars, 10 μm. 
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6. Inhibitor treatment inactivates the MAPK-ERK1/2 axis and 

activates Akt negatively regulating GSK3β pathway in neuronal 

cells 

A link between APP and activation of Aβ-dependent Ras-MAPK signalling 

pathway has been previously reported. Ras-MAPK activation can induce APP 

hyperphosphorylation. Indeed, APP phosphorylation is high in Alzheimer’s 

disease brains 
[176]

.  

According to previous reports
[177]

, we found that, under control steady-state 

conditions, GT1 cells show activation of ERK1/2, indicative of activation of 

Ras-MAPK signalling axis [Fig.12A]. The administration of NSC48478 

inhibitor induced a clear inactivation of the ERK1/2 signalling axis [Fig. 12A], 

without affecting total ERK1/2 levels. 

In the same conditions, the analysis of Akt activation by western blot under 

NSC48478 treatment, revealed that pAkt was increased respect to control 

conditions [Fig.12B], indicating that the inhibitor is acting through two parallel 

signalling pathways. 

The enhancement of APP phosphorylation at Thr668 detected in AD brains, 

where dysregulation of multiple kinases and phosphatases including, GSK3, 

PKC, DYRK1A, PP1, PP2A has been reported 
[178]

, prompted us to test the 

effect of NSC48478 on GSK3β activation, which is known to be controlled by 

Akt pathway 
[160]

. Thus, to analyse GSK3β phosphorylation in total cell lysates, 

treated or not with the inhibitor, we employed an anti-GSK3β antibody, which 

specifically recognizes the GSK3β isoform phosphorylated in Serine 9 

(phosphor-GSK3β-Ser9 antibody). The presence of this isoform is indicative of 

inactivation of the GSK3 pathway 
[160]

. Results from western blotting analysis 

revealed that under NSC48478, pGSK3β was increased by about 10% respect 

to control conditions and this effect was amplified by using LiCl, known to 

inhibit the GSK pathway 
[179,  180]

. These data suggest that the inhibitor is acting 

in an additive manner with LiCl on the GSK3β. 
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Figure 12: NSC48478 induces inactivation of ERK signaling and activation of 

Akt with consequent inactivation of GSK3β 

 

 Total cell lysates (40 μg) were loaded on gels and expression levels of ERK,Akt, and 

GSK3b were analyzed by SDS-PAGE followed by western blotting and hybridization 

of PVDF membranes by respective antibodies. The same membranes were probed 

with anti-GAPDH and anti-Tubulin antibodies as loading controls. 
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Discussion 

Recent evidence indicates that prion-like mechanisms underlie the pathological 

spreading of misfolded proteins observed in various neurodegenerative 

diseases, such as Alzheimer’s. Misfolded forms of these disease-associated 

proteins can be transmitted to recipient healthy cells, where they act as ‘seeds’ 

to recruit endogenous proteins into aggregates 
[1]

. In prion diseases, the vectors 

are believed to be "prions" which refers to transmissible, pathogenic agents that 

induce abnormal folding of normal cellular prion protein (PrP
C
) into the so-

called scrapie-PrP
Sc

. We contend that the conversion of PrP
C
 to the pathogenic 

PrP
Sc

 is strongly influenced by the normal trafficking/processing of prion 

protein in the cells. In Alzheimer’s disease, aggregates of amyloid-beta and 

hyperphosphorylated tau are transmitted in a prion-like manner and the 

spreading of these aggregates, which appears to occur along connected neurons 

throughout the brain, is linked to neurodegeneration 
[39, 48].

  

The finding that the 37/67kDa LR may play a key role in Alzheimer’s disease 
[136, 139]

 and that it could act as a receptor mediating A cytotoxicity 
[138, 150]

, 

prompted us to verify the effects of a specific 37/67kDa LR inhibitor on the 

expression levels and posttranslational APP modifications, which are known to 

have a critical role in A generation 
[136, 149]

. In addition, the correct 

localization and trafficking of proteins are fundamental for their correct 

function 
[181]

. 

Firstly, after verifying the canonical APP localization in the Golgi, as well as 

endolysosomal and plasma membrane distribution in neuronal GT1 cells, we 

tested the effects of NSC48478 on APP levels, posttranslational modifications, 

and intracellular localization. Interestingly, we found that N- and O-

glycosylations of APP as well as phosphorylation, were both inhibited by the 

NSC48478 compound and that these effects were due to a different 

intracellular localization of APP in GT1 drug-treated cells. We found that APP 

was partially retained into the ER, co-localizing with the ER marker KDEL, 

and into the transferrin-positive recycling compartment, suggesting that the 

drug was affecting the physiological subcellular trafficking of APP. 

Moreover, the drug seemed to specifically affect APP and not other 

glycoproteins, such as PrP or PLAP. Concurrently, the inhibitor was inactive in 

another neuronal cell type, such as the human neuroblastoma SHSY5Y cells 

(data not shown). Although we can speculate that the drug effects are cell type-

specific, this evidence deserves further investigation.  

In GT1 cells, NSC48478 prevented APP from being transported from the ER to 

the Golgi complex. Indeed, under drug treatment, APP does not co-localize 

with Giantin, a typical Golgi marker, but partially localizes with both the ER 

and the recycling compartment [Fig.6]. Interestingly, the recycling 

compartment has been already described to have a critical role in the regulation 

of peptides metabolism and protein function 
[182]

. Altogether these results 

strongly indicate that the receptor inhibitor can control APP maturation through 

regulation of its intracellular trafficking and subsequent localization. 
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Since by ELISA and pull-down assays we found that APP interacts with 

37/67kDa LR and that their interaction was significantly reduced by the 

inhibitor, we decided to check whether NSC48478 action was mediated by 

37/67kDa LR. Interestingly, we found that the inhibitory effects were 

hampered by the 37/67kDa LR knockdown and that its effects were exerted 

through a pH-dependent compartment 
[102]

. 

In addition, studies from 
[183]

, report that APP shows a pH-dependent 

conformational switch in its E1 domain which can influence its trafficking and 

processing. Specifically, at neutral pH 7.4 (representing the cell surface) APP 

may adopt a more open overall conformation than at low pH 5.7 (representing 

endosomal pH) 
[102]. 

 

From this evidence and our data herein shown, we can envisage the 

following scenarios: 1) APP and 37/67kDa LR are able to interact, 2) their 

interaction is affected by the inhibitor NSC48478 (see ELISA and pull-down 

assays) which diverts the “regular” APP secretory pathway (ER to Golgi to 

endolysosomes and plasma membrane) towards a “non-canonical” pathway 

(ER to recycling to plasma membrane), 3) inhibition of vesicular acidification 

by NH4Cl prevents the receptor inhibitor from acting on APP localization and 

maturation. This latter finding suggests that NSC48478 acts by a mechanism 

that, according to the previous report 
[102]

, involves a pH-sensitive compartment 

through which APP traffics and where, based upon specific pH value, APP 

becomes more or less able to interact with other molecular partners because of 

its specific conformation. The ability of NSC48478 to divert the normal traffic 

of APP towards an alternative pathway (ER to endosomal recycling 

compartment to the cell surface) can be critical for APP processing and reveal 

NSC48478 a useful drug to be tested in disease conditions for switching APP 

processing (possibly from amyloidogenic to non-amyloidogenic) and/or against 

A production. 

Indeed, an aberrant subcellular localization of mutant Swedish APP (APPSwe) 

respect to APP wt processing has been reported, and that pathological APPSwe 

is more prone to generate A via a major activation of the cleaving enzymes 

involved in the amyloidogenic pathway 
[184]

. Thus, 37/67kDa LR inhibitors 

represent useful small molecules to be tested in diseased cells by checking their 

ability to control and rescue the physiological localization/trafficking of APP 

and to possibly prevent the amyloidogenic pathway and/or switch it towards 

the non-amyloidogenic one. 

To analyze the molecular signaling connected to drug treatment, and starting 

from previous observation of ERK1/2 pathway activation in AD patients with 

mild to severe pathology 
[154]

, together with previous reports showing 

37/67kDa LR-dependent regulation of MAPK phosphatases activity, which 

control ERK signaling 
[153, 157]

, we analyzed pERK levels in inhibitor-treated 

GT1 cells compared to untreated control cells. Inactivation of the ERK1/2 

pathway in NSC48478 treated-cells was accompanied by increased Akt 

phosphorylation and consequent pGSK-Ser9 production [Fig.12]. Since the 

presence in the cells of this latter isoform of GSK is indicative of Akt-GSK 
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pathway inactivation 
[160,162]

, from our results showing decrement of APP 

phosphorylation in drug-treated cells, we can conclude that NSC48478 

inhibitor can negatively regulate GSK signaling with reduction of 

phosphorylated APP isoform. 

Our preliminary results (not shown) obtained in fibroblasts from an AD patient 

(specifically a genetic form of AD with PSEN2 mutation) show that 

endogenous APP is distributed in recycling endosomes rather than in the Golgi 

apparatus, which represents the main organelle where APP is physiologically 

localized in control cells and fibroblasts from healthy patients. 

Interestingly, NSC48478 inhibitor did not exhibit any effect on APP 

maturation or localization in diseased fibroblasts, whilst one of its 

analog, NSC47924 (which we found active in the case of PrP
C
-37/67kDa 

LR interaction in GT1 cells 
[151]

, was able to rescue the normal APP 

localization in the Golgi apparatus, compared to untreated fibroblasts. 

These data suggest that NSC47924 is a useful tool to be tested for A 

generation in diseased cells.  
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Conclusions and future perspective 

The current applications for the proposed small molecule inhibitors of 

37/67kDa LR are based either on the unique properties of the molecules or on 

their specific inhibitor element able to bind the peptide G domain of the 

receptor. However, the enormous potential use of these naphtol derived drugs 

in modifying the trafficking and processing of cellular proteins involved in 

neurodegenerative diseases, has not been generally recognized. Hence, our 

study suggests challenging these compounds with the trafficking/clearance of 

amyloid intra/extracellular protein aggregates and eventually with the 

misfolding mechanism.  

Once established the potential use of the proposed drugs in a cell culture model 

of neurodegenerative diseases, we can test, in a long-term project, their activity 

in induced pluripotent stem cells (IPSCs), reprogrammed from human skin 

cells to become brain cells. It will be important to investigate APP and tau 

PTMs, as well as their processing in drug-treated versus untreated cells to 

highlight the role of 37/67kDa LR as a specific target to treat diseases and 

possibly use these drugs to regulate/control the protein trafficking and the 

consequent core cellular events.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



63 
 

 

 

 

 

 

   

                  ACKNOWLAGEMENT 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



64 
 

Acknowledgments 

Financial Aid: The University of Naples Federico II International 

Postgraduate Merit Scholarship (2017). 

Prof. Lucio Nitsch (University of Naples Federico II) foreseeing prospective 

in me and allowing me the opportunity to work in a completely new research 

field. Thank you for helping me when I needed the most and keeping the faith 

on me. 

Prof. Daniela Sarnataro (University of Naples Federico II) taking me in 

under her wings as an undergraduate and moulding me into an efficient thinker 

and a scientist I am today. Thank you for trusting me and affording me the 

opportunity to learn from you and to gifting me a lab as an interesting, creative 

world. Thank you for listening to me, helping me solving the ‘real-life 

problems’, giving your time to provide intense supervision and for being my 

supporter. 

Prof. Simona Paladino (University of Naples Federico II) for assisting time 

to time and sharing her knowledge. Thank you for your patience, for offering 

help and sharing many funny moments inside and outside of the laboratory. 

My Family for their endless love, support and for tolerating my nonstop 

scientific jargon, imagination about the cure of Alzheimer’s disease. 

Maria Charalambous for her honest friendship, for sharing knowledge, for 

her unwavering support and hearing my constant nagging throughout the years. 

Adriana Limone for offering friendship and being a true acquaintance. Thank 

you for your support and yes, the favourite coffee time! 

My colleagues (past and present) of the Research Laboratory for their 

friendship, for their constant support and for helping me grow both 

scientifically and personally. Special credit to Lucrezia and Valeria! 

My Gatto family in Naples for their constant support and love in the hardest 

time. Thank you for supporting me beyond the limit. 

People from Naples for accepting me and making me feel Naples my home. 

Thank you for the love and kindness. 

 

             “Science is the poetry of reality”-Richard Dawkins 

 

 



65 
 

 

 

 

 

                                                                            

LIST OF CONGRESS ATTAINED    

           AND PUBLICATION  

 

 

 

 

 

 

 

 



66 
 

Research Output: Original article  

“APP Maturation and Intracellular Localization Are Controlled by a 

Specific Inhibitor of 37/67 kDa Laminin-1 Receptor in Neuronal Cells” 

Authors: Antaripa Bhattacharya*, Adriana Limone, Filomena Napolitano, 

Carmen Cerchia, Silvia Parisi, Giuseppina Minopoli, Nunzia Montuori, 

Antonio Lavecchia , Daniela Sarnataro 

(Published: Int. J. Mol. Sci. 2020) 

Peer-reviewed article 

“Alzheimer puzzle: Reviewing the last decade finding on amyloid-β 

precursor protein and Alzheimer’s disease” 

Antaripa Bhattacharya*, Daniela Sarnataro 

 (In preparation) 

Poster Presentation at conferences:                            

1. Federation of European Neuroscience Societies (FENS) 2018:  11th 

FENS Forum of Neuroscience, Berlin. Germany; July 2018 

Title: Effect of small synthetic compound on Biochemical properties of prion 

and prion-like proteins 

 

Authors: Bhattacharya A, Pepe A, Pesapane A, Nitsch L, Montuori N, 

Lavecchia A, Zurzolo C, Sarnataro D 

 

2. Federation of European Neuroscience Societies regional meeting 

2019 (FRM 2019): FRM2019 (FENS Regional meeting), 

Belgrade,Serbia; July 2019 

Title: Effect of small synthetic compound on Biochemical properties of Prion-

like proteins (Amyloid precursor protein) 

 

Authors: Bhattacharya A, Pepe A, Pesapane A, Nitsch L, Montuori N, 

Lavecchia A, Zurzolo C, Sarnataro D 

 

3.  XI NEAPOLITAN BRAIN GROUP MEETING: Telethon Institute 

of Genetics and Medicine, Naples, Italy; Dec 2019 

Title: 37/67 kDa laminin receptor LR as potential therapeutic target for 

Alzheimer’s disease 

Authors: Bhattacharya A, Limone A, Minopoli G, Parisi S, Napolitano F, 

Montuori N, Lavecchia A, and Sarnataro D 



67 
 

 

 

 

 

 

 

 

 

 

 

                    

 

                    

                           REFERERENCES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



68 
 

 

 

References 

                                                           
1
 Goedert M, Clavaguera F and Tolnay M.The propagation of prion-like 

protein inclusions in neurodegenerative diseases. Trends Neurosci. 2010 

 
2
 Goedert, M. and Spillantini, M.G.A century of Alzheimer’s. (2006) 

 
3
 T. Alper, D. A. Haig, M. C. Clarke, The exceptionally small size of the 

scrapie agent. Biochem. Biophys. Res. Commun. 22, 278–284 (1966). 

 
4
 T. Alper, W. A. Cramp, D. A. Haig, M. C. Clarke, Does the agent of scrapie 

replicate without nucleic acid? Nature 214,764–766 (1967). 

 
5
 D. C. Bolton, M. P. McKinley, S. B. Prusiner, Identification of a protein that 

purifies with the scrapie prion. Science 218,1309–1311 (1982). 

 
6
 S. B. Prusiner, Novel proteinaceous infectious particles cause scrapie. Science 

216, 136–144 (1982).  

 
7
 M. S. Palmer, A. J. Dryden, J. T. Hughes, J. Collinge,Homozygous prion 

protein genotype predisposes to sporadic Creutzfeldt-Jakob disease. Nature 

352, 340–342 (1991). 

 
8
 D. Kaski et al., Variant CJD in an individual heterozygous for PRNP codon 

129. Lancet 374, 2128 (2009). 

 
9
 F. Owen et al., Insertion in prion protein gene in familial Creutzfeldt-Jakob 

disease. Lancet 333, 51–52 (1989). 

 
10

 K. Hsiao et al., Linkage of a prion protein missense variant to Gerstmann-

Sträussler syndrome. Nature 338, 342–345 (1989). 

 
11

 S. B. Prusiner, Prions. Proc. Natl. Acad. Sci. U.S.A. 95,13363–13383 

(1998). 



69 
 

                                                                                                                                                         

 
12

 H. Fraser, Neuronal spread of scrapie agent and targeting of lesions within 

the retino-tectal pathway. Nature 295, 149–150 (1982). 

13
 E. A. Asante et al., A naturally occurring variant of the human prion protein 

completely prevents prion disease. Nature 522, 478–481 (2015). 

 
14

 S. B. Prusiner et al., Scrapie prions aggregate to form amyloid-like 

birefringent rods. Cell 35, 349–358 (1983). 

 
15

 R. S. Hegde et al., Transmissible and genetic prion diseases share a common 

pathway of neurodegeneration. Nature 402, 822–826 (1999).  

 
16

 A. F. Hill et al., Species-barrier-independent prion replication in apparently 

resistant species. Proc. Natl. Acad. Sci. U.S.A. 97, 10248–10253 (2000). 

 
17

 M. K. Sandberg et al., Prion neuropathology follows the accumulation of 

alternate prion protein isoforms after infective titre has peaked. Nat. Commun. 

5, 4347 (2014). 

 
18

 . J. A. Moreno et al., Oral treatment targeting the unfolded protein response 

prevents neurodegeneration and clinical disease in prion-infected mice. Sci. 

Transl. Med. 5, 206ra138(2013). 

 
19

 Goate, A. et al Segregation of missense mutation in the amyloid precursor 

gene with familial Alzheimer’s disease. Nature 349, 704–706 . (1991) 

 
20

 Hutton, M. et al. Association of missense and 50-splice-site mutations in tau 

with inherited dementia FTDP-17. Nature 393, 702–705. (1998) 

 
21

 Spillantini, M.G. et al. Mutation in the tau gene in familial multiple system 

tauopathy with presenile dementia. Proc. Natl. Acad. Sci. U. S. A. 95, 7737–

7741. (1998) 

 
22

 Braak, H. and Braak, E. Neuropathological staging of Alzheimer-related 

changes. Acta Neuropathol. 82, 239–259 (1991). 

 
23

 Braak, H. et al. Staging of brain pathology related to sporadic Parkinson’s 

disease. Neurobiol. Aging 24, 197–211 (2003). 

 
24

 Wisniewski, H.M. et al. Infectious etiology of neuritic (senile) plaques in 

mice. Science 190, 1108–1110 (1975) 

 
25

 Van den Bosch Aguilar, P. et al. Transplantation of human 



70 
 

                                                                                                                                                         

cortex with Alzheimer’s disease into rat occipital cortex: a model for 

the study of Alzheimer disease. Experientia 40, 402–403. (1984) 

 
26

 Baker, H.F. et al. Induction of b(A4)-amyloid in primates by injection of 

Alzheimer’s disease brain homogenate. Mol. Neurobiol. 8, 

25–39 (1994) 

 
27

 Brown, P. et al. Human spongiform encephalopathy: The 

National Institutes of Health series of 300 cases of experimentally transmitted 

disease. Ann. Neurol. 35, 513–529. (1994) 

 
28

 Urushitani, M. et al. Chromogranin-mediated secretion of mutant superoxide 

dismutase proteins linked to amyotrophic lateral sclerosis. Nat. Neurosci. 9, 

108–118.(2006) 

 
29

 Meyer-Luehmann, M. et al. Exogenous induction of cerebral b-

amyloidogenesis is governed by agent and host. Science 313, 1781– 1784. 

(2006) 

 
30

 Ren, P-H. et al. Cytoplasmic penetration and persistent infection of 

mammalian cells by polyglutamine aggregates. Nat. Cell Biol. 11, 219–225. 

(2009) 

 
31

 Luk, K.C. et al. Exogenous a-synuclein fibrils seed the formation of Lewy 

body-like intracellular inclusions in cultured cells. Proc. Natl. Acad. Sci. U. S. 

A. 106, 20051–20056. (2009) 

 
32

 Frost, B. and Diamond, M.I. Prion-like mechanisms in neurodegenerative 

diseases. Nat. Rev. Neurosci. 11, 155–159. (2010) 

 
33

 Goedert, M. and Spillantini, M.G. A century of Alzheimer’s disease. Science 

314, 777–781. (2006) 

 
34

 Crowther, R.A. and Goedert, M. Abnormal tau-containing filaments in 

neurodegenerative diseases. J. Struct. Biol. 130, 271–279. (2000) 

 
35

 Duyckaerts, C.; Delatour, B.; Potier, M.C. Classification and basic pathology 

of Alzheimer disease. Acta Neuropathol. 118, 5–36. (2009) 

 
36

 . Holtzman, D.M.; Morris, J.C.; Goate, A.M. Alzheimer’s disease: The 

challenge of the second century. Sci. Transl. Med., 3, 77sr71(2011) 
37

 Klein, W.L. Synaptotoxic amyloid-_ oligomers: A molecular basis for the 

cause, diagnosis, and treatment of Alzheimer’s disease? J. Alzheimers Dis. 33, 

S49–S65. (2013)  



71 
 

                                                                                                                                                         

 
38

 Walker, L.C.; Schelle, J.; Jucker, M. The prion-like properties of amyloid-_ 

assemblies: The implication for Alzheimer’s disease. Cold Spring Harb 

Perspect. Med., 6, a024398 (2016) 

 
39

 Kane, M.D. et al. Evidence for seeding of b-amyloid by intracerebral 

infusion of Alzheimer brain extracts in b-amyloid precursor protein-transgenic 

mice. J. Neurosci. 20, 3606–3611. (2000) 

40
 Jaunmuktane Z, Mead S, Ellis M, Wadsworth J,  Nicoll A, Joanna Kenny J,  

Launchbury F, Linehan J, Richard-Loendt A ,Walker S, Rudge P, Collinge 

J,Brandner S. Evidence for Human Transmission of Amyloid-β Pathology and 

Cerebral Amyloid Angiopathy. Nature; 525 (7568), 247-50 (2015) 

41
 Walker L, Jucker M.  Neurodegenerative Diseases: Expanding the Prion 

Concept. Annu Rev Neurosci,38, 87-103 (2015) 

 
42

 A. Goate et al., Segregation of a missense mutation in the amyloid precursor 

protein gene with familial Alzheimer’s disease, Nature 349, 704–706 (1991). 

 
43

 P. Poorkaj et al., Tau is a candidate gene for chromosome 17 frontotemporal 

dementia. Ann. Neurol. 43, 815–825 (1998). 

 
44

 M. Hutton et al., Association of missense and 5′-splice-site mutations in tau 

with the inherited dementia FTDP-17. Nature 393, 702–705 (1998). 

 
45

 M. G. Spillantini et al., Mutation in the tau gene in familial multiple system 

tauopathy with presenile dementia. Proc. Natl. Acad. Sci. U.S.A. 95, 7737–

7741 (1998). 

 
46

 M. Jucker, L. C. Walker, Self-propagation of pathogenic protein aggregates 

in neurodegenerative diseases. Nature 501, 45–51 (2013).  

 
47

 M. Goedert, B. Falcon, F. Clavaguera, M. Tolnay, Prion-like mechanisms in 

the pathogenesis of tauopathies and synucleinopathies. Curr. Neurol. Neurosci. 

Rep. 14, 495(2014). 
48

 M. Goedert, M. G. Spillantini, A century of Alzheimer’s disease. Science 

314, 777–781 (2006). 

 
49

 R. Nelson et al., Structure of the cross-b spine of amyloid-like fibrils. Nature 

435, 773–778 (2005).  

 
50

 M. R. Sawaya et al., Atomic structures of amyloid cross-b spines reveal 

varied steric zippers. Nature 447, 453–457 (2007). 



72 
 

                                                                                                                                                         

 
51

 M. Jucker, L. C. Walker, Self-propagation of pathogenic 

protein aggregates in neurodegenerative diseases. 

 
52

 A. Laganowsky et al., Atomic view of a toxic amyloid small oligomer. 

Science 335, 1228–1231 (2012). 

 
53

 Cacace R, Sleegers K, Van Broeckhoven C. Molecular genetics of early-

onset Alzheimer’s disease revisited. Alzheimer’s and Dementia. The Journal of 

the Alzheimer’s Association 12: 733–748. (2016). 

 
54

 Van Cauwenberghe C, Van Broeckhoven C, Sleegers K. The genetic 

landscape of Alzheimer disease: clinical implications and perspectives. 

Genetics in Medicine: Official Journal of the American College of Medical 

Genetics 18: 421–430. (2016). 

 
55

 Gatz M, Reynolds CA, Fratiglioni L et al. Role of genes and environments 

for explaining Alzheimer disease. Archives of General Psychiatry 63: 168–174. 

(2006). 

 
56

 Saito, Y. et al.Staging of argyrophilic grains: An age-associated tauopathy. J. 

Neuropathol. Exp. Neurol. 63, 911–918.(2004) 

 
57

 Tolnay, M. and Clavaguera, F.Argyrophilic grain disease: a late-onset 

dementia with distinctive features among tauopathies. Neuropathology 24, 

269–283(2004) 

 
58

 O’Brien, R.J.;Wong, P.C. Amyloid precursor protein processing and 

Alzheimer’s disease. Annu. Rev. Neurosci. 2011; 34, 185–204. 

 
59

 Wang X, Zhou X, Gongying Li G, Zhang Y, Wu Y, Song W. Modifications 

and Trafficking of APP in the Pathogenesis of Alzheimer’s disease. Front. Mol. 

Neurosci. 2014; 10:294. 

 
60

 Yazaki, M., Tagawa, K., Maruyama, K., Sorimachi, H., Tsuchiya, T., 

Ishiura, S. Mutation of potential N-linked glycosylation sites in the 

Alzheimer’s disease amyloid precursor protein. Neurosci. Lett. 1996; 221,57–

60. 

 
61

 Perdivara I, J Deterding L, Cozma C, Tomer K, Przybylski M. Glycosylation 

Profiles of Epitope-Specific Anti-Beta-Amyloid Antibodies Revealed by 

Liquid Chromatography-Mass Spectrometry., 19 (9), 958-70.(2009) 

 



73 
 

                                                                                                                                                         
62

 Chun, Y. S., Park, Y., Oh, H. G., Kim, T. W., Yang, H. O., Park, M. K., et 

al. O-GlcNAcylation promotes non-amyloidogenic processing of amyloid-b 

protein precursor via inhibition of endocytosis from the plasma membrane. J. 

Alzheimers Dis. 2015; 44, 261–275 

 
63

 Jacobsen, K. T., and Iverfeldt, K. O-GlcNAcylation increases non-

amyloidogenic processing of the amyloid-b precursor protein (APP).Biochem. 

Biophys. Res. Commun. 2011; 404, 882–886 
64

 Jacobsen, K. T., and Iverfeldt, K. O-GlcNAcylation increases non-

amyloidogenic processing of the amyloid-b precursor protein (APP).Biochem. 

Biophys. Res. Commun. 2011; 404, 882–886. 

 
65

 Chun, Y. S., Park, Y., Oh, H. G., Kim, T. W., Yang, H. O., Park, M. K., et 

al. O-GlcNAcylation promotes non-amyloidogenic processing of amyloid-b 

protein precursor via inhibition of endocytosis from the plasma membrane. J. 

Alzheimers Dis. 2015; 44, 261–275 

 
66

 Yazaki, M., Tagawa, K., Maruyama, K., Sorimachi, H., Tsuchiya, T., 

Ishiura, S. Mutation of potential N-linked glycosylation sites in the 

Alzheimer’s disease amyloid precursor protein. Neurosci. Lett. 1996; 221,57–

60. 

 
67

 Gandy, S., Czernik, A. J., and Greengard, P. Phosphorylation of Alzheimer 

disease amyloid precursor peptide by protein kinase C and Ca2C/calmodulin-

dependent protein kinase II. 1988;Proc. Natl. Acad. Sci. U S A 85, 6218–6221 

 
68

 Oishi, M., Nairn, A. C., Czernik, A. J., Lim, G. S., Isohara, T., Gandy, S. E., 

et al. The cytoplasmic domain of Alzheimer’s amyloid precursor protein is 

phosphorylated at Thr654, Ser655, and Thr668 in adult rat brain and cultured 

cells. 1997; Mol. Med. 3, 111–123. 

 
69

 Walter, J., Capell, A., Hung, A. Y., Langen, H., Schnölzer, M., Thinakaran, 

G., et al. Ectodomain phosphorylation of β-amyloid precursor protein at two 

distinct cellular locations. 1997; J. Biol. Chem. 272, 1896–1903, 

 
70

 Braithwaite, S. P., Stock, J. B., Lombroso, P. J., and Nairn, A. C. Protein 

phosphatases and Alzheimer’s disease.; Prog. Mol. Biol. Transl. Sci. 106,343–

379. (2012) 
71

 Mazzitelli, S., Xu, P., Ferrer, I., Davis, R. J., and Tournier, C. The loss of c-

Jun N-terminal protein kinase activity prevents the amyloidogenic cleavage of 

amyloid precursor protein and the formation of amyloid plaques in vivo. J. 

Neurosci. 31, 16969–16976.( 2011) 

 



74 
 

                                                                                                                                                         
72

 Lee, M. S., Kao, S. C., Lemere, C. A., Xia, W., Tseng, H. C., Zhou, Y., et 

al.APP processing is regulated by cytoplasmic phosphorylation; J. Cell Biol. 

163, 83–95.( 2003) 

 
73

 Yazaki, M., Tagawa, K., Maruyama, K., Sorimachi, H., Tsuchiya, T., 

Ishiura, S. Mutation of potential N-linked glycosylation sites in the 

Alzheimer’s disease amyloid precursor protein. Neurosci. Lett. 1996; 221,57–

60 
74

 Mazzitelli, S., Xu, P., Ferrer, I., Davis, R. J., and Tournier, C. The loss of c-

Jun N-terminal protein kinase activity prevents the amyloidogenic cleavage of 

amyloid precursor protein and the formation of amyloid plaques in vivo. 2011; 

J. Neurosci. 31, 16969–16976. 

 
75

 Ko M, Puglielli L. Two Endoplasmic Reticulum (ER)/ER Golgi Intermediate 

Compartment-based Lysine Acetyltransferases Post-translationally Regulate 

BACE1 Levels. 2008; JBC.VOL. 284, NO. 4, pp. 2482–2492 

 
76

 JBC.VOL. 284, NO. 4, pp. 2482–2492. 2008 

 
77

 Drazica A,Myklebusta L,Reea R,Arnesena T. ReviewThe world of protein 

acetylation.ReviewThe world of protein acetylationAdrian Biochimica et 

Biophysica Acta 1864 1372–1401.(2016) 

 
78

 Olubiyi O, Birgit Strodel B.Structures of the Amyloid β-Peptides Aβ1-40 

and Aβ1-42 as Influenced by pH and a D-peptide. J Phys Chem B.116 (10), 

3280-91. (2012) 
79

 Cauwenberghe C, Broeckhoven C, Sleegers K. The Genetic Landscape of 

Alzheimer Disease: Clinical Implications and Perspectives., Genet Med.18 (5), 

421-30. (2016) 

 
80

 Julia Tcw J, Goate A. Genetics of β-Amyloid Precursor Protein in 

Alzheimer's disease. Cold Spring Harb Perspect Med.7 (6) .(2017) 

 
81

 ChartierHarlin M, Crawford F, Houlden H, Warren A, Hughes D, Fidani L, 

Goate A, Rossor M, Roques P, Hardy J. Early-onset Alzheimer's Disease 

Caused by Mutations at Codon 717 of the Beta-Amyloid Precursor Protein 

Gene.Nature.353 (6347), 844-6.(1991). 

 
82

 M Citron, C Vigo-Pelfrey, D.B Teplow, C Miller, D Schenk, J Johnston, B 

Winblad, N Venizelos, L Lannfelt, D.J Selkoe.Excessive production of 

amyloid β-protein by peripheral cells of symptomatic and presymptomatic 

patients carrying the Swedish familial Alzheimer disease mutation. Proc. Natl. 

Acad. Sci. USA, 91 pp. 11993-11997. (1994). 



75 
 

                                                                                                                                                         
83

 Haass C, Koo EH, Teplow DB, Selkoe DJ. 1994. Polarizedsecretion of beta-

amyloid precursor protein and amyloidbeta-peptide in MDCK cells.Proc Natl 

Acad Sci91:1564 – 1568. 

 
84

 Nilsberth C, Westlind-Danielsson A, Eckman CB, Condron MM, Axelman 

K,Forsell  C,  Stenh  C,  Luthman  J,  Teplow  DB,   ounkin  SG,  Na  slund  

J,Lannfelt  L .The  ‘Arctic’  APP  mutation  (E693G)  causes  Alzheimer’s  

disease  by  enhanced  Abeta  protofibril  formation.  Nat  Neurosci4:887– 

893,(2001) 

 
85

 Jonghe C , Esselens C, Kumar-Singh S, Craessaerts K, Serneels S, Checler 

F, Annaert W, Broeckhoven C, Strooper B. Pathogenic APP Mutations Near 

the Gamma-Secretase Cleavage Site Differentially Affect Abeta Secretion and 

APP C-terminal Fragment Stability. Hum Mol Genet.10 (16), 1665-71.(2001) 

 
86

 L. Cabrejo, L. Guyant-Maréchal, A. Laquerriére, M. Vercelletto, F. De La 

Fourniére, C. Thomas-Antérion, C. Verny, F. Letournel, F. Pasquier, A. Vital, 

et al. Phenotype associated with APP duplication in five families.Brain, 129 

pp. 2966-2976. (2006). 

 
87

 Rovelet-Lecrux A, Hannequin D, Raux G, Le Meur N, Laquerriere A, Vital 

A,et al. APP locus duplication causes autosomal dominant early-

onsetAlzheimer disease with cerebral amyloid angiopathy. Nat Genet;38: 24–6. 

(2006) 
88

 K Kasuga, T Shimohata, A Nishimura, A Shiga, T Mizuguchi, J Tokunaga, 

T Ohno, A Miyashita, R Kuwano, N Matsumoto, O Onodera, M Nishizawa, T 

Ikeuchi. Identification of Independent APP Locus Duplication in Japanese 

Patients With Early-Onset Alzheimer Disease. J Neurol Neurosurg Psychiatry. 

80 (9), 1050-2. (2009) 

 
89

 Thonberg H, Fallstrom M, Bjorkstrom J, Schoumans J, Nen-nesmo I, Graff 

C. Mutation screening of patientswith Alzheimer disease identifies APP locus 

duplicationin a Swedish patient.BMC Res Notes4:476.(2011) 

 
90

 P.Z. Chia, W.H. Toh, R. Sharples, I. Gasnereau, A.F. Hill, P.A. Gleeson, 

Intracellular itinerary of internalised beta-secretase, BACE1, and its potential 

impact on betaamyloid peptide biogenesis, Traffic 14 997–1013.(2013) 

 
91

 Y. Prabhu, P.V. Burgos, C. Schindler, G.G. Farias, J.G. Magadan, J.S. 

Bonifacino. Adaptor protein 2-mediated endocytosis of the beta-secretase 

BACE1 is dispensable for amyloid precursor protein processing, Mol. Biol. 

Cell 23  2339–2351(2012) 

 



76 
 

                                                                                                                                                         
92

 A. Kinoshita, H. Fukumoto, T. Shah, C.M. Whelan, M.C. Irizarry, B.T. 

Hyman. Demonstration by FRET of BACE interaction with the amyloid 

precursor protein at the cell surface and in early endosomes, J. Cell Sci. 116  

3339–3346(2003) 

 
93

 P.Z. Chia, W.H. Toh, R. Sharples, I. Gasnereau, A.F. Hill, P.A. Gleeson, 

Intracellular itinerary of internalised beta-secretase, BACE1, and its potential 

impact on betaamyloid peptide biogenesis, Traffic 14 997–1013.(2013) 

 
94

 R.W. Choy, Z. Cheng, R. Schekman, Amyloid precursor protein (APP) 

traffics from the cell surface via endosomes for amyloid beta (Abeta) 

production in the trans- Golgi network, Proc. Natl. Acad. Sci. U. S. A. 109  

E2077–E2082.(2012) 

 
95

 S.I. Vieira, S. Rebelo, H. Esselmann, J. Wiltfang, J. Lah, R. Lane, S.A. 

Small, S. Gandy, E.S.E.F. da Cruz, E.S.O.A. da Cruz, Retrieval of the 

Alzheimer's amyloid precursor protein from the endosome to the TGN is S655 

phosphorylation statedependent and retromer-mediated, Mol. Neurodegener. 5 

40. (2010). 

 
96

 W.H. Toh, P.Z.C. Chia, M.I. Hossain, P.A. Gleeson, GGA1 regulates signal-

dependent sorting of BACE1 to recycling endosomes which moderates Abeta 

production. Mol. Biol. Cell 29 191–208,(2018). 

 
97

 T. Feng, P. Tammineni, C. Agrawal, Y.Y. Jeong, Q. Cai, Autophagy-

mediated regulation of BACE1 protein trafficking and degradation, J. Biol. 

Chem. 292 1679–1690.(2017). 

 
98

 S. Tomita, Y. Kirino, T. Suzuki, Cleavage of Alzheimer's amyloid precursor 

protein (APP) by secretases occurs after O-glycosylation of APP in the protein 

secretory pathway. Identification of intracellular compartments in which APP 

cleavage occurs without using toxic agents that interfere with protein 

metabolism, J. Biol. Chem. 273  6277–6284.(1998). 

 
99

 J. Busciglio, D.H. Gabuzda, P. Matsudaira, B.A. Yankner, Generation of 

beta amyloid in the secretory pathway in neuronal and nonneuronal cells, Proc. 

Natl. Acad. Sci. U. S. A. 90.2092–2096. (1993). 

 
100

 R.G. Perez, S.L. Squazzo, E.H. Koo, Enhanced release of amyloid beta-

protein from codon 670/671 “Swedish” mutant beta-amyloid precursor protein 

occurs in both secretory and endocytic pathways, J. Biol. Chem. 271 9100 

9107.(1996). 

 



77 
 

                                                                                                                                                         
101

 P. Paroutis, N. Touret, S. Grinstein, The pH of the secretory pathway: 

measurement, determinants, and regulation. Physiology (Bethesda) 19 207–

215.(2004). 

 
102

 C. Haass, C. Kaether, G. Thinakaran, S. Sisodia, Trafficking and proteolytic 

processing of APP. Cold Spring Harb. Perspect. Med. 2  a006270.(2012). 

 
103

 G. Thinakaran, E.H. Koo, Amyloid precursor protein trafficking, 

processing, and function. J. Biol. Chem. 283. 29615–29619.(2008). 

 
104

 P.V. Burgos, G.A. Mardones, A.L. Rojas, L.L. daSilva, Y. Prabhu, J.H. 

Hurley, J.S. Bonifacino, Sorting of the Alzheimer's disease amyloid precursor 

protein mediated by the AP-4 complex. Dev. Cell 18 425–436.(2010). 
105

 W.H. Toh, J.Z. Tan, K.L. Zulkefli, F.J. Houghton, P.A. Gleeson, Amyloid 

precursor protein traffics from the Golgi directly to early endosomes in an 

Arl5b- and AP4-dependent pathway, Traffic 18 (2017) 159–175. 

 
106

 Scheiman J, Jamieson KV, Ziello J, Tseng JC, Meruelo D. Extraribosomal 

functions associated with the C terminus of the 37/67 kDa laminin receptor are 

required for maintaining cell viability. Cell Death and Disease. 1:e42.(2010) 

 
107

 Susantad T, Smith DR.. siRNA-mediated silencing of the 37/67-kDa high 

affinity laminin receptor in Hep3B cells induces apoptosis. Cellular and 

Molecular Biology Letters. 13:452- 64. (2008) 

 
108

 Malygin AA, Babaylova ES, Loktev VB, Karpova GG. A region in the C-

terminal domain of ribosomal protein SA required for binding of SA to the 

human 40S ribosomal subunit. Biochimie. 93:612-7. (2011) 

 
109

 Ould-Abeih MB, Petit-Topin I, Zidane N, Baron B, Bedouelle H. Multiple 

folding states and disorder of ribosomal protein SA, a membrane receptor for 

laminin, anticarcinogens, and pathogens. Biochemistry. 51:4807-21.(2012) 

 
110

 Zidane N, Ould-Abeih MB, Petit-Topin I, Bedouelle H.. The folded and 

disordered domains of human ribosomal protein SA have both idiosyncratic 

and shared functions as membrane receptors. Bioscience Reports. 33:113-24. 

(2013) 
111

 Simoneau S, Haik S, Leucht C, Dormont D, Deslys JP, Weiss S, et al. 

Different isoforms of the non-integrin laminin receptor are present in mouse 

brain and bind PrP. The Journal of Biological Chemistry. 384:243-6.( 2003) 

 
112

 Rush J, Moritz A, Lee KA, Guo A, Goss VL, Spek EJ, et al. Immunoaffinity 

profiling of tyrosine phosphorylation in cancer cells. Nature Biotechnology. 

23:94-101. (2005). 



78 
 

                                                                                                                                                         

 
113

 Kim K, Li L, Kozlowski K, Suh HS, Cao W, Ballermann BJ. The protein 

phosphatase- 1 targeting subunit TIMAP regulates LAMR1 phosphorylation. 

Biochemical and Biophysical Research Communications. 338:1327-34. (2005) 

 
114

 Li L, Kozlowski K, Wegner B, Rashid T, Yeung T, Holmes C, et 

al.Phosphorylation of TIMAP by glycogen synthase kinase-3beta activates its 

associated protein phosphatase 1. The Journal of Biological Chemistry. 

282:25960-9. (2007) 

 
115

 Omar A, Jovanovic K, Da Costa Dias B, Gonsalves D, Moodley K, 

Caveney R, et al. Patented biological approaches for the therapeutic 

modulation of the 37 kDa/67 kDa laminin receptor. Expert Opinion on 

Therapeutic Patents. 21:35-53.( 2011) 
116

 Mbazima V, Da Costa Dias B, Omar A, Jovanovic K, Weiss SF. 

Interactions between PrP(c) and other ligands with the 37-kDa/67-kDa laminin 

receptor. Frontiers in Bioscience. 15:1150-63. (2010) 

 
117

 Kinoshita K, Kaneda Y, Sato M, Saeki Y, Wataya-Kaneda M, Hoffmann A. 

1998. LBP-p40 binds DNA tightly through associations with histones H2A, 

H2B, and H4. Biochemical and Biophysical Research Communications. 

253:277-82. 

 
118

 Sato M, Saeki Y, Tanaka K, Kaneda Y. 1999. Ribosome-associated protein 

LBP/p40 binds to S21 protein of 40S ribosome: analysis using a yeast two-

hybrid system. Biochemical and Biophysical Research Communications. 

256:385-90. 

 
119

 Venticinque L, Jamieson KV, Meruelo D. 2011. Interactions between 

laminin receptor and the cytoskeleton during translation and cell motility. 

PLoS One. 6:e15895. 

 
120

 Gauczynski S, Peyrin JM, Haik S, Leucht C, Hundt C, Rieger R, et al. 2001. 

The 37-kDa/67- kDa laminin receptor acts as the cell-surface receptor for the 

cellular prion protein. EMBO Journal. 20:5863-75 

 
121

 Gauczynski S, Nikles D, El-Gogo S, Papy-Garcia D, Rey C, Alban S, et al. 

The 37- kDa/67-kDa laminin receptor acts as a receptor for infectious prions 

and is inhibited by polysulfated glycanes. The Journal of Infectious Diseases. 

194:702-9. (2006) 

 
122

 Hundt C, Peyrin JM, Haik S, Gauczynski S, Leucht C, Rieger R, et al. 

Identification of interaction domains of the prion protein with its 37-kDa/67-

kDa laminin receptor. EMBO Journal. 20:5876-86.( 2001) 



79 
 

                                                                                                                                                         

 
123

 Wewer UM, Taraboletti G, Sobel ME, Albrechtsen R, Liotta LA. Role of 

laminin receptor in tumor cell migration. Cancer Research. 47:5691-8.( 1987). 

 
124

 Ardini E, Sporchia B, Pollegioni L, Modugno M, Ghirelli C, Castiglioni F, 

et al.Identification of a novel function for 67-kDa laminin receptor: increase in 

laminin degradation rate and release of motility fragments. Cancer Research. 

62:1321-5.( 2002) 

 
125

 Salama RH, Muramatsu H, Zou K, Inui T, Kimura T, Muramatsu T. 

Midkine binds to 37-kDa laminin binding protein precursor, leading to nuclear 

transport of the complex. Experimental Cell Research. 270:13-20.( 2001). 

 
126

 Muramatsu T.. Midkine, a heparin-binding cytokine with multiple roles in 

development, repair and diseases. Proceedings of the Japan Academy, Series B 

Physical and Biological Sciences.86:410-25. (2010). 

 
127

 Montuori, N., & Sobel, M.E. The 67-kDa laminin receptor and tumor 

progression. Curr. Top. Microbiol. Immunol. 213, 205-214. (1996). 

 
128

 Ardini, E. et al. The 67 kDa laminin receptor originated from a ribosomal 

protein that acquired a dual function during evolution. Mol. Biol. Evol. 15, 

1017-1025.(1998). 

 
129

 Berno V., Porrini D., Castiglioni F., et al. The 67nkDa laminin receptor 

increases tumor aggressiveness by remodeling laminin-1. Endocr. Relat. 

Cancer.12, 393-406. (2005). 

 
130

 Berno, V. et al. The 67 kDa laminin receptor increases tumor 

aggressiveness by remodeling laminin-1. Endocr. Relat. Cancer. 12, 393-406. 

(2005). 

 
131

 Morel E, Andrieu T, Casagrande F, Gauczynski S, Weiss S, Grassi J, et al. 

Bovine prion is endocytosed by human enterocytes via the 37 kDa/67 kDa 

laminin receptor. American Journal of Pathology. 167:1033-42. (2005) 

 
132

 Zuber C, Knackmuss S, Rey C, Reusch U, Rottgen P, Frohlich T, et al. 

Single chain Fv antibodies directed against the 37 kDa/67 kDa laminin receptor 

as therapeutic tools in prion diseases. Molecular Immunology. 45:144-51. 

( 2008). 

 
133

 Morel E, Andrieu T, Casagrande F, Gauczynski S, Weiss S, Grassi J, et al. 

Bovine prion is endocytosed by human enterocytes via the 37 kDa/67 kDa 

laminin receptor. American Journal of Pathology. 167:1033-42.( 2005). 



80 
 

                                                                                                                                                         

 
134

 Vana K, Weiss S. A trans-dominant negative 37kDa/67kDa laminin 

receptor mutant impairs PrP(Sc) propagation in scrapie-infected neuronal cells. 

Journal of Molecular Biology. 358:57-66.( 2006). 

 
135

 Kolodziejczak D, Da Costa Dias B, Zuber C, Jovanovic K, Omar A, Beck J, 

et al. Prion interaction with the 37-kDa/67-kDa laminin receptor on enterocytes 

as a cellular model for intestinal uptake of prions. Journal of Molecular 

Biology. 402:293-300.(2010) 

 
136

 Jovanovic K, Loos B, Dias B, Penny C, Weiss S F.T .High Resolution 

Imaging Study of Interactions between the 37 kDa/67 kDa Laminin Receptor 

and APP, Beta-Secretase and Gamma-Secretase in Alzheimer's Disease. (2014) 

 
137

 Jovanovic, K. et al. Anti-LRP/LR specific antibodies and shRNAs impede 

amyloid beta shedding in Alzheimer's disease. (2013); Sci. Rep. 3, 2699. 

 
138

 Pinnock, E.C. et al. LRP/LR antibody mediated rescuing of Abeta induced 

cytotoxicity is dependent on PrPc in Alzheimer's Disease. J. Alzheimers Dis. 

(2015); 49, 645-657. 

 
139

 Jovanovic, K. et al. Novel patented therapeutic approaches targeting the 

37kDa/67 kDa laminin receptor for treatment of Cancer and Alzheimer's 

Disease. Expert Opin. Therap. Pat. (2015); 25, 567-582. 

 
140

 Vana K, Weiss S. A trans-dominant negative 37kDa/67kDa laminin 

receptor mutant impairs PrP(Sc) propagation in scrapie-infected neuronal cells. 

Journal of Molecular Biology. 358:57-66. (2006). 

 
141

 Pflanz H, Vana K, Mitteregger G, Pace C, Messow D, Sedlaczek C, et al. 

Microinjection of lentiviral vectors expressing small interfering RNAs directed 

against laminin receptor precursor mRNA prolongs the pre-clinical phase in 

scrapie-infected mice. Journal of General Virology. 90:269-74.(2009). 

 
142

 Ford C. L., Randal-Whitism L. & Ellis S. R. Yeast proteins related to the 

p40/laminin receptor precursor are required for 20 S ribosomal RNA 

processing and the maturation of 40S ribosomal subunits. Cancer Res. 59, 704–

710 (1999).  

 
143

 Khumalo, T., Ferreira, E., Jovanovic, K., Veale, R.B. & Weiss, S.F.T. 

Knockdown of LRP/LR induces apoptosis in breast and oesophageal cancer 

cells. PLoS One. 10, e0139584. (2015). 

 



81 
 

                                                                                                                                                         
144

 Castronovo V, Taraboletti G, Sobel. Functional domains of the 67-kDa 

laminin receptor precursor. J Biol Chem. 266(30):20440-6. 1991 

 
145

 McKinley, M.P. et al. Scrapie prion rod formation in vitro requires both 

detergent extraction and limited proteolysis. J. Virol. 65, 1340-1351. (1991) 

 
146

 Leucht, C. et al. The 37kDa/67 kDa laminin receptor is required for PrP
Sc 

propagation in scrapie-infected neuronal cells. EMBO Rep.4, 290-295. (2003). 

 
147

 Zuber, C. et al. Invasion of tumorigenic HT1080 cells is impeded by 

downregulating or blocking the 37kDa/67kDa laminin receptor. J. Mol. Biol. 

378, 530-539(2008). 

 
148

 Pesapane A, Giovanni C,Rossi F, Alfano D, Formisano L, Ragno P, Selleri 

C, Montuori N,Lavecchia A. Discovery of new small molecules inhibiting 67 

kDa laminin receptor interaction with laminin and cancer cell invasion. 

Oncotarget, Vol. 6, No. 20. (2015). 

 
149

 Da Costa Dias B, Jovanovic K, Gonsalves D, Moodley K, Reusch U, 

Knackmuss S, Weinberg MS, Little M, Weiss S. The 37kDa/67kDa laminin 

receptor acts as a receptor for Aβ42 internalization. Sci Rep.3; 4:5556. (2014) 

 
150

 Da Costa Dias B, Jovanovic K, Gonsalves D, Moodley K, Reusch U, 

Knackmuss S, Penny C, Weinberg MS, Little M, Weiss S. Anti-LRP/LR 

specific antibody IgG1-iS18 and knock-down of LRP/LR by shRNAs rescue 

cells from Aβ42 induced cytotoxicity. Sci Rep; 3:2702. (2013). 

 
151

 Sarnataro D, Pepe A, Altamura G, Simone I, Pesapane A,Nitsch L,Montuori 

N, Lavecchia A, Zurzolo C. The 37/67kDa laminin receptor (LR) inhibitor, 

NSC47924, affects 37/67kDa LR cell surface localization and interaction with 

the cellular prion protein. Sci Rep; 6: 24457.(2016). 

 
152

 Givant-Horwitz V, Davidson B, Reich R. Laminin-induced signaling in 

tumor cells: the role of the M(r) 67,000 laminin receptor. Cancer Research. 

64:3572-9.( 2004). 

 
153

 Duan SG, Cheng L, Li DJ, Zhu J, Xiong Y, Li XW, et al.. The role of 

MAPK-ERK pathway in 67-kDa laminin receptor-induced FasL expression in 

human cholangiocarcinoma cells. Digestive Diseases and Sciences. 55:2844-

52. (2010) 

 
154

 Zhu X, Castellani RJ, Takeda A, Nunomura A, Atwood CS, Perry G, et al. 

Differential activation of neuronal ERK, JNK/SAPK and p38 in Alzheimer 



82 
 

                                                                                                                                                         

disease: the 'two hit' hypothesis. Mechanisms of Ageing and Development. 

123:39-46. 2001. 

 
155

 Johnson GL, Nakamura K.. The c-jun kinase/stress-activated pathway: 

regulation, function and role in human disease. Biochimica et Biophysica Acta. 

1773:1341-8. (2007) 

 
156

 Savage MJ, Lin YG, Ciallella JR, Flood DG, Scott RW. Activation of c-Jun 

N-terminal kinase and p38 in an Alzheimer's disease model is associated with 

amyloid deposition. The Journal of Neuroscience. 22:3376-85. 2002. 

 
157

 Cheung EC, Slack RS. 2004. Emerging role for ERK as a key regulator of 

neuronal apoptosis. Science's Signal Transduction Knowledge 

Environment.:PE45.(2004) 

 
158

 Savage MJ, Lin YG, Ciallella JR, Flood DG, Scott RW. Activation of c-Jun 

N-terminal kinase and p38 in an Alzheimer's disease model is associated with 

amyloid deposition. The Journal ofNeuroscience. 22:3376-85.(2002) 

 
159

 Dineley KT, Westerman M, Bui D, Bell K, Ashe KH, Sweatt JD. Beta-

amyloid activates the mitogen-activated protein kinase cascade via 

hippocampal alpha7 nicotinic acetylcholine receptors: In vitro and in vivo 

mechanisms related to Alzheimer's disease.The Journal of Neuroscience. 

21:4125-33.( 2001). 

 
160

 Takashima A.GSK-3 is essential in the pathogenesis of Alzheimer’s 

disease.Journal of Alzheimer’s disease 9 309–317. (2006). 

 
161

 Aplin AE, Gibb GM, Jacobsen JS, Gallo JM, Anderton BH: In vitro 

phosphorylation of the cytoplasmic domain of the amyloid precursor protein by 

glycogen synthase kinase-3beta. J Neurochem.67:699–707.(1996). 

 
162

 Takashima A, Yamaguchi H, Noguchi K, Michel G, Ishiguro K, Sato K, 

Hoshino T, Hoshi M, Imahori K: Amyloid beta peptide induces cytoplasmic 

accumulation of amyloid protein precursor via tau protein kinase I/glycogen 

synthase kinase-3 beta in rat hippocampal neurons. Neurosci Lett.198:83–86. 

(1995) 

 
163

 Takashima A, Noguchi K, Michel G, Mercken M, Hoshi M, Ishiguro K, 

Imahori K: Exposure of rat hippocampal neurons to amyloid beta peptide (25–

35) induces the inactivation of phosphatidyl inositol-3 kinase and the activation 

of tau protein kinase I/glycogen synthase kinase-3 beta. Neurosci Lett 203:33–

36.(1996). 

 



83 
 

                                                                                                                                                         
164

 Takashima A, Honda T, Yasutake K, Michel G, Murayama O, Murayama 

M, Ishiguro K, Yamaguchi H: Activation of tau protein kinase I/glycogen 

synthase kinase-3beta by amyloid beta peptide (25–35) enhances 

phosphorylation of tau in hippocampal neurons. Neurosci Res.31:317–323. 

(1998). 

 
165

 Montuori, N. et al. Laminin receptors in differentiated thyroid tumors: 

restricted expression of the 67-kilo dalton laminin receptor in follicular 

carcinoma cells. J. Clin. Endocrinol. Metab. 84, 2086–2092 (1999). 

 
166

 Tan et al. Polygenic Hazard Score, Amyloid Deposition and Alzheimer's 

Neurodegeneration.Brain,142 (2), 460-470. (2019). 

167
 Jonas, M. C, Pehar, M. and Puglielli, L. AT-1 is the ER membrane acetyl-

CoA transporter and is essential for cell viability. J. Cell Sci. 123, 3378-3388. 

doi:10.1242/jcs.068841.(2010). 

168
 Walter AO, Seghezzi W, Korver W, Sheung J, Lees E .Oncogene 19: 4906–

4916.(2000). 

 
169

 Påhlsson et al.N-linked glycosylation of β-amyloid precursor protein. 

Biochemical and Biophysical Research Communications. Volume 189, Issue 3, 

Pages 1667-1673. (1992). 

 
170

 Tretter et. al.Peptide‐N4‐(N‐acetyl‐β‐glucosaminyl)asparagine amidase F 

cannot release glycans with fucose attached α1 → 3 to the asparagine‐linked 

N‐acetylglucosamine residue.European Journal of Biochemistry.(1991) 

 
171

 S. Tomita, Y. Kirino, T. SuzukiA basic amino acid in the cytoplasmic 

domain of Alzheimer's beta-amyloid precursor protein (APP) is essential for 

cleavage of APP at the alpha-site. J. Biol. Chem., 273 pp. 19304-19310. 

(1998). 

172
 Umemoto et. al.Purification and Properties of an endo-alpha-N-acetyl-D-

galactosaminidase From Diplococcus Pneumoniae. J Biol.Chem. 252 (23), 

8609-14. (1977). 

 
173

 GALBETE et al. Cholesterol decreases secretion of the secreted form of 

amyloid precursor protein by interfering with glycosylation in the protein 

secretory pathway. Biochem J, 348 (2): 307–313.(2000) 

 
174

 Iijima et. al.Transgenic Drosophila Models of Alzheimer's Disease and 

Tauopathies. Brain Struct Funct.214 (2-3), 245-62.(2010). 

 



84 
 

                                                                                                                                                         
175

 Tam et. al.The Amyloid Precursor Protein is rapidly transported from the 

Golgi apparatus to the lysosome and where it is processed into beta-

amyloid.Molecular Brain,7:5.(2014). 

 
176

 Kirouac L, Rajic A,  Cribbs D and Padmanabhan J.Activation of Ras-ERK 

Signaling and GSK-3 by Amyloid Precursor Protein and Amyloid Beta 

Facilitates Neurodegeneration in Alzheimer’s disease. eNeuro. (2017) 

 
177

 Chaput D, Kirouac LH, Bell-Temin H, Stevens SM Jr, Padmanabhan J. 

SILAC-based proteomic analysis to investigate the impact of amyloid 

precursor protein expression in neuronal-like B103 cells. Electrophoresis 

33:3728–3737. (2012). 

 
178

Braithwaite, S. P., et al, Prog. Mol. Biol. Transl. Sci. 106,343–379.( 2012). 

 
179

 Noble et al.Inhibition of glycogen synthase kinase-3 by lithium correlates 

with reduced tauopathy and degeneration in vivo.PNAS. 102 (19) 6990-

6995.(2005) 

 
180

 Albeely et. al.Pathogenic Feed-Forward Mechanisms in Alzheimer’s and 

Parkinson’s Disease Converge on GSK-3. Brain Plasticity,4 151–167.(2018). 

 
181

 Jing et al.,The role of membrane trafficking in the processing of amyloid 

precursor protein and production of amyloid peptides in Alzheimer's 

disease.Biomembranes.697-712. (2019) 

 
182

 Colavita et al., Membrane Protein 4F2/CD98 Is a Cell SurfaceReceptor 

Involved in the Internalization and Traffickingof Humanb-Defensin 3 in 

Epithelial Cells. Chemistry & Biology22, 217–228.(2015) 

 
183

 Hoefgen, S., Dahms, S. O., Oertwig, K., and Than, M. E. (2015). The 

amyloidprecursor protein shows a pH-dependent conformational switch in 

itsE1 domain.J. Mol. Biol.427, 433–442. 

 
184

  amakawa, H. et al. β-secretase inhibitor potency is decreased by aberrant 

beta-cleavage location of the “Swedish mutant” amyloid precursor protein. J. 

Biol. Chem. 285, 1634–1642 (2010) 


