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ARTICLE INFO ABSTRACT

Keywords: The ubiquitin-proteasomal-system (UPS) and the autophagy-lysosomal-system (ALS) are both highly susceptible

Aging for disturbances leading to the accumulation of cellular damage. A decline of protein degradation during aging

Promf’StaSis results in the formation of oxidatively damaged and aggregated proteins finally resulting in failure of cellular

Protein aggregates functionality. Besides protein aggregation in response to oxidative damage, amyloids are a different type of

E;tzr;oﬁylm protein aggregates able to distract proteostasis and interfere with cellular functionality. Amyloids are clearly

Autophagy linked to the pathogenesis of age-related degenerative diseases such as Alzheimer’s disease. Human amylin is one
of the peptides forming fibrils in 3-sheet conformation finally leading to amyloid formation. In contrast to rodent
amylin, human amylin is prone to form amyloidogenic aggregates, proposed to play a role in the pathogenesis of
Type 2 Diabetes by impairing B-cell functionality. Since aggregates such as lipofuscin and B-amyloid are known
to impair proteostasis, it is likely to assume similar effects for human amylin. In this review, we focus on the
effects of IAPP on UPS and ALS and their role in amylin degradation, since both systems play a crucial role in
maintaining proteome balance thereby influencing, at least in part, cellular fate and aging.

1. Introduction macromolecules, such as proteins, lipids and DNA. Oxidized or mod-
ified macromolecules accumulate and, in case of lipids and proteins,
aggregate during aging due to reduced stress response able to affect

further macromolecules (Grune et al., 2001; Levine and Stadtman,

Aging is a complex process involving multiple components affecting
each other. Many theories exist trying to explain the intricate process.

As a natural and universal process aging per se is not defined as a dis-
ease. However, aging is accompanied by the accumulation of cellular
damage potentially resulting in age-related diseases influenced by
genes as well as lifestyle and environmental factors. Studies in nema-
todes, fruit flies and mice revealed that genes involved in cellular stress
response significantly affect aging (Dues et al., 2016; Hayflick, 2000;
Lopez-Otin et al., 2013; Tosato et al., 2007; Zhang et al., 2015; Johnson
et al., 2000; Guarente and Kenyon, 2000). Free radicals as well as non-
radical reactive oxygen or nitrogen species (ROS and RNS), generated
endogenously as a by-product of normal metabolism or exogenously
due to environmental factors, contribute at least in part to the initiation
of cellular stress. These species react with and damage cellular

2001; Sies, 1997; Ames et al., 1993; Halliwell and Chirico, 1993; Oliver
et al.,, 1987; Davies, 1995). Misfolded and aggregated proteins are
linked to several degenerative diseases, such as Alzheimer’s disease
(AD), Parkinson’s disease or even cancer (Grimm et al., 2011).
Lipofuscin is one of the predominant aggregates, whose abundance
correlates positively with increasing age (Couve et al., 2012; Kumar
et al., 2008; Mukherjee et al., 2009; Perse et al., 2013; Schmucker and
Sachs, 2002). It is composed of oxidized proteins and lipids as well as
carbohydrates and small amounts of trace elements (Benavides et al.,
2002; Harman, 1989; Jolly et al., 2002). Several studies revealed in-
terfering effects of lipofuscin with the main cellular degradation me-
chanisms by influencing proteasomal and also lysosomal activity as
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Fig. 1. Amino acid sequences and processing steps leading to mature hIAPP (A). Model of two U-shaped hIAPP monomers arranged to each other (B) and of a hIAPP

fibril (C).

(A) The 89-amino acid PrePro-hIAPP is cleaved to the 67-amino acid Pro-hIAPP, which is consequently cleaved to the mature hIAPP by prohoromone convertase 2
and prohormone convertase 1/3. Carboxypeptidase E-processing takes place at the C-terminal glycine (underlined), which is finally amidated. The mature hIAPP
consists of 37 amino acids and a disulfide-bond between cysteine 2 and 7 (green colored, for other colors see Fig. 1B). (B) Human IAPP is shaped in U-form. Amino
acid residues 1-7 are outside of the U-shape. Residues 8-18 build the N-terminal 3-sheet (blue colored), residues 25-37 the C-terminal f3-sheet (red colored) and
residues 18-22 form the loop between the two sheets (yellow colored). U-shaped hIAPP arrange in an in-registered order, in which the C-terminal sheets are located
side by side. (C) U-shaped in-registered organized hIAPP monomers arrange on top of each other to form columns, building up a fibril. Each column consists of C-
terminal and N-terminal B-sheets. To further form amorphous aggregates, fibrils randomly bind to each other (not shown). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

well as generation of ROS and induction of apoptosis (Couve and
Schmachtenberg, 2011; Hohn et al., 2011, 2010; Powell et al., 2005;
Sitte et al., 2000a; Suter et al., 2000). The occurrence of lipofuscin is
connected to pathologies such as macular degeneration and Alzheimer’s
disease (Wolf, 2003; Giaccone et al., 2011).

Besides oxidatively damaged protein aggregates, amyloids occur as
a different type of aggregated proteins. Amyloidogenic proteins show [3-
sheet conformation, tightly linking these proteins to fibrillogenesis, but
also amorphous aggregates can be formed (Tjernberg et al., 1999;
Dobson, 1999). Currently, about 50 different proteins are determined
forming such amyloidogenic structures, among them (-amyloid (Af)
and human amylin (Marshall et al., 2014; Westermark, 2005). Until
now, it is not clear, whether amyloid accumulation increases with age,
although one human study showed an age-dependent increase in
amylin-derived deposition in pancreatic islets (Su et al., 2012). Amylin
secretion is also found to be altered in aged mice and plasma con-
centrations of amylin were shown to be increased in aged obese mice
compared to young ones (Takada et al., 1996; Leckstrom et al., 1999).
In addition, amyloids are clearly linked to age-related diseases. The
accumulation of AP is a well-known hallmark of AD and, furthermore,
human amylin was shown to accumulate in Type 2 diabetes (T2D)
patients. Human amylin is known to have detrimental effects on pan-
creatic (-cells resulting in an impairment of B-cell functionality and
finally in cell death (Westermark, 2005; Mukherjee et al., 2015;
Hoppener et al., 2000; Hull et al., 2004).

Since the ubiquitin-proteasomal-system (UPS) and the autophagy-
lysosomal-system (ALS), as the main cellular proteolytic systems, serve
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in maintaining proteostasis, both systems strongly influence cellular
fate and consequently the aging process (Chondrogianni et al., 2015;
Madeo et al., 2015). Decreased activity of cellular turnover and pro-
teostatic mechanisms are, amongst others, typical characteristics of
aging leading to an accumulation and aggregation of non-degraded
proteins. Studies revealed a decline in the amount of proteasomes in
aging cells as well as in proteasomal activity in most tissues during
aging possibly due to altered expression or modification of UPS en-
zymes or proteasomal subunits (Grune et al.,, 2001; Levine and
Stadtman, 2001; Couve et al., 2012; Perse et al., 2013; Smith et al.,
1991; Bulteau et al., 2002; Sitte et al., 2000b,c; Kapphahn et al., 2007;
Tsakiri et al., 2013; Chondrogianni et al., 2003; Ferrington et al., 2005;
Bulteau et al., 2000; Okada et al., 1999). Also autophagy seems to be in
part impaired in age as a result of altered expression of ALS relevant
proteins (reviewed in Hohn et al., 2017). As mentioned before also age-
related highly cross-linked protein aggregates such as lipofuscin inter-
fere with UPS and ALS. The proteasome recognizes lipofuscin as a
substrate trying to degrade this material. However, lipofuscin is non-
degradable by the proteasome and therefore also inhibits this protease
by preventing the degradation of other oxidized and non-functional
proteins (Hohn et al., 2011). Lipofuscin is also found to accumulate in
lysosomes and thereby decreases lysosomal enzyme activity (Terman
and Brunk, 2004; Hohn and Grune, 2013; Hohn et al., 2012). Impaired
proteolytic mechanisms - as a long-term consequence — lead to dis-
turbed proteostasis and accumulation of non-degradable protein ag-
gregates resulting in a cellular malfunction and cell death.

Studies also revealed altered UPS and ALS in AD. In AD patients and
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transgenic mice, impaired proteasomal ubiquitinating/deubiquitinating
enzymes and alterations in proteasomal subunits as well as a defective
autophagic flux are found. Because both systems play important roles in
AP generation and clearance, dysfunctional UPS and ALS lead to an
accumulation of aggregated AP (reviewed in Zhang et al., 2017).

Since protein aggregates such as lipofuscin and AP have highly in-
terfering effects on UPS and ALS, it is likely to assume that human
amylin as a peptide susceptible to form amyloid aggregates affects
proteolytic systems in the (-cell. This may lead to impaired f-cell
functionality due to an imbalance in the proteome, which could con-
tribute at least in part to the pathogenesis of T2D. Here, we review the
known effects of human amylin on the mechanisms of protein de-
gradation pathways and amylin’s clearance by ALS/UPS in pancreatic
B-cells.

2. Properties of amylin

Amylin, also called islet amyloid polypeptide (IAPP), is a 37-amino
acid residue peptide, which is mainly co-expressed and co-secreted with
insulin in a ratio between 1:10 and 1:100 (IAPP:insulin) in [3-cells, but
also in some other cell types (Betsholtz et al., 1989; Kahn et al., 1990;
Mulder et al., 1995, 1994; Toshimori et al., 1990; Westermark et al.,
1987; German et al., 1992; Kahn et al.,, 1991; Mulder et al., 1996).
Initially, IAPP is expressed as 89-amino acid PrePro-peptide, which is
subsequently cleaved to the Pro-peptide by peptidases in the en-
doplasmic reticulum (ER) and finally to the mature IAPP by pro-
hormone convertase 2, prohormone convertase 1/3 and carbox-
ypeptidase E in the Golgi apparatus. Additionally, the amidation of the
C-terminal glycine-residue is required for the full biological activity of
IAPP (Marzban et al., 2004; Prigge et al., 1997; Sanke et al., 1988;
Steiner et al., 1993; Wang et al., 2001). Fig. 1A shows the amino acid
sequences of human PrePro-IAPP, Pro-IAPP and mature IAPP with its
cleaving and modification sites.

The amino acid sequences of IAPP and calcitonin gene-related
peptide (CGRP) have strong similarities. Hence, IAPP belongs to the
calcitonin peptide family. So far, there is no evidence for an amylin-
specific receptor. However, some studies indicate the occurrence of
calcitonin receptors heterodimerized with receptor activity-modifying
proteins (RAMPs), which have a high affinity for IAPP in the brain of
mice and rats (Barth et al., 2004; Christopoulos et al., 1999; McLatchie
et al., 1998; Muff et al., 1999; Tilakaratne et al., 2000; Ueda et al.,
2001; Westermark et al., 1986).

IAPP has multiple physiological roles and acts in an endocrine as
well as auto- and paracrine manner affecting glucose metabolism and
energy balance. The physiological function has not been completely
elucidated; current knowledge is summarized in Fig. 2.

Blood glucose levels are not only controlled by the uptake of glucose
from blood into peripheral tissues such as skeletal muscle, but also by
the entry of glucose from digested carbohydrates into the blood stream.
It is well-known that insulin is responsible for facilitating the transport
from the blood stream into insulin-dependent tissues (reviewed in
Carnagarin et al., 2015). Amylin is partially responsible for controlling
the other part, the uptake of glucose into the blood stream by slowing
down gastric emptying (Clementi et al., 1996; Young et al., 1996).
Therefore, IAPP may mediate centrally by direct action in the brain in a
receptor-dependent way (Ueda et al., 2001; Wickbom et al., 2008).
However, IAPP may also mediate suppression of gastric emptying di-
rectly in the gut, since binding sites for IAPP are found in the stomach
fundus of rats (Bhogal et al., 1992) and mRNA expression of IAPP is
detected in the gastrointestinal tract (Ferrier et al., 1989; Nicholl et al.,
1992; Miyazato et al., 1991). Additionally, one study also reveals re-
laxation effects of IAPP on rat ileal smooth muscles (Mulder et al.,
1997).

Regarding regulation of energy homeostasis, amylin controls food
intake and body weight by acting as a satiation signal mediated directly
in the central nervous system (Rushing et al., 2000a) (reviewed in Lutz,
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2005). It is also effective as an adiposity signal to control energy ex-
penditure (Wielinga et al., 2007,2010). Some studies revealed that
amylin is able to interact with and enhance the effects of other hor-
mones in this context, for instance peptide YY (Roth et al., 2007), in-
sulin (Rushing et al., 2000b) and leptin (Roth et al., 2008). Especially
leptin shows a much higher impact on suppression of food intake and
body weight in combination with amylin administration (Trevaskis
et al., 2010a,b; Turek et al., 2010). The impact of amylin on insulin and
glucagon release is contrary. Some studies discovered that IAPP seems
to inhibit insulin secretion (Wang et al., 1993; Degano et al., 1993;
Kogire et al., 1991), whereas others were not able to show this effect
(Pettersson and Ahren, 1990; Broderick et al., 1991; O’Brien et al.,
1990). Regarding glucagon, some publications reveal a, at least in part,
suppressed secretion from islet a-cells leading to a decreased conver-
sion of glycogen to glucose (Gedulin et al., 1997; Young, 2005; Akesson
et al., 2003; Panagiotidis et al., 1992).

Amylin seems to have additional endocrine effects in the organism.
It is assumed to influence bone metabolism due to the sequence simi-
larity to CGRP by inhibiting osteoclast activity and stimulating osteo-
blast proliferation and activity (Zaidi et al., 1990; Villa et al., 1997).
Furthermore, IAPP apparently plays a role in renin-angiotensin-system
and has vasodilatory effects (Wookey et al., 1998; Brain et al., 1990).
However, the physiological roles of amylin are still not fully understood
and should be further investigated.

IAPP of most mammalian species, including humans (hIAPP), is
prone to form fibrils in 3-sheet conformation resulting in conversion to
the above mentioned amyloids. In contrast, rodent IAPP (rIAPP) does
not form such amyloidogenic structures due to the presence of proline-
residues in certain positions of the amino-acid-sequence (Johnson et al.,
1992; Jaikaran et al., 2001; Westermark et al., 1990). Infrared spec-
troscopy, electron microscopy and solid-state nuclear magnetic re-
sonance studies revealed the following structural model of human
amylin fibrils: Every fibril is composed of columns, which are built up
by U-shaped IAPP monomers packed on top of each other. Due to the U-
shaping, two parallel (3-sheets are formed within every column, one N-
terminal (residue 8-17) and one C-terminal (residue 25-37) p-sheet.
Residues 18-22 form a loop between both 3-sheets and a disulfide bond
exists between cystein 2 and 7. Hydrogen bonds stabilize the mono-
mers. Fig. 1B shows a model of U-shaped so called “in-registered” or-
ganized hIAPP-monomers, what means an arrangement of the C-term-
inal sheets next to each other in an anti-parallel way, and Fig. 1C of a
hIAPP fibril (Middleton et al., 2012; Luca et al., 2007; Wiltzius et al.,
2008).

hIAPP-aggregates accumulate mainly extracellularly. Nevertheless,
in B-cells small amounts were also found intracellularly (Jaikaran and
Clark, 2001; Paulsson et al., 2006). By now, several hypotheses of the
cytotoxic mechanisms of human amylin on (3-cells have been published,
but none of the described cellular processes is fully understood. The
cytotoxic effects range from membrane disruption to ROS generation,
induction of apoptosis, impact on inflammasome, ALS and UPS and
suggested mechanisms via ER stress. In the last years, research in-
creasingly focused on IAPP oligomers, since they are assumed to be
more toxic than amorphous aggregates (Engel et al., 2008, 2006;
Janson et al., 1999; Mattson and Goodman, 1995; Schubert et al., 1995;
Zhang et al., 2008, 2002, 1999; Masters et al., 2010; Casas et al., 2007;
Rivera et al., 2011; Mirzabekov et al., 1996; Anguiano et al., 2002).
Fig. 3 summarizes the most important hypothesized cytotoxic effects of
hIAPP on B-cells.

3. Amylin and ubiquitin-proteasome-system

The UPS is besides the ALS one of the main proteolytic systems in
mammalian cells. Both are involved in preservation of proteostasis and
constantly adjust the proteome to maintain a functional set of proteins
and thus cellular functionality. The UPS recognizes and degrades
(oxidatively) damaged and dysfunctional proteins, therefore partially
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Fig. 2. Physiological role of amylin.

IAPP has endocrine as well as auto-/paracrine
effects. It is involved in slowing down gastric
emptying and reducing food intake, by acting
in the brain and probably also in the stomach,
and consequently reduces body weight. For
that, amylin also works synergistically with
other hormones such as leptin. Due to its si-
milarity to the calcitonin-gene related peptide,
it affects also bone metabolism by decreasing
osteoclast activity. Additionally, amylin influ-
ences vasodilation and the renin-angiotensin-
system. Amylin’s autocrine effects on pan-
creatic f-cells are controversial. It seems to
reduce glucagon release. However, insulin se-
cretion was found to be decreased as well as

Renin activity 1
unaltered.

Vasodilation 1

their characteristics similar to isolated islets, and primary cultures of
human pancreatic islets. Treatment of Min6 cells with hIAPP showed a
significant decrease of proteasomal activity compared to rIAPP treat-
ment. The measurement of 26S proteasomal activity was performed
with cells transiently expressing ZsGreen-MODC fluorescent protein
and the detection of the intracellular amount of ubiquitinated proteins
in transiently UbG76V-EGFP expressing cells. Similar results were
shown in a fluorometric 20S proteasome assay with extracts from
human pancreatic islets after treatment with hIAPP (Casas et al., 2007).

Fig. 3. Possible toxic effects of human IAPP on
B-cells.

hIAPP monomers form oligomers and might
build channel-like structures, which penetrate
the cell membrane leading to an increased
permeability for ions (A). hIAPP oligomers
puncture the cell membrane, where they pro-
ceed development to long thin fibrils resulting
cell membrane rupture (B). hIAPP induces the
formation of ROS able to damage cellular
macromolecules such as proteins, lipids and
the DNA (C). hIAPP initiates the cleavage of
procaspase 3 to caspase 3 leading to apoptosis
via pathways involving c-jun, Fas and p53 (D).
hIAPP activates the inflammasome resulting in
interleukin-1p mediated inflammation (E). The
UPS (F) and ALS (G) are both involved in de-
gradation of hIAPP and vice versa hIAPP has
interfering effects on the UPS (F) and the ALS
(G).
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The 20S proteasome is the core particle consisting of multiple
subunits forming four rings stacked on top of each other. The outer
alpha rings are in charge of substrate recognizing and regulating the
access of the substrates into the proteasomal chamber, where the inner
beta rings provide their proteolytic activity. To form the 26S protea-
some, so called 19S regulator subunits are necessary. Binding of one
regulator to an alpha ring of the 20S proteasome leads to the formation
of the 26S proteasome, whereas binding of two 19S regulator domains
forms the 30S proteasome, in the literature often also termed as 26S
proteasome. The regulator subunits modulate proteasomal activity and
substrate specificity in an ATP-dependent way. Energy released by
hydrolysis of ATP is needed for the unfolding of proteins, but not for the
proteolytic degradation itself. Hence, the 26S and 30S are able to de-
grade natively folded and fully functional proteins, in contrast to the
unbound 20S (Jung et al.,, 2009; Arendt and Hochstrasser, 1997;
Bedford et al., 2010; Groll et al., 2000; Orlowski and Wilk, 2000; Rabl
et al., 2008; Wehmer and Sakata, 2016).

Besides the 19S regulator, specific tags binding to the substrates are
required for degradation of fully functional and natively folded proteins
by 26S proteasome. Several ubiquitin molecules, a ubiquitously oc-
curring protein comprised of 76 amino acids, form a short “poly-
ubiquitin” chain, linked to the substrate. This system of highly specific
substrate polyubiquitination and deubiquitination controlling protea-
somal degradation is strongly regulated by specific ubiquitination en-
zymes called E1-E3 and deubiquitination enzymes (DUBs), such as
Ubiquitin carboxy-terminal hydrolase L1 (UCH-L1) (Clague et al., 2015;
Tai and Schuman, 2008; Ristic et al., 2014; Bishop et al., 2016).

In contrast to the investigation of Casas et al. other studies showed
controversial findings regarding proteasomal activity. Transduction of
isolated human islets with adenoviruses expressing hIAPP did not show
any differences in 20S proteasomal activity compared to rIAPP trans-
duced cells, but both resulted in an increase of proteasomal activity
compared to non-transduced control cells. Furthermore, no differences
in proteasomal activity could be observed in islets of hIAPP transgenic
rats and wild-type rats (Costes et al., 2011). In another study, treatment
of RIN-m5F, a rat pancreatic insulinoma f3-cell line, and isolated human
pancreatic islets with hIAPP or rIAPP revealed inhibitory effects of both
forms on proteasomal activity (Singh et al., 2016).

Furthermore, microarray analysis reported a downregulation of
cytosolic Heat-shock proteins (Hsp) 90AAl, 90AB1 and ER-related
Hsp90B1 after hIAPP-treatment (Casas et al., 2007). Hsp90 is a cha-
perone assisting in protein degradation by the 26S proteasome and
preventing 20S proteasome inactivation due to oxidative stress.
Downregulation of these chaperones could also contribute to the de-
cline of proteasomal activity (Imai et al., 2003; Conconi et al., 1998).

Impairment of the 26S proteasome normally leads to accumulation
of ubiquitinated proteins. Indeed, an increased amount of ubiquitinated
proteins in hIAPP-treated Min6 cells was found. Also hIAPP transgenic
rats and hIAPP transduced INS 832/13, a rat insulinoma cell line,
showed an accumulation of polyubiquitinated proteins in comparison
to wildtype rats and rIAPP transduced cells (Casas et al., 2007; Costes
et al., 2011), whereas hIAPP treatment of RIN-m5F cells did not result
in an elevation of polyubiquitinated proteins (Singh et al., 2016). An
accumulation of ubiquitinated proteins may also be a hint for a defi-
ciency of other UPS components, such as DUBs. UCH-L1, one of the
DUBSs, is an important enzyme in the UPS controlling the proteasomal
entry of ubiquitinated proteins by deubiquitinating and thereby pre-
venting substrate degradation (Ristic et al., 2014; Bishop et al., 2016).
Individuals with type 2 diabetes show diminished levels of UCH-L1 in
combination with a decreased proteasomal activity and consequently
an accumulation of polyubiquitinated proteins (Costes et al., 2011).
hIAPP transgenic rats showed decreased mRNA levels of UCH-L1 and a
marked decline in UCH-L1 protein levels. Furthermore, hIAPP or rIAPP
transduced INS 832/13 cells confirmed downregulation of UCH-L1 as a
specific event for amyloidogenic hIAPP, but not for non-amyloidogenic
rIAPP. Chemical inhibition as well as knockdown of UCH-L1 in INS
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832/13 led to increased apoptosis, measured by cleavage of caspase-3
and its substrate Poly(ADP-ribose) polymerase (PARP). Furthermore,
elevated ER stress, shown by raised levels of CCAAT-enhancer-binding
protein homologous protein (CHOP) and diminished levels of eu-
karyotic initiation factor 2 (eIF2) were detected. Both hIAPP and rIAPP
transduction in addition to UCH-L1 knockdown further increased
apoptosis compared to scramble-transfected cells, hIAPP to a greater
extent than rIAPP. This indicated that non-amyloidogenic rIAPP is also
harmful under certain conditions possibly due to the higher protein
burden by IAPP transduction in the cells (Costes et al., 2011).

Another important question besides the effects of hIAPP on the UPS
is, whether the proteasome is responsible for the degradation of IAPP.
Therefore, studies with proteasome activity modulators were per-
formed. Inhibition of the proteasome with lactacystin and epoxomicin
resulted in an increase of hIAPP content and toxicity in hIAPP-treated
Min6 and RIN-m5F cells. Toxicity was measured by analysis of apop-
tosis (caspase-3 cleavage) and by viability tests. Conversely, stimulation
of the proteasome with protein activator 28 (PA28) was reducing the
cytotoxic effects of hIAPP. Furthermore, inhibition of the proteasome
also resulted in an elevated amount of endogenously expressed rIAPP.
This led to the assumption that the proteasome plays at least in part a
role in degradation of both uptaken hIAPP and also endogenous non-
amyloidogenic rIAPP (Casas et al., 2007; Singh et al., 2016).

To confirm the role of the proteasome in hIAPP degradation, im-
munoprecipitation studies were performed. Interactions between hIAPP
and the a4 subunit of the 20S proteasome were found mainly in the
nucleus of RIN-m5F cells and of human islets. The question arises,
whether IAPP is degraded by 20S proteasome or also by 26S protea-
some in an ubiquitin-dependent way. In vitro-studies revealed that
ubiquitination of IAPP is not necessarily required for the interaction of
hIAPP with 20S proteasome. In contrast, immunoconfocal microscopic
studies reported a strong colocalization of hIAPP and ubiquitin in hIAPP
treated cells and human islets. Internally expressed hIAPP was also
shown to be ubiquitinated. Additionally, rpn8, an important regulatory
subunit of the 19S complex, co-precipitated with hIAPP and a4. hIAPP
further colocalized with Hsp70 and Hsp90. These results indicated that
an ubiquitin-dependent interaction cannot be excluded. Furthermore,
an additional in vitro study showed proteasomal degradation of hIAPP
in both aggregation-inhibiting and aggregation-prone conditions
leading to the assumption that aggregation of hIAPP is not required for
its degradation by the proteasome (Singh et al., 2016; Rivera et al.,
2014).

In summary, the UPS seems to play a role in the turnover of both
hIAPP and rIAPP. Dysfunctional proteasomal degradation mechanisms,
as they occur during aging or due to covalently cross-linked protein
aggregates, could therefore lead to the accumulation of ubiquitinated
proteins and amyloidogenic aggregates such as hIAPP, exacerbating the
toxic cellular effects of human amylin. Human amylin apparently im-
pairs the UPS, more precisely proteasomal activity and the expression
of cytosolic chaperone Hsp90 and deubiquitination enzyme UCH-L1.

4. Amylin and autophagic-lysosomal-system

The second important cellular proteolytic system besides the UPS is
the ALS. A major characteristic is the dynamic membrane reorganiza-
tion resulting in the uptake and degradation of substrates. The ALS is
able to incorporate protein aggregates, macromolecules, also from the
extracellular space, and even whole cell organelles, while the UPS is
only capable to degrade proteins. It also plays an important role in a
wide array of cellular processes, such as differentiation, growth control,
inflammation, immune system, energy metabolism (Mizushima and
Levine, 2010; Wang and Levine, 2010; Qian et al., 2017; Settembre
et al., 2013; Dowling and Macian, 2018; Dengjel et al., 2005).

Currently three different types of autophagy, macroautophagy, mi-
croautophagy and chaperone-mediated autophagy, which differ in the
pathways and mechanisms of substrate delivery to lysosomes, are
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described. During macroautophagy, cytosolic substrates are in-
corporated by a sequestering organelle — the phagophore or isolation
membrane —, which develops to the autophagosome by expanding and
sealing. Completing autophagosome formation is followed by fusion
with lysosomes, content release and degradation by lysosomal enzymes.
Macroautophagy is in comparison to the other autophagy types highly
inducible and is regulated by a variety of signaling pathways, which
enable appropriate response to different environmental conditions. Atg
proteins (autophagy related proteins) are involved in these mechanisms
by forming complexes leading to recruitment and induction of down-
stream Atg proteins. During microautophagy the lysosomes invaginates
cytosolic material resulting in vesicle budding into the lysosomal lumen
and its subsequent degradation. The third type is chaperone-mediated
autophagy (CMA). Chaperones such as Hsc70 (Heat shock cognate 70)
bind to substrates containing the amino acid sequence KFERQ and
transfer them to the lysosome leading to the translocation of the sub-
strate into the lysosomes mediated by co-chaperones, such as Hsp90,
and lysosome-associated membrane protein type 2A (LAMP2A). For a
more detailed description of autophagic mechanisms see special re-
views (Gallagher and Chan, 2013; Arias and Cuervo, 2011; Shibutani
and Yoshimori, 2014).

Some of the first experiments regarding IAPP and ALS were pub-
lished by Morita et al. in 2011. They transfected the endogenous IAPP
lacking cell line COS-1, an African green monkey kidney fibroblast-like
cell line, with hIAPP or rIAPP and found an increased amount of au-
tophagosomes in hIAPP-transfected cells compared to rIAPP transfec-
tion. Autophagosome quantity was detected by electron microscopy
and immunoblot analysis of LC3 (microtubule-associated protein light
chain 3) (Morita et al., 2011). Unbound LC3 (also called LC3-I), if in-
itiated by certain pathways, binds to the lipid molecule phosphatidy-
lethanolamine (PE) of the expanding phagophore, then called LC3-II,
resulting in autophagosome membrane formation. Therefore, LC3-I
conversion to LC3-II serves as a useful marker to measure autophago-
some formation. hIAPP treated INS-1 cells, transduced INS-1 cells (rat
insulinoma cell lines), transgenic rats and transgenic mice also showed
an increase in autophagosome formation compared to rIAPP (Rivera
et al., 2011; Shigihara et al., 2014). Rivera et al. additionally described
an elevated occurrence of autophagosomes in rIAPP transduced INS
832/13 cells compared to non-transduced cells, but to a much lesser
extent compared to hIAPP transduction (Rivera et al., 2011). The
question arises, if this increase in autophagosomes is due to an in-
creased autophagic flux and consequently an increased autophagosome
formation or if impaired lysosomal degradation is the underlying
reason.

The results adressing this question are controversial. p62, also
called sequestosome 1 or SQSTMI, is an important macroautophagy
receptor serving for the delivery of the substrate to the autophagosome.
The substrate, which is ubiquitinated by E3, binds to p62 and the p62/
substrate-complex is then uptaken by the autophagosome mediated by
LC3. In hIAPP treated INS-1 cells, transduced INS 832/13 cells and
transgenic mice p62 protein levels were not affected indicating that the
lysosomal activity is not affected and autophagosome formation is in-
duced (Shigihara et al., 2014). In contrast, elevated p62 protein levels
were detected in hIAPP transgenic rats compared to wildtype rats.
However, mRNA levels remained unchanged. This led to the different
assumption that lysosomal degradation is decreased leading to an ac-
cumulation of p62. hIAPP transgenic mice showed an increase of both
p62 mRNA and protein levels compared to rIAPP. However, mRNA
level increase was less distinctive than p62 protein levels. In contrast,
studies with hIAPP transduced INS 832/13 revealed an increase of p62
followed by a rapid decrease after 36 and 48 h. This was in parallel
accompanied by apoptosis induction leading to the hypothesis that p62
could have a possible role in B-cell survival (Rivera et al., 2011).

A possible explanation for the decreased lysosomal activity may be
the ability of toxic hIAPP oligomers to disrupt cellular membranes
(Engel et al., 2008; Janson et al., 1999). Lysosomal membranes could be
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punctured by spiky hIAPP structures leading to an increase of the ly-
sosomal pH. Since the lysosomal enzymes show maximum activity at
acidic pH, degradation of the cargo by these enzymes may consequently
be disturbed (Mindell, 2012). Rupture of the lysosomal membrane may
also result in the release of the enzymes leading to apoptosis (Guicciardi
et al., 2004).

To test, whether autophagy plays a role in the degradation of toxic
hIAPP, studies with autophagy modulators were performed. Inhibition
of lysosomal proteases with pepstatin A increased hIAPP-induced
apoptosis in transduced cells and IAPP content in INS 832/13 cells and
human islets. Also knockout of Atg7 leading to autophagy deficiency,
resulted in increased hIAPP induced apoptosis compared to rIAPP
treatment (Rivera et al., 2011, 2014; Shigihara et al., 2014). In contrast,
stimulation of autophagosome formation by rapamycin, an inhibitor of
the mTOR (mammalian target of rapamycin) signaling pathway, re-
duced hIAPP-induced apoptosis and IAPP content. These changes in
intracellular IAPP content were not a consequence of an altered IAPP
expression or secretion, what indicated a role of autophagy for IAPP
degradation. Interestingly, insulin content was not affected. Thus, au-
tophagy seems to regulate cellular content of IAPP. Rivera et al. further
confirmed that IAPP became polyubiquitinated, possibly resulting in
degradation by p62-dependent autophagy (Rivera et al., 2011, 2014).
However, ubiquitination of proteins could also be a hint for degradation
by 26S proteasome.

Studies from Singh et al. indicated that intracellular and extra-
cellular IAPP may be eliminated by different clearance mechanisms. In
contrast to the studies mentioned before, they treated RIN-m5F cells
with hIAPP and rIAPP by adding the compounds to the culture medium.
After cellular uptake, IAPP was mainly translocated into the nucleus
and only small amounts colocalized with lysosomes. Autophagy in-
hibition with pepstatin A showed no significant change in cellular IAPP
content (Singh et al., 2016).

The suggested protective role of p62 was confirmed by studies with
transduced cell lines and transgenic mice, where both hIAPP and, to a
lesser extent, also rIAPP immunoprecipitated with p62. Furthermore,
immunoprecipitation of IAPP with p62 was exclusively found in in-
soluble fractions of cell lysates from hIAPP-transgenic and not from
rIAPP-transgenic mice. This result, in addition to positive thioflavin S
staining in p62-inclusions, revealed that p62 inclusions also contain
insoluble forms of hIAPP. Further investigations reported that p62 in-
clusions are surrounded by components of the ALS, more precisely
autophagosomes and lysosomes. This could be a hint that hIAPP and
rIAPP are degraded by p62-dependent autophagy and furthermore that
p62 protects the cell from toxic hIAPP species. Additional experiments
reported that (-cells of hIAPP transgenic mice containing p62-positive
inclusions showed less binding of the specifically oligomeric hIAPP
recognizing antibody A11, confirming the protective role of p62 from
toxic oligomers (Rivera et al., 2014). Knockdown of p62 with shRNA
increased hIAPP-mediated apoptosis in INS 832/13 cells, whereas an
overexpression of p62 led to a decrease of hIAPP-induced apoptosis
(Rivera et al., 2011).

Summarized, it was shown that ALS plays a role in the clearance of
amylin and therefore in diminishing the cytotoxic effects of human
amylin. Since autophagic flux seems to be decreased in age (Ott et al.,
2016), the detrimental cellular effects of hIAPP are likely to be ex-
acerbated due to dysfunctional autophagy as shown in studies with
chemical inactivation and induction of autophagy and p62 expression.
Human amylin also seems to interfere with autophagic pathways. So
far, it is unknown, if autophagosome accumulation is the consequence
of an increased formation or an impaired lysosomal degradation due to
hIAPP burden.

5. Conclusion

Current knowledge about the effects of amylin on UPS and ALS and
the role of both degradation systems in amylin turnover is limited.
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Folded and functional proteins are degraded by the 26S proteasome in an ubiquitin-dependent way. Some proteins are rescued from degradation by DUBs. ROS-
mediated damaged proteins, misfolded proteins and protein aggregates are degraded by 20S proteasome and to a lesser extent by autophagy. The p62/ubiquitin/
substrate-complex binds to phagophore membrane-bound LC3-II, the autophagosome formation progresses and the autophagosome fuses with the lysosome, where
cargo is being degraded (macroautophagy). In microautophagy, cytosolic substrates are directly engulfed by the lysosome. In CMA, chaperone Hsc70 and co-
chaperones mediate cargo uptake into the lysosome via LAMP2A receptor. Autophagic cargo is degraded in lysosomes. Extracellular proteins can be taken up by
endocytosis or related processes. Human amylin seems to interfere in both UPS and ALS and in turn IAPP seems to be degraded by both systems. Several Studies show
that human IAPP can impact on 26S proteasome (A) or 20S proteasomal function (B). Furthermore, IAPP can be polyubiquitinated (C), but on the other side disturb
the deubiquitination process (D). IAPP has impact on the cellular amount of autophagosomes (F), possibly due to an increased autophagic flux or an impaired
lysosomal function. hIAPP oligomers are able to disrupt cell membranes (G), potentially leading to dysfunctional lysosomes. hIAPP molecules might be taken up by
endocytotic processes (H). Among others, membrane disruption (G) or intracellular damage might be due to IAPP oligomer-triggered oxidant production (I). IAPP

might be cleared by the UPS (A, B), but also by p62-dependent autophagy (E).

Nevertheless, there is evidence that UPS as well as ALS are involved in
the clearance of amylin, but are also affected by amylin, especially by
the human one (summarized in Fig. 4). However, the mechanisms
causing disturbances in both proteolytic pathways are unknown. Stu-
dies investigating the UPS and ALS in response to hIAPP are incoherent
possibly due to different methods and models used. UPS and ALS as the
main proteolytic systems influence the cellular fate and therefore also
the aging process. A decline of both systems is a well-known char-
acteristic of aging. So far, it is not fully understood, if hIAPP aggregates
accumulate during aging. However, it is reasonable that the age-de-
pendent decrease of proteolytic activity has an impact on the detri-
mental effects of human amylin especially in 3-cells and therefore on
T2D pathogenesis.
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