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ABSTRACT
Beta-amyloid peptide (AP) contributes significantly to neurodegeneration during the
development of Alzheimer’s disease (AD). Many studies showed that AP can cause
oxidative damage. Thioredoxin (Trx) is a redox protein that can reverse cysteine
oxidative modifications such as sulfenylation and nitrosylation. Thioredoxin-interacting
protein (Txnip) is an endogenous Trx inhibitor. In the present study, using
immunoblotting analysis, I found that Txnip protein levels and total sulfenylated protein
levels were significantly increased in the hippocampus and frontal cortex of 9 and
12-month old App/Psl mice compared with wild-type mice. AP also directly increased
Txnip protein levels, and cysteine sulfenylation and nitrosylation. Using CRISPR/Cas9
technology, we found that knocking out Txnip in HT22 cells blocked AB-induced protein
sulfenylation and nitrosylation. Our findings suggest that AB may upregulate Txnip,
subsequently inhibiting Trx activity and enhancing cysteine sulfenylation and

nitrosylation. These results also indicate that Txnip may have potential for AD treatment.
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CHAPTER 1: INTRODUCTION

1.1 Beta-amyloids and Alzheimer’s Disease
1.1.1  Neurobiology of Alzheimer’s disease

Alzheimer’s disease (AD) was first identified in 1906 by a German psychiatrist
Alois Alzheimer and used to describe the case of his patient Auguste D who showed
profound memory loss, unfounded suspicions about her family, and other worsening
psychological changes. Over the last century, AD has become known as the most
common cause of dementia. An estimated 5.5 million Americans are living with AD in
2017, a number projected to grow to 13.8 million by mid-21% century [1]. AD is
recognized as a neurodegenerative brain disease with symptoms of memory loss, declined
cognitive function and behavior changes such as apathy, agitation and aggression. The
highest risk factors for AD include aging, family history with AD and carrying the
apolipoprotein E (ApoE) &4 gene. Although clear mechanisms have not yet been
explained, amyloid plaques, neurofibrillary tangles and deficency of cholinergic and
glutamergic neurotransmission have been considered as main pathological factors in AD.

The amyloid hypothesis postulates that neurodegeneration in AD is caused by
abnormal accumulation of B-amyloid plaques in various areas of the brain. B-amyloid
peptide (AP), the main component of amyloid plaques, plays a critical role in the origin

and progression of the nervous tissue damage in AD patients. A was first sequenced



from the meningeal blood vessels of patients suffering from AD in 1984 [2].
Subsequently, AP was confirmed in the amyloid plaques of AD patient brain tissue [3][4].
Hardy and Allsop formally proposed the amyloid hypothesis for the first time in 1991 [5].
Shortly after studies found that amyloid precursor protein (APP), presenilin (PS1) and
PS2 gene mutations were associated with AD development [6][7][8]. Nowadays it is
widely believed that mutations in these genes can induce increased production of A
peptides. Further studies demonstrated that the aggregation of AP could be considered as
the primary pathological trigger contributing to neuritic injury, neuronal dysfunction, and
cell death in AD [9][10].

Neurofibrillary tangles are caused by hyperphosphorylation of Tau proteins.
Belonging to the family of microtubule-associated proteins, Tau proteins are mainly
located in neurons [11] and play a central role in assembling and stabilizing neuronal
microtubule network under physiological conditions [12]. The binding activity between
tau protein and microtubule can be regulated post-translationally by different kinases
such as glycogen synthase kinase 3 (GSK-3fB), cyclin-dependent kinase (Cdk5) or
mitogen-activated protein kinase (MAPK). The hyperphosphorylation of tau reduces its
affinity towards microtubules. Under pathological conditions, increased levels of
hyperphosphorylated tau proteins detach from microtubules and accumulate in the

cytosol [13]. Further, detached hyperphosphorylated tau protein polymerizes into paired



helical filaments (PHF) and straight filaments (SF) referred to as neurofibrillary tangles
[14]. It was found that increased levels of hyperphosphorylated tau protein accumulated
in the neuronal cytosol of AD brain [15]. The loss of normal tau protein function will
affect cellular functions of neurons, such as maintenance of appropriate morphology,
axonal transport, synaptic dysfunction and neurodegeneration [16].

Cholinergic dysfunction is the oldest hypothesis in AD. The degeneration of
cholinergic neurons in the basal forebrain is thought to be one of the earliest pathological
events in AD patients [1][16][18]. Cholinergic deficits lead to the decreased synthesis of
acetylcholine. In the brain, acetylcholine functions as an essential neurotransmitter in
central nervous system and peripheral nervous system, modulating cognitive processes
such as arousal, attention, and memory. Choline acetyltransferase is responsible for the
synthesis of the neurotransmitter acetylcholine. Studies reported the reduction of choline
acetyltransferase activity in the cerebral cortex of brain tissues from AD patients [17][18].
In vitro studies have shown that A inhibits cholinergic neurotransmission [19][20]. It has
been found that cholinergic dysfunction may also contribute to the formation of Af
plaques [21].

Glutamate is the major excitatory neurotransmitter, accounting for over 90% of the
synaptic connections in the human brain [131]. The two main categories of glutamate

receptors are AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) and



NMDA (N-methyl-D-aspartate) receptors. AMPA receptors are ionotropic receptors
which are permeable to Na*, K and to a small extent Ca®’, and specialized for fast
excitation. NMDA receptors are also ionotropic but mainly permeable to Ca**, and are
particularly important for learning and memory when activated [131][132]. Constant
glutamate signaling is required to activate long-term potentiation, which is a crucial
hypothesis of long-term memory [133]. In AD, chronic mild activation of NMDA
receptors ultimately leading to neurodegeneration is one of the leading symptoms of
neurotransmission imbalance termed excitotoxicity [133]. Hyperactivation of NMDA
receptors allows the influx of Ca2+ ions into postsynaptic neurons, leading to increased
nitric oxide (NO) production, increased levels of free radicals, dysfunction of calcium
homeostasis, activation of proteases, increased cytotoxic transcription factors and

neuronal cell death [134].

1.1.2 Formation of Ap

AP is composed of 39-43 amino acids that are proteolytically derived from the
sequential enzymatic cleavage of the widely distributed transmembrane APP by
B-secretase and y-secretase [6][24][151]. The APP gene is located on chromosome 21.
Alternative splicing of APP transcript generates eight isoforms with length ranging from

639 to 770 amino acids [152][153]. Among these isoforms, the 695, 751 and 770 amino



acid forms are the most common [161]. The 695 amino acid form is predominantly
expressed in the central nervous system, while 751 and 770 amino acid forms are
ubiquitously expressed in the skin [153][154]. In neurons, APP is produced in a large
quantity and metabolized very rapidly [154]. After sorting through the endoplasmic
reticulum and Golgi, APP is delivered by fast axonal transport to synaptic terminals
[153][155]. Critical steps of APP processing occur in the trans-Golgi network and cell

surface, generating various products with different functions [22].

Nonamyloidogenic Amyloidogenic
APPsa APPsB
P3 \ la-secretase B-secretase y-secretase AB
*=—| %
y-secretase

OOOOOOOOOOOOOOmj ?IOOOOOOIOOOOOOOOOOO 000000000000 WO00 00000 (POOOOOOOOOOOOODOOCOD
\ >

\

| v

00000000000000000040 1000000 00000000000¢ 1000000000000 DOOOOOOOIDOOOOO0000O000000000000O

intracellular

AICD
AICD a-CTF APP B-CTF

Figure 1. The structure and metabolism of amyloid precursor protein (APP) by two
processing pathways. The nonamyloidogenic processing of APP involving a-secretase
followed by y-secretase (left); the amyloidogenic processing of APP involving
B-secretase followed by y-secretase (right). Abbreviations: APP, Amyloid Precursor
Protein; APPsa, Soluble Amyloid Precursor Protein o; APPsP, Soluble Amyloid
Precursor Protein B; aCTF, a-carboxyl-terminal fragment; BCTF, B-secretase-cleaved C
terminal fragment; AICD, Amyloid Precursor Protein Intracellular Domain.
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Sequential cleavage of APP occurs by two pathways (Figure 1) . The first pathway
is nonamyloidogenic processing of APP proteolyzed by a-secretase followed by
y-secretase [151][153]. The cleavage of APP by a-secretase results in the production of a
soluble form of APP (APPsa) and a-carboxyl-terminal fragment (a-CTF) [154]. a-CTF is
further proteolyzed by y-secretase to produce small peptide P3 and amyloid precursor
protein intracellular domain (AICD) [154][157]. The APPsa shows functions similar to
growth factors and increases proliferation of embryonic neural stem cells (NSCs) in vitro
[161]. In contrast to the role of APPsa in proliferation, AICD has been suggested to be a
negative regulator of neural progenitor cells proliferation [157]. P3 fragment (A
17-40/42) has less toxic effect than AP1-42. The second pathway is an amyloidogenic
pathway. In this pathway, APP is initially cleaved by B-secretase (also known as aspartyl
protease BACEI) to produce a soluble secreted form of APP (APPsP) and a C-terminal
fragment B-CTF [25][158]. The subsequent cleavage of B-CTF by y-secretase yields AP
peptide and AICD [155][156]. APPsp is reported to be a death receptor ligand, mediating
axonal pruning and neuronal cell death [154][160]. The length of AP peptide varies at the
C-terminal according to the cleavage pattern by y-secretase [156]. Major AP peptide
products are AB1-40 and AB1-42. AB1-40 is the most prevalent [ 162]. However, Af1-42
monomers are more prone to being aggregated and assembled into potential toxic

oligomers under pathological conditions [154][162]. It has been reported that A



oligomers can cause synapse loss and neuronal death by disrupting various signaling
pathways like fyn kinase, GSK3p, and Cdk5 pathways [159][163]. It was also reported
that AP can increase oxidative stress, hyperactivate N-methyl-D-aspartate (NMDA)

receptors and impair mitochondrial function [164].

1.1.3 AP in Alzheimer’s disease

Many studies have supported the pathological role of AB in AD. In AD patients,
studies found that AP peptide is the principal component of AP plaques [23][24][136].
Studies have shown that mutations in APP and presenilins lead to higher amounts of the
disease-linked AP aggregation [25]. Studies have also shown that the disease-associated
AP42 peptides decline in cerebrospinal fluid (CSF) of AD patients approximately 1-2
decades before the onset of symptoms [26][27]. Recently, the toxic AP oligomer enriched
with B-sheet has been primarily found to cause cytotoxicity, synaptic impairment and
memory deficiency in rodents [28]. For these reasons, AP has been considered as a

pathological trigger of neuronal dysfunction and cell death in AD.

1.1.4  App/Psl Animal Model in AD Research
Currently there is no effective treatment for AD. Many studies on AD depend on

appropriate animal models. Most animal models are established based on genetics,



mainly involving APP gene on chromosome 21, PS1 gene on chromosome 14, PS2 gene
on chromosome 1, Tau protein gene on chromosome 17 and ApoE gene on chromosome
19 [29]. The App/Ps1 double transgenic mouse model is one of the most commonly and
extensively used in AD studies, due to the similar pathological changes to AD.

The first gene mutation identified as a cause of autosomal dominant AD was the
APP gene [30]. APP mutations are named according to the geographic location from
which the affected family originated. The K670N/M671L double mutation at the
B-secretase cleavage site, initially found in a Swedish family, results in increased
B-secretase cleavage and thus increased AP production of both AB40 and AP42 [6][31].
Mutations in the presenilin (PS) genes are another cause of autosomal dominant AD
[32][8]. The two PS genes encode proteins with similar function. Both PS genes encode
the catalytic subunit of y-secretase [33]. PS1 mutations are more severe and much more
common than PS2 mutations [34]. AD-associated PS mutations can increase the
APB42/ABA40 ratio [35][36][37].

Double transgenic App/PsI mouse from a cross line between App and Ps/ gene is
an acknowledged animal model. Double transgenic App ke7onme71L/ PsImis6L mice were
generated by crossing App keronmeriL single transgenic mice with PslwmissL single
transgenic mice. The mice exhibit f-amyloid (APB) deposition relatively early in the brain.

The mutant App/Ps1 mice express a human APP (K670N/M671L Swedish mutations) and



a mutant human PS1 (M146L) controlled by prion promoter elements (Figure 2).
Excessive formation of AP plaques in the brain have been observed in App/Ps1 transgenic
mice. Studies consistently found memory loss and cognitive deficits in these mice.
Short-term memory loss was detected at as early as age 3-month [38]. Previous studies
including ours have shown that the spatial memory was impaired in 6-, 9- and
12-month-old 4App/PsI mice when compared to wild-type [39][40][41]. These results
suggest that these mice can provide researchers with various materials to investigate
mechanisms of AD pathology and develop therapeutic agents. During my graduate study,

I also used App/Ps1 double transgenic mice in my research.

1.2 Oxidative stress in Alzheimer’s disease
1.2.1  Ocxidative stress

Oxygen metabolism is essential to cell life, but the process also forms partially
reduced reactive oxygen species (ROS), a potential threat to cells [165][168]. The
mitochondrial electron transport chain is responsible for most oxygen consumption and is
a major source of ROS production [165][166]. Nicotinamide adenine dinucleotide
phosphate oxidase- and cytochrome P450 oxygenases-catalyzed reaction also produce
ROS [166]. A series of natural antioxidant defense systems normally eliminate ROS

levels and limit tissue damage. ROS include superoxide (O2’), hydrogen peroxide (H202)



Amyloidogenic

APPsp
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Figure 2. Gene mutations of APP/PS1 animal model. The APP/PS1 double transgenic
mice overexpress a human APP (K670N/M671L) Swedish mutation and a mutant human
PS1 mutation (M146L) on y-secretase. Abbreviations: APP, Amyloid Precursor Protein;
APPsp, Soluble Amyloid Precursor Protein ; BCTF, B-secretase-cleaved C Terminal
Fragment; AICD, Amyloid Precursor Protein Intracellular Domain.
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and hydroxyl radical (HO*) [165][170]. As shown in Figure 3, O2 is formed by the
addition of one electron to oxygen (O.) through a variety of mechanisms including
enzymatic sources including mitochondrial electron transport chain, NADPH oxidase and
cytochrome P450 oxygenases. O2 radical is dismutated by superoxide dismutase (SOD)
to H202, which is further converted to H>O by catalase. H.O: also reacts with glutathione
catalyzed by glutathione peroxidase and converts H>O> to H>O. HO- radical is generated
in the presence of H.0, and Fe?* by Fenton reaction [165][166][167]. Oxidative
damage results from ROS overproduction that overrides the cellular antioxidative
capacity to remove excess ROS [169][172]. Oxidative damage can also be caused by
reactive nitrogen species (RNS) [170][171]. Nitric oxide (NOe-) radical is produced
during the oxygen-dependent conversion of L-arginine to L-citrulline, catalyzed by nitric
oxide synthase (NOS). NOe radical can also react with O to form peroxynitrite
(ONOO). ONOO  is pH sensitive, at or below physiological pH it is protonated to form a
peroxynitrous acid (ONOOH), which can undergo homolytic fission to generate hydroxyl
(HO*) and nitrogen dioxide (NO2¢) radicals [171].

The ROS/RNS are capable of damaging and modifying several types of
macromolecules within the cell, including DNA, RNA, lipids, and proteins. These

modifications may also generate potent reactive molecules [169][172].
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NOS
L-arginine ——— L-citrulline

Mitochondrial electron transport chain

NADPH oxidase
Cytochrome P450 oxygenases H*
0O, > Oy » ONOO- — ONOOH
S0D
catalase v GSH
HED + Dz +-— HEGE —_—* HED HO= ++ NDE
glutathione
eroxidase
Fe?* g
HO-

Figure 3. Sources of ROS and RNS and some detoxification pathways. O>", superoxide;
H>0., hydrogen peroxide; HOe, hydroxyl radical; SOD, superoxide dismutase; NO, Nitric
oxide; NOS, nitric oxide synthase; ONOO", peroxynitrite; ONOOH, peroxynitrous acid;
NOze, nitrogen dioxide

-SOH H,0O, -SO,H H,0, -SO;H
H,0, Sulfenic acid Sulfinic acid Sulfonic acid
Cysteine reversible irreversible irreversible
NO- -SNO
Nitrosothiol
reversible

Figure 4. Cysteine oxidative modifications. H>.O> can oxidize Cysteine to generate
reversible sulfenic acid (-SOH) (sulfenylation), further oxidized to irreversible sulfinic acid
(-SO2H) or sulfonic acid (-SO3H). NOe radical can induce reversible nitrosylation of
Cysteine to nitrosothiol (-SNO) (nitrosylation).
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1.2.2  Ocxidative stress in Alzheimer’s disease

The brain is highly vulnerable to oxidative stress because it is very rich in easily
peroxidizable fatty acids, has a high demand for oxygen and relatively lacks antioxidant
systems. Mitochondrial dysfunction is major source for ROS overproduction. Studies
have found that in the early stages of the disease, AP can enter the mitochondria, induce
mitochondrial impairment, and increase ROS production and oxidative stress [42][43]. A
significant amount of evidence has shown that oxidative stress is a critical pathological
factor in AD. For example, studies showed higher levels of lipid peroxidation products in
the hippocampus and pyriform cortex, and peripheral blood of patients with dementia of
the Alzheimer type and mild cognitive impairment (MCI) [44][45]. A study also found
that levels of 4-hydroxyhexenal (4-HNE), an end product of lipid peroxidation, were
elevated in the hippocampus of the early stages of AD [46]. Other lipid peroxidation
products F2-isoprostane and F4-neuroprostane were also found to be increased in frontal,
parietal and occipital lobes in patients with MCI, and in patients at the late stage of AD
[47]. Studies also reported high levels of protein carbonyls in frontal cortex of patients
with MCI, mild AD, and AD when compared to health matched controls [48]. DNA
oxidation marker, 8-hydroxy-2'-deoxyguanosine (8-OH-dG), was also significantly
increased in hippocampus and CSF of patients with AD [49][50].

Oxidative damage has been found in brain of AD animal models. It was reported

13



that lipid peroxidation was increased, while antioxidants such as glutathione and vitamin
E levels were decreased in brain of a triple-transgenic mouse model (3xTg-AD)
harboring PS1misev, APPswe, and taupsoiL transgenes [51]. Studies have also shown that
levels of lipid peroxidation products were increased in plasma, urine and cerebral tissue
of APPswe transgenic mice models of AD [52]. Further, it has been found that protein
oxidation was increased and SOD activity was impaired in brain of APP transgenic mice
[53][54]. A dietary treatment with the potent polyphenolic antioxidant curcumin in
APPsye transgenic mice can decrease protein carbonyls and Ap deposition [55].

AP has also been found to damage mitochondria and increase ROS production.
Studies found that incubation with both Ap25-35 and AB1-42 in isolated rat brain
mitochondria can decrease the activity of mitochondrial complex 1V [56][57]. Treatment
with AP25-35 was also found to increase the levels of H>O> and lipid peroxides in
primary cultured rat cortical neurons and PC12 cell line [58]. AB1-42 has also been found

to increase ROS production in cultured rat hippocampal neurons [59].

1.2.3  Protein cysteine oxidative modification in Alzheimer’s disease
Proteins are critical in regulation of cellular structure and function. Oxidative
damage to protein may result in various cellular functional changes. Cysteine (Cys)

residues in protein play a significant role in many biological activities including enzyme
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regulation, metal binding, gene transcription and others [60][61]. Cys thiols are very
susceptible to attack by H202 and NO* radicals. Both H.O, and NO* at pathological
concentrations may target Cys and induce Cys oxidative modification, resulting in
neuronal dysfunction and eventually neuronal cell death. As shown in Figure 4, H,Ocan
oxidize Cys to generate reversible sulfenic acid (sulfenylation), subsequently either
forming a disulfide bond with a nearby thiol or being further oxidized to irreversible
sulfinic acid or sulfonic acid. NOe radical can also induce reversible nitrosylation of Cys
[62].

A number of studies have shown that nitrosylation may contribute to AD
pathophysiology. Previously our laboratory found that vesicular acetylcholine transporter,
vesicular glutamate transporters and vesicular monoamine transporter 2 can be
nitrosylated, and nitrosylation of these transporters can inhibit vesicular neurotransmitter
uptake in mouse brain [63]. Further our laboratory has also found that not only total
nitrosylated protein levels but also nitrosylation of vesicular acetylcholine and vesicular
glutamate transporter were increased in brain of 9- and 12-month-old App/Ps1 transgenic
mice [41]. BACEL, insulin-degrading enzyme (IDE) and ApoE are three factors that
regulate AP metabolism and aggregation. IDE is responsible for the clearance of various
hormones and peptides, including insulin and Ap [64]. ApoE represents a family of

proteins enhancing the break-down of AP both within and between cells [65]. In vitro
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studies have shown that all these three proteins can be S-nitrosylated in either cultured
neurons or HEK-293 cell line [66][67][68]. Studies also found increased S-nitrosylation
of BACEL, IDE, and ApoE in AD postmortem brains, suggesting that protein

nitrosylation processes are important in Ap deposition and AD development [66][68][69].

1.3 Thioredoxin antioxidant system
1.3.1  Structure and isoforms of thioredoxin

Thioredoxin as an oxidoreductase is highly conserved and ubiquitous in all cells.
Trx was first identified as a hydrogen donor for ribonucleotide reductase in Escherichia
coli [70]. There are two major isoforms of Trx, encoded by separate genes: cytosolic Trx
(Trx1) and mitochondrial Trx (Trx2). Trx proteins in different organisms share a typical
structure. It is composed of four a-helices and five B-sheets with a highly conserved
active-site sequence, Cys®2-Gly-Pro-Cys®. The thiol groups on cysteine residues play a
critical role in the thiol-disulfide exchange reaction. Oxidation of a critical thiol group in
cysteine will generally lead to a changed biological function. Besides the two cysteine
residues, mammalian Trx1 contains three other critical cysteine residues at position -62,
-69, and -73. These three Cys residues can undergo various post-translational

modifications, such as thiol oxidation, glutathionylation, and S-nitrosylation [71].
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1.3.2  Function of thioredoxin

Thioredoxin produces antioxidant activity, stimulates cell growth, inhibits apoptosis,
activates numerous transcription factors and regulates the immune function. Thus, it is a
promising therapeutic target in various diseases.

First, thioredoxin (Trx) as an oxidoreductase maintains a reduced environment in
the cell, and renders protection against oxidative stress. Under oxidative stress conditions,
Trx reduces cysteine oxidation modification. As shown in Figure 5, reduced Trx
[Trx-(SH)2] can reduce protein sulfenylation (-SOH) and disulfidation (Protein-S») by its
general oxidoreductase activity, generating oxidized Trx (Trx-S2). Trx-(SH)2 can also
reverse nitrosylation by reacting with nitrosothiols (-SNO), subsequently converting
nitrosothiols to cysteine thiols and release nitroxyl ion (HNO). Further, Trx can reduce
the oxidized form of Peroxiredoxin (Prx-S;) to the reduced Prx-(SH)2, and in turn
scavenge H>O> and other peroxides. Studies found that transient overexpression of Prx in
cultured cells could eliminate the intracellular H2O2 generated in response to growth
factors [72].

Second, Trx can inhibit the apoptotic process. Reduced Trx can bind to the
N-terminal portion of apoptosis signal-regulating kinase 1 (ASK1), thereby inhibiting
ASK1 activity [73]. Under the stimulation of oxidative stress and proinflammatory

cytokines, ASK1 is dissociated from Trx and induces ASK1 phosphorylation,
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subsequently resulting in JNK/p38 activation and cell apoptosis. It has been reported that
association of Trx with ASK1 through a single cysteine (Trx Cys32 or Trx Cys35) is
necessary and sufficient for Trx-induced ASKZ1 inhibition [74].

Third, Trx1 can also translocate into nucleus and interact with many transcription
factors such as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB)
and activator protein 1 (AP-1), thereby regulating gene expression. The transcription
factors NF-xB and AP-1 have been implicated in the inducible expression of a variety of
genes involved in responses to oxidative stress and cellular defense mechanisms. It was
reported that Trx stimulates NF-«B DNA binding activity and promotes
NF-kB-dependent gene expression in primary cultured human T lymphocytes [75][76]. It
was also reported that overexpression of Trx in Hela cells can increase AP-1 DNA
binding activity [77]. These results suggest that thioredoxin plays an important role in the

regulation of transcriptional processes.

1.3.3  Regulation of thioredoxin

Reduced Trx is maintained by thioredoxin reductase (TrxR). As shown in Figure 5,
in the presence of TrxR, the dithiol moieties of Trx are reduced by receiving electrons
from NADPH. The selenocysteine (Sec) residue in thioredoxin reductase is conserved in

mammalian species in a C-terminal-Gly-Cys-Sec-Gly motif, with the Sec residue being
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NADPH Protein-S,

Protein-(SH),
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-SH+HNO
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Figure 5. Thioredoxin antioxidant system. NADPH, nicotinamide adenine dinucleotide
phosphate; NADP", oxidized form of NADPH; TrxR, thioredoxin reductase; Trx-So,
oxidized form of thioredoxin; Trx-(SH)>, reduced form of thioredoxin; -SOH, sulfenic
acid (sulfenylation); -SH, thiol group; Protein-S,, oxidized protein with disulfide bond
(disulfidation); Protein-(SH),, protein with thiols; -SNO, nitrosothiols (nitrosylation);
HNO, nitroxyl ion; Prx-S;, oxidized form of peroxiredoxin; Prx-(SH)., reduced form of
peroxiredoxin.
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essential for catalytic activity [78][79].

Thioredoxin-interacting protein (Txnip) is an endogenous Trx inhibitor, interacting
with the active center of Trx, thereby inhibiting Trx reducing activity. Txnip can form a
disulfide bond between the Trx active site cysteine 32 and Txnip cysteine 247. The
increase in Txnip-Trx complexes results in more oxidized proteins under oxidative stress.

As mentioned earlier, Trx1 can undergo post-translational modifications. For
example, glutathionylation of Trx1 Cys73 was found to inhibit Trx1 activity under
conditions of oxidative stress [80][137]. S-nitrosylation is a dynamic post-translational
modification for the regulation of protein functions [81]. Studies have found that the
activity of Trx1 increased upon S-nitrosylation. It was reported that S-nitrosylation of Trx
Cys 69 enables Trx1 to scavenge ROS, preserve its redox regulatory activity and
antiapoptotic function in endothelial cells [82].

Trx gene expression can be positively regulated by nuclear factor erythroid 2
(NFE2)-related factor 2 (Nrf2). Nrf2 is a member of the cap ‘n’ collar (CNC) subfamily
of basic region leucine zipper (bZip) transcription factors [83]. A primary emerging
function of Nrf2 from studies over the past decade is its role in resistance to oxidative
stress through resembling a common DNA sequence called antioxidant response element
(ARE) [84]. Trx gene promoter region contains four functional ARE site. Nrf2 can

directly induce Trx gene expression by binding to ARE [85]. Protein deglycase (DJ-1),
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known as Parkinson disease protein 7, also showed protective effects on neurons against
oxidative stress and cell death [86][87]. Studies showed that overexpression of DJ-1 can
result in increased Nrf2 protein levels, promotes its translocation into the nucleus and
enhances its recruitment onto the ARE site in the Trx1 promoter. In addition, DJ-1
knockdown in SH-SY5Y cells and DJ-1 knockout in mice significantly decreased Trx1

protein and mMRNA levels [88].

1.3.4  Studies of thioredoxin antioxidant system in Alzheimer’s disease
Studies have shown that Trx antioxidant system can be regulated in AD. Akterin et
al. have reported that Trx1 protein levels were reduced in postmortem frontal cortex and
hippocampal CAL region of patients with AD [89]. Trx1 protein levels were also reduced
in postmortem hippocampus and amygdala of patients with AD [90]. Increased TrxR
levels were also found in postmortem amygdala and cerebellum of patients with AD [90].
In addition, AP1-42 was found to cause Trx1l oxidation in SH-SY5Y human
neuroblastoma cells [89]. Treatment with recombinant Trx or TrxR inhibited AB-induced
cytoxicity in primary cultured rat hippocampal cells [90]. These results indicate that
dysregulation of Trx antioxidant systems could be essential events in AD pathogenesis.
Studies also found that knockout of Trx gene in mice is embryonically lethal in the

homozygous mutants, but appears normal and viable in heterozygous mutants [138][139].
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These results showed that Trx expression is essential for early differentiation of the
mouse embryo. Previously TrxR1 knockout mice were found significantly smaller and
exhibited symptoms of ataxia and tremor. TrxR1 knockout mice also showed reduced
proliferation of the external granular layer and impaired fissure formation of the
cerebellar cortex [140], indicating that TrxR1 may play a critical role in the cerebellar
morphogenesis. Txnip-deficient mice have fasting hypoglycemia and ketosis with a
striking enhancement of glucose uptake by peripheral tissues [142][143]. Txnip is now
known as a critical regulator of glucose metabolism [141][142]. So far, there is no study

on Txnip gene deficiency in Alzheimer’s disease.

1.4 Summary

AP plaques are the primary pathological characteristics found in AD patients
[1][2][3]. AD animal models that elevate A show AD-like behaviors such as memory
loss and aggressive behaviors [35][38]. Many studies have consistently shown that ROS
production, lipid peroxidation and protein oxidation were increased in brain of AD
patients, brain of AD animal models and Ap-treated cells [48][50][53]. Since oxidative
stress significantly contributes to neurodegeneration and inflammation processes,
oxidative stress-caused damage plays an important role in AD development [54][55]. Trx

is a small redox protein that plays a vital role in the regulation of oxidative protein
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cysteine modification [71][72]. A Trx reduced state is maintained by TrxR, and Txnip is
an endogenous inhibitor for Trx. Trx system is a crucial antioxidant system for protection
against oxidative stress and maintenance of the cellular redox balance [78][93].

Deficiency of Trx system may play an important role in AD development.

1.5 Overall objectives of this project
In order to understand the role of Trx antioxidant system in AD development, |
analyzed Trx and Txnip in brain of App/Psl transgenic mice and AP-treated neuronal
cells. My research objectives are:
1. To determine the regulation of thioredoxin system in the brain of App/PsI mice
2. To determine the effect of A on Trx and Txnip in cultured neuronal cells.
3. To determine the role of thioredoxin system in AP-induced oxidative protein

modification
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CHAPTER 2: MATERIALS AND METHODS

2.1 AP peptide preparation

Preparation of AB1-42 oligomers was performed as previously described [91].
AP1-42 peptide (abcam, US) was dissolved in 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP)
(sigma-aldrich, Canada) at a concentration of 0.5 mM and incubated for 1 hour at room
temperature for complete solubilization. The solution was dried under a fume hood
overnight. The peptide film can be sealed the next day and stored at -20<C. The peptide
film was suspended in dimethyl sulfoxide (DMSQO) to a final concentration of 5mM.
Then DMSO solution of AB1-42 was diluted in phosphate buffered saline (PBS) to a
concentration of 100uM (2% DMSO in the stock solution), incubated at 4<C for 24 hours.
Finally, the concentration of AB1-42 was determined by Bradford protein assay. The
results have shown that the concentration of AB1-42 in the stock solution is
approximately 50 pM.

Acetyl-Amyloid B 25-35 (AP25-35) was purchased from Sigma-Aldrich Canada.
Lyophilized AB25-35 was dissolved in PBS to obtain a stock solution at 1mM and stored
at -20°C until use. AP25-35 was directly added to cell culture medium at 20uM

concentration.
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2.2 Cell culture

HT22 mouse hippocampal cell line was generously provided by the Salk Institute
(La Jolla, CA, USA). HT22 cells were maintained in Dulbecco’s Modified Eagle Media
(DMEM) (Life Technologies Inc, Burlington, ON, Canada) supplemented with 1%
penicillin/streptomycin and 10% fetal bovine serum, and cultured at 37 <C under 5% CO..

Primary cultured mouse cerebral cortical neurons were performed as previously
described [92]. Embryonic fetuses at day 17-18 were removed from the uterus and the
cerebral cortex was dissected by Dr. Michael Jackson’s lab. After | received cerebral
cortex, | removed meninges and blood vessels, digested tissue with 0.25% trypsin for 15
minutes at 37<C, followed by DNase (0.7mg/ml) digestion for another 15 minutes at
37<C. Then digestion procedure was terminated with 10% fetal bovine serum. After
precipitation, supernatant was discarded. Then tissue was dissociated mechanically by
pipetting and resuspended in 1ml fresh neurobasal medium (Life Technologies Inc) with
1X GlutaMax (Life Technologies Inc), 1X GS21 supplement (Sigma-Aldrich Canada), 1%
of penicillin/streptomycin. Cells were seeded onto poly-D-lysine-coated (50ug/ml) cell
culture plates at a density of 3x10° cells/ml. Medium was half changed twice per week.

Cells were maintained in culture at 37 <C under 5% CO. for 10 days before A treatment.
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2.3 Tissue processing and protein isolation

Protein isolation from mouse brain tissue: Mouse hippocampus and frontal cortex
were dissected and homogenized at 10:1 (ml/g) ice-cold lysis buffer containing 20 mM
HEPES (pH 7.5), 250 mM NacCl, 20% glycerol, 30 mM MgCl;, 0.5 mM EDTA, 0.1mM
ethylene glycol tetraacetic acid (EGTA), 1% nonidet P40 and 1 protease inhibitor
cocktail (Thermo Scientific, Marietta, OH, USA). The homogenized tissues were kept on
ice for 1 h and then centrifuged at 10,000X g for 15 min at 4<C. The supernatants were
then collected as protein extract. Bradford protein assay was used to determine protein
concentrations (Bradford, 1976).

Protein isolation from cultured cells: Cells were washed twice, scraped with
ice-cold PBS and then collected by centrifuge at 1000X g for 5 min at 4<C. Cell lysis
procedure was the same with the procedure used for mouse brain tissue as described
above. The cell lysate were kept on ice for 1 h and then centrifuged at 10,000X g for 15
min at 4 <C. The supernatant was collected as protein extract. Protein concentrations were

determined by the Bradford protein assay (Bradford, 1976).

2.4 Immunoblotting analysis
Protein samples were mixed with a loading buffer containing 100mM Tris-HCI (pH

6.8), 200 mM dithiothreitol (DTT), 4% sodium dodecyl sulfate (SDS), 0.2%
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bromophenol blue and 20% glycerol. Protein samples were loaded to electrophoresis in
12% SDS polyacrylamide gels for 1 hour at 120V. Then proteins were transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA) for 2 hours at 220
mA on ice. Membrane blots were first blocked with 5% milk in Tris-buffered saline (TBS)
containing 10mM Tris-HCI (pH 7.4) and 0.1% Tween-20 at room temperature for 1h.
The membrane was incubated overnight at 4<C with primary antibody of rabbit
monoclonal Txnip (1:2000 dilution, Abcam Inc., Toronto, ON, Canada) or rabbit
monoclonal Trx1 (1:7000 dilution, Cell Signaling Technology, Danvers, MA, USA).
Then the membrane was further incubated with secondary antibody of goat anti-rabbit
conjugated to horseradish peroxidase (1:5000, Abcam, Eugene, Oregon, USA) for 1 h at
room temperature. The membranes were developed using enhanced chemiluminescence
reagents (PerkinElmer, Waltham, MA, USA), and then images were captured by the
ChemiDoc MP System (Bio-Rad, Dreieich, Germany). Band signal intensity was

quantified by measuring the density of the band using Image Lab (Bio-Rad).

2.5 Protein sulfenylation and nitrosylation
Dimedone conjugation assay for detection of cysteine sulfenylated proteins [93]:
Sulfenylated thiols was first reacted with dimedone to generate irreversible

dimedone-derivatized proteins that then were subjected to SDS-PAGE gel, transferred to
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membranes and analyzed by western blot with anti-dimedone antibody. Cells were
washed with PBS and digested with 0.25% trypsin. Then the reaction was terminated
with Dulbecco's modified Eagle medium containing 5% dimedone and 10% fetal bovine
serum. After cells were centrifuged at 1000g, cell pellet was collected and lysed on ice
for 30 min with a lysate buffer containing dimedone and catalase (2mM dimedone, 3 mM
citric acid, 0.1% Triton-X and 12 mM sodium phosphate dibasic, 10mM iodoacetamide,
10mM N-ethylmaleimide, 200 units/ml catalase, 10mM EDTA and 0.01% SDS). The
lysates were centrifuged at 10,000g for 10 min and the supernatants were collected. The
protein was quantified by Bradford protein assay (Bradford, 1976). Fifteen pg of protein
was used to analyze sulfenylated proteins using immunoblotting analysis with
anti-cysteine sulfenic acid antibody at 1:3000 dilution (Millipore Canada Ltd, Etobicoke,
ON, Canada).
Biotin-switch assay for detection of cysteine nitrosylated proteins [41]:

First, unmodified thiols in cysteine were blocked with a thiol-specific methylthiolating
agent methyl methanethiosulfonate (MMTS) (MMTS cannot block oxidative modified
thiols). Then nitrosylated thiols in cysteine were reduced back to free thiols by ascorbate.
The newly formed free thiols were labeled with N-[6-(biotinamido) hexyl]-3’-
(2’-pyridyldithio) propionamide (biotin-HPDP). Biotinylated protein (nitrosylated protein)
was resolved by SDS-PAGE, transferred to membrane and detected by anti-biotin
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antibody. One hundred pg of protein in 50 ul was incubated with 200ul blocking solution
(40mM MMTS, 2.5% SDS, 250 mM HEPES pH 7.7, 1 mM EDTA and 0.1 mM
neocuproine) at 50 <C for 40 min, and then added with 1 ml cold 99% acetone and further
incubated at -20 <C for 40 minutes for precipitation. The reaction mixture was
centrifuged at 13,000x g, at 4<C for 15 min. After supernatant was removed, the pellet
was resuspend with 15ul HENS buffer (250mM HEPES pH 7.7, 0.1mM neocuproine and
ImM EDTA, 1% SDS), and added with 250 pl of 50 mM ascorbate and 4mM
biotin-HPDP, and incubated at room temperature for 1 h. Fifteen pl from each sample
was used to analyze nitrosylated proteins using immunoblotting analysis with polyclonal

anti-biotin antibody at 1:2000 dilution (Sigma, St. Louis, MO, USA).

2.6 Generation of Txnip knockout cells

Txnip single guide RNAs (sgRNAs) or scrambled sgRNAs (as control), and
CRISPR/Cas9 All-in-One lentivector pLenti-U6-sgRNA-SFFV-Cas9-2A-Puro were
purchased from ABM Inc (Richmond, BC, Canada). The plasmids were packaged by
lentivirus and transfected into HT22 cells. Then stably transfected HT22 cells were
selected using the antibiotic Puromycin. Lentiviral packaging, gene transfection and
stable transfection were performed by Dr. Eftekhar Eftekharpour’s laboratory. Briefly

HEK293T cells were transfected with Cas9-sgRNA constructs and packaging plasmids
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(GAG, VSVG, REV and TAT) [93][94]. Then the media containing lentiviral particles
was collected after 48 hour HEK293T cell transfection. The lentiviral particles were used
to further transfected into HT22 cells using polybrene as transfection agent. Stably
transfected HT22 cells were selected by passaging in media containing 4pg/mi
Puromycin. Single clones from scramble and Txnip knockout cells were selected and

propagated for further experiments.

2.7 Statistical analysis

IBM SPSS 24.0 software (IBM, Armonk, New York, USA) was used to perform
statistical analysis. All results were expressed as mean = standard error of the mean
(SEM). Significant differences among means were analyzed by one-way analysis of
variance (ANOVA) with Tukey post hoc comparisons. Student’s t-tests were used for
statistical analysis of two groups. A p value of less than 0.05 was regarded as statistically

significant.
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CHAPTER 3: RESULTS

3.1 To determine if Trx is downregulated and Txnip is upregulated in brain of
App/Ps1 mice
3.1.1 10pg of protein is appropriate for immunoblotting analysis of Trx and Txnip
protein levels

Protein at amount of 2.5, 5, 10, 20 and 40 pg from HT22 cell lysates were loaded in
12% of SDS-PAGE gel. Trx and Txnip protein levels were measured using
immunoblotting analysis. As shown in Figure 6A and 6B, 12 KD band was identified as
Trx, and 55 KD band was identified as Txnip. Intensity was increased when protein

amounts were increased. Based on these results, [ used 10 pg for my research.

3.1.2 Txnip protein levels are increased in the frontal cortex and hippocampus of 9
and 12-month-old App/Ps1 mice

Proteins were isolated from frontal cortex and hippocampus of 3, 6, 9 and
12-month-old App/PsI and wild type mice, and Trx and Txnip protein levels were
measured by immunoblotting analysis. As shown in Figure 7A and 7B, we found that Trx
protein levels were not changed in frontal cortex of 6, 9 and 12-month-old App/PsI mice
and hippocampus of 3, 6, 9 and 12-month-old App/Ps1 mice, but Trx protein levels were

increased in frontal cortex of 3-month-old App/Psl mice when compared to controls.
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Figure 6.Whole blot of Thioredoxin (A) and Thioredoxin-interacting protein (B).
Protein at amount of 2.5, 5, 10, 20 and 40 pg from HT22 cell lysates were loaded in 12%
of SDS-PAGE gel. Immunoblotting analysis was performed using primary antibody of
rabbit monoclonal Trx1 (1:7000 dilution, Cell Signaling Technology, Danvers, MA,
USA) (A) or rabbit monoclonal Txnip (1:2000 dilution, Abcam Inc., Toronto, ON,
Canada) (B).
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Figure 7. Trx protein levels in frontal cortex (A) and hippocampus (B) of 3-, 6-, 9-,
12-month-old wild type (WT) mice and APP/PS1 transgenic mice (Tg). Data are
displayed as mean + SEM, 3 month: N=11 for wild type, N=10 for APP/PS1; 6 month:
N=12 for wild type, N=6 for APP/PS1; 9 month: N=10 for wild type, N=9 for APP/PS1;
12 month: N=9 for wild type, N=5 for APP/PS1.

33



However, we found that although Txnip protein levels were not significantly
changed in frontal cortex of 3 and 6-month-old App/PsI mice, Txnip protein levels were
significantly increased in 9 and 12-month-old App/Psl mice when compared to their wild
type littermates (Figure 8A). In the hippocampus region (Figure 8B), Txnip protein levels
were also significantly increased in 9 and 12-month-old App/PsI mice, but not in 3 and

6-month-old App/Ps1 mice when compared with wild type mice.

3.1.3 Sulfenylated protein levels are increased in frontal cortex and hippocampus of
9 and 12-month-old App/PsI mice

Txnip can inhibit Trx activity, subsequently promoting cysteine oxidative
modification such as nitrosylation and sulfenylation. Previously we have found that total
nitrosylated protein levels were significantly increased in frontal cortex and hippocampus
of 9, 12-month-old App/PsI mice [41]. In the present study, I also investigated total
sulfenylated protein levels in frontal cortex and hippocampus of 9 and 12-month-old
App/Ps1 mice. Sulfenylated protein levels were measured by dimedone conjugation assay.
As shown in Figure 9A and 9B, although total sulfenylated protein levels was not
significantly changed in frontal cortex of 9-month-old App/Psl mice when compared to
wild type mice, sulfenylated protein levels were significantly increased in frontal cortex

of 12-month-old App/PsI mice and in hippocampus of 9 and 12-month-old App/Ps mice
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when compared with wild type mice.

(A)

Txnip

g-actin

300
250
200
150
100 -
50 -

Frontal cortex

0

(B)

Txnip

B-actin

300 -
250
200
150 -
100
50 -

Hippocampus

3 month & month 9 month
WT Tg WT Tg WT Tg
— — - -_—— —_—
— — | — e —
300 - 300
250 - 250 -
200 - 200 -
*
150 - 150 -
I 100 | 1 100 | —F
50 - 50 -
T 0 0 T
Wr  Tg WT Tg WT Tg
3 month & month 8 month
WT Tg WT Tg WT Tg
- e e — — o —
— — — — ————
300 - 300 -
*
250 - 250 -
200 200 -
150 - 150
T 100 | —F 100 { —F
a0 - 50 -
T 0 T 0 .
Wt Tg WT To wT Tg

300 -
250 -
200
150
100 -
50

12 month
WT Tg

| ———

ke

HH

WT Ta
12 month
WT Tg

HH

WT Ta

Figure 8.Txnip protein levels in frontal cortex (A) and hippocampus (B) of 3-, 6-, 9-,
12-month-old wild type (WT) mice and APP/PS1 transgenic mice (Tg). Data are
displayed as mean £ SEM, 3 month: N=11 for wild type, N=10 for APP/PS1; 6 month:
N=12 for wild type, N=6 for APP/PS1; 9 month: N=10 for wild type, N=9 for APP/PS1;
12 month: N=9 for wild type, N=5 for APP/PS1. * indicates p < 0.05, * * * indicates p <
0.001 by student’s t test.
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Figure 9.Sulfenylated protein levels in frontal cortex (A) and hippocampus (B) of 9-,
12-month-old wild type (WT) mice and APP/PS1 transgenic mice (Tg). Data are
displayed as mean £ SEM. 9 month: N=10 for wild type, N=9 for APP/PS1; 12 month:
N=9 for wild type, N=5 for APP/PSI. * indicates p < 0.05, * * * indicates p < 0.001 by
student’s t test.
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3.2 To determine the effect of AB on Trx and Txnip protein levels in cultured
neuronal cells

3.2.1 AP25-35 increases Txnip protein levels in HT22 mouse hippocampal cells and
primary cultured cerebral cortical neurons

AP production is significantly increased in brain of App/Psl transgenic mice. To
determine if increased Txnip protein levels in brain of App/Psl mice are directly caused
by AP, I measured the effect of Ap on Txnip protein levels in cultured neuronal cells.
APB25-35 is an 11-amino acid fragment of the AP peptide. Though not found in the brain
of AD patients, AB25-35 can produce similar toxic effects to those caused by AB1-42
such as neuronal death, protein oxidation and lipid peroxidation (Yankner et al., 1989;
Pike et al., 1995; Yatin et al., 1999). Therefore, | measured the effects of both AB25-35
and AB1-42 on Txnip protein levels.

First, I analyzed the effect of AB25-35 on Trx and Txnip protein levels in cultured
HT22 cell line. HT22 cells were treated with AB25-35 at 20uM for 1, 3 and 5 days.
Protein levels were analyzed by immunoblotting analysis. As shown in Figure 10B, I
found that treatment with 20uM AP25-35 for 1 day, 3 days and 5 days all significantly
increased Txnip protein levels in HT22 cells. It is interesting that treatment with 20pM
AB25-35 for 1 day, 3 days and 5 days also significantly increased Trx protein levels in

HT22 cells (Figure 10A). Further I verified the effect of AB25-35 on Txnip and Trx
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Figure 10.The effect of AP25-35 on Trx (A) and Txnip (B) protein levels in HT22
cells. HT22 cells were treated with vehicle (CTL) or AB25-35 at 20uM for 1 day, 3 days,
and 5 days, respectively. Protein levels of Trx and Txnip were measured with each
antibody using immunoblotting analysis. B-actin was used as a normalization standard.
Results are shown as mean + SEM (N=6). *Indicates p<0.05 when compared to controls
determined by one-way ANOVA followed by Tukey's post-hoc analysis.
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Figure 11.The effect of AP25-35 on Trx (A) and Txnip (B) protein levels in cerebral
cortical neurons. Neurons were treated with vehicle (CTL) or AB25-35 at 20uM for 1
day. Protein levels of Trx and Txnip were measured with each antibody using
immunoblotting analysis. B-actin was used as a normalization standard. Results are
shown as mean + SEM (N=6). *Indicates p<0.05 when compared to controls determined
by Student's t-test.
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protein levels in primary cultured mouse cerebral cortical neurons. Cultured cortical
neurons were treated with AB25-35 at 20uM for 1 day. I found that although treatment
with AP25-35 had no effect on Trx protein levels (Figure 11A), this treatment

significantly increased Txnip protein levels (Figure 11B).

3.2.2 Ap1-42 increases Txnip protein levels in HT22 mouse hippocampal cells and
primary cultured cerebral cortical neurons

Because AB1-42 peptide is naturally present in the human brain and the oligomeric
form is the most toxic, I measured the effect of AP1-42 oligomers on Trx and Txnip
protein levels in HT22 cells. Cells were treated with AB1-42 at 1 and 3uM for 1 day.
Protein levels were analyzed by immunoblotting analysis. As shown in Figure 12A, I
found that AB1-42 at 1 and 3uM for 1 day significantly increased Trx protein levels. I
also found that AB1-42 at 1 and 3uM for 1 day significantly increased Txnip protein
levels (Figure 12B). It has been reported that AB1-42 at lower concentrations can produce
protective effects in neurons (Puzzo et al., 2008). Therefore, I also analyzed the effect of
AP1-42 at lower concentrations on Trx and Txnip protein levels. Cells were treated with
AP1-42 at 0.2 nM and 200 nM for 1 day. As shown in Figure 13A, although AB1-42 at
0.2 nM and 200 nM for 1 day significantly increased Trx protein levels, these treatments

had no effect on Txnip protein levels (Figure 13B).
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Figure 12.The effect of AB1-42 on Trx (A) and Txnip (B) protein levels in HT22 cells.
HT22 Cells were treated with vehicle (Ctl) or AB1-42 at 1 and 3 uM for 24 hours. Protein
levels of Trx and Txnip were measured with each antibody using immunoblotting
analysis. B-actin was used as a normalization standard. Results are shown as mean + SEM
(N=4). *Indicates p<0.05 when compared to controls determined by one-way ANOVA
followed by Tukey's post-hoc analysis.
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Figure 13. The effect of AB1-42 at lower concentrations on Trx (A) and Txnip (B)
protein levels in HT22 cells. HT22 Cells were treated with vehicle (Ctl) or AB1-42 at
0.2 and 200 nM for 1 day. Protein levels of Trx and Txnip were measured with each
antibody using immunoblotting analysis. B-actin was used as a normalization standard.
Results are shown as mean £ SEM (N=4). *Indicates p<0.05 when compared to controls
determined by one-way ANOVA followed by Tukey's post-hoc analysis.
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Figure 14. The effect of Ap1-42 on Trx (A) and Txnip (B) protein levels in mouse
cerebral cortical neurons. Neurons were treated with vehicle (CTL) or AB1-42 at 1 and
3 uM for 1 day. Protein levels of Trx and Txnip were measured with each antibody using
immunoblotting analysis. B-actin was used as a normalization standard. Results are
shown as mean £ SEM (N=6). *Indicates p<0.05 when compared to controls determined
by one-way ANOVA followed by Tukey's post-hoc analysis.

I also further verified the effect of AB1-42 on Trx and Txnip protein levels in
primary cultured mouse cerebral cortical neurons. Cultured neurons were treated with
AP1-42 at 1 and 3uM for 1 day. As shown in Figure 14A, although treatment with 1 or
3uM AP1-42 had no effect on Trx protein levels, these treatments significantly increased

Txnip protein levels (Figure 14B).
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3.3 To determine the effect of AP on protein sulfenylation and nitrosylation
3.3.1 AP25-35 and AP1-42 increase protein cysteine sulfenylation and nitrosylation
in HT22 mouse hippocampal cells

H>0, and NO radical can attack cysteine thiol groups and cause cysteine
sulfenylation and nitrosylation, which are the part of oxidative damage to protein.
Because Trx can reverse protein cysteine sulfenylation and nitrosylation, while Txnip can
inhibit Trx activity, enhancing cysteine sulfenylation and nitrosylation, Ap-increased
Txnip may further promote cysteine sulfenylation and nitrosylation. Therefore, I
measured the effect of AP on protein sulfenylation and nitrosylation in HT22 mouse
hippocampal cells. As shown in Figure 15, we found that AB25-35 at 10 and 20 pM
significantly increased sulfenylated protein levels. I also found that AB25-35 at 5, 10 and
20 uM significantly increased nitrosylated protein levels (Figure 16).

Next, we measured the effect of Af1-42 on cysteine sulfenylation and nitrosylation.
H>O: can attack protein cysteine residues and induce cysteine sulfenylation. As shown in
Figure 17, we found that both H>O> at 300 uM (as the positive control) and AB1-42 at 3
uM significantly increased sulfenylated protein levels. S-nitrosoglutathione (GSNO) is a
NO donor that can induce cysteine nitrosylation. As shown in Figure 18, we also found
that both GSNO at 200 uM (as the positive control) and AB1-42 at 3 uM significantly
increased nitrosylated protein levels.
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Figure 15. The effect of AB25-35 on protein sulfenylation in HT22 cells. Cells were
treated with vehicle (CTL) or AB25-35 at 5, 10 and 20 uM for 1 day. Sulfenylated protein
levels were measured by dimedone conjugation assay, followed by immunoblotting
analysis. Band signal intensity in whole lane was quantitated by densitometry. The
membrane was striped and stained with coomassie blue used as loading control. Data are
displayed as mean = SEM (N = 6). * indicates p < 0.05 when compared to controls
determined by one-way ANOVA followed by Tukey's post hoc test.
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Figure 16. The effect of AB25-35 on protein nitrosylation in HT22 cells. Cells were
treated with vehicle (CTL) or AB25-35 at 5, 10 and 20 uM for 1 day. Nitrosylated protein
was measured by biotin-switch method, followed by immunoblotting analysis. Band
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signal intensity in whole lane was quantitated by densitometry. The membrane was
striped and stained with coomassie blue used as loading control. Data are displayed as
mean £ SEM (N = 6). * indicates p < 0.05 when compared to controls determined by
one-way ANOVA followed by Tukey's post hoc test.
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Figure 17. The effect of Ap1-42 on protein sulfenylation in HT22 cells. Cells were
treated with vehicle (CTL) and AB1-42 at 3uM for 1 day. Cells were also treated with
H>0 at 300uM for 30 minutes as the positive control. Sulfenylated protein levels were
measured by dimedone conjugation assay, followed by immunoblotting analysis. Band
signal intensity in whole lane was quantitated by densitometry. The membrane was
striped and stained with coomassie blue used as loading control. Data are displayed as
mean =+ SEM (N = 5). * indicates p < 0.05 when compared to controls determined by
one-way ANOVA followed by Tukey's post hoc test.
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Figure 18. The effect of AP1-42 on protein nitrosylation in HT22 cells. Cells were
treated with vehicle (CTL) and Ap1-42 at 3uM for 1 day. Cells were also treated with
GSNO at 200uM for 30 minutes as the positive control. Nitrosylated protein was
measured by biotin-switch method, followed by immunoblotting analysis. Band signal
intensity in whole lane was quantitated by densitometry. The membrane was striped and
stained with coomassie blue used as loading control. Data are displayed as mean + SEM
(N = 6). * indicates p < 0.05 when compared to controls determined by one-way ANOVA
followed by Tukey's post hoc test.
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3.3.2 Knocking out Txnip reduces Af-increased protein cysteine sulfenylation and
nitrosylation in HT22 mouse hippocampal cells

To determine if Txnip mediates AP-increased protein cysteine sulfenylation and
nitrosylation, I analyzed the effect of Txnip knockout on AB-increased protein cysteine
sulfenylation and nitrosylation in HT22 cells. Txnip gene was knocked out by the
clustered regularly interspaced short palindromic repeat (CRISPR)-Cas9 technology. As
shown in Figure 19A, the Txnip single guide RNA (sgRNA) is a short synthetic RNA
composed of a scaffold sequence necessary for Cas9-binding, and a 20 nucleotide spacer
sequence that is complementary to the specific Txnip gene. The Cas9 protein and the
sgRNA can form a ribonucleoprotein complex, and Cas9 will cleave the targeted Txnip
DNA sequence. In the present study, lentivirus-packaged Txnip sgRNA
(AGAACGAGATGGTGATCATG) and CRISPR/Cas9 lentivector were stably transfected
into HT22 cells. Scrambled sgRNA was used as control. Then Txnip protein levels were
measured using immunoblotting analysis. As shown in Figure 19B, Txnip protein levels
were significantly knocked out in cells transfected with Txnip sgRNAs compared with
cells transfected with scramble sequence. This result suggests that Txnip sgRNA totally
blocked Txnip gene expression.

Next, we measured the effect of AP on protein sulfenylation and nitrosylation in

Txnip knockout HT22 cells. Cells were treated with AB1-42 at 3uM for 1 day. I found
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that treatment with A significantly increased sulfenylated protein levels in cells
transfected with scrambled sequence, but this treatment had no effect on sulfenylated
protein levels in cells transfected with Txnip sgRNAs (Figure 20). As shown in Figure 21,
we also found that treatment with 3uM AP1-42 significantly increased nitrosylated
protein levels in cells transfected with scrambled sgRNAs. I also found that although
treatment with 3uM AB1-42 significantly increased nitrosylated protein levels in cells
transfected with Txnip sgRNAs, magnitude of increase by AB1-42 in cells transfected

with Txnip sgRNAs was lower than in transfected with scrambled sgRNAs.
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Figure 19. The mechanism of CRISPR/Cas9 system. (B) Txnip protein levels were
measured in HT22 cell line, cells transfected with scrambled (SCM) sequence and
cells transfected with Txnip sgRNAs (KO). Txnip protein levels were measured by
immunoblotting analysis. Data are displayed as mean £ SEM (N = 5). * indicates p <
0.05 when compared to controls determined by one-way ANOVA followed by student’s t
test.
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Figure 20. Effect of Txnip sgRNAs on AB-increased protein sulfenylation. HT22 cells
transfected with Txnip sgRNAs or scrambled sgRNAs were treated with vehicle (CTL) or
APB1-42 for 24h. Sulfenylated protein was measured by dimedone conjugation method.
Band signal intensity in whole lane was quantitated by densitometry. The membrane was
striped and stained with coomassie blue used as loading control. Data are displayed as
mean =+ SEM (N = 5). * indicates p < 0.05 when compared to controls determined by
one-way ANOVA followed by Tukey's post hoc test.
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Figure 21. Effect of Txnip sgRNAs on AB-increased protein nitrosylation. HT22 cells
transfected with Txnip sgRNAs or scrambled sgRNAs were treated with vehicle (CTL) or
APB1-42 for 24h. Nitrosylated protein was measured by biotin switch method. Band signal
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intensity in whole lane was quantitated by densitometry. The membrane was striped and
stained with coomassie blue used as loading control. Data are displayed as mean + SEM
(N =6). * indicates p < 0.05 when compared to controls determined by Student’s t test.
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CHAPTER 4: DISCUSSION
4.1 AP increases Txnip expression

In the present study, we found that Txnip protein levels were significantly increased
in hippocampus and frontal cortex of 9- and 12-month-old App/Psi double transgenic
mice when compared to controls. Previously it was found that Txnip protein levels were
also increased in the hippocampus of 4-month-old SXFAD mice when compared to
controls [95]. SXFAD transgenic mice were generated by combining five AD-related
mutations [APP K670N/M671L (Swedish) + 1716V (Florida) + V7171 (London) and PS1
M146L+ L286V]. These mice develop cerebral amyloid plaques at 2 months of age and
develop massive AB42 burdens, neuron loss and memory impairment [96]. Since App/Ps1
and 5XFAD mice exhibit increased AP levels in brain, these results suggest that Txnip
can be upregulated by AB. Indeed, we further found that treatment with AP increased
Txnip protein levels in HT22 mouse hippocampal cells and primary cultured cerebral
cortical neurons.

It is of interest that we also found that Trx protein levels were significantly
increased only in the frontal cortex of 3-month-old App/Ps mice compared with controls.
I also found that AP at 1 and 3 uM increased Trx protein levels in HT22 cells. Because
AP at these concentrations has been reported to cause oxidative stress [97][98].

AB-increased Trx may result from increased oxidative damage, which compensatively
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upregulates Trx and temporarily counteracts oxidative stress. For example, previously it
was reported that overexpression of Trxl protected against AP-induced toxicity in
SH-SYS5Y cells [99]. Txnip persistently increased by AP may overcome compensatively
upregulated Trx and eventually cause oxidative damage. However, Trx protein levels are
not changed by AP in primary cultured mouse cerebral cortical neurons. It is possible that
the Trx antioxidant defense system is weaker in mouse cerebral cortical cells than in
HT22 cell line.

Txnip produces Trx dependent and independent functions. As shown in Figure 22,
Txnip Cys247 can interact with Trx active center cysteine-32 in cytosol and mitochondria.
Txnip-Trx binding inhibits Trx activity [100][101]. Trx can reverse protein cysteine
sulfenylation and nitrosylation, and reduce oxidized Prx, facilitating Prx-induced
scavenge of H>O» and other peroxides [75][145]. Therefore, binding of Txnip to Trx
promotes oxidative stress. Under basal conditions, Trx binds to ASK1, prevents activation
of c-Jun N-terminal kinase (JNK) and P38 mitogen-activated kinase (P38), and inhibits
ASK1/INK/P38-mediated stress and inflammatory signaling [73] [146]. Binding of Txnip
to Trx releases ASKI1, induces ASK1 phosphorylation and activates ASK1/JNK/P38
signaling [73][74]. In addition, Txnip plays an important role in activating nod-like
receptor protein 3 (NLRP3) inflammasome through directly binding to NLRP3 [149].

The NLRP3 inflammasome is a multiprotein complex that controls the activation of

49



(" N

Protein cysteine
oXxidation Oxidative
Nitrosylation stress
Sulfenylation
. V

@—I[ Peroxiredoxin ]—| F'er:;gdes
2%2

CYS 32

Stress and
@ JNK/P38 inflammatory
signaling

NLRP3
inflammasome IL-1
NLRP3 Caspase-1 IL-18

Procaspase-1

Figure 22. Effected targets of thioredoxin-interacting protein (Txnip). Txnip,
Trx-interacting protein; Trx, thioredoxin; ASKI1, apoptosis signal-regulating kinase 1;
JNK, c-Jun N-terminal kinase; P38, P38 mitrogen-activated kinase; NLRP3, nod-like
receptor protein 3; IL, interleukin, —— , suppress; —> , activate
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caspase-1 in the innate immune system, resulting in maturation of IL-1B and IL-18
[102][103]. Binding of Txnip to NLRP3 facilitates forming NLRP3 inflammasome,
subsequently cleaving procaspase-1 into the active caspase-1 that converts
pro-interleukin (IL)-1B and pro-IL-18 into IL-1Band IL-18, which accelerate
proinflammatory responses [125][130]. Because Txnip levels are increased in brain of
App/Ps1 mice and in AB-treated cultured cells, our findings suggest that A may target

Txnip, resulting in oxidative stress and inflammation.

4.2 AP increases protein cysteine oxidative modification

AP may increase Txnip protein levels and further cause protein cysteine oxidative
modification, which impairs neuronal functions. Previously we reported that nitrosylated
protein levels were significantly increased in hippocampus and frontal cortex of 9- and
12-month-old App/Psl transgenic mice [41]. In the present study, we also found that
sulfenylated protein levels were increased in frontal cortex and hippocampus of 9- and
12-month-old App/PsI mice. I also found that treatment with A increased sulfenylated
and nitrosylated protein levels in HT22 cells [41]. Our findings suggest that
AB-upregulated Txnip may facilitate protein cysteine sulfenylation and nitrosylation
processes.

To further understand the role of Txnip in AB-induced protein cysteine oxidative
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modification, we analyzed the effect of knocking out Txnip on Ap-induced protein
nitrosylation and sulfenylation. I found that knocking out Txnip totally reversed
AB-increased sulfenylated protein levels and partially reduced Ap-increased nitrosylated
protein levels. Our findings indicate that AP treatment may increase Txnip levels,
inhibiting Trx activity and promote protein cysteine sulfenylation and nitrosylation.

Protein cysteine residues are involved in many protein functions including
enzymatic catalysis, homeostasis and metal binding [60]. Cysteine is highly vulnerable to
attack by reactive oxygen/nitrogen species, resulting in cysteine oxidative modification.
Oxidative modification of cysteine residues may interrupt many cellular processes, which
further contributes to pathophysiological development of AD.

Cholinergic deficits and glutamate-induced excitotoxicity play important roles in
AD development. Previously our laboratory found that vesicular acetylcholine transporter
and vesicular glutamate transporter can be nitrosylated and nitrosylation of these
transporters can inhibit their neurotransmitter uptake functioning [41][63]. We further
found that nitrosylation of vesicular acetylcholine transporter and vesicular glutamate
transporter was increased in hippocampus and frontal cortex of App/PslI transgenic mice
[41]. These results suggest that the nitrosylation process may contribute to impairment of
cholinergic and glutamatergic neurotransmission in AD. Pinl is a peptidyl-prolyl cis/trans

isomerase and isomerizes only phospho-serine/ threonine/proline motifs. Pinl-induced
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conformational changes affect various protein functions such as phosphorylation status,
protein interaction, and protein stability [104][105]. It was found that the sulfenylation of
Cys113 on Pinl was significantly elevated in the postmortem AD human brain and in
APP transgenic mice. The oxidation of Cysl13 induced Pinl inactivation and
mislocalization [106]. This suggests that Pinl oxidation-induced disruption of protein
phosphorylation, protein interaction and protein stability are important in AD pathology.
These findings, together with our results, also suggest that AB-increased Txnip may
promote protein cysteine oxidative modification, which may further damage vesicular
transporters and various enzymes, and impair neuroplasticity.

Prx scavenges H2O2 and other peroxides. A Prx reducing state is maintained by Trx.
AP may increase Txnip levels, inhibit Trx reducing activity for peroxiredoxin, and
subsequently decrease scavenging of H,O, and peroxides. Previously it has been reported
that H>O> levels were increased in the brains of 6 and 10-month-old App/PsI mice [107].
It has been also found that intracerebroventricular delivery of AB1-40 or AB25-35 into
rats increased levels of ROS and lipid peroxides in the cerebral cortex and hippocampus
[108]. Further in vitro studies found that treatment with AB25-35 for 24 hours increased
levels H20: and lipid peroxides in both cultured B12 cell line and primary cultured
hippocampal neuron [58]. AB1-40 was also found to increase levels of lipid peroxides in

cultured rat hippocampal H19-7 neuronal cell line [109]. These studies further support
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that AB-increased Txnip may further enhance ROS production and lipid peroxidation.

4.3 AP activates ASK1/JNK/p38 apoptotic signaling

AP may upregulate Txnip and further inhibit Trx activity, activating ASK1/JNK/p38
apoptotic signaling. ASK1 is a protein kinase of the mitogen-activated protein kinase
kinase kinase (MAPKKK) family that activates the JNK and p38 MAPK signaling
cascades [110]. ASKI1 signaling cascades regulate various cellular responses such as
proliferation, gene expression, differentiation, mitosis, cell survival, and apoptosis [111].

Accumulating evidence indicates that ASK1 signaling cascade plays an important
role in the pathogenesis of Alzheimer’s disease. For example, it was reported that ASK1
protein levels were upregulated in both brains of APP transgenic mice [112]. It was also
found that ABI increased ASK1 and induce cell death in cultured cells and endothelial
cells [113][114].

Many studies also indicated that ASKI1 downstream effectors JNK/p38 are
activated in brain of AD patients, in AD animal models and by AP treatment. It was found
that phosphorylated JNK and p38 levels were increased in post-mortem brain tissue of
AD patients, and phosphorylated JNK was also co-localized with AP deposit
[115][116][117]. JNK was also found to be highly expressed and activated in

cerebrospinal fluid of AD patients. Activated JNK was correlated with the rate of
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cognitive decline [118]. It was found that both JNK and p38 were significantly activated
in the cerebral cortex of 7 and 12-month-old App/PsI mice. JNK and p38 activation was
also associated with increased levels of AP plaques and neurofibrillary tangles in App/Ps1
mice [119]. Treatment with AP was also found to induce JNK activation in primary
cultured cortical and hippocampal neurons, as well as SH-SYS5Y neuroblastoma cells
[120][121][122]. AB was also found to activate p38 in primary cultured microglia
[123][124].

Accordingly, these studies suggest that ASKI1/JNK/p38 signaling cascade is
activated and contributes to the pathology of AD. Since Txnip inhibits Trx that is an
inhibitor for ASK1, AB-increased Txnip may contribute to activation of ASK1 signaling

cascade in AD.

4.4 AP activates NLRP3 signaling

AP may upregulate Txnip, increasing Txnip-NLRP3 binding and activating NLRP3
inflammatory signaling. Indeed, many studies have indicated that NLRP3 and its
downstream effectors caspase-1 and IL-1f are upregulated in AD patients, AD animal
models and AB-treated cells.

NLRP3, caspase-1 and IL-1B levels were found to be upregulated in Ap-treated

monocytes from severe and mild AD patients [125]. Caspase-1 levels were also found to
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be increased in postmortem hippocampus and frontal cortex of AD patients and
16-month-old App/Psl transgenic mice [126]. It was also noted that IL-1p levels were
increased in postmortem temporal cortex of AD patients [127] and that IL-1p levels were
also increased in the cerebrospinal fluid of patients with AD [128].

Reactive IL-1B-immunoreactive astrocytes were found in close proximity to both
fibrillary and diffuse AP deposits in neocortex and hippocampus of 13, 16 and 19 months
APP transgenic mice [129]. AP has also been found to promote the processing of
pro-IL-1p into mature IL-1p, and to induce and promote the processing of pro-IL-1p into
mature [L-1B [97][130]. In addition, NLRP3- or caspase-1 deficient App/PsI mice were
protected from spatial memory impairment. In the same study, it has also been found that
NLRP3- and caspase-1 deficient App/PsI mice showed reduced amounts of A compared
with App/Ps1 mice [126].

These studies indicate that NLRP3 inflammasome and proinflammatory processes
are activated and leads to the pathology of AD. Ap-increased Txnip may accelerate
NLRP3 activation. However, a clear role of Txnip in AB-induced inflammation needs to

be further investigated.

4.5 Conclusion

I found that Txnip protein levels were increased in frontal cortex and hippocampus
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of 9 and 12-month-old App/Psl transgenic mice. Further, we found that Txnip protein
levels were also increased by A in cultured neuronal cells. Txnip inhibits Trx activity,
promoting protein cysteine oxidative modifications such as nitrosylation and
sulfenylation [70][71]. Previously our laboratory showed that nitrosylated protein levels
were increased in frontal cortex and hippocampus of 9 and 12-month-old App/PsI mice
[41]. In the present study, we found that sulfenylated protein levels were also increased in
frontal cortex and hippocampus of 9 and 12-month-old App/Psi mice. Further treatment
with A directly increased protein cysteine nitrosylation and sulfenylation in cultured
neuronal cells, and knocking out Txnip inhibited Ap-induced nitrosylation and
sulfenylation.

Because Txnip is an endogenous inhibitor of Trx, our findings suggest that A may
increase Txnip, subsequently inhibiting Trx, reducing capability and promoting protein
cysteine nitrosylation and sulfenylation, which may contribute to protein oxidative stress
and neuronal damage in AD (Figure 23). Because Txnip can bind to Trx and dissociate
ASK1 from Trx, resulting in ASK1 activation [73][74]; and because Txnip can also bind
to NLRP3, resulting in NLRP3 inflammasome forming [130][149], our study also
suggests that Ap-increased Txnip may facilitate neuronal apoptosis and
neuroinflammation in AD. However, whether AB-increased Txnip further activates these

two pathways requires further investigation.
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Figure 23. Summary. Txnip, Trx-interacting protein; Trx, thioredoxin; ASK1, apoptosis

signal-regulating kinase 1; JNK, c-Jun N-terminal kinase; P38, P38 mitrogen-activated
kinase; NLRP3, nod-like receptor protein 3; IL, interleukin

4.6 Limitations of the study

In the present study, there are several limitations. First, synthetic human AP1-42
peptide was prepared to form AP oligomers according to published methods [91].
However, AP aggregates often exist as a dynamic mixture of species with a broad range

of sizes [173]. They are unstable and may disassemble or assemble during preparation
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[174][175]. Because we did not verify the accurate concentration of A oligomers in the
stock solution, it is possible that the AP solution is a mixture of monomers, oligomers,
and protofibrils. I tried to make AP preparation consistent in each experiment and repeat
at least twice for the in vitro study.

Secondly, sulfenylation and nitrosylation are reversible, redox-sensitive and spawn
specific posttranslational modifications [176][177]. Therefore, endogenous nitrosylation
and sulfenylation detection are technically more challenging than some other
modifications such as phosphorylation and carbonylation. Also, the nitrosylated thiol
group and sulfenic acid are both light sensitive, which makes analysis more difficult [41].

Thirdly, various brain regions contribute to AD development. However, I only
measured the effect of AP in Txnip protein levels in primary cultured mouse cerebral
cortical neurons, but not other regions. In the future, Txnip regulation in other brain

regions will be explored.
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