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A B S T R A C T

The endoplasmic reticulum (ER) is the site of synthesis and folding of membrane and secretory proteins. The
fraction of protein passing through the ER represents a large proportion of the total protein in the cell. Protein
folding, glycosylation, sorting and transport are essential tasks of the ER and a compromised ER folding network
has been recognized to be a key component in the disease pathogenicity of common neurodegenerative, me-
tabolic and malignant diseases. On the other hand, the ER protein folding machinery also holds significant
potential for therapeutic interventions. Many causes can lead to ER stress. A disturbed calcium homeostasis, the
generation of reactive oxygen species (ROS) and a persistent overload of misfolded proteins within the ER can
drive the course of adisease. In this review the role of ER-stress in diseases of the liver and pancreas will be
examined using pancreatitis and Wilson´s disease as examples. Potential therapeutic targets in ER-stress path-
ways will also be discussed.

1. Introduction

Protein misfolding is a field of translational research with increasing
importance in basic pathophysiological concepts of gastroenterological
diseases [1]. Excessive protein misfolding or the accumulation of de-
fective or superfluous proteins is responsible for the induction of en-
doplasmic reticulum stress (ER-stress) and activation of the unfolded
protein response (UPR) [2]. Massive ER-stress is also an apoptosis in-
ducing signal which directly links UPR to cell death via activation of
caspase 12 [3]. A balancing regulation in response to ER-stress is
therefore essential for cell survival and may act as a protective

mechanism in many disease phenotypes. Three major pathways are
involved in the UPR response which regulates the expression of UPR
related genes and the induction of cellular protein degradation path-
ways like autophagy: the inositol requiring enzyme 1α (IRE1α), the
protein kinase RNA-like endoplasmic reticulum kinase (PERK) and the
activating transcription factor 6 (ATF6). All three proteins share some
functions but also induce distinct downstream pathways (Fig.1).

1.1. IRE1α

The release of the ER chaperone GRP-78, also known as binding
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immunoglobulin protein (BiP) [4], from IRE1α is a consequence of an
increase in unfolded or misfolded proteins in the ER-lumen and induces
the kinase activity of IRE1α before leading to autophosphorylation and
oligomerization of the protein [5]. Activated IRE1α has en-
doribonuclease activity, which is responsible for the alternative splicing
of X-box binding protein 1 (XBP-1) mRNA [6]. XBP-1, a transcription
factor of the leucine zipper class of proteins, binds to HLA-DRα and
regulates the expression of MHC class II complexes [7]. Alternative
splicing of XBP-1 RNA results in a frame shift within the translational
region and in synthesis of a 40 kDa XBP-1 s instead of a 33 kDa, XBP1u
isoform. This XBP-1 switch regulates the transcription of ER chaperones
like GRP-78 or proteins of the ER-associated protein degradation
pathway (ERAD) [8]. Beside the autophosphorylation of IRE1α, the
cytosolic kinase activity also interacts with the JNK pathway and reg-
ulates the induction of autophagy in direct response to UPR activation
[9]. This interaction is mediated via TRAF2, which can also activate the
NFκB pathway [10]. The nuclear factor NFκB pathway is a prototypical
pro-inflammatory signaling pathway which regulates the expression of
a plurality of inflammatory genes like cytokines and chemokines. In this
manner the interaction between IRE1α and NFκB links ER-stress di-
rectly to a pro-inflammatory immune response.

1.2. PERK

PERK is a protein kinase which is located at the ER-membrane. The
accumulation of misfolded or unfolded proteins leads to the dissocia-
tion of ER-chaperons, such as GRP-78/BiP from PERK and induces the
autophosphorylation of the protein [11]. One target of the cytoplasmic
kinase domain of PERK is the translation elongation initiation factor-
2alpha (eIF2α) which is essential for the initiation of protein transla-
tion. The phosphorylation inactivates elF2α which attenuates protein
synthesis and prevents additional ER-stress by decreasing the amount of
unfolded proteins [12]. Still, not all proteins are affected by the down
regulation of translation. Transcription factor 4 (ATF4) is continuously
expressed and activates the transcription of proteins of the BCL-2 family
and the transcription factor C/EBP homologous protein (CHOP). The
growth-arrest- and DNA-damage-induced transcript 34 GADD34, also
not influenced by PERK, is able to bind to the serine/threonine protein

phosphatase 1 (PP1) and can restore elF2α function by depho-
sphorylation [13]. The expression of GADD34, as well as the tran-
scription of stress response related genes that prevent ER-stress, or the
genes for the resistance to reactive oxygen species, are under the con-
trol of the transcription factor ATF4 [14]. The transcription factor
CHOP is involved in regulation of apoptosis by transcriptional upre-
gulation of pro-apoptotic genes [15]. The PERK pathway thus provides
a direct link to a general, anti-stress response mechanisms as well as to
cell death pathways such as apoptosis.

1.3. ATF6

Activation of transcription factor 6 (ATF6) is directly coupled to the
ER-membrane by a transmembrane domain. During ER-stress, dis-
sociation of GRP-78 from ATF6 (p90) induces its transport to the Golgi
where proteolytic cleavage of the transmembrane part by proteases S1P
and S2P release ATF4 (p50) to the cytosol [16]. Mature cytosolic ATF6
translocates to the nucleus and acts as transcription factor for UPR or
ERAD pathways similar to CHOP or XBP-1 [17].

Recent data suggest a critical role of protein folding and ER-stress in
various diseases of the gastrointestinal tract such as Crohn’s disease
[18], fatty liver disease [19] or pancreatitis [20]. Misfolding mutations
not only lead to a loss of protein function, but their accumulation
within the ER is a critical cellular stress signal which can significantly
contribute to disease progression. Beside genetic factors also epigenetic
factors such as alcohol or cigarette smoking are associated with in-
creased ER-stress and activation of the UPR [21,22].

2. Review

2.1. ER-stress: cause or consequence of pancreatitis

Acute pancreatitis represents a self-digestion of the pancreas by its
own digestive proteases. This process is accompanied by local and
systemic immune reactions which increase disease severity [23]. The
chronic form of pancreatitis (CP) develops from recurrent acute epi-
sodes leading to a stepwise replacement of exocrine and endocrine
tissue by fibrosis (the so called necrosis fibrosis sequence) which

Fig. 1. The three major pathways which recognize ER-stress and induce the unfolded protein response via activation of the transcription factors XBP-1, ATF4 and
ATF6.
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ultimately results in exocrine pancreatic insufficiency and diabetes
[24,25]. Trypsinogen, the inactive precursor form of a pancreatic serine
protease, is thought to play a crucial role for the induction of pan-
creatitis. Premature activation of trypsinogen to trypsin within pan-
creatic acinar cells by the lysosomal hydrolase cathepsin B, or by en-
hanced trypsin autoactivation have been suggested to be initial events
that cause the onset of acute disease [26]. Genetic data seem to confirm
this theory. Mutations within the PRSS1 gene, which encodes the
human cationic trypsinogen, were found to associate with an increased
risk of chronic pancreatitis [27,28]. Besides dominant mutations within
the PRSS1 gene, genetic variants in genes involved in trypsinogen
processing have been found to increase the risk of developing CP.
Mutations within the serine protease inhibitor kazal type 1 (SPINK-1), a
potent trypsin inhibitor [29], or chymotrypsin C which is a proteolytic
processor of trypsinogen [30], further support the role of trypsinogen in
pancreatitis. Recent experimental studies suggest that trypsinogen ac-
tivation may trigger the onset of disease, but does not influence the
immune response or the progression to CP, or tissue replacement by
fibrosis [31,32]. It appears that other cellular stress factors, unrelated to
proteolytic activities, play important roles in disease onset or progres-
sion.

2.1.1. Cellular events resulting in ER-stress in pancreatic acinar cells
Increased ER-stress is thought to be a triggering mechanism, in-

dependent of trypsin activity, which can induce acinar cell damage
[33]. Pancreatic acinar cells produce large amounts of digestive en-
zymes and their protein folding and degradation machinery is upre-
gulated under physiological conditions to prevent accumulation of
misfolded proteins. ER-stress related transcription factors, such as XBP-
1, are also constitutively upregulated and active [34]. Control of pro-
tein homeostasis is essential for physiological secretion of digestive
enzymes and acinar cell function. ER-related chaperons such as GRP-78
are highly expressed in acinar cells and help to prevent ER-stress [35].
Also heat shock protein HSP-70 is expressed in acinar cells [36] in-
hibiting intracellular protease activation and acinar cell damage during
pancreatitis [37]. Knock down of HSP-70 results in increased disease
severity during caerulein induced pancreatitis in mice [37]. This in-
dicates a critical role of the protein folding machinery in disease pro-
gression, intracellular protease activation and cell death. Not only
chaperons assist in acinar cell protection, but also protein degradation
by autophagy is needed to preserve functional protein synthesis and
secretion [38]. Autophagy plays an important role in protecting acinar
cell function during an episode of acute pancreatitis. Autophagy is a
general cellular degradation and recycling mechanism, which is in-
volved in protein homeostasis. During pancreatitis even damaged or-
ganelles, such as mitochondria, are removed and their components
recycled by autophagosomal degradation [39]. Engulfment of cellular
waste and unnecessary proteins by autophagosomes is followed by fu-
sion with lysosomes to autophagolysosomes. The final degradation of
proteins is mediated mainly by lysosomal cathepsins. Chaperon medi-
ated autophagy is a special form of protein degradation mechanism
which recognizes miss-folded proteins and transports them via lyso-
somal associated membrane protein 2 (LAMP2) into lysosomal vesicles
[40,41]. ER-stress has been shown to induce autophagy in order to
decrease accumulated proteins [42]. Animals with pancreas specific
deficiency of ATG5, ATG7 or LAMP2 show defective autophagosomal
and lysosomal flux which has a severe impact on the integrity of the
pancreas [43–45]. During acute pancreatitis the autophagosomal flux
has been found to be impaired [45–47]. This results in a decreased
ability to degrade damaged or surplus proteins exiting the ER [48]. ER-
stress is therefore a consequence of the blockage of pancreatic secre-
tion, and this is thought to contribute to cellular injury. The blockage of
secretion, a key event of pancreatitis in acinar cells, and the defective
autophagosomal flux together result in a massive protein accumulation
which, in turn, affects the integrity of the ER. On the cellular level ER-
stress is a result of the earliest pathophysiological events during the

disease course, which could be demonstrated in several experimental
disease models [33,48–50]. Recent studies reported receptor-mediated
autophagosomal degradation of damaged endoplasmic reticulum
[51,52], which may play an important role in restoring normal protein
turnover. A crosstalk between ER-stress and ER-phagy, the autopha-
gosomal degradation of ER, has recently been described and links ER-
stress to autophagy and cell death mechanisms [53].

The blockage of pancreatic secretion, either mechanically by an
impacted gallstone [24,54,55] or via a pathological stimulus [26], is a
key event during pancreatitis. It leads to a protein traffic jam and a
subsequent induction of cellular degradation pathways like autophagy,
or proteasomal degradation. Accumulation of proteins within the en-
doplasmic reticulum triggers transport mechanisms from the ER-lumen
into the cytosol. There, proteins are marked for proteasomal degrada-
tion by a small 76 aminoacid containing protein – ubiquitin [56]. This
process of protein ubiquitination involves three main steps which are
catalyzed by E1, the ubiquitin activating enzyme, E2 the ubiquitin
converting enzyme and finally E3, the ubiquitin ligase which transfers
ubiquitin from E2 to the target protein. Hundreds of different E3 ligases
guarantee substrate specific protein degradation [56], and defective
proteasomal degradation can be associated with severe clinical phe-
notypes. Inactivating mutations within the ubiquitin ligase E3 gene
UBR1, for instance, cause Johanson-Blizzard disease which is char-
acterized by defects in multiple organ systems, including craniofacial
abnormalities and major defects of the exocrine pancreas [57], leading
to malabsorption and pancreatic insufficiency. Following the N-end rule
pathway many digestive enzymes are substrates of UBR1 ligase. Loss of
function mutations of the UBR1 gene results in an intrauterine-onset of
a destructive form of pancreatitis which emphasizes the importance of a
functional degradation apparatus within the secretory compartment of
acinar cells [57,58].

ER-stress is also known to induce the release of Ca2+ from the en-
doplasmic reticulum, an intracellular Ca2+ storage compartment, into
the cytosol. Calcium is a critical intracellular signal transmitter and a
sustained increase of cytosolic Ca2+ can result in secretion blockage of
acinar cells and intracellular protease activation [59]. On the other
hand, cytosolic Ca2+ can accumulate in mitochondria and induce mi-
tochondrial transition pore opening. As a consequence, a decreased
mitochondrial membrane potential and diminished adenosine tripho-
sphate (ATP) generation serve as a trigger for apoptosis [60] or cell
necrosis [61]. Notably, mitochondrial damage is associated with de-
creased autophagy and increased ER-stress [48]. It appears that the ER/
mitochondria axis works in both directions and is strongly inter-
connected in acinar cells. ER-stress can be a consequence of sustained
intracellular Ca2+ signaling. On the other hand, ER-stress, following an
accumulation of misfolded proteins, is a causative trigger factor of
acinar cell damage. Compromised UPR or ERAD pathways therefore
contribute to disease severity and may play a role in initial acinar cell
damage (Fig.2).

2.1.2. ER-stress by misfolding mutations: risk for chronic pancreatitis
The prevalent concept of hereditary pancreatitis is related to mu-

tations within the cationic trypsinogen gene (PRSS1), which have been
demonstrated to inc rease autoactivation or enhance enzyme activity in
vitro [27]. The c.365 G > A (p.R122 H) variant within PRSS1 enhances
trypsinogen autoactivation, whereas a mutation within the same codon,
c.364C > T (p.R122C), also associated with pancreatitis, has been re-
garded as a loss of function mutation [62]. R122C trypsinogen has a
misfolded protein structure due to disulfide mispairing in the ER, which
is associated with increased ER-stress in the acinar cell. Other PRSS1
misfolding mutations have been discovered in the last years including
c.346C > T (p.R116C) [63] or c.311C > T (p.L104 P) [64,65]. Mu-
tations located within the activation peptide of trypsinogen such as
c.65A > G (p.D22 G) or c.68A > G (p.K23R) permit autoactivation of
trypsinogen but also diminish enzyme secretion and can therefore ele-
vate ER-stress levels with a subsequent activation of CHOP [63,66]. The

J. Lukas, et al. Advances in Medical Sciences 64 (2019) 315–323

317



mechanisms behind this observation are poorly understood but it is well
known that active trypsin can rapidly degrade poly-ubiquitin residues
of proteins marked for proteasomal degradation [67] which leads to an
additional accumulation of proteins in acinar cells. This could be one
aspect of the observed rise in ER-stress after the onset of experimental
pancreatitis in the animal models of the disease [20,68].

Since the initial discovery of the R122H mutation in the PRSS1
gene, genetic variants in other genes have been identified to be asso-
ciated with an increased risk of developing chronic pancreatitis. Also
for those, ER-stress has been suggested to be a disease triggering me-
chanism. Hybrid variants (CEL-HYB) of carboxyl ester lipase (CEL)
which originate from homologue recombination of the CEL gene and a
CEL pseudogene are not efficiently secreted resulting in an increased
cellular ER-stress level [69].In the same manner several chymotrypsin C
variants (CTRC) have been shown to trigger ER-stress [70]. Loss of
function variants of another highly expressed digestive enzyme of the
pancreas, carboxypeptidase A1 (CPA1), are strongly associated with an
early onset of chronic pancreatitis [71]. The majority of these CPA1
variants has a misfolded phenotype, which is accompanied by de-
creased enzyme activity and diminished enzyme secretion [72]. In
general, misfolded mutations of digestive enzymes are associated with
decreased levels of secretion and an increased ER-stress response. The
very high expression levels of digestive enzymes in pancreatic acinar
cells could explain why mutations in these genes are connected to in-
creased ER-stress in a way that may be causative or permissive for the
onset of pancreatitis. ER-stress appears to be a pathomechanism which
is independent of protease activity but disease relevant [72].

Beside genetic factors, epigenetic and environmental factors have
also been shown to increase ER-stress. It is well known that alcohol
consumption can induce ER-stress in hepatocytes [73] and CHOP has
been suggested to represent a critical mediator linking ER-stress to
hepatocyte cell death in alcoholic liver disease [74]. Alcohol abuse and
cigarette smoking are also well established risk factors for the devel-
opment of chronic pancreatitis [75,76] and recent animal studies imply
a critical role of smoking and alcohol on ER-stress induction in pan-
creatic acinar cells [49]. A combination of ethanol treatment and ci-
garette smoking strongly activated the PERK pathway in acinar cells

and resulted in an upregulation of CHOP [49]. On the other hand, XBP-
1 splicing was decreased, which reduces the ER-stress response [49].
Ethanol feeding alone of XBP-1 -/+ mice resulted in increased pan-
creatic damage because of a diminished ability to induce UPR [50].

In summary, it seems that multiple risk factors can trigger ER-stress
and include not only genetic factors such as sequence variants within
PRSS1, CPA-1 or CEL that give rise to misfolded proteins, but also en-
vironmental risk factors such as smoking and alcohol abuse that con-
tribute to increased ER-stress levels. Pancreatitis is a multifactorial
disease in which a variety of disease causing factors can combine and
act in concert. Recent studies suggest that ER-stress is one of these
disease causing factors. A better understanding of the complex ER-
stress-related pancreatitis pathophysiology is needed, because UPR and
ERAD could be therapeutic targets for the prevention of the disease
onset or the reduction of its severity.ER-stress reducing agents could
provide a therapeutic option for patients carrying an ER-stress- indu-
cing mutation such as the CEL-HYB or various CTRC variants [30,69].
Patients affected in this manner could benefit from a pharmacological
prevention of ER-stress. ER-stress reducing agents could slow the dis-
ease progression or the severity of acute episodes, which would ulti-
mately delay pancreatic fibrosis and defer the development of exocrine
and endocrine insufficiency. If ER-stress was to be shown to be a gen-
eral disease-causing mechanism, a prophylactic therapy would become
conceivable and could change the natural history of the disease and
improve the quality of life of affected patients. This is different in acute
pancreatitis; here ER-stress is a consequence of the disease which makes
a therapeutic intervention difficult to establish. ER stress-reducing
agents would therefore mostly serve as prophylactic agent for patients
suffering from chronic or recurrent pancreatitis.

2.2. ER-stress in Wilson´s disease

Wilson´s disease is an inborn error of the copper metabolism. The
first description of the clinical symptoms dates back to a case report
from 1861, the first series of cases was described in spring 1912 by
Samuel Alexander Kinnier Wilson in London [77,78]. In 1948, a per-
turbation of the copper metabolism was first described as the cause of

Fig. 2. During pancreatitis ER-stress is in-
duced. On the one hand, it is a consequence of
secretion blockage and the accumulation of
unnecessary zymogen granules. ER-stress can
also be disease causing. Misfolding mutations
in highly expressed genes of the secretory
pathway like PRSS1, CEL or CPA1 can cause
ER-stress which can raise the risk of chronic
pancreatitis.
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the disorders [79]. The disease is caused by a gene defect located on the
long arm of chromosome 13 (13q14.3) identified independently by
several research groups in 1993 [80–86] coding for copper-carrier
ATP7B, also known as Wilson protein. The disease pathophysiology is
characterized by the inability of the cells to discharge unused cytosolic
copper. Excess copper and copper-derived oxidants contribute to dis-
ease progression [87] by influencing a large number of copper-depen-
dent processes in the cell, i.e. oxidative metabolism, free radical de-
toxification and iron uptake [88]. Copper is normally incorporated into
a variety of vital enzymes explaining the vast variety of affected pro-
cesses. Furthermore, high copper levels were demonstrated to affect the
correct function of the proteasome, which leads to the accumulation of
ubiquitinated proteins in the cell [89].

ER associated protein processing, quality control involving ERAD of
unfolded, misfolded and aggregated proteins (Fig. 3) are well under-
stood for glycosylated proteins, which constitute most of cellular se-
cretory and integral membrane proteins. The membrane-integral
ATP7B protein, however, does not undergo glycosylation [90], and the
processes facilitating correct folding of non-glycosylated proteins are
not fully known. Distinct components of the glycoprotein quality con-
trol have been suggested to contribute in monitoring non-glycosylated
proteins as well [91,92], potentially within a separate pathway ad-
ditionally serving as a support machinery under ER stress conditions
[93]. The degradation via the ubiquitin proteasome system is a
common path without taking into account the glycosylation status of
misfolded or aggregated proteins in the ER.

A number of reports provide evidence that protein folding, proces-
sing and endocytic trafficking are compromised as part of the Wilson´s
disease pathology [94,95]. This finding appears to be largely dependent
on the type of mutation. To date, almost 900 ATP7B mutations have
been reported (HGMD professional, queried: May 2017) including 471
point mutations that lead to a single amino acid substitution (missense)
in the gene product. These mutations may alter protein folding and thus
affect proteostasis within the ER. In monogenic diseases, a gene

mutation that leads to the expression of a single mutant protein variant
can induce the UPR, as is the case of the known gain-of-function mu-
tation P23H in Rhodopsin in retinitis pigmentosa [96].There are also a
number of examples coming from hepatic disease [97,98]. Never-
theless, the effect on the clinical course of the diseases caused by UPR
and ER-stress cannot yet be quantified, even though a relationship be-
tween genetically induced protein misfolding and damage to ER
homeostasis is evident in a variety of genetic diseases including Wil-
son´s Disease [99]. It is clear, however, that a permanent ER stress level
accelerates the formation of reactive oxygen species, resulting in a self-
sustaining fatal cycle that may lead to cellular destruction [100]. The
finding that copper-induced disturbance of ER homeostasis was reduced
upon administration of chemical chaperones like 4-phenylbutyrate,
shown to be effective on the Wilson protein [101], further supports the
correlation between oxidative stress, ER stress and hepatotoxicity in
Wilson´s disease.

The functions of copper and iron intersect at various points in me-
tabolism and mutually influence the functionality of each other´s
pathways [102]. Consequently, related effects were reported on UPR in
abnormal copper and iron metabolism [101,103]. The interplay of ex-
cess iron, UPR activation and calcium (Ca2+) signaling leads to JNK or
CHOP mediated apoptosis [104], indicating again the close connection
of the cellular processes involving redox biology in pathophysiology. A
systems biology approach showed a number of new targets for phar-
macological intervention within the ER homeostasis network related to
the p38/JNK-dependent ER quality control [105]. Activation of the
p38/JNK ameliorated the course of the disease in Long-Evans Cin-
namon (LEC) rats [106]. Importantly, this rodent model of Wilson´s
disease carries a genetic defect leading to a complete loss of ATP7B
function [107]. Moreover, the increase in levels of the ER-resident
molecular chaperone calreticulin (CRT), caused by abnormal iron le-
vels, could suggest iron-induced protein misfolding, possibly secondary
to a perturbed Ca2+ balance in the ER. The role of CRT in the im-
balanced iron metabolism is well examined and CRT has even been

Fig. 3. Protein processing and quality control
in the endoplasmic reticulum (ER). Following
co-translational import into the ER lumen,
nascent polypeptide chains are subjected to
sequential quality control, ensuring ante-
rograde trafficking of correctly folded proteins
to the Golgi. Precise folding of both glycosy-
lated and non-glycosylated proteins is medi-
ated via reduction of disulphide bonds and
assisted by distinct chaperones, including lec-
tins. Misfolded proteins can be redirected to
the quality control machinery by the unfolded
protein response (UPR) to enable re-folding
and prevent ER-stress. Upon increasing accu-
mulation, misfolded proteins are exported
from the ER to the cytosol, ubiquitinated and
submitted to proteasomal degradation.

J. Lukas, et al. Advances in Medical Sciences 64 (2019) 315–323

319



categorized as a cellular marker for clinical iron overload [103].

2.2.1. Polymorphic ATP7B gene and its consequences
As stated above, ATP7B has multiple forms and most mutant alleles

are private, which means that the mutation is restricted to one or few
families. The multi-domain ATP7B protein is composed of an N-term-
inal copper-binding domain, the transmembrane domain, the ATP-
binding domain, and the phosphatase domain [108]. The ATP7B gene is
widely expressed, but its predominant expression and function is lo-
cated in the liver [109]. Different splice forms have been localized to
distinct cellular compartments [110]. Mutations can thus have various
effects. Nucleotide deletions and insertions leading to frameshifts
usually have deleterious consequences. Missense mutations within
functional residues such as the DKTG motif lead to inability of the
protein to execute the copper-induced trafficking between Trans-Golgi
Network (TGN) and cell-peripheral loci [111]. Destruction of the
copper binding core sequence MxCxxC or the conserved P-Type ATPase-
specific TGE, DKTG, TGDN, and MGDGVND motives result in functional
impairment of the protein. Multi-disciplinary approaches including
systems biological studies, cell-based assays and clinical analysis of
patients revealed the molecular defect of individual atypical mutations
[112]. However, the specific consequences of hundreds of ATP7B mu-
tations have not yet been identified. They may alter folding, stability,
transport or subcellular localization of the Wilson protein. In an earlier
study by Huster et al. [95], most analyzed Wilson protein variants with
the exception of D765 N and the common European variant H1069Q
were distributed similarly to the wild type form, while truncated Wilson
protein mutants showed an altered, diffuse distribution pattern clearly
distinguishable from the wild type protein. H1069Q was found to be
retained in the ER and degraded via proteasomal activity [94,113]. Two
COOH-terminal mutations, L1373 P and L1373R, displayed a delayed
exit from the ER and premature degradation [114]. We have observed
an extensive degradation phenotype over a wide range of different
mutations utilizing a HEK293H cell over-expression system (Fig. 4).

Importantly an improvement in protein expression and correction of
trafficking of ATP7B mutations V1262 F, R778 L and H1069Q was
achieved, when cells were cultivated at 30 °C instead of 37 °C [115].
This indicates that protein folding in the ER may be a significant
milestone in damage assessment of specific Wilson protein mutants. In
the same study, curcumin was identified as a chemical chaperone that
can functionally increase cellular Wilson protein levels.

In silico predictions whether an ATP7B variant is disease-relevant
are difficult due to the complex multi-domain organization of the
Wilson protein [116]. A large number of novel mutations are still being
discovered. Typically, these mutations have to be designated as variants
of unknown significance (VUS) as long as no pathological molecular
defect or definite clinical phenotype has been established. It has even
been disputed, whether variants described as disease-causing mutations
really have pathological consequences [114]. Besides the disruption of

functional amino acid residues such as ATP- or copper binding sites or
mutations that can affect the copper-induced shuttling between TGN
and the cell periphery, mutations can abolish folding and the stability of
the corresponding protein. The nature of a genetic mutation is not
merely suggestive of its contribution to the phenotypic variability
[117], it will serve as an important indicator for therapeutic decision
making. Even disease-irrelevant polymorphisms are suspected of in-
fluencing the phenotypic manifestation of Wilson´s disease, if they are
found in alleles with existing Wilson´s disease mutation. Therefore,
understanding the exact consequences of ATP7B mutations, especially
with reference to the protein folding behavior within the ER and sub-
sequent organelle trafficking, will facilitate the development of ad-
vanced mutation-specific therapies.

2.2.2. Potential genetic disease modifiers in Wilson´s disease
Copper Metabolism Murr1 Domain 1 (COMMD1) is a copper cha-

perone involved in the ATP7B-dependent copper transport. A canine
model with a partial COMMD1/MURR1 gene deletion of exon 2 has
been reported as showing a Wilson’s disease-like phenotype [118,119].
The COMMD family of proteins has been linked to the Ubiquitin
pathway of protein degradation. COMMD1 acts via NFκB-mediated
regulation of gene transcription [120], whose relation to ER stress is
known, even though the mechanism is not well understood [121,122].
Distinct mutants of the Wilson protein showed a stronger binding to
COMMD1 [115], possibly indicating a changed lifespan of the protein
variants.

A functional rescue of mutant H1069Q was observed when α-crys-
tallin B was over-expressed. The endogenous molecular chaperone
protects cells against ER stress-induced apoptosis [123] and is upre-
gulated under excess copper conditions. Counter-regulatory reactions
preventing ER-stress are also mediated by the induction of me-
tallothioneins, which have been found to be upregulated especially in
the early stages of hepatic Wilson’s [124,125].

The presence of modifier genes in Wilson´s disease is indisputable
[124,126,127]. However, ER stress is not yet in the focus of clinical
assessment for Wilson’s disease. There has not yet been much clinical
interest in the mainly transcriptionally regulated UPR. Therefore, the
assessment of epigenetic factors in a mouse model of Wilson´s disease
has been an important contribution to identify the underlying me-
chanisms of molecular Wilson´s disease [128]. The study involved the
investigation of the toxic milk mouse harboring a spontaneous G to A
base substitution within exon 8 of the ATP7B gene, leading to a glycine
to aspartate substitution in amino acid residue 712 (G712D) inside a
putative transmembrane domain. It could be demonstrated that, besides
numerous pathways involving oxidative stress functions, both, ubi-
quitin-mediated proteolysis and the lysosomal pathway are the major
dysregulated pathways in Wilson´s disease. Copper clusters form in
cellular membranes, such as those of lysosomes [124], and the activa-
tion of lysosomal exocytosis stimulates copper clearance and can
ameliorate the disease course. This suggests the endosomal/lysosomal
system to be an important pathway in copper metabolism and a po-
tential therapeutic target [113]. However, the broad heterogeneity of
Wilson´s disease in combination with the considerable diversity of ge-
netic mutations in the ATP7B gene suggests that a single or few mouse
models are inadequate to reflect the full spectrum of the disease. For
example, it was assumed that specific mutations may influence in-
dividual processes of copper recognition, copper-mediated trafficking
and copper transport. This may trigger different effects on oxidative
phosphorylation, ubiquitination and protein degradation and, hence,
contribute to the variable clinical manifestations of clinical Wilson´s
disease [88].

Current therapeutic regimens for Wilson´s disease involve peni-
cillamine and the adjunctive N-acetyl cysteine. A recent study found
ER-stress and apoptosis related markers elevated as a result of the
treatment [129]. Moreover, careful monitoring of risks in patients with
neurological symptoms is imperative and the wrong choice of

Fig. 4. Different level of ATP7B protein in transfected HEK293H cells. The
HEK293 cells were transfected with WT or mutant ATP7B cDNA, lysed, and
subjected to Western blot analysis. Most mutations show a clear degradation
phenotype. P992H and N1270S appear unaffected. Western blot was carried out
using anti-ATP7B (Elabscience, EAP1530; dilution 1:330) and anti-GAPDH
(abcam, ab8245; dilution 1:10.000). Both antibodies were applied in TBS-
Tween supplemented with 3% skim dry milk.
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medication can limit the safety and efficacy [126]. The above reasons
justify the continuing need to explore alternative therapeutic ap-
proaches to Wilson´s disease. Pharmacological chaperones, for ex-
ample, appear to reduce the burden of ER stress likely due to a relief of
protein overload in the ER lumen [130,131] and, thus, represent an
attractive class of active compounds for the treatment of protein folding
diseases.

3. Conclusion

It can be postulated that cells affected by permanent ER-stress are
exposed to an increased risk for apoptotic and necroptotic processes.
Furthermore, ER-stress may promote inflammatory reactions in the
surrounding tissues, hence accelerating disease progression or creating
secondary damage.

The resulting heterogeneous clinical manifestation impedes diag-
nosis and may worsen the prognosis for affected patients. A prophy-
lactic therapy of ER-stress could prevent progression to chronic disease
in pancreatitis, whereas the use of molecular chaperons, targeting
specific misfolding mutations, could reverse the disease phenotype of
Wilson’s disease.
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