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Abstract

1. Abstract

The inheritable dementia FENIB (familial encephalityy with neuroserpin inclusion bodies)
is caused by the accumulation of ordered polymdranatant neuroserpin within the
endoplasmic reticulum (ER) of neurons. Intraceluldeposits of mutant neuroserpin
challenge the fidelity of protein homeostasis, ghsoteostasis, which ensures a balanced
interplay between protein synthesis, folding arehince. Maintenance of cytosolic neuronal
proteostasis is supported by the ubiquitin protemssystem (UPS) and the autophagy-
lysosomal pathways. As mutant neuroserpin accuesliatthe ER of neurons, we addressed
how disturbance of ER proteostasis leads to negedation in a murine model of FENIB.

Specifically, we studied the role of ER associatedradation (ERAD) and autophagy
on mutant neuroserpin degradation in mice exprgssiutant TgINS>** or wild-type
Tg(NS) neuroserpin. We showed that mutant neurasegpispecifically degraded by the
proteasome via ERAD and non-specifically by autgghaOnly when the proteasomal
activity is impaired, does autophagy contributentatant neuroserpin degradation. Further on,
we studied the impact of the unfolded protein respo(UPR) in regulating amounts of
aggregated proteins. Transient induction of UPRT@NS>**% mice controls polymeric
protein formation and aggregation in young miceth/Micreasing age, the capacity to mount
UPR ceases and the amount of polymeric proteingaggregates rises exponentially.

Thus, our data support the concept of disturbedamali proteostasis in dementias and
point towards age-related exhaustion of protecstasaintaining mechanisms which are

decisive for disease progression in dementias withcellular protein depositions.



Introduction

2. Introduction

2.1 Serpins

Serpins are a superfamily of serine protease itdricharacterized by their common
structure and their unique suicide inhibitory meuka (Lomas et al., 2005; Silverman et al.,
2001). They are highly conserved throughout specasing from plants to viruses to
humans (Irving et al., 2000; Silverman et al., 20@erpins are multifaceted, thus playing a
central role in regulating enzymes involved in aedsity of biological functions (Lomas,
2002), like inflammation and blood pressure regofta{Silverman et al., 2001).

Members of the serpin superfamily controlling irtend extra-cellular proteolytic
pathways are well characterized (Lomas, 2002).eéxample, in human plasma: C1-inhibitor
controls complement activationl-antitrypsin protects the connective tissue of linggs
from elastase released by leukocytes, antithrondantrols the destruction of released
coagulation proteases, and the inhibitors of plastoigether with its activators control
fibrinolysis (Carrell and Lomas, 2002; Huntington a., 2000; Lomas, 2002). All family
members share more than 30 % amino acid sequenc®ldgy with the archetypal

1-antitrypsin which is the most intense studiegpge(Gooptu and Lomas, 2009; Lomas and
Mahadeva, 2002).

Neuroserpin is involved in synaptogenesis and symapasticity (Hastings et al.,
1997; Krueger et al., 1997; Osterwalder et al.,6)%% well as in neuroprotection (Wannier-
Morino et al., 2003; Wu et al., 2010). It shares¥8®omology with 1-antitrypsin (Miranda
and Lomas, 2006; Osterwalder et al., 1996; Schrirapfal., 1997). It is expressed
predominantly in neurons of the nervous system tfhigs et al., 1997; Osterwalder et al.,
1996; Stoeckli et al., 1989) where it is axonaltgreted and inhibits tissue type plasminogen
activator (tPA) (Krueger et al., 1997; Osterwaldeal., 1998).

2.1.1.Structure and inhibitory mechanisms of Serpins

Serpins are composed of 350-450 amino acids (Siaeret al., 2001). They fold into a
native metastable conformation rather than adopghegmost stable state (Elliott et al., 1996;
Whisstock and Bottomley, 2006). Their tertiary stowe is in most cases composed of nine
-helices (hA to hl), three 3-sheets (A to C withbé&ing the largest), and a mobile reactive
centre loop (RCL) (Gettins, 2002; Loebermann et1884; Silverman et al., 2001) (Fig. 1).
-10 -
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The basic structural elements are the central Btghé€Fig. 1; in green) composed of five
strands and the exposed mobile reactive centre (Bigp 1; in red) above the body of the
serpin scaffold. The RCL contains 20-25 amino addtermining the serpins’ specificity
which functions as a pseudo-substrate for the tamgeease (Elliott et al., 1998; Elliott et al.,
1996; Kim et al., 2001; Ryu et al., 1996). Once $kepin-protease complex is formed, the
protease recognizes and cleaves the RCL at thelPdeptide bond (Huntington et al., 2000;
Loebermann et al., 1984; Wilczynska et al., 1997c¥ynska et al., 1995). The cleavage of
the RCL triggers an extensive conformational chamgevhich the bound proteinase is
translocated from the upper to the lower pole @f $krpin molecule (Stratikos and Gettins,
1999). At the same time the RCL is incorporated thie 3-sheet A of the serpin (Huntington
et al., 2000). This molecular rearrangement rigsipulistorts the overall structure of the
protease resulting in inactivation and targetingrddation (Huntington et al., 2000; Stratikos
and Gettins, 1999; Wilczynska et al., 1997; Wilcaha et al., 1995)Concomitantly, the
overall stability of the serpins is increased; tgbly the T, for cleaved serpins is >100 °C,
compared with less than 60 °C for the native s{itaslik et al., 1997). The remarkable
conformational change during inhibition explaing tfficiency of serpins and may explain
their ubiquitous appearance (Huntington et al. 2Q@@mas et al., 2005).

In addition to native and cleaved states, selecd®mins adopt an inactive “latent”
conformation harbouring physiological relevance (#8tock and Bottomley, 2006). Latent
serpins incorporate their intact RCL fully into Begt A without a cleavage event (Whisstock
and Bottomley, 2006). For example, plasminogenvatdr inhibitor-1 (PAI-1) is normally in
its latent state until its activation by cofactatrenectin (Declerck et al., 1988; Wiman et al.,
1988).

-11 -
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B-sheet A

Figure 1: Serpins inhibit their target proteinase ky a conformational transition

Serine proteinase inhibitors, such as the depicte@ntitrypsin, are hallmarked by their central
B-sheet A (green) and an exposed reactive centp (oed). The target protease, in this case
neutrophile elastase (blue), docks to the RCL)(Idfiereby being inactivated by a translocatiommfro
the upper to the lower pole of the molecule (rightis is accompanied by an incorporation of the
reactive centre loop as an additional strand inshd®et A of the serpin. Adapted and modified from
(Gooptu and Lomas, 2009; Huntington et al., 20@finas, 2002).

2.1.2.Serpinopathies — conformational diseases

Due to their high molecular flexibility, serpinsearvulnerable to dysfunction (Carrell and
Lomas, 1997; Lomas et al., 2005; Lomas, 2002). tRoutations in the mobile domains of
serpin destabilize their already metastable cordtion resulting in aberrant rearrangements
and transitions leading to their retention (Lomeale 1992).

In the classical serpin polymerisation model, anponutation destabilizes the central
3-sheet A (Fig. 2; orange circle) which leads toopening of the five-stranded sheet, thus
allowing the incorporation of the RCL of anotherpe molecule to form a dimer (Fig. 2; D).
Repeated cycles of RCL incorporation results in themation of chains of loop-sheet
polymers (Fig. 2; P) (Dafforn et al., 1999; Gooptual., 2000; Lomas et al., 1992; Mahadeva

et al., 2002). This process was first describededtail for mutant Z 1-antitrypsin and was

-12 -
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then transferred to other serpin mutants causisgadie through polymer formation (Davis et
al., 1999b; Lomas et al., 1992).

Figure 2: Classical serpin polymerisation model regesented by 1-antitrypsin

Point mutations in the shutter domain (orange €jrot at the hinge region (between 3-sheet A (§reen
and the loop containing the reactive centre (regpn 3-sheet A allowing partial loop insertion into
the molecule to form an unstable intermediate M*affbrn et al., 1999; Gooptu et al., 2000;
Mahadeva et al., 2002). Depicted here is the aasmditant Z 1-antitripysin (long thin black arrow).
The open 3-sheet A can accept the loop of anotledecme to form a dimer (D) which extends to
form polymers (P) (Lomas et al., 2002; Sivasothywlet2000). Another possibility for the unstable
intermediate M* is to insert its own RCL to formagent conformation (L) (Lomas, 2005; Onda et al.,
2005). The single 1L-antitripysin molecules in the polymer (P) arehtiighted in yellow, red and blue.
Adapted and modified from (Gooptu and Lomas, 2Q@8nas, 2002).

Recently, a second polymerisation model based enctigstal structure of dimeric
antithrombin was published (Yamasaki et al., 200B)is model proposes destabilising
mutations at the top of 3-sheet A as well as instigtter region causing partial extrusion of
strand 5 of the central 3-sheet A (Yamasaki e28l08). Thereby an intermediate is formed
with a hairpin domain out of the unfolded RCL arncaisd 5 (Fig. 3;M*) (Yamasaki et al.,
2008). Polymers are built by insertion of the hardomain into another serpin molecule,

-13 -
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which also has an extruded strand 5 (Fig. 3;P) @&&aki et al., 2008). Although structure and
origin of the intermediate M* is different in bothodels, the destabilizing effect of mutations
to B-sheet A and the propensity to form polymess identical (Yamasaki et al., 2008).
Nevertheless, recent studies favoured the claspmgmerisation model as it best explains
biochemical properties of polymerogenic intermesliahd pathological polymers formed by

mutant 1-antitrypsin (Ekeowa et al., 2010).

RCL/s4A

Figure 3: Newly suggested serpin polymerisation nul represented by dimeric antithrombin

Point mutations destabilise the central 3-sheetedl)( This leads to an extrusion of strand 5 of
3-sheet A, whereby an intermediate M* with a prditng hairpin out of strand 5A (red), the reactive
centre loop s4A (yellow) and the partial unfoldegith| (blue), is formed. The M* can donate the
protruding hairpin into 3-sheet A of another exedderpin to form dimers (D) and continue to form
polymers (B). Adapted and modified from (Yamasdlkile 2008).

As the formation of mutant polymers occurs duringspnthesis, the aggregates are
deposited in the cell of synthesis. This evokeamaabe of the tissue either by a toxic gain of
function from the inclusions or loss of functionedto insufficient protease inhibitors for
regulating proteolytic activity (Lomas et al., 20Q%mas, 2002). The clinical outcomes of
such diseases are as diverse as cirrhosis, thrasnbasgio-oedema, emphysema, and
dementia (Carrell and Lomas, 2002; Lomas, 2002)e Do their common underlying
mechanism, these diseases are grouped togetherpasopathies (Carrell and Lomas, 2002;

Lomas and Mahadeva, 2002; Lomas, 2002). This wsisréported for mutantl-antitrypsin

-14 -
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where accumulations in the ER of hepatocytes ocawsing plasma deficiency of the protein
directly evoking liver damage (Lomas et al., 1992)vas also shown that mutant neuroserpin
is retained within neurons of the brain, causingeaere dementia (Davis et al.,, 1999b;
Miranda et al., 2004). Remarkably, mutations legdim a high protein-instability result in

more intracellular retention causing earlier digeasnset and more severe clinical

manifestation, indicating a strong genotype-phemeigorrelation (Carrell and Lomas, 2002).

2.2 Neuroserpin

Neuroserpin has been identified in a screen foraml proteins involved in axonal growth
and synapse formation (Stoeckli et al., 1989)s lam axonally secreted serpin expressed by
neurons of the central and peripheral nervous sy¢@sterwalder et al., 1996). The protein
was purified from the ocular vitreous fluid of ckém embryo making an amino acid
microsequencing possible (Osterwalder et al.,, 199%) sequence analysis assigned
neuroserpin as a new member of the serpin supdyfaerimed Proteinase Inhibitor 12 (PI12,
gene symbol SERPINI1) (Schrimpf et al.,, 1997; Sivan et al., 2001). The cDNA of
chicken neuroserpin served as a template to isblatean and mouse counterparts, revealing
an amino acid sequence homology of 80 % to humah #h% to mouse neuroserpin
(Krueger et al., 1997; Schrimpf et al., 1997). bdiéion, human neuroserpin shares 86 %
amino acid sequence homology with mouse neuros@pueger et al., 1997; Schrimpf et al.,
1997).

The human neuroserpin gene is mapped to chromo8g&te (Schrimpf et al., 1997).
It is composed of nine exons (Berger et al., 1998)ing rise to an open reading frame
spanning over 1230 nucleotides encoding a protéidl®@ amino acids (Schrimpf et al.,
1997). Neuroserpin has three predicted N-glycomylasites (at position 157, 321, and 401)
and the first 16 amino acids were assigned asralspgptide for secretion. Thus, the mature
protein has a molecular mass of approximately 5& @lastings et al., 1997; Schrimpf et al.,
1997). As the amino acids arginine and methionieeaa position Pand R’, respectively,
like scissile bonds in the RCL, neuroserpin couddidentified as an inhibitory trypsin-like
serine protease (Schrimpf et al., 1997). Additibnah heparin-binding exosite was not
identified, proposing an anti-proteolytic activity neuroserpin without the support of heparin
(Hastings et al., 1997; Schrimpf et al., 1997).

- 15 -
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S4l9P G3l92E
157 321 401 |
1 16 410

Figure 4: Schematic representation of human neurosgin

Human neuroserpin is 410 amino acids long. It aset predicted N-linked glycosylation sites at
positions 157, 321 and 401, a signal peptide (BRK), consisting of 16 amino acids, and a reactiv
centre loop (RCL) (grey) (Hastings et al., 1997hi8upf et al., 1997). Possible sites for amino acid
substitutions are indicated at position 49 (S toaR) 392 (G to E) which cause a disease called
familial encephalopathy with neuroserpin inclusbmdies (FENIB) (Davis et al., 2002).

Neuroserpin is expressed during the late stagasuwfogenesis, when neurons migrate
and synapse formation takes place. In the adulhbrauroserpin is found in areas where
synaptic changes associated with learning and meomours, including the cerebral cortex
and the hippocampus (Hastings et al., 1997; Krueged., 1997; Osterwalder et al., 1996).
These features implicate neuroserpin to be a mutmufar local extracellular proteolytic
events involved in reorganization of the synaptanreectivity during development and
synaptic plasticity in the adult nervous systemté@galder et al., 1996). The expression of
neuroserpin is not solely restricted to brain. &rotevels of neuroserpin were detected in
pancreas and testis, whereas only mRNA could bectiet in heart and kidney (Hastings et
al., 1997; Krueger et al., 1997; Schrimpf et a097). Recently, neuroserpin was purified of
dense-cored secretory vesicles of pituitary andraadrglands (Hill et al., 2000).

The main target of neuroserpin is presumably tRA jttalso inhibits to a lesser extent
urokinase-type plasminogen activator (UPA) andmias but no inhibitory activity against
thrombin was shown (Hastings et al., 1997; Kruegeal., 1997; Osterwalder et al., 1998).
Primarily, tPA acts as a thrombolytic enzyme in tegulation of blood coagulation. Beyond
that it is involved in neuronal development, maarning and synaptogenesis (Yepes and
Lawrence, 2004a, b). The highest levels of neupiserxpression are found in regions of the
brain where either tPA message or tPA protein leas lfound (Hastings et al., 1997; Krueger
et al., 1997; Osterwalder et al., 1998; Schrimpdlgt1997; Yepes and Lawrence, 2004a, b).
The common tissue distribution of neuroserpin &W further indicates that neuroserpin is
the selective inhibitor of tPA in the central nemgosystem (CNS) (Yepes and Lawrence,

20044, b). Kinetic studies of the neuroserpin-tBAplex revealed a half-life of only minutes

-16 -
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compared to weeks observed for other serpin-cogmaieease complexes (Ricagno et al.,
2009).

2.2.1.Mutations in neuroserpin gene cause familial encegfopathy with neuroserpin
inclusion bodies (FENIB)

Mutations in the neuroserpin gene give rise to ip@sc protein aggregation causing a
progressive pre-senile dementia called familialeph@alopathy with neuroserpin inclusion
bodies or FENIB (Bradshaw et al., 2001; Davis et 8999a; Davis et al., 1999b). Five
different mutations in the gene coding for neurpse(serine 49 to proline (S49P), serine 52
to arginine (S52R), histidine 338 to arginine (HB38glycine 392 to glutamic acid (G392E)
and glycine 392 to arginine (G392R)) have beenrdsesit in humans (Coutelier et al., 2008;
Davis et al.,, 1999a; Davis et al., 2002; Davis let B999b; Takao et al., 2000). All five
mutations induce spontaneous formation of neurasepmlymers that are retained as
inclusion bodies (Collin bodies) within neurons lfleal) (Davis et al., 2002; Davis et al.,
1999b). The mechanism for neuroserpin polymerigatiorresponds to serpiri-antitrypsin
as shown in 2.1.2 in Fig. 2 (Briand et al., 200BvI3 et al., 1999b; Gooptu and Lomas,
2009).

The first mutation identified to cause FENIB wa®9B4Fig. 4) (Davis et al., 1999a;
Davis et al.,, 1999b). Members of a Caucasian faiiing in the United States revealed
unusual signs of dementia with seizures in théie# to sixties (Table 1) (Davis et al., 1999a;
Davis et al.,, 1999b). Post-mortem histological gsial of the brain exhibited eosinophilic
neuronal inclusions in deep cortical layers comgisbf mutant neuroserpin (Davis et al.,
1999a; Davis et al., 1999b). DNA sequencing in@éidad point mutation (T to C transition at
nucleotide 226) resulting in a substitution of ser!9 to an uncharged small proline (S49P).
As the S49P mutation was discovered in a familynfr8yracuse (New York), it is called
Syracuse mutation. All affected members of the kamwere heterozygous for the mutation
(Davis et al., 1999a; Davis et al.,, 1999b) indibgtian autosomal dominant mood of
inheritance. A second family, coming from Portladéscribed to carry the S52R mutation
(Portland), where serine 52 is replaced by a bukgrged arginine. This mutation was
characterized by an earlier disease onset in théiies, more severe clinical symptoms
(dementia with myoclonus) and at post-mortem a drighumber of inclusions in the brain
(Table 1) (Davis et al., 1999a; Davis et al., 199pdkao et al., 2000). Further investigations
revealed two more disease-causing mutations iméwoserpin gene: H338R and G392E
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(Davis et al., 2002). Both of them are characteriag more severe symptoms (progressive
myoclonus, epilepsy) and more inclusions in bramg earlier disease onset (Table 1) (Davis
et al., 2002). Recently, a fifth mutation (G392R)stbeen described (Fig. 4). This mutation
results in the most severe type of FENIB with dégeanset at eight years of age (Table 1)
(Coutelier et al., 2008).

The different degrees of clinical presentations FENIB (dementia, seizures,
progressive myoclonic and epilepsy) depend on ype tf mutation, displaying a close
genotype-phenotype relationship (Davis et al.,, 200phe predictable conformational
instability of the different mutant proteins isfaiow: G392R > G392E > H338R > S52R >
S49P (Table 1) (Davis et al., 2002).

The two mild-polymerizing mutants of neuroserpid9B and S52R, have been well
characterized biochemically and in a cell cultu@ded (Belorgey et al., 2002; Belorgey et al.,
2004; Miranda et al., 2008; Miranda et al., 2004yd® et al., 2005). Recombinant human
S49P neuroserpin is a poor proteinase inhibitd® 010M™s* versus 1.2 x M™s? for
wild-type form at 25 °C), while S52R neuroserpinmgetely lost its inhibitory activity
(Belorgey et al., 2002; Belorgey et al., 2004). Aiddally, when incubated at 37 °C, wild-
type protein does not polymerise, whereas both miutauroserpin showed an accelerated
rate of polymerisation, with S52R polymerising 1fds faster than S49P (Belorgey et al.,
2002; Belorgey et al., 2004; Onda et al., 2005).
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Table 1: Striking genotype-phenotype correlation btween mutations in neuroserpin and the

severity of FENIB

mutation rate of number of inclusions  age of disease clinical features
polymerisation onset (years)
¥50 e
S49P + LA 'V * 45-63 dementia, seizure

S52R + L Ve Ly e 20-40 dementia, myoclonus

H338R -+ 15 progressive myoclonus,
epilepsy

G392E -+ 13 progressive myoclonus,
epilepsy, chorea

G392R H+ N/A 8 dementia, epilepticus

of slow-wave sleep

Mutants of neuroserpin clearly demonstrate thengtmorrelation between the amount of neuroserpin
accumulations and the severity of the disease. t\dntaleading to a high protein-instability resialt
more intracellular retention and an earlier disemsset. The destabilizing effects of all five midgas

are underpinned by vitro biochemical and cell culture analysis (Belorgelet 2002; Belorgey et
al., 2004; Miranda et al., 2008; Miranda et al.0£20 Intracellular aggregates of mutant neuroserpin
are depicted in cross sections of cerebral cortgixedd for inclusions. The late-onset polymerizing
mutant S49P shows smaller inclusions, with modetstease progression associated with age of onset
of the dementia at 48-63 years. The number of thibx inclusions increases with the instability of
mutant protein. This is best demonstrated by G382a& G392R, where the disease shows the first
symptoms in childhood. The + indicates relativeesabf polymerization. Modified and adapted from
(Coutelier et al., 2008; Davis et al., 2002; Lon230?2).

In a FENIB cell culture model it was shown that emitneuroserpin (S49P and S52R)
is retained in inclusion bodies within the ER (Mida et al., 2008; Miranda et al., 2004). The
polymeric nature of these inclusions became appabognnon-denaturating PAGE and
immunoblotting (Miranda et al., 2008; Miranda et, &004). Further on, Miranda and co-
workers showed by a pulse-chase assay that wikl-tyguroserpin is readily secreted (half
time for secretion is 1h) whereas neuroserpin mstaad a significant delay in their secretion
as polymers (half time for secretion, 11h for S%2fd 5h for S49P) (Miranda et al., 2004).

Galliciotti and co-workers came up with a mouse eilddr the Syracuse and Portland

mutation causing FENIB. They generated mice ov@ressing human wild-type, S49P and
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S52R neuroserpin under the neuronal Thy-1 prom@aetliciotti et al., 2007). These mice
showed an increased accumulation of mutant neyiosaggregates in neurons, accompanied
by clinical symptoms like ataxia, slow movementgjzagre-like episodes and tremor,
resembling those found in FENIB patients (Gallitiet al., 2007). These data confirmed that
the amount of neuroserpin inclusions correlate wie predicted instability of the protein
(Galliciotti et al., 2007). Ultra structural analysand sub-cellular fractionation suggested ER
localization of mutant neuroserpin. Biochemical ifscaition confirmed their mutant
composition (Galliciotti et al., 2007). In additioinclusions were present in brain long before
the occurrence of clinical symptoms (Galliciottiagt 2007).

Recently, a mouse model of FENIB expressing G39Easerpin has been described
(Takasawa et al., 2008). This model demonstratedraglation of mutant neuroserpin in the
ER and in lysosomal-like compartments, which inseshwith age (Takasawa et al., 2008).
Interestingly, the only phenotype specific for GB9ice was an increased susceptibility to
kainite-induced seizures when compared to non-gems mice (Takasawa et al., 2008).

A yet unanswered question is how the intracelluletained mutant neuroserpin
contributes to the clinical features of FENIB. Tlaek of functional neuroserpin in the
extracellular space might lead to uncontrolled vatton of proteolytic cascades (loss of
function), or the retained neuroserpin might betytic due to polymer formation (toxic gain
of function) or a combination of both (Davis et, 41999a; Davis et al., 1999b; Lomas, 2002).
For neuroserpin it is impossible to distinguishwesn the effects of loss or gain of function,
as there is no physiological separation of the @iteynthesis and the site of action. Madani
and co-workers investigated the role of over-exgoesor knock-out of neuroserpin in mice
(Madani et al., 2003). Both genetically modifiedcenshowed a reduced locomotor activity in
a new environment and, when novel objects wereepted, demonstrated an anxiety-like
behaviour (Madani et al., 2003). Such mild and kimphenotypes argue in favour of a
cytotoxic gain of function effect of polymeric mataneuroserpin. In addition, deficiency of
neuroserpin at the synapse might lead to uncoattdPA activity being neurotoxic and thus
might explain the seizure-like episodes seen in IBE(Belorgey et al., 2004; Lebeurrier et
al., 2008; Lebeurrier et al., 2005; Madani et aD03). Ergo, neuroserpin might have a
neuroprotective function (Yepes et al., 2002). Mg, this indicates that precise levels of
neuroserpin expression are requireddbtly control proteolysis at the synapsaterestingly,
in knock-out neuroserpin mice the level and distitm of tPA was not altered, suggesting

neuroserpin independent functions of tPA (Madarail €22003).
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2.3 Endoplasmic reticulum (ER)

The endoplasmic reticulum (ER) is an intracellul@@mbranous network that is in contact
with the outer nuclear membrane (Kaufman, 1999k (tart of the secretory pathway system
(Palade, 1975). All membrane and secretory proteans post or co-translationally
translocated to the ER lumen, where they are nextlifolded and assembled correctly before
being transported to the Golgi compartment (Getlaind Sambrook, 1992; Kaufman, 1999;
Sitia and Braakman, 2003). The ER provides a unguéizing environment which supports
disulphide bond formation during protein foldingu(@nd Weissman, 2004). The majority of
newly synthesised proteins undergo N-linked glytatsyn (Hammond et al., 1994; Helenius
and Aebi, 2004; Parodi, 2000). This unique covafeotein modification plays an important
role in promoting correct protein folding, efficiegquality control, and recognition for ER
associated degradation (ERAD), as well as lysosdraticking and sorting of glycoproteins
(Helenius and Aebi, 2001, 2004; Kato and Kamiy&7)0

Therefore, the ER comprises quality control mec$rasi to ensure that only mature and
functionally active proteins are synthesised (Ehglaand Helenius, 2003; Hegde and Ploegh,
2010; Zhang and Kaufman, 2008). ER quality corppaghways are maintained by chaperones
which facilitate protein folding (Ellgaard and Heles, 2003; Helenius and Aebi, 2004;
Kaufman, 2002). Proteins are retained in the ER thety are properly folded (Ellgaard and
Helenius, 2003; Helenius and Aebi, 2004; Rutkewod Williams, 2010).

2.4 Unfolded protein response (UPR)

The ER has evolved specific signalling pathwaysdnse an imbalance between the load of
proteins in the ER and the protein-folding capacifhus, the ER ensures that proteins
entering are efficiently folded and modified. Theséracellular signalling pathways are
collectively termed unfolded protein response (URBYrnales et al., 2006; Kaufman, 1999;
Ron and Walter, 2007; Schroder and Kaufman, 200%)lectively they help the cell to
maintain ER homeostasis (Kaufman, 2002; Ron andaN&007; Schroder and Kaufman,
2005).

A number of biochemical and physiological stimuiich as calcium depletion,
elevated secretory protein syntheses or expresdionutant proteins, unbalance the ER and
cause accumulation of unfolded or misfolded pratgidaufman, 1999; Ron and Walter,
2007; Schroder and Kaufman, 2005; Zhang and Kaufr2@06, 2008). Specialised ER

transmembrane proteins inositol-requiring kinas@RE1), activating transcription factor-6
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(ATF6), double-stranded RNA-activated protein km#BKR)-like ER kinase (PERK)) sense
these conditions by their luminal domains and cgniree sensed signals by their effector
portions to the cytosol and the nucleus (Bernateal.e 2006; Kohno, 2010; Mori, 2000;
Schroder and Kaufman, 2005).

Firstly, the activated UPR leads to a general ¢cgdn in the protein load of the ER.
This is a transient adaptation reached by attemgiaprotein synthesis and reducing
translocation of new client proteins into the ERa(ifman, 2002; Marciniak and Ron, 2006;
Ron and Walter, 2007; Zhang and Kaufman, 2006)oisdlg, UPR leads to an increase in the
protein folding capacity of the ER, which is a lengerm adaptation including transcriptional
activation of UPR target genes. This leads to amesse in the ER content, expands ER
protein folding capacity, and enhances retransimcatnd degradation of ER-localized
proteins (Kaufman, 2002; Ron and Walter, 2007; S#teal., 2004). If ER homeostasis cannot
be restored, a third mechanism, cell death, wilhbgvated (Ron and Walter, 2007; Szegezdi
et al., 2006b).

2.4.1.Sensing of ER stress

In resting cells, all three ER stress sensors apt kactive by association of their luminal
stress sensing domains with the ER chaperone B % (Bertolotti et al., 2000; Okamura
et al., 2000). BIP is an Hsp70 family protein l@zhtn the lumen of the ER (Haas and Wabl,
1983; Normington et al., 1989), which recognizehyarophobic amino acid motif on
unfolded proteins (Flynn et al., 1991). As sooiRsstress is induced, BIP binds to unfolded
proteins to prevent their translocation to the Golgpereby, BIP is sequestered from the ER
stress sensors leading to their activation and thggering UPR (Bertolotti et al., 2000;
Okamura et al., 2000; Shen et al., 2002; Zhang<audman, 2006).
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unfolded proteins ’% BIP

ER- Lumen
Cytoplasm IREl ATF6 PERK
Figure 5: Stress sensing transmembrane proteins e ER

The ER stress transducers inositol-requiring kiflag&RE1), activating transcription factor-6 (ATE6)
and double-stranded RNA-activated protein kinaseéR)Fike ER kinase (PERK) are transmembrane
proteins with an ER luminal stress sensing domathacytoplasmic portion. Binding of the abundant
ER chaperone BIP locks the stress sensors in atiieatate. ER stress leads to a dissociationief B
which binds unfolded proteins as a chaperone, biyereleasing and activating the stress sensor.
Modified and adapted from (Ron and Walter, 2007).

2.4.2.Regulation of the UPR
2.4.2.1.IRE1-arm of the UPR

IREL is evolutionarily highly conserved (lwawakiadt, 2001; Tirasophon et al., 1998; Wang
et al., 1998). It is a type-1 transmembrane protdinse N-terminal part is located in the ER
lumen to sense the protein-folding environment #re C-terminal part is situated in the

cytosol (Fig. 6) (Cox et al., 1993; Mori et al.,98) Tirasophon et al., 1998; Wang et al.,
1998). The cytosolic portion is an effector domaith a dual enzymatic function, a protein

kinase and a RNAse activity (Cox et al.,, 1993; Metial., 1993). In response to the
accumulation of unfolded proteins, BIP dissocidtes IRE1 permitting their dimerisation or

oligomerisation (Liu et al., 2002), thus triggeritig@ns-autophosphorylation of the kinase
domain (Papa et al., 2003; Shamu and Walter, 18363 yet poorly understood mechanism,
this in turn activates the unusual endonucleolgtitivity of IRE1, which causes the precise
cleavage of cytosolic XBP1 mRNA in mammals (Calé&ral., 2002; Yoshida et al., 2001) or
Hacl in yeast (Cox and Walter, 1996; Mori et a9@). This unconventional splicing event

leads to the production of a stable and activestiaption factor XBP1s, which up-regulates
genes encoding components of the ERAD machinerygeneés important for ER biogenesis
(Fig. 6) (Calfon et al., 2002; Yoshida et al., 20¥8shida et al., 2001). This reduces the load
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on the stressed ER and facilitates alteration iraE8bciated protein synthesis. Interestingly,
IRE1 promotes cleavage of several cellular mRNAslileg to their degradation, a process
named regulated IRE-1 dependent decay (RIDD) @&igHollien et al., 2009; Hollien and
Weissman, 2006).

Both, the precursor and the spliced form of XBP1NARare translated (Calfon et al.,
2002; Yoshida et al., 2006), whereas the protecoeéed by the unspliced mRNA (XBP1u) is
labile and represses UPR target genes (Calfon.eR@D2). This probably serves to stop
signalling by competition for binding sites and ilmtory hetrodimerisation between XBP1s
and XBP1u mRNA (Ron and Walter, 2007; Schroderkagfman, 2005).

unfolded proteins = 5}? BIP
ER- Lumen ranslocon
mRN
IRE1 degradation L, mRNA
Cytoplasm %L %L Ribosom
Y
XBPlumRNA (1) s
1o XBP1s mRNA
Y
&f_’:___:

Nucleus
J: ) | o ERAD
AN NN ER biogensis

Figure 6: IRE1-arm of the UPR

On aggregation of misfolded proteins, BIP releasesitol-requiring kinase 1 (IRE1), allowing their
oligomerisation in the plane of the ER membranan$rautophosphorylation of the cytosolic kinase
domain increases the affinity for nucleotides anduces the endoribonucleolytic activity. IRE1
mediates sequence specific splicing of XBP1 mRNAjctv leads to a frame shift in the coding
sequence. The unspliced as well as the spliced XBRNA are translated. XBP1s is stable and active
transcription factor for UPR target genes promofiRAD and ER biogenesis (Yoshida et al., 2003).
XBP1u is a labile protein repressing UPR (Calforalet 2002; Yoshida et al., 2006). Interestingly,
IRE1 can also act in an alternative way, by fadtility the degradation of various ER localized
MRNAs (Hollien and Weissman, 2006). So far it is kkiown if IRE1 degrades these mRNAs directly
or if it is an indirect effect by recruiting othBNases. Modified and adapted from (Ron and Walter,
2007).
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2.4.2.2 ATF6-arm of the UPR

ATF6 is a type-2 transmembrane protein, with a i@Gibeal stress sensing portion in the ER
lumen and an N-terminal effector domain, composkd basic leucine zipper transcription
factor region, in the cytosol (Haze et al., 199%)on ER stress, ATF6 is released from BIP
allowing its transport from the ER to the Golgi quamtment via COPII vesicles (Shen et al.,
2002), where it is sequentially cleaved by Golgident site specific proteases, S1P (site-1
protease) and S2P (site-2 protease) (Fig. 7) (leazd, 1999; Ye et al., 2000). The cleaved
50 kD cytosolic fragment migrates to the nucleusattivate transcription not only for ER
chaperones and ERAD-related genes but also fotréimscription factors CHOP and XBP1
(Adachi et al., 2008; Okada et al., 2002; Wu et2007; Yoshida et al., 2001; Yoshida et al.,
2000).

unfolded proteins o> %BIP
A

/

ER- Lumen
‘i S2P

S1P

ATF6
Cytoplasm l
cATF6 <
————————————
Nucleus
WFMFMFN UPRtarget genes

Figure 7: ATF6-arm of UPR

Activating transcription factor 6 (ATF6) resides ithe ER membrane as its luminal domain is
associated with BIP. ER stress disrupts BIP binditgch allows the traffic of ATF6 to the Golgi
compartment (Shen et al., 2002). ATF6 is sequéyiiddaved by Golgi-resident enzymes, first by the
luminal site-1 protease (S1P) and afterwards by it membrane site-2 protease (S2P). This
releases the cytosolic effector domain of the pmdi®m the membrane and allows their translocation
into the nucleus. cATF6 activated transcriptionl#R target genes including ER chaperones and
XBP1. Maodified and adapted from (Ron and WalteQ20

-25 -



Introduction

2.4.2.3.PERK-arm of the UPR

PERK is a type-1 transmembrane and shares a wea&lbgy in their luminal stress sensing
domain with IRE1 (Liu et al., 2000; Schroder anduft@an, 2005). As soon as unfolded
proteins accumulate, BIP dissociates from the Ilaminegion of PERK permitting
oligomerisation and trans-autophosphorylation a tytoplasmic effector domain (Fig. 8)
(Harding et al., 1999; Marciniak and Ron, 2006; &hal., 1998). PERK phosphorylates the

-subunit of the eukaryotic initiation factor 2elF2 ) at Ser51, causing a general attenuation
in protein translation (Harding et al., 1999). Tpaosphorylation blocks the guanine
nucleotide exchange factor elF2B that recycles elbdts active GTP-bound form. Thereby,
less elF2 is available to initiate translation (Harding &t 4999; Kozak, 2002). This block in
protein translation helps the cell to survive bgréasing the load of nascent proteins arriving
at the ER (Harding et al., 1999; Szegezdi et 0DGD).

However, at the same time PERK-mediated ellphosphorylation contributes to
transcriptional activation of genes carrying certaregulatory sequences in their
5" untranslated regions (Scheuner et al., 2001¢ @rihe best investigated of these genes in
mammals is ATF4 encoding a cCAMP response elemeraliig transcription factor (Harding
et al., 2000; Ron and Walter, 2007; Scheuner e801); the homologue in yeast is Gcn4
(Hinnebusch and Natarajan, 2002). ATF4 mediatdssaelival by activating genes involved
in amino acid metabolism, stress response and ipregxretion (Fig. 8) (Harding et al.,
2003). However, at the same time ATF4 also promtitesexpression of the transcription
factor CHOP (C/EBP homologous protein), a protegl Wnown to cause apoptotic cell death
(Szegezdi et al., 2006a).

It is worth mentioning that several other signalicascades unrelated to ER-stress
also converge on elF2phosphorylation, activating a common set of ger®ase to this
integrative feature, signalling downstream of plsplated elF2 was termed the integrated
stress response (ISR) (Harding et al., 2003).

PERK activation by ER stress is quickly reversitdepn after ER homeostasis is
restored, activated PERK is dephosphorylated (Bsti@t al., 2000; Jousse et al., 2003).
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Figure 8: PERK-arm of the UPR

In response to the accumulation of unfolded prsteBiP dissociates from the luminal part of protein
kinase (PKR)-like ER kinase (PERK), thus permittthgir oligomerisation in the plane of the ER
membrane. This leads to extensive trans-autophogpalion of the cytosolic kinase domain, which
enhances substrate affinity (Marciniak and Ron,620@ERK phosphorylates thesubunit of the
eukaryotic initiation factor 2 (elF2 ) at Ser51, which blocks its recycling. The reduaedilability of
active elF2 prevents initiation of translation causing a gehéiecrease in protein synthesis, thereby
reducing the unfolded protein load of the ER. Conitantly, limited elF2 levels affect gene
transcription; for example translation of activatittanscription factor 4 (ATF4) is increased. ATF4
induces the transcription of genes required tooresER homeostasis. At the same time ATF4
activates gene expression of CHOP, which is inwblire cell death signalling. Additionally, other
signalling cascades unrelated to ER-stress convergdF2 phosphorylation. Due to this integrative
feature, signalling downstream of phosphorylatéeis termed the integrated stress response (ISR).
Modified and adapted from (Ron and Walter, 2007).

2.4.2.4.ER stress induced apoptosis

If subjected to continuous ER stress, ER homeastzminot be maintained and cells die
(Bernales et al., 2006; Ron and Walter, 2007; Szsiget al., 2006a). Apoptotic cascades are
triggered by a combination of signals from eachhef three UPR arms and by Caelease

from the ER (Scorrano et al., 2003; Zong et ald3)0As already mentioned, activation of the
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PERK- and ATF6-armes of the UPR contribute to tiperagulation of the pro-apoptotic
transcription factor CHOP (Harding et al., 2000ydHiag et al., 2003; Yoshida et al., 2000),
which promotes mitochondrial cytochronterelease, apoptosome formation and caspase
signalling (Ma et al., 2002; McCullough et al., 200In parallel, activated IRE1 can bind to
TRAF2, which is thought to activate JNK cascadaaiiijng (Urano et al., 2000) contributing

to proteolytic activation of caspases, such as &Rlzed Caspase-12 (Nakagawa et al.,
2000).

Mutant neuroserpin polymers are retained withinlusion bodies in the ER of the
cell, contributing decisively to the pathogenesisF&NIB. The mutant aggregated prone
protein as well as the resulting inclusions presenadditional burden to the normal protein
folding capacity of the ER. This delicate situatieads inescapably to a disturbance of ER
homeostasis. Therefore it is worth studying possiiphplications of UPR in FENIB to

understand cellular processing of polymeric mutentroserpin.

2.5ER associated degradation (ERAD)

Glycoproteins that fail to fold correctly in the EdRe extracted from the folding machineries
and subsequently dislocated across the ER membrariee cytoplasm where they are
degraded by the 26S proteasome in a series otlstrigulated events (Bonifacino and
Weissman, 1998; Ellgaard and Helenius, 2003; Plerapal., 1999). Terminally misfolded
proteins are tagged for degradation by extensiv@at@osylation of the protein-bound
oligosaccharide core (Hebert and Molinari, 2007 kdaukasa and Brodsky, 2008). This
modification triggers association with ER luminagnsmembrane and cytosolic complexes
formed around membrane-embedded E3 ubiquitin Igyasefacilitate dislocation of the
polypeptide across the ER membrane into the cyt@atvalho et al., 2006; Gardner et al.,
2000; Gauss et al., 2006; Kanehara et al., 20I)eral ER-resident proteins that recognise
misfolded proteins, such as ER degradation-enhgncimannosidase-like lectins (EDEMS)
(Hosokawa et al., 2001), and lectins containing mear-6-phosphat receptor-like domains,
like OS9 and XTP3-B (Christianson et al., 2008; ¢l@wva et al., 2008) have been
characterized in yeast and mammals.

Before being hydrolysed, retranslocated polypeptidee ubiquitinated by the 26S
proteasome in the cytosol (Fig. 9) (Gardner et28lQ1; Plemper et al., 1999). Ubiquitination
is mediated by three cytosolic enzymes. First, Ediquitin-activating enzyme) activates
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ubiquitin in an ATP dependent manner; then one ®feml E2 enzymes (ubiquitin-
conjugating enzyme) transfers ubiquitin throughheltester bond to its essential cystein
residue and finally, the E3 ubiquitin ligase tramsfubiquitin onto lysine residues or the
N-terminus of specifically bound target protein (Eeher et al., 2006; Pickart, 2001). The
ubiquitin chain is lengthened by E2 and E3 enzyreesietimes with the help of an accessory
factor (E4) (Koegl et al., 1999). Finally, the pabyquitin chain is recognized by the
proteasome (Thrower et al., 2000). The 26S protease a multicatalytic protease composed
of two subcomplexes, the 20S proteolytical corgigarand the 19S regulatory particle, that
contains a deubiquitinating enzyme, six differedtPase subunits and several other proteins

of unknown function (Ciechanover and Brundin, 20@8ges et al., 1999).

%rogi'n substrate
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Figure 9: The ubiquitin-proteasome system (UPS)

The UPS system is required for the targeted degicadaf short lived and misfolded proteins in the
eukaryotic cell. ERAD substrates are targeted thmoubiquitination. Ubiquitin is activated by an
ubiquitin-activating enzyme E1, which forms a thésiter bond with ubiquitin. This reaction follows
binding of ubiquitin to E2, an ubiquitin-conjugaginenzyme. Ubiquitin-ligase E3 transfers the
ubiquitin chain from E2 onto the specifically bouratget protein substrate, by formation of an
isopeptide bond between the carboxy terminus ofutkiguitin and a lysine residue on the substrate.
Multiple cycles of ubiquitination extend the ubitjmichain which targets the protein substrate & th
26S proteasome. The 26S proteasome is a multiggnen complex, which recognises, binds and
degrades polyubiquitinated proteins into small st Adapted and modified from (Welchman et al.,
2005).
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The intracellular accumulation of mutant serpitha ER of the cell is the major cause
of the cytotoxic “gain of function” phenotype inrpgopathies. Regardless of the detailed
knowledge on protein folding mechanisms in the ER5 so far a mystery what evokes the
cytotoxic phenotype which leads to neurodegenerationeuroserpin dementia. It could be
the metastable folding intermediate M*, the dimedisnutant species or the polymers which
account for cell death giving rise to disease. &fwe, it is necessary to investigate neuronal

pathways involved in protein degradation to circemthe cytotoxic effects.

2.6 Autophagy

Autophagy, or cellular self-digestion, is a stgctlegulated degradation process through
which parts of the cytoplasm containing organelilesluding mitochondria, peroxisomes, the
ER and the Golgi, or damaged proteins are delivécedhe lysosomes to be degraded
(Cuervo, 2004a; Knaevelsrud and Simonsen, 2010udhina, 2005; Xie and Klionsky,
2007). In many organisms, autophagy is activatedragadaptation to starvation to recycle
essential nutrients (Kuma et al., 2004; Mizushimd &lionsky, 2007). Autophagy is also
important for protein turnover of cytoplasmic cartgeto maintain cellular homeostasis and
differentiation (Cuervo, 2004a; Eskelinen et a002; Klionsky and Emr, 2000; Mizushima
and Hara, 2006). Moreover, it has been discovenatl autophagy plays a critical role in
immunity and prevention of diseases (Levine andelrer, 2008; Mizushima et al., 2008).

In yeast it was discovered that autophagy is régdlay phosphatidylinositol-3 kinase
(PI3K) pathway (Cuervo and Dice, 1996) and by thatgn kinase Target Of Rapamycin
(TOR). It has been shown that an active TOR kinak#bits autophagy (Noda and Ohsumi,
1998) and, vice versa, autophagy is induced upabibition of TOR kinase, for example
under starvation or by treatment with rapamycimat al., 2010; Kamada et al., 2000). The
TOR kinase as well as its pathway is conserved ammals, although the regulation of the
cascade is more complex (Chan et al., 2009; KlipnaR05; Meijer and Codogno, 2006).

There are three different kinds of autophagy, diifig in their mechanism and
functions: chaperone-mediated autophagy (CMA), oaigtophagy and macroautophagy
(Cuervo, 2004a; Klionsky, 2005; Massey et al., 20@uring CMA, soluble proteins are
selectively transported form the cytoplasm to yso$omal lumen for degradation (Cuervo
and Dice, 1996; Massey et al., 2006). In microaldgy, the lysosomal membrane itself
sequesters a portion of the cytoplasm (Ahlbergl.etl882). However, in macroautophagy,

hereafter referred as autophagy, a double-memlwasiele is formed around the cytoplasm
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to be degraded, which then fuses with lysosomatless(Fig. 10) (Arstila and Trump, 1968;
Ravikumar et al., 2004; Xue et al., 2001).

Autophagy is an active process in which sub-cellol@mbranes undergo immense
morphological changes (Kim and Klionsky, 2000; K&y and Ohsumi, 1999), which is
accompanied by expression of specific autophagiegedtg) (Klionsky and Emr, 2000).
Upon induction of autophagy a double-layered memdrahe phagophore, is formed,
engulfing parts of cytoplasmic content (Fig. 10A)e phagophore expands to form a
vacuole, containing cytosol and/or organelles ai a& aggregated proteins (Arstila and
Trump, 1968). The sealed vacuole is termed autatage and it is free of any lysosomal
proteins (Fig. 10B). Further on, the autophagosorfiese with endosomes to from
amphisomes prior to fusing with lysosomes or thegef directly with lysosomes, which
deliver lysosomal membrane proteins and enzymesdégradation (Fig. 10C and D)
(Eskelinen, 2005; Fengsrud et al.,, 1995). In théophagolysosome, the sequestered
cytoplasm content is degraded by lysosomal hydeslaand proteases, the resulting
macromolecules are released to be reused by théF@pl 10C and D) (Arstila and Trump,
1968; Dunn, 1994; Eskelinen, 2005; Klionsky and Ea®00).

The origin of the phagophore is still controvers\rious organelles, such as the ER,
the Golgi complex, and the plasma membrane haven Ipeposed (Reggiori, 2006).
Experimental evidence suggests that the autophagsare formed from ribosome-free
regions of rough ER (Arstila and Trump, 1968; Uenal., 1991), a post Golgi compartment
(Yamamoto et al., 1990) or from a novel compartn{&batomhaug et al., 1998). Recent works
supports the ER and more generally the membrametAoough the secretory pathway as the

main source of the sequestering membrane (Klioeslgy., 2008).
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Figure 10: Schematic model describing macroautoplygy in mammalian cells

Upon induction of autophagy a sequestering membrdoge phagophore (A.), expands to form an
autophagosome (B.) thereby engulfing cytosolic gin®t, organelles and aggregated proteins.
Cytosolic LC3 1 is lipidated to LC3 II, thus beirmpund to the membrane of the autophagosome.
Fusion of the autophagosome with endosomes (to &nphisomes) increases acidification, which is
required for the docking and fusion with the lysogo(C.). Lysis of the internalized contents ocanrs
autophagolysosomes and the resulting macromolearesreleased back into the cytosol (D.).
Modified and adapted from (Mizushima et al., 2008).

LC3 (microtubule-associated protein 1 light chaip 8 the first discovered
mammalian marker protein for autophagy (Kabeyal.e2800). It is one of the mammalian
homologues of Atg-8 and it is necessary for thenfiion of autophagosomes (Kabeya et al.,
2000; Kirisako et al., 1999). It was shown that mpreduction of autophagy, cytosolic LC3 |
(16 kD) is processed into another form, LC3 Il K which is associated with the inner and
outer membrane of the autophagosome (Fig. 10)nlleta et al., 2000; Kabeya et al., 2000).
Further analysis revealed that LC3 | is conjugaiedohosphatidylethanolamine (LC3 II)
(Kuma et al., 2002) thus being tightly bound to #itophagosome membrane (Kabeya et al.,
2000; Mizushima et al., 2001; Tanida et al., 2004jese findings enriched the methodical
repertoire in the autophagy research field. In @oldito electron microscopy, where
autophagosomes are monitored by double layered naered (Klionsky et al., 2008;
Mizushima, 2004), protein biochemistry by westetaot kanalysis can now be performed
(Klionsky et al., 2008; Klionsky et al., 2007; Mdaad et al., 2011; Mizushima, 2004).

In conformational diseases, such as mutdrantitrypsin deficiency (Kamimoto et al.,
2006; Kruse et al., 2006) and in dementias, suchld#simer’'s disease (Nixon et al., 2000),
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or in trinucelotide diseases (e.g. Huntigton’s d&s® (Kegel et al., 2000; Ravikumar et al.,
2002; Ravikumar et al., 2004) an increased numlieaubophagic vacuoles have been
reported. The autophagy-mediated isolation andatisgion of altered cytosolic contents, like
aggregated proteins or damaged organelles, prdtextsells from further damage (Lemasters
et al., 2002; Webb et al., 2003). Thus, the callatdivation of autophagy might play a crucial

role in cell protection during early stages of reelagenerative diseases (Cuervo, 2004a).

2.7 Summary and objectives

Neuroserpin belongs to the superfamily of sergimnt mutations in serpins destabilize their
structure and favour protein polymerisation witthie cell of synthesis giving rise to diseases.
Little is known about the precise pathophysiolofiguch conformational diseases. Mutations
in neuroserpin lead to the autosomal inherited cdeime FENIB. The accumulations of
polymeric mutant neuroserpin within inclusions e tER may lead to a deficiency of active
protein (loss of function phenotype) in neuronghe brain. Conversely, aggregated mutant
neuroserpin polymers themselves might have toxftuence on neurons (toxic gain of
function phenotype). Therefore, neuroserpin deragsta suitable model system to elucidate
signals generated by neurons in response to praggjregation within the ER. This allows us
to gain more insights into cellular signal procegsio eliminate or to handle protein
aggregates.

For my thesis, my team and me set out to investigauronal pathways involved in
mutant neuroserpin degradation. As mutant neurosanelusions occur in the ER, we
focused on ER resident stress sensing pathway$y ascUPR, as well as associated
degradative paths, such as ER associated degnadB®AD) and autophagy.

We demonstrated that mutant neuroserpin is spatiifidegraded by the proteasome
via ERAD and non-specifically by autophagy. Only emhthe proteasomal capacity is
overwhelmed does autophagy gain importance in mutearoserpin degradation. We went
on to investigate the role of UPR in neuroserpiotgin turnover. Thereby, it became
apparent, that transient induction of the ATF6-arifUPR promotes transient decrease in
polymeric neuroserpin formation. This raises theitexy possibility that activation of

UPR-pathways may have therapeutic potential.
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3. Material

3.1 Equipment

All equipment used in this study is listed in aplelbetical order in table 2.

Table 2: Equipment

product company, city

8-channel pipette 10-100 pl Eppendorf, Hamburg
8-channel pipette 1-10 pl Eppendorf, Hamburg
ASP300S tissue processor Leica, Wetzlar

autoclave Memmert, Schwabach
bacteria incubator Heraeus electronic, Hanau
balance Shinko Denshi Vibra, Tokyo, Japan
balance, precision MC1 polyrange RC 210 P Sartpéudgstingen

centrifuge 5415 R, refrigerated, rotor F45-24-11 pémdorf, Hamburg
centrifuge 5430 R, refrigerated, rotor F45-24-11 H&ppendorf, Hamburg

centrifuge 5810 R, refrigerated, rotor A-4-62 Epganh, Hamburg
centrifuge, mini MC 6 Sarstedt, Nimbrecht
cryostat CM1950 Leica, Wetzlar
developing machine Curix 60 AGFA, Dusseldorf
digital camera Nikon, Melville, USA
dismembrator U B. Braun, Melsungen
electron microscope EM902 Zeiss, Gottingen
electrophoresis, horizontal mini-sub cell GT Bigritlinich
electrophoresis, mini protean 3 cell Biorad, Munich
electrophoresis, vertical system DCX-700 C.B.Sefdic, Del Mar, USA
gel caster & comb Biorad, Munich
gel documentation DeVision G Decon Science Tec GmbH
Hohengandern
Hypercassett&' GE Healthcare, Buckinghamshire, UK
iCycler Thermal Cycler Biorad, Munich
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Table 2: Equipment

product company, city

imaging system Chemi D8¢ XRS Biorad, Munich

incubator (cell culture) Heraeus electronic, Hanau
incubator (immunohistochemistry) Memmert, Schwabac

magnetic stirrer with heating RCT basic IKAMAG KA Werke GmbH&Co. KG, Staufen
microscope Axioskop40 Zeiss, Gottingen

microscope Eclipse TS 100 Nikon, Melville, USA
microtome SM2000R Leica, Wetzlar

microwave Micromat AEG, Frankfurt am Main
MyCylcer Thermal cycler (PCR) Biorad, Munich

Neubauer counting chamber, 0.1mm Assistent, Sondhei

paper cutting machine Roth, Karlsruhe

pH meter CG 840 Shott, Mainz

photometer, biophotometer plus Eppendorf, Hamburg

pipette boy Integra Bioscience, Fernwald
pipette research fix 0.1-2.5 pl Eppendorf, Hamburg

pipette research fix 100-1000 pl Eppendorf, Hamburg

pipette research fix 10-100 pl Eppendorf, Hamburg

pipette research fix 1-10 pl Eppendorf, Hamburg
powersupply, easy volt Stratagene, Waldbronn
powersupply, PowerPac basic Biorad, Munich

printer P93D Mitsubishi, Ratingen

shaker, overhead rotationbar Hartenstein, Wirzburg

shaker, platform shaker STR 6 Stuart Scientifiges UK
spectrophotometer pQuant Biotek, Bad Friedrichshall
sterile bench Thermo Electron Corpoation Herasafeeadts electronic, Hanau
thermomixer compact Eppendorf, Hamburg
ultracentrifuge L-60, rotor SW40 Ti Beckman Coulterea, USA
ultrasonograph Sonorex super RK103H Bandelin elawdy Berlin
Ventana Benchmark XT Ventana, Tuscon, Arizona, USA
vortex-genie 2 Scientific industries, New York, &S
waterbath P-D Industriegesell. mbH, Dresden
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3.2 Chemicals and Consumables

All chemicals and consumables used in this studgWwsted according to the applied method
and in an alphabetical order in table 3-11. If stated otherwise, salts, acids and bases were
from Merck, Darmstadt, Sigma-Aldrich, Munich or k&y Neu Ulm.

3.2.1.RNA/ DNA Analysis

Table 3: Chemicals and consumables for RNA/ DNA aatysis

product company, city

1 Kb DNA Plus-ladder Invitrogen, Darmstadt
2-bromo-2-chloro-1,1,1-trifluoroethane (Halothan)Sigma, Munich
2-propanol Riedel-de Haen, Seelze
3-(N-Morpholino)propane Sulfoneacid (MOPS) Sigmayriith

acetic acid Roth, Karlsruhe

agarose Invitrogen, Darmstadt
autoclaved aqua bidest UKE, Hamburg
bromophenol blue Merck, Darmstadt
desoxynucleoside Triphosphate Set (ANTPs) Ferrmg8taleon-Rot
diethylpyrocarbonate (DEPC) Sigma, Munich

dream taqg polymerase Fermentas, St. Leon-Rot
ethanol, denature UKE, Hamburg
ethidium bromide Sigma, Munich
ethylendiaminetetraacetat (EDTA) Sigma, Munich
formaldehyde 37 % (v/v) Merck, Darmstadt
formamide AppliChem, via Th. Geyer, Hamburg
Gene Jet PCR purification Kit Fermentas, St. LBon-
glycerol Merck, Darmstadt
microseal adhesive sealer Biorad (MSB-1001) Biokdanich

multiply PCR plate natural 96-well Sarstedt, Nuadbt
proteinase K Qiagen, Hilden
restrictionenzyme Pstl Roche, Munich
RevertAid H Minus First Strand cDNA Synthesis Kkermentas, St. Leon-Rot
RNA Miniprep Kit Stratagene, Waldbronn
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Table 3: Chemicals and consumables for RNA/ DNA alysis

product company, city

safeseal tips premium from Biozym Biozym, Hessi®ttlendorf
safeseal tips premium from Biozym Sarstedt, Nuclre
SYBR Green/Fluorescein gqPCR Master Mix Fermentad,edn-Rot
trizma base, minimum, 99.9 % titration Sigma, Mimnic

UVette® for spectrophotometer Eppendorf, Hamburg

3.2.1.1.0ligonucleotides

All oligonucleotides were purchased from Sigma-Addr Generally, a synthesis scale of
0.025 pmol was chosen. The oligonucleotides weraltedd and purified by HPLC, and
solved in autoclaved distilled water to a final centration of 100 uM (according to a
datasheet supplied by Sigma-Aldrich). For PCRymisl and DNA-sequencing a 1:10
dilution of the 100 uM stock solution was prepaged 1 ul of each oligonucleotide was

added to 25 pl final reaction mix.

Table 4: Oligonucleotides applied in polymerase &in reactions

gene sequence primercode
XBP1® 5- AAACAGAGTAGCAGCGCAGACTGC-3 10XBP1_FW
5-GGATCTCTAAAACTAGAGGCTTGGTG-3  10XBP1_RV
ATF4 5'- AATGGATGACCTGGAAACCATGCC -3’ 3ATF4_FW
5- TCACATGTGTCATCCAACGTGGTC -3’ 3ATF4_RV
chog” 5-ACAGAGGTCACACGCACATC-3' Chop_S_FW
5-GGGCACTGACCACTCTGTTT-3' Chop_AS_RV
actin 5-GATTACTGCTCTGGCTCCTAG-3' actb_2FW
5'-GACTCATCGTACTCCTGCTTG-3' actb 2RV
Neuroserpif? 5'TCC CCA CCA CAG AAT CCAAGTCG -3  hNS-F
5'-CAC CCA CTT ATT GAT GTAGTT GG -3 hNS-R
uBB* @ 5-GGTGAGTACTCCCTCTCAAAAGC-3' UBB-FW
5'-CTGCAGTTGGACCTGGGAGTGGA-3' UBB-RV
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Several oligonucleotides were synthesised accorttingublished protocols®Calfon et al.
2002;®)Namba et al. 200% Galiciotti et al. 2007*”Fischer et al. 2009.

3.2.1.2.Plasmid

Table 5: Used plasmid

plasmid insert established from
pcDNA3.1 wt human Neuroserpin Beata Szalay
pcDNA3.1 S49P human Neuroserpin Beata Szalay

3.2.2.Protein analysis

Table 6: Chemicals and consumables used for proteanalysis

product

company, city

2-mercaptoethanol
2-propanol
acrylamide/bisacrylamide (305), Mix 37,5:1

ammoniumperoxidesulfate (APS)

bovine serum albumin (BSA), protein standard

bradford
bromophenol blue

Merck, Darmstadt
Riedel-de Haen, Seelze
Rothrkkeuhe
Roth, Karlsruhe
PAasdhing, Osterreich
Biorad, Munich
Merck, Darmstadt

Complete Mini, EDTA-free, proteinase inhibitor mixRoche, Munich

cumaric acid

developer G153

developing machine western blot
di-Sodium hydrogen phosphate dihydrate
ECL Western Blotting Substrate

ethanol, denature
ethylendiaminetetraacetic acid (EDTA)
fixer G354

Fujifilm Super RX medical X-ray

gel releaser

glycerol
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Table 6: Chemicals and consumables used for proteanalysis

product company, city

glycine Sigma, Munich

hydrogen peroxide 35 % (w/v) Sigma, Munich

luminol Sigma, Munich

methanol J.T.Baker, Griesheim
N',N'-tetramethylethylenediamine (TEMED) Sigma-Addl, Hamburg
Page RuléM , Prestained Protein Ladder Fermentas, St. Lenn.R
ponceau S Sigma-Aldrich, Hamburg
potassium chloride Fluka Biochemika, Deisenhofen
potassium dihydrogen phosphate @Ry) Merck, Darmstadt

PVDF Membran Immunobl&Y (0.2 pm) Biorad, Munich

skimmed milk powder instant ,,Frema* Granovita GmbHneburg
sodium azide Fluka Biochemika, Deisenhofen
sodium chloride Sigma, Munich

sodium hydroxide Roth, Karlsruhe
sodiumdodecyl sulfate (SDS) Sigma, Munich
SuperSignal West Femto Thermo Scientific, Bremen
SuperSignal West Pico Thermo Scientific, Bremen
tissue, precision wipes Kimberly-Clark, Koblenz
tissue, Samtess Clou Prestige Wepa, Arnsberg-Mdsche
trizma base, minimum, 99.9 % titration Sigma, Mimnic

Tween 20 (polyethylene-sorbitane monolaurate) R¢anisruhe

Whatman® Paper 3MM (blotting-paper) Schleicher&Sshuwassel

3.2.2.1.Antibodies and sera

Table 7: Primary antibodies used for immunodetectin

primary antibody company, city dilution @

ATF6 W Imgenex, San Diego, USA IB 1:1000
beta actirf” Sigma-Aldrich, Hamburg IB 1:5000
beta actirf? Sigma-Aldrich, Hamburg IB 1:5000
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Table 7: Primary antibodies used for immunodetectin

primary antibody company, city dilution @
beta tubulir™ Developmental Studies Hybridoma Bank, 1B 1:1000
lowa City, USA
Caspase3 R&D Bisosystems, Wiesbaden IH 1:1000
elF2 alphd? Cell Signaling, Danvers, USA IB 1:1000
Hsp70® BD Bioscience, Franklin Lakes, USA IB 1:1000
Hsp9oo® BD Bioscience, Franklin Lakes, USA IB 1:1000
Lc3®W Nano Tools, Teningen IB 1:200
NeuN Chemicon, Schwalbach IH 1:50
Neuroserpirf" Santa Cruz Biotechnologie, USA IH 1:200
Neuroserpirt® kind gift of Prof. Peter Sonderegger, Zurich B 1:200;
Switzerland IF 1:50

Neuroserpirf? abcam, Cambridge, UK IB 1:250;

El 2ug/mli
Neuroserpin 1A18" kind gift of Prof. Lomas, Cambridge, UK EI 333ng/ml

EM 1:2000
Neuroserpin 1088’ kind gift of Prof. Lomas, Cambridge, UK El 333n¢g/m
Neuroserpin 10G1% kind gift of Prof. Lomas, Cambridge, UK El 333n¢g/m
Neuroserpin 708" kind gift of Prof. Lomas, Cambridge, UK El 1pg/ml
phospho-elF2 alpha (Ser5%) Cell Signaling, Danvers, USA IB 1:500

@ ELISA (EI), Immunblot (IB), Immunfluorescent (IFjnmunhistochemistry (IH), Electron

Microscopy (EM)

@ mouse anti-mousé&’ rabbit anti-mousée? goat anti-mouse

Table 8: Secondary antibodies used for immunodetgon

secondary antibody company, city dilution®
donkey anti-goat IgG, HRP Promega, Mannheim IB @000
goat anti-mouse 1gG, HRP Promega, Mannheim IBAOQO
goat anti-rabbit I9G, HRP Promega, Mannheim IBOOA0
rabbit anti-mouse 1gG, HRP Sigma-Aldrich, Hamburg El 1:20000

donkey anti-goat IgG Alexa 555
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Table 8: Secondary antibodies used for immunodetgon

goat anti-rabbit 1gG, biotinylated Vector labora¢s; Burlingame, USA  EM 1:1000

@ ELISA (El), Immunblot (IB), Inmunfluorescent (IFElectron Microscopy (EM)

Table 9: Sera used for immunodetection

sera company, city

donkey serum Dianova, Hamburg
antibody diluent solution (Zymed) Zymed, San Fraogj USA
horse serum Dianova, Hamburg

3.2.3.Cell culture

Table 10: Chemicals and consumables used for celllture

product company, city
4'6-Diamidino-2’-phenylindole (DAPI) Roche, Munich

plasmid DNA purification nucleo bond Xtra midi Maariey-Nagel, Duren

invisorb spin plasmid mini two Invitek, Berlin
Cryovial®-cryotubes, sterile Roth, Karlsruhe

cover slip Glaswarenfabrik K. Hecht, Sondheim

DMEM medium high-glucose(4.5 g/l) with L-glutamine PAA, Pasching, Osterreich

Dulbecco’s PBS (1x) PAA, Pasching, Osterreich
Fetal Bovine Sera (FBS), standard quality PAA, Ramr, Osterreich
FUGENE® HD transfection reagent Roche, Munich

G418 (Gentamycin) supliate solution (50 mg/ml) PAasching, Osterrreich
microscope slide 12 mm @ Glaswarenfabrik K. HeSloindheim
Opti-MEM® reduced serum medium (1x) Invitrogen, Datadt

glas pipette 230 mm AdvantageTM, sterile BD Labwateidelberg
Penicillin/Streptomycin (100x) PAA, Pasching, Ostézh
pipettes Serol 2 ml, 5 ml, 10 ml, 25 ml BD Labwafejdelberg
Trypsin-EDTA (1x) PAA, Pasching, Osterreich
cell culture dish, 6 wells, sterile Nunc, Langebsé
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Table 10: Chemicals and consumables used for celllture

product

company, city

cell culture dish, 10 cm, sterile
DMSO (Dimethyl sulfoxide)

chloroquine

rapamycin

Nunc, Langensklbo
Sigma, Munich
Sigma, Munich
Sigma, Munich

3.2.4.Immunhistochemistry

Table 11: Chemicals and Consumables used for immohistochemistry

product company, city
coverslips Glaswarenfabrik K. Hecht, Sondheim
eosin Merck, Darmstadt

ethanol, absolute
eukitt

Mayer's Hamalaun
Harri's Hamatoxylin
methanol

object slide Superfrost
paraformaldehyd
diaminiobenzidine (DAB)
Tissue Tek

hydrogen peroxide
Phloxin B

Xylol

tragant

mounting media GLC
Triton X 100

antibody diluent solution

Pharmacy UKE, Hamburg
Kindler GmbH, Freiburg
Merck, Darmstadt
ROTH, Karlsruhe
J.T.Baker, Griesheim
Glaswarenfabrik K. Hecland@heim
Bufa Chemikalien, Hude
Sigma, Munich
Sakura Finetek GmbH, Staufen
Sigma, Munich
Fluka, Neu-Ulm
Fischer, Wiesbaden
Sigma, Munich
Sakura Finetek GmbH, Staufen
ROTH, Karlsruhe
Zytomed, Berlin

goat serum DAKO, Hamburg
anti-rabbit histofine simple stain Max po(R) NiehiBiosciences, Wedel
anti-goat histofine Simple Stain MAX PO Nichireiddciences, Wedel
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Table 11: Chemicals and Consumables used for immohistochemistry

product company, city

anti-mouse histofine stain kit Nichirei Bioscierc&/edel

3.3Mouse strains

Table 12: Mouse strains

mouse strain location

transgene neuroserplig(NS), line 682% animal facility UKE, Hamburg
transgene neuroserplig{NS>**H, line 680 animal facility UKE, Hamburg
transgene neuroserplig(NS>2R), line 794® animal facility UKE, Hamburg
transgend g(UBB*) ® animal facility UKE, Hamburg
transgend g(UBB*/NS>*H animal facility UKE, Hamburg
transgene neuroserpin-deficient {Iy§ animal facility UKE, Hamburg

Mouse strains were generated and publishe@®wliciotti et al. 2007®)Fischer et al. 2009;
@®Madani et al. 2003.

4. Methods

4.1 Housing and breeding of animals

4.1.1.Animal housing

Mice were maintained under pathogen-free conditinrthe animal facility of the University
Medical Centre Hamburg-Eppendorf on a 12-hrs ldgr{ cycle at around 21 °C with
50-60 % humidity. All mice were provided with watand standard food pelletsl libitum
Pups were separated from their mother 21 days laiftér. Up to four animals were housed in

a Makrolon Standard cage typ II. All males weretlsgparately after breeding.

4.1.2.Breeding of transgenic mice

All mice strains (see table 12) were kept heteromgg Every 6 months two new mating pairs
per mouse line, where a transgenic male was bréddtwb C57BL/6 females, were started.

The offspring’s were genotyped by PCR-analysis #&de5) with specific primers for the
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transgene (see table 4). In general, around 50 edittermates were heterozygous for the
transgeneTg(UBB*/NS>**J mice were generated by crossing thg(UBB*") female with
oneTg(NS>**H male.

4.1.3.1solation of genomic DNA from tail biopsy

Tail biopsy from 7 days old animals were taken algested over night at 56 °C with

650 rpm agitation in 500 pl lysis buffer supplengghtwith 0.1 mg/ml proteinase K. To

separate DNA from debris a 5 min centrifugationhwiB000 rpm at RT was performed. The
supernatant was transferred to a fresh 1.5 ml mecrivifuge tube and DNA was precipitated
by adding 500 ul of isopropanol. The precipitateswsedimented by centrifugation at
13000 rpm, for 10 mins at RT, washed twice witl@@thanol and air dried for 15 min under
the hood. Afterwards DNA was resuspended in 50 rgivarmed (37 °C) sterile distilled

water with an agitation of 800 rpm for 10 mins.

Proteinase K lysis buffer

Tris-HCI pH 8.5 100 mM
EDTA 5mM

SDS 0.2 % (w/v)
NaCl 200 mM

4.1.4.Genotyping of transgenic mice by PCR

DNA from tail biopsy was checked for the present¢he transgene by PCR (see 4.3.4.2)
with specific primer pairs (see 4.1.5). Each PC&tien consists of the following mix and

was added to 1 pl of genomic DNA:

gene-specific 5’- and 3’- primer (each 10 uM) lepth

dNTPs (each nucleotide 10 mM) 4x 0.25 pl
10x reaction buffer 2.5 pul
distilled water 18.75 pl
tag-polymerase (5 U/ul) 0.25 pl

In heterozygous animals a 540 bp amplicon of neupas as well as a 400 bp amplicon of

ubiquitin could be detected, whereas in wild-typarals no product was seen.
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1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 11: PCR analysis of genomic DNA to identifjpeterozygous transgenic mice

1 pl genomic DNA from tail biopsy of 7 days old amals was checked by PCR analysis with
transgene specific primer pair hNS-F/hNS-R. The ldi@g 540 bp product was analysed on a 1 %
agarose gel and stained with ethidiumbromide. Thesgene was detected in the samples 1, 5, 6 and
10; 11-1kb DNA ladder; 12-negative control, PCRctian without DNA; 13-positive control, PCR
reaction with DNA carrying the transgene; arrowiacates the 600 bp band.

4.2 Animal experiments

4.2.1.Permission for animal experiments

All animal experiments were licensed from the @fyHamburg department for health and

consumer protection (ID-nr. 419, ID-nr. 264).

4.2.2 Extraction of brain tissue

Transgenic animals were deeply anesthetized witlothian and sacrificed by cervical

dislocation. Skin and ears were removed and th# wlas opened with scissor starting from
the foramen magnum along the middle suture to thwenas well as laterally above the
maxilla. The brain was carefully isolated from tblaull at which the optic nerves and the
medulla oblongata were cut. The frontal part of bin@n, including the olfactory bulbs, the

frontal cortex and the striatum was immediately&o down at dry ice and stored at -80 °C
for subsequent biochemical analysis, whereas thidual part of the brain was fixed for at
least 16 hours in formaldehyde for immunohistocloatanalysis.

4.3 Molecular biological methods

4.3.1.1solation of RNA

RNA from frozen brain tissue and NZ2a cells was fpdi using RNA Miniprep Kit
(Stratagene) following usage instructions. Briefisggzen samples (-80 °C) were fractured
with a dismembrator (2000 rpm) for 1 min in pre-deoblysis buffer, containing guanidine

thiocyanate, one of the strongest protein denatsirahich at the same time prevents RNA
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degradation by ribonucleases (RNases). The samguecleaned by a 5 mins centrifugation
step at 4000 rpm, the supernatant was loaded awuano and centrifuged for 5 mins at
maximum speed to remove particles and to reduceatheunt of DNA. The filtrate was

mixed with an equal volume of 70 % ethanol (withEEwater), the mixture was transferred
to a RNA-binding column and centrifuged severalegnfor 2-3 mins with maximum speed to
capture the RNA. To remove the remaining DNA, tlumn was treated with a low-salt
wash buffer and RNase-free DNase | digestion budifiel5 mins at 37 °C. A series of washes
with high salt and low salt washing buffer elimiedtthe DNAse and other proteins.
Afterwards, pure RNA was eluted from the spin cugtnm with 60 pl of pre-heated 60 °C

warm autoclaved DEPC water and captured in a merioduge tube. The RNA

concentration was measured by optical density d#egr(see 4.3.2.) and RNA integrity and

purity was assessed on an agarose gel (see 4.3.3.).

DEPC water
1 ml of DEPC was solved in 1 litre distilled wat@rcubated over night with constant stirring and

autoclaved.

4.3.2.Nucleic acid concentration measurement

To determine the concentration of RNA and DNA, sksipvere diluted 1:100 in water. The
absorbance of the diluted sample was measured Gata@@ 280 nm in a cuvette with a
spectrophotometer. Water was used as a blank. dadwng at 260 nm allows for calculation
of the concentration of nucleic acids in the sample optical density of 1 corresponds to
approximately 40 g/ml for RNA and 50 pg/ml for double-stranded DN&s a result the

concentration of nucleic was calculated as follows:
RNA concentration (pg/ml) = Ofgy x 40 pg/ml x dilution factor
DNA concentration (pg/ml) = Ofgo x 50 pg/ml x dilution factor

The ratio of ODRs/OD,g is an indicator for the purity of nucleic acid, absorbance at
280 nm determines the amount of protein in a sanfpte clean nucleic acid the values
should be between 1.8 and 2.0. For example, a wHtil.8 means, there are 60 % of
unwanted proteins and just 40 % nucleic acid insdi@ple, whereas a ratio of 2.0 stands for
100 % nucleic acid (after Sambrook and Russell ‘®dalar Cloning 1” Third Edition).
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4.3.3.RNA-agarose gel

The electrophoretic separation of RNA was done in4a% agarose gel supplemented with
formaldehyde, to destroy the secondary structuf@MA in order to see a migration with the
true molecular weight. Therefore, 1.4 g of agarasd 88 ml of RNAse free water were
boiled, cooled to 60 °C and 10 ml of 10x MOPS all a&2.7 ml of 37 % formaldehyde were
added. The gel mixture was casted in a sealeddmigak chamber with an inserted comb to
form loading pockets. 1x MOPS was used as runnurfigb

To control RNA preparation 1 pg of RNA was mixedwiO pl RNA loading buffer
and adjusted with DEPC water to a volume of 20Tjhke mixture was heated for 10 mins at
65 °C, chilled on ice for 2 mins, centrifuged wittaximum speed to collect condensation and
immediately loaded on the gel. Electrophoresis wagormed with constant 80 V for
40 mins.

Intact total RNA migrated as a sharp 28S (5kb) 288 (2kb) rRNA band on the gel,
ideally the 28S rRNA band should be approximateligeé as intense as the 18S rRNA band
(see Fig. 15, lane 2). This 2:1 ratio (28S:18S3 igood indicator for intact RNA. Partially
degraded RNA will not exhibit a 2:1 ratio or wikhdk the sharp rRNA bands; completely

degraded RNA will appear as a smear with lower cwé weight.

Figure 12: Intact versus degraded RNA

One ug of degraded total RNA and intact total RNérevrun on a
1 % denaturing agarose gel. The 18S and 28S riaidRMA bands
are clearly visible in the intact RNA sample. Thegchded RNA
appeared as a smear with lower molecular weighodified after
Applied Biosystems 2011)

10x MOPS buffer

MOPS 200 mM
sodium acetate 50 mM
EDTA 10 mM

adjust to pH 7 with NaOH

-47 -



Methods

RNA loading buffer (100ul freshly prepared)
10x MOPS buffer 10 pl
RNAse free distilledwater  11.5 pl

deionized formamide 50 pl
37 % formaldehyde 17.5 pul
10x loading dye 10 pl

10x loading dye

sterile glycerol 50 %
EDTA 1mM
bromophenol blue 0.25 %

4.3.4.Reverse transcriptase polymerase chain reaction RPCR)
4.3.4.1.Reverse transcription

To synthesize cDNA from total RNA the RevertAldkit (Fermentas) was used according to
operating instructions. Thereby, isolated RNA (de®.1.) was transcribed to first strand
cDNA by H-Minus-Reverse-Transcriptase. To hybridm&NA from total RNA, oligo(dT)
primers selectively annealed to the poly(A)- regairthe 3’ terminus of mMRNA. To protect
RNA from degradation recombinant RNase-Inhibitos\added.

For each rt-PCR reaction, 500 ng RNA was mixed withul oligo(dT) primer
(100 uM), adjusted to a volume of 11 pl with DER€@ated water and pre-incubated for
10 mins at 65 °C to denature the RNA with subsefjoealing at 4 °C. Afterwards, 8 ul of a

mixture containing

5x reaction buffer 4 ul
dNTP mix (dATP, dCTP, dGTP, dTTP) (each 10 mM) 12 p
RNase inhibitor (20 U/ul) 1ul
MULYV reverse transcriptase (200 U/ul) 1ul

was added. The reaction mix was shortly centrifugad incubated for 8 mins at 25 °C.
Afterwards, the sample was heated to 42 °C for i rfor the reverse transcription. To stop
the reaction the temperature was increased to 7i@r’6 mins, to denature the enzyme. 4 pl

of synthesised cDNA was needed as template foiotleeving PCR reaction.
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4.3.4.2.Polymerase chain reaction (PCR)

The polymerase chain reaction was used to expatlgnamplify specific segments of
synthesised cDNA (see 4.3.4.1.) or of genomic DB#dted from tail biopsies (see 4.1.5.).

PCR amplification of DNA occurred by repeated cgclef three temperature
dependent steps: (1) the double-stranded DNA tdmplas denatured by heating to 94 °C;
(2) oligonucleotide primers were annealed to shsfjlanded DNA template (typically about
45-55 °C); and (3) DNA fragments were elongated YA polymerase (normally at
approximately 72 °C) in 5' to 3' direction startifpm each primer. With each cycle of
denaturation, annealing, and elongation the specBNA fragment was amplified
exponentially.

The specific primers were designed to match theaBd 3’-terminus, of the cDNA
fragment which needs to be amplified, respectivalg. insure adequate specificity, the
primers must be 20-30 nucleotides long and shopkh sntron boundaries. The melting
temperature (Tm) of the primer pairs defines theeafing temperature of the PCR, whereas
annealing is usually done 5 °C below the Tm. Asila of thumb, the Tm of a primer was
estimated by adding 2 °C for each adenine or thgraimd 4 °C for each guanine or cytosine.
The rate of primer extension by thermostabl€ag polymerase is about
50-100 nucleotides/second. Thus, the time requioedprimer elongation depends on the
length of the sequence to be amplified.

Each PCR reaction consisted of the following mixl avas added to 4 pl (~5 ng) of
synthesised cDNA:

genspecific 5’- and 3'- primer (each 10 uM) 1 pth
dNTPs (each nucleotide ( 10 mM) 4x 0.25
10x reaction buffer 2.5 ul
distilled water 15.375
tag-polymerase (5 U/ul) 0.125ul

To amplify DNA fragments of interest a PCR therrogtler was used. In our example, the
amplification of XBP1 was done with the followingggramme:

initial denaturation 94 °C 5 min
denaturation 94 °C 30 sec
annealing 55°C 30 sec
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elongation 72 °C 1 min
final elongation 72 °C 10 min
cooling 4°C hold

Each cycle of denaturation, annealing, and eloagatvas repeated 30 times. A 600 bp
amplicon could be detected on an 1 % agarose gel.
All other genes analysed via PCR in this study raggstered with their respective

elongation time, annealing temperature and cyclimgber in table 13.

Table 13: Annealing temperatures, elongation timeand number of cycles for primer taken in

PCR reactions to amplify specific cDNA sequences

Gen annealing elongation time number of cycles
temperature

3-actin* 58 °C 30 sec 40

ATF4* 64 °C 30 sec 40

Chop* 64 °C 30 sec 40

neuroserpin 58 °C 45 sec 40

UBB+1 60 °C 30 sec 35

XBP1 55 °C 30 sec 30

* primers used for quantitative real-time-PCR

4.3.5.Quantitative real-time polymerase chain reaction (¢-PCR) with iCycler (Biorad)

To measure mRNA expression of a particular geriwams of transgenic and wild-type mice
quantitative real time PCR was performed.

A relative quantification approach based on thatnet expression of a target gene
versus a reference gene after Pfaffl (Pfaffl, 200&s chosen. The amplified DNA was
detected by a fluorescent signal as the polymerham reaction progressed. As fluorogenic
dye served SYBR Green which binds double-stranddd,zand upon excitation (LED with
470 nm) starts emitting light with the charactécistavelength of 530 nm.

For the mathematical model of Pfaffl it is necegtardetect the efficiency (E) of each
PCR assay and to determine crossing points (CPgdohn transcript. CP was defined as the

point at which the fluorescence rises above thekdracnd fluorescence (threshold
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fluorescence). E was calculated by E€4%P® using the slope of a standard curve where CP
values were blotted against the concentration MA&DFor each primer pair efficiencies were
assessed by three independent experiments. Tiffcaéncies range from 1.7 to 2. Based on
PCR efficiency (E) and crossing point (CP) deviatod an unknown sample versus a control,

the relative expression ratio (R) of a target gsraalculated with respect to a reference gene:

o CP target (control - sam CP ref (control — sample
Ratio = (arge) get( R (=) ( P

Earget-efficiency of target gene transcript;

E.es -efficiency of a reference gene transcript;
CParget-CP deviation of control — sample of the targeteyganscript;
CP.¢ -CP deviation of control — sample of referenceegganscript.

As reference gene served [3-actin since it is destail secure unregulated transcript
in the brain. Moreover, it compensates variatiom$wken runs. Furthermore, to proof
specificity and purity of RT-PCR products a meltingrve analysis, where the melting
temperature was blotted against the change ofdhoence over time (dF/dT) was performed.
A single melting peak in the diagram reflects agpsmmple without any contamination.

Quantitative real-time PCR was performed with ayci€r from Biorad and a ready to
use SYBR Green/Fluorescein qPCR Master Mix kit. flaswere assessed in triplicates.
Each reaction was done with 6.25 pl 2x Master Miritotal volume of 12.5 ul, where 0.5 pl
(0.25 ng) cDNA were used as a template. The finahgr concentrations were 0.3 uM. The

following thermal cycling programme was used:

temperature time number of cycles
initial denaturation 95 °C 10 sec 1
denaturation 95 °C 15 sec
annealing 60 °C 30 sec
elongation 72 °C 30 sec 40

After each cycle a single fluorescence measuremastdone and the CP values were
calculated by iCycler software (settings: PCR Béas®e Subtracted Data). Finally, the
reaction was heated to 95 °C with 0.1 °C per secuwilth continuous fluorescence

measurement (melting curve programme) and coolashdo 4 °C.
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4.3.6.DNA-agarose gel electrophoresis

To separate PCR products according to their sizggrizontal electrophoresis with 1 % agarose in
1x TAE buffer was performed. Therefore, agarose maked in 1x TAE, cooled to 60 °C and casted
in asealed chamber with an inserted comb to form lgadialls. Each PCR reaction (25 ul)
was mixed with 5 pl of 6x DNA sample buffer andded to the gel. A 1kb DNA ladder
served as size standard. Electrophoresis was pextbrwith 10 V per cm. After
electrophoresis the gel was incubated for 5 mire lith containing ethidiumbromide which
binds strongly to DNA by intercalating between theses. Visualization of DNA fragments
was done under invisible UV light which stimulatethidiumbromide to transmit visible
orange light. Pictures were taken for documentatiara digital camera.

1x TAE

Tris base 40 mM
acetic acid 40 mM
EDTA 1mM
pH 8

6x DNA sample buffer

Tris HCI pH 7.6 10 mM
EDTA 60 mM
glycerol 60 %
bromophenol blue  0.03 %

4.3.7.Purification of PCR products

To purify DNA fragments from a solution a GeneJERPkit (Fermentas) was used following
instructor’s guidelines. The purification is bassdthe immanent binding capacity of DNA to
silica gel surfaces in the presence of high chaatrealt concentrations; whereas low-ionic-
strength solutions loosen that particular bonding.

Therefore, 30 pl binding buffer where mixed with @b PCR reaction, 20 ul of
isopropanol were added, the total was loaded omrdigation column and centrifuged at
16000 rpm for 1 min. The flow through was discar@ged the column was washed with
300 pl buffer containing ethanol. To completely oem the washing buffer, the column was
centrifuged again at 16000 rpm for 1 min. The DNAsweluted in 20 pl of sterile distilled
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water pre-warmed to 37 °C. The concentration o@DNA fragment was determined by their

absorbance at 260 nm (see 4.3.2.).

4.3.8.Restriction digestion with endonucleases

For further biochemical analysis with a restrictiemzyme 20 pl purified PCR reaction mix
with purified DNA (see 4.3.7) were digested wittb Qul Pstl restriction enzyme in 2.3 pul
reaction buffer H, for one hour at 37 °C (watetatlhe whole reaction was mixed with 5 pul

6x DNA sample buffer and analysed on a 1 % agagebésee 4.3.6.).

4.3.9.Preparation of plasmid DNA for transient transfection

The pcDNAS.1 plasmid construct was purchased fromitrbgen and the genes for human
wild-type and S49P neuroserpin were cloned intorthatiple cloning-site between EcoRI
and Xhol restriction sites. The gene encoding #gusence for each individual protein was
linked to their original mammalian secretion pegptiihe sequence used for cloning strategies
for neuroserpin is identified under BC018043.1 (N)CBAutation of neuroserpin gene was
done by site directed mutagenesis with a kit framat&gene using oligonucleotide primers
containing the desired mutation. All pcDNA3.1 coosts were generated in Prof. Glatzels
lab by Beata Szalay and Dr. Markus Geissen.

4.3.10.Transformation of competent cells

Previous prepared DNA (from midi purification ofagmid DNA see 4.3.12.) was used for
transformation of XL10-Gold competent cells (Stgaiae, 200315). Therefore, 50 pul
ultracompetent cells were quickly thawed on ice dngl (100 ng) of DNA was added
carefully and gently mixed by flicking. The mixtuveas incubated for 30 mins before being
heat-shocked at 42 °C for 30 secs and then replaiweck for 2 mins. Afterwards, 450 pul of
sterile antibiotic-free Lysogeny Broth media (LBasvadded and incubated for 1 hour at
37 °C with agitation at 300 rpm. This incubatiorepst allowed the selection antibiotic
resistance gene to be expressed. Approximatelyu2@d each transformation was plated on
ampicillin containing selecting LB agar plates undgerile conditions and incubated for
16 hours over night at 37 °C. Transformation eéincy was estimated from the number of

colonies found on each plate against control tamsdtion.
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Lysogeny Broth media (LB)

Bacto Tryptone 10g
Bacto yeast extract 59
NaCl 10
distilled water 11
ampicillin 100 pg/ml

Adjust pH to 7 and autoclave to sterilize. For ipigtadd 15 g/l agar-agar.

4.3.11.Mini purification of plasmid DNA

Colonies were selected from LB agar plates witheaile toothpick and grown for 16 hours
with shaking at 300 rpm at 37 °C in 2 ml LB medigontaining 100 pg/ml ampicillin. The
plasmid was purified using Plasmid DNA purificatidat (Invitek) following suppliers
manual. Cells were pelleted by centrifugation &@Q®x g for 1 min at 4 °C. The supernatant
was discarded and the tube was dabbed on tissuenmtove excess of media. Cells were
resuspended in 250 pl solution A supplemented Ritlase A, then 250 pl lysis solution B
was added and mixed gently by inverting 6 timedoBea 5 mins incubation time, 250 pl of
solution C was added and mixed by inverting 6 timébe whole homogenate was
centrifuged at 16000 x g for 5 mins. The clarifi@gpernatant was transferred onto a spin
filter, incubated for 1 min and centrifuged at 1000g for 1 min. After the flow-through was
discarded, 750 ul wash buffer was added followeddmytrifugation twice at 16000 x g for 2
and 3 mins, respectively. The column was then plao® a sterile 1.5 ml microcentrifuge
tube and DNA was eluted by addition of 50 pl seedistilled water, incubation at room

temperature for 5 mins and centrifugation at 1690@Cfor 1 min.

4.3.12.Midi purification of plasmid DNA

Large quantities of plasmid DNA (up to 500 pg) weparified using Plasmid DNA

purification kit from Macherey-Nagel, a silica-bdsanion-exchange kit. 20 ul cells from a
2 ml starter culture were grown for 16 hours wittaldng at 300 rpm at 37 °C in 100 ml
(high- copy plasmid) LB medium supplemented withD 30g/pl ampicillin. The cultured

bacterial cells were pelleted by centrifugation6@00 x g for 10 min at 4 °C and the
supernatant was discarded. Cells were resuspenddnii of resuspension buffer containing
RNase A by vortexing until no clumping was obseraey more, then 8 ml of lysis buffer

containing sodium hydroxide/SDS was added and miesdly by inverting the tube 5 times.

-54 -



Methods

During 5 mins of incubation, proteins as well asAMlre denatured and RNA is degraded.
Then, 8 ml of neutralization buffer, containing g&gium acetate, were added and mixed by
inverting the tube 15 times. NucleoBond columnshvaih integrated filter were equilibrated
by applying 12 ml of equilibration buffer. The wiedlysate (24 ml) was loaded on the column
with an integrated filter where it was simultandgudeared from cell debris and precipitate
by gravity flow. Two washing steps, one with 8 ngudibration buffer and one with 8 ml
washing buffer, were followed by elution of the gf@ad DNA into a 15 ml tube by applying

5 ml elution buffer to the column. DNA was precgtéd by adding 3.5 ml room temperature
isopropanol for 2 mins, before being pelleted @A®bx g for 30 mins at 4 °C. Pelleted DNA
was washed with 2 ml 70 % ethanol, centrifuged5&00 x g for 5 min, air dried for at least

10 min under a hood and eluted in 500 pl sterggilthd water pre-warmed at 37 °C.

4.3.13.DNA sequencing

DNA samples at 1 pg concentration were processedlatermined by sequencing service of
the UKE using DNA Analyzer. 1 pl sequencing primatrs concentration of 10 pmol/ul were
provided per reaction.

4.4 Methods in protein biochemistry

4.4.1.Brain tissue homogenates

A 10 % (w/v) brain homogenate of frozen samplee #&.2) in lysis buffer supplemented
with proteases and phosphates inhibitors was pedpdrherefore, 55 mg brain tissue was
lysed in 500 pl of buffer using a dismembrator @@ rpm for 90 seconds. The mixture was
incubated for 5 mins at 4 °C and centrifuged atd40@ for 10 min at 4 °C. The supernatant
was transferred into a new microcentrifuge tube thedorotein concentration was determined
(see 4.4.2)).

brain lysis buffer (RIPA)

NacCl 150 mM
NP-40 1%
DOC 0.5%
SDS 0.1%
Tris base pH 8 50 mM
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EDTA 1 mM

4.4.2.Quantification of Protein Concentration by Bradford

A standard curve with concentrations of 0.25, @,51.5, 2 mg/ml of BSA in sterile distilled
water was generated. Protein samples were preadilatcording to expected protein content
(mouse brain 1:20 dilution). To end up with readydse protein concentrations in [pug/ul],
5 ul of each standard dilution were premixed with|%of water, as well as 1 pl pre-diluted
protein sample with 9 ul of water. The samples wadwae at least in duplicates. As blank
were taken water and homogenisation buffer for ddech and samples, respectively.
Afterwards, the protein samples were prepared lolyngd200 pl of Bradford reagent to 10 pl
of each sample and standard. The final protein enation was measured at an absorbance
of 595 nm with a spectrophotometer (Biotek). Fa siandard curve, protein concentrations
of BSA were blotted against their absorbance vahres protein concentration of unknown
samples were calculated taking into account thi&itidn factor. Table 14 shows the chosen

standard dilutions:

Table 14: Preparation of protein standards by Bradiord

standard dilution 1 2 3 4 5
BSA standard concentratior
2 1.5 1 0.5 0.25
[mg/ml]
Volume of 2 mg/ml BSA 70ul from 70ul from
70 52.5 70
[ul] 1pg/ul BSA | 0.5ug/ul BSA
sterile distilled water [ul] 17.5 70 70 70

The BSA protein standards were prepared by using mg/ml stock solution. Final protein
concentrations were measured at an optical def®D) of 595 nm. Protein concentrations of brain
homogenates were determined according to a staicdavd, where protein concentrations of BSA at
595 nm were plotted against their absorbance valMé&s excel version 1997 was used for further
calculations.

4.4.3.SDS- polyacrylamide gel electrophoresis after LaeminSDS-PAGE)

To analyse homogenates as well as cell lysates@mtinuous (tank and gel buffers are
different from each other) gel electrophoresis wralenaturating conditions after Laemmli

(Laemmli, 1970) was performed to separate protaae®rding to their molecular weight. For
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SDS-PAGE, 1 mm gels were prepared using DCX-700 Doal Vertical Gel System from
CBS Scientific. An acrylamide concentration of 10(%v) or 16 % (v/v) was required to

analyse proteins.

Percentage of the separating gel 10 % 16 %
Acrylamid/Bisacrylamid (37, 5:1) 2.5 ml 3.75 ml
sterile distilled water 3 ml 1.75 ml
1.5 M Tris HCI pH 8.8 1.9 mi 1.9 mi
10 % SDS 75 ul 75 ul
10 % APS 75 ul 75 pl
TEMED 3ul 3ul

The separating gel with a volume of 7.5 ml was @aemwith 50 % (v/v) isopropanol/water to
obtain a plane surface. After polymerisation wamgleted, the mixture was washed away

with water and 2 ml of a 5 % (v/v) stacking gel eadded.

Percentage of the stacking gel 5%
Acrylamid/Bisacrylamid (37, 5:1) 650 pl
sterile distilled water 2.75 ml
0.5 M Tris HCI pH 6.8 500 pl
10% SDS 40 pl
10% APS 40 pl
TEMED 4l

A 15 or 10 well comb to form loading pockets foeteamples with an average loading
capacity of 20 ul or 40 pul, respectively, was paetlnto the stacking gel. Samples were
mixed with 4x SDS loading buffer, cooked at 95 AGaiheating block for 10 mins to denature
the proteins. Ten pl of each sample with 2 pg/jokgin concentration was loaded next to a
pre-stained SDS-PAGE standard (10000-170000 Dalt&tgctrophoresis took place in
1x running buffer at constant 80 V until the sampgbassed the separation gel; afterwards the
proteins were separated at constant 100 V untibtbenophenol blue front reached the lower

edge of the gel.

-57 -



Methods

4x SDS loading buffer

bromphenol blue 0.4 % (w/v)
DTT 400 mM
glycerol 40 % (viv)
Tris Base pH 6.8 250 mM
SDS 8% (w/v)

10x SDS running buffer

Tris Base 250 mM
glycin 1,92 M
SDS 1%

4.4.4.Non-denaturating PAGE

For non-denaturating PAGE, the Mini-Protean 3 systieom Biorad with 1.5 mm spacer and
10 well-combs were used. The gels were prepardéssibed above but with a concentration
of 7.5 % (v/v) acrylamide and no SDS.

Percentage of the separating gel 7.5 %
Acrylamid/Bisacrylamid (37, 5:1) 2.5 ml
sterile distilled water 3ml
1.5 M Tris HCI pH 8.8 1.9 mi
10 % APS 75 ul
TEMED 3ul

Sample preparation was the same as for SDS-PAGEpeac2x loading buffer without SDS

was used. A total volume of 30 pl was loaded to tia¢ive gel. Electrophoresis was
performed in buffer, been composed of a cathodeamudle one, at constant 80 V until the
samples entered the separation gel voltage wasagsed to 100 V. Before the bromophenol

blue front reached the bottom of the gel, electoophis was stopped.
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2x native loading buffer

bromophenol blue 0.02 % (w/v)

glycerol 20 % (v/v)

Tris base pH 6.8 125 mM?

10x native running buffer  cathode anode
Tris base 0.53 M 0.1 M
Glycin 0.68 M 0.68 M
pH 8.9 7.8

4.4 5 \Western Transfer

To transfer the separated proteins from the geh WDF membrane for immunodetection,
tank-blotting after (Towbin et al., 1979) was penied.

A stock solution of 10x transfer buffer was prepead diluted according to the gel
type (SDS-PAGE: 10 % (v/v) 10x transfer buffer, @0(v/v) methanol, 70 % (v/v) water;
non-denaturating PAGE: 10 % (v/v) 10x transfer eyf®0 % (v/v) water) for transfer. The
added methanol prevents the gel from swelling dutiansfer and improves the absorption of
proteins on the membrane. Before transferring, R®OF membrane and 3MM Whatman
paper was cut to the size of the gel and equildoran transfer buffer for 5 mins at RT. The
PVDF membrane was activated for 1 min in methamal aquilibrated in transfer buffer.
Since the proteins in the acrylamide gel are negiticharged as they are encircled by SDS,
they will run towards the anode. The sandwich fansfer was assembled in a cassette as
followed: (cathode-side) sponge pad, 2x Whatmarepagrylamide gel, PVDF membrane,
2x Whatman paper (anode-side). The sandwich vsasted together with two ice blocks into
the transfer chamber which was filled with the esponding buffer. The protein transfer was
carried out at constant 100 V for 90 mins with awnbus stirring to maintain a homogenous
ion concentration and cool temperature.

To proof the efficiency of protein transfer the PWihembrane was stained for 1 min
with Ponceau S-solution, which as a negative diaids positively charged amino groups of
proteins. Rinse the blot in distilled water untddikground is reduced and red protein bands
appeared, and highlighted Protein standards witlalapen. Wash blot 2 times in distilled

water to remove Ponceau S-solution.
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10x transfer buffer

Tris base 250 mM
glycine 1,92 M
pH 8.3

Ponceau S-solution
Ponceau S 0.5 % (w/v)
acetic acid 1% (viv)

4.4.6.Immunoblotting

To saturate unspecific binding sites the PVDF memérwas blocked over night at 4 °C or
1 hour at room temperature in 5 % PBST-milk witmstant agitation. The membrane was
probed with primary antibody (Table 7) diluted in% PBST-milk over night or over the
weekend at 4 °C with constant agitation. Thereafter membrane was washed 3 to 6 times
for 5 mins in PBST. The secondary HRP coupled adigb(Table 8) was diluted in 5 %
PBST-milk and put on the membrane for 1 hour ahrdaemperature with constant shaking.
Afterwards the membrane was washed for 30 mingi& TR, changing it every 5 mins.

To detect specific proteins an enhanced-chemiluscigrece-reagent (ECL) was used.
Luminol from the reagent is oxidized by the perasd coupled to the secondary antibody,
thereby emitting light which can be detected byXaray film or a camera. Phenol from the
reagent is enhancing the light emission by 100@g¢inTThe membrane was incubated for
5 mins in the respective detection kit correspogdmthe sensitivity of the signal, with femto
kit being most sensitive. The blot was placed belilde between plastic foil and positioned
in X-ray cassette or at the bottom of Chemidoc XR&:hine. The X-ray film was processed
by an automatic film developer after a total expesume of 5 mins. Digital images which
could be further analysed by pQuant software wakert with the Chemidoc XRS machine
after an exposure time of 30 secs and 5 mins.

Blots for further analysis were stripped with gpifpy buffer. The membrane was
washed quickly with PBST and incubated in strippmgfer twice for 30 mins at room
temperature with agitation. Afterwards, the membramas washed twice in PBST for
10 mins, blocked for 1 hour in PBST-milk and redped over night at 4 °C with a different
antibody.
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10x PBS

NacCl 1.37 M
KCI 26.8 mM
NaHPO*2H,0 64.6 mM
KH,PO, 14.7 mM
pH 7.2

PBST

10x PBS 10 %
Tween 20 1%
distilled water 90 %

5 % PBST-milk
skim milk powder 5 % (w/v)

The skim milk powder was solved in PBST.

stripping buffer

glycine 0.2M

SDS 1%

pH 2 adjust with HCI
4.4.7.ELISA

To measure the concentration of polymeric and toakoserpin in mouse brain homogenates
an enzyme-linked-immuno-absorbance-assay (ELISAjoraing to published protocol
(Miranda et al., 2008; Miranda et al., 2004) wadqened.

Therefore, 96 well plates with a high binding capeaavere coated over night with
neuroserpin antibody (2 pg/ml, see Table 7) in P&&r 3 washes with washing buffer, the
plates were incubated for 2 hours with blockingf@uét room temperature. The samples and
standards were diluted in blocking buffer and iredeld over night at 4 °C. The work was
done at least in duplicates, with several sampigidins. Antibodies for detection were left on
for 2 h, they were either a blend of three mona&loneuroserpin antibodies (final

concentration 1 pug/ml), or a polymer specific mdanal antibody 7C6 (used at 1 pg/ml)
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(Table 7). The secondary rabbit anti-mouse IgG HB&pled antibody (Table 8) was
incubated for 1 hour. To develop the reaction TNl substrate was added. After 10 mins
in the dark, the reaction was stopped with 1¥66, and absorbance was read at 450 nm
using a spectrophotometer.

Washing buffer Blocking buffer

PBS pH 7.4 PBS pH 7.4

NacCl 0.9% (w/v) BSA 0.25 % (w/v)
Tween 20 0.05 % (v/v) Tween 20 0.05 % (v/iv9

4.5 Immunohistochemistry

To detect the presence of specific proteins inscell tissue, immunohistochemistry was
performed. The method is based on specific antid@digen binding and contains the
following steps: 1) binding of primary antibody tantigen; 2) recognition of the
antibody-antigen complex by secondary, enzyme gat@d, antibody; 3) forming of
coloured precipitate at the sites of antibody-aatidpinding, after addition of substrate and
chromogen. Preservation and fixation of the sanmpleritical for tissue architecture, cell

morphology and antigen retrieval of target epitopes

4.5.1.Formalin fixed tissue

Brains were fixed in 3.5 % formaldehyde solutiorr fat least 16 hours followed by
dehydration in ethanol of ascending concentratitinen put into xylol solutions, and finally
transferred into paraffin solution using an ASP S@&hydration machine. Afterwards, tissue
was embedded in liquid paraffin (60 °C). After daglto 4 °C to set paraffin, the blocks were
released of their embedding cassettes and storedmattemperature for further processing.

4.5.2.Sectioning

Coronal sections were taken starting from the tdigcbulbs to the cerebellum. Paraffin

blocks were cut into 4 um thick sections with a nmiome. The sections were collected and
flattened in a water bath, transferred to a 65 @ewbath when taken up onto Superfrost
slides. To drain off remaining paraffin and to ding sections incubation at 60 °C over night

was performed.
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4.5.3.Haematoxylin/ Eosin staining

Haematoxylin and eosin staining is a standard ktboy procedure in histology. Thereby,
basophilic nuclei were stained blue by haematoxyihereas eosinophilc structures like
cytoplamsa, collagen and muscles were stainedyedin.

Therefore, paraffin sections were incubated forndis in Xylol and hydrated in
descending series of alcohol rinsed in water amdlkated for 5 min in haemalaun (after
Mayer). The staining was stopped by rinsing thelesli for 5 mins in distilled water.
Differentiation was performed in HCl-water for 28cends, followed by a 5 mins rinse under
running water, to reach a clear blue staining & tuclei. Afterwards, the slides were
incubated for 2-3 mins in 70 % ethanol. Countenstg with hydrophobic eosin solution up
to 3 mins was performed. To remove unbound dyegrs¢washing steps in 100 % ethanol
were done. The sections were dehydrated in ascgragines of ethanol (each 2 times for
1 mins in 90 %, 96 % and 100 % ethanol), put intwix(2 times for 2 mins) embedded in

Sakura GLC mounting media and dried at 60 °C imaunbator.

HCI- water

distilled water 500 ml

HCI 2.5 ml of 37 % (v/v)

Eosin Phloxin B

Eosin 39 Phloxin B 059
distilled water 300 ml distilled water 50 ml

Eosin solution

Eosin 50 ml
Phloxin B 5 ml
ethanol 390 mi
acetic acid 2 ml

4.5.4.Immunohistochemical staining and analysis

Paraffinsections were stained using the Ventanacleark XT machine. Deparaffinated

sections (see 4.5.3.) were boiled for 30—60 mi@drmM citrate buffer, pH 6.0, for antigen
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retrieval. To block endogenous peroxidase, thei@ectwere incubated for 5 min with 3 %
H.,O, in methanol and washed in distilled water as vesllin TBS 2 times for 10 mins.
Sections were incubated for 90 mins with primaryibandies diluted in antibody diluting
agent (NeuN, activated Caspase3, Neuroserpin; T@blsimultaneously unspecific binding
sites were blocked. Slides were washed 3 timesB®& &nd incubated for 1 hour with
appropriate immunoperoxidase-polymer coupsedondary antibodies diluted in Histofine.
Visualisation was achieved by a 10-90 mins inculastep in the dark with DAB-4D;
solution. Subsequently, several washes in distMeder and TBS were performed. Nuclei
were counterstained using haemalaun (principle 4&e3). Sections were dehydrated
according to the standard settings of the machdoeer-slipped using mounting media and
dried in an incubator at 60 °C.

Pictures were taken using an axioscope40 brightt frecroscope from Zeiss equipped
with a digital camera. At least three mice werelyed per experimental group and time
point. Immunosignals for Neuroserpin, NeuN andvatéd Caspase3 were quantified in the

entire CA1 and CA2 hippocampal region at three@natally matched levels.

antibody diluting agent
goat serum 20 %
antibody diluent 80 %

4.5.5.Fixed cell immunocytochemistry

CCL-136°"1<% cells transfected with pcDNA3.1 harbouring wilgpéy and mutant
neuroserpin grown on glass cover slips, were waghéBS, fixed in ice-cold acetone and
blocked for 15 mins in PBS containing 1.2 mg/ml kieymserum. After incubation with goat
anti-neuroserpin antibody (Table 7) for 20 mind]scevere washed, and Alexa555-labelled
secondary antibody (Table 8) was applied for 20 smiNuclei were counterstained by
0.4 pug/ml 4’6-Diamidino-2’-phenylindole (DAPI) inBS for 5 mins and slides were mounted
in Fluoromount G. Images were taken on a fluoreseelight microscope (Nikon###)
equipped with digital camera. The percentage of rasmipin expressing cells with
autophagosomes and the percentage of autophagosontaming neuroserpin was evaluated

(at least three independent experiments; >100/gefistype).
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4.5.6.Electron microscopy

For electron microscopy, animals were deeply ahatged by a mixture of
Ketamin/Xylazine and perfused through the hearh p#rfusion solution.

For preembedding DAB-immunohistochemistry 150 pnrckthsagittal vibratome
sections of the brain were cut. After rinsing in 32 Bendogenous peroxidase activity was
blocked by applying peroxidase blocker for 30 nfiellowing additional washes in PBS,
unspecific binding sites were saturated with blodke 15 mins and sections were incubated
over night with in carrier diluted neuroserpin aotily (Table 7). Slides were washed in PBS,
incubated for 90 min with in carrier diluted biotlated secondary antibody (Table 8) and
incubated for additional period of 90 mins with Yastain-ABC-kit (1:1000 in PBS).
Afterwards, sections were rinsed in PBS and reavtgd diaminobenzidine (DAB)-k0,
solution for 10 min. Thereafter, sections were fosti with 1% (w/v) osmiumtetroxide,
dehydrated in an ascending series of ethanol ame@ded in Epon.

For postembedding immunogold labelling small pieaesryoprotected cortices were
mounted on specimen holders and immersed in ligirdgen. Ultrathin sections were cut,
labelled according to (Slot and Geuze, 2007), ataingned with a Zeiss EM 902. Electron
microscopy was kindly done by Michaela Schweitzenf the morphological service unit of
the ZMNH Hamburg.

perfusion solution peroxidase blocker
paraformaldehyde 4 % (wiv) hydrogen peroxidedfj 0.3 %
glutaraldehyde 0.1 % (w/w) sodium borhydride (a1 %
PBS pH 7.2 PBS pH 7.2

blocker carrier

horse serum 10 % horse serum 1%
bovine serum albumin (BSA)0.2 % BSA 0.2 %

4.6 Cell culture

The cell culture work was done in collaborationhnilarkus Geissen.
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4.6.1.Cell line

CCL-136°""“3cells were a kind gift of Jan Linemann (Lunemanal.e 2007b). These cells
are human muscle cells stably expressing a GFR-E&jfusion construct.

4.6.2.Thawing of frozen cell lines and cell culturing

A frozen aliquot of CCL-138""“3cells (stored in a cryovial at -80 °C) were caiéeton dry
ice. The frozen aliquot was thawed for 1 min af@7using a water bath until a small amount
of ice remained. One ml of thawed cells were tramefl into a 10 cm dish prepared with 10
ml of pre-warmed DMEM supplemented with 10 % (WBS and 1x Penicillin/Streptomycin
(further considered as DMEM+). Cells were maintdireg 37 °C and 5 % (v/v) in a
humidified incubator. On the next day the media vegaced by fresh one, and the cells were
culture for one to two days more. The cells well& apleast twice before use in experiments.
Confluent cells were split (every 3-4 days) by waghwith 10 ml 1x PBS, adding of
200 pl trypsin/EDTA and incubation for 5 mins at 37; trypsin digestion was stopped by
adding 10 ml of DMEM+. Cells were diluted into am&0 cm dish at a ratio of 1:10 in a total

volume of 20 ml.

4.6.3.Cryopreservation of cell lines

The cultured cells were assessed under a lightosgope to evaluate the cell density and to
confirm absence of bacterial and fungal contammabells from a confluent 10 cm dish were
washed once with 1x PBS, trypsinised and resuspgemiel0 ml culture media. After
centrifugation at 500 x g for 10 mins, cell peles resuspended in 1 ml freezing media and
transferred in a cryovial for storage at -80 °C.

Freezing media

40 % DMEM media
50 % FBS

10 % DMSO

4.6.4.Transient transfection of adherent cells and treatrent with pharmacological agent

The day before transfection, cells were plated atsix well-dish to reach a confluency of

90% at the next day, as this is necessary forfeatisn with FUGeneHD. 4 ug of total DNA
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(wt or S49P) was diluted with 100 pl of DMEM+, 10 of FUGeneHD was added and
incubated at room temperature for 15 mins. Theedlatlls were washed with PBS, followed
by adding approximately 1.9 ml fresh pre-warmed IMAEinto each well. 100 pl of
FUGeneHD-DNA mix were added into the appropriatdlsvand incubated for 3 days at
37 °C and 5 % C@for protein expression. The cells were treated6lorwith Chloroquine

with concentrations of 50 uM, or left untreated.
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5. Results

5.1Progressive accumulation of polymeric neuroserpin n the ER of

neurons

To study polymeric neuroserpin deposition in nearam detail, we used transgenic mice
over-expressing wild-type and S49P human neurasarpder the control of the neuronal
Thy-1 promoter (Galliciotti et al., 2007). Firstlywve monitored the accumulation of
neuroserpin aggregates over time. Therefore, colyam sections oTg(NS>**) andTg(NS)
mice aged 8, 12, 20, 34, 45, 64, and >80weeks (a8l were stained with a neuroserpin
antibody (Fig. 13A). In the entire CA1 and CA2 hmpgampal region at three anatomically
matched levels neuroserpin inclusion bodies wesntjied (Fig. 13B). Mutant neuroserpin
mice showed progressive accumulation of polymeegraserpin in neurons (Fig. 13B; t-Test
p<0.05). At eight weeks of age the first inclusi@mserged, increasing moderately up to week
20 (0.16 % area of neuroserpin immunoreactivitgdalSR) +/-0.02 at 8 weeks; 1.43 % area
NSR +/- 0.39 at 12 weeks, 3.09 % area NSR +/- GB20 weeks forTg(NS>*%9).
Neuroserpin aggregation rose, reaching a plateameke 34 and 45 weeks of age (5.87 %
area NSR +/-0.63 at 34 weeks; 6.77 % area NSR./atl45 weeks, fofg(NS>**). From
week 45 onwards inclusions rose exponentially, heaca second plateau around 64 weeks
(17.79 % area NSR +/- 0.81 at 64 weeks; 20.03 % &SR +/- 2.94 at 80 weeks, for
Tg(NS**R). In control mice expressing wild-type neuroserpno aggregates could be
detected at any investigated time point (Fig. 13).

Next, we were interested to define the intraceflulacalization of polymeric
neuroserpin. For this, we performed standard anduno electron microscopy. Perinuclear
inclusion bodies, differing in size and shape, wdetected in hippocampal neurons of
70 weeks oldTg(NS>* mice (Fig. 14A; left panel). Using immunogold &led primary
neuroserpin antibody, we could identify these stnes as neuroserpin (Fig. 14A; middle
panel). Detailed analyses using diaminobenzidin BPAabelled neuroserpin revealed that
inclusions were engulfed by membranes in close iprnitx to ribosomes, suggesting that
inclusions are retained within the rough ER (FigAlright panel). To further characterize
these inclusions, non-denaturating gel electrogi®rédrom cerebrum of 8 weeks old
transgenic mice was performed. Here, the polympedature of these aggregates became
apparent. Higher molecular weight material couldyome detected inTg(NS>** mice,
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whereas inTg(NS) mice neuroserpin migrated as a single banthatpredicted mass of

monomeric neuroserpin (Fig. 14B).
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Figure 13: Progressive accumulation of mutant newserpin in FENIB mice

(A) Formalin-fixed, paraffin-embedded sections &1Cand CA2 hippocampal region of aged (8, 12,
20, 34, 45, 64, and >80 weekB)(NS*** and Tg(NS) mice were stained with an antibody against
neuroserpin to visualize inclusion bodies. Neunmiseaccumulates progressively Tg(NS***% but

not in Tg(NS) mice (scale bar: 50 pum). (B) Quantificationn&furoserpin inclusions from sections
depicted in (A). Neuroserpin accumulation plateabetiveen 34 and 45 weeks, rising exponentially
to week 64 where a second plateau is reached. fEaeo inclusions was quantified and presented as
the percentage of the hippocampus (CA1 and CAZa[&ISR] (mean; £STD; *: p0.05, ns: p 0.05

in student’s T-test).
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Figure 14: Ultrastructural analysis of mutant neuroserpin mice

(A) Electron micrographs from cortical neurons of0>weeks oldTg(NS***) mice (left panel).
Numerous inclusion bodies (IB) are found in theopjdism (N, Nucleus). Immunogold labelling with
an antibody specific for neuroserpin identifiessehestructures as neuroserpin (IB, middle panel).
Analysis using DAB labelled neuroserpin revealed ERalisation of aggregated neuroserpin (arrows
right panel) (scale bar left to right: 5 um, 500,ninpm; from Michaela Schweitzer). (B) Brain
homogenates of 45 weeks dlg(NS*** andTg(NS) neuroserpin mice, analysed by non-denaturating
PAGE showed mutant neuroserpin as a polymer laddegreas wild-type neuroserpin separated as
monomers.

5.2 Neurodegeneration inTg(NS>**f mice

Since it has been suggested that accumulation lyimgoic neuroserpin correlates with
neurodegeneration (Davis et al., 1999a; Davis et 2102; Lomas, 2002), we assessed
neuronal loss and apoptotic cell death morpholdigicd&or this, immunohistochemical
analysis of hippocampal brain sections BHNS**) and Tg(NS) mice (12, 45 and
>80 weeks; each n=3) was performed. Mature neufdesiN positive) and apoptotic cells
(activated caspase3 positive) were immunolabeltetcuantified in the entire CA1 and CA2
hippocampal region at three anatomically matcheel$ée (Fig. 15).Tg(NS) mice showed
constant quantities of neurons over time (Fig. 15820 neurons/mm+/- 139 at 12 weeks;
5610 neurons/mfn +/- 124 at 45 weeks; 5896 neurons/mm/- 202 at >80 weeks for
To(NS)). In contrastTg(NS>*° mice exhibit a mild decline of neurons from 1248 weeks

of age (Fig. 15B; 5912 neurons/mm+/- 99 at 12 weeks; 5324 neurons/mm/- 96 at
45 weeks forTg(NS>**9). This loss in neurons is more prominent at >88eks of age
(Fig. 15B; 4027 neurons/nfin+/- 285 forTg(NS>**J p=0.01).This neurodegeneration was
accompanied by the occurrence of apoptotic celly (F5C). Apoptosis was only significant
at 12 weeks of age ifig(NS>**7 (Fig. 15D; 3 Casp3+neurons/area, +/- 0.22TigiNS>*?9
and 1 Casp3+neurons/area, +/- 0.67TigiNS) p=0.04; at 45 weeks 2 Casp3+neurons/area,
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+/- 0.59 for Tg(NS>**) and 1 Casp3+neurons/area, +/- 0.36 TgfNS); at 80 weeks
3 Casp3+neurons/area, +/- 1.09 Bg(NS>**) and 2 Casp3+neurons/area, +/- 0.5 for

Tg(NS)).
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Figure 15: Neurodegeneration in FENIB mouse model

(A and B) Substantial loss of NeuN positive neuran€A1 and CA2 hippocampal region only in

aged (45 and 80 week3p(NS* but not inTg(NS) mice when compared to younger littermates
(12 weeks). (C and D) Caspase-3 positive neurobsaim revealed significant induction of apoptosis
only at 12 weeks of age ig(NS***) when compared tdg(NS) (scale bars: 50 pm; mean; +STD;
*:p 0.05in student’s T-test).

5.3 Degradation of mutant neuroserpin

5.3.1.Mild and unspecific induction of autophagy in FENIB mice

Recently, it was shown that in conformational déssa such as mutantl-antitrypsin
deficiency (Kamimoto et al., 2006; Kruse et al.0&)) and in dementias, such as Alzheimer’'s
disease (Nixon et al., 2000) or Huntington’s digse@R@avikumar et al., 2002; Ravikumar et
al., 2004); protein aggregates are processed mphagy. Additionally, mice with defects in
autophagic pathways show neurodegeneration (Koneatsl, 2006; Mizushima et al., 2008).
Therefore, we investigated the role of autophagydégradation of mutant and wild-type

neuroserpin.
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5.3.1.1.Autophagic degradation of mutant and wild-type neupserpin in a cell culture

model

Microtubule-associated protein 1 light chain 3 (Be mammalian homologue of Atg8, is
a unique marker of the autophagic pathway (Klionskyal., 2007), as the lipidated form
(phosphatidylethanolamine conjugated LC3 II) is oagded with the autophagosomal
membrane (Fig. 10) (Kabeya et al., 2000). To ingagt if neuroserpin itself is subject to
degradation by autophagy, we made use of the mustlldine CCL-136 stably transfected
with a GFP-conjugated LC3 Il construct (CCL-£3%"3. In CCL-136"1 cells,
induction of autophagy leads to the appearanckiofdscent dots visualizing autophagosome
formation which can be monitored by microscopy (&onmann et al., 2007a).

Firstly, we were interested if neuroserpin expm@ssh CCL-136"“3cells induces
autophagy. For this, chloroquine treated CCLT36%3cells transfected with neuroserpin
were used as positive control. Cloroquine is anbibtdr of lysosomal acidification and
therefore blocks the fusion of autophagosomes Wibsomes resulting in an increase of
GFP-LC3 Il positive vesicles (Fig. 16A). We trarttsl CCL-138F" 3 cells with wild-type
(WtNS) or S49P mutant (S49P NS) neuroserpin, resedy, counted the total number of
neuroserpin expressing cells and calculated theeptage of GFP-LC3 Il positive cells
expressing neuroserpin. In Fig. 16B ~64 % of CCB°I3"“*cells expressing S49P NS
showed GFP-LC3 Il positive vesicles, whereas ol % of cells transfected with wtNS
showed positive autophagic vesicles. This resuligested that the expression of S49P NS
induces autophagy.

Secondly, we analyzed if mutant or wild-type neerps itself is a target for
autophagy. Therefore we counted the total numbesRP-LC3 1l positive autophagosomes
per cell and determined the percentage of neurms@qsitive compartments colocalizing
with GFP-LC3 Il positive autophagic vesicles (FI§C). Only 1.6 % S49P NS and just 1.5 %
WtNS autophagosomes showed colocalisation of LGB weuroserpin. Thus, we concluded
that presence of S49P NS induces autophagy, igendt a substrate for autophagy itself.

Then, we inhibited or induced autophagy in CCLI36 cells transfected with
S49P NS and wtNS by applying chloroquine or rapamycespectively (Fig. 16C).
Rapamycin induces autophagy by inhibiting TOR kéné3ung et al., 2010; Kamada et al.,
2000). We determined the percentage of neurosgmsitive cells harbouring GFP-LC3 I
positive vesicles. Interestingly, a block in autagh leads only to a slight increase of
autophagic cells harbouring S49P NS compared tds cedrrying wWtNS (Fig. 16C;
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chloroquine treated). Induction of autophagy doet lead to decreased numbers of
autophagosomes in cells expressing S49P NS whemparenh to cells expressing WINS
(Fig. 16C; rapamycin treated). These data confirmedinitial conclusion that S49P-caused
induction of autophagy is a secondary effect anat th49P NS is not a substrate for

autophagy.

Figure 16: Mild induction of autophagy in a cell elture model of FENIB

(A) CCL-136°""%cells were transfected with wild-type (WtNS) or iautt (S49P) neuroserpin. Cells
were treated with chloroquine (+Chlorquine, 5h)ajt untreated. Neuroserpin is red, LC3 Il green,
merge is yellow representing autophagosomes cantgibeuroserpin (scale bar: 2@). (B)
Combined data from three independent repeats of Kn-transfected CCL-186""“® (control)
display baseline levels of autophagy. Chloroquireated cells served as positive control, thus
representing 100 % induction of autophagy. Cellpressing mutant neuroserpin show more
activation of autophagy, demonstrated as incregmydentage of cells with LC3-GFP positive
vesicles within the subsets of cells harbouringoserpin. (C) Combined data from three independent
repeats of (A). The percentage of autophagic wesigositive for LC3 Il and neuroserpin was
determined with or without CQ treatment. Only a omirfraction of autophagic vesicles contain
neuroserpin, irrespective of expression of wildetyy mutant neuroserpin (mean; +STD; *:@O05 in
student’s T-test).
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Figure 16: Mild induction of autophagy in a cell cuture model of FENIB
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5.3.1.2.Minor role of autophagy in degradation of mutant neiroserpin in Tg(NS>**9

mice

In order to assess the contribution of autophaggegradation of mutant S49P neuroserpin
we measured the cytosolic (LC3 1) and the lipidate@3 1l) form of LC3 by immunoblot,
using LC3 Il as a surrogate for autophagy (Kliongtyal., 2007; McLeland et al., 2011;
Mizushima and Klionsky, 2007), iig(NS>**J and Tg(NS) mice. Soluble cytosolic LC3 |
migrated at 16 kD on SDS-PAGE, whereas lipidatedB UC despite a higher molecular
weight, migrated at 18 kD on SDS-PAGE due to itdrbphobicity (Mizushima and
Klionsky, 2007).

We performed western blot analyses with subseqdensitometric quantification
from Tg(NS>** and Tg(NS) mice (n=3) aged 12, 20, 34, and 45weeks. Asitipe control
we used cathepsin D-deficient mice (Koike et alQ0%®, which showed impaired
autophagosome formation leading to the abundarsepoe of the 16 kD LC3 Il band (Fig.
17A; lane CD-/-). Wild-type mice showed a basalgessing of LC3 (Fig. 17A; lane CD).
There were no prominent differences in LC3 Il espien over time comparingg(NS>*)
and Tg(NS) mice (Fig. 17), suggesting no prominent induciof autophagy in neuroserpin
degradation.

Figure 17: Absence of autophagic activity in FENIBnice

(A) TgINS**™ andTg(NS) neuroserpin mice (each n= 3) aged 12, 20a3d 45 weeks were analysed
by western blot for the expression of lipidated LEX3 II), a marker for autophagy. Cathepsin
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D-deficient mouse (CD-/-) served as a positive mrghowing presence of LC3 Il. (B) Densitometric
quantifications of three independent experimergmf(A) are shown graphically (mean; £STD). Both
transgenic mice exhibited basal levels of autophagth just minor changes in mutant neuroserpin
mice.

Furthermore, we analyzed autophagy morphologicélly transmission electron
microscopy to validate the biochemical outcome. #uws, cortical neurons of 20 and 45
weeks oldTg(NS>**9 and Tg(NS) mice were assessed. We could not observefisamt
differences in the abundance of autophagic vacumeseenTg(NS>*°H and Tg(NS) mice
(Fig. 18).

Figure 18: Ultrastructural assessment for autophagsomes in FENIB mice

Electron micrographs from cortical neurons of 2@ @35 weeks oldrg(NS***) and Tg(NS) mice.
Numerous inclusion bodies (NS) are found in theglgsm (N, Nucleus) ofg(NS***) aged mice.
Autophagosomes (red arrow head) are present bdityMS>**%) andTg(NS) mice at 20 and 45 weeks
(scale bar left to right: 1 um, 500 nm).

5.3.2.Mutant neuroserpin is predominantly degraded by theproteasome

We investigated the role of ERAD in the degradatddrmutant neuroserpin. Therefore we
crossed mice impaired in proteasomal degradaffgiuBB*"), (Fischer et al., 2009)) with
To(NS> neuroserpin miceTg(UBB*Y) mice express an aberrant ubiquitin B (UBB
which was shown to accumulate in dementia suchlzasefner’s disease (van Leeuwen et al.,
1998). UBB? has lost the ability to ubiquitinate proteins (Meij et al., 2001), but is
ubiquitinated itself and is thereby both a substfaindsten et al., 2002), and an inhibitor of
the UPS (Lam et al., 2000).
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We quantified neuroserpin inclusion bodies in theelGnd CA2 hippocampal region
of Tg(UBB*/NS>*) and Tg(NS>**% mice at 12, 21, 29, 36, and 45 weeks of age (aad}.
At 12 weeks of ag@g(UBB*Y/NS>**f and Tg(NS>** mice showed comparable amounts of
neuroserpin inclusions (Fig. 19B; 0.46 % area afrogerpin immunoreactivity (area NSR)
+/- 0.06 forTg(UBB™/NS***f and 0.36 % area NSR +/- 0.05 fog(NS>**%). Neuroserpin
accumulation markedly increased Tg(UBB*/NS>** mice at 21 and 29 weeks, reaching a
plateau between week 36 and 45, when compar@d(dS>*°Y mice (Fig. 19B; 1.27 % area
NSR +/- 0.26 at 21 weeks; 3.08 % area NSR +/- 8219 weeks; 6.85 % area NSR +/- 0.29
at 36 weeks; 6.30 % area NSR +/- 0.52 at 45 weak§g(UBB*/NS>**) and 0.39 % area
NSR +/- 0.13 at 21 weeks; 1.36 % area NSR +/- 81280 weeks; 3.74 % area NSR +/- 0.55
at 36 weeks; 3.60 % area NSR +/- 1.08 at 45 weak3d(NS>*). As Tg(UBB*Y/NS>**f
mice harbour twice as much neuroserpin inclusiohenvcompared tag(NS>**9 mice, we
concluded that mutant neuroserpin is substrateeRAD and is degraded by the ubiquitin

proteasome system (UPS).

Figure 19: Proteasomal inhibition accelerates aceoulation of mutant neuroserpin

(A) The hippocampus (CA1 and CA2) B§(UBB*/NS***) andTg(NS***) mice aged 12, 21, 29, 36,
and 45 weeks of age (each n=4) were stained withnaoroserpin antibodyTg(UBB*/NS>**
showed elevated neuroserpin loads comparethtS™* mice for each time point, demonstrating
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that mutant neuroserpin is cleared by the UPS dsbat: 50 um). (B) The area of inclusions was
quantified and presented as the percentage ofijpwdampus (CA1 and CA2) [area NSR] (mean;
+STD; *: p 0.05, ns: p 0.05 in student’s T-test).

5.3.3.Proteasomal inhibition leads to induction of autoplagy in FENIB mice

Several reports describe an up-regulation of awgphesulting from ER dysfunction (Ogata
et al., 2006; Yorimitsu and Klionsky, 2007). RedgnKroeger and colleagues described in an
in vitro model of FENIB that inhibition of the proteasoneads to induction of autophagy
(Kroeger et al., 2009). Therefore, we evaluatedophagy in Tg(UBB™/NS**% and
To(NS>*) mice at 12, 20, 36 and 45 (each n=3) weeks of lagevestern blot analyses
followed by densitometric quantification for lipigal LC3 1l. This analysis revealed an
enhanced induction of autophagy at 36 and 45 wéekEg(UBB™/NS°**f mice when
compared targ(NS>** mice which were set to one (Fig. 20B; 1.59 faidrease +/- 0.19 at
36 weeks; 1.88 fold increase +/- 0.20 at 45 weeksT§(UBB™/NS>*9). These findings
suggest thain vivo autophagy is induced only when the proteasomaladiedion capacity is

overwhelmed.

Figure 20: Proteasomal impairment FENIB mice showa induction of autophagy

(A) Tg(UBB™/NS** andTg(NS***9 mice at 12, 20, 36 and 45 (each n=3) were acddssaestern
blot analysis for LC3 Illb- actin served as a loading control. (B) Densitoroeguantification as a
repetition of three independent experiments is shgnaphically (mean, +STD; p<0.05, student’s

-78 -



Results

T-test). Tg(UBB*/NS***% showed an enhanced induction of autophagy cordpareTg(NS>*
(mean; £STD; *: p 0.05 in student’s T-test).

5.4 Specific degradation of polymeric mutant neuroserp

5.4.1.Selective activation of heat shock chaperone Hsp@dFENIB mice

In conformational diseases where protein aggregatazurs such as Alzheimer’s disease (Di
Domenico et al., 2010; Magrane et al.,, 2004), Pada’'s disease (Auluck et al., 2002;

Klucken et al., 2004), Huntington disease (Sakahitd Nagata, 2002; Sittler et al., 2001),

and trinucleotide repeat diseases (Fujikake e2808; Muchowski et al., 2000; Warrick et

al., 1999), the rapid and transient programme efhbat shock response is triggered. The
molecular basis of neuro-protection of heat shodsponse in these models of

neurodegeneration still remains to be elucidatedoMwski and Wacker, 2005; Richter et

al., 2010). It has been proposed that release aparone Hsp90 from transcription factor

hsf-1 (heat shock factor-1) in response to the mctation of unfolded proteins, induces the

production of Hsp70 and Hsp40, as well as othepetans, to promote protein degradation,
disaggregation, and refolding (Fig. 21) (Luo et 2010; Richter et al., 2010).

Figure 21: Regulation of heat shock response

Heat shock specific transcription factor hsf-1 isimained in an inactive monomeric form in a
complex with chaperone Hsp90. Upon accumulatioralzérrant proteins, Hsp90 dissociates from
hsf-1 binding native-like misfolded proteins (Jakeb al., 1995) to prevent their aggregation.
Monomeric released hsf-1 homotrimerizes, transéxcatinto the nucleus where it is
hyperphosphorylated (Holmberg et al.,, 2001) andoslated (Hietakangas et al., 2003) to induce
transcription of heat shock genes, predominanthpehones Hsp70 and hsp40 that promote protein
disaggregation and refolding.
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Therefore we assessed protein levels of the chaperdsp90 and Hsp70 by western
blot analysis inTg(NS>**) and Tg(NS) neuroserpin mice over time at 12, 20, 34,645,and
>80 weeks (each n=3). Interestingly, densitometnalyses revealed an induction of Hsp90
expression at 45 weeks of age Tg(NS>**) mice when compared tog(NS) (1.83 fold
increase +/- 0.06 fofg(NS>**R). Hsp90 expression levels Tg(NS>**) mice at earlier (12,
20 and 34 weeks) as well as at later time poindsaisd >80 weeks) are unchanged when
compared ta'g(NS) mice (Fig. 22).

To track the specific activation of the chaperoasponse, we analyzed expression
levels of Hsp70, which as a consequence shouldebvated (see Fig. 21). Astonishingly, we
could not detect any changes in Hsp70 protein $ewekr time inTg(NS>*°9 mice when
compared toTg(NS) mice (Fig. 23). Additionally, immunohistocheral staining with
anti-hsp70 antibody of hippocampal sections froamsgenic mice aged 20 and 45 weeks of
age was performed. This analysis confirmed compa@tpression levels of Hsp70 protein in
To(NS>*) andTg(NS) mice over time (Fig. 23C). Taken togethersénéindings indicate that
neuroserpin accumulation selectively induces a umigctivation of heat shock chaperone

Hsp90 after a particular time span.

Figure 22: Selective induction of heat shock chapene Hsp90 in FENIB mice

(A) In Tg(NS** and Tg(NS) neuroserpin mice (each n= 3) at 12, 20, 34645and >80 weeks of
age the expression of Hsp90 was measured by wddtdranalysis. Actin expression levels served as
a loading control. (B) Densitometric quantificationf three independent experiments are shown
graphically (mean; +STD; *: p0.05 in student’s T-testIg(NS***} mice showed an activation of
Hsp90 at 45 weeks of age when comparefgdlS) mice.
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Figure 23: No induction of heat shock chaperone 50 in FENIB mice

(A) Protein expression levels of Hsp70 were assessewestern blot analysis mg(NS>**) and
To(NS) mice aged 12, 20, 34, 45, 64, and >80 weeksh(e= 3). Actin expression levels served as a
loading control. (B) Densitometric quantificatioftsm the depicted western blots in (A) do not show
altered expression of Hsp70 proteingg{NS>**) andTg(NS) mice (mean; +STD). (C) Hippocampal
regions (CA1 and CA2) oTg(NS*** and Tg(NS) neuroserpin mice aged 20 and 45 weeks were
stained with anti-hsp70 antibody. No changes in #@spmmunoreactivity could be detected,
confirming western blot data.

5.4.2.Transient and exhaustible induction of UPR inTg(NS>** mice

As FENIB mice show progressive accumulation of osarpin in the ER (Fig. 14) we
investigated involvement of the unfolded proteisp@nse (UPR) over time (see 2.4). Firstly,
we looked at IRE1 cleavage of XBP1 mRNA. GeneraflBP1 is found in an unprocessed

state and is processed by IRE1 mediated splicirgsmhall intron upon ER stress, giving rise
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to bands of different sizes upon Pstl restrictioayene digestion (Calfon et al., 2002).

Therefore, RNA fromTg(NS) and Tg(NS>**) neuroserpin mice (n=3) aged 12, 20 and
34 weeks was isolated, reverse transcribed to cR@hAdigested with Pstl. N2a cells treated
with Tunicamycin, which inhibit N-glycosylation anthereby elicite ER stress, served as
positive control. We could not detect processethfoof XBP1 inTg(NS>* or Tg(NS) mice

at any of the assessed time points, arguing agaidisimatic induction of this arm of the UPR

in FENIB mice (Fig. 24).

Figure 24: No induction of the IRE1-arm of UPR inFENIB mice

Reverse transcriptase-PCR from midgNS***9 and Tg(NS) aged 12, 20, 34 weeks, and cells,
untreated (T-) or treated with Tunicamycin (T+), swperformed to evaluate levels of XBP1. A
representative agarose gel out of three independepériments is shown. Pstl restriction cut
distinguishes between processed (300bp) and urgzed€600bp) XBP1.

Secondly, we measured expression of the phosphedyfarm of eukaryotic initiation
factor 2 (elF2 P) in order to monitor the PERK-arm of UPR. Forsthie sacrificed
To(NS>*) and Tg(NS) mice at the ages of 12, 20, 34, 45, 64, ar@tive®ks (n=3 each) and
performed western blot analysis for phosphorylated non-phosphorylated forms of elF2
followed by densitometric quantification (Fig. 2%)terestingly, expression level of elR2
was increased by a factor of threeTigtNS>** mice when compared tBg(NS) mice at
20 weeks of age (Fig. 25B; 3.19 fold increase #29Gor Tg(NS>**%). A comparable increase
in expression of elAP was not detected at any other investigated tioiet 12, 34 and
45 weeks), neither fog(NS) nor for Tg(NS>**) mice. At later time points, 64 and
>80 weeks, Tg(NS*** mice showed a reduced expression of efF2vhen compared to
Tg(NS) mice (Fig. 25B; 0.28 fold decrease +/- 0.084iveeks; 0.59 fold decrease +/- 0.17 at
>80 weeks fof g(NS>*h) (Fig. 25).
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Figure 25: Selective activation of the PERK-arm ofJPR in FENIB mice

(A) Western blot analysis for expression of phosplased elF2 in Tg(NS***) and Tg(NS)
neuroserpin mice (n= 3) aged 12, 20, 34, 45, 64 &0 weeks. Expression levels of elFs2rved as

a loading control. (B) Densitometric quantificatifthree independent experiments) of (A), revealed
high expression of phosphorylated elFi2 TgINS***) mice at 20 weeks of age in comparison to
Tg(NS) mice (mean; +STD; *: p0.05, ns: p 0.05 in student’s T-test).

Phosphorylation of elF2 leads to a selective increase in translation ofFAT
transcripts and simultaneously to a general blockrotein translation (Ron and Walter,
2007; Scheuner et al., 2001). Therefore, we evaduptotein expression levels of ATF4 by
western blot analysis followed by a densitometri@mfification inTg(NS>** and Tg(NS)
mice aged 12, 20 and 34 weeks. Interestingly, wddcoot observe alterations in ATF4

protein translation comparingg(NS>**9 andTg(NS) mice (Fig. 26).
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Figure 26: No induction of ATF4 specific translaton in FENIB mice

(A) Expression levels of ATF4 were assessed byervedilot analysis iTg(NS>**) andTg(NS) mice

at 12, 20 and 34 weeks of age. Actin expressioaldeserved as loading control. (B) Densitometric
quantification (three independent experiments) fi@dnshowed equal expression for ATF4 in mutant
and wild-type neuroserpin mice at any investigai®e point (mean, +STD).

To rule out any alterations in ATF4 transcripts, performed quantitative rt-PCR
analysis. Therefore RNA fromg(NS>** and Tg(NS) mice (n=3) aged 12, 20 and 34 weeks
was isolated and reverse transcribed to cDNA terdehe quantities of ATF4 RNA by
quantitative PCR. This analysis revealed compar@i€4 transcript levels over time in
TgINS***R and Tg(NS) mice (Fig. 27). Gene expression analysis fbof a downstream
target of ATF4, did not show transcriptional altevas over time (12, 20, 34 weeks) in
To(NS* and Tg(NS) mice (Fig. 27). These data suggested thateaged mutant
neuroserpin selectively induces the PERK-arm of WRhosphorylation of elF2in a time-

dependent manner in FENIB mice.

Figure 27: Neither ATF4 nor Chop transcripts showalterations in FENIB mice
RNA from Tg(NS***% and Tg(NS) mice aged 12, 20 and 34 weeks was isolatedNAnBxpression

was analyzed by quantitative rt-PCR and normalifmrd3-actin. Relative mRNA amounts (three
independent experiments) for ATF4 (A) and ChopdB) shown graphically (mean, +STD).
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Thirdly, we assessed the expression of cleaved AdFkfine the involvement of the
third arm of UPR. ThereforeTg(NS>**y and Tg(NS) mice aged 12, 20, 34, 45, 64, and
>80 weeks were analyzed by western blot for clea®lF6 with densitometric
quantification. Expression of cleaved ATF6 peakedTg(NS>**) mice between 34 and
45 weeks of age when comparedTig(NS) mice (3.25 fold increase +/- 0.62 at 34 weeks;
3.54 fold increase +/- 0.19 at 45 weeks TgNS>**R). With disease progression (64 and
>80 weeks) expression of cleaved ATF6 initiallystieally dropped down to beloWg(NS)
mice levels (0.41 fold decrease +/- 0.13 at 64 \wp2&KlL7 fold increase +/- 0.49 at >80 weeks
for TgINS>**9) (Fig. 28). This dynamic and exhaustible time rseuof ATF6 activation in
To(NS>* mice suggested a selective involvement of this af UPR in FENIB.

Figure 28: Temporary and exhaustible induction othe ATF6-arm of UPR in FENIB mice

(A) Mutant Tg(NS*** and Tg(NS) neuroserpin mice (n= 3) were analyzed at 02,32, 45, 64, and
>80 weeks of age by western blot for expressiociedved ATF6; actin served as loading control. (B)
Densitometric analysis out of three independenteegrmnts of western blot assessments from (A)
showed an increase of cleaved ATF6 reaching a marirhetween 34 and 45 weeks (3.25 and
3.54 fold-increase compared to wild-type expressémels at 34 and 45 weeks) of ageTg(NS>**)
mice when compared tdg(NS). This response is exhausted with disease @ssgm (64 and
>80 weeks) (mean; £STD; *: 0.05, ns: p 0.05 in student’s T-test).

5.4.3.Polymeric neuroserpin formation is temporarily silenced by induction of UPR

Intraneuronal inclusions present Ty(NS>**§ and Tg(NS) mice consist mainly of mutant
neuroserpin (Fig. 14) (Davis et al., 1999a; Gallitiet al., 2007). Biochemical analysis of

cerebrum from 8 week ol@ig(NS>** mice using non denaturing gels showed presence of
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polymeric neuroserpin whereaBy(NS) mice only contained monomeric conformers of
neuroserpin (Fig. 14B).

The availability of an ELISA specific for polymerreeuroserpin (Miranda et al., 2008;
Miranda et al., 2004) allowed us to investigate teeporal distribution of polymeric
neuroserpin ifTg(NS>**Y and Tg(NS) mice. This analysis revealed a temporary dectif
polymeric neuroserpin between weeks 20 and 45 (b@n6l, +/- 71 at 8 weeks; 1996 ng/ml,
+/- 402 at 12 weeks; 959 ng/ml, +/- 280 20 weeks; 585 ng/ml, +/- 59 at 34 weeks;
873 ng/ml, +/- 56 at 45 weeks) and an exponentareiase from week 64 onwards
(1982 ng/ml, +/- 317 at 64 weeks, 3915 ng/ml, 28 @t >80 weeks) iTg(NS>**R, whereas
polymeric neuroserpin could not be detected @NS) at any investigated time point (Fig.
29A). This is partially paralleled by a slight dease of total mutant neuroserpin from week
12 to week 34 (2129 ng/ml, +/-698 at 12 weeks, 17§anl, +/-258 at 20 weeks, 1754 ng/ml,
+/-241 at 34 weeks) followed by an exponential @ase from week 45 onwards (3424 ng/ml,
+/-443 at 45 weeks, 9016 ng/ml, +/-2507 at 64 webR23 ng/ml, +/-3674 at >80 weeks)
(Fig. 29B). Total wild-type neuroserpin was constainlow levels (e.g. 462 ng/ml, +/- 90 at
20 weeks) (Fig. 29B). The temporary decline of pwyic neuroserpin formation seems to be

silencedby the induction of UPR.
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Figure 29: Quantification of polymeric neuroserpinover time follows a parabolic distribution

Brain homogenates dfig(NS*>**%) andTg(NS) neuroserpin mice (each n= 3) aged 8, 12, 2045, 64,
and >80 weeks were assessed for polymeric (A) atadl (B) neuroserpin by sandwich ELISA. (A)
Polymeric neuroserpin was assessed by ELISA with @@noclonal antibody, which shows high
affinity for polymerized S49P neuroserpin (Miraretaal., 2008) Tg(NS) mice showed no polymeric
neuroserpin at any of the investigated time poiRtdymeric neuroserpin was readily detectable in
Tg(NS**™ at 8 weeks of age. Surprisingly, levels of polyimeeuroserpin dropped, at 34 weeks of
age reaching a minimum. With disease progressievels of polymeric neuroserpin increased
exponentially. (B) Assessment of total neuroseipifg(NS) mice revealed constant low levels of
neuroserpin whereas iMg(NS***9 neuroserpin plateaus between week 12 and 34. Wiikase
progression levels of total neuroserpin increasguentially (mean; £STD; *: p0.05, ns: p 0.05

in student’s T-test).
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6. Discussion

Dementias are neurodegenerative diseases, mobkewf tharacterized by accumulation of
aggregated proteins. The most common cause foeipra@ggregation is misfolding by

aberrant intermolecular linkage resulting in ingtdar or extracellular deposition of protein.

FENIB is an autosomal dominant inherited demerMatations in the gene encoding for
neuroserpin, a neuron specific serine proteas®itohj lead to intraneuronal accumulation of
neuroserpin-polymers resulting in neurodegenerafigpically, long before the first clinical

symptoms arise, protein aggregation takes placedapdsits challenge the fidelity of protein
homeostasis, or proteostasis, of the cell. Theepstasis network ensures the integrity of
intracellular protein components by regulating bgital processes that influence protein
synthesis and folding, trafficking as well as digegation and degradation of misfolded
proteins (Balch et al.,, 2008). The maintenance raftgin homeostasis in the cytosol is
supported by the UPS and the autophagy-lysosontlavpst. The UPS degrades cytosolic or
ER resident proteins which are transported to tR&S Wia ERAD and autophagy degrades
bulk cytoplasmic proteins or organelles (Rubingetial., 2005; Schwartz and Ciechanover,
2009). Similarly, proteostasis in the ER is asdigby the UPR (Schroder and Kaufman,
2005), by ERAD (Tsai et al., 2002) and by autophé@yervo, 2004b; Kruse et al., 2006).
The role of ER overload response (EOR), in whichrERined folded proteins lead to the
activation of NF-kappaB (Davies and Lomas, 2008hIRend Baeuerle, 1995, 1997), is
unclear in this context. In dementias, where irghatar protein aggregation is thought to be
causally involved in disease pathology, the impiwes of the proteostasis network remain to
be elucidated. Little is known about the interplagtween proteostasis maintaining
mechanisms and disease causing protein aggregdts.prompted us to investigate this

aspect in a murine model of the conformational dermd-ENIB.

FENIB — a suitable model to study conformational dseases

Genetically modified animal models, resembling aspef the corresponding human disease,
are used to investigate neurodegenerative disofdacker, 2010). Many murine models for
dementias have been generated and helped to dsthcigenic processes (Dawson et al.,
2010; Jucker, 2010; Kokjohn and Roher, 2009). ,Stiése models do not represent the full
spectrum of disease, as many of them lack progeedess of neurons (Duyckaerts et al.,

2008). Moreover, they do not show a correlationween protein deposition and
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neurodegeneration (Duyckaerts et al., 2008). Ia $tudy we used a murine model of the
FENIB dementia where aberrantly folded neuroseggicumulates within neurons leading to
neurodegeneration (Galliciotti et al., 2007). Wevaatted the descriptions of the FENIB
model of Galliciotti and colleagues by performingextended time-course analysis of mutant
neuroserpin aggregation (Galliciotti et al., 200Mereby, we demonstrated ER localization
of mutant neuroserpin inclusions (Fig. 14A). Weoalsund mutant neuroserpin inclusions
solely surrounded by membranes of unknown origirsirAilar observation was reported for
inclusion bodies of serpin Zl-antitrypsin, a member of the serpin superfam@yanell and
Baldini, 2008; Granell et al., 2008). Furthermone observed prominent neurodegeneration
with the involvement of apoptotic pathways (Fig.).1Substantial neuronal loss occurs at
advanced disease stages (45 weeks or later) dorgeleith an increased amount of inclusion
body deposition (Fig. 13). Accordingly, FENIB midksplay a strong genotype-phenotype
correlation, fully mimicking pathophysiology of ham disease. Therefore, FENIB is ideally
suited as a model disease to investigate the |skagtween proteostasis and protein

aggregation.

Mutant neuroserpin is degraded by ERAD with the asistance of autophagy

Activation of autophagy has been reported to plagriecial role in cell protection during
neurodegenerative diseases (Cuervo, 2004a). InnBarkdisease (PD) (Webb et al., 2003)
and in trinucleotid repeat diseases (Kegel et2800; Ravikumar et al., 2002; Ravikumar et
al., 2004), autophagy-mediated isolation and dexdraidl of aggregated proteins was shown to
be prominently induced. We used a cell culture rhadd-ENIB to investigate the role of
autophagy in mutant neuroserpin degradation. Isteigly, the presence of mutant S49P
neuroserpin per se induces autophagy; neverthiéelessiot a substrate for autophagy itself
(Fig. 16). These data were validated through pheotogical stimulation of autophagy by
treatment with rapamycin which does not lead toaeekd clearance of mutant neuroserpin
(Fig. 16A and C). Assessment of autophagy TigINS>**) and Tg(NS) mice equally
confirmed degradation of mutant and wild-type nearpin as no prominent induction of
autophagy was detected (Fig. 17 and 18).

Conceivably, the occurrence of neuroserpin inclusibodies surrounded by
membranes of unknown origin iTg(NS>**) mice might explain the discordance in
autophagic activity with other model systems stagyconformational diseases. Granell and
colleagues showed that serpin inclusion bodies afant Z 1-antitrypsin neither carry
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classical autophagosomal (LC3 Il) nor lysosomalkeer (LAMP-1), but contain several ER
components (Granell and Baldini, 2008). The autlheed Hepa 1-6 cells to demonstrate the
concentration of Z 1-antitrypsin aggregates in special subdomains®BR before budding
off to form separated inclusion bodies (Granell @&ualdini, 2008). Similarly, Zuber and
colleagues reported for another polymeric membehefserpin superfamily, the null Hong
Kong (NHK) variant of 1-antitrypsin that inclusion bodies originate bydting off the ER
(Zuber et al., 2007 5236). Possibly, mutant neupdseaggregation and sequestration into
inclusion bodies occurs in a comparable manneis fidgmains to be determined by additional
experiments. Furthermore, serpins were proposeak teufficiently conserved and studying
one member might offer insights to the behaviouotbiers. Obviously this is not the case as
aggregates of Z1-antitrypsin in hepatocytes specifically activaedophagy (Kamimoto et
al., 2006; Kruse et al., 2006; Teckman and Perkenu®000). This indicates that degradation
of aggregated proteins display cell type-selegtiwith respect to the cells and tissues which
undergo degeneration (Gidalevitz et al., 2010).

As recently revealed byn vitro studies by Kroeger and colleagues, autophagy
degrades mutant neuroserpin only when the protealsacativity is blocked (Kroeger et al.,
2009). Within our research we demonstrated forfilsetime in vivo that mutant neuroserpin
is selectively degraded by autophagy when the psoimal activity is impaired, as
Tg(UBB*YNS>**) mice showed increased levels of autophagic agtiwhen compared to
To(NS** mice suffering from FENIB only (Fig. 20). Thesendings are of clinical
significance, as enhancement of autophagy by tesatrwith rapamycin, which has been
shown to workin vitro, might represent an option fam vivo application (Kroeger et al.,
2009).

Proteasomal degradation of wild-type and mutantos®rpin has been shown in a cell
culture model of FENIB using PC12 cells as well@3S7 cells (Kroeger et al., 2009;
Miranda et al., 2004). In those cases a block ofgaisomal degradation with pharmacological
agents, such as lactacystein or MG132, leads toeased accumulation of mutant
neuroserpin. In that scenario, misfolded mutantrasarpin is a substrate for ERAD being
retranslocated to the cytosol where it is degrdaethe UPS. In our case we demonstrated
- for the first time in ann vivo mode -mutant neuroserpin to be predominantly degraded by
the proteasome, a(UBB*/NS>**) mice accumulate twice as much neuroserpin inchssi
as Tg(NS>) mice (Fig. 19). Presumably, it is the solublecfian of mutant neuroserpin
which is a substrate for ERAD (Kroeger et al., 2009 possible route to deliver misfolded

mutant neuroserpin to ERAD is by lectins containingnnose-6-phosphate receptor-like
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domains, such as OS9 and XTP3-B (Christianson .et2808; Hosokawa et al., 2010;
Hosokawa et al., 2008). Recently, Christianson @itagues were able to shamvvitro an
association of mutant serpin Z-antitrypsin with OS9 and XTP3-B, which interaatsh an
ubiquitin ligase being a part of the transloconr{§tfanson et al., 2008).

To summarize, we observed mutant neuroserpin tepeeifically degraded by the
proteasome via ERAD and nonspecifically by autoghddperefore, one might assume that
separate pathways exist for degrading soluble muuroserpin and larger aggregates. This
approach is further supported by studies from yaasthich soluble and aggregated mutant

1-antitrypsin is target for degradation via diffiereoutes (Kruse et al., 2006). Nevertheless,
only when the proteasomal degradation capacity viervehelmed does autophagy gain

importance and possibly helps the cell to elimirtatec aggregates.

Hsp90 promotes mutant neuroserpin degradation

Molecular chaperones of the conserved heat shosgonse are induced upon protein
deposition in a variety of conformational disea@dsichowski and Wacker, 2005; Yenari,
2002). Chaperones as components of the proteostatvgork promote disaggregation,
degradation or refolding (Gidalevitz et al., 201b).a Drosophilaas well as in a murine
model for PD overexpression of Hsp70 was reportednitigate -synuclein toxicity and
thereby prevented neuronal loss associated wéinuclein (Auluck et al., 2002; Klucken et
al., 2004). The authors attributed the protectifeceé of Hsp70 to its destabilising impact to
toxic, misfolded -synuclein monomers and/ or small polymeric micggragates (Auluck et
al., 2002). Recently, Hsp70 was discovered to ski#els -synuclein and promote the
degradation of its insoluble forms via chaperoneliated autophagy and the proteasome
(witt, 2010). In another study, Dou and colleagus®wed an interaction between
hyperphosphorylated tau, Hsp70 and Hsp90 in brainalzheimer’'s disease (AD) patients
(Dou et al., 2003). Quantification of Hsp90 in FBBN\hice revealed a selective induction of
this chaperone after advanced disease pathogeaate$isweeks (Fig. 22). At the same time,
accumulation of mutant neuroserpin seized (Fig, 43ygesting that Hsp90 activity promotes
mutant neuroserpin degradation. Since we couldbse¢rve activation of Hsp70 chaperone in
FENIB mice (Fig. 23), this response seems to becipe The molecular basis of
neuroprotection in neurodegeneration still rem#éinke elucidated (Muchowski and Wacker,
2005; Richter et al., 2010). Cell culture experitsemith an AD model using RNAIi and drug-
induced chaperone overexpression indicate Hsp7MHap80 chaperones to maintain tau in a
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soluble, functional conformation and concomitanpigevent tau aggregation (Dou et al.,
2003). Accordingly to this assumption, interactioh mutant neuroserpin polymers with
Hsp90 could prevent their aggregation, keeping atulde for potential proteasomal
degradation.

The involvement of heat shock proteins in serpitipa is not new. It has been
shown that Hsp70 and Hsp90 synthesis was increasethdividuals suffering from
1-antitrypsin deficiency and liver disease (Perbmuet al., 1989). Nevertheless, this is the
first report linking cytosolic chaperones of theahshock response with the pathophysiology
of FENIB.

Transient induction of UPR leads to transient deprssion of polymeric mutant

neuroserpin

The involvement of UPR in aggregated protein dersiin dementia has been discussed
controversially (Davies et al.,, 2009a; Hoozemanalet2009; Yang and Paschen, 2009).
Since mutant neuroserpin deposits in the ER, wesitigated the induction of UPR in FENIB.
In mammals, UPR is conveyed through three sigrgainrms IRE1, PERK and ATF6, which
act in a concerted manner to restore ER homeogtsisales et al., 2006; Ron and Walter,
2007; Schroder and Kaufman, 2005).

We do not see activity of IRE1 signalling, as weuldonot detect spliced XBP1
MRNA (Fig. 24). The lack of XBP1 signalling in FBBlIimay help to explain the fact that
autophagy is not induced (Ogata et al., 2006). hfeuron, we detected PERK-mediated
phosphorylation of elF2at 20 weeks of age in FENIB mice (Fig. 25). Thet that we did
not find significant up-regulation of elFP in very young or aged mice speaks in favour of a
specific induction upon mutant neuroserpin accutiania Hence, elF2P conceivably limits
protein synthesis to a level the existing ER magtyircan cope with. We could not detect
induced expression levels of downstream factorslié® P, such as ATF4 or Chop (Fig. 26
and 27). The absent induction of ATF4 expressiaicates missing activity of the integrated
stress response (Harding et al., 2003). This arogl again points towards a specific impact
of mutant neuroserpin accumulation regarding phosphtion of elF2. The missing
induction of Chop, a transcription factor promoticgjl death, suggests successful limitation
of protein synthesis by elF2hosphorylation. Moreover, we detected a speificiction of
ATF6 over an extended time span. A maximum of ABE8Bvity was shown between 34 and
45 weeks of age in FENIB mice (Fig. 28). At ideatitime points we detected an arrest of
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neuroserpin inclusion accumulation (Fig. 13). Wilisease progression, ATF6 activity is
exhausted (Fig. 28; 64 and >80 weeks), concomyjtamguroserpin inclusions rise

exponentially (Fig. 13). On the one hand, our dat in agreement with previous studies
showing induction of UPR in serpinopathies (Carretlal., 2010; Lawless et al., 2004,
Lawless et al., 2007). On the other hand, our dataradict other studies proposing UPR
independent activation of neurodegenerative mesharin serpinopathies and dementias
(Dadakhujaev et al., 2010; Davies et al., 2009gvElgi et al., 2005; Pahl and Baeuerle,
1995). Besides serpinopathies, UPR has been showwe tprominently involved in the

pathophysiology of other dementias with intraceltuprotein accumulation (Hoozemans et
al., 2009; Salminen and Kaarniranta, 2010). AClWE-6 acts as a transcription factor in
regulating ER quality control proteins (Adachi dt, 2008; Wu et al., 2007), probably

supporting enhanced delivery of soluble mutant osenpin to ERAD and thereby helping to
recover ER homeostasis.

Recently, it was proposed that PERK signallingngplicated in the activation of EOR
(Deng et al., 2004; Jiang et al., 2003; Pahl anduBde, 1995, 1996). PERK signalling
functions by translational attenuation preferehtiddwering levels of inhibitory I-kappaB
subunits, releasing NF-kappaB to execute its pxagairsignal (Deng et al., 2004; Jiang et
al., 2003). The activation of EOR has been repdiederpinopathies, such a%-antitrypsin
deficiency (Hidvegi et al., 2007; Hidvegi et alQd5; Lawless et al., 2004). An elevated level
of NF-kappaB signalling was also found in patienith FENIB (Gill and Windebank, 2000;
Graham and Gibson, 2005; Tergaonkar, 2006). Intiad¢iDavies and colleagues proposed
an activation of EOR by a reduced ER efficiency/angerturbance in Gahomeostasis due
to accumulation of neuroserpin polymers in the BRes et al., 2009b). Induction of EOR
by reactive oxygen species due to perturbatioriSRrhomeostasis has been also reported for
serpinopathies (Teckman et al., 2004). Since thenthaof studies on EOR in mutant serpin
degradation were performed in cell culture, furtimestigations in FENIB mice will provide
insights into the impact of EOR signalling on mutareuroserpin accumulatiom vivo
(Davies et al., 2009a; Hidvegi et al., 2005; Lawlesal., 2004).

Using an ELISA specific for polymeric mutant newgsn (Miranda et al., 2008;
Miranda et al., 2004) we discovered a transientedse in polymeric neuroserpin reaching
minimal concentrations at 34 weeks, rising expaaéntup to 80 weeks of age (Fig 29). This
parabolic distribution of polymeric mutant neurgsercoincides with transient and exhausted
induction of ATF6-arm of UPR (Fig. 30), underliniagcrucial time window between 34 and
45 weeks. We hypothesized that activation of UPRbie to keep ER protein homeostasis
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only balanced during young age. With increasingthgee mechanisms cease, resulting in an
exponential increase of polymers leading to newgederation. Why the ability to mount
efficient UPR responses decreases with age isrdiyrenknown, but recent data show that
this might be correlated to a general reductiomatabolic activity (Naidoo, 2009; Terman
and Brunk, 2004). The fact that dementias show sggific distribution and exponential
incidence rise with age argues in favour of agecifipephenomena perturbing neuronal

protein homeostasis (Rubinsztein, 2006; Salminenkaarniranta, 2010).

Figure 30: ATF6-arm of UPR promotes polymeric mutat neuroserpin degradation

Transient induction of the ATF6-arm of UPR (greemve) promotes transient decrease in polymeric
mutant neuroserpin (red curve). A maximum of ATE6wty was shown between 34 and 45 weeks, a
time frame when polymeric mutant neuroserpin redcimenimal concentrations (blue area). With
increasing age and disease progression these nimthegase resulting in an exponential increase of
polymers leading to neurodegeneration (yellow area)

In summary, we have systematically investigatealvement of cellular mechanism
of protein degradation in a murine model of FEN¥Be showed mutant neuroserpin to be
specifically degraded by the proteasome and nooHsgaly by autophagy. Augmentation of
proteasomal capacity demonstrated importance dafphafic protein turnover in mutant
protein degradation, revealing a close interplaym@gndegradation routes. Further on, our
data suggested that the tightly regulated balaeteden formation of protein polymers and
cell encoded protective mechanism such as UPR dk aseERAD are in a delicate
equilibrium which may be shifted by additional ssers such as old age. Future studies will
have to address if our conclusions are specific dementias with intracellular protein

depositions, such as FENIB, or can be generalzedher dementia with extracellular protein
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deposits. The ameliorating impact of UPR on polymaeuroserpin indicated that targeting

of UPR-pathways may hold therapeutic potential.
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8. Appendix

8.1 Abbreviations

% percentage

°C degree Celcius

Mg microgram

ul microlitre

AD alzheimer's disease

APS ammoniumperoxidsulfat

ATF4 activating transcription factor-4

ATF6 activating transcription factor-6

bp base pair

BSA bovine serum albumin

cDNA complementary deoxyribonucleic acid
CNS central nervous system

CP crossing point

DAB diaminiobenzidine

DEPC diethylpyrocarbonat

DMEM Dulbecco's Modified Eagle's Medium
DMSO dimethylsulfoxid

DNA deoxyribonucleic acid

dNTPs desoxynucleotide triphosphate (s)
DTT dithiothreitol

E efficiency

ECL enhanced chemiluminiscence

EDTA ethylendiamintetraacetat

elF2 eukaryotic initiation factor 2

elF2 P eukaryotic initiation factor 2phosphorylated
ELISA enzyme-linked immunosorbent assay
EOR ER overload response

ER endoplasmic reticulum

ERAD ER associated degradation
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F fluorescence

FBS fetal bovine sera

FENIB familial encephalopathy with neuroserpin ustbn bodies
Fig. figure

g accelaration

g gram

GFP green flourescent protein

h hour

HRP horse radish peroxidase

IRE1 inositol-requiring kinase 1

kb kilo base (= 1000 bp)

kDa kilo Dalton (= 1000 Da)

I liter

M mol

M* intermediate

mA mili amper

mg miligram

min minute

mi mililitre

mM milimol

MOPS 3-(N-Morpholino)propan Sulfonsaure
MRNA messenger RNA

ng nanogram

nm nanometer

NS neuroserpin

oD optical densitiy

PAGE polyacrylamide gel electrophoresis
PAI-1 plasminogen activator inhibitor-1
PBS phosphate buffered saline

PBST phosphate buffered saline with Tween
PCR polymerase chain reaction

PD Parkinson's disease

PERK double-stranded RNA-activated protein kind&deR)-like ER kinase
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pH
PI12
PVDF
gPCR

RCL
RNA
RNA
rpm
RT
rt-PCR
SDS
SDS
sec
SP
STD
TBS
TEMED
Tm

T™MB
tPA

uPA
UPR
UPS
UPS
uv

viv
wiv
WT
ZMNH

potentia hydrogenii

Proteinase Inhibitor 12

polyvinylidene fluoride

guantitative polymerase chain reaction
realtive expression ratio

reactive center loop

ribonucleic acid

ribonucleic acid

round per minute

room temperature

reverse transcriptase polymerase chainiogact

sodiumdodecyl sulfate

sodium dodecyl sulfate

seconds

signal peptide

standard deviation

tris buffered saline
N',N'-tetramethylethylenediamine
annealing tempertature

melting tempertur
(3,3",5,5"-Tetramethylbenzidine
type plasminogen activator

unit

urokinase-type plasminogen activator
unfolded protein response
Ubiqutin proteasome system
Ubiqutin proteasome system
ultra violet

volt

volume per volume

weight per volume

wild-type

Zentrum fur Molekulare Biologie Hamburg
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