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Abstract  

Sorting-related receptor with type A repeats (SORLA) is a sorting receptor encoded by 

SORL1, a major risk gene for Alzheimer disease (AD). SORLA is protective against AD 

by preventing the accumulation of amyloid-beta peptides into amyloid plaque deposits 

in the brain. Similar to AD, amyloid is a pathological hallmark found in the pancreas of 

type 2 diabetes patients. The main amyloidogenic component in pancreatic islet is a 

small peptide hormone produced by the beta cell, called islet amyloid polypeptide 

(IAPP). However, the underlying mechanisms of islet amyloid formation remain unclear. 

Recent advances in single-cell transcriptomic analyses have revealed that SORLA 

transcript is also expressed in beta cells. Yet, the role of SORLA in islets has not been 

studied previously. Based on the established understanding of SORLA in amyloid 

formation in the brain, we postulated that it may function similarly in islet beta cells. 

Specifically, we hypothesized that SORLA regulates islet amyloid formation through 

mediating IAPP transport and turnover.  

To test this hypothesis, we first examined the effect of SORLA deficiency on islet 

amyloid formation, cell death and overall glucose homeostasis by comparing wildtype 

(WT) mice with animals carrying a targeted Sorl1 disruption (KO). Since mouse IAPP is 

non-amyloidogenic, SORLA WT and KO lines that overexpress a human IAPP (hIAPP) 

transgene were generated. The loss of SORLA significantly increased both the 

prevalence and severity of islet amyloid deposition in hIAPP transgenic mice compared 

with WT controls. Aggravated amyloid deposition was also accompanied with increased 

islet cell death in hIAPP/KO mice. However, when analyzed at 7 months of age, the 

increased amyloid burden had not affected overall glucose homeostasis or beta cell 

function. Next, we performed in vitro studies to elucidate the mechanism by which 

SORLA regulates IAPP and islet amyloid formation. Results from microscale 

thermophoresis showed that SORLA interacted more strongly with the precursor 

(proIAPP) than the mature form of IAPP. Its preference towards partially processed 

IAPP was further corroborated in cell studies in which SORLA mediated endocytosis of 

proIAPP, but not mature IAPP, delivering it to the endolysosomal degradation pathway. 

Altogether, studies in this dissertation have uncovered a novel role of SORLA in 

pancreatic islets, where SORLA protects against islet amyloid deposition and 
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associated cell death, likely through clearance of extracellular proIAPP secreted by beta 

cells. 
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Zusammenfassung  

Der Sorting Related Receptor with A-type Repeats (SORLA) ist ein Sortierrezeptor, der 

von SORL1 kodiert wird, einem der Hauptrisikogene für die sporadische Alzheimer-

Krankheit (AD). SORLA schützt vor Alzheimer, indem es die Akkumulation von Amyloid-

beta-Peptiden in Amyloid-Plaque-Ablagerungen im Gehirn verhindert. Ähnlich wie bei 

AD ist Amyloid ein pathologisches Merkmal des Pankreas bei Patienten mit Typ-2-

Diabetes. Die wichtigste amyloidogene Komponente in den Langerhans-Inselzellen des 

Pankreas ist ein kleines Peptidhormon, das von den Betazellen produziert wird und als 

islet amyloid polypeptide (IAPP) bezeichnet wird. Die Mechanismen, die der Bildung 

von Insel-Amyloid zugrunde liegen, sind jedoch nach wie vor unklar. Jüngste 

Fortschritte bei Einzelzell-Transkriptomanalysen haben gezeigt, dass das SORLA-

Transkript auch in Betazellen zu finden ist. Die Rolle von SORLA in Langerhans-Inseln 

wurde jedoch bisher nicht untersucht. Auf der Grundlage der etablierten Rolle von 

SORLA bei der Amyloidbildung im Gehirn stellten wir die Hypothese auf, dass es in den 

Betazellen der Langerhans-Inseln eine ähnliche Funktion haben könnte. Insbesondere 

postulieren wir, dass SORLA die Amyloidbildung in Inselzellen durch die Kontrolle von 

IAPP-Transport und -Umsatz reguliert. 

Um unsere Hypothese zu testen, untersuchten wir zunächst die Auswirkungen 

eines SORLA-Defizits auf die Amyloidbildung in den Inselzellen, den Zelltod und die 

allgemeine Glukosehomöostase, indem wir Wildtyp-Mäuse (WT) mit Tieren verglichen, 

welche einen induzierten Sorl1 Gendefekt trugen (KO) Tieren. Da das IAPP der Maus 

nicht amyloidogen ist, wurden SORLA WT- und KO Mausstämme erzeugt, die ein 

humanes IAPP (hIAPP) Transgen überexprimierten. Wir konnten zeigen, dass der 

Verlust von SORLA sowohl die Prävalenz als auch den Schweregrad der Insel-Amyloid-

Ablagerungen in hIAPP-transgenen Mäusen im Vergleich zu WT-Kontrollen deutlich 

erhöht. Die verstärkte Amyloidablagerung ging bei hIAPP/KO-Mäusen auch mit einem 

erhöhten Absterben der Inselzellen einher. Bei 7 Monate alten Tiere führte die erhöhte 

Amyloidbelastung jedoch weder zu einer Beeinträchtigung der Glukosehomöostase 

noch der Betazellfunktion. Als Nächstes untersuchten wir in in vitro Studien, durch 

welchen Mechanismus SORLA die Bildung von IAPP und Insel-Amyloid regulieren 

könnte. Mittels der Methode der microscale thermophoresis wurde gezeigt, dass 

SORLA stärker mit der IAPP-Vorstufe (proIAPP) als mit reifem IAPP interagiert. Die 

Präferenz von SORLA für teilweise prozessiertes IAPP wurde in Zellstudien bestätigt, in 
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denen SORLA die Endozytose von proIAPP, aber nicht von reifem IAPP vermittelte und 

es so dem endolysosomalen Abbauweg zuführte. 

Insgesamt haben die Studien in dieser Dissertation eine neuartige Rolle von 

SORLA in den Langerhans-Inselzellen aufgedeckt. Hier schützt SORLA vor Insel-

Amyloid-Ablagerungen und dem damit verbundenen Zelltod, wahrscheinlich durch 

Beseitigung von extrazellulärem proIAPP, das von Betazellen sezerniert wird. 
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1. Introduction 

1.1. Islet amyloid polypeptide 

1.1.1. Physiological roles of islet amyloid polypeptide  

Islet amyloid polypeptide (IAPP or amylin) is a small, 37-amino acid long hormone 

secreted from pancreatic islet beta cells that impacts various aspects of systemic 

glucose and energy homeostasis.  However, the molecular pathways of IAPP-mediated 

effects on glucose and energy homeostasis remain largely elusive due to the structural 

complexity of its receptors. IAPP receptors are heterodimers of the calcitonin receptor 

and one of the three isoforms of receptor activity-modifying proteins (RAMPs), and they 

exist with varying ligand binding selectivity (Christopoulos et al. 1999; McLatchie et al. 

1998; Muff, Bühlmann, Fischer, and Born 1999). IAPP receptors are highly expressed in 

the brain and have been shown to promote satiety, delay gastric emptying, control food 

intake, body weight and energy expenditure (R. Akter et al. 2016; Lutz 2010). In 

addition to central regulation, IAPP has been shown to maintain blood glucose 

homeostasis by modulating insulin secretion (Z. L. Wang et al. 1993; Samuel Gebre-

Medhin et al. 1998; S. Gebre-Medhin, Olofsson, and Mulder 2000).  

IAPP is first synthesized as a preprohormone (Figure 1), upon removal of its N-

terminal signal peptide in the endoplasmic reticulum (ER), the C-terminal extended 

precursor undergoes further processing and modifications in the Golgi and secretory 

granules prior to production of mature IAPP. First, the C-terminally extended propeptide 

of proIAPP is cleaved by prohormone convertase (PC1/3) to produce a partially 

processed intermediate proIAPP. Then, the N-terminally extended propeptide of 

proIAPP is removed by PC2. Finally, mature IAPP is generated in the secretory 

granules by actions of carboxypeptidase E (CPE) and peptidyl-glycine α-amidating 

monooxygenase (PAM), which remove the basic residues lysine and arginine, and 

amidate its C-terminal, respectively. Mature IAPP is stored in densely packed mature 

secretory granules and secreted together with insulin in a molar ratio of 1 to 100 in 

response to glucose and other non-glucose secretagogues, such as leucine and 

glutamine (Kahn et al. 1990). By contrast, unprocessed IAPP is released constitutively 

(Marzban, Trigo-Gonzalez, and Verchere 2005).  
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Figure 1: Processing of IAPP precursor  
IAPP is first synthesized as a prepropeptide. Upon removal of its signal peptide, two propeptides flanking 
the C- and N-terminal ends of proIAPP are cleaved by prohormone convertases, PC1/3 and PC2 
respectively. Mature IAPP is produced by final modifications at the C-terminal end when basic residues 
are removed by carboxypeptidase E (CPE) and its C-terminal end amidated by peptidyl-glycine α-
amidating monooxygenase (PAM). Created with Biorender.com 

 

1.1.2. IAPP and islet amyloid-mediated cytotoxicity in type 2 diabetes 

IAPP is an intrinsically disordered soluble peptide. In humans, IAPP has the propensity 

to adopt a structured, beta-sheet conformation that is prone to aggregation into 

oligomers, fibrils, and eventually large insoluble amyloid deposits (Figure 2) (R. Akter et 

al. 2016). The formation of IAPP oligomers and islet amyloids in the pancreas promotes 

beta cell dysfunction, cell death, and type 2 diabetes (T2D). T2D is a metabolic disease 

characterized by hyperglycemia, insulin resistance, and reduced insulin release. 

Approximately 90% of T2D patients display islet amyloid plaques in their pancreata, 

with the amount of amyloid deposits positively correlating with the severity of the 

disease (Röcken, Linke, and Saeger 1992; Kahn, Andrikopoulos, and Verchere 1999). It 

is increasingly recognized that oligomeric forms or prefibrillar aggregates of human 

IAPP (hIAPP) are the more cytotoxic agent promoting beta cell apoptosis, while amyloid 

plaques develop secondarily (S. Zraika et al. 2010; Haataja, Gurlo, Huang, and Butler 

2008). Toxic IAPP oligomers are likely to form both intracellularly along the secretory 

pathways but also extracellularly from secreted IAPP. They disrupt cellular membrane 

structures, such as the mitochondrial membrane and plasma membrane, activating beta 

cell death (Gurlo et al. 2010; Raleigh, Zhang, Hastoy, and Clark 2017). Other 

mechanisms of IAPP-mediated cytotoxicity include islet inflammation (Masters et al. 

2010), ER stress (C. J. Huang et al. 2007), and oxidative stress (S. Zraika et al. 2009). 
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Figure 2: Model illustrating formation of islet amyloid 
Native IAPP exist as an unstructured, monomeric peptide. Perturbations in the folding or trafficking of 
IAPP promote its misfolding into intramolecular beta-sheets. Accumulation of misfolded IAPP results in 
soluble aggregates and later larger protofibrils. The presence of protofibrils accelerate the assembly into 
insoluble amyloid fibrils and amyloid deposits. Adapted from Hull, Rebecca L., Gunilla T. Westermark, 
Per Westermark, and Steven E. Kahn. 2004. “Islet Amyloid: A Critical Entity in the Pathogenesis of Type 
2 Diabetes.” Journal of Clinical Endocrinology and Metabolism. https://doi.org/10.1210/jc.2004-0405. 
(Hull, Westermark, Westermark, and Kahn 2004). 

 

1.1.3. Factors promoting islet amyloid formation 

The causes of islet amyloid formation associated to T2D are complex and remain 

incompletely understood. One of the many contributing factors is the local concentration 

of the amyloidogenic peptide IAPP. Thus, maintaining IAPP homeostasis is essential to 

minimize its propensity to aggregate. In beta cells, an imbalance between IAPP 

synthesis, secretion, and clearance is therefore likely to promote the formation of 

oligomers and insoluble islet amyloid deposits. The following is a brief summary of 

cellular processes that promote islet amyloid formation. These include overproduction, 

impaired processing, and impaired clearance of IAPP. 

 

Overproduction of IAPP 

During the development of T2D, insulin resistance increases the demand of beta cells 

to produce and secrete insulin as a compensatory mechanism to maintain 

normoglycemia (Cerf 2013). Since IAPP is produced and co-secreted along with insulin 

from the secretory granules (Kahn et al. 1990), overproduction and hypersecretion of 

IAPP promote the accumulation of IAPP into amyloid. However, in vivo studies have 

shown that overexpression of the human IAPP transgene alone is insufficient to induce 

significant islet amyloid formation, arguing that other factors are involved as well (Fox et 

al. 1993; Höppener et al. 1993; D’Alessio et al. 1994; Janson et al. 1996).  
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Impaired proIAPP processing 

In addition to the quantity of IAPP, the variety of IAPP produced, i.e. partially processed 

vs mature forms, also contributes to amyloidogenicity. It is established that the mature 

form of IAPP contains a segment of aggregation-prone amino acids at positions 20 – 29 

(P. Westermark et al. 1990). In addition to mature IAPP, recent histological studies have 

shown that the partially processed proIAPP intermediates are also present in islet 

amyloid (J. F. Paulsson, Andersson, Westermark, and Westermark 2006). Moreover, 

proIAPP peptides have a strong binding affinity towards heparan sulfate proteoglycans, 

another component of islet amyloid deposits (Park and Verchere 2001). The interaction 

between proIAPP and heparin may therefore be important in initiating the early steps of 

the amyloid propagation cascade. As detailed in section 1.1.1., mature IAPP is 

produced by a series of processing events from its precursors proIAPP. Recent studies 

of the processing enzymes prohormone convertases in cell lines and hIAPP transgenic 

mice have shown that impaired processing of proIAPP results in increased islet amyloid 

formation and islet cell death (Abedini, Tracz, Cho, and Raleigh 2006; Johan F. 

Paulsson and Westermark 2005; Marzban et al. 2006). Thus, complete processing of 

proIAPP into its mature form is essential to prevent undesirable formation of islet 

amyloid.  

 

Impaired clearance of IAPP 

The regulation of protein clearance and turnover is important to maintain a healthy 

homeostasis in beta cells. Failure to remove excess, misfolded, or aggregation-prone 

IAPP can therefore promote islet amyloid formation and development of T2D 

(Mukherjee, Morales-Scheihing, Butler, and Soto 2015). Two major pathways have 

been shown to regulate IAPP clearance, namely the ubiquitin-proteosome system and 

the autophagy-lysosomal pathway. 

 

The ubiquitin-proteosome system (UPS) 

The majority of intracellular cytosolic proteins in pancreatic islet beta cells are degraded 

through the ubiquitin-proteosome system (UPS) (Hartley, Brumell, and Volchuk 2009). 

Proteins destined for degradation are marked by ubiquitination and degraded by the 

26S proteosome. Patients with T2D have reduced proteasomal activity and increased 
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accumulation of polyubiquitinated proteins (Costes et al. 2011). Studies have shown 

that both the amyloidogenic human and non-amyloidogenic murine IAPP are degraded 

through UPS as pharmacological inhibition of the proteosome results in increased IAPP 

content and associated cell death (Casas et al. 2007; Singh, Trikha, Sarkar, and 

Jeremic 2016).  

 

The autophagy-lysosomal pathway clears aggregated IAPP 

Autophagy is responsible for the turnover of protein aggregates and other cellular 

components, including damaged organelles. It plays an integral part in beta cell function 

and T2D pathophysiology as islets from diabetic subjects contain significantly higher 

amounts of autophagosomes compared to non-diabetic subjects (Masini et al. 2009). 

Autophagy is required to package IAPP oligomers into autophagosomes for degradation 

and to protect against beta cell death and development of T2D as demonstrated in 

hIAPP-expressing mice lacking the autophagy initiator Autophagy Related 7 (ATG7) 

(Shigihara et al. 2014; Kim et al. 2014; Rivera et al. 2014). Furthermore, autophagic 

activity is enhanced under metabolic stress induced by high-fat diet, suggesting that 

autophagy is a compensatory mechanism to remove excessive IAPP produced under 

conditions of obesity and insulin resistance.  

Taken together, it is likely that multiple degradation pathways, including the 

ubiquitin-proteosome and autophagy-lysosomal pathways, are involved in maintaining 

IAPP homeostasis under different (patho)physiological conditions. However, the 

molecular regulators involved in IAPP handling remain to be elucidated. For instance, it 

is unclear how secreted IAPP peptides or extracellular IAPP aggregates are directed to 

the proteosomes or lysosomes for degradation. 

 

Zinc-metalloproteases 

In addition to proteosomes and lysosomes, IAPP can be degraded by zinc-

metalloproteases, including insulin-degrading enzyme (IDE) (Bennett, Duckworth, and 

Hamel 2000), neprilysin (Sakeneh Zraika et al. 2010), and matrix metalloproteinase-9 

(MMP9) (Kathryn Aston-Mourney et al. 2013). However, conflicting results have been 

reported on their effects on IAPP homeostasis. For instance, inhibition of IDE has been 

shown to prevent IAPP degradation and to promote amyloid fibril formation in a beta cell 
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line (Bennett, Hamel, and Duckworth 2003), while inhibition of IDE failed to promote 

islet amyloid formation in primary islets of hIAPP-transgenic mice (Hogan et al. 2016). It 

is also important to note that most studies of IDE, neprilysin, and MMP9 in IAPP 

degradation and amyloid formation were performed using pharmacological inhibitors in 

cultured cell line or isolated islets, which may not fully recapitulate their physiological 

functions in vivo. 

 

Additional factors 

Other amyloid promoting factors include pH and calcium concentration in secretory 

granules (Charge, de Koning, and Clark 1995). Also, the molar ratio between IAPP and 

insulin appears to be important to prevent IAPP from adopting a beta sheet structure 

and to stabilize its monomer form (Per Westermark et al. 1996).  

In summary, the mechanisms of islet amyloid formation are multifaceted and 

likely involve a combination of molecular changes that concertedly create pathological 

conditions that favor aggregation and propagation of IAPP into oligomers and insoluble 

amyloid plaques. 

 

1.1.4. Human IAPP transgenic mouse models 

Mouse models are commonly used to study systemic metabolism and disease 

pathogenesis, including the role of islet amyloid in T2D. However, unlike human IAPP, 

rodent forms of the peptide do not form islet amyloid as their amino acid sequence 

display several substitutions in the amyloidogenic region of hIAPP (position 20 to 29), 

where proline residues disrupt β-sheet structure and destabilizes oligomers (Figure 3) 

(P. Westermark et al. 1990; Chiu, Singh, and de Pablo 2013). Thus, transgenic lines 

with beta cell-specific expression of the hIAPP transgene driven by the rat insulin II 

gene promoter were generated to study islet amyloid formation and its role in T2D 

pathophysiology (Matveyenko and Butler 2006). Mice homozygous for hIAPP transgene 

develop islet amyloid deposits but this is accompanied by a rapid decline in beta cell 

function, increased cell death, and early development of T2D leading to death if left 

untreated (Janson et al. 1996). Therefore, studies are generally performed in 

hemizygous hIAPP mice, which do not develop spontaneous amyloid deposits or 

diabetes unless additional diabetogenic stressors through dietary, pharmacological, or 
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genetic interventions are introduced (Ahrén, Oosterwijk, Lips, and Höppener 1998; 

Höppener et al. 1993; Couce et al. 1996; Höppener et al. 1999). In addition to 

hemizygosity, biological sex is an important factor. Female hIAPP transgenic mice are 

more resilient to developing islet amyloid and diabetes due to the protective effects of 

estrogen on insulin resistance (Janson et al. 1996; Geisler et al. 2002). Therefore, male 

mice are commonly selected to study islet amyloid. 

 

Figure 3: Amino acid sequences at position 20 to 29 of human and rodent IAPP  
Unlike human IAPP, the rodent form is non-amyloidogenic due to substitutions of amino acids (red) in the 
amyloidogenic region (position 20 to 29) of human IAPP. In particular, the presence of proline residues in 
rodent IAPP disrupt and destabilizes β-sheet structures. Created with Biorender.com 

 

 

1.2. Sorting-related receptor with type A repeats (SORLA) 

1.2.1. Structure and biosynthesis of the receptor 

The sorting-related receptor with A-type repeats (SORLA, LR11) is a 250 kDa type-1 

transmembrane receptor of the vacuolar protein sorting 10 protein (VPS10P) domain 

receptor gene family (Jacobsen et al. 1996). Mammalian members of this gene family 

share a VPS10P domain in their extracellular region. The VPS10P domain is a large 

ligand binding region that assumes the shape of a funnel formed by a ten-bladed β-

propeller fold. This ligand-binding domain was initially identified in the yeast vacuolar 

protein sorting 10 (Vps10) protein, a sorting receptor that transports carboxypeptidase Y 

(CPY) from late Golgi compartments to the vacuole (the yeast lysosome) (Marcusson et 

al. 1994). SORLA is also referred to as the lipoprotein receptor LR11 because it 

contains another ligand-binding region comprised of a cluster of 11 complement-type 

repeats (CR) that is found in low-density lipoprotein (LDL) receptor-related proteins. In 

addition to ligand binding, the ectodomain of SORLA contains a β-propeller region for 

pH-dependent release of ligands, an epidermal growth factor (EGF) type repeat 

domain, and a fibronectin type III (FNIII) domain (Figure 4). The short cytoplasmic tail of 

SORLA consists 54 amino acid residues and interacts with various adaptor proteins, 

such as the retromer, to direct the receptor to specific intracellular trafficking routes 

(Nielsen et al. 2007). 
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 SORLA is first synthesized as a pro-receptor in the ER. Upon enzymatic removal 

of its N-terminal propeptide by furin in the trans-Golgi network (TGN), mature SORLA is 

released through the constitutive secretory pathway to the cell surface. From there, it 

undergoes endocytosis to shuttle through various intracellular compartments and to 

carry out its function as a sorting receptor for cargo along the endocytic and secretory 

routes of the cell. Since the aim of my dissertation is to examine the function of SORLA 

as a sorting receptor in pancreatic islet beta cells, I will focus on the known 

physiological roles and trafficking routes of the membrane-bound SORLA in the next 

sections.  

 
Figure 4: Structural organization of SORLA  
SORLA is a type 1 transmembrane receptor. Its extracellular domain contains two established ligand 
binding regions, the VPS10P domain and the CR-cluster. It has a short cytoplasmic tail which binds to 
adaptor proteins or retromers for directed trafficking pathways. Abbreviations: vacuolar protein sorting 10 
protein (VSP10P); epidermal growth factor (EGF); complement-type repeats (CR); fibronectin type III 
(FNIII). This figure is created with Biorender.com and published in Shih et al. 2022. 
 

 

 

1.2.2. Trafficking routes of SORLA  

SORLA is a multi-ligand receptor that follows multiple intracellular trafficking 

routes, including bi-directional sorting between the TGN and endosomal compartments, 

as well as transport to and from the cell surface (Monti and Andersen 2018). Over 

twenty ligands have been identified so far to interact with SORLA. Their trafficking 

routes can be broadly summarized into three main pathways: (1) bi-directional sorting 

between the TGN and endosomes, (2) anterograde sorting to endolysosomal 

compartment, and (3) endocytosis. The following is a brief description of each of these 

three SORLA-mediated trafficking routes. 

 

(1) Bi-directional sorting between the TGN and endosomes 
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SORLA reduces amyloidogenic production of amyloid-beta (Aβ) peptides by 

sorting its precursor amyloid precursor protein (APP) from early endosomes to the TGN. 

This transport is mediated by interaction between the cytoplasmic tail of SORLA and the 

adaptor proteins PACS1 and retromer (Fjorback et al. 2012; Burgert et al. 2013; 

Schmidt et al. 2007). In addition to retrograde sorting, SORLA needs to return from the 

TGN to endosomes to replenish receptor levels required for maintaining APP transport. 

Anterograde transport of SORLA is mediated by the Golgi-localized adaptor proteins 

GGA1 and GGA2 (Dumanis et al. 2015), which also facilitate the sorting of newly 

synthesized Aβ from endosomes for lysosomal degradation. Another example of 

SORLA-dependent ligand sorting from the TGN to endosomes is lipoprotein lipase in 

the brain, which binds to the CR cluster of the receptor (Klinger et al. 2011). By sorting 

to the late endosomes, SORLA facilitate onward transport of lipoprotein lipase to 

lysosomes for degradation. 

 

(2) Sorting from endosome to cell surface  

In addition to endosomes-TGN sorting, SORLA also mediates transport from 

endosomes to other cellular compartments, including cell surface and lysosomes. For 

instance in neurons, SORLA interacts with sorting nexin 27 (SNX27) to divert APP from 

early endosomes to the cell surface, thereby reduces amyloidogenic processing into Aβ 

(T. Y. Huang et al. 2016). Alternatively, SORLA also directs newly synthesized Aβ in 

early endosomes to lysosomes for catabolism (Caglayan et al. 2014). In addition to 

neurons, SORLA has been shown to transport the human epidermal growth factor 

receptor 2 (HER2) from intracellular vesicles to the cell surface, thereby promoting its 

oncogenic signaling in cancer cells (Pietilä et al. 2019). Loss of SORLA results in 

impaired recycling of HER2, accumulation in lysosomes and suppression of tumor 

growth. 

 

(3) Endocytosis  

Although the majority of SORLA is localized in the Golgi, a substantial proportion of the 

receptor is found at the cell surface where it functions as an endocytic receptor 

(Jacobsen et al. 2001). A number of extracellular factors, including apolipoproteins and 

cytokines (e.g. interleukin-6) have been identified as ligands endocytosed by SORLA 
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(Nilsson et al. 2008; Larsen and Petersen 2017). In most cases, SORLA-bound ligands 

were directed to the late endosomes, en route to the lysosomal degradation pathway.  

 

1.2.3. Relevance of SORLA in Alzheimer disease 

SORLA is highly expressed in neurons and its encoding gene SORL1 is a risk factor 

associated with both late-onset (Rogaeva et al. 2007; Lambert et al. 2013) and early-

onset forms (Pottier et al. 2012) of Alzheimer disease (AD). Thus, extensive studies 

have been carried out to elucidate its neuronal functions. One of the most established 

roles of SORLA is its protection against amyloid plaques formation in the brain, a 

pathological hallmark of AD (Malik and Willnow 2020). The main amyloidogenic agent of 

amyloid plaques in AD are Aβ peptides, processing products of APP. The 

amyloidogenic process begins with the internalization of APP from the cell surface into 

endosomes, where it is proteolytically processed by β- and γ-secretases to generate 

amyloidogenic Aβ peptide (Willnow and Andersen 2013; Andersen et al. 2005) (Figure 

5). The majority of Aβ is secreted and accumulated in the extracellular space, thereby 

promoting the aggregation and formation of insoluble amyloid plaques. SORLA reduces 

the overall amyloid burden in the brain by regulating the trafficking pathways of APP 

and Aβ. Firstly, SORLA binds to internalized APP via its CR repeats (Andersen et al. 

2006; Mehmedbasic et al. 2015) and direct its transport from early endosomes to the 

TGN through actions of retromer and monomeric adaptor proteins such as Golgi-

localized, γ-ear-containing, Arf-binding proteins (GGA1) and phosphofurin acidic cluster 

sorting protein 1 (PACS1), preventing the generation of Aβ (Schmidt et al. 2007; Burgert 

et al. 2013) (Figure 5 ,(1)). Secondly, SORLA binds to newly synthesized Aβ via its 

VPS10P domain and directs nascent Aβ from endosomes to lysosomes for degradation, 

further reducing accumulation of Aβ in the brain (Caglayan et al. 2014; Dumanis et al. 

2015) (Figure 5, (2)). Furthermore, it has been shown that SORLA interacts with 

SNX27, which promotes recycling of APP from endosomes to the cell surface and also 

reduces amyloidogenic processing into Aβ (T. Y. Huang et al. 2016) (Figure 5,(3)). 
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Figure 5: Sorting pathways whereby SORLA reduces amyloid burden in the brain 
Extracellular amyloid plaques in the brain are formed by aggregation of Aβ peptides released during APP 
processing. Internalized APP from the cell surface is processed into Aβ by secretases in early 
endosomes. SORLA reduces overall Aβ production through [1] transport of APP from endosomes to the 
TGN via adaptor proteins AP1 and PACS1. SORLA is then recycled back from the TGN to early 
endosomes via adaptor protein GGA; [2] transport of newly released Aβ to late endosomes for lysosomal 
degradation; and [3] diversion of APP from endosomes to the cell surface through interaction with adaptor 
protein SNX27. Abbreviations: phosphofurin acidic cluster sorting protein 1 (PACS1), Golgi-localized, γ-
ear-containing Arf-binding proteins (GGA1), sorting nexin 27 (SNX27). Created with Biorender.com 

 

1.2.4. Emerging roles for SORLA in metabolism  

SORLA is classically referred as a neuronal receptor and implicated in 

neurodegenerative diseases. However, it is also expressed in peripheral tissues, such 

as the liver, kidney, adipose tissues, and endocrine tissues as documented in the 

Human Protein Atlas. Recent human and mouse genome-wide association studies have 

identified multiple single-nucleotide polymorphisms in SORL1 associated with metabolic 

traits, namely obesity and waist circumference (Smith et al. 2010; Parks et al. 2013). 

Further in vivo studies in SORLA-deficient or SORLA overexpressing mice have shown 

that SORLA promotes obesity and glucose intolerance through inhibition of lipolytic 

activity (Schmidt et al. 2016) and thermogenesis (Whittle et al. 2015) in white adipose 

tissues. SORLA inhibits lipolytic activity in adipocytes through increasing expression of 
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insulin receptor at the cell surface and enhancing downstream insulin signaling. It sorts 

internalized insulin receptors from the endosomes towards the TGN to be recycled and 

incorporated into vesicles destined to the cell surface (Schmidt et al. 2016). By 

transporting insulin receptor to the TGN, SORLA also prevents endolysosomal 

degradation of insulin receptor and maintain levels of surface expression. 

 

Another major organ system that plays a central role in metabolism is the endocrine 

pancreas, which secretes hormones from islets to maintain glucose homeostasis. 

Recent single-cell RNA sequencing (scRNAseq) analyses in human pancreatic tissues 

have revealed the presence of SORLA transcripts in islet endocrine cells but not 

exocrine cells (Segerstolpe et al. 2016) (Figure 6), suggesting a role for SORLA in 

regulating islet hormones. In addition to the study by Segerstolpe et al., additional 

transcriptomic studies have also provided evidence for SORLA transcripts in both 

human and murine islets (Muraro et al. 2016; Neelankal John, Ram, and Jiang 2018). 

Together, multiple transcriptomic studies suggested SORLA as an emerging candidate 

in the control of energy homeostasis and metabolism. However, the underlying cell 

biology of how SORLA functions in islet endocrine cells, and its roles in metabolic 

diseases, such as diabetes, remains to be elucidated in detail.  
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Figure 6 Expression of SORL1 across human pancreatic tissues of healthy and T2D subjects 
(a) Box plots of SORL1 expression levels in seven major pancreatic cell types. Each bar represents an 
individual donor, with the bars in blue boxes corresponding to healthy subjects and the bars in red boxes 
corresponding to T2D subjects. (b) Two-dimensional projections of all sequenced cells into related 
biological clusters including endocrine, ductal and acinar cells (left panel) or endocrine only cell types 
(right panel) based on t-distributed stochastic neighbor embedding (t-SNE) plots. (c).  Expression of 
SORL1 (log2RPKM) in all sequenced cells corresponding to their clusters shown in (b). Sorl1 expression 
is absent in acinar cells but lowly expressed in ductal cells and more highly expressed in endocrine cells. 
Among endocrine cell types, SORL1 expression is higher in beta cells compared to alpha cells. This 
figure is adapted from Segerstolpe, Åsa, Athanasia Palasantza, Pernilla Eliasson, Eva Marie Andersson, 
Anne Christine Andréasson, Xiaoyan Sun, Simone Picelli, Alan Sabirsh, Maryam Clausen, Magnus K. 
Bjursell, David M. Smith, Maria Kasper,  Carina Ämmälä and Rickard Sandberg. 2016. “Single-Cell 
Transcriptome Profiling of Human Pancreatic Islets in Health and Type 2 Diabetes.” Cell Metabolism 24 
(4): 593–607. https://doi.org/10.1016/j.cmet.2016.08.020. (Segerstolpe et al. 2016) and generated with 
https://sandberglab.se/tool/pancreas/  
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1.3. Aim of this study 

Recent transcriptomic studies of human and murine islets revealed that SORLA 

transcripts (SORL1) are also found in islet endocrine cells and with highest abundance 

in the insulin-producing beta cells (Muraro et al. 2016; Segerstolpe et al. 2016; 

Neelankal John, Ram, and Jiang 2018). Given the fundamental role of SORLA in 

regulating amyloidogenic processes in neurons through control of APP and Aβ 

trafficking, I hypothesized that SORLA may also play a role in control of IAPP transport 

and islet amyloid formation in pancreatic islet beta cells. To query this hypothesis in my 

thesis project, I examined the effects of SORLA deficiency on islet amyloid deposition, 

beta cell function, and overall glucose homeostasis comparing wildtype and SORLA-

knockout mice that express hIAPP in islet beta cells, an animal model of islet amyloid. 

Furthermore, using primary islet cells and an established cell line, I determined the 

expression and subcellular localization of SORLA, its interaction with pro- and mature 

forms of IAPP, and the underlying molecular mechanisms of its impact on islet amyloid 

formation.  
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2. Materials and methods 

2.1. Mouse models 

Global SORLA knockout mice on a C57Bl/6J background (KO BL/6)  were previously 

generated in house and described in (Andersen et al. 2005). To study the role of 

SORLA in islet amyloid deposition, SORLA KO mice were crossed with human IAPP 

transgenic mice (FVB/N-Tg(Ins2-IAPP)RHFSoel/J) purchased from The Jackson 

Laboratory (#08232) according to the breeding scheme in Figure 7. In the latter mouse 

line, beta cell-specific expression of the hIAPP transgene is under the regulatory control 

of the rat insulin II promoter. All in all, four genotypes were generated in this study, 

namely SORLA WT and KO mice with hemizygous expression of hIAPP (hIAPP:SORLA 

WT or KO), as well as SORLA WT and KO  without hIAPP transgene expression 

(SORLA WT or KO). Genotypes were confirmed by PCR. 

All animal experiments were approved by the Berlin State Office for Health and Social 

Affairs (LAGESO, Berlin, Germany). Animals were housed in the animal facility of the 

Max Delbrück Center, in a 12 h light/ 12 h dark cycle. Animals were fed a standard 

chow diet (4.5% crude fat, 39% carbohydrates) or a HFD (60% crude fat, 21% 

carbohydrates, 19% protein; #E15741-34; ssniff, Soest, Germany). For HFD studies, 

mice began HFD feeding at 4 weeks of age upon weaning. Previous study has shown 

that islet amyloid formation is rarely found in female mice (Verchere et al. 1996). Thus, 

only male mice were used in this study. 

 

Figure 7: Breeding scheme to generate hIAPP-expressing SORLA KO and WT mice 
Transgenic mice hemizygous for beta cell-specific hIAPP transgene expression were purchased from 
Jackson Laboratory and crossed with global SORLA KO mice that were generated in-house. In the 
second generation, hIAPPTg/0:Sorl1+/- were bred with SORLA WT (Sorl1+/+) or KO (Sorl1-/-) animals to 
generate experimental mice of the four final genotypes shown here. Created with PowerPoint. 
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2.2. Measurements for body weight and fasting glucose 

Body weight and fasting blood glucose levels were measured every 2 weeks in mice 

aged between 4 and 30 weeks of age. After body weight was measured, mice were 

fasted for 6 h during the light-cycle (starting between 8:00 and 9:00) prior to blood 

glucose measurement using a glucometer (Contour® NEXT ONE).  

 

2.3. Collection of fasting blood plasma for hormones measurement 

For measurement of fasting circulating blood insulin and IAPP levels, mice were fasted 

for 6 h prior to blood collection. Blood was collected by bleeding the submandibular vein 

into EDTA-treated MiniCollect® tube. Blood plasma was separated by centrifugation at 

1500 g for 10 min at 4°C. Plasma was stored at -80°C until further measurement by 

ELISA as described in section 2.11. 

 

2.4. Glucose tolerance test (GTT) 

Mice were fasted for 16 h during the dark-cycle, starting at 17:00. On the day of GTT, 

mice were weighed and fasting blood glucose were measured. A glucose solution in 

PBS was given intraperitoneally at a dose of 2 g/ kg body weight for ND-fed mice and 

0.75 g/ kg body weight for HFD-fed mice. A lower glucose dose was administered to 

HFD mice to ensure that glucose measurements did not exceed the maximum detection 

range of the glucometer. Blood glucose levels were measured at regular intervals (20, 

40, 60, 90, 120 min) by bleeding at the tail tip.  

2.5. Glucose-stimulated insulin secretion (GSIS) in vivo 

Mice were fasted for 16 h during the dark-cycle, starting at 17:00. On the day of GSIS, 

mice were weighed and a glucose solution in PBS was given by intraperitoneal injection 

at a dose of 2 g / kg body weight for both ND- and HFD-fed mice. Blood samples were 

collected at time 0, 2, and 30 min and plasma were separated as described in section 

2.3. Insulin was measured by ELISA as described in section 2.11. 
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2.6. Preparation of pancreas for histology 

For murine tissues, immediately after cervical dislocation, pancreata were excised from 

33- to 35-week-old mice, fixed in 4% paraformaldehyde overnight at 4°C, followed by 

step-wise dehydration in 15% sucrose in PBS for 6 h, then 30% sucrose in PBS 

overnight at 4°C. Pancreas tissues were cryopreserved in Tissue-Tek® O.C.T. and kept 

at -80°C until sectioning (10 µm) on a cryostat. Human pancreas biopsies from 3 

healthy and anonymized subjects were provided by Assoc. Prof. Esben Søndergaard 

(Steno Diabetes Center Aarhus) in the form of paraffin-embedded sections. 

 

2.7. Islet isolation 

Pancreata were perfused with 1 – 2 ml of 900 U/ml collagenase (Sigma C9407) solution 

in HBSS (ThermoFisher 14175,). Perfused pancreata were excised and digested with 2 

ml of collagenase solution at 37°C for 13 min, followed by manual shaking for 60 – 90 s. 

Digested tissue suspension was washed with ice-cold HBSS with 1 mM CaCl2 and 

filtered through a 70 μm nylon filter. Islets were hand-picked and cultured in 11 mM 

glucose RPMI 1640 (PAN biotech P04-16516), supplemented with 2 mM L-Glutamine 

(Gibco 25030-024), 100 U/mL penicillin (Gibco 15140-122), 100 mg/mL streptomycin, 

and 10% FBS (Gibco 10270-106). Islets were recovered overnight and maintained in a 

37oC incubator at 5% CO2. 

 

2.8. Static insulin and hIAPP secretion from isolated islets  

After an overnight recovery from islet isolation, islets were subjected to a series of 

secretion buffers for the assay. For each sample, a total of 30 similar sized islets were 

collected into low-binding Eppendorf tubes and preincubated in 250 μl of Krebs-ringer 

buffer with HEPES (KRBH) (129 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO4, 1.2 mM 

KH2PO4, 5 mM NaHCO3, 2.5 mM CaCl2, 10 mM HEPES and 0.25% BSA, at pH 7.4) 

supplemented with the specified concentration of glucose for 1 h, followed by an 

additional 1 h at the indicated conditions. Islet secretions were collected after each 

incubation period and islets were harvested at the end of the assay to measure total 

protein and hormone content. Islet secretions and lysates were kept at -80oC prior to 

measurement by ELISA as described in section 2.11. Levels of secreted hormones 
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were normalized to total islet protein content as quantified by bicinchoninic acid assay 

(BCA). 

 

2.9. Dynamic insulin secretion from isolated islets 

Similar to static islet secretion described in section 2.8, groups of 30 islets per sample 

were used to test dynamic islet secretion. Dynamic islet secretion was performed 

together with Dr. Thilo Speckmann in the laboratory of Prof. Annette Schürmann 

(German Institute of Human Nutrition Potsdam-Rehbruecke) using the PERI 4.2 

machine (Biorep Technologies, USA). In detail, islets were continuously perifused with 

KRBH buffer with the specified glucose concentration at a flow rate of 100 μl/ min. Islets 

were equilibrated in 11 mM glucose KRBH for 60 min prior to stimulation in the following 

sequence: 11 mM glucose (18 min), 1.67 mmol/l glucose (60 min), 16.7 mM glucose (34 

min), 1.67 mM glucose (30 min), and 30 mM KCl in 1.67 mM glucose KRBH (10 min). 

Islets were collected at the end of the assay and lysed in TE buffer (10 mM Tris-HCl, 1 

mM EDTA and 1% Triton) to determine total islet DNA content (Quant-iT Picogreen 

DNA kit, Thermo Fisher Scientific, USA). Levels of secreted insulin were measured by 

ELISA as described in section 2.11. and data were normalized to total DNA content. 

 

2.10. Insulin extraction by acid ethanol in islets and pancreases 

Whole pancreas was removed, weighed and submerged in 5 ml of ice-cold acid ethanol 

solution (70% ethanol, 0.18M HCl). Pancreata were homogenized mechanically and 

incubated in acid ethanol overnight at 4oC. For islets, groups of 30 islets per sample 

were combined in 30 μl of ice-cold acid ethanol and vortexed at maximum speed for 1 

min. Islet homogenate was incubated on ice for 3 h with intermittent vortex every 30 

min. Both pancreatic and islet homogenates were centrifuged at 2000 rpm for 15 min at 

4oC and supernatants were collected and stored at -80oC until determination of insulin 

content by ELISA as described in section 2.11. 

 

2.11. ELISA measurements of insulin, human (pro)IAPP 

Insulin immunoreactivity was measured using the ultra sensitive mouse insulin ELISA 

kit (Crystal Chem, 90080) according to manufacturer’s protocol.  
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Human proIAPP1-48 and mature IAPP immunoreactivities were measured by Dr. Yi-

Chun Chen in the laboratory of Prof. Bruce Verchere (University of British Columbia) 

using an in-house ELISA (Courtade et al. 2017).  

 

2.12. Cell line and culture 

SH-SY5Y neuroblastoma cells (ATCC CRL-2266) were cultured in Dulbecco's Modified 

Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) media (Gibco, USA), supplemented 

with 10% FBS, 1% Non Essential Amino Acid, 100 U/mL penicillin and 100 mg/mL 

streptomycin. Stable SORLA-overexpressing SH-SY5Ycell line was generated 

previously (Dumanis et al. 2015) and cultured in the presence of 90 μg/ml zeocin 

(Invitrogen, USA). Cultured cells were tested regularly for mycoplasma infection. 

 

2.13. Staining for confocal microscopy 

2.13.1. Immunostaining 

Prior to immunostaining, 10 μm of cryo-preserved tissue sections were rehydrated in 

0.3% Triton X-100/PBS for 15 min. Rehydrated slides were then heated in antigen 

retrieval solution (10 mM citrate buffer with 0.05% Tween-20, pH 6.0) at 95°C for 10 min 

and allowed to cool to room temperature.  

All samples including cells and tissue sections were permeabilized in 0.3% Triton X-

100, 0.1% BSA in Tris-buffered saline (TBS) for 10 min at RT and blocked in 3% BSA in 

TBS for overnight at 4°C. Sections were incubated with primary antibodies (Table 1) for 

2 h at RT, followed by 3 times washes in TBS-Tween and incubation with fluorophore-

conjugated secondary antibodies (Table 2) for 1 h at RT. Following 3 washes, nuclei 

were stained with DAPI (tissue sections 1:4000 or cells 1:8000). Images were acquired 

as a single plane image using a Zeiss confocal microscope (LSM700). 

 

2.13.2. Proximity ligation assay (PLA) 

Proximity ligation assay (PLA) is a microscopy-based tool to detect closely interacting 

proteins with single molecule resolution. PLA was performed according to 

manufacturer’s protocol (Sigma, Duolink™). Briefly, fixed dispersed islet cells were 

blocked overnight at 4°C, followed by standard incubation with primary antibodies 
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raised in different species for 2 h. Then, samples were incubated with PLA reagents 

which are secondary antibodies conjugated with oligonucleotides. If the two proteins of 

interests are in close proximity, the pair of oligonucleotides are able to hybridize and 

ligate to form a closed, circular DNA template for further amplification by DNA 

polymerase. The amplified signals from oligos are coupled with fluorochromes for 

visualization by fluorescence microscopy. To determine subcellular localization of PLA 

signal, cells were additionally immunolabeled with primary and secondary antibodies for 

the indicated compartment marker protein. Finally, cell nuclei were stained with DAPI 

(Roche).  

 

2.13.3. Thioflavin S staining  

Thioflavin S (ThioS) is a fluorescent dye routinely used in histology to identify amyloid 

as it readily binds to beta-sheet rich structures. In this study, ThioS was used to assess 

the presence of amyloid in pancreatic islets. Pancreatic tissue sections were first 

immunostained for insulin to identify islet beta cells, followed by staining with 0.5% 

(wt/vol) ThioS (Sigma T1892) for 2 min, washing in 70% ethanol twice, and a final wash 

in water.  

The prevalence of islet amyloid formation was quantified as the percentage of islets 

containing amyloid, while the severity of islet amyloid was assessed based on the 

percentage of islet area with ThioS positive staining. The mean value for each animal 

was taken from the analysis of 22 – 30 islets. Confocal images of islet amyloid staining 

were analyzed using CellProfiler (Cambridge, MA, USA).  

 

2.13.4. TUNEL staining 

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) is a method to 

identify cells undergoing apoptotic cell death based on DNA fragmentation. The 

technique utilizes the enzyme terminal deoxynucleotidyl transferase which attaches 

fluorescently-labeled deoxynucleotides the 3’-hydroxyl termini of DNA breaks. In this 

study, islet cell deaths from pancreatic tissue sections were identified by TUNEL 

staining according to manufacturer’s protocol. Tissue sections were additionally 

immunostained for insulin and glucagon to quantify proportions of beta and alpha cells 

per islet, respectively. All nuclei were counterstained with DAPI. The mean value for 
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each animal was taken from analysis of 22 – 30 islets. Confocal images of TUNEL 

staining were analyzed using CellProfiler (Cambridge, MA, USA).  

 

2.14. Preparation of peptides 

Synthetic peptides of mouse proIAPP1-70, proIAPP1-51 and mature amidated IAPP with 

disulfide bond between Cys-2 and Cys7 (Figure 15b) (NCBI Reference Sequence: 

NP_034621.1) were commercially synthesized by Biosyntan (Berlin, Germany). 
Synthetic human Aβ1-40 peptides were purchased from Bachem, Germany (#4095737). 

Peptides were dissolved in PBS and stored at -80°C prior to experimentation. His-tag 

ectodomain of human SORLA was previously generated and purified in-house ( 

Andersen et al. 2005).  

 

2.15. Microscale thermophoresis (MST) 

Microscale thermophoresis (MST) is a fluorescence-based method to characterize 

binding interactions and affinities of molecules, such as DNA and proteins, in solutions. 

This technique is based on a physical phenomenon known as thermophoresis, i.e. the 

movements of molecules in a temperature gradient. Movement is influenced by a 

number of factors, such as the size, charge, and conformation of molecules. During the 

assay, the test sample containing two different purified proteins (e.g. receptor and target 

ligand) is heated by an infrared laser and the movements of the molecules during the 

temperature gradient is recorded and analyzed to determine if there is binding between 

the two proteins and their associated binding affinity (Kd).  In this study, the ectodomain 

of SORLA was fluorescently labeled using the Protein Labeling Kit RED-NHS 

(NanoTemper Technologies) according to the manufacturer’s instructions. The 

concentration of labeled SORLA was kept constant (3 nmol/l) in PBS with 0.05 % 

Tween 20, while non-labeled ligand (i.e., mouse pro or mature IAPP peptides) was 

serially titrated between 7.6 nmol/l and 250 µmol/l. Labeled SORLA and ligands were 

loaded into Monolith NT.115 Premium Capillaries (NanoTemper Technologies) and the 

measurement was performed using the Monolith NT.115 (NanoTemper Technologies) 

at 100 % LED power and medium MST power. An MST on-time of 2.5 s was used for 

analysis, and a Kd was derived for this interaction using MO.Affinity Analysis software 

version 2.3 (NanoTemper Technologies). 
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2.16. Peptide uptake assay 

SH-SY5Y cells stably overexpressing SORLA and parental cells were seeded on glass 

coverslip one day before peptide uptake. Cells were incubated for 30 min in serum-free 

medium before treatment with 20 μM (pro)IAPP for 30 min. To examine the involvement 

of clathrin-mediated endocytosis, cells were treated with 100 μM dynasore (Cayman 

Chemical, 14062-10). Cells were immediately fixed in 4% paraformaldehyde and 

immunofluorescence staining was performed to examine the presence of internalized 

peptide, SORLA and subcellular organelles. Lysosomes were stained by incubating 

cells with 500 nM LysoTracker Deep Red (Thermo Fisher Scientific, L12492) in normal 

growth media for 1 h before uptake assay.  

 

2.17. Statistical analysis 

Statistical analyses of quantitative data were performed using Prism 7.0 (GraphPad 

software) and presented as mean ± standard error of mean (SEM) with the indicated 

number of replicates, as shown in figure legends. Normality of data was analyzed with 

the D'Agostino-Pearson normality test. Statistical differences between two groups and 

those with low number of sample size (n < 8) were analyzed unpaired Student’s t-test. 

Comparisons between three or more groups were analyzed by one-way or two-way 

ANOVA. Additional Bonferroni's multiple comparisons post-hoc test was applied to 

determine the interaction of two independent variables (i.e. genotypes and diet groups 

for this study). A p-value of less than 0.05 was considered statistically significant, where 

* p<0.05, ** p<0.01, *** p<0.001, and **** p<0.0001.
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Table 1: List of primary antibodies 
This table is derived from the supplementary data of Shih, Alexis Z.L., Yi-Chun Chen, Thilo Speckmann, Esben Søndergaard, Annette Schürmann, C. Bruce 
Verchere, and Thomas E. Willnow. 2022. “SORLA Mediates Endocytic Uptake of ProIAPP and Protects against Islet Amyloid Deposition.” (Shih et al. 2022). 

Antibody Manufacturer/ provider Catalog # Host Species Dilution 

SORLA J. Gliemann (University of Aarhus, Denmark)  Goat 1:200 (IF), 1:400 (PLA) 

Insulin Agilent, USA IR002 Guinea pig 1:3 

Mouse IAPP Peninsula Laboratories, USA T-4145 Rabbit 1:400 

Human IAPP Peninsula Laboratories, USA T-4149 Rabbit 1:400 

Glucagon  Abcam, USA Ab10988 Mouse 1:500 

Somatostatin (SST) Abcam, USA Ab111912    Rabbit 1:250 

Pancreatic polypeptide (PPY) Sigma-Aldrich, USA AB939-I Rabbit 1:500 

Syntaxin6 (STX6) BD bioscience, USA BD610636 Mouse 1:200 

EEA1 BD bioscience, USA BD610457 Mouse 1:100 

Rab4 Abcam, USA Ab13252 Rabbit 1:100 

Rab4 BD bioscience BD610889 Mouse 1:100 

Rab9 Invitrogen, USA MA3-067 Mouse 1:100 

Rab11 BD bioscience, USA  BD610657 Mouse 1:100 

TGN38 BD bioscience, USA BD610899 Mouse 1:50 
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Ki67  Abcam, USA Ab16667 Rabbit 1:100 

 

Table 2: List of secondary antibodies 
This table is derived from the supplementary data of Shih, Alexis Z.L., Yi-Chun Chen, Thilo Speckmann, Esben Søndergaard, Annette Schürmann, C. Bruce 
Verchere, and Thomas E. Willnow. 2022. “SORLA Mediates Endocytic Uptake of ProIAPP and Protects against Islet Amyloid Deposition.” (Shih et al. 2022). 

Antibody Manufacturer Catalog number Host Species Dilution 

Anti-goat AlexaFluor488 Abcam, USA ab150129 Donkey 1:1000 

Anti-mouse AlexaFluor555 Abcam, USA Ab150106 Donkey 1:1000 

Anti-mouse AlexaFluor647 Invitrogen, USA A31571 Donkey 1:1000 

Anti-guinea pig Cy3 Jackson ImmunoResearch, UK 706-165-148 Donkey 1:1000 

Anti-guinea pig AlexaFluor647 Merck Milipore  AP193SA6 Donkey 1:1000 

Anti-rabbit AlexaFluor555 Invitrogen , USA A31572 Donkey 1:1000 

Anti-rabbit AlexaFluor647 Abcam, USA Ab150075 Donkey 1:1000 
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3. Results 

3.1. SORLA expression is enriched in islet beta cells 

Expression of SORLA in pancreatic islets have been demonstrated at the transcript 

level by RNA sequencing (Muraro et al. 2016; Neelankal John, Ram, and Jiang 2018). 

However, its expression at the protein level in islets remined to be validated. Therefore, 

my first goal in this study was to examine whether, and in which islet cell type SORLA 

protein is expressed. I performed immunofluorescence staining on mouse pancreatic 

tissue sections and demonstrated that SORLA was enriched in islets of WT mice (Fig. 

8). Additional staining with specific markers of islet cell type revealed that SORLA was 

largely expressed in the beta cells (insulin positive) but it was also present in alpha cells 

(glucagon positive), delta cells (somatostatin positive) and PP cells (pancreatic 

polypeptide positive) (Figure 8a). Next, I confirmed the loss of SORLA immunoreactivity 

in islets of SORLA knockout wildtype BL/6 mice (KO, BL/6) (Figure 8b). In addition to 

mouse models, I further assessed the relevance of SORLA expression in humans. I 

found that SORLA was predominately expressed in islet beta cells but not alpha cells of 

human pancreatic tissue (Figure 8c). Together, the results from mouse and human 

pancreata staining confirmed that SORLA is expressed at the protein level in islet beta 

cells. 

 

Figure 8: SORLA is expressed in mouse and human pancreatic islet beta cells. 
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(a, b) Pancreatic tissue sections from (a) WT (BL/6) and (b) SORLA KO (BL/6) mice were immunostained 
for SORLA (green) and islet cell markers (magenta) including insulin (INS), glucagon (GCG), 
somatostatin (SST), and pancreatic polypeptide (PPY). Nuclei were counterstained with DAPI (blue). 
SORLA expression is successfully depleted in SORLA KO islets. (c) Human pancreatic biopsies tissue 
sections from non-diabetic patients were immunostained for of SORLA (green) and insulin or glucagon 
(magenta). Single and merged channel configurations of representative images are displayed. The insets 
represent zoomed-in areas as indicated by white boxes in the overview images. Scale bars, 50 µm. This 
figure is adapted from Shih et al. 2022. 

 

3.2. Loss of SORLA increases islet amyloid deposition and islet cell death 

Unlike human, rodent IAPP is non-amyloidogenic. To examine the effects of SORLA 

deficiency on islet amyloid deposition, I therefore crossed SORLA KO mice with a 

transgenic line that expresses hIAPP under regulatory control of the rat insulin II 

promoter. In this study, I performed comparative analyses in male hIAPP-expressing 

mice deficient for Sorl1 (hIAPP:SORLA KO) and hIAPP-expressing wildtype control 

(hIAPP:SORLA WT) animals. Since metabolic stress imposed by high-fat diet (HFD) 

feeding promotes islet amyloid formation (Höppener et al. 2008), I performed the 

studies in mice fed a normal chow diet (ND) or a HFD (60% crude fat) for 6 months. I 

assessed the amount of amyloid deposited by histological staining of pancreas tissue 

sections with thioflavin S (ThioS), a dye which binds to the characteristic beta-sheet 

structures in amyloid (Rajamohamedsait and Sigurdsson 2012). Additionally, l 

immunostained for insulin to identify islets in the pancreas. I then analyzed two 

parameters of islet amyloid deposition, prevalence and severity. The prevalence of islet 

amyloid was assessed based on the percentage of amyloid-containing islets, while the 

severity of islet amyloid was quantified based on the percentage of amyloid area per 

total islet area.  

In these studies, hIAPP:SORLA KO mice developed increased amyloid 

prevalence as compared to hIAPP:SORLA WT mice in both ND and HFD conditions 

(Figure 9b). Interestingly, HFD further increased amyloid prevalence in hIAPP:SORLA 

WT mice compared to those fed with ND, but such effect was not observed in SORLA-

deficient mice (Figure 9b). Similarly, hIAPP:SORLA KO mice developed worsened 

amyloid severity compared to hIAPP:SORLA WT mice when fed with ND (0.56±0.16% 

vs 6.9±1.8% ThioS positive islet area) (Figure 9c). However, the protective effect of 

SORLA on amyloid severity was blunted after HFD feeding. 
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Figure 9: Loss of SORLA in hIAPP-expressing mice increases islet amyloid.  
(a) Islet amyloid was identified by histological staining with thioflavin S (ThioS, magenta) and islets were 
identified by immunostaining for insulin (white) on pancreatic sections from ND- or HFD-fed 
hIAPP:SORLA WT or KO mice at 33- to 35-weeks of age. Scale bars, 50 µm. (b) Islet amyloid prevalence 
was assessed based on the percentage of amyloid-containing islets, while (c) islet amyloid severity was 
quantified based on the percentage ThioS+ area per total islet area (n = 9 mice per genotype, 20 – 30 
islets per mouse). Data are expressed as mean ± SEM. Statistical significance of differences was 
determined by two-way ANOVA with post hoc test. * p < 0.05, ****  p < 0.0001. This figure is adapted from 
Shih et al. 2022. 
 

Islet amyloid is a pathological hallmark of T2D and is associated with beta cell 

dysfunction and cell death (MacArthur et al. 1999; Jurgens et al. 2011). I therefore 

examined whether the increased islet amyloid found in hIAPP:SORLA KO mice 

correlated with increased islet cell death by performing TUNEL staining. Consistent with 

increased amyloid, ND-fed hIAPP:SORLA KO mice exhibited a small but significantly 

higher amounts of islet cell death (3.3±1.4%) when compared to hIAPP:SORLA WT 

(1.4±0.6%). In HFD-fed animals, similar effects to the blunted islet amyloid burden was 

observed in SORLA KO mice, as there was no longer statistically significant difference 

in cell death between SORLA genotypes (hIAPP:SORLA WT 3.3±0.9%, KO 4.8±2.8%) 

(Figure 10a, b). Since islet amyloid is probable cause of cell death, I performed linear 

regression analysis to validate the correlation between islet amyloid severity and islet 

cell death, which demonstrated a positive relationship (Figure 10c). In addition to cell 

death, I examined the effects of SORLA deficiency on overall islet area and cell 

composition. Despite increased cell death found in ND-fed hIAPP:SORLA WT animals, 

there were no significant reduction in their islet area (Figure 10d), as well as the 

proportions of beta cell (Figure 10e) and alpha cell (Figure 10f) area per islet. It has 

been shown that beta cell proliferation is induced under conditions of insulin resistance, 

such as obesity and pregnancy, in order to maintain overall cell mass and the increased 
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demand for insulin (Rieck and Kaestner 2010; Dhawan, Georgia, and Bhushan 2007). I 

therefore examined if increased cell proliferation may explain for the lack of beta cell 

loss in ND-fed hIAPP:SORLA KO mice by performing  ki67 staining (Figure 10g). 

Overall, percentage of proliferative cells in islets is low and comparable between 

SORLA genotypes (Figure 10h). Together, the results suggest that the increased islet 

amyloid and associated cell death observed in hIAPP:SORLA KO mice at 7 months-old 

likely represent an early event in the worsening of islet pathology. 
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Figure 10: Increased islet amyloid in hIAPP:SORLA KO mice is associated to increased cell death. 
(a) Apoptotic islet cells were identified by TUNEL staining (magenta) on pancreas sections from ND- or 
HFD-fed mice of the indicated genotype at 33- to 35-weeks of age. Beta and alpha cells were identified 
by immunostaining for insulin (white) and glucagon (green), respectively. Nuclei were counterstained by 
DAPI (blue). Scale bars, 50 µm. (b, d-e) Quantifications of (b) the percentage of TUNEL+ cells, (d) islet 
area, percentages of (e) insulin+ (beta cell) area, and (f) glucagon+ (alpha cell) area per islet on sections 
as exemplified in panel a (n = 9 mice per genotype). (c) The correlation between islet amyloid severity 
and cell death in hIAPP transgenic mice was tested using linear regression. (g) Proliferative cells were 
identified by Ki67 staining (magenta) on pancreatic sections from ND-fed, 33- to 35-weeks old mice. Islets 
were identified by insulin staining (grey) and nuclei were counterstained with DAPI (blue). Higher 
magnifications of the areas indicated by yellow boxes were depicted in the insets. Scale bars, 50 µm. (h) 
Quantifications of the percentage of proliferative islet cells. (n = 9 mice per genotype). Data are 
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expressed as mean ± SEM. Statistical significance of differences was determined by two-way ANOVA 
with post hoc test. * p < 0.05, **** p < 0.0001, ns = non-significant. This figure is adapted from Shih et al. 
2022. 
 

3.3. Glucose homeostasis and beta cell function are maintained in SORLA-
deficient hIAPP mice  

In addition to assessing islet amyloid deposition and morphological features at the end 

of the animal study, I followed the metabolic consequences of SORLA deficiency during 

the course of the treatment regime. In order to determine whether the SORLA-mediated 

effects were dependent on hIAPP expression, non-hIAPP mice were included in these 

metabolic studies.  

 Starting at approximately 26 weeks of age, SORLA-deficient mice fed with ND 

began to gain more body weight compared to WT mice (Figure 11a). However, the loss 

of SORLA did not affect fasting blood glucose levels in both hIAPP-expressing and non-

transgenic mice (Figure 11b). To determine the ability of mice to metabolize glucose 

and maintain stable blood glucose levels after glucose spike, I performed glucose 

tolerance tests (GTT), where I monitored the changes in blood glucose upon 

intraperitoneal glucose administration. The results showed that hIAPP-expressing mice 

developed significantly worsened glucose tolerance as compared to their non-hIAPP 

transgenic littermate controls, while the loss of SORLA did not affect glucose tolerance 

(Figure 11c). Although there was no observable impairment in glucose tolerance in 

SORLA KO mice, there may still be a defect in beta cell function as glucose 

homeostasis is regulated by both the actions of insulin secretion by beta cells and by 

glucose uptake in peripheral tissues, such as muscles and adipose tissues. I therefore 

examined more specifically the ability of beta cells to secrete insulin in response to 

glucose in mice (Figure 11d) and isolated islets (Figure 11e). After intraperitoneal 

glucose injection, the fold change in insulin secretion was comparable between SORLA 

WT and KO mice, independent of hIAPP expression (Figure 11d). Similarly, loss of 

SORLA did not affect insulin secretions from isolated islets under normal culture 

condition (11 mmol/l glucose), low glucose (1.67 mmol/l), high glucose (16.7 mmol/l) 

conditions, nor following membrane depolarization by KCl (30 mmol/l) (Figure 11e).  

To determine if loss of SORLA contributes to the pathogenesis of T2D, I 

metabolically challenged mice with HFD for 6 months starting at the age of 4 weeks. 

Towards the end of HFD feeding, mice deficient for SORLA in both hIAPP-expressing 
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and non-transgenic lines grew heavier as compared to WT (Figure 12a). Although 

fasting blood glucose levels trended to increase over time (from 4 to 31 weeks), 

particularly in hIAPP-expressing mice, there were no significant differences between 

SORLA genotypes (Figure 12b). Next, I performed glucose tolerance tests in HFD-fed 

mice to assess their response to glucose and ability to maintain glucose homeostasis. 

Similar to ND-fed mice, the expression of hIAPP transgene significantly worsened 

glucose tolerance in both SORLA WT and KO mice under HFD (Figure 12b). Although 

currently statistically insignificant, HFD-fed hIAPP:SORLA KO mice displayed a trend 

towards worsening glucose tolerance compared to hIAPP:SORLA WT mice. This may 

be attributed to a buildup of insulin resistance associated to the increased body weight 

in hIAPP:SORLA KO mice compared to WT (Figure 12a). 

In summary, the in vivo results showed that loss of SORLA increases islet 

amyloid deposition and islet cell death without apparent impairment of islet morphology, 

beta cell function or overall glucose homeostasis. Increased amyloid pathology and cell 

death was seen in normal chow fed mice, suggesting a protective role of SORLA in the 

pancreas under physiological conditions.  
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Figure 11: Characterization of the effect of SORLA deficiency on metabolism and beta cell 
function in mice fed with a normal chow diet. 
(a-b) (a) Body weight and (b) fasting blood glucose levels of mice of the indicated genotype were 
monitored every 2 weeks. (c) Glucose tolerance tests (GTT) were performed by intraperitoneally glucose 
administration at a dose of 2 g/kg body weight after a 16 h fast in 30- to 32-weeks old mice. Glucose 
clearance was quantified based on the area under the GTT curves corrected to baseline. (d) Glucose-
stimulated insulin secretion (GSIS) was performed in 31- to 33-weeks old mice of the indicated genotypes 
(SORLA WT, n = 3; SORLA KO, n = 6; hIAPP:SORLA WT, n = 8; hIAPP:SORLA KO, n = 5). A glucose 
dose of 2 g/kg body was administered intraperitoneally after a 16 h fast. Insulin secretions are 
represented as the fold change at 30 min post-glucose injection over fasting. (e) Dynamic GSIS was 
performed on perifused islets from 31- to 33-weeks old hIAPP:SORLA WT or KO mice (n =3 mice per 
genotype, with technical duplicates). (f-g) Quantifications of insulin content in (f) isolated islets and (g) 
whole pancreas. Data are expressed as mean ± SEM. Statistical significance of differences between 
hIAPP:SORLA WT and hIAPP:SORLA KO in (a), and between non-hIAPP and hIAPP mice (c) is 
determined by unpaired Student t-test. * p < 0.05, ** p < 0.01, *** p < 0.001. This figure is adapted from 
Shih et al. 2022. 
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Figure 12: Characterization of the effect of SORLA on glucose homeostasis in HFD-fed mice  
(a-b) (a) Body weight and (b) fasting blood glucose levels of mice of the indicated genotype were 
monitored every 2 weeks during HFD feeding. (c) Glucose tolerance tests (GTT) were performed by 
glucose administration at a dose of 0.75 g/kg body weight intraperitoneally after a 16 h fast in 30- to 32-
weeks old mice. Glucose clearance was quantified based on the area under the GTT curves corrected to 
baseline. Data are expressed as mean ± SEM. Statistical significance of differences between 
hIAPP:SORLA WT and hIAPP:SORLA KO in (a), and between non-hIAPP and hIAPP mice (c) were 
determined by unpaired Student’s t-test, * p < 0.05, ** p < 0.01. This figure is adapted from Shih et al. 
2022. 

 

3.4. SORLA does not regulate the production and processing of IAPP 

Following the in vivo studies, I aimed to elucidate the molecular mechanisms by which 

SORLA may regulate islet amyloid formation. Studies have shown that both pro- and 

mature forms of IAPP were found in islet amyloid (J. F. Paulsson, Andersson, 

Westermark, and Westermark 2006), and that impaired proIAPP processing has been 

proposed to contribute to islet amyloid formation (Johan F. Paulsson and Westermark 

2005; Chen, Taylor, and Verchere 2018). I therefore first tested if SORLA functions as a 

sorting receptor to transport proIAPP along its biosynthetic pathway that is necessary 

for complete processing and maturation. Such a function would recapitulate the 
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established role of this receptor in neuronal APP sorting (Andersen et al. 2005; 

Dumanis et al. 2015; Burgert et al. 2013; Schmidt et al. 2007). ELISA measurements on 

human IAPP performed by Yi-Chun Chen showed that ND-fed hIAPP:SORLA WT and 

KO mice had similar fasting plasma levels of mature hIAPP (Figure 13a) and prohIAPP 

(Figure 13b) at both young (6-7 week) and advanced (33-36 week) age. To more 

specifically determine the processing efficiency of prohIAPP into mature hIAPP, I 

calculated their ratio which was also comparable between hIAPP:SORLA WT and KO 

mice (Figure 13c). Similar results were obtained in mice fed a HFD (Figure 13d-f). 

Since the levels of circulating plasma (pro)IAPP are influenced by both the amount 

of islet secretion and peripheral uptake, I further validated these results by measuring 

the hormone secreted directly from isolated islets of 31-33 weeks old mice. In addition, I 

tested the amount of prohIAPP, mature hIAPP, and their ratios under three different 

glucose (G) doses representative of metabolic states, they are standard culture 

condition (11 mmol/l G), low G (1.67 mmol/l); and high G (16.7 mmol/l) (Figure 13g). 

There were no significant differences in the levels of secreted mature hIAPP, prohIAPP 

nor their ratio (Figure 13h-j) between SORLA genotypes. There were also no 

differences in total islet content of mature hIAPP nor prohIAPP (Figure 13 k,l), 

documenting that SORLA does not impact the overall production or proteolytic 

processing of IAPP. 
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Figure 13: Loss of SORLA does not impact hIAPP processing. 
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(a-f) Fasting levels of plasma (a, d) mature hIAPP, (b, e) prohIAPP1-48, and (c, f) pro- to mature-hIAPP 
ratio were measured in hIAPP:SORLA WT (black bars) and hIAPP:SORLA KO (red bars) mice at the 
indicated age. Animals were fed a (a-c) ND or a (d-f) HFD. No statistically significant differences in data 
were seen comparing genotypes using unpaired Student t-test (n = 6-15). (g) Schematic workflow of in 
vitro islet secretion assay. Islets were incubated to a series of secretion buffers containing the indicated 
glucose (G) concentrations. After 1 h of incubation, the buffer was collected for ELISA measurements. (h-
l) Secreted levels of (h) mature hIAPP, (i) prohIAPP1-48, (j) their ratio as well as their islet content of (k-l) 
in isolated islets of ND-fed hIAPP:SORLA WT (black bars) and hIAPP:SORLA KO (red bars) mice. Data 
are expressed as mean ± SEM. No statistically significant differences in data were seen comparing 
genotypes by unpaired Student t-test (n = 6). This figure is adapted from the supplementary data in Shih 
et al. 2022. 

 

3.5. SORLA is localized in beta cell secretory granules and endosomes 

As a sorting receptor, SORLA shuttles between the Golgi, endosomal compartments, 

and plasma membrane as documented in neurons and other cell types (Schmidt et al. 

2007), I therefore tested if SORLA is localized to these cellular compartments in primary 

islet beta cells from WT (BL/6) mice by immunostaining (Figure 14a). The degree of 

colocalization between SORLA and each compartment marker was quantified based on 

Mander’s colocalization coefficients (Figure 14b), which showed that SORLA was 

predominately colocalized with secretory granules (insulin, IAPP), moderately with early 

(Rab4), late (Rab9), and recycling endosomes (Rab11), and at low levels with the TGN 

(STX6). Additionally, I performed proximity ligation assays (PLA) to validate close 

spatial protein-protein interactions between SORLA and IAPP. Again, using dispersed 

primary islet cells from WT (BL/6) mice, I observed that PLA signals from interacting 

SORLA and IAPP were localized around the cell periphery and in the vicinity of Rab4 

positive early endosomes (Figure 14c, top). I repeated PLA on islets from hIAPP-

transgenic animals to validate that SORLA interacts in a similar fashion with human 

IAPP (Figure 14c, middle). The results showed the same PLA patterns as with mouse 

IAPP. Finally, PLA signals for interaction of SORLA and IAPP were absent in SORLA 

KO cells, which served as a negative control (Figure 14c, bottom). 
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Figure 14: Subcellular localization of SORLA and its interaction with IAPP in beta cells.  
(a) Islets from WT(BL/6) mice were dispersed into single cells and immunostained for SORLA (green) 
and compartment markers (magenta): insulin or IAPP (secretory vesicles), syntaxin-6, STX6 (TGN), Rab4 
(early endosomes), Rab9 (late endosomes), or Rab11 (recycling endosomes). Nuclei were 
counterstained with DAPI. (b) Quantification of colocalization between SORLA and each compartment 
marker using Manders’ colocalization coefficient (n =10-15 cells). Data are expressed as mean ± SEM. 
(c) Proximity ligation assay (PLA) to identify closely interacting SORLA and IAPP was performed on 
dispersed islet cells from WT(BL/6) (test for mouse IAPP) or hIAPP:SORLA WT (test for human IAPP), or 
SORLA KO (negative control) mice. Cells were immunostained for insulin (white) to identify beta cells, 
Rab4 (magenta) for early endosome and nuclei were counterstained with DAPI (blue). (a, c) Single and 
merged channel configurations are shown. Scale bars, 5 µm. This figure is adapted from Shih et al. 2022. 
 

3.6. SORLA binds more strongly to proIAPP than mature IAPP 

Next, I determined if SORLA functions as a receptor for IAPP, more specifically 

whether it binds to the pro- or mature form of the peptide. I did so by testing their 

binding interactions using microscale thermophoresis (MST). In this experiment, I first 
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fluorescently-labeled a His-tagged ectodomain of human SORLA, which was expressed 

and purified as previously described (Andersen et al. 2005) (Figure 15a). Then, I tested 

the binding interactions between the fluorescently-labeled SORLA ectodomain and 

unlabeled forms of the mouse N-terminally extended proIAPP (proIAPP1-70), C-

terminally extended proIAPP (proIAPP1-51) or mature IAPP (Figure 15b). Mouse 

(pro)IAPP peptides were used as they are more soluble and stable as monomers in 

vitro than the amyloidogenic human species (Wu and Shea 2013). MST analysis and 

their binding curves demonstrated that there was a gradual change in the 

thermophoretic movement of the fluorescently-labeled SORLA upon binding with the 

serially titrated non-labeled IAPP ligands, and that applied to all forms of IAPP (Figure 

15c).  Binding constants derived from the Kd model of fit further revealed that SORLA 

ectodomain bound more strongly to the two proforms (proIAPP1-70 Kd ~ 268±43 nM and 

proIAPP1-51 Kd ~ 329±29 nM) as compared to a weaker binding to mature IAPP (Kd ~ 

921±177 nM). 

 In addition to intracellular sorting, SORLA can also function as an endocytic 

receptor, which typically releases its ligands in acidic milieu such as endosomes and 

lysosomes. I therefore repeated the above MST analyses under different pH conditions 

(7.4, 5.5 and 4.5). The results showed that binding interactions between SORLA and 

each (pro)IAPP peptide were the strongest at pH 7.4, weaker at pH 5.5, and absent at 

pH 4.5 (Figure 15d-f), supporting the hypothesis that SORLA acts as an endocytic 

receptor for IAPP. 
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Figure 15: SORLA preferentially binds to the IAPP precursors (proIAPP) at pH 7.4. 
(a) Structural domains of SORLA, containing the vacuolar protein sorting 10 protein (VPS10P) domain, 
10CC-domain (not depicted), β-propeller, epidermal growth factor (EGF) repeats, clusters of complement-
type repeats (CR), and fibronectin type III (FNIII). (drawn not to scale) (b) Amino acid sequences of the 
mouse proIAPP1-70, proIAPP1-51, and mature IAPP peptides. (c) Direct binding interactions between 
SORLA ectodomain and different forms of mouse IAPP peptides were determined by microscale 
thermophoresis (MST) at pH 7.4. His-tagged human SORLA ectodomain was previously produced in 
HEK293-EBNA cells and purified using Ni2+ affinity chromatography as described in (Andersen et al. 
2005). Constant amount of the fluorescently-labeled SORLA ectodomain (3 nmol/l) was incubated with 
serially titrated non-labeled IAPP (7.6 nmol/l – 250 µmol/l). Average Kd was derived from at least 3 
independent experiments. Data are expressed as mean ± SEM. (d-f) Binding interactions between 
SORLA ectodomain and (d) proIAPP1-70, (e) proIAPP1-51, and (f) mature IAPP was analyzed by MST at 
pH 7.4, 5,5 and 4,5 as described in (c). This figure is adapted from Shih et al. 2022. 

 

3.7. SORLA mediates endocytosis of proIAPP to the endolysosomal pathway  

The results so far indicated that SORLA was likely to be an endocytic receptor for IAPP. 

I tested this hypothesis by assessing the ability of SORLA to mediate endocytic uptake 

of IAPP in SH-SY5Y cells that stably overexpress SORLA. The neuroblastoma SH-

SY5Y cell line was chosen as it is routinely used to study SORLA-mediated protein 

trafficking (Andersen et al. 2005; Dumanis et al. 2015). Moreover, SH-SY5Y cells do not 

express IAPP endogenously (Figure 16, DMSO), allowing me to detect uptake of 

unlabeled IAPP peptides from the media. 
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 In this experiment, I incubated SORLA-expressing SY5Y and parental SY5Y WT 

cells with serum-free medium containing proIAPP1-70, proIAPP1-51, or mature IAPP 

peptides. I then evaluated cellular uptake of IAPP peptides by immunostaining. 

Interestingly, intracellular uptake was observed for the two pro-forms, but not for mature 

IAPP (Figure 16a, top panel). Further quantifications showed that proIAPP1-70 was the 

most readily internalized variant, followed by moderate uptake of proIAPP1-51 (Figure 

16b). To test if peptide uptake was mediated by endocytosis, I treated cells with the 

dynamin inhibitor dynasore, which effectively inhibited the internalization proIAPP 

peptides from the media (Figure 16a, middle panel). Finally, no IAPP peptides were 

internalized in parental SY5Y WT cells that lack SORLA expression (Figure 16a, bottom 

panel).  

 Since SORLA binds to small peptides such as Aβ through its VPS10P domain 

(Kitago et al. 2015), I next tested if proIAPP is also bound to the same ligand binding 

domain. I performed a competitive binding assay where I co-incubated SY5Y-SORLA 

cells with proIAPP1-70 and 5-fold molar excess of Aβ.  Indeed, the ability of SORLA to 

internalize proIAPP1-70 was diminished in the presence of excess Aβ (Figure 16c), 

suggesting that the VPS10P domain is likely the binding region responsible for proIAPP 

uptake. 

 Lastly, to identify if the internalized proIAPP peptides were directed to the TGN 

for recycling to the biosynthetic pathway or to lysosomes for degradation, I performed 

immunostaining for early endosome (EEA1), TGN (TGN38) and labeled lysosomes with 

lysotracker (Figure 16d). Quantification of double-immunostainings showed that 

proIAPP peptides were predominately directed to early endosomes (EEA1, 89.9%). 

Moderate amounts of the peptide were found in lysosomes (lysotracker, 51.6%) and a 

small percentage in the TGN (TGN38, 25.2%) (Figure 16e). These results suggested 

that SORLA mediates endocytosis of proIAPP towards the endolysosomal pathway for 

catabolism. 
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Figure 16: SORLA acts as an endocytic receptor of proIAPP towards the endolysosomal pathway. 
(a) SY5Y cells that stably express SORLA (top and middle panels) and parental SY5Y cells (bottom 
panel) were incubated with 20 µmol/l of proIAPP1-70, proIAPP1-51, or mature IAPP peptides, or with 0.1% 
DMSO for 30 min. To examine clathrin-mediated endocytosis, cells were additionally treated with 100 
µmol/l dynasore (middle panel). Cells were immunostained for SORLA (magenta) and IAPP (green), and 
nuclei were counterstained with DAPI. Higher magnifications of the areas indicated by white boxes were 
depicted in the insets. Scale bars, 10 µm. (b) Quantifications of the amount of each IAPP peptide being 
internalized in SORLA-expressing SY5Y cells (n =3 independent experiments, each with 3 – 4 images per 
condition). (c) Uptake of proIAPP1-70 in SORLA-expressing SY5Y cells was inhibited by 100 µmol/l Aβ1-40 
for 30 min. Internalized proIAPP1-70 in cells were then immunolabeled by for IAPP (green) and nuclei were 
counterstained with DAPI (blue). Representative images from three independent experiments. Scale 
bars, 10 µm. (d) proIAPP1-70 treated SORLA-expressing SY5Y cells were additionally immunostained for 
IAPP (green) and compartment markers (magenta) EEA1 or TGN38. Lysosomes were labeled by 
preincubating cells with Lysotracker Deep Red for 1 hour prior to uptake assay. Scale bars, 5 µm. (e) 
Quantifications of the degree of colocalization between internalized IAPP1-70 and each compartment 
marker (n = 10-13 images per marker). Data are expressed as mean ± SEM. Statistical significance of 
differences in (b) was determined by one-way ANOVA with post hoc test. ** p < 0.01. This figure is 
adapted from Shih et al. 2022. 
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4. Discussion 

 4.1. SORLA is a novel receptor for IAPP and a regulator of islet amyloid 
deposition   

Islet amyloid is a pathological feature of T2D that compromises the ability of beta cells 

to secrete sufficient insulin for maintaining blood glucose homeostasis. The main 

component of islet amyloid was first identified as IAPP in 1986 (Per Westermark, 

Wernstedt, Wilander, and Sletten 1986). However, progress to elucidate the regulatory 

pathways of IAPP aggregation and amyloid fibril formation has been slow and limited. 

Using transgenic mouse models, we have identified SORLA as a novel protective 

regulator counteracting islet amyloid formation and associated islet cell death. 

Complementary results from molecular studies in established cells lines further revealed 

the underlying cellular pathways whereby SORLA controls the initial stages of IAPP 

aggregation. Here, we propose a model where SORLA functions as a clearance 

receptor specific for soluble secreted proIAPP (Figure 17). SORLA-mediated 

endocytosis of proIAPP directs it towards the endolysosomal compartments for 

catabolism, thereby reducing the accumulation of extracellular proIAPP and limiting its 

propensity to aggregate into amyloid fibrils. 

 

Figure 17: Proposed model of SORLA action on proIAPP clearance in pancreatic islet beta cells 
Mature IAPP and the partially processed proIAPP are secreted from islet beta cells. Results from this 
study have demonstrated that SORLA is protective against islet amyloid. We proposed that SORLA 
reduces the propensity of aggregation and islet amyloid formation by mediating endocytic uptake of the 



 47 

secreted, extracellular proIAPP towards the endolysosomal pathway for degradation. This figure is 
created with Biorender.com and published in Shih et al. 2022. 
 
4.1.1. The significance of SORLA in islet amyloid, beta cell function and type 2 
diabetes 

In this study, hemizygous hIAPP transgenic mice either wildtype or deficient for SORLA 

were examined under two dietary conditions, namely normal chow diet and 6-months of 

high fat diet beginning at 4-5 weeks of age. In the normal diet group, a significant 

amount of islet amyloid deposits already developed in 7-months old hIAPP:SORLA KO 

mice but not in WT controls (Figure 9). This observation was astounding as previous 

studies on hIAPP transgenic mice models have demonstrated that islet amyloids do not 

develop spontaneously unless a state of insulin resistance or obesity was introduced 

genetically (e.g. leptin deficient mice), pharmacologically (e.g. dexamethasone 

treatment), or through dietary interventions (Couce et al. 1996; Höppener et al. 1999; 

Hull et al. 2003). Observations from the normal diet group thus suggest that SORLA 

plays an integral role in regulating IAPP homeostasis under normal physiological 

conditions. In the HFD group, the protective effect of SORLA against islet amyloid 

observed under normal diet was no longer obvious (Figure 9). It is likely that the 

protective effects of SORLA are masked by hypersecretions of hIAPP in response to 

HFD, which results in a 5-fold increase in the levels of plasma mature IAPP (Figure 13 

a, d) and proIAPP (Figure 13 b, e) in 32- to 36-weeks-old HFD-fed animals compared to 

the normal diet group. One weakness of using transgenic mouse models is the 

supraphysiological levels of hIAPP expression. Accordingly, an alternative approach is 

the use of knock-in mouse models which express physiological levels of the hIAPP 

transgene. In 2012, such hIAPP knock-in mice were generated, where the non-

amyloidogenic mouse IAPP gene was replaced with the human sequence to drive its 

expression under the control of the endogenous mIAPP promoter (Hiddinga et al. 

2012). Due to a more moderate, physiological expression of hIAPP transgene, hIAPP 

knock-in mice remain healthy when fed a normal diet and require introduction of HFD 

feeding to induce hIAPP cytotoxicity (Shigihara et al. 2014). Therefore, I would expect 

to observe no significant differences in islet amyloid burden in SORLA-deficient mice 

when fed with a normal diet, unless HFD or other inventions that induce insulin 

resistance were introduced.  
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Islet amyloid is associated with a decline in beta cell function and beta cell death 

as well as the development of T2D (Verchere et al. 1996; MacArthur et al. 1999; 

Jurgens et al. 2011). In the normal diet group, hIAPP-expressing mice deficient in 

SORLA exhibited increased islet cell death when compared to WT controls, a finding 

consistent with the increased islet amyloid observed in these animals. However, insulin 

secretion, fasting glucose levels, and glucose tolerance were comparable between 

SORLA genotypes. These findings of a normal beta cell function may be explained by 

the age of the mice at which metabolic studies were performed. In this study, islet 

histology and glucose homeostasis were examined in 7-months-old mice. Development 

of diabetes is a slow and gradual process, which began with the build-up of insulin 

resistance and associated beta cell compensation prior to a dramatic decline in beta cell 

mass and hyperglycaemia. Thus, it is plausible that the findings in this study represent 

the early stages of diabetes development preceding full blown pathology (also referred 

to as prediabetes). One may speculate that the observed increase in islet amyloid and 

cell death in SORLA-deficient mice will likely result in beta cell failure and 

hyperglycaemia in mice at an older age as previous study has shown that 

hyperglycemia was developed in hIAPP transgenic mice > 13 months of age (Verchere 

et al. 1996).   

 

4.1.2. The mechanistic role of SORLA in IAPP handling   

Following the observation that SORLA protects against islet amyloid formation, we 

aimed to elucidate the underlying mode of receptor action. Although SORLA has not 

been studied in pancreatic islets previously, substantial work has been performed to 

understand its role in amyloid formation in the brain. In neurons, SORLA reduces 

amyloid load by regulating the transport and amyloidogenic processing of APP into Aβ 

(Andersen et al. 2005; Schmidt et al. 2007; Offe et al. 2006). Similarly in islet beta cells, 

impaired processing of proIAPP into mature IAPP in its biosynthetic pathway has been 

shown to promote islet amyloid deposition (Johan F. Paulsson and Westermark 2005; 

Marzban et al. 2006). The biosynthesis of mature IAPP involves movement of nascent 

proIAPP from the ER to the Golgi and further to secretory granules for processing and 

other post-translational modifications. Prior studies have identified various enzymes as 

key players of IAPP processing and maturation, including PC1/3, PC2, PAM and CPE 

(J. Wang et al. 2001; Marzban, Trigo-Gonzalez, and Verchere 2005; Marzban, 
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Soukhatcheva, and Verchere 2005). However, the identity of a facilitator that mediates 

transport of proIAPP to the Golgi and/or secretory granule for processing remains 

elusive. Accordingly, the initial hypothesis was that SORLA regulates the processing of 

IAPP precursors in beta cells by sorting newly synthesized proIAPP to secretory 

vesicles. To proof such a function of SORLA in proIAPP processing, we measured the 

ratio of pro- and mature IAPP levels, which reflects the processing efficiency of 

proIAPP, in circulating blood plasma as well as secretions from isolated islets of hIAPP-

expressing transgenic mice. Contrary to the initial hypothesis, the results documented 

that SORLA does not regulate proIAPP processing as the ratios between pro- and 

mature IAPP were comparable between SORLA genotypes (Figure 13). This conclusion 

subsequently directed the investigation to another balancing arm of IAPP homeostasis, 

i.e. clearance and degradation of the peptide.  

During the development of T2D, conditions of insulin resistance and obesity 

increase the demand for insulin (hyperinsulinemia) to maintain glucose homeostasis. 

Since IAPP is stored and secreted together with insulin in beta cells, there is also 

increased production and release of the amyloidogenic peptide during early T2D which 

promotes its aggregation and amyloid fibril formation. Conceptually, it is clear that 

overproduction of IAPP will result in increased islet amyloid. However, studies have 

indicated that overproduction of the peptide alone is insufficient for islet amyloid 

formation. For instance, islet amyloid was not found in non-diabetic individuals with 

hyperinsulinemia (Clark et al. 1990). Similarly, transgenic mice expressing 

supraphysiological levels of hIAPP failed to spontaneously develop significant amount 

of islet amyloid (G. Westermark et al. 1995). Therefore, it is clear that other 

mechanisms controlling IAPP homeostasis play an equally important role in the 

regulation of islet amyloid formation, including its clearance and degradation. In this 

study, colocalization analysis and PLA of SORLA and IAPP provided the first indications 

that SORLA interacts with IAPP in early endosomes, which are the early cellular hubs 

for protein recycling and degradation (Figure 14). Further biophysical studies with MST 

identified that IAPP bound to SORLA most strongly at pH 7.4, while the interaction was 

lost a low pH (Figure 15). Such pH-dependent release of ligands is a hallmark of 

endocytosis. Finally, (pro)IAPP uptake experiment in cell lines demonstrated that 

proIAPP was internalized and directed towards the early endosome and lysosomal 

compartment in a process dependent on SORLA (Figure 16). This SORLA-mediated 
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transport of proIAPP was abolished in the presence of the dynamin inhibitor dynasore, 

indicating clathrin-mediated endocytosis.  

The finding that SORLA mediates clearance of extracellular proIAPP is of 

particular significance as it addresses an open question in the field of islet amyloid 

biology. Whether the initial site of IAPP aggregation originates intracellularly or 

extracellularly remains controversial. Cryo-immunogold labelling for oligomeric IAPP in 

beta cells of T2D patients and hIAPP transgenic mice demonstrated the presence of 

IAPP oligomers in the secretory pathway, supporting an intracellular origin (Gurlo et al. 

2010). On the other hand, studies on cultured islets of hIAPP transgenic mice have 

shown that islet amyloid formation is elevated with increased IAPP secretions but 

reduced when secretion was inhibited, suggesting an extracellular origin of amyloid 

formation (K. Aston-Mourney et al. 2011). Results from this study supports the 

extracellular origin of IAPP oligomerization, which may also explain the underlying 

mechanism of their cytotoxicity on neighbouring cells and islet vasculature (Castillo et 

al. 2022). Understanding where islet amyloid forms is therefore important for effective 

and targeted therapeutic design for diabetes.  

 

4.2. SORLA is a dual-regulator of neurodegeneration and metabolism 

SORLA has a well-documented role in reducing amyloid plaques in the brain, as AD 

patients display reduced level of SORLA expression (Scherzer et al. 2004) and SORLA-

deficient mouse models of AD have increased extracellular Aβ deposits and worsened 

AD pathology (Andersen et al. 2005; Dodson et al. 2008). Work from this dissertation 

has uncovered that SORLA also regulates amyloid formation in pancreatic islets 

through interaction with IAPP. While AD is a neurodegenerative disorder and T2D a 

metabolic disease, both diseases share much similarities in their pathophysiology, such 

as the presence of insulin resistance and amyloid deposits in the affected tissues (K. 

Akter et al. 2011). Epidemiological studies have also shown that patients with T2D have 

an increased risk in developing dementia and AD (Cheng et al. 2011; Barbagallo 2014; 

Biessels et al. 2006). IAPP can readily cross the blood-brain barrier to modulate satiety. 

Accumulating data have also shown that IAPP interacts and deposits together with Ab 

in the brains of AD patients, highlighting the relevance of IAPP as a common etiological 

agent in both T2D and AD (Jackson et al. 2013; Wijesekara et al. 2017). Results from 
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this study have shown that proIAPP competes with Ab for SORLA-mediated 

endocytosis (Figure 16c), suggesting that they are likely to interact to the same binding 

region in SORLA, i.e. that VPS10P domain. In this experiment, proIAPP was incubated 

with 5-molar excess of Ab to ensure sufficient competitor was present in the assay. 

Further detail studies are needed to establish if SORLA has a higher binding preference 

towards proIAPP or Ab. A previous study using an alternative binding analysis, called 

fluorescence polarization, has shown that the binding affinity between the SORLA’s 

VPS10P region and Ab to be 235 nM (Kitago et al. 2015). However, direct comparisons 

of the binding affinities to IAPP and Ab should not be made as the method of detection 

and that the regions of SORLA (ectodomain vs VPS10P domain) included in the assays 

were different.  

 

4.3. Targeted clearance of proIAPP as therapeutic strategy in diabetes treatment 
and islet transplantation 

According to the World Health Organization, diabetes is currently affecting over 400 

million people worldwide and is estimated to cost 3.4 million lives each year. Type 1 

diabetes (T1D) is an autoimmune disease where pancreatic beta cells are attacked by 

the patient’s immune system. It accounts for 5 – 10 % of all diabetes cases. By contrast, 

T2D is a metabolic disease caused by obesity and metabolic dysfunction and accounts 

for 80 – 90% of all cases of diabetes. Despite major advances in research and drug 

development, diabetes remains an incurable disease. 

Current treatment options for T1D patients are restricted to insulin therapy, which 

requires life-long daily injections of insulin. In recent years, islet transplantation is 

becoming a promising alternative. However, it remains challenging to maintain the 

quality and viability of islets after transplantation long-term. Most patients are required 

to resume insulin therapy within five years of islet transplantation. Aside from immune 

rejection, islet graft loss is worsened by the rapid formation of islet amyloid (Potter et al. 

2010).  

For T2D, current treatments require intense lifestyle management, 

pharmacotherapies, and sometimes bariatric surgery for obese patient. Unlike T1D, the 

natural history of T2D development is slow and progress over many years. The first 

stage towards T2D is known as prediabetes, where blood glucose levels are higher 
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than normal but have not reached the clinical level to be diagnosed as diabetic. During 

this period, which spans over 5 to 10 years, insulin resistance in peripheral tissues 

continues to buildup. As a compensatory mechanism, islets beta cells increase their 

production of insulin to maintain blood glucose. Associated with increase insulin 

production is the elevated production and release of IAPP, which increases the 

propensity to form toxic oligomers and insoluble amyloid deposits.  

Therefore, prevention of amyloid formation could be an effective strategy to 

improve islet transplantation success for T1D patients as well as maintaining beta cell 

function and survival in T2D patients. In this study, the finding that SORLA preferentially 

mediates extracellular clearance of proIAPP but not mature IAPP may prove to be 

particular advantageous. Its selective clearance of proIAPP allows the biologically 

active mature IAPP to be secreted and regulate energy homeostasis, while the partially 

processed forms with no known physiological functions to be degraded. 

 

4.4.  Conclusion and outlook 

In summary, this study has uncovered a novel, non-neuronal role of SORLA in 

pancreatic islet beta cells. In detail, SORLA functions as an endocytic receptor for the 

soluble, partially processed form of IAPP and is protective against islet amyloid 

formation. These findings provided valuable insights into the molecular mechanism 

whereby SORLA may play a dual role in the pathophysiology of neurodegenerative and 

metabolic diseases. 

Results from this study raise new and important questions that compel further 

experimentations to refine the current proposed model and to address the dual role of 

SORLA in neurodegenerative and metabolic diseases. For example, there are 

considerable differences in the amino acid sequences between the human and murine 

IAPP peptides, which contributes to their differences in amyloidogenicity (P. 

Westermark et al. 1990). Thus, it remains unclear if SORLA binds to and mediates 

endocytic uptake of the human IAPP and if so, whether it interacts with the monomeric, 

oligomeric, and/ or fibrillar forms. Based on established literature, I would speculate that 

SORLA is likely to interact similarly with both murine and human IAPP as structural 

studies have demonstrated the VPS10P domain of SORLA recognizes its ligand 

peptides without strict dependence on specific amino acid sequences, but rather based 

on their tertiary confirmation that is compatible with the funnel-shaped opening of the 
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domain (Kitago et al. 2015). This study tested the non-aggregating forms of murine 

IAPP peptides which remain soluble and monomeric in solution. Further optimization of 

the preparation and handling of synthetic human IAPP peptides will be required to allow 

quantitative measurements specifically for monomers or oligomers. Furthermore, in 

addition to SORLA, it will be interesting to determine if other members of the VPS10P 

domain receptors also interact with IAPP and/ or have functional roles in islet beta cell 

biology. For instance, the VPS10P domain receptor SorCS1 has been shown to 

maintain insulin biogenesis in secretory granules of beta cells, where obese mice 

deficient in SorCS1 are severely depleted of insulin-containing secretory granules and 

develop diabetes (Kebede et al. 2014). Finally, results from this study have laid the 

foundation for our recognition of a physiological role for SORLA in islet beta cells, 

especially in the regulation of islet amyloid. However further studies are needed to 

elucidate if the amyloid-reducing properties of SORLA in the pancreas translates to 

downstream protection against the development of type 2 diabetes. 
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