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ABSTRACT
Energy Deprivation Elevates BACE1 Protein Levels and Promotes Amyloidogenesis via

EIF2alpha Phosphorylation

Tracy O’Connor

The cause(s) of AB overproduction and accumulation in sporadic Alzheimer’s disease
(SAD) are unknown; however, several lines of evidence indicate that impaired energy
metabolism in the brain may be involved. Furthermore, the rate-limiting enzyme in AB
production, BACE1, is elevated in SAD brains around amyloid plaques, indicating that
BACE1 may also play a causal role in SAD pathogenesis. Here, we show evidence that
BACEH1 is directly elevated in response to energy deprivation, both in vitro and in vivo.
This appears to occur through a translational mechanism, previously unknown to
regulate BACE1—stress-induced phosphorylation of the eukaryotic translation initation
factor 2a (elF2a-P). In support of a role for elF2a phosphorylation in SAD
pathogenesis, pharmacological induction of elF2a phosphorylation is directly
amyloidogenic in vitro. Chronic energy deprivation in APP-overexpressing mice
elevates BACE1 protein levels post-transcriptionally, elF2a-P levels, total AB levels, and
accelerates amyloid plague pathology in the brain. Interestingly, BACE1 and elF2a-P
are both elevated in APP-overexpressing mice compared to non-transgenic, indicating
that BACE1, elF2a-P, and AR may operate together in a positive feedback loop that
may further exacerbate amyloid pathology. Importantly, BACE1 protein levels, elF2a-P
levels, and amyloid load were all significantly correlated in human AD brains, indicating

that these molecular pathways may play in important role in the development of SAD.
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CHAPTER 1

INTRODUCTION

Brief history of Alzheimer’s disease

Alzheimer’s disease (AD) was originally described in 1907 by Alois Alzheimer. Upon
examination of a female dementia patient in her fifties, Alzheimer identified a unique
type of dementia characterized by severe memory deficits with preserved motor
function. Upon post-mortem histological brain examination, the microscopic “fibrils”
(neurofibrillary tangles) and “miliary foci” (senile plaques) were described for the first
time, which have since become pathological hallmarks of Alzheimer’s disease
(Alzheimer, 1907) (Fig 1.1). Due to the unusually young age of Alzheimer’s initial
patient, the link between Alzheimer’s findings and the more common senile dementias
occurring in much older patients went undetected for nearly seventy years. “Alzheimer’s
disease,” coined by Emil Kraeplin in honor of his student’s discovery, would be
considered a rare dementia occurring exclusively in middle-aged individuals for the next
several decades. It was not until an influential review was published in 1976 that the
pervasiveness of Alzheimer’s disease in the general population began to be recognized
(Katzman, 1976). This review summarized the findings of several physicians who
reported that the majority of much older patients being diagnosed with “senile dementia”
in the clinic, upon post-mortem examination also exhibited the characteristic

neurofibrillary tangles (NFTs) and senile plagues described in Alzheimer’s paper.
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Figure 1.1: The pathological hallmarks of Alzheimer’s disease. (Upper panel)
(courtesy of Jie Zhao) Brightfield image of anti-4G8 stained section from human AD
brain. The antibody recognizes dense, extracellular lesions (senile/amyloid plaques),
which are composed of B-pleated sheets of amyloid B (AB) peptide. (Lower panel)
(courtesy of Skip Binder’s lab) Brightfield image of anti-tau 4.6 stained section from
human AD brain showing various types of tau pathology in the human AD brain.
Notably, intracellular lesions composed of long, hyperphosphorylated and insoluble
aggregates of the microtubule-associated protein, tau, which are known as
neurofibrillary tangles (NFTs) can be seen, which are characteristic of AD brain.
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Today, Alzheimer’s disease is the leading cause of dementia in the elderly, affecting

4.5 million people in the United States alone and an estimated 26 million people
worldwide. Alzheimer’s disease is currently the third most expensive disease in the
United States. Ironically, due to medical advances and ever-increasing life-spans in
first-world countries, the incidence of Alzheimer’s disease is expected to triple within the
next fifty years, making this disease a serious socio-economic and medical concern

(Alzheimer’s Association, 2008).

Clinical features of Alzheimer’s disease

Alzheimer’s disease is primarily characterized by a progressive loss of memory and
impaired cognition. A definitive diagnosis of Alzheimer’s disease can only be made
post-mortem upon histological identification of both neurofibrillary tangles and senile
plagues in the brains of patients suffering from dementia. According to the Diagnostic
and Statistical Manual of Mental lliness (DSM-1V), a diagnosis of probable Alzheimer’s
disease (PRAD) or dementia of the Alzheimer’s type (DAT) can be made if a patient fits
the criteria for dementia, if the profile of dementia fits the “usual” pattern of AD, and if
other identifiable causes of dementia have been ruled out. The criteria for dementia
include a history of a persistent and progressive decline of cognition, comportment,
personality, or daily living activities, scores that fall beyond two standard deviations from
age and education matched ranges in one or more neuropsychological tests, and a
change of scores in any cognitive domain (memory, language, orientation, praxis,
judgement, personality, or problem solving) that exceeds one standard deviation within

a six to twelve-month test-retest period. The “usual”’ pattern of AD includes progressive
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memory impairment over a period of 15-20 years, beginning with mild impairment in

the recall of recent events, finally progressing to impairment in other cognitive domains,
such as language, reasoning, spatial orientation, and executive function, in addition to
more severe impairments in memory. Sensory and motor functions remain preserved
until the end stages of the disease, and death usually results from cardiopulmonary
arrest or complications of infection. The rare, dominantly-inherited familial form of
Alzheimer’s disease (FAD) accounts for less than 5% of all Alzheimer’s disease cases
and results from mutations occurring on chromosomes 1, 14, and 21. Age of onset in
these patients most commonly occurs in a patient’s 50’s, although onset of dementia
has been reported as early as 30 years old, in some cases. The more common,
sporadic form of Alzheimer’s disease (SAD) generally occurs later in life, most
commonly after age 80. The pathology and progression of SAD is identical to that of
FAD; however, the specific cause(s) of SAD remain unknown (Mesulam, 2000). There
are a number of known genetic and environmental risk factors for developing SAD. The
primary risk factor for developing SAD is age; indeed, the risk for developing AD
becomes exponentially higher with increasing age. The most common genetic risk
factor for developing SAD is carrying the ApoE4 allele, which is estimated to account for
at least 50% of all SAD cases. Three different isoforms of the ApoE gene exist in the
human population (€2, €3, and €4). By age 80, 91.3% of €4/e4 homozygotes have
developed SAD and 47.8% of people with the €3/e4 genotype, whereas only 20% of
individuals without an €4 allele have developed SAD by this age (Ashford, 2004; Corder
et al., 1993). People with high serum cholesterol levels are also at a three times

increased risk for developing SAD (Notkola et al., 1998). Conversely, individuals taking
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cholesterol-lowering drugs, such as statins, have a 70% reduced risk of developing

SAD (Wolozin et al., 2000). Women also appear to be at a greater risk for developing
Alzheimer’s disease than men, although the relative risk for women versus men varies
greatly across studies. This is thought to occur as a result of estrogen loss after
menopause; however, a recent study of the effect of hormone replacement therapy on
reducing the risk of Alzheimer’s disease yielded discouraging results (Baum, 2005).
Other factors that appear to be associated with SAD incidence include atherosclerosis,
traumatic brain injury, and education level (Casserly and Topol, 2004; Stern, 2006; Van

Den Heuvel et al., 2007).

The molecular pathology of Alzheimer’s disease: Plaques and

tangles

Once the pervasiveness of Alzheimer’s disease in the general population was
recognized, scientific interest in the disorder began to grow. Furthermore, advances in
molecular biological and biochemical technology made intensive investigation into the
molecular pathogenesis underlying the disorder possible. The intraneuronal NFTs were
finally shown to be composed of the microtubule-associated protein, tau (Brion, 2006;
Kosik et al., 1986; Nukina and lhara, 1986; Wood et al., 1986). During the course of
neurodegeneration, the tau protein dissociates from the microtubule and becomes
cleaved and progressively hyperphosphorylated, eventually forming long, insoluble
filaments, which are presumably toxic to the neurons in which they reside. Inherited

mutations in tau do not cause familial Alzheimer’s disease, but another
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neurodegenerative disorder known as frontotemporal dementia (FTD) (Binder et al.,

2005). The second, extracellular lesion in AD brain, known as senile or amyloid
plagues, was shown to be composed of the protein amyloid 8 (AB) (Glenner and Wong,
19844, b; Masters et al., 1985). Dysregulation in AB homeostasis is thought to be
upstream of tau dysregulation in the chronology of AD pathology, because all FAD
mutations directly affect the production of the AR peptide in the brain, indicating that this
is the first pathological event that occurs. This theory is known as the “amyloid cascade
hypothesis” (Hardy and Selkoe, 2002). Surprisingly, despite the overwhelming genetic
evidence of the involvement of AB in AD pathology, it has been noted that the number of
senile plaques in AD brains correlates poorly with the degree of dementia. In fact, it has
long been known that the number of NFTs in AD brains is a much better predictor of the
degree of dementia (Wilcock and Esiri, 1982). This observation led to the hypothesis
that senile plaques themselves are not actually toxic, and there exists some other form
of aggregated AB mediating neuronal toxicity and triggering downstream pathology. An
emerging theory is that a soluble oligomeric form of AB is actually the toxic intermediary,
and the insoluble fibrils that comprise senile plaques are relatively inert (Walsh and
Selkoe, 2007). In support of this theory, more recent studies have shown that
quantifications of soluble forms of A in the brain correlate quite well with the degree of
dementia in AD patients, in contrast to total plaque number (Lue et al., 1999; McLean et
al., 1999; Naslund et al., 2000; Wang et al., 1999). It is thought that AR overproduction
or amyloid pathology somehow directly or indirectly triggers tau pathology, because
both lesions always occur together in AD, both in the sporadic and the inherited forms of

the disease. However, the exact mechanism(s) by which A triggers tau dysfunction
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remains an area of intense investigation (Blurton-Jones and Laferla, 2006). Similarly,

the relative contribution of each lesion to neurodegeneration and subsequent memory
impairment associated with AD continues to be debated; however, the interdependence
of tau and amyloid in the development of AD pathology and neuronal dysfunction is
quite clear from both in vitro experiments and animal models. Amyloid pathology
appears to exacerbate tau pathology in vivo (Gotz et al., 2001; Lewis et al., 2001).
Conversely, the toxicity of AR on cultured neurons appears to be lost in the absence of

tau (Rapoport et al., 2002).

Amyloid B: The primary component of senile plaques

AB is produced via the sequential proteolysis of amyloid precursor protein (APP) by B-
and y-secretases. APP is a large, ubiquitously expressed Type | transmembrane
protein of unknown function (Panegyres, 2001). During the first step of AR production,
full-length APP is cleaved at its N-terminus by B-secretase either in the trans-Golgi
network or in endosomes. B-secretase cleavage of APP produces a long, secreted
fragment, APPs, and a short, membrane-bound fragment, C99. C99 then becomes a
cleavage substrate for the y-secretase complex, which is composed of presenillin 1 and
2 (which comprise the active site of the complex), Aph-1, PEN-2, and nicastrin. y-
secretase activity also appears to occur within the trans-Golgi network (TGN) and
endosomes. Intramembraneous cleavage of C99 by y-secretase liberates the AR
peptide (De Strooper, 2003; Sisodia and St George-Hyslop, 2002). The vast majority of
AB produced by y-secretase cleavage of C99 is 40 amino acids in length (AB40);

however, a small fraction of the AR produced is 42 amino acids in length (AB42). Itis
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clear that the AB42 isoform is more fibrillogenic and more readily initiates amyloid

plaque formation than the predominant Ap40 isoform; however, the reason for this is
unknown (Hardy and Selkoe, 2002). In an alternate, competing pathway, APP is
cleaved at its N-terminus by a-secretase, which has been shown to consist of the
combined activities of several metalloproteases and the BACE1 homologue, BACE2. a-
secretase cleavage of APP occurs at the plasma membrane through a process known
as ectodomain shedding. a-secretase cleaves APP within the AR domain, thus
precluding AR formation and is therefore considered to be non-amyloidogenic. a-
secretase cleavage of APP produces the long secreted fragment, APPsa, and the short,
membrane-bound fragment C83. C83 then becomes a substrate for y-secretase, which
liberates the soluble and presumably non-toxic p3 peptide (Deuss et al., 2008) (Fig 1.2).
It is also worth noting that the C-terminal APP fragment produced from y-secretase
cleavage of C83 or C99, the APP intracellular domain (AICD), is being investigated by
several groups, due to its postulated role as a transcription factor (Muller et al., 2008).
The involvement of the AICD in cellular transcription is hypothesized based on its
homology to the Notch intracellular domain (NICD), which is produced from the
developmental protein Notch, an alternative y-secretase substrate (De Strooper et al.,
1999). The importance of the NICD in transcription is evidenced by the embryonic
lethal phenotype of PS1 knock-out mice, which develop severe developmental
abnormalities due to deficiencies in Notch cleavage (De Strooper et al., 1998). An
equivalent essential role for the AICD in cellular transcription has never been clearly

demonstrated; however, this could be due to compensatory activity of other APP family
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Figure 1.2: Amyloid Precursor Protein (APP) Processing. (courtesy of Sarah Cole)
Amyloid precursor protein (APP) is a ubiquitously expressed Type | membrane protein
of unknown function that undergoes a series of complex proteolytic cleavages in
neurons to form the AB peptide associated with senile plaques in Alzheimer’s disease.
In the pro-amyloidogenic pathway, APP is cleaved at its N-terminus by (-secretase
(BACE1) to form APPsB and C99. C99 is cleaved intramembraneously by the y-
secretase complex (PS1, PS2, Aph-1, PEN2, and nicastrin), liberating AB40 (or AB42 at
a low frequency) and the APP intracellular domain (AICD). In the competing, non-
amyloidogenic pathway, a-secretase (TACE, ADAM10, BACE2) cleaves APP at its N-
terminus to liberate APPsa and C83. C83 is cleaved by y-secretase to form the soluble
p3 peptide and the AICD.
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members (e.g.- the APP-like proteins APLP1 and APLP2). With regard to AR, it is

important to note that production of this peptide is not a purely pathological event. Both
amyloidogenic and non-amyloidogenic processing of APP occur homeostatically in
normal neurons, although the normal function of AB in the brain remains unknown.
Mice that do not produce AB (e.g. - APP and BACE1 knock-outs) are viable and exhibit
no severe phenotypic abnormalities (Luo et al., 2001; Zheng et al., 1996). The role of
AB in amyloid pathology, on the other hand, is quite clear. AB production may become
pathological when APP processing is altered in such a way as to favor the
amyloidogenic pathway and/or shift the ratio of AB40:AB42 production in favor of AB42.
Dominantly-inherited mutations that cause FAD support this hypothesis. Mutations in
APP (chromosome 21) occur around the B-secretase cleavage site. These mutations
enhance the efficiency of B-secretase cleavage of APP, thereby accelerating AR
production. Other FAD mutations occur around the y-secretase cleavage site of APP or
in the genes PS1 or PS2, which encode the proteins that comprise the active site of the
y-secretase complex. These mutations alter y-secretase cleavage of APP to favor AB42
production instead of AB40, presumably promoting deposition and fibrillogenesis of Ap
into oligomeric entities and senile plagues (Hardy and Selkoe, 2002). Furthermore,
overexpression of APP in the absence of aberrant processing also appears to be
sufficient to trigger plaque deposition, since Down’s syndrome patients form plaques
and tangles in the brain and develop memory impairments reminiscent of Alzheimer’s
disease due to a duplication of the APP gene on chromosome 21 (Beyreuther et al.,

1993).
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BACE1: Identifying the B-secretase

It was evident from a comparison of the protein sequences of APP, AB, and other APP
fragments that AR was formed from APP through a complex series of proteolytic
cleavages (Delabar et al., 1987; Glenner and Wong, 1984b; Goldgaber et al., 1987;
Kang et al., 1987; Masters et al., 1985; St George-Hyslop et al., 1987). The initial N-
terminal APP cleavage confirmed in vitro was at the a-secretase site, which occurs
within the AB domain (Esch et al., 1990). Initially, non-amyloidogenic processing of
APP was considered to be the constitutive cleavage pathway in normal neurons, and it
was hypothesized that 3-site cleavage of APP only occurred under pathologic
conditions. This was later shown not to be true, since normal healthy neurons
appeared to be capable of cleaving APP at both the a- and the B-cleavage sites.
(Busciglio et al., 1993; Haass et al., 1992; Seubert et al., 1993; Seubert et al., 1992;
Shoiji et al., 1992). As the rate-limiting enzyme in the amyloidogenic pathway, it was
clear that the B-secretase played a crucial role in Alzheimer’s disease pathogenesis.
Abolishing B-secretase activity would presumably prevent the production of A and
hence render the brain unable to develop amyloid pathology. The therapeutic potential
of modulating the enzyme responsible for B-secretase activity was widely recognized,
and therefore determining the identity of the enzyme responsible for B-secretase activity
became an area of intense investigation. Early reports indicated that the cathepsins
might have B-secretase-like activity (Austen and Stephens, 1995; Mackay et al., 1997;
Tagawa et al., 1991); however it was later determined that cathepsin more likely exerted
its effects on AR homeostasis through degradation mechanisms in the lysosomes

(Schonlein et al., 1993). Furthermore, amyloidogenic processing of APP remained
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intact in mice devoid of cathepsin, effectively ruling these enzymes out as candidate

B-secretases (Saftig et al., 1996). A novel, membrane-bound aspartic protease was
finally identified as the authentic B-secretase which was named beta-site APP cleaving
enzyme 1 (BACE1) (Vassar et al., 1999). BACE1 was identified using an expression
cloning screen of a human cDNA library for genes that enhanced AB production in APP-
overexpressing cells. A good deal of effort had already been devoted to characterizing
the B-secretase prior to its identification (Citron et al., 1996; Citron et al., 1995; Gouras
et al., 1998; Haass et al., 1995a; Haass et al., 1993; Haass et al., 1995b; Haass et al.,
1992; Knops et al., 1995; Koo and Squazzo, 1994; Roher et al., 1993; Seubert et al.,
1998; Zhao et al., 1996). It was hypothesized that the B-secretase would have several
characteristics, including close membrane association, lumenal and endocytic activity,
high neuronal expression, and insensitivity to pepstatin. BACE1 exhibited all of these
characteristics. Importantly, BACE1 appeared to cleave APP at the predicted (-
secretase site, and overexpression or inhibition of BACE1 enhanced or reduced the
production of B-site APP cleavage fragments in the expected manner. Unlike o-
secretase, -secretase activity appeared to result exclusively from BACE1 cleavage of
APP, since mice genetically devoid of BACE1 did not produce any detectable
endogenous AR in the brain (Luo et al., 2001). Further characterization of BACE1
revealed that it is a Type | transmembrane protein 501 amino acids in length with a
lumenal catalytic domain comprised of two aspartic protease active site motifs. BACE1
is produced as an inactive pro-enzyme, which is cleaved by furin at its N-terminus to
produce the mature, active form of BACE1. The mature enzyme contains four N-

glycosylation sites and 3 disulfide bridges (Haniu et al., 2000). This same aspartic
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protease was independently identified as the B-secretase by several other groups

using different methods shortly thereafter (memapsin 2, Asp2), further establishing
BACE1 as the authentic B-secretase (Hussain et al., 1999; Lin et al., 2000; Sinha et al.,
1999; Yan et al., 1999). Interestingly, subsequent research on BACE1 has revealed
that APP is not the only cleavage substrate of this enzyme. BACE1 appears to cleave
several other proteins, including neuregulin 1 (NRG1), the APP-like proteins (APLP1
and APLP2), the B2-subunit of the voltage-gated sodium channel (Na,1 B2), lipoprotein
receptor-related protein (LRP), P-selectin glycoprotein ligand 1 (PSGL1), B-galactoside-
a-2,6-sialyltransferase (S6Gal1), and the interleukin-1 receptor Il (IL1-R2) (Hu et al.,
2006; Kim et al., 2007; Kitazume et al., 2005; Kuhn et al., 2007; Li and Sudhof, 2004;
Lichtenthaler et al., 2003; Pastorino et al., 2004; von Arnim et al., 2005; Willem et al.,
2004; Wong et al., 2005). These alternative BACE1 substrates may provide further

insight into the true physiological function of this enzyme in the future.

BACE1 as a drug target for AD

It became evident shortly after its discovery that BACE1, as suspected, was indeed an
ideal AD drug target. BACE1 knock-out mice failed to produce any endogenous AR,
indicating that inhibition of BACE1 would completely eliminate A production in the
brain. Importantly, BACE1 knock-out mice exhibited no signs of major physiological or
behavioral abnormalities, indicating that BACE1 inhibitors, once developed, would lack
any serious side effects (Luo et al., 2001). More recent studies using transgenic models
of AD have confirmed that complete BACE1 inhibition prevents the development of

amyloid pathology in the brain. Tg2576 mice, which overexpress human APP with the
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B-site mutation (a.k.a. the “Swedish” mutation [APPsw]), normally develop modest

amyloid plaque pathology in the brain beginning at approximately nine months of age
(Hsiao et al., 1996). Tg2576 mice crossed with BACE1 -/- mice failed to produce any
form of Ap and failed to develop amyloid plaque pathology at any age. Furthermore,
BACE1 deletion appeared to prevent memory impairments normally apparent in this
mouse model, indicating that BACE1 inhibition was capable of ameliorating the clinical
symptoms of AD (Ohno et al., 2004). Similar results were obtained by crossing a more
aggressive model of amyloid pathology, Tg6799 or “6XFAD” mice, with BACE1 -/- mice.
In addition, BACE1 deletion was able to prevent neuronal loss, which is normally a
major phenotype in 5XFAD brains, and is also a hallmark of human AD pathology
(Ohno et al., 2006). Preliminary evidence indicates that BACE1 inhibition is also
capable of reversing amyloid pathology once it has already started; however, it unclear
whether partial inhibition of BACE1 can significantly slow the rate of amyloid plaque
development (Laird et al., 2005; McConlogue et al., 2007; Singer et al., 2005). There
are no BACE1 inhibitors currently being used to treat AD in humans. However, the
development of BACE1 inhibitors suitable for use in humans is a major endeavor being
undertaken by several pharmaceutical companies, as well as individual laboratories

(Ghosh et al., 2007).

BACE1 and sporadic Alzheimer’s disease

The amyloid cascade hypothesis states that AB42 overproduction is the first in a long
series of pathological events that ultimately lead to neurodegeneration associated with

AD. This theory relies on evidence from FAD mutations which directly alter A
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production; however FAD accounts for less than 5% of all AD cases. The vast

majority of AD cases are sporadic. Although many risk factors for SAD have been
identified, the molecular mechanisms by which these genetic and environmental factors
might alter APP processing remain completely unknown. Similarly, much effort has
been devoted to validating BACE1 as a drug target for AD; however, the normal
function and regulation of this enzyme in the human brain, as well as whether it plays a
causal role in SAD pathogenesis are areas of research that have been uninvestigated
up until fairly recently. It is clear from studies on the effect of the APPsw FAD mutation
on APP processing that enhanced BACE1 activity is sufficient to cause FAD (Citron et
al., 1992). Whether BACE1 may also play a role in SAD is unclear; however,
considering the crucial role this enzyme plays in the amyloidogenic process, it is logical
to suspect that factors that are responsible for influencing BACE1 levels and activity
normally in the brain could also be involved in the onset of SAD pathogenesis. In
support of this hypothesis, several recent studies have reported that BACE1 protein is
often elevated in the brains of AD patients compared to age-matched, non-demented
controls (Fukumoto et al., 2002; Holsinger et al., 2002; Li et al., 2004; Tyler et al., 2002;
Yang et al., 2003; Zhao et al., 2007). Strikingly, immunohistochemical analysis showed
that the BACE1 increase in AD brains occurs primarily around the senile plaques,
implying a causal role for this enzyme in sporadic amyloid pathology (Zhao et al., 2007).
The specific cause and functional significance of BACE1 elevations in AD brain,

however, remain unknown.
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Regulation of BACE1

BACE1 mRNA is expressed at low levels in most tissues, with higher expression in the
brain and pancreas (Vassar et al., 1999). In the brain, BACE1 mRNA is predominantly
neuronal, with low astrocytic expression (Zhao et al., 1996). BACE1 protein exhibits a
pan-neuronal expression pattern in the brain, with highest expression in the cortex and
hippocampus. Interestingly, immunohistochemical analysis reveals particularly intense
BACE1 staining in the mossy fiber pathway of the dentate gyrus (Zhao et al., 2007) (Fig
1.3C). Upon closer microscopic examination, the BACE1 neuronal localization appears
to be pre-synaptic (Zhao et al., 2007). Computer analysis of the BACE1 promoter
region predicts binding sites for numerous transcription factors (TFs), indicating that
BACE1 gene expression is regulatable in response to cell signals that alter gene
transcription (Sambamurti et al., 2004). However, very few of these TF interactions with
the BACE1 promoter have actually been confirmed. BACE1 mRNA has been reported
to be increased in response to oxidative damage, TBI, and hypoxia (Blasko et al., 2004;
Sun et al., 2006; Tamagno et al., 2005; Xue et al., 2006; Zhang et al., 2007). Recently,
a mechanism was described by which the cyclin-dependent kinase cdk5 becomes
aberrantly activated due to cleavage of p35 — p25 (a neurodegenerative event) and
elevates BACE1 mRNA levels, possibly through the activation of the transcription factor
STAT1 (Wen et al., 2008). Full-length BACE1 mRNA contains 9 exons and gives rise to
a full-length transcript ~6kb in length (Vassar et al., 1999). There are three BACE1
splice variants that lack parts of exons 3 and 4 (BACE-I-476, BACE-I-457, and BACE-I-

432), as well as BACET1 transcripts that differ in length at the 3’UTR. The three isoforms
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Figure 1.3: Endogenous BACE1 and APP are elevated in all postnatal brain
regions. Different brain regions from wild-type C57/BL6 postnatal day 8 (P8) and 2
month-old adult mice were analyzed for BACE1 and APP protein expression. (A-D)
Coronal brain sections from C57/BL6 mice were immunostained with anti-BACE1
antibody (3D5). (A) P8 BACE1 +/+ (B) P8 BACE1 -/- (C) Adult BACE1 +/+ (D) Adult
BACE1 -/-. (E) 10ug protein from different brain regions from C57/BL6 mice were
separated via SDS-PAGE and analyzed for BACE1 (3D5) and full-length APP (22C11;
FLAPP) protein expression viaimmunoblot. (F) BACE1 and FLAPP immunosignals
were normalized to B-actin and expressed as % Adult brain. BACE1 and FLAPP protein
expression were higher in P8 brains compared to adult in all brain regions analyzed.
(n=1)
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of BACE1 mRNA that differ from full-length BACE1 within the coding region give rise

to BACE1 protein variants with reduced or absent enzymatic activity, altered
glycosylation, and inhibited transport along the secretory pathway (Bodendorf et al.,
2001; Ehehalt et al., 2002; Tanahashi and Tabira, 2001; Zohar et al., 2003). Notably,
BACE-I-457, which has no detectable B-secretase activity, is the major transcript
expressed in the pancreas, which explains why the pancreas exhibits low B-secretase
activity despite robust BACE1 mRNA expression (Bodendorf et al., 2001). The
functional significance of these BACE1 splice variants is unknown. The possible role of
BACE1 transcription in AD has also been largely unaddressed; however, there is one
report of increased BACE1 mRNA levels in AD brains as well as a report that the full-
length active BACE1 transcript is preferentially transcribed in Tg2576 brains (Li et al.,
2004; Zohar et al., 2005). Post-transcriptional regulation of BACE1 has recently
emerged as a topic of intense study due to the observation that BACE1 protein is
consistently elevated in AD brains without an apparent corresponding increase in
BACE1 mRNA levels (Fukumoto et al., 2002; Holsinger et al., 2002; Tyler et al., 2002;
Yang et al., 2003; Zhao et al., 2007). Several groups are investigating the potential role
of translational regulation in modulating BACE1 protein levels due to the long,
unstructured, G-C-rich 5’UTR of the BACE1 transcript, which is a likely target for
translational regulation. The BACE1 5’UTR is inhibitory to BACE1 translation, resulting
in very low BACE1 protein expression under normal conditions (De Pietri Tonelli et al.,
2004; Lammich et al., 2004; Mihailovich et al., 2007; Rogers et al., 2004; Zhou and
Song, 2006). This can occur through several different mechanisms (Schroder and

Kaufman, 2006). The specific mechanism that controls BACE1 translation continues to
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be debated; however, it appears likely that the formation of secondary structure or the

presence of inhibitory uORFs or a combination of both keep BACE1 protein levels at a
minimum under normal conditions. This type of translational inhibition by the 5’UTR is
characteristic of proteins involved in growth, differentiation, and stress response, which
is interesting, because BACE1 has a proposed function in all of these processes. For
example, BACE1 protein is dramatically up-regulated in early postnatal brains
compared to adult (Fig 1.4A & B) (Chiocco et al., 2004; Chiocco et al., 2007; Willem et
al., 2006). This appears to occur through an unidentified post-transcriptional
mechanism (Fig 1.3C). Similarly, BACE1 protein is post-transcriptionally elevated in
mouse models of amyloid pathology (Zhao et al., 2007). These two lines of evidence
indicate that BACE1 could be translationally controlled during development and also in
response to stress stimuli. Translational de-repression of BACE1 has been
demonstrated in activated astrocytes, indicating that stress-induced alterations in the
translational machinery and enhanced BACE1 translation could be involved in the
development of AD pathogenesis (De Pietri Tonelli et al., 2004). Another type of post-
transcriptional regulation that has gained recent attention is the control of mMRNA
stability or translation through the binding of microRNAs to the 3’UTRs of transcripts.
The full-length BACE1 transcript has a long 3’'UTR (~4kb), which is a prime target for
microRNA-mediated regulation. Four microRNAs (miR-107, miR-9, miR-29a, and miR-
29b) have already been reported to bind to the BACE1 transcript. Furthermore, three of
these microRNAs were reported to be downregulated and inversely correlated with

BACE1 mRNA levels in AD brains (Hebert et al., 2008; Wang et al., 2008b). However,
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Figure 1.4: Endogenous BACE1 and APP are elevated in postnatal brain via a
post-transcriptional mechanism. (A) 15ug protein from C57/BL6 pups (P1, P7, P21,
and P30) and adult (2 mo.) brains were resolved by SDS-PAGE and immunoblotted for
BACE1 (3D5) or full-length APP (22C11; FLAPP). (B) BACE1 and FLAPP
immunosignals were normalized to B-actin and expressed as % Adult. (n=1-2) (C)
Endogenous BACE1 and APP mRNA from embryonic (E13.5, E16.5, E18.5), postnatal
(P1 and P8), or adult (2 mo.) C57/BL6 brain were amplified via Real Time PCR,
normalized to 18s rRNA, and expressed as % Adult. (n=2-5) *p < 0.05, **p < 0.01.
BACE1 and APP protein was elevated in the brains of postnatal mice, but not BACE1 or
APP mRNA.
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the proposed mechanisms by which microRNAs regulate BACE1 protein levels in

each of these studies were quite different. The Hebert et al. study hypothesized that
microRNAs regulated the rate of BACE1 translation, since expression of miR-29a, miR-
29b, or miR-9 had no effect on BACE1 transcript levels. In contrast, the Wang et al.
study concluded that microRNAs could influence both BACE1 mRNA and BACE1
protein levels by regulating BACE1 mRNA stability. Another related mechanism that has
recently been reported is the expression of non-coding BACE1 antisense mRNAs which
bind to the BACE1 transcript and enhance its stability (Faghihi et al., 2008). Although
miRNAs and antisense mMRNAs are potentially important in regulating BACE1 protein
levels, it is important to note that increased mRNA stability cannot explain the apparent
absence of BACE1 mRNA up-regulation in AD brain. Regulation of BACE1 at the level
of protein stability has also been investigated. There is one report that inhibition of the
proteasome causes BACE1 protein to accumulate, suggesting that BACE1 protein
stability may be dependent on the ubiquitin-proteasome pathway (Qing et al., 2004).
Other reports indicate that BACE1 may be degraded via the lysosomal pathway.
Apparently, BACE1 protein is normally shuttled to the lysosome for degradation via
binding to the adaptor protein GGA3. During apoptosis, pro-caspase 3 becomes
activated and cleaves GGAS, reducing the rate of BACE1 trafficking to lysosomes and
leading to extended BACE1 protein half-life (Koh et al., 2005; Tesco et al., 2007;
Vassar, 2007). Other studies have stressed the importance of BACE1 binding partners,
BACE1 post-translational modification, and BACE1/APP cellular localization as major
regulators of B-secretase-dependent cleavage of APP (Cole et al., 2005; He et al.,

2004; Miller et al., 2006; Rogaeva et al., 2007; Walter et al., 2001). Since a and B-
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secretase cleavage of APP are competing pathways that occur in separate cellular

compartments, factors that affect cellular trafficking of BACE1 can dramatically alter the

balance between amyloidogenic and non-amyloidogenic processing of APP.

Energy metabolism and Alzheimer’s disease

One factor that appears to be closely associated with AD is impaired cerebral energy
metabolism. Positron emission tomography (PET) imaging studies have consistently
shown that glucose utilization is dramatically lower in AD brain than in age-matched,
non-demented brain (de Leon et al., 2007; Mosconi et al., 2007). Moreover, post-
mortem analysis of AD brain shows down-regulated expression of mitochondrial
enzymes (de Leon et al., 1983; Rapoport, 1999a, b), further indicating that energy
metabolism may be deficient in AD. Importantly, young and middle-aged non-demented
carriers of the ApoE4 allele (a major genetic risk factor for SAD), and patients with mild
cognitive impairment (MCI), a condition that precedes clinical AD, also exhibit reduced
brain glucose utilization by PET imaging (Reiman et al., 2004; Wolf et al., 2003),
suggesting that impaired cerebral energy metabolism may be an early event in AD
pathogenesis rather than a downstream consequence of neuronal loss in the brain. All
of the major risk factors for developing SAD appear to be linked by their potential to
reduce blood flow and hence energy supplies to the brain or their association with
developing a condition with this capability. Common cardiovascular risk factors for
SAD, such as high serum cholesterol levels and atherosclerosis, reduce blood flow to
major organ systems due to progressive build-up of fatty materials in blood vessels, as

evidenced by the propensity of individuals with these conditions to experience strokes
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and heart attacks (American Heart Association, 2008). However, even in the

absence of major infarcts or cell death, it is likely that individuals with these conditions
have chronically reduced blood flow and oxygen delivery to key organ systems, and this
may trigger a cellular stress response in organs with high metabolic demand, such as
the brain. Traumatic brain injury is another risk factor for SAD that can directly disrupt
the vasculature and metabolic state of the brain (Xiong et al., 2001). Other risk factors
for SAD may not directly cause impaired energy metabolism in the brain; however, they
are all closely associated with cardiovascular diseases. For example the primary risk
factor for SAD, aging, is also a major risk factor for developing cardio- and
cerebrovascular disease (Decarli, 2004). Intriguingly, the most common genetic risk
factor for developing SAD, the apolipoprotein E4 allele (ApoE4), encodes a specific
isoform of a lipid transport protein that is strongly associated with both atherosclerosis
and high serum cholesterol levels, leading many to postulate that this may be the
mechanism by which ApoE4 contributes to increased risk of developing SAD (Mahley
and Rall, 2000; Notkola et al., 1998). Indeed, the dramatically lowered risk of
developing SAD due to statin treatment, regardless of ApoE genotype, indicates that
high serum cholesterol plays a causal role in SAD pathogenesis, rather than merely
being associated with the ApoE4 allele (Wolozin et al., 2006). This combined data
implies that chronically reduced glucose and oxygen delivery to the brain may be the
commonality underlying these heterogeneous risk factors, which may all trigger
amyloidogenesis through the same unknown molecular mechanism. In support of this
theory, it has been reported that energy inhibition can directly influence APP processing

at the molecular level in vitro (Busciglio et al., 2002; Gasparini et al., 1997; Hoyer et al.,
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2005; Webster et al., 1998). Surprisingly, diabetes, a disease that clearly disrupts

energy metabolism in the body, is not considered a classic risk factor for developing
SAD. However, several studies have shown that diabetes appears to be associated
with an increased risk for Alzheimer’s disease and other types of cognitive impairment
(Luchsinger, 2008). In comparison to other risk factors for SAD, the potential
association of diabetes with SAD has not been widely investigated; therefore, the
epidemiological evidence to assess this association is lacking. This may explain, in
part, why the topic continues to be debated. Moreover, diabetes is associated with a
much higher rate of mortality, and SAD most commonly manifests after age 80, which
could also lead to difficulty in assessing co-morbidity. Another problem facing
epidemiological studies of Alzheimer’s disease is the clinical overlap between
Alzheimer’s disease and other types of dementia. For instance, diabetes appears to be
more closely associated with vascular dementia than Alzheimer’s disease. Vascular
dementia is defined as cognitive dysfunction with clear evidence of cerebrovascular
disease that is judged to be etiologically related to the dementia, such as evidence of a
stroke (American Psychiatric Association; DSM-IV). However, vascular dementia and
Alzheimer’s disease share many of the same risk factors and symptoms, making the
two disorders difficult to distinguish. Although Alzheimer’s disease and vascular
dementias are currently considered separate disorders, increasing evidence suggests
that the two disease are closely related (Cole and Vassar, 2008). Clearly, the theory
that SAD pathology may actually result from chronic, cumulative metabolic insults to the
brain below the threshold which causes immediate neuronal death, is a viable

hypothesis that warrants further investigation.
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The Physiological Function of BACE1

Despite its well-defined role in AD pathogenesis, the normal physiological function of
the BACE1 protein remains enigmatic. One proposed function for BACE1 is in
peripheral (and possibly CNS) myelin maintenance, which is thought to occur due to
BACE1 cleavage of NRG1. Consistent with this theory, BACE1 knock-out mice exhibit
reduced myelin thickness in peripheral nerves and marginally decreased myelin basic
protein in the brain, compared to wild-type mice (Hu et al., 2006; Willem et al.,
2006)(Fig1.5). NRG1 has other functions in the brain besides myelination, including
synapse formation, astrocyte differentiation, neuronal activity, and neuronal migration
(Mei and Xiong, 2008). Therefore, it is possible that BACE1 plays a role in these brain
functions, as well. BACE1 protein expression is also elevated in early postnatal brain
compared to embryo or adult, indicating that BACE1 plays a role during early postnatal
brain development, as well (Willem et al., 2006)(Fig 1.4). Interestingly, the peak of
BACE1 protein expression in the postnatal brain coincides with the development of the
dentate gyrus in rodent brain, suggesting that BACE1 could play a specific role in the
development of this particular brain region (Ribak et al., 1985), although the increase
appears to occur over the entire brain, indicating a pan-neuronal developmental function
of BACE1 (Fig1.3). Another emerging theory is that BACE1 may act as a stress
response protein in the brain. Indeed, the predicted transcription factor binding
sequences in the BACE1 promoter indicate that its expression is capable of being
modulated by a variety of stress stimuli (Sambamurti et al., 2004). Consistent with this

finding, fluctuations in BACE1 expression have been reported in response to oxidative
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Figure 1.5: Myelination is reduced in BACE1 -/- mice. (A) 10ug protein from P8 or
2 mo. C57/BL6 wild-type or BACE1 -/- brain homogenates were separated by SDS-
PAGE and immunoblotted with BACE1 (3D5), full-length APP (22C11; FLAPP), or
myelin basic protein (MBP; Chemicon) antibodies. (B) BACE1, FLAPP, and MBP
immunosignals were normalized to B-actin and expressed as % wild-type (P8 or 2 mo.)
n=3 (C-F) Serial sections from P8 or 2 mo. C57/BL6 wild-type or BACE1 -/- brains
were immunostained with anti-MBP. (C) P8 wild-type (D) P8 BACE1 -/- (E) 2 mo.
wild-type (F) 2 mo. BACE1 -/-. All four isoforms of MBP showed a slight, non-
significant decrease in the CNS of both P8 and 2 mo. BACE1 -/- mice compared to wild-

type.
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stress, ischemia, and traumatic brain injury. (Blasko et al., 2004; Tamagno et al.,

2005; Tanahashi and Tabira, 2001; Tesco et al., 2007; Tong et al., 2005; Wen et al.,
2004). Interestingly, AB itself also appears to be capable of elevating BACE1 protein
levels, which may also occur through stress response pathways (Zhao et al., 2007).
BACE1 cleavage of APP has been reported to be protective against exitotoxicity in vitro
(Kamenetz et al., 2003). BACE1’s apparent ability to cleave VGSCs may be related to
this proposed function. BACE1 is also elevated as a result of cdk5 dysregulation, which
is an established marker of cellular distress and neurodegeneration (Wen et al., 2008).
The idea that BACE1 may function as a stress response protein in the brain is a
particularly attractive one, because it can easily explain how and why BACE1 becomes
elevated in SAD. ltis logical to hypothesize that upregulated BACE1 in response to
acute stress in the brain serves some type of neuroprotective function, either through
the production of A itself or through cleavage of one of its other substrates. However,
if the stress continually re-occurs, BACE1 and A levels might become chronically
elevated, and in the aging brain where clearance and maintenance mechanisms are
compromised, AB might begin to maladaptively accumulate, eventually leading to the
decline of the neuron. The specific type of stress(es) in the brain that might be
elevating BACE1 and the mechanism by which this might occur, however, remain

unknown.

Overview of thesis

In order to establish a mechanistic link between energy impairment in the brain, BACE1

levels, and amyloid pathology, we perform a series of energy deprivation experiments
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using in vitro and in vivo models. These experiments uncover a novel stress-induced

translational regulatory mechanism controlling BACE1 levels, with important

implications for SAD pathogenesis.

Chapter 2: Using an in vivo model of acute pharmacological energy deprivation
in young mice, we establish post-transcriptional elevations of BACE1 protein and
enhanced AP production as a biochemical consequence of impaired energy
metabolism in the brain.

Chapter 3: Using an in vitro model of glucose deprivation in BACE1-
overexpressing 293 cells, we identify phosphorylation of the eukaryotic
translation initiation factor 2o (elF2a) via the PKR-like endoplasmic reticulum
kinase (PERK) as the post-transcriptional mechanism underlying energy
deprivation-induced BACE1 protein elevations.

Chapter 4: Using primary cultured neurons, we show that glucose deprivation
also elevates endogenous BACE1 protein post-transcriptionally, and we
demonstrate that elF2a phosphorylation is directly amyloidogenic in vitro.
Chapter 5: Using repeated pharmacological administration of metabolic
inhibitors in aged transgenic mice, we showed that chronic energy deprivation
can accelerate amyloid plaque pathology in the brain.

Chapter 6: We demonstrate that A overproduction can also trigger elF2a
phosphorylation, which implies the existence of a positive feedback loop in the
development of amyloid pathology. Furthermore, we demonstrate that BACE1,
elF2a phosphorylation, and amyloid pathology are all correlated in human AD

brains, indicating that the novel elF2a mechanism is relevant to human disease.
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Chapter 7: We provide background information on the translational control of

proteins with a focus on elF2a phosphorylation. We also discuss the role of
elF2a phosphorylation in the brain, the possible physiological function of energy
deprivation-induced BACE1 up-regulation, and how the dysregulation of this

physiological function might result in SAD.
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CHAPTER 2

ACUTE ENERGY INHIBITION ELEVATES BACE1 PROTEIN
LEVELS IN THE BRAIN VIA A POST-TRANSCRIPTIONAL
MECHANISM IN VIVO

Introduction

Amyloid B (AB) overproduction and deposition are known to be key initiating events in
the plaque pathology of the rare, inherited form of Alzheimer’s disease (FAD) (Hardy
and Selkoe, 2002); however, the source of AR accumulation in the predominant,
sporadic form of AD (SAD) remains unknown. Levels of BACE1, the rate-limiting
enzyme in the production of the AP peptide, are increased in SAD brains around
amyloid plaques, implicating enhanced cleavage of APP by BACE1 as the source of AB
overproduction in SAD (Fukumoto et al., 2002; Holsinger et al., 2002; Li et al., 2004;
Tyler et al., 2002; Yang et al., 2003; Zhao et al., 2007). However, it is not known how or
why BACE1 levels are elevated in SAD brains. Interestingly, cerebral glucose
metabolism and blood flow are both reduced in preclinical AD, suggesting that impaired
energy production may be an early pathological event in the disease (de Leon et al.,
2007; Mosconi et al., 2007). Additionally, one of the proposed physiological functions of
BACET1 is as a stress response protein (Rossner et al., 2006). To determine whether
reduced energy metabolism was a stress capable of elevating BACE1 and promoting
Ap generation in the brain, we developed an in vivo pharmacological model of acute

energy deprivation in young, pre-plague APP transgenic (Tg2576) and wild-type
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(C57/BL6) mice. To achieve acute energy inhibition in vivo, we treated mice with

single i.p. injections of pharmacological agents that inhibit energy metabolism by
different mechanisms (insulin, 2-deoxyglucose, 3-nitropropionic acid, and kainic acid).
BACE1 protein levels were analyzed via immunoblot and soluble AR levels were
measured via ELISA in the brains of mice at 4 hrs, 2 days, and 7 days post-injection to
determine the effect of acute energy deprivation on BACE1 protein levels and AB
production in the brain. We then analyzed endogenous BACE1 and APP mRNA levels
in the brains of C57/BL6 mice to determine the effect of acute energy deprivation on

BACE1 and APP gene expression.

Materials and Methods

Animals and Drug Treatments

C57/BL6 and Tg2576 mice were purchased from Taconic. The Tg2576 (APPsw) mouse
model (Hsiao et al., 1996) carries a transgene encoding the 695-amino acid isoform of
human APP with the Swedish mutation--- K670N, M671L; 770 amino acid isoform
numbering (Fig 2.1A)(Mullan et al., 1992). All animals were 2-3 months of age at the
time of treatments, and were randomized by age, weight and gender into five
experimental groups (n=4-9 animals/group/time) with three recovery times (4 hrs, 2
days, and 7 days): vehicle (0.9% isotonic saline), insulin (18U/kg), 2-deoxyglucose
(2DG; 1g/kg), 3-nitropropionic acid (3NP; 100mg/kg), and kainic acid (KA; 30mg/kg). All
agents were administered by a single intraperitoneal (i.p.) injection. Insulin was

purchased from Henry Schein, and 2-deoxyglucose, 3-nitropropionic acid, and kainic
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acid were obtained from Sigma. These procedures were carried out with approval

from Northwestern University Animal Use and Care Committee.

Tissue Preparation

Following 4 hrs, 2 days or 7 days post-injection, animals were anesthetized with an i.p.
injection of pentobarbital (100 mg/kg). Once respiration was stable and the mouse no
longer responded to foot pinch, skin was rinsed with 70% ethanol and an incision was
made exposing the heart for transcardial perfusion with 20ml of cold perfusion buffer (10
mM HEPES, 137 mM NaCl, 4.6 mM KCI, 1.1 mM KH2PQy4, 0.6 mM MgSQO4 and 1.1 mM
EDTA) containing protease inhibitors (20 ug/ml PMSF, 5 ug/ml leupeptin, 20 uM sodium
orthovanadate and 100 uM DTT). Following perfusion, brains were harvested and
divided down the midline. Left hemibrains were placed in 4% paraformaldehyde
overnight at 4°C for histology and right hemibrains were snap frozen in liquid nitrogen
for biochemical analysis. Left hemibrains were stored in cryopreserve (20% sucrose
(w/v), 0.01% Na-azide (w/v), in phosphate buffered saline [PBS]) at 4°C and right
hemibrains stored at -80° C. Hemi-brains were homogenized in cold 1x PBS containing
protease inhibitors, centrifuged at 2000 x g for 10 min at 4°C to remove insoluble

material, and total protein concentration was determined by the BCA method (Pierce).

Immunoblot Analysis
Hemi-brain homogenates (3mg/ml) were prepared in sample boiling buffer (60 mM Tris,
10% glycerol, 5% SDS, pH 6.8), 3.5% loading dye, and boiled for 5 min. 15 ug of protein

was run on 10% SDS-PAGE (BioRad Criterion Gel System) and transferred onto PDVF
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membranes (0.45 um pore). Blots were blocked at room temperature for 1 hrin 5%

non-fat dry milk in Tris-buffer saline containing 0.1% Tween 20 (TBST), then incubated
with primary antibody against BACE1 (PA1-757, Affinity Bioreagents; 1:1000 dilution in
5% milk in TBST), APP (22C11, Chemicon; 1:5000), APPsB(sw) neoepitope (Cole et al.,
2005; Seubert et al., 1993; Vassar et al., 1999) (1:5000) at 4° C overnight or 3-actin
(Sigma; 1:15000) at room temperature for 1 hr. Blots were then washed in TBST and
incubated at room temperature for 1 hr with horseradish peroxidase-conjugated goat
anti-mouse or goat anti-rabbit secondary antibodies diluted 1:10,000 in 5% milk in
TBST. Immunosignals were detected using enhanced chemiluminescence (Amersham
ECL+). Immunosignals were then quantified using a Kodak CF440 imager and
normalized against the B-actin signal in the same sample for relative quantification.
When necessary, blots were stripped in 100 mM 2-mercaptoethanol, 2% SDS, and
62.5 mM Tris-HCI, pH 7.6 for 30 min at 65° C and washed in TBST before re-incubation

with fresh primary antibody.

Human AB40 ELISA

ApB40 levels in hemi-brain homogenates were determined using a human-specific AB40
sandwich ELISA (BioSource) according to the manufacturer’'s recommendations.
Briefly, hemi-brains were homogenized in 800 uL of 1x PBS with 1% Triton-X-100 and
1x protease inhibitors (AEBSF; Calbiochem), and total protein concentrations were
determined using the BCA assay (Pierce). Samples were then sonicated for ~20
seconds and adjusted to the same protein concentration with homogenization buffer.

Because two month-old Tg2576 mice are pre-plaque mice, the guanidine extraction
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step designed to solubilize amyloid plagues was eliminated. Samples were then

further diluted 4.3x with ELISA kit diluent buffer with 1x AEBSF. Equal protein amounts
of each sample (35 ug protein/well) and AB40 standards were added to the ELISA plate
wells in duplicate and processed for colorimetric development according to the
manufacturer’s protocol. Optical densities at 450 nm of each well were read on a Victor
1420 plate reader (Wallac) and Ap40 concentrations were determined using a standard
curve of purified recombinant AB40 protein. All readings were in the linear range of the
assay. APB40 concentration values for each sample were expressed as pg of AB40 (as
determined by ELISA) per mg of total protein in the brain (as determined by the BCA
assay). The average of the duplicates was determined and then the mean and standard

error for a given treatment was calculated.

Histology

Hemi-brains were sectioned parasagittally on a freezing microtome at 30 um. Alternate
serial sections were floated in 0.1 M phosphate buffer, pH 7.6, blocked for 2 hrs in 5%
horse serum, and then stained with rabbit anti-GFAP primary antibody (1:10,000;
Sigma) in 1% non-fat dry milk and 0.25% Triton-X-100 in 1x Tris-buffered saline (TBS;
0.05 M Tris, 0.15 M NaCl, pH 7.6) overnight at room temperature. Sections were
washed in 0.25% Triton, 1x TBS and incubated with secondary biotinylated goat anti-
rabbit diluted 1:2000 in 0.25% Trition-X-100 in 1x TBS for 2 hrs at room temperature.
The Vectorlabs ABC kit was used with DAB as chromagen to visualize the reaction
product. Sections were then mounted on charged slides, dehydrated in a series of

alcohols, cleared in xylene and coverslipped. Hematoxylin was used as a counterstain
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for GFAP immunohistochemistry. Differential interference contrast (DIC) microscopy

was performed using a Nikon E800 microscope with a Spot Advanced digital camera for

capturing images.

RNA Isolation and Real Time PCR

Frozen C57/BL6 hemibrains were homogenized in 2.5 mL Qiazol reagent. Total RNA
from 0.5 mL of C57/BL6 brain homogenate was isolated using Qiagen’s RNeasy Lipid
Mini kit according to the manufacturer’s specifications. Total mMRNA concentrations
were measured using ABSzeonm ([RNA] pg/ul = 0.04 X ABS260nm) ON @ Beckman
spectrophotometer. In general, only mRNA samples with low protein contamination
(ABS260nm/ABS280nm > 1.8) were used for analysis. mRNA integrity of each sample was
confirmed using an Agilent Technologies 2100 Bioanalyzer. mRNA samples were used
for analysis if the 28S ribosomal RNA peak was at least two times the area of the 18S
ribosomal RNA peak. 1 pg of total RNA from each sample was used for first-strand
cDNA synthesis using Invitrogen’s SuperScript 11l according to the manufacturer’s
recommendations (Random hexamers were used as opposed to oligo dTs). Exact
cDNA concentrations were determined using a Beckman spectrophotometer, and 112.5
ng cDNA from each sample was amplified via Real-Time PCR in triplicate using Applied
Biosystems’ Assays-on-Demand pre-mixed Tagman primer/probe set for mouse BACE1
and APP mRNA (catalog # Mm00431827_m1, Mm00478664_m1) and normalized
against 18s rRNA (#4333760F) using an Applied Biosystems 7900HT sequence
analyzer. The BACE1 primer/probe set spans exons 1-2 of the murine BACE1

transcript, which are present in all known splice variants of BACE1, and the APP
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primer/probe set spans exons 9-11, which are present in all known splice variants of

APP. Applied Biosystem’s universal cycling parameters were used. Samples were only
used for final analysis if the standard deviation between triplicate samples was < 0.1

cycles. Percent of control values were determined using the comparative CT method.

Statistical Methods

Immunoblot and ELISA quantifications are presented as the mean + standard error of
the mean (SEM). Comparisons between groups were made using one-way analysis of
variance (ANOVA) using Prism (Graph Pad Software) with post-hoc analysis by
Neuman-Keuls test. For Real Time PCR, triplicates were averaged for each sample
and the SEM was determined from the variability between different samples in the same
group (VEH, 2DG, 3NP, INS, or KA) using a two-way t-test. An effect of treatment was

defined as significant if p < 0.05 by the F-test in the analysis of variance. *p < 0.05, **p <

0.01, and ***p < 0.001

Results

Physiological Effect of Acute Energy Deprivation in Mice

To determine the effects of acute energy inhibition on cerebral BACE1 levels and pro-
amyloidogenic APP processing in vivo, we treated 2 month-old wild-type C57/BL6 and
pre-plague APP-transgenic Tg2576 mice with single doses of vehicle (VEH), insulin
(INS; 18 U/kg), 2-deoxyglucose (2DG; 1 g/kg), 3-nitropropionic acid (3NP; 100 mg/kg),
or kainic acid. Sub-lethal doses of insulin induce rapid, severe hypoglycemia by

stimulating cells to metabolize and deplete glucose stores. 2DG is a competitive
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inhibitor of glucose that binds and reversibly inactivates hexokinase, thus reducing

glucose flux through glycolysis. 3NP is an irreversible inhibitor of succinate
dehydrogenase, which inhibits carbon flux through the Kreb cycle, and disrupts the
electron transport chain. Finally, KA is a glutamate analogue that induces seizure and
evokes a large energy demand on glutamatergic neurons in the brain (Fig 2.2). Mice
were allowed to recover for 4 hrs, 2 days, or 7 days post-injection. All treated mice
displayed typical behaviors associated with inhibition of energy metabolism, including
low or no motor activity, lethargy, and lack of response to touch. For insulin-induced
hypoglycemia, these behaviors correlated with extremely low blood glucose levels (20-
30 mg/dL in insulin-injected mice as compared to ~130 mg/dL in vehicle-injected mice).
For KA-treated animals, reduced motor activity preceded the onset of mild to moderate
seizures (stages 2-4) (McKhann et al., 2003).Behavioral onset was rapid following
injections with 2DG, 3NP and KA (~5-10min) and more delayed for insulin treatment
(~45-60min). All mice generally recovered within 4 hrs, and no further abnormal

behaviors were observed for up to 7 days (the last time point analyzed).

Acute Energy Deprivation Causes no Neurodegeneration or Astrogliosis
These agents and doses have been shown in previous studies to induce acute
reduction in brain energy production without causing significant neurodegeneration
(Auer et al., 1984; Brownell et al., 2004; McKhann et al., 2003). To confirm that no
neurodegeneration or gliosis occurred as a result of treatments, following 7 days of
recovery, brains from representative treated mice were harvested and alternate brain

sections stained with anti-glial fibrillary acidic protein (GFAP) antibody counterstained
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Figure 2.2: The effect of pharmacological energy inhibitors on energy
metabolism. Insulin (INS) stimulates the peripheral cells via signal transduction to
increase uptake of glucose from the extracellular space, causing glucose stores to be
rapidly depleted. Kainic acid (KA) induces rapid firing of glutamate-senstive neurons,
which also causes depletion of glucose stores. 2-deoxyglucose (2DG) is a glucose
analog that competes with glucose for access to the enzyme hexokinase, thereby
inhibiting the flux of glucose through glycolysis. 3-nitropropionic acid (3NP) is an
irreversible inhibitor of the enzyme succinate dehydrogenase (SDH). Inactivation of
SDH inhibits the tricarboxylic acid (TCA) cycle, as well as the electron transport chain.
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with hematoxylin. GFAP immunoreactivity was not elevated in brains from treated

mice as compared to vehicle controls (Fig 2.3), indicating that the energy inhibitors did
not induce significant astrogliosis. Importantly, the treatments did not appear to cause
obvious signs of neurodegeneration upon examination of hematoxylin-stained (Fig 2.3)

brain sections.

Cerebral BACE1 Levels Are Elevated Following Energy Inhibition

Next, we then investigated the effects of acute energy inhibition on cerebral BACE1
levels in Tg2576 mice via immunoblot. At 4 hrs post-injection, all treatments resulted in
increases of brain BACE1 protein levels in young Tg2576 mice ~150% of vehicle control
(Fig 2.4; p < 0.01). When Tg2576 mice were allowed to recovery for 2 days or 7 days,
BACE1 levels continued to be elevated to ~130-145% and ~127-140% of vehicle control
values, respectively (Figure 2.4; 2d p < 0.05, 7d p < 0.01). These results demonstrate
that the BACE1 protein increase is an early and long-lasting response to acute energy

inhibition Tg2576 brain.

Cerebral Amyloidogenesis is Increased Following Energy Inhibition

Since BACE1 is the key rate-limiting enzyme in the production of AB, we next
determined whether acute cerebral energy inhibition would also increase pro-
amyloidogenic processing of APP in Tg2576 mice. The Tg2576 mouse line is a well-
established transgenic model of amyloid pathology that overexpresses human APP with
the Swedish mutation (APPsw; Fig 2.1A) (Mullan et al., 1992) and develops amyloid

plagues at ~9-12 months of age (Hsiao et al., 1996). The level of APPsB(sw), the
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Figure 2.3: Acute energy inhibition causes no detectable neurodegeneration or
astrogliosis in the brain. 2-3 month-old Tg2576 mice were administered single i.p.
injections of vehicle (VEH), insulin (INS), 2-deoxyglucose (2DG), 3-nitropropionic acid
(BNP), or kainic acid (KA). 7 days post-injection, brains from VEH, INS, 2DG, 3NP, or
KA-treated animals were fixed for immunohistochemistry. Serial parasagittal sections
from Tg2576 mice were stained with anti-GFAP and counterstained with hematoxylin.
The CA1, CA3, and dentate gyrus regions of the hippocampus were imaged at low
magnification (10X) to test for neuronal loss in the cell layers of the hippocampus. The
hippocampus was imaged at high magnification (10X) to determine the activation status
of individual astrocytes in treated versus control mice.
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Figure 2.4: Acute energy inhibition elevates endogenous BACE1 protein levels in
young Tg2576 mice. (from Velliquette et al., 2005) 2-3 month old Tg2576 mice were
administered single i.p. injections of VEH, INS, 2DG, 3NP, and KA. 4 hrs, 2 days, or 7
days-post-injection, brains from VEH, INS, 2DG, 3NP, and KA-treated Tg2576 mice
were analyzed via immunoblot for expression of endogenous BACE1 protein. BACE1
immunosignals were normalized to B-actin and expressed as % VEH. BACE1 protein
levels were elevated above VEH in all treatment groups at all timepoints tested. (n = 4-
6). *p <0.05, **p <0.01
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ectodomain produced after initial B-secretase cleavage of APPsw, reflects the amount

of BACE1-induced processing of APP and parallels the level of AR (Vassar et al., 1999;
Sinha et al., 1999; Yan et al., 1999; Hussain et al., 1999; Lin et al., 2000). Therefore, we
measured APPsB(sw) levels in the brains of treated mice by immunoblot analysis using
a neoepitope antibody that recognizes the cleaved C-terminus of APPs ending in the
Swedish mutation (APPsB(sw)), but reacts only weakly with full-length APP (Seubert et
al., 1993; Vassar et al., 1999; Cole et al., 2005). We found that energy inhibition caused
APPsB(sw) levels to increase by as much as ~175% as compared to vehicle controls
after 4h of recovery (Fig 2.5A), indicating that treatment-induced BACE1 elevation led to
a rise in B-secretase cleavage of APP in vivo. APPsB(sw) levels continued to be
elevated for 2 days and 7 days following treatments (Fig 2.5A), again demonstrating a
long-lasting effect. Immunoblot analysis with anti-APP antibodies did not reveal a
significant increase of full-length APP levels following energy inhibition, excluding the
possibility that an increase in APPsw transgene expression was responsible for the
elevated APPsB(sw) levels. To determine whether the apparent increase in B-secretase
cleavage of APP resulted in elevated AR levels, we measured cerebral AB40 the
predominant form of AR produced in the Tg2576 model, in treated Tg2576 mice using a
human AB40-specific sandwich ELISA. At 2 months of age, Tg2576 mice have not yet
begun to form plaques in the brain, so all of the AB in the brain is soluble. After 4 hrs
and 2 days of recovery, AB40 levels showed a trend toward elevation for several of the
treatments, although significant differences were not found by ANOVA (Fig 2.5B).
However, by 7 days of recovery, treated Tg2576 mice had dramatically elevated

cerebral AB40 levels, rising to ~200% of vehicle control values (Fig 2.5B). Taken
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Figure 2.5: Acute energy inhibition in young Tg2576 mice enhances pro-
amyloidogenic processing of APP. 2-3 month old Tg2576 mice were administered
single i.p. injections of VEH, INS, 2DG, 3NP, and KA. (A) (from Velliquette et al., 2005)
At 4 hrs, 2 days, or 7 days-post-injection, brains from treated Tg2576 mice were
analyzed via immunoblot for expression of APPsf(sw); the N-terminal protein fragment
produced from BACE1-mediated cleavage of APPsw. APPsB(sw) immunosignals were
normalized to B-actin and expressed as % VEH. APPsB(sw) was significantly elevated
in response to all treatments at all timepoints tested (n = 4-6). (B) At 4 hrs, 2 days, or
7 days post-injection, brains from VEH, INS, 2DG, 3NP, and KA-treated Tg2576 brains
were analyzed via ELISA for total human AB40 levels. AB40 values were normalized to
total protein and expressed as pg AB40 per mg of total protein. AB40 levels were
significantly elevated in Tg2576 brains in response to all treatments 7 days post-
injection. (n=4) *p <0.05, **p <0.01, ***p < 0.001
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together, these results demonstrated that reduction of cerebral energy metabolism,

although acute, produced a long-lasting elevation of both BACE1 and A levels in the

brain.

Endogenous BACE1 protein levels are elevated in response to acute energy
deprivation in the brains of C57/BL6 mice

We showed that acute injection of insulin, 2DG, 3NP, or KA caused a significant
increase in cerebral BACE1 protein levels in two month-old Tg2576 mice on a B6/SJL
strain background. To determine the effect of acute energy inhibition on endogenous
BACE1 and APP proteins in the brains of wild-type C57/BL6 mice (Fig 2.1K,L), we
administered acute injections of insulin, 2DG, 3NP, or KA to two month-old C57/BL6
mice and analyzed half of the brain via immunoblot for BACE1 and APP proteins.
Consistent to what was observed in the brains of Tg2576 mice, acute in vivo inhibition
of energy production induced by each of the four pharmacological agents resulted in
significant increases in BACE1 protein levels in C57/BL6 brains (~150% of vehicle
control values) within 4hrs (Fig 2.6A; p < 0.001). Moreover, BACE1 levels continued to
be significantly elevated in C57/BL6 brains (~125-150% of vehicle control) after 2 days
and 7 days of recovery (Fig 2.6A). In contrast, no difference between endogenous
levels of APP, the BACE1 substrate, was observed between vehicle and 2DG, 3NP, or
KA-treated animals. These results show that BACE1 protein is regulated similarly in
response to acute energy inhibition in vivo, regardless of strain background or

genotype.
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Figure 2.6: Acute energy inhibition elevates endogenous BACE1 protein levels
via a post-transcriptional mechanism in young C57/BL6 mice. 2-3 month old wild-
type C57/BL6 mice were administered single i.p. injections of VEH, INS, 2DG, 3NP, or
KA. (A) (from Velliquette et al., 2005) Brains from treated C57/BL6 mice were
analyzed via immunoblot for endogenous BACE1 protein expression. BACE1
immunosignals were normalized to B-actin and expressed as % VEH. (n =4-9) BACE1
protein levels were elevated in all treatment groups at all timepoints tested. (B) mRNA
was isolated from brains of treated C57/BL6 and analyzed for endogenous BACE1 and
APP mRNA levels via Real Time PCR. BACE1 and APP mRNA signals were
normalized to 18s rRNA and expressed as % VEH. (n =2-5) There was no significant
difference between BACE1 or APP mRNA levels in any treatment group at any
timepoint. *p < 0.05, **p < 0.01, ***p < 0.001
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BACE1 and APP mRNA levels are not elevated in response to acute energy

deprivation in vivo

In order to gather mechanistic information about the acute energy deprivation-induced
BACE1 elevation in vivo, we extracted total mRNA from the corresponding hemi-brains
of two month-old C57/BL6 mice that had received acute injections of vehicle, insulin,
2DG, 3NP, or KA and had previously exhibited elevated BACE1 protein levels via
immunoblot. Using Real Time PCR, we measured levels of total endogenous BACE1
and APP mRNA transcripts in the

brains of treated mice compared to vehicle. In contrast to the increase in BACE1
protein observed in response to acute energy deprivation, BACE1 mRNA levels were
the same in insulin, 2DG, 3NP, and KA-treated mice compared to vehicle. Endogenous
APP mRNA levels were not elevated either, consistent with unchanged APP protein

levels in the brain (Fig 2.6B).

Discussion

We showed that single pharmacological treatments of a variety of energy inhibitors
cause prolonged elevations in cerebral levels of BACE1 in both wild-type and Tg2576
mice, which appear to enhance amyloidogenic processing in young Tg2576 mice.
Although the energy inhibitors used in this study all inhibit energy production through
different mechanisms, they all showed similar effects on BACE1 protein and
amyloidogenic processing, indicating that they may all be promoting amyloidogenesis

through the same molecular mechanism.
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The Effects of Acute Energy Inhibition on Amyloidogenic APP Processing

Interestingly, a relatively long period of time elapsed between BACE1 and APPsp
elevations and detectable AB40 increases. It is possible that either the additional step of
y-secretase cleavage of C99 to generate AB, or mechanisms of AR clearance, may be
responsible for this lag period. The temporal relationship between B- and y-secretase
cleavage in neurons is not well understood in vivo, and the time for C99 intracellular
trafficking to y-secretase, or the accessibility and/or activity of y-secretase, may be
limiting in vivo. Interestingly, a recent study indicates that y-secretase generation of AB
is ATP-dependent in a cell-free system (Netzer et al., 2003). If so, the lower ATP levels
caused by our energy inhibitor treatments may simultaneously enhance B-secretase
cleavage of APP and reduce y-secretase cleavage of C99, thereby temporarily inhibiting
AB production. Once a normal metabolic state is restored and y-secretase is
reactivated, accumulated C99 is then cleaved by y-secretase, leading to a delayed rise
in AB levels. Elevations of BACE1, the rate-limiting enzyme in AR production and its
direct cleavage product, APPsp3, indicate that enhanced production of AR is responsible
for accumulating A in the brain following acute energy inhibition in vivo. However, it is
important to note that AR homeostasis in the brain is dependent upon both production
and clearance pathways. It is possible that impaired energy metabolism affects both the

production of AB as well as AB clearance and degradation pathways in the brain.
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Mechanisms of BACE1 protein elevation

We repeated our acute energy inhibition experiments in two-month old wild-type
C57/BL6 mice, and all four pharmacological agents (insulin, 2DG, 3NP, and KA) all
caused cerebral elevations of BACE1 protein similar in magnitude to the BACE1 protein
elevations observed in young Tg2576 mice. This data indicates that the energy
inhibition-induced BACE1 protein elevation is robust and is reproducible in different
strains and genotypes of mice. (Acute energy deprivation-induced BACE1 protein
elevations also occurred in non-transgenic littermates of Tg2576 mice, which are
B6/SJL hybrid mice.) Interestingly, BACE1 mRNA levels from these same C57/BL6
brains were not elevated in treatment groups compared to controls, which indicates that
increased BACE1 transcription or increased BACE1 mRNA stability cannot explain the
energy deprivation-induced BACE1 protein elevation. This is surprising, because
altered metabolic states are expected to change the transcriptional profile of the cell
dramatically. Nevertheless, the relatively short time period in which BACE1 protein
becomes elevated (by 4 hrs) further supports the hypothesis that the energy
deprivation-induced BACE1 elevation is post-transcriptional. As previously discussed,
BACE1 can be controlled by a variety of post-transcriptional mechanisms, including
altered protein stability (through either the ubiquitin-proteasome pathway or the
lysosomal degradation pathway), microRNA regulation, or translational control. A cell
culture model of energy deprivation will need to be developed in order to determine
which of this mechanisms, if any, are operating in response to energy deprivation.
Another notable finding of our acute energy deprivation study is that neither APP mRNA

nor APP protein appeared to be altered in response to acute energy deprivation in wild-
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type C57/BL6 mice. This indicates that increased AP levels observed in Tg2576 mice

in response to acute energy deprivation are not attributable to effects of acute energy
deprivation on endogenous APP. Elevated AP levels appear to occur solely through
enhanced [3-secretase cleavage of APP. The agents used to induce acute energy
inhibition did not induce visible signs of neurodegeneration as determined by
hematoxylin staining, indicating that the BACE1 protein increase occurs pre-
apoptotically. Similarly, GFAP immunoreactivity indicated that acute energy inhibition
caused no astrogliosis at the doses used, indicating that the BACE1 increase is non-
inflammation-mediated. The specific cell type in the brain that up-regulates BACE1 in
response to acute energy deprivation is another important unanswered question. We
suspect that the BACE1 increase is neuronal in origin, since BACE1 is predominantly
expressed in neurons and expressed at very low levels in glia (Zhao et al., 1996).
However, it is still possible that glia are responsible for upregulating BACE1, because
even though BACE1 is expressed at very low levels in glia, glia are the predominant cell
type in the brain. The specific brain region that up-regulates BACE1 protein is also
unknown. We suspect that the BACE1 protein increase occurs over the entire brain,
because BACE1 is expressed pan-neuronally in the brain (Zhao et al., 2007).
Additionally, our immunoblots of whole brain homogenates readily detected elevated
BACE1 protein in response to acute energy deprivation, and if the BACE1 increase had
only occurred in a single brain region, it is unlikely that it would have been detected by
our assay. However, it is possible that BACE1 protein elevation in response to acute
energy deprivation is particularly high only in a specific region of the brain, for example,

the hippocampus. BACE1 protein exhibits particularly dense staining in the mossy fiber
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pathway of the dentate gyrus under normal conditions, indicating that BACE1 might

play a particularly important role there. It has been hypothesized that the hippocampus
is particularly sensitive to stress stimuli and neurodegenerative changes. It is also one
of the first sites of amyloid plaque formation in Alzheimer’s disease (Esch et al., 2002;

Mesulam, 2000).

Implications for Amyloid Pathology and SAD

Although the BACE1 elevations were modest (~150% of control), they were long-lasting
(at least 7 days). As expected, increases in the levels of the product, Ap40, temporally
followed those of the enzyme, BACE1. Notably, at 7 days post-treatment, AB40 levels
reached ~200% of control, thus exceeding the maximum percent increase for BACE1.
Given the catalytic activity of BACE1, prolonged elevation of BACE1 levels could lead to
large, cumulative increases of Ap over time. This is exemplified by our observation that
BACE1 and A levels remain elevated for at least one week following a single episode
of energy inhibition. The main implication of our acute energy inhibition study is that
repeated metabolic insults may maintain elevated BACE1 protein levels in the brain,
which may eventually have harmful effects due to cerebral AR overproduction. If
cerebral AB production overwhelms clearance and/or degradation mechanisms in the

brain, then A levels will increase and likely trigger SAD, just as it does in FAD.
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CHAPTER 3

ENERGY INHIBITION ELEVATES BACE1 PROTEIN IN VITRO
VIA PHOSPHORYLATION OF THE TRANSLATION INITIATION
FACTOR elF2a AT SERINE 51

Introduction

BACE1 protein levels are elevated and pro-amyloidogenic processing of APP is
enhanced in the brain as a result of acute energy deprivation in vivo, which may be an
amyloidogenic mechanism in SAD. However, neither BACE1 nor APP mRNA levels
were elevated in the brains of wild-type C57/BL6 mice in response to acute energy
deprivation, indicating that increased BACE1 protein levels were the result of a post-
transcriptional mechanism. In order to identify the specific post-transcriptional
mechanism(s) involved in energy deprivation-induced elevations of BACE1 protein, we
developed an in vitro model of energy deprivation. HEK-293 cells stably overexpressing
human BACE1 under the control of the CMV promoter (BACE1-293 cells) were cultured
for varying lengths of time in glucose-deficient media (NG). We compared BACE1
protein and mRNA levels in NG-treated versus control-treated BACE1-293 cells to
determine whether BACE1 protein was post-transcriptionally elevated in response to
impaired energy metabolism in vitro. Using this in vitro model of energy deprivation, we
investigated the specific roles of BACE1 transcription, protein stability, and translation in
energy deprivation-induced BACE1 elevation. We tested BACE1 mRNA levels in
glucose-deprived BACE1-293 cells and used a transcriptional inhibitor, actinomycin D,

in combination with no glucose treatment to determine if transcription was involved in
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BACE1 protein elevations.BACE1 protein stability is controlled by the ubiquitin-

proteasome pathway and/or the lysosomal degradation pathway, both of which could be
altered in response to cellular energy deprivation. In order to determine whether
BACE1 protein stability was enhanced under glucose-deficient conditions, we
performed a pulse-chase experiment using BACE1-293 cells incubated in glucose-
deficient (NG) or media containing 50 mM 2-deoxyglucose (2DG). Another post-
transcriptional mechanism that could cause energy deprivation-induced BACE1
elevations is altered translational control of BACE1 mRNA. BACE1 mRNA contains a
long (~0.5 kb), G-C-rich (76%) 5’untranslated region (5’UTR) with three uAUGSs, which
is characteristic of translationally regulated proteins. It has been demonstrated that the
BACE1 5’'UTR is inhibitory to BACE1 translation under normal conditions (De Pietri
Tonelli et al., 2004; Lammich et al., 2004; Mihailovich et al., 2007; Rogers et al., 2004;
Zhou and Song, 2006). In order to determine whether there was evidence for altered
translational control in BACE1-293 cells as a result of impaired energy metabolism, we
compared levels of activation of various signaling pathways known to converge upon
components of the cellular translational machinery in NG-treated cells compared to
control viaimmunoblot. Using this screen, we observed increased phosphorylation of
the alpha subunit of the eukaryotic translation initiation factor 2, a highly conserved
eukaryotic cellular stress response mechanism designed to reduce global translation
and specifically enhance translation of stress response proteins with long 5’UTRS
containing uORFs, similar to BACE1. To determine whether elF2a phosphorylation was
a valid mechanism controlling BACE1 protein levels we attempted to elevate BACE1

protein levels in vitro by direct pharmacological induction of elF2a phosphorylation. To
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do this, we treated BACE1-293 cells with a drug that selectively enhances basal

elF2a-P levels (salubrinal), and compared BACE1 protein levels in salubrinal versus
control-treated BACE1-293 cells viaimmunoblot. In order to determine whether elF2a
phosphorylation in response to glucose deprivation was directly causing elevated
BACE1 protein levels, we cultured BACE1-293 cells in glucose-deficient media while
genetically preventing elF2a phosphorylation. We then measured BACE1 and elF2a-P
levels via immunoblot to determine whether inhibition of elF2a phosphorylation could
prevent NG-induced BACE1 protein elevations. In addition, we overexpressed
dominant negative forms of elF2a kinases in combination with no glucose in BACE1-
293 cells to determine which specific elF2a kinase was phosphorylating elF2a in

response to glucose deprivation.

Materials and Methods

Cell Line Cultures

The 2.5kb full-length human BACE1 coding region containing the BACE1 mRNA 5’ (453
nts) and 3’ (567 nts) untranslated regions (UTRs; Accession no. AF190725) was cloned
into the expression vector pPCMVi (pCMV-hBACE1; Cellular & Molecular Technologies,
Inc.)(Fig 2.1C). The stably transfected BACE1-293 cell line was created by co-
transfecting HEK-293 cells with pCMV-hBACE1 and pRSV-Puro and selecting with 5
ug/mL puromycin (Sigma). BACE1-293 cells were maintained in selective Dulbecco’s
Modified Eagle Medium (DMEM; 10% fetal bovine serum, 1% pen-strep, 400 ug/mL
G418, and 5 yg/mL puromycin; Invitrogen). For energy deprivation experiments, cells

were plated on poly-D-lysine-coated (100 ug/mL) plates, allowed to grow to ~80%
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confluency, and then incubated in selective DMEM without glucose (Invitrogen; Cat

#11966). For transient transfections, cells were allowed to grow to ~50% confluency in
DMEM containing only 10% FBS and transfected with 1.6 yg/mL DNA complexed with
Lipofectamine 2000 according to the manufacturer’s recommendations for 4 hrs
(Invitrogen). After 4 hrs, transfection media was removed, replaced with selective
DMEM, and cells were allowed to recover overnight before onset of treatment. The -
5'UTR and +5’UTR vectors were a gift from Sven Lammich, Stefan Lichtenthaler, and
Christian Haass at Ludwigs-Maximilians University in Munich. -5’UTR (Fig 2.1E): The
entire BACE1 coding region (1503 bps) was PCR amplified from human cDNA and
cloned into the pcDNA3.1Zeo(+) CMV expression vector using EcoRI and Xhol
restriction sites. +5’UTR (Fig 2.1D): The BACE1 5’'UTR sequence was PCR-amplified
from human cDNA and cloned into the -5’UTR vector using Hindlll and EcoRI restriction
sites (Lammich et al., 2004). The GADD34AN, GADD34CON, PERKDN, and P58
vectors were a gift from David Ron’s lab at NYU:

(www.saturn.med.nyu.edu/research/mp/ronlab/SharedReagents.html). The GCN2DN

vector was a gift from Ron Wek at the University of Indiana in Indianapolis. GADD34AN
(Fig 2.1F): The C-terminal activation domain of hamster GADD34 (MyD116; aa 292—
590) cDNA was subcloned into the BamHI and Sall sites of pPBABEpu CMV expression
vector (Novoa et al., 2001). GADD34CON (Fig 2.1G): The C-terminal portion of
mouse GADD34 cDNA with the PP1c interacting domain deleted was created by
isolating the Smal fragment of mouse GADD34 and subcloning into the SnB1 site of the
pBABEpu CMV expression vector. GADD34CON serves as a negative control for

GADD34AN (Novoa et al., 2001). PERKDN (Fig 2.1H): N-terminal FLAG-tagged full-
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length mouse PERK cDNA with the C-terminus containing the kinase domain deleted

(by SnaBl/Smal cleavage of mMPERK cDNA, which eliminates residues 582-1081 of the
protein) was cloned into the EcoRI and Xhol sites of pcDNA3 CMV expression vector.
This vector serves as a dominant negative form of the PERK kinase (Harding et al.,
1999). GCN2DN (Fig 2.11): The B variant of full-length mouse GCN2 cDNA with a Lys
— Met substitution (K618M) in the kinase domain and a C-terminal 9E10 tag was
cloned into the Kpnl and Xbal sites of the pcDNA3 CMV expression vector. This
construct serves as a dominant negative form of the GCN2 kinase (Sood et al., 2000).
P58 (Fig 2.1J): Full-length mouse P58 cDNA was subcloned into the pcDNA3 CMV
expression vector (Oyadomari et al., 2006). P58 is an inhibitor of the PERK and PKR
kinases (van Huizen et al., 2003; Yan et al., 2002). Empty pcDNA3 vector was used as
negative control for the PERKDN, GCN2DN, and P58 vectors. For salubrinal
experiments, 5 mg of salubrinal was dissolved in DMSO to 10 mM and added to the cell
media at 100 uM for 24 hrs (Calbiochem # 324895). For actinomycin D experiments,
actinomycin D (Sigma # A9415) was dissolved in DMSO to 1 mg/mL and added to the
cell media at a concentration of 1.6 ug/mL for 12 hrs. For tauroursodeoxycholate
(TUDCA; Sigma) experiments, cells were pre-treated with 1 yM TUDCA (dissolved in
sterile water and adjusted to pH 7.0) for 30 min., than treated for 12 hrs with glucose-
deficient media containing 1 uM TUDCA. For Mnk kinase inhibitor experiments (N3-(4-
fluorophenyl)-1h-pyrazolo[3,4-d]pyrimidine-3,4-diamine; Sigma # CGP 57380) Mnk
inhibitor was dissolved in DMSO to 20 mM. BACE1-293 cells were pre-treated with 1
MM Mnk inhibitor for 30 min., then incubated in glucose-deficient DMEM containing 1

MM Mnk inhibitor for 12 hrs. For biochemical analyses, cells were washed with 1x PBS,
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lysed in 1x RIPA buffer (150 mM NacCl, 1% IGEPAL CA-630, 0.5% sodium

deoxycholate (DOC), 0.1% SDS, 50 mM Tris, pH 8.0, 1 mM PMSF) supplemented with
1x AEBSF and 1x Halt phosphatase inhibitors (Pierce) and homogenized. Insoluble
material was pelleted out by centrifugation, and supernatants were analyzed for total
protein content using the BCA assay. For mRNA analysis, culture medium was
aspirated, and cells were immediately lysed in 350 uL RLT buffer with 1% [3-
mercaptoethanol (Qiagen). Cell lysates were homogenized and used for mRNA

extraction.

Neuronal Cultures

Timed pregnant C57/BL6 females mated were sacrificed via carbon dioxide inhalation,
and E15.5-E16.5 C57/BL6 embryos were excised, rinsed in 1x BSS (1x Hank’s
Balanced Salt Solution, 1% pen-strep, 10 mM HEPES), and decapitated. Embryonic
cortical tissue was isolated with the aid of a dissecting microscope, dissociated for 15
min. at 37°C in 5 mL of 0.25% trypsin (Invitrogen), washed 3x with 5 mL 1x BSS, and
triturated in succession with a regular, sterile Pasteur pipet and a fire-polished Pasteur
pipet in 5mL 1x BSS. Triturate volumes were adjusted to 0.25 mL/well with 1x BSS.
Neurons were plated in 1 mg/mL poly-L-lysine-coated plates (1 brain per 12-well plate)
for 2 hrs in neurobasal media supplemented with 1x B-27, 10% horse serum, 1% pen-
strep, 2.5u M glutamate, and 500 uM glutamine (Invitrogen). Neurons were maintained
for 2 DIV in neurobasal media containing only B-27, 2.5 uM glutamate, and 500 uM
glutamine. At 2 DIV, neurons were switched to media containing only B-27 and 500 uM

glutamine, after which half of the maintenance media was changed every 2-3 days.
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Rapamycin (Cell Signaling # 9904) was dissolved in DMSO to 10 uM. At 7 DIV,

rapamycin was added to the maintenance media at 10 nM for 12 hrs. For biochemical
analyses, neurons were washed with 1x PBS, lysed in 1x RIPA buffer supplemented
with 1x AEBSF and 1x Halt phosphatase inhibitors and homogenized. Insoluble
material was pelleted out by centrifugation, and supernatants were analyzed for total

protein content using the BCA assay.

Immunoblotting

5 ug (BACE1, B-actin) or 10ug (all others) protein was boiled for 5 min in sample boiling
buffer (60 mM Tris, 10% glycerol, 5% SDS, pH 6.8, 10% B-mercaptoethanol +loading
dye) prior to being separated on 4-12% NuPAGE Bis-Tris gels in 1x MOPS running
buffer (Invitrogen) and transferred to Millipore Immobilon-P polyvinylidene difluoride
(PVDF) membrane. Blots were blocked overnight in 5% bovine serum albumin (BSA) in
Tris-buffered saline, 0.1% Tween 20 (TBST; Sigma, T9039; modified form), pH 8.0.
Blots were then incubated in primary antibody (Table 3.1). Blots were then washed in
TBST followed by 1hr incubation in horseradish peroxidase-conjugated goat anti-mouse
(GaM) diluted 1:10,000 in 5% milk in TBST (Jackson Immunological Research).
Immunosignals were detected using enhanced chemiluminescence (ECL+, Amersham
Biosciences) or SuperSignal West Femto (Pierce) and imaged and quantified using a

Kodak CF440 imager.



5% Catalog
Antibody Clone Dilution | Milk/BSA | Time | Source No. Mw Substrate
Immature:
50kD
Zhao, Mature:
BACE1 3D5 1:10,000 Milk 1hr 2007 70kD ECL+
Actin AC-15 1:15,000 | Milk 1hr Sigma A1978 40kD ECL+
elF2a-P Cell
(Ser51) 119A11 | 1:2,000 BSA O.N. | Signaling | 3597 38kD WF
Cell
elF2a 1:2,000 BSA O.N. | Signaling | 9722 38kD ECL+
c-Jun-P Cell
(Ser63) 1:2,000 BSA O.N. | Signaling | 9261 48kD WF
Cell
c-Jun 1:2,000 BSA O.N. | Signaling | 9162 48kD ECL+
JNK-P Cell
(Thr183/185) | G9 1:2,000 BSA O.N. | Signaling | 9255 54/46kD WF
Cell
JNK 1:2,000 BSA O.N. | Signaling | 9252 54/46kD ECL+
elF4E-P Cell
(Ser209) 1:2,000 BSA O.N. | Signaling | 9741 35kD WF
Pro: 35kD
Cell Cleaved:
Caspase 3 1:5,000 Milk O.N. | Signaling | 9662 19kD WF

Table 3.1: List of primary antibodies used to probe BACE1-293 immunoblots.

70
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mRNA Isolation and Real Time PCR

All 350 pL of cell lysate from each sample was used for mMRNA extraction using
Qiagen’s RNeasy Mini kit according to the manufacturer’s specifications. Total MRNA
concentrations were measured using ABS2gonm ([RNA] pg/pl = 0.04 X

(ABS260nm) 0N a Beckman spectrophotometer. In general, only mRNA samples with low
protein contamination (ABS260nm/ABS250nm > 1.8) were used for analysis.mRNA integrity
of each sample was confirmed using an Agilent Technologies 2100 Bioanalyzer. mRNA
samples were used for analysis if the 28S ribosomal RNA peak was at least two times
the area of the 18S ribosomal RNA peak. 1 ug of total RNA from each sample was
used for first-strand cDNA synthesis using Invitrogen’s SuperScript Il according to the
manufacturer’'s recommendations. (Random hexamers were used as opposed to oligo
dTs). Exact cDNA concentrations were determined using a Beckman
spectrophotometer, and 112.5 ng cDNA from each sample was amplified via Real-Time
PCR in triplicate using Applied Biosystems’ Assays-on-Demand pre-mixed Tagman
primer/probe set for human BACE1 mRNA (catalog # Hs00201573_m1), which span
exons 8-9 of the human BACE1 transcript, which recognizes all known splice variants of
BACE1. Signals were normalized against an endogenous internal control signal
obtained by co-amplifying mRNA with primers for 18s rRNA (#4333760F), which are not
species-specific. Real Time reactions were run using an Applied Biosystems 7900HT
sequence analyzer. Applied Biosystem’s universal cycling parameters were used.
Samples were only used for final analysis if the standard deviation between triplicate
samples was < 0.1 cycles. Percent of control values were determined using the

comparative CT method.
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Pulse-Chase

BACE1-293 cells were plated in poly-D-lysine coated (100 pg/mL) 10-cm plates and
allowed to grow to ~80% confluency in selective DMEM. Prior to pulse-labeling, cells
were incubated in selective methionine-deficient DMEM (Cat #1642454; MP
Biochemicals, Solon, OH) for 1 hr. Cells were pulse-labeled with 2 mL of selective
methionine-deficient DMEM supplemented with 0.2 mCi *S trans-labeled methionine
and cysteine (Cat #5100607; MP Biochemicals) for 20 min. Cells were then “chased”
with regular selective DMEM or glucose-deficient selective DMEM containing unlabeled
methionine (Invitrogen). At 0 hrs, 3 hrs, 6 hrs, 12 hrs, and 24 hrs post-label, lysates
were washed 2x in 1x PBS and collected in 1mL 1x RIPA buffer, homogenized, and
500uL lysate was immunoprecipitated with Sepharose G beads (Amersham) and 3 ug
anti-BACE1 (PA1-757; Affinity Bioreagents) according to the manufacturer’s
recommendations (Amersham immunoprecipitation protocol). Immunoprecipitates were
separated via SDS-PAGE using 10% Criterion Tris-acetate gels (BioRad; Hercules,
CA). Gels were fixed for 30 min (10% methanol, 3% glycerol, 1% glacial acetic acid),
dried for 20 min at 80°C to filter paper using a heated gel dryer (Hoefer Scientifc
Instruments, San Francisco, CA), and exposed to a phosphor screen overnight
(Amersham). Autoradiographic signals were imaged using a Cyclone Plus Phosphor

Imager (Perkin-Elmer).

Statistical analysis
Sample averages were determined and then means and standard error of the means

(SEMs; represented by error bars in histograms) were calculated based on the sample
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averages (n-values are stated in figure legends). Statistical differences between

experimental groups and their respective controls were determined using a two-tailed t-

test. Data are presented as the mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

Results

Energy deprivation elevates BACE1 protein levels via a post-transcriptional
mechanism in vitro

Previously, we showed that BACE1 protein is elevated in the brains of two month-old
mice following acute energy inhibitor treatments. This elevation in protein was not
accompanied by a corresponding increase in BACE1 mRNA, indicating that a post-
transcriptional mechanism was involved (Velliquette et al., 2005). To further investigate
the molecular mechanism responsible for BACE1 elevation in response to energy
impairment, we developed an in vitro model of energy deprivation by incubating HEK-
293 cells stably expressing human BACE1 cDNA under the control of the CMV
promoter (BACE1-293) in glucose-deficient (NG) media. BACE1-293 cells were treated
up to 48 hrs in either normal, high glucose-containing (25 mM) media (CON), or in
media lacking glucose (NG). Cell lysates were collected and analyzed by immunoblot
for BACE1 levels, using a highly specific BACE1 monoclonal antibody (3D5) (Zhao et
al., 2007). Glucose deprivation slowed cell growth but otherwise appeared to be non-
toxic and caused no change in cell morphology. BACE1 protein levels were already
elevated in NG-treated cells after only 2 hrs of glucose deprivation, as compared to cells
grown in normal control media, and remained high over a period of at least 48 hrs

reaching ~150% of control levels (Fig. 3.1A,B). The BACE1 increase in BACE1-293
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normal DMEM with glucose (25mM; CON) or DMEM without glucose (NG). Cells were
lysed at the end of the treatment periods and 5ug of total protein per lane was used for

immunoblot analysis of BACE1. B-actin was used as a loading control. (B) BACE1
immunosignals in (A) were quantified by phosphorimager, normalized to 3-actin, and
expressed as percentage of control (CON) for each time-point. BACE1 protein levels

were significantly elevated compared to CON in response to glucose deprivation from 6
through 48 hrs (mean + SEM; *, p<0.05; **, p<0.01; ***, p<0.001). An upward trend for a
BACE1 increase was present at 2 hrs of NG treatment (n=3 per group).
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cells was similar in magnitude to that observed after acute energy inhibition in vivo

(Velliquette et al., 2005). We performed TagMan quantitative real-time PCR analysis of
BACE1 mRNA isolated from 12 hr CON and NG-treated BACE1-293 cells using a
human BACE1-specific FAM fluorescent reporter-tagged primer/probe set spanning
exons 8-9 of the BACE1 coding region, which are present in all known BACE1
transcripts. mMRNA analysis revealed similar steady-state levels of BACE1 transcript in
both groups (Fig. 3.2C), demonstrating that the BACE1 elevation induced by energy
deficiency in BACE1-293 cells was the result of a post-transcriptional mechanism and
was not due to either elevated expression of the CMV promoter or increased BACE1
mRNA stability mediated by the BACE1 3'UTR. Additionally, we performed glucose-
deprivation experiments in the presence of a transcriptional inhibitor (1.7 pg/mL
actinomycin D). By 12 hrs of treatment with ActD, BACE1 mRNA levels were reduced
to ~25% of control (Fig 3.2A,B); however, corresponding BACE1 protein levels in
NG+ActD-treated BACE1-293 cells were still elevated compared to BACE1-293 cells
treated with ActD alone, further eliminating transcription as the mechanism elevating

BACE1 protein in response to energy deprivation (Fig 3.2A,B; p < 0.05).

Energy deprivation does not alter BACE1 protein stability in vitro

Having eliminated transcription as a probable mechanism regulating BACE1 levels in
response to impaired energy metabolism, we next investigated the possible involvement
of altered BACE1 protein stability. Recent studies have shown that BACE1 protein
stability can be modulated by the lysosomal and ubiquitin-proteasomal degradation

pathways (Koh et al., 2005; Qing et al., 2004; Tesco et al., 2007; Vassar, 2007). To test
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Figure 3.2: Glucose deprivation elevates BACE1 protein in BACE1-293 cells via a
post-transcriptional mechanism. BACE1-293 cells were incubated for 12 hrs in
regular DMEM with glucose (CON), DMEM without glucose (NG), DMEM with glucose
containing 1.7ug/mL actinomycin D (ActD), or DMEM without glucose containing ActD
(ActD + NG). (A) 5 ng of cell lysate was analyzed via immunoblot BACE1 protein
expression. (B) BACE1 immunosignals were normalized to B-actin, and expressed as %
CON. BACEH1 protein levels were significantly elevated in response to 12 hrs of NG
treatment either in the presence or absence of ActD, and were significantly decreased
with 12 hrs of ActD treatment alone. (n =3) (C) Total mMRNA was isolated from BACE1-
293 cells, and BACE1 mRNA was measured via Real-time PCR. BACE1 mRNA levels
were normalized to 18s rRNA and expressed as % CON (n=6). 12 hrs ActD treatment
alone significantly decreased BACE1 mRNA levels; however, there were no differences

in BACE1 mRNA levels between cells treated in media with or without glucose. *,
p<0.05 (increase) #p<0.05, ##, p<0.01 (decrease)
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BACE1 protein stability in response to energy deprivation, we used pulse-chase *S-

metabolic radiolabeling to measure the half-life (t12) of BACE1 protein in BACE1-293
cells incubated under normal conditions versus conditions of energy inhibition. BACE1-

293 cells were grown in normal media, pulse-labeled in media containing *°S-
radiolabeled methionine, and then chased for up to 24 hrs in normal, NG, or media
containing 50 mM 2DG. 3°S-labeled BACE1 protein was immunoprecipitated from
BACE1-293, separated by SDS-PAGE, and imaged using autoradiography. BACE1 ti,
was determined via densitometric analysis of the autoradiograpic image. We observed
that the ti2 of BACE1 in BACE1-293 cells was ~12 hours in normal control media,
similar to previous reports (Haniu et al., 2000; Huse and Doms, 2000). However, under
NG or 2DG chase conditions, the ti> of BACE1 protein appeared to be unchanged,
indicating that increased BACE1 protein stability is not the post-transcriptional
mechanism responsible for increased BACE1 levels in response to energy deficiency
(Fig. 3.3A). Furthermore, 24 hrs of glucose deprivation failed to induce activation of
caspase 3, which has been shown to enhance BACE1 protein stability after the onset of
apoptosis (Fig 3.3B). Taken together, our results eliminated increases of transcription,
mRNA stability, and protein stability as possible mechanisms, leaving increased BACE1

translation as the likely cause of the BACE1 elevation following energy deprivation.

The BACE1 5°UTR is required for glucose deprivation-induced BACE1 protein
elevation
Translational regulation of proteins is most commonly mediated through the 5’UTR of

mMRNA transcripts, either through formation of secondary structure that
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Figure 3.3: Glucose deprivation in BACE1-293 cells does not alter BACE1 protein
stability. (A) BACE1-293 cells were pulse-labeled in media containing *S-
methionine/cytseine and chased for up to 24 hrs in normal DMEM with glucose (CON),
DMEM without glucose (NG), or DMEM containing 50mM 2-deoxyglucose (2-DG).
Radiolabeled BACE1 was immunoprecipitated from cell lysates at 0, 3, 6, 12, and 24
hrs post-label, separated via SDS-PAGE, and visualized by autoradiography. Note that
immaturely glycosylated BACE1 is ~50kDa, while maturely glycosylated BACE1 is ~70
kDa. There were no apparent differences between the half-lives of BACE1 protein under
CON, NG, and 2DG conditions, indicating that BACE1 increases are not due to BACE1
protein stabilization. In histograms, error bars represent S.E.M. (B) BACE1-293 cells
were incubated for 24 hrs in either reqular DMEM (CON) or DMEM without glucose (24h
NG). 10 ug cell lysate was used for immunoblot analysis of caspase 3 (Cell Signaling #
9662). There was no evidence of activated (cleaved) caspase 3 in control or 24 hr NG-
treated BACE1-293 cells
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inhibits ribosome binding, differential utilization of upstream open reading frames

(UORFs) of the authentic start codon, or internal ribosomal entry sites (IRES) (Schroder
and Kaufman, 2006). Protein translation can also be regulated in some cases by the

binding of microRNAs to the 3'UTR sequence of transcripts (Jackson and Standart,
2007). Since the hBACE1 construct expressed in BACE1-293 cells contains a
truncated 3’'UTR (500bp of 4kB), we initially investigated the involvement of the BACE1
5'UTR in regulating glucose deprivation-induced BACE1 protein elevations in vitro.
Wild-type HEK-293 cells were transiently transfected with a construct expressing the
entire human BACE1 coding region under the control of the CMV promoter and lacking
both the BACE1 5’UTR and 3’UTR regulatory sequences (-5’UTR). As a control, HEK-
293 cells were also transiently transfected with a similar construct containing the entire
BACE1 5’UTR (+5'UTR). -5’UTR or +5’UTR-transfected HEK-293 cells were incubated
for 24 hrs in either normal or glucose-deficient media and analyzed via immunoblot for
BACE1 protein expression. As previously reported, deletion of the BACE1 5’UTR, leads
to a massive up-regulation of BACE1 protein expression in vitro (~200% above -5’UTR,;
p < 0.001; Fig 3.4). The lower migrating band in -5’UTR-transfected cells is most likely
intermediately glycosylated forms of BACE1 accumulating in the ER due to
overexpression, rather than a C-terminally truncated form of BACE1 previously
described (Hussain et al., 2003), since re-probing with a C-terminal BACE1 antibody
(Affininty Bioreagents PA1-757) yielded the same results. 24 hr NG treatment elevated
BACE1 protein levels over control-treated, as expected, in +5’UTR-transfected cells
(~150%, p < 0.01; Fig 3.4). In contrast, 24 hr NG treatment failed to increase BACE1

protein levels above control in -5’UTR-transfected cells, demonstrating that the BACE1
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Figure 3.4: The BACE1 5’UTR is required for glucose deprivation-induced BACE1
protein elevation in HEK-293 cells. (A) HEK-293 cells were transiently transfected
with pcDNA3.1Zeo(+) vector containing the entire human BACE1 coding region
(~1.5kb) plus the BACE1 5’UTR (+5’UTR) or pcDNA3.1Zeo(+) vector containing only
the human BACE1 coding region (-5’UTR) (Lammich et al., 2004). +5’UTR or -5’UTR
cells were incubated for 24 hrs in normal DMEM with glucose (CON) or DMEM without
glucose (NG). 5ug of protein was used for immunoblot analysis of BACE1. (B) BACE1
immunosignals were normalized to B-actin and expressed as percentage of +5’UTR
control (CON, +5’UTR). The glucose deprivation-induced BACE1 increase did not occur
in the absence of the BACE1 5’UTR, implicating a BACE1 5’UTR-dependent
translational control mechanism. (n=3 per group; **, comparison between CON and NG,
+5'UTR; p < 0.01; mean = SEM). Error bars = S.E.M. in all histograms.
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5UTR sequence is required for glucose deprivation-induced BACE1 protein

elevations (Fig 3.4). This data further supports the hypothesis that energy deprivation-

mediated BACE1 elevation occurs through a translational mechanism.

elF2a phosphorylation is increased by energy deprivation in vitro

It is well established that diverse physiological stresses affect translation at the level of
initiation. The two main targets of this type of translational regulation are the eukaryotic
translation initiation factors 4E and 2 (elF4E and elF2). elF4E is part of the elF4F
mRNA cap binding complex, which can be regulated by stress stimuli either through
phosphorylation at Ser209 (elF4E-P) or increased association with its inhibitory binding
partner, 4E-BP. The other translation initiation factor, elF2, is part of the translational
ternary complex (elF2, GTP, met:tRNA). elF2 is phosphorylated on its o subunit
(elF2a) in response to stress stimuli, which inhibits the formation of the ternary complex.
Reduced availability of the cap-binding complex or the ternary complex simultaneously
reduces the rate of global translation while enhancing the translation rate of specific
stress-response MRNA transcripts with regulatory elements in the 5’UTR (Fig 3.5)
(Clemens, 2001a). In order to determine whether stress activated alterations in the
translation initiation machinery was involved in glucose deprivation-induced BACE1
protein elevations, we screened cell lysates from 24 hr NG-treated BACE1-293 cells via
immunoblot for translation factors and other stress signaling pathways involved in
cellular stress response. Most signaling pathways tested were not activated. This
included phosphorylation of elF4E (elF4E-P(Ser209), phosphorylation of p38 (p38-

P(Thr180/Tyr182)), which is known to converge upon elF4E-P, and phosphorylation of
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Figure 3.5: Convergence of stress signaling pathways on translation initiation.
4E-BP phosphorylation by mTOR is inhibited by DNA damage-mediated activation of c-
abl. Dephosphorylated 4E-BP binds to elF4E, preventing its association with the cap
binding complex (elF4F). elF4E is phosphorylated by the Mnk kinases, which are
activated by the p38 stress pathway. Phosphorylation of elF4E also prevents the
formation of elF4F. elF2a is phosphorylated by four different kinases in response to
stress, which reduces the availability of the ternary complex. Reduced elF4F or ternary
complex formation reduces the rate of translation initiation, which reduces global
translation rates while simultaneously enhancing the translation of certain stress
response proteins
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translation initiation factor 4G (elF4G-P(Ser1108)), the scaffolding component of the

elF4F complex (Fig 3.5; Fig 3.7). Furthermore, an elF4E-P inhibitor could not prevent
the NG-induced BACE1 protein elevation in BACE1-293 cells (Fig 3.6C,D), Endogenous
BACE1 protein levels were unresponsive to the 4E-BP inhibitor, rapamycin, in cultured
C57/BL6 neurons (Fig 3.6A,B), as well as overexpressed human BACE1 in BACE1-293
cells (not shown). There was also no evidence for phosphorylation of the alpha subunit
of AMP-activated kinase (AMPK-Pa(Thr172)) in response to glucose deprivation in
BACE1-293 cells, which also converges upon 4E-BP. We did observe increased
phosphorylation of the stress-activated proteins c-Jun and c-Jun N-terminal kinase
(JNK) in response to glucose deprivation, which may lead to transcriptional activation of
other stress response proteins (Fig 3.7). Notably, using this screen we found that the
ratio of phosphorylated eukaryotic translation initiation factor 2 at serine 51 of the o
subunit (elF2a-P(Ser51)) to total elF2a (elF2a-T) was increased to ~200% of control by
2 hrs in NG media (p < 0.01) and ~250% of control by 24 hrs in NG media (p < 0.01),
implicating the involvement of this component of the translation initiation complex in
glucose deprivation-induced BACE1 protein elevations (Fig. 3.7). Interestingly, we also
observed increased levels of total c-Jun protein, the structural and functional homolog of
the yeast protein GCN4, which is a well-established translational target of the elF2a-P
pathway (Fig 3.7; ~200% of control by 24 hrs in NG media (p < 0.001)) (Cigan et al.,

1993; Struhl, 1987; Vazquez de Aldana et al., 1993; Vogt et al., 1987).
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Figure 3.6: elF4E is not involved in glucose deprivation-induced BACE1 protein
elevation. (A) Primary cortical C57/BL6 neurons were cultured for 7DIV and then
incubated in either normal neurobasal media (CON) or media containing 10 nM of the
mTOR inhibitor, rapamycin (RAP), for 12 hrs. 10ug protein was used for immunoblot
analysis of BACE1. (B) BACE1 immunosignals were normalized to B-actin. Values
were expressed as percentage of control + SEM. There was no significant difference
between BACE1 protein levels in CON and RAP-treated neurons, indicating that BACE1
is not regulated by elF4E availability. (C) BACE1-293 cells were incubated for 12 hrs in
normal media (CON), media containing 1 yM Mnk inhibitor (MNKi), media without
glucose (NG), or media without glucose containing 1 yM Mnk inhibitor (NG + MNKIi). 5
Mg protein was used for immunoblot analysis of BACE1 protein. (D) BACE1
immunosignals were normalized to B-actin and expressed as % CON. A Mnk inhibitor
could not prevent glucose deprivation-induced BACE1 protein elevation, indicating that
elF4E is not involved. (n = 3). *, p<0.05; **, p<0.01; ***p < 0.001
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Figure 3.7: Glucose deprivation increases elF2a phosphorylation and activates a
specific set of stress-response signaling pathways in BACE1-293 cells. (A)
BACE1-293 cells were incubated for 2 or 24 hrs in either normal DMEM with glucose
(4.5 g/L; CON) or DMEM without glucose (NG). 5 pg (BACE1) or 10 ug (others) protein
was used for immunoblot analysis of BACE1, phospho-elF2a(Ser51), total elF2aq,
phospho-c-Jun(Ser63), total c-Jun, phospho-JNK(Thr183/Thr185), total JNK (54kD and
46kD isoforms), and phospho-elF4E(Ser209). ~10ug of lysate from UV-treated 293
cells was used as a positive control (+). (B) BACE1, elF2a, JNK, and elF4E-P were
normalized to B-actin, elF2a-P was normalized to total elF2,; c-Jun-P was normalized to
c-Jun, and JNK-P was normalized to JNK. Values are expressed as % CON for 2 hrs or
24 hrs. After 2 hrs of NG treatment, elF2a-P, c-Jun-P, JNK-P(46kD), and JNK(46kD)
were all significantly elevated. At 24 hrs NG, elF2a-P, c-Jun-P, and JNK-P(46kD)
remained elevated, and BACE1, c-Jun, and JNK-P(54kD) became significantly
increased as well. elF4E phosphorylation was unaffected by NG treatments at either
time-point. These results show that elF2a-P is temporally increased before BACE1, as
expected if elF2a-P regulates BACE1 translation. (n = 3; mean £ SEM; *, p<0.05; **,
p<0.01; ***, p<0.001).
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Direct phosphorylation of elF2a elevates BACE1 protein levels

In a screen of stress-activated signaling pathways activated in response to glucose
deprivation in vitro, we identified phosphorylation of elF2a as a likely pathway through
which BACE1 protein might be translationally elevated in response to glucose
deprivation. In order to determine whether direct elevation of elF2a-P(Ser51) levels
could elevate BACE1 levels in the absence of glucose deprivation, we treated BACE1-
293 cells for 24 hrs with salubrinal (100 uM), a drug that selectively inhibits growth
arrest and DNA damage protein 34 (GADD34) (Boyce et al., 2005). GADD34 is a
regulatory subunit of protein phosphatase-1c (PP1c), which is the phosphatase
responsible for dephosphorylating elF2a at Ser51 after the onset of stress conditions
(Fig 3.8) (He et al.,, 1996). Inhibition of GADD34 by salubrinal prevents PP1ic
dephosphorylation of elF2a, thereby elevating basal elF2a-P levels. Treatment of
BACE1-293 cells with salubrinal caused both elF2a-P(Ser51) and BACE1 levels to
increase to ~150% of control values (Fig. 3.9A; p < 0.05), indicating that BACE1 mRNA

is a novel translational target of the stress-activated elF2a-P(Ser51) pathway.

Inhibition of elF2a phosphorylation prevents energy deprivation-induced BACE1
protein elevations

Glucose deprivation elevates BACE1 and elF2a-P levels (Fig 3.7), and direct elevation
of elF2a-P can elevate BACE1 levels in vitro (Fig 3.9), indicating that activation of the
elF2a-P pathway may be responsible for glucose deprivation-induced BACE1 protein
elevations. In order to determine whether glucose deprivation-induced BACE1 protein

elevations could be prevented by inhibiting elF2a phosphorylation, we transiently
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Figure 3.8: Regulation of elF2a and translation initiation by phosphorylation at
Ser51. Under normal or post-stress conditions (left), elF2a-P levels are low, due to
expression of regulatory subunits of protein phosphatase PP1 (GADD34 and CReP),
which direct PP1 phosphatase activity to elF2a. Salubrinal elevates basal elF2a-P
levels by inhbiting PP1 and preventing elF2a dephosphorylation. elF2B catalyzes the
exchange of GDP for GTP on the y subunit of elF2. In its GTP form, elF2 assembles
into a ternary complex with methionine-charged tRNA (elF2-GTP-Met-tRNAi). The
ternary complex binds to the 40S ribosomal subunit and allows the initiation complex to
scan the 5’UTR of mRNAs for AUG start codons. Initiation at a start codon leads to the
hydrolysis of elF2-GTP and the release of elF2 from the ribosome. When elF2a-P levels
are low, ternary complex is readily available, and global translation rates are high.
Under stress conditions (right), elF2a is phosphorylated by one of four different
kinases. Phosphorylation of elF2a prevents the dissociation of elF2B from elF2, slowing
the exchange rate of GDP for GTP on elF2y and reducing the availability of ternary
complex. Reduced ternary complex availability slows the translation rate of most mRNA
transcripts, with the exception of specific stress-response mRNAs that are preferentially
translated under conditions of low ternary complex availability.
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Figure 3.9: Direct phosphorylation of elF2a elevates BACE1 protein in BACE1-
293 cells. (A) BACE1-293 cells were incubated for 24 hrs in normal DMEM with
glucose (25mM; CON), DMEM without glucose (NG), or DMEM containing 100 uM
salubrinal (SAL). 5 ug (BACE1) or 10ug (others) of protein was used for immunoblot
analysis of phosphorylated elF2a, total elF2a, and BACE1. (B) BACE1 immunosignals
were normalized to B-actin, elF2a-P was normalized to total elF2a, and values were
expressed as % CON. Levels of BACE1 and elF2a-P/elF2a-T were significantly
elevated in response to both glucose deprivation and salubrinal treatment, compared to
control (mean + SEM; *, p<0.05; ***, p<0.001; n = 2 per group).
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transfected BACE1-293 cells with an expression construct encoding the C-terminal

activation domain of GADD34 (GADD34AN). Transfection of cells with this construct
constitutively activates PP1c-mediated dephosphorylation of elF2a. In the presence of
continuous phosphatase activity, elF2a phosphorylation is effectively prevented (Fig
3.8) (Novoa et al., 2001). Transfection of cells with an inactive GADD34 construct
lacking the C-terminal PP1c activation domain (GADD34CON), which has no effect on
PP1c activity, served as a transfection control. GADD34AN and GADD34CON-
transfected cells were treated for 12 hrs in NG or normal media, and cell lysates were
analyzed by immunoblot for BACE1 and elF2a-P. GADD34CON-transfected BACE1-
293 cells exhibited the expected increase in levels of BACE1 and elF2a-P(Ser51) levels
in response to NG treatment (Fig. 3.10). GADD34AN-transfected cells incubated in NG
media, however, showed no increase in elF2a-P(Ser51) or BACE1 levels in response to
NG treatment compared to control, demonstrating that inhibition of elF2a-P can
completely block NG-induced BACE1 protein elevations (Fig. 3.10). Interestingly,
BACE1 protein elevations induced by 12 hr NG treatment were also prevented by co-
treatment of BACE1-293 cells with 1 uM tauroursodeoxycholic acid (TUDCA) (Fig 3.11),
which has previously been shown to alleviate endoplasmic reticulum (ER) stress by
acting as a “chemical chaperone” (Ozcan et al., 2006). Together with our salubrinal
experiments, these results clearly demonstrate that the increase in BACE1 protein in
response to energy deprivation in vitro is the result of elevated phosphorylation of elF2a

at Ser51.
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Figure 3.10: Inhibition of elF2a phosphorylation prevents glucose deprivation-
induced BACE1 protein elevation (A) BACE1-293 cells were transiently transfected
with GADD34 control vector (CON, 12h NG) or GADD34AN (NG + GADD34AN), the
constitutively active PP1 regulatory subunit. Cells were incubated for 12 hrs in normal
DMEM with glucose (CON) or DMEM without glucose (12h NG, NG + GADD34AN). 5
ug (BACE1, B-actin) or 10 ug (elF2a-P, elF2a-T) of protein was used for immunoblot
analysis of BACE1, P-elF2a(Ser51), total elF2a, and B-actin. “+” lane: 10ug of lysate
from UV-treated 293 cells was used as a positive control for elF2a-P. (B) BACE1
immunosignals were normalized to B-actin, elF2a-P was normalized to total elF2a, and
values were expressed as % CON. Glucose deprivation-induced increases in levels of
BACE1 and elF2a-P/elF2a-T were completely prevented by overexpression of
GADD34AN, demonstrating that elF2a phosphorylation was responsible for the BACE1
increase. (n=4; comparison between CON and 12h NG: *, p < 0.05; ***, p < 0.001;
comparison between 12h NG and NG + GADD34AN: ##, p < 0.01; ###, p < 0.001;
mean = SEM).
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Figure 3.11: Treatment of cells with a chemical chaperone prevents glucose
deprivation-induced BACE1 protein elevation (A) BACE1-293 cells were incubated
for 24 hrs in regular DMEM containing glucose (CON), DMEM without glucose (24H
NG), or DMEM without glucose supplemented with 1 uM tauroursodeoxycholate (NG +
TUDCA). Cell lysates were harvested and 5 ug protein was used for immunoblot
analysis of BACE1 and B-actin. (B) BACE1 immunosignals were normalized to B-actin.
Values were expressed as % CON. As expected, 24 hrs of glucose deprivation
significantly elevated BACE1 levels (24H NG), as compared to control (CON).
Treatment with 1 uM TUDCA prevented the glucose deprivation-induced BACE1 protein
increase (NG + TUDCA). Since TUDCA blocks the ER stress/unfolded protein response
(Ozcan et al., 2006), these results provide additional evidence that phosphorylation of
elF2a serves to regulate BACE1 mRNA translation in response to energy deprivation.
(*, p<0.05, comparison of 24H NG and CON; ##, p<0.001, comparison of NG + TUDCA
and 24H NG).
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The elF2a Kinase PERK is responsible for energy deprivation-induced BACE1

protein elevations in vitro

elF2a is phosphorylated by at least four known kinases, two of which are likely to be
involved in cellular energy metabolism: PKR-like endoplasmic reticulum kinase (PERK),
which is activated during the unfolded protein response, and general control non-
derepression 2 (GCN2) kinase, which is activated in response to amino acid deprivation
(Fig 3.8). To determine if either of these elF2a kinases was responsible for glucose
deprivation-induced BACE1 elevations in BACE1-293 cells, we transiently transfected
BACE1-293 cells with constructs overexpressing kinase-dead forms of PERK
(PERKDN), GCN2 (GCN2DN), or a known inhibitor of PERK (P58'7) (van Huizen et al.,
2003; Yan et al.,, 2002). Since these kinases function via dimerization and
autophosphorylation (Malhotra and Kaufman, 2007), overexpression of kinase-dead
forms of these kinases act as dominant negatives that prevent efficient phosphorylation
and activation of the endogenous kinases (Harding et al., 1999). BACE1-293 cells were
transfected with empty vector as a negative transfection control. PERKDN-, GCN2DN-,
P58-, or control-transfected BACE1-293 cells were treated for 24 hrs in either normal or
NG media. As expected, both BACE1 and elF2a-P were elevated in control-transfected
cells incubated in NG media, compared to control-transfected cells grown in normal
media (Fig 3.12; Fig 3.13). However, unlike GADD34AN, overexpression of GCN2DN
in combination with no glucose treatment failed to prevent elF2a phosphorylation or
BACE1 protein elevation in BACE1-293 cells, indicating that GCN2 is not the kinase
that phosphorylates elF2a under glucose-deficient conditions (Fig 3.12). In contrast,

overexpression of PERKDN in combination with NG treatment completely prevented
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Figure 3.12: Inhibition of the amino acid-regulated elF2a kinase, GCN2, cannot
prevent glucose deprivation-induced BACE1 protein elevation in BACE1-293
cells. (A) BACE1-293 cells were transiently transfected with pcDNA3 empty vector
(CON, NG) or dominant negative GCN2 (GCN2DN). Cells were incubated for 24 hrs in
normal DMEM with glucose (CON) or DMEM without glucose (NG, NG + GCN2DN). 5
ug (BACE1, B-actin) or 10 ug (elF2a-P, elF2a) of protein was used for immunoblot
analysis. (B) BACE1 immunosignals were normalized to p-actin and expressed as %
CON. Neither the glucose deprivation-induced BACE1 increase nor the elF2a-P
increase were prevented by overexpression of GCN2DN, demonstrating that GCN2 was
not the elF2a kinase responsible for elF2a phosphorylation and the BACE1 increase in
response to glucose deprivation. (n = 4 per group; *, comparison between CON and
NG, p < 0.05; mean + SEM). Error bars = S.E.M. in all histograms.
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Fig 3.13: The UPR-inducible elF2a kinase, PERK, is responsible for glucose
deprivation-induced BACE1 protein elevation in BACE1-293 cells. (A) BACE1-293
cells were transiently transfected with pcDNA3 empty vector (CON, NG) or dominant
negative PERK (PERKDN). Cells were incubated for 24 hrs in normal DMEM (CON) or
DMEM without glucose (NG, NG + PERKDN). 5 ug (BACE1, B-actin) or 10ug (elF2a-P,
elF2a) of protein was used for immunoblot analysis. (B) BACE1 immunosignals were
expressed as % CON. Glucose deprivation-induced increases in BACE1 levels were
completely prevented by overexpression of PERKDN, demonstrating that PERK was
the elF2a kinase responsible for elF2a phosphorylation and the BACE1 increase. (C)
BACE1-293 cells were transiently transfected with empty pcDNAS3 vector (CON, NG) or
a construct encoding P58"X, a cellular inhibitor of the elF2a kinases PERK and PKR
(Yan et al., 2002). Cells were incubated for 24 hrs in regular DMEM (CON), or DMEM
without glucose (NG, NG + P58). 5 ug protein per lane was used for immunoblot
analysis of BACE1 and B-actin. (D) BACE1 immunosignals were normalized to B-actin,
and values were expressed as % CON + SEM. Transfection with P58'7 prevented
glucose deprivation-induced increase of BACE1 and elF2a-P in NG-treated cells (NG +
P58), providing further support that PERK and elF2a phosphorylation are responsible
for energy deprivation-induced BACE1 elevation. (n = 3; * p < 0.05, **p < 0.01:
comparison of NG and CON; #, p<0.05, comparison of NG + P58 and NG or NG +
PERKDN and NG.)
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BACE1 protein elevations, similar to GADD34, indicating that PERK is the specific

kinase controlling energy deprivation-induced BACE1 protein elevation, at least in vitro
(Fig 3.13A,B). Furthermore, overexpression of an inhibitor of PERK (P58) also
prevented NG-induced BACE1 protein elevations, lending additional support to the
theory that glucose deprivation activates PERK (Fig 3.13C,D). Taken together, these
results all indicate that cellular glucose deprivation activates the UPR, which activates
the ER stress kinase PERK, which phosphorylates the translation initiation factor elF2aq,
leading to down-regulated global translation and up-regulated translation of certain
translationally regulated mRNA transcripts involved in the cellular stress response. Our
results show that a novel translational target of this stress-activated pathway appears to

be BACE1 mRNA.

Discussion

In order to identify the molecular mechanism responsible for acute pharmacological
energy deprivation-induced BACE1 protein elevations in vivo, we designed an in vitro
model of of energy deprivation using glucose deprivation in HEK-293 cells
overexpressing human BACE1. Using this model, we identified stress-induced
phosphorylation of the translation initiation factor elF2a via the UPR activated kinase
PERK as the mechanism responsible for glucose deprivation-induced BACE protein
elevations. Phosphorylation of elF2a is a novel mechanism previously unknown to
regulate BACET1 levels. This data supports previous studies claiming that BACE is
translationally regulated, as well as accumulating evidence that BACE1 plays a normal

physiological role in neuronal stress responses.
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Glucose deprivation in BACE1-293 cells as a model of energy deprivation

We chose to incubate cells in glucose-deficient media as a method of inducing energy
deprivation in vitro, as opposed to using pharmacological energy inhibitors. Glucose-
deficient media proved to be an excellent model of energy deprivation for two reasons:
1) It specifically modeled low energy availability, which we suspected was the common
underlying mechanism of BACE1 elevation in response to the pharmacological agents
used in our acute study (insulin, 2DG, 3NP, and KA). Indeed, glucose deprivation
appeared to have the same post-transcriptional effect on BACE1 protein in vitro as
insulin, 2DG, 3NP, and KA had on endogenous BACE1 protein in the brain, indicating
that glucose deprivation accurately modeled this effect. Incubating cells in glucose-
deficient media modeled a more physiologically relevant condition than treating cells
with pharmacological agents, which often have off-target effects unrelated to the
pathway under investigation. 2) Glucose-deficient media eliminated the need to titrate
doses of pharmacological agents to a range that inhibited energy production without
causing toxicity. Importantly, HEK-293 cells tolerated glucose deprivation extremely
well. Glucose deprivation caused no morphological changes or toxicity to BACE1-293
cells at any of the time-points tested. This is an important point when modeling energy
deprivation in vitro, because BACE1 is also elevated during the onset of apoptosis, a
potential confounding factor in our experiments (Koh et al., 2005; Tesco et al., 2007;
Vassar, 2007). We used HEK-293 cells stably expressing human BACE1 under the
control of the CMV promoter as preliminary cellular model for energy deprivation. HEK-
293 cells have the advantage of being highly amenable to experimental manipulations.

They can survive a wide range of pharmacological treatments and are readily and
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efficiently transfected with plasmid DNA, which they express at high levels.

Furthermore, endogenous BACE1 levels in HEK-293 cells are extremely low. BACE1-
293 cells express ~30-fold more BACE1 mRNA than HEK-293 cells, and endogenous
BACE1 protein in HEK-293 cells is virtually undetectable viaimmunoblot. This allowed
us to study the post-transcriptional effect of energy deprivation on BACE in the absence
of its endogenous promoter. Real Time PCR experiments confirmed that energy
deprivation had no effect on the CMV promoter, which essentially eliminated
transcription as a mechanism operating in our experiments. Despite the clear
advantages of using HEK-293 cells as a cellular model of energy deprivation and the
indication that our in vitro experiments accurately modeled BACE1 protein regulation in
the brain, HEK-293 cells and neurons have important fundamental differences, and it

will be important to confirm these results in cultured neurons.

Transcriptional control of BACE1 in response to glucose deprivation in vitro
The absence of the endogenous BACE1 promoter in BACE1-293 cells made
transcriptional regulation of BACE1 in this in vitro model unlikely. Real Time PCR
analysis of control and glucose-deprived BACE1-293 cells confirmed that BACE1
MRNA levels were unaltered and demonstrated that glucose deprivation had no effect
on CMV promoter activity or BACE1 mRNA stability. Furthermore, glucose deprivation
also elevated BACE1 protein levels in the presence of the transcriptional inhibitor,
actinomycin D, despite the fact that BACE1 mRNA levels were reduced to ~25% of
control levels, leading us to conclude that the mechanism responsible for energy

deprivation-induced BACE1 protein elevations was post-transcriptional. However, it is
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important to note that JNK and c-Jun phosphorylation were also elevated in response

to glucose deprivation in vitro. JNK is a well-established stress-activated kinase that
phosphorylates the transcription factor, c-Jun (Johnson and Nakamura, 2007).
Activation of c-Jun and JNK has been previously noted in response to metabolic
disturbances (Eizirik et al., 2008). Activation of c-Jun indicates that the transcriptional
profile of the cell may be altered in response to glucose deprivation. Although our
results clearly demonstrate that transcription is not required for glucose deprivation-
induced BACE1 protein elevation in vitro, it will be important to test the effect of energy
deprivation on BACE1 levels in vitro in the context of the endogenous BACE1 promoter,
to rule out the possibility that BACE1 mRNA is regulated by energy deprivation-induced

c-Jun activation.

The effect of glucose deprivation on BACE1 protein stability

Increased BACE1 protein stability has been reported to occur under stress conditions.
Apparently, BACE1 protein is normally shuttled to the lysosome for degradation through
its association with the adaptor protein, GGA3. GGAS is a cleavage target for capase 3,
one of the downstream effectors of apoptosis. Cleavage of GGAS prevents its
association with BACE1, reduces the amount of BACE1 entering the lysosome, and
therefore extends the half-life of BACE1 protein (Koh et al., 2005; Tesco et al., 2007;
Vassar, 2007). We considered altered BACE1 protein stability an unlikely mechanism
controlling BACE1 protein levels in response to energy deprivation for the following
reasons: 1) Energy deprivation-induced BACE1 protein elevations occurred rapidly

(within 4 hrs in vivo and 2 hrs in vitro), whereas the turnover of BACE1 protein in the cell
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is relatively slow, in comparison (t1/2 = ~12 hrs). Therefore, our results argue in

favor of a rapid production of, rather than a slow accumulation of BACE1 protein in the
cell. 2) BACE1 protein elevations occurred pre-apoptotically in response to energy
deprivation with no evidence of caspase 3 activation or cellular toxicity (in vitro) and no
evidence of neurodegeneration (in vivo), effectively eliminating the GGA3-mediated
mechanism previously described. Consistent with this hypothesis, our pulse-labeling
experiment showed that BACE1 protein stability was identical under control versus
glucose-deprived conditions in vitro. This data combined with our previous finding that
BACE1 transcription was not altered, led to the conclusion that altered BACE1 protein
translation was the most likely mechanism underlying energy deprivation-induced

BACE1 protein elevations.

Translational control of BACE1 protein in response to energy deprivation in vitro
Deletion of the BACE1 5’UTR completely abolished the glucose deprivation-induced
BACE1 protein elevation in vitro, implicating translational regulation of BACE1 as the
mechanism underlying energy deprivation-mediated control of BACE1 levels.
Importantly, the DNA constructs used in this experiment did not contain the BACE1
3'UTR sequence, and BACE1 elevations were similar to those observed in BACE1-293
cells, eliminating a possible role for microRNA regulation or 3'UTR-mediated BACE1
regulation in in response to glucose deprivation (Hebert et al., 2008; Wang et al.,
2008b). In vitro studies indicate that BACE1 protein is normally translated at very low
levels due to the presence of its long, G-C-rich 5’UTR. This is inferred from the

observation that BACE1 protein levels can be dramatically increased by deleting the
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BACE1 5’'UTR, without a corresponding increase in BACE1 mRNA (Fig 3.4)

(Lammich et al., 2004). The specific mechanism by which the BACE1 5’UTR inhibits
BACE1 protein translation continues to be debated; however available data indicates
that BACE1 translational inhibition occurs either through the formation of secondary
structure in the 5’UTR that limits ribosomal access to the transcript, translation of
inhibitory uORFs, or both. The BACE1 transcript contains four AUGs (three of which
form uORFs) upstream of the true BACE1 start codon in the 5’UTR sequence (Lammich
et al., 2004). The involvement of these uAUGs in BACE1 translation inhibition has been
confirmed by several other groups (De Pietri Tonelli et al., 2004; Mihailovich et al.,
2007; Rogers et al., 2004; Zhou and Song, 2006). Therefore, we hypothesize that
BACE1 protein elevation in response to glucose deprivation occurs due to differential
utilization of uUAUGSs in the BACE1 5’UTR. Consistent with this hypothesis, uUORF
utilization can be modulated physiologically via growth-stimulated or stress-activated
alterations in the translation initiation complex. Phosphorylation of the eukaryotic
translation initiation factor elF2 alpha subunit (elF2a-P) is one of the best characterized
examples of stress-induced translational alteration. elF2a-P is a highly conserved
cellular stress response mechanism originally identified in reticulocytes. Consistent with
previous reports that elF2a-P plays a role in energy metabolism, we found elevated
elF2a-P levels in glucose-deprived BACE1-293 cells compared to control. Furthermore,
salubrinal experiments demonstrated that BACE1 is directly elevated in response to
elF2a phosphorylation, and inhibition of elF2a-P by overexpressing GADD34 in
combination with no glucose treatment completely blocked BACE1 protein elevations,

indicating that elF2a-P was the specific signaling pathway responsible for translational
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up-regulation of BACE1. elF2a is phosphorylated by four known kinases in

response to a wide variety of stress stimuli. PKR is activated in response to viral
infection, HRI is activated in response to heme deficiency, GCN2 is activated in
response to UV irradiation or amino acid deprivation, and PERK is activated during the
unfolded protein response (UPR) (Holcik and Sonenberg, 2005). Overexpression of
dominant negative PERK also completely blocked glucose deprivation-induced BACE1
protein elevations in BACE1-293 cells, indicating that PERK is the specific kinase
responsible for phosphorylating elF2a in response to no glucose treatment. PERK is an
ER resident kinase, which is normally contained in an inactive monomeric form through
its association with binding immunoglobulin protein (BiP). When unfolded proteins
begin to accumulate in the ER, BiP dissociates from PERK and binds to the misfolded
proteins, allowing PERK to dimerize and autophosphorylate. Activated PERK then
phosphorylates elF2a, which down-regulates global protein synthesis to reduce the
volume of proteins entering the ER (Schroder and Kaufman, 2006). The UPR is tightly
linked to glucose homeostasis; in fact, the UPR was originally discovered through
glucose deprivation experiments in fibroblasts (Zhang and Kaufman, 2006). Proper
protein folding is an energetically demanding process. ATP is required for protein
chaperone function, ER-associated protein degradation (ERAD) of misfolded proteins,
and intralumenal Ca®* homeostasis essential for protein folding reactions. Our data
clearly shows that BACE1 is a direct translational target of altered glucose homeostasis
and UPR dysregulation at the biochemical level. Although the physiological importance
of BACE1 up-regulation during the UPR is unclear, this data provides a potential

mechanistic link between reduced energy metabolism in the brain and the development
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of amyloid pathology. Although our in vitro data clearly shows that PERK is the

kinase mediating elF2a phosphorylation in response to glucose deprivation in HEK-293
cells and not GCN2, it is interesting to note that the major elF2a kinase expressed in
brain tissue is GCN2. The role of GCN2 in the brain remains cryptic. GCN2 deletion
does not appear to have any effect on brain development or morphology; however,
closer electrophysiological examination shows some disturbances in synaptic
transmission, indicating that GCN2 could play a role in this process (Costa-Mattioli et
al., 2005). The normal role of PERK in the brain has been uninvestigated; however, its
involvement in pathological process, such as AD, Parkinson’s disease, and cerebral
ischemia has been documented (Schroder and Kaufman, 2006). Further
experimentation will be required to investigate the capacity of these two kinases to

regulate BACE1 protein in neuronal systems.
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CHAPTER 4

PHOSPHORYLATION OF elF2a AT SERINE 51
ELEVATES ENDOGENOUS BACE1 PROTEIN AND
ACCELERATES AMYLOID g PRODUCTION IN PRIMARY
CULTURED NEURONS

Introduction

We showed using an acute model of energy deprivation in vivo that BACE1 protein
levels are elevated post-transcriptionally and pro-amyloidogenic processing of APP is
enhanced in the brain, indicating that impaired energy metabolism in the brain may be
an early event in SAD pathogenesis. In order to identify the post-transcriptional
mechanism underlying energy deprivation-induced BACE1 protein elevations, we
developed an in vitro model of energy deprivation in BACE1-293 cells deprived of
glucose. Using this in vitro model of energy deprivation, we identified stress-induced
elF2a phosphorylation as the post-transcriptional mechanism through which BACE1
protein is elevated in vitro. In order to determine whether BACE1 protein was regulated
by this same mechanism under conditions of energy deprivation in a cell type relevant
to Alzheimer’s disease, we repeated our glucose deprivation experiments on cultured
primary cortical neurons from wild-type C57/BL6 mouse embryos. We analyzed
glucose-deprived wild-type neuron lysates for BACE1 mRNA, BACE1 protein, and
elF2a-P levels in order to determine whether glucose deprivation would post-
transcriptionally elevate endogenous BACE1 in parallel with elF2a-P in neurons.

Additionally, we treated human APP-overexpressing (Tg2576) neurons with the elF2a-P
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activating drug, salubrinal, and measured BACE1 protein, elF2a-P levels, and

secreted AB40 levels in order to determine whether direct activation of elF2a-P would

elevate endogenous BACE1 protein and promote amyloidogenesis in vitro.

Materials and methods

Neuronal Cultures

Timed pregnant C57/BL6 females mated to either C57/BL6 or Tg2576 males were
sacrificed via carbon dioxide inhalation, and E15.5-E16.5 C57/BL6 embryos were
excised, rinsed in 1x BSS (1x Hank’s Balanced Salt Solution, 1% pen-strep, 10 mM
HEPES), and decapitated. Embryonic cortical tissue was isolated with the aid of a
dissecting microscope, dissociated for 15 min. at 37°C in 5 mL of 0.25% trypsin
(Invitrogen), washed 3x with 5 mL 1x BSS, and triturated in succession with a regular,
sterile Pasteur pipet and a fire-polished Pasteur pipet in 5mL 1x BSS. (C57/BL6
embryos were pooled for trituration, while C57/BL6 X Tg2576 embryos were triturated
and plated separately.) Triturate volumes were adjusted to 0.25 mL/well with 1x BSS.
Neurons were plated in 1 mg/mL poly-L-lysine-coated plates (1 brain per 12-well plate)
for 2 hrs in neurobasal media supplemented with 1x B-27, 10% horse serum, 1% pen-
strep, 2.5u M glutamate, and 500 uM glutamine (Invitrogen). Leftover tissue from each
C57/BL6 X Tg2576 embryo was incubated at 55°C overnight in 500 ug/mL Proteinase K
in “Tail buffer” (1 M Tris-HCI, 0.5 M EDTA, 20% SDS; pH=8.0), diluted 1:10 in sterile,
autoclaved water, and used for hAPPg,, genotyping:

F: 5-GTGGATAACCCCTCCCCCAGCCTAGACCA-3’

R: 5-CTGACCACTCGACCAGGTTCTGGGT-3
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Transgene-negative cultures were discarded. Neurons were maintained for 2 DIV in

neurobasal media containing only B-27, 2.5 uM glutamate, and 500 uM glutamine. At 2
DIV, neurons were switched to media containing only B-27 and 500 uM glutamine, after
which half of the maintenance media was changed every 2-3 days. (For AB40
conditioned media, 24 hrs prior to beginning of salubrinal treatment). Treatments began
at 7 DIV. For energy deprivation experiments in wild-type C57/BL6 neurons, cells were
treated for 36 hrs in Locke’s solution (154 mM NaCl, 5.6 mM KClI, 2.3 mM CacCl, 1.0 mM
MgCl, 3.6 mM NaHCO3;, 5 mM HEPES) with or without 20 mM glucose (Cheng and
Mattson, 1995). For salubrinal treatments in Tg2576 neurons, a 10 mM stock solution
of salubrinal dissolved in DMSO was added to the maintenance media at 50 uM or 80
uM for 48 hrs. For biochemical analyses, Tg2576 media was collected and residual cell
debris was removed by centrifugation. Neurons were washed with 1x PBS, lysed in 1x
RIPA buffer supplemented with 1x AEBSF and 1x Halt phosphatase inhibitors and
homogenized. Insoluble material was pelleted out by centrifugation, and supernatants
were analyzed for total protein content using the BCA assay. For mRNA analysis,
neurons were lysed in 350uL RLT buffer supplemented with 1% BME (Qiagen’s RNeasy

Mini kit).

Immunoblotting

10 pg protein was boiled for 5 min in sample boiling buffer (60 mM Tris, 10% glycerol,

5% SDS, pH 6.8, 10% B-mercaptoethanol +loading dye) prior to being separated on 4-
12% NuPAGE Bis-Tris gels in 1x MOPS running buffer (Invitrogen) and transferred to

Millipore Immobilon-P polyvinylidene difluoride (PVDF) membrane. Blots were blocked
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overnight in 5% bovine serum albumin (BSA) in Tris-buffered saline, Tween 20 0.1%

(TBST; Sigma, T9039; modified form), pH 8.0. Blots were blocked overnight in 5% BSA
in TBST. Blots were then cut into strips and incubated overnight in primary antibody
(Table 4.1). Blots were then washed in TBST and incubated for 1 hr in horseradish
peroxidase-conjugated goat anti-mouse or goat anti-rabbit secondary antibody diluted
1:10,000 in 5% milk (Jackson Immunological Research). Immunosignals were detected
using enhanced chemiluminescence (SuperSignal West Femto, Pierce) and quantified
using a Kodak CF440 imager. Blots were stripped for 5 min in Pierce Restore stripping

buffer, washed with distilled water, and re-probed when necessary.

RNA isolation and real-time PCR

All 350 pL of cell lysate from each sample was used for mMRNA extraction using
Qiagen’s RNeasy Mini kit according to the manufacturer’s specifications. Total MRNA
concentrations were measured using ABS2gonm ([RNA] pg/pl = 0.04 X ABS260nm) ON @
Beckman spectrophotometer. In general, only mRNA samples with low protein
contamination (ABS26onm/ABS2s0nm > 1.8) were used for analysis. mRNA integrity of
each sample was confirmed using an Agilent Technologies 2100 Bioanalyzer. mRNA
samples were used for analysis if the 28S ribosomal RNA peak was at least two times
the area of the 18S ribosomal RNA peak. 1 ug of total RNA from each sample was
used for first-strand cDNA synthesis using Invitrogen’s SuperScript Il according to the
manufacturer’'s recommendations (Random hexamers were used as opposed to oligo

dTs). Exact cDNA concentrations were determined using a Beckman



5% Catalog
Antibody | Clone Dilution | Milk/BSA | Time | Source No. Mw Substrate
BACEH1 3D5 1:2,000 Milk 1hr Zhao, 2007 70kD ECL+
FLAPP 22C11 1:10,000 | Milk 1hr Chemicon MAB348 | 100kD ECL+
Actin AC-15 1:15,000 | Milk 1hr Sigma A1978 40kD ECL+
elF2a-P Cell
(Ser51) 119A11 | 1:2,000 BSA O.N. | Signaling 3597 38kD WF
Cell
elF2a 1:2,000 BSA O.N. | Signaling 9722 38kD ECL+
Pro:
35kD
Caspase Cell Cleaved:
3 1:5,000 Milk O.N. | Signaling 9662 19kD WF
Neprilysin 1:1:000 Milk O.N. | Chemicon AF1126 100kD WF
IDE 1:1000 Milk O.N. | Abcam ab32216 | 100kD ECL+
Thinakaran,
PS1-NT 1:20,000 | Milk O.N. | 1998 50kD ECL+

Table 4.1: List of primary antibodies used to probe neurons and brain homogenates.

107
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spectrophotometer, and 112.5 ng cDNA from each sample was amplified via Real-

Time PCR in triplicate using Applied Biosystems’ Assays-on-Demand pre-mixed
Tagman primer/probe set for mouse BACE1 mRNA (catalog #Mm00478664_m1) and
normalized against 18s rRNA (#4333760F). The BACE1 primer/probe set spans exons
1-2 of the murine BACE1 transcript, which are present in all known splice variants of
BACE1. BACE1 and 18s cDNA were amplified using an Applied Biosystems 7900HT
sequence analyzer using Applied Biosystem’s universal cycling parameters. Samples
were only used for final analysis if the standard deviation between triplicate samples
was < 0.1 cycles. Percent of control values were determined using the comparative CT

method.

Human AB40 ELISA

Conditioned media from Tg2576 neurons was diluted with AB diluent (Biosource)
supplemented with 1x AEBSF. Exact dilutions varied across experiments. Total AB40
levels in diluted media were determined using a human AB40-specific sandwich ELISA
(BioSource) according to manufacturer’s recommendations. Values were expressed as
ng AB40 in the conditioned media (as determined by ELISA) per mg of protein in the

corresponding cell lysate (as determined by the BCA assay).

Statistical analysis
Sample averages were determined and then means and standard error of the means
(SEMs; represented by error bars in histograms) were calculated based on the sample

averages (n-values are stated in figure legends). Statistical differences between
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experimental groups and their respective controls were determined using a two-

tailed t-test. Data are presented as the mean + SEM. *p < 0.05, **p < 0.01, ***p <

0.001.

Results

Glucose deprivation enhances elF2a phosphorylation and elevates BACE1
protein post-transcriptionally in primary cultured neurons

To determine whether post-transcriptional increases in BACE1 protein occurred in
neuronal cell types in vitro following energy deprivation, we performed NG treatments of
cultured C57/BL6 mouse primary cortical neurons. After 7 days in vitro (DIV), neurons
were incubated for up to 48 hrs in Locke’s solution containing 20 mM glucose (CON) or
Locke’s solution without glucose (NG) (Cheng and Mattson, 1995). After 48 hrs,
minimal cell death occurred in NG-treated neurons compared to control, with no
evidence of caspase 3 activation (Fig 4.1B). Lysates from these cells were analyzed for
endogenous BACE1 levels by immunoblot. Increased BACE1 levels were apparent in
primary neuron cultures by 24 hrs in NG media, and this elevation peaked at ~36hrs
(Fig. 4.1A,C; ~150% of control, p < 0.05). TagMan quantitative PCR analysis of mRNA
isolated from NG-treated cultured neurons showed a decrease in BACE1 transcript
levels compared to control (Fig. 4.1C; p < 0.05), clearly demonstrating that a post-
transcriptional mechanism was responsible for the BACE1 increase following NG
treatment. In order to determine whether phosphorylation of elF2a was involved in
energy deprivation-induced BACE1 protein elevations in cultured neurons, we

measured elF2a-P levels via immunoblot. Similar to BACE1-293 cells, the elF2a-
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Figure 4.1: Glucose deprivation in primary cultured neurons induces elF2a
phosphorylation and elevates BACE1 protein levels post-transcriptionally.
Primary cortical C57/BL6 neurons were cultured for 7 DIV and then incubated for 36 hrs
in media containing 20mM glucose (CON) or no glucose (NG). 10ug of protein was
used for immunoblot analysis of BACE1, P-elF2a(Ser51), total elF2a (elF2a-T), and B-
actin (A) or caspase 3. Caspase 3 immunosignals were expressed as the ratio of
cleaved caspase 3 to pro-caspase 3 (B). (C) BACE1 immunosignals were normalized
to B-actin, elF2a-P was normalized to elF2a-T, and values were expressed as % CON.
Levels of endogenous neuronal BACE1 and elF2a-P/elF2a-T were significantly
elevated in response to glucose deprivation (mean £ SEM; *, p < 0.05; n=3). (D)
C57/BL6 primary neuron cultures were treated as in (A), except that total mRNA was
isolated and levels of endogenous BACE1 mRNA measured via the TagMan real-time
PCR relative quantification method and expressed as % CON (n=3). Unexpectedly,
neuronal BACE1 mRNA levels were significantly reduced in cultures treated with NG-
media compared to glucose-containing media (CON) (#; p < 0.05; mean = SEM), clearly
demonstrating a post-transcriptional mechanism for the BACE1 protein increase.
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P(Ser51):elF2a total ratio in 36 hr NG-treated primary neurons was elevated to

~150% of control values (Fig. 4.1A,B; p < 0.05) indicating that elF2a phosphorylation

may be the mechanism of BACE1 protein elevation in neurons, as well.

Direct phosphorylation of elF2o elevates BACE1 protein and accelerates A
production in Tg2576 cultured neurons

Our immunoblot results from no glucose treatments in wild-type C57/BL6 neurons
suggested that BACE1 protein was also elevated via elF2a phosphorylation in response
energy deprivation in neuronal cell types. Furthermore, the effect of glucose deprivation
on BACE1 protein levels suggested that stress-induced activation of the elF2a-P(Ser51)
stress response pathway might be amyloidogenic. To confirm that elF2a
phosphorylation could directly elevate endogenous BACE1 protein in neurons and to
determine whether direct activation of elF2a-P could accelerate AR production in vitro,
we treated Tg2576 primary neurons, which readily produce and secrete Ap40 into the
media in cell culture, with the elF2a-P activating drug, salubrinal. Tg2576 primary
cortical neurons from E15.5 embryos were cultured for 7 DIV and then treated with 50
uM or 80 uM salubrinal for 48 hrs. As we observed in BACE1-293 cells, salubrinal
treatment significantly increased levels of both elF2a-P(Ser51) and endogenous BACE1
protein in Tg2576 neurons, compared to control (Fig. 4.2A,B). In addition, levels of AB40
were elevated in conditioned media from salubrinal-treated neurons, as compared to
control (Fig 4.2C; CON = 13.25 + 0.33 ng AB40/mg protein; 50 uM Sal = 15.88 + 0.63, p

< 0.05; 80 uM Sal =27.19 + 1.61, p < 0.01). We also measured levels of full-length
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Figure 4.2: Direct phosphorylation of elF2a elevates BACE1 protein and
promotes AR production in cultured Tg2576 neurons. (A) Primary cortical Tg2576
neurons were cultured for 7 DIV and then incubated for 48 hrs in normal media (CON),
media containing 50 uM salubrinal (50 uM Sal), or media containing 80uM Sal. 10ug of
protein was used for immunoblot analysis of BACE1, phosphorylated elF2a, total elF2a,
and B-actin. 10ug of lysate from UV-treated 293 cells was used as a positive control (+)
for elF2a-P. (B) BACE1 immunosignals were normalized to B-actin, elF2a-P was
normalized to elF2a-T, and values were expressed as % CON. BACE1 levels and
elF2a-P/elF2a-T ratios were significantly increased in Tg2576 neurons treated with both
concentrations of Sal compared to control (n = 4), demonstrating that direct induction of
elF2a phosphorylation causes BACE1 levels to rise. (C) Conditioned media collected
from 48hr salubrinal-treated Tg2576 neurons in (A) were analyzed using a human AB4o
ELISA. Values are expressed as ng of AB4o in the media per mg of total protein in the
corresponding cell lysate. Ao levels were significantly elevated in Tg2576 neurons
treated with both 50uM and 80uM salubrinal compared to control (CON; n=4; *, p<0.05;
** p<0.01; ***, p<0.001; mean + SEM), demonstrating that direct induction of elF2a
phosphorylation led to an increase in Ap production.
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APP, presenilin 1 (PS1), insulin degrading enzyme (IDE), and neprilysin (NEP) via

immunoblot in order to determine whether the effect of salubrinal was specific to BACE1
and did not affect other proteins in the amyloidogenic pathway (APP, PS1) or AB
clearance and degradation mechanisms (IDE, NEP). Immunoblot analysis showed that
APP, PS1, IDE, and NEP levels were unchanged in Tg2576 neurons treated with 50 uM
or 80 uM salubrinal (Fig 4.3), indicating that accelerated AP production in salubrinal-
treated Tg2576 neurons is the direct result of enhanced BACE1 cleavage of APP.
Taken together, our results with salubrinal-treated Tg2576 neuron cultures confirm that
BACE1 is a direct translational target of elF2a-P(Ser51) in neurons and demonstrate

that direct induction of elF2a-P is amyloidogenic in vitro.

Discussion

We showed previously that endogenous BACE1 protein levels and amyloidogenic
processing of APP were elevated upon acute pharmacological energy inhibition in vivo,
which could be a mechanism contributing to early amyloidogenesis in Alzheimer’s
disease. In order to identify the post-transcriptional mechanism of energy deprivation-
induced BACE1, we used glucose deprivation in BACE1-293 cells as an in vitro model
of energy inhibition. These experiments clearly showed that glucose deprivation-
induced BACE1 elevations were the result of altered translational control of BACE1
mMRNA in response to elF2a phosphorylation. Although BACE1-293 cells are a useful
model in which to investigate BACE1 protein regulation, proteins may be regulated

differently in various cell types. Therefore, we repeated as many of our in vitro
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Figure 4.3: Full-length APP, presenilin 1, and AB degrading enzymes are
unaffected by salubrinal in neurons. Primary cortical Tg2576 neurons were cultured
for 7 DIV and then incubated for 48 hrs in normal media (CON), media containing 50 uM
salubrinal, or media containing 80uM Sal. 10ug of protein was used for immunoblot
analysis of full-length APP, presenilin 1 (PS1), insulin degrading enzyme (IDE), and
neprilysin (NEP). Levels of APP, PS1, IDE, and NEP were unaltered by salubrinal
treatment, indicating that accelerated AB production was due to elevated BACE1

protein.
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experiments as possible in primary cultured neurons, to verify that elF2a-mediated

regulation of BACE1 was physiologically relevant in the brain.

Energy deprivation in BACE1-293 cells versus cultured neurons

Unlike BACE1-293 cells, BACE1 is under the control of its endogenous promoter and its
full-length 3'UTR sequence in neurons (Fig 2.1L), allowing the contribution of these two
regulatory elements in controlling energy deprivation-induced BACE1 protein elevations
to be assessed. The human and murine BACE1 transcripts are highly homologous
(~87%). The murine BACE1 5’'UTR sequence is the same length and contains the
same UORFs as the human BACE1 5’'UTR, and it also has a relatively high G-C content
(67%, as opposed to 76% in humans), and is therefore likely to be regulated similarly in
mice and humans. Additionally, by culturing neurons from Tg2576 mice, which
overexpress human APPsw, we can assess the effect of elF2a phosphorylation on
amyloidogenic processing of APP in vitro. All of the experiments that were performed
on primary cultured neurons confirmed the results from the BACE1-293 cells, indicating
that HEK-293 cells are a good model for studying energy deprivation and regulation of
BACE1. Similar to BACE1-293 cells, neurons up-regulated total BACE1 protein to
levels comparable to those observed in BACE1-293 cells (~150%). However, BACE1
protein elevations were not apparent in NG-treated neurons compared to control until
after ~24 hrs of treatment, reaching a peak around 36 hrs, whereas BACE1 protein
levels were significantly elevated in BACE1-293 cells by 6 hrs in culture and peaked
around 12-24 hrs in response to acute energy deprivation. One explanation for this

discrepancy is that neurons in culture are metabolically inactive, in comparison to
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BACE1-293 cells, which are rapidly dividing and therefore metabolically demanding.

Neurons in culture therefore metabolize their energy stores more slowly than BACE1-
293 cells and take longer to respond to a deficiency of exogenous glucose and initiate a
stress response. Furthermore, the variability of BACE1 protein expression in cultured
neurons is higher than in BACE1-293 cells, making subtle changes in protein
expression more difficult to detect. Similar to BACE1-293 cells, the glucose deprivation-
induced BACE1 protein elevation occurred in the absence of any BACE1 mRNA
elevation, again implicating a post-transcriptional mechanism. This data rules out the
possibility that the BACE1 promoter contributes to glucose deprivation-induced BACE1
protein elevations in neurons. In fact, endogenous BACE1 mRNA appeared to be
down-regulated in response to energy deprivation. This may represent general down-
regulation of cellular mMRNA synthesis in response to glucose deprivation, which may be
a method of energy conservation in the neuron. Furthermore, down-regulated BACE1
mRNA may also explain the delayed BACE1 protein increase in glucose deprived
neurons, since decreased BACE1 mRNA and enhanced BACE1 translation have
opposing effects on steady state BACE1 protein levels. Consistent with data from
BACE1-293 cell experiments, elF2a-P levels were also elevated in cultured neurons
deprived of glucose, compared to control. Based on our biochemical data showing that
BACE1 protein is translationally regulated by elF2a-P, it is likely that the BACE1 protein
elevations observed in response to glucose deprivation in cultured neurons is also the

result of increased elF2a-P levels.
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Cultured neurons as an experimental model

Neurons are the most physiologically relevant cell type for investigating the biochemical
mechanisms of brain disorders; however, they have clear experimental limitations. Our
data from cultured neurons incubated in glucose-deficient media suggested that BACE1
protein was elevated via elF2a phosphorylation, as was the case in BACE1-293 cells;
however, we could not test this directly. There is no available method of transfecting
neurons with DNA at high enough efficiency to be useful for biochemical analysis.
Therefore, we couldn’t use our GADD34 constructs to verify that elevated elF2a-P
levels were required for glucose deprivation-induced BACE1 protein elevations.
Furthermore, we could not use our PERKDN and GCN2DN constructs to identify the
specific kinase responsible for glucose deprivation-induced elF2a-P elevations in
neurons. We are currently optimizing a method of infecting cultured neurons with high
efficiency using adeno-associated viral vectors. These experiments should yield
interesting results; however, viral infection itself is a potent activator of elF2a.-P, so this
experimental design may be problematic for studying this particular stress-response
pathway (Fig 3.8). Furthermore, immunoblotting for activated elF2a kinases in
response to glucose deprivation yielded inconclusive results. These kinases are high
molecular weight proteins that exist in very low quantities in the cell. Commercial
antibodies available to detect phosphorylation of these proteins via immunoblot
produced a series of apparently non-specific bands at the predicted molecular weight of
the kinases, none of which could be conclusively identified as the correct signal. We
also attempted to repeat our %S metabolic labeling experiment in cultured neurons, to

rule out the involvement of enhanced BACE1 protein stability in glucose deprivation
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induced BACE1 protein elevation in neurons. Endogenous levels of BACE1 protein

were too low to be detected using autoradiography of immunoprecipitated neuron
lysates with commercially available antibodies, which react fairly weakly with BACE1
protein, and we were unable to use our novel, highly specific BACE1 antibody (3D5)
(Zhao et al., 2007) for immunoprecipitation experiments, because the epitope is masked
under these conditions. However, we suspect that altered protein stability of BACE1
was not involved in these experiments, because no glucose treatment did not appear to
cause toxicity of neurons compared to control or caspase 3 activation, which is
associated with enhanced BACE1 protein stability during the onset of apoptosis (Koh et
al., 2005; Tesco et al., 2007; Vassar, 2007). Despite the technical limitations of using
cultured neurons as a model system for energy deprivation, the results obtained from
them were consistent with previous data from glucose-deprived BACE1-293 cells. In
vitro experiments from BACE1-293 cells suggested that elF2a-P activation in response
to energy deprivation was potentially amyloidogenic. Importantly, pharmacological
activation of elF2a-P in cultured Tg2576 neurons elevated AB40 production in vitro.
This data provides a direct mechanistic link between the elF2a-P stress pathway and

amyloidogenesis.
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CHAPTER 5

CHRONIC ENERGY INHIBITION /N VIVO ELEVATES BACET1
PROTEIN, ENHANCES elF2a PHOSPHORYLATION, AND
ACCELERATES AMYLOID PATHOLOGY IN THE BRAIN

Introduction

The mechanisms of amyloidogenesis in sporadic Alzheimer’s disease (SAD) remain
unknown; however, PET imaging studies indicate that glucose metabolism is reduced in
AD brains or in the brains of individuals at risk for developing the disease, indicating that
impaired energy metabolism may be an initiating factor in SAD. In support of this
theory, we have shown using an acute model of energy deprivation in young mice that
single i.p. injections of metabolic inhibitors post-transcriptionally elevate the rate limiting
enzyme in the production of amyloid 3 in the brain, BACE1. Using in vitro models of
energy deprivation in cell lines and neurons, we identified phosphorylation of the
translation initiation factor elF2a through activation of the PERK kinase as the
mechanism responsible for energy deprivation-induced BACE1 elevations. Additionally,
we established that phosphorylation of elF2a is amyloidogenic in cultured neurons. In
order to more accurately model the progression of sporadic Alzheimer’s disease in the
brain and to determine whether chronic energy inhibition would ultimately have an
impact on the development of plaque pathology in the brain, we developed a chronic
model of energy inhibition in older mice. We administered the two metabolic inhibitors
from our previous study most specific to energy metabolism, 2DG (1g/kg) and 3NP

(80mg/kg), once a week to nine-month old Tg2576 and C57/BL6 mice over a three-
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month period (Fig 2.2). Brains from 12 month-old Tg2576 mice were assayed for

BACE1 protein, elF2a-P, total AB40, and amyloid plaque deposition. Additionally, we
analyzed BACE1 protein and mRNA from the brains of 12 month-old C57/BL6 mice
treated for 3 months with 2DG or 3NP to determine 1) whether endogenous BACE1
protein would be elevated in response to chronic energy deprivation in the absence of a

transgene, and 2) whether this occurred through a post-transcriptional mechanism.

Materials and methods

Animals and Drug Treatments

Nine-month old C57/BL6 mice were purchased from the National Institute of Aging
(Bethesda, MD), and young Tg2576 (APPsw [Fig 2.1A], K670ON/M671L; (Hsiao et al.,
1996)) mice were purchased from Taconic (Hudson, NY) and bred in-house. Tg2576
and C57/BL6 mice were administered single intraperitoneal (i.p.) injections of 1x
phosphate buffered saline (PBS; Invitrogen, Carlsbad, CA), 1g/kg 2-deoxyglucose
(Sigma, St. Louis, MO) or 80mg/kg 3-nitropropionic acid adjusted to pH 7.0 with 1 M
sodium hydroxide (Sigma) once a week beginning at 9 months of age. Drugs were
dissolved in sterile 1x PBS at concentrations allowing for injection volumes of 100 uL or
less. All procedures were carried out in strict accordance with the NIH Guide for the
Care and Use of Laboratory Animals and were approved by the Northwestern University

Animal Care and Use Committee.
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Tissue Preparation for Biochemical Analysis

Mice were anesthetized with an i.p. injection of pentobarbital (100 mg/kg) 7 days
following the final treatment, and transcardially perfused with 20 mL of cold perfusion
buffer (1 mM HEPES, 13.7mM NaCl, 0.46mM KCI, 0.11mM KH,PO4, 0.06 mM MgSQO4
and 0.11 mM EDTA, 20 mg/mL PMSF, 5 mg/mL leupeptin, 200 mM sodium
orthovanadate and 1 M DTT). Brains were excised and divided down the midline. Left
hemi-brains from Tg2576 mice were drop-fixed in 4% paraformaldehyde in 1x PBS
overnight at 4°C and stored in cryopreserve (30% sucrose (w/v), 0.01% Na-azide (w/v),
in 1x PBS) at 4°C for at least 12 hrs for histology. Both hemi-brains from C57/BL6 mice
and right hemi-brains from Tg2576 mice were flash frozen in liquid nitrogen and stored
at -80°C. For biochemical analysis, frozen mouse hemi-brains were homogenized in
800 pL 1x PBS, 1% Triton-X 100, 1x protease inhibitor cocktail (AEBSF; Calbiochem),
and 1x Halt phosphatase inhibitors (Pierce). Total protein concentration was
determined by the BCA method (Pierce), and brain samples were all normalized to 10

mg/mL with homogenization buffer.

Immunoblotting

10 pg protein was boiled for 5 min in sample boiling buffer (60 mM Tris, 10% glycerol,
5% SDS, pH 6.8, 10% B-mercaptoethanol +loading dye) prior to being separated on 4-
12% NuPAGE Bis-Tris gels in 1x MOPS running buffer (Invitrogen) and transferred to
Millipore Immobilon-P polyvinylidene difluoride (PVDF) membrane. Blots were blocked
overnight in 5% bovine serum albumin (BSA) in Tris-buffered saline, 0.1% Tween 20

(TBST; Sigma, T9039; modified form), pH 8.0. Blots were then cut into strips and
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incubated overnight in primary antibody (Table 4.1). Blots were then washed in

TBST followed by 1 hr incubation in horseradish peroxidase-conjugated goat anti-
mouse (GaM) or goat anti-rabbit (GaRb) diluted 1:10,000 in 5% milk in TBST (Jackson
Immunological Research). Immunosignals were detected using enhanced
chemiluminescence (ECL+, Amersham Biosciences) or SuperSignal West Femto

(Pierce) and imaged and quantified using a Kodak CF440 imager.

RNA isolation and real-time PCR

Frozen C57/BL6 hemibrains were homogenized in 2.5mL Qiazol reagent. Total RNA
from 0.5mL of C57/BL6 brain homogenate was isolated using Qiagen’s RNeasy Lipid
Mini kit according to the manufacturer’s specifications. Total mMRNA concentrations
were measured using ABSzeonm ([RNA] pg/ul = 0.04 X ABS260nm) ON @ Beckman
spectrophotometer. In general, only mRNA samples with low protein contamination
(ABS260nm/ABS280nm > 1.8) were used for analysis. mRNA integrity of each sample was
confirmed using an Agilent Technologies 2100 Bioanalyzer. mRNA samples were used
for analysis if the 28S ribosomal RNA peak was at least two times the area of the 18S
ribosomal RNA peak. 1 pg of total RNA from each sample was used for first-strand
cDNA synthesis using Invitrogen’s SuperScript 11l according to the manufacturer’s
recommendations (Random hexamers were used as opposed to oligo dTs). Exact
cDNA concentrations were determined using a Beckman spectrophotometer, and 112.5
ng cDNA from each sample was amplified via Real-Time PCR in triplicate using Applied
Biosystems’ Assays-on-Demand pre-mixed Tagman primer/probe set for mouse BACE1

and APP mRNA (catalog #Mm00478664_m1, Mm00431827_m1) and normalized



123
against 18s rRNA (#4333760F). The BACE1 primer/probe set spans exons 1-2 of

the murine BACE1 transcript, which are present in all known splice variants of BACE1,
and the APP primer/probe set spans exons 9-11, which are present in all known splice
variants of APP. Real Time PCR reactions were run using an Applied Biosystems
7900HT sequence analyzer. Applied Biosystem’s universal cycling parameters were
used. Samples were only used for final analysis if the standard deviation between
triplicate samples was < 0.1 cycles. Percent of control values were determined using
the comparative CT method. For microRNA analysis, RNA samples were analyzed
using the Tagman microRNA reverse transcription kit with Tagman Universal PCR
master mix (Applied Biosystems). Quantitative RT-PCR procedures were performed as
previously described (Hebert et al., 2008) following the manufacturer’s
recommendations (Applied Biosystems). Relative expression was calculated using the

comparative CT method.

Human AB40 ELISA

10 mg/mL aliquots of Tg2576 brain were diluted 2.5x in 8.2 M guanidine-HCI (Gu-HCI
final concentration of 5 M) and rocked at room temperature overnight to solubilize
amyloid plaques. Guanidine-extracted brain homogenates were then diluted an
additional 225x in cold 1x BSAT-DPBS (5% BSA, 0.03% Tween-20 in 1x Dulbecco’s
phosphate buffered saline (DPBS), pH 7.4) supplemented with 1x protease inhibitor
cocktail (AEBSF; Calbiochem). Diluted brain homogenates were centrifuged at 16,000
x g for 20 min. at 4°C, then diluted 2x with AP diluent supplemented with 1x AEBSF.

Diluted samples (436 ug total protein/well) and standards made from purified
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recombinant human ApR40 peptide were added in duplicate to a pre-coated human

AB40 sandwich ELISA plate (Biosource), incubated and washed according to the
manufacturer’s instructions, and total AB40 levels in diluted hemi-brain homogenates
were then determined using an standard curve of recombinant human AB40 peptide. All
samples were analyzed within the linear range of the assay. Values were expressed as
ng of AB40 (as determined by ELISA) per mg of total protein (as determined by the BCA

assay.)

Immunohistochemistry

30 um frozen sagittal sections from cryopreserved Tg2576 or C57/BL6 hemi-brains
were cut using a sliding microtome and collected in 1x Tris-buffered saline (TBS; 50 mM
Tris-HCI and 150 mM NacCl, pH 7.6). For cresyl violet staining on C57/BL6 brains,
sections were mounted on slides, hydrated in a series of alcohols, and rinsed 1x in
distilled water. Sections were rinsed for 1 min. in 0.5% cresyl violet (w/v) heated to
60°C. Sections were then rinsed in distilled water and then dehydrated in series of
alcohols. Sections were briefly rinsed in chloroform to remove background staining then
further dehydrated in 95% ethanol and 2x in 100% ethanol. Sections were then rinsed
2x with xylene and coverslipped. For Thioflavin S staining of Tg2576 brains, sections
were hydrated in a series of alcohols, rinsed briefly in distilled water, then stained with
1% Thioflavin S (w/v) for 1 hr. Sections were then dehydrated in a series of alcohols,
rinsed 2x in xylene and then coverslipped in Molecular Probes Prolong Anti-fade
reagent (Invitrogen). For IHC staining of Tg2576 brains, sections were blocked for 40

min. in 5% horse serum in 0.25% Triton-X-100 in 1x TBS, washed 2x for 10 min. in 1%
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BSA in 0.25% Triton-X-100 in TBS Tg2576 sections were incubated in anti-4G8

(1:5,000; Chemicon) or anti-GFAP (1:10,000; Sigma) in 1% BSA in 0.25% Triton-X-100
in TBS overnight at room temperature, washed, and incubated with biotinylated
secondary antibody diluted in 1% BSA in 0.25% Triton-X-100 in TBS (1:5,000;
Chemicon) for 2 hrs. Sections were washed 3x for 10 min in 1x TBS. The Vectorlabs
ABC kit was used with DAB as chromagen to visualize the reaction product, and then
rinsed with distilled water. Sections were then counterstained with hematoxylin for
~5min, dehydrated in a series of alcohols, rinsed 2x with xylene, and coverslipped.
Sections were then imaged using a Nikon Eclipse E800 microscope and Spot advanced
digital camera (Diagnostic Instruments). The total number of 4G8-positive plaques in
each section was counted manually and average number of plaques per section was

calculated (8-11 sections/mouse).

Amyloid plaque counts

A set of eight evenly spaced 30 ym parasagittal sections were selected that spanned
the entire medial-lateral dimension of each hemibrain from Tg2576 mice chronically
treated with vehicle, 2DG, or 3NP. Sections were stained with anti-AB antibody 4G8,
developed by DAB immunohistochemistry, counterstained with hematoxylin, and
mounted as described below. The total number of amyloid plagues in the eight sections
from each mouse was then visually counted at low magnification in a microscope and

plague number means, SEMs, and p-values calculated.
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Statistical analysis

Sample averages were determined and then means and standard error of the means
(SEMs; represented by error bars in histograms) were calculated based on the sample
averages (n-values are stated in figure legends). Statistical differences between
experimental groups and their respective controls were determined using a two-tailed t-

test. Data are presented as the mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001.

Results

Chronic energy inhibition increases elF2a phosphorylation and BACE1 levels in
aged Tg2576 brains

In order to determine the effect of chronic energy deprivation on BACE1 protein and the
progression of amyloid pathology in the brain, we designed a chronic in vivo energy
deprivation paradigm based on our previous acute study in which we treated Tg2576
and C57/BL6 mice with inhibitors of energy metabolism that caused increases in
BACE1 protein level and AB production (Velliquette et al., 2005). In the acute study, 2
month-old Tg2576 mice were administered single intraperitoneal (i.p.) injections of
compounds that produced or mimicked hypoglycemia, inhibited ATP synthesis, or
caused neuronal over-excitation which depleted ATP stores: insulin, 2-deoxyglucose
(2DG) and 3-nitropropionic acid (3NP), and kainic acid (KA). Since our in vitro studies
primarily focused on the effects of glucose deprivation on elF2a phosphorylation and
BACE1 level elevation, in the chronic in vivo study we only used the two compounds
that would most specifically interfere with glucose metabolism: 2DG and 3NP (See Fig

2.2). Insulin and KA were not used in the current study due to the probability of
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pleotrophic physiological effects, neurodegeneration, or high mortality in response to

chronic exposure. For our chronic in vivo energy deprivation experiment, 9 month-old
Tg2576 and C57/BL6 (wild-type) mice were treated once per week with i.p. injections
2DG (1 g/kg), 3NP (80 mg/kg), or vehicle (VEH) for a duration of 3 months. In our acute
study, BACE1 and AP levels stayed elevated for at least a week following a single dose
of 2DG or 3NP (Velliquette et al., 2005), thus providing the rationale for single weekly
injections in the chronic study. Treatments were started at 9 months of age--- the age at
which Tg2576 mice begin to develop amyloid plaque pathology in the brain (Hsiao et al.,
1996), and concluded when mice were 12 months old. We reasoned that this duration of
experimental energy deprivation should be sufficient to produce an observable increase
in the number of amyloid plaques in the brains of Tg2576 mice. The dose of 2DG in the
chronic study was unaltered from the acute study, since this dose caused no mortality in
the acute study. The dose of 3NP, however, was chosen based on a pilot study
showing that 80 mg/kg 3NP was the lowest dose of 3NP that would produce a BACE1
protein increase comparable the one observed in response to a single i.p. injection of
100 mg/kg 3NP. These doses were well-tolerated by the mice, no mortality was
observed in response to the drugs, and treatments caused only temporary lethargy
lasting 30-60 min. Following 3 months of weekly VEH, 2DG, or 3NP treatments, hemi-
brains from Tg2576 mice were processed for biochemical analysis or fixed for
immunohistochemistry. Cresyl violet staining and GFAP immunohistochemistry of brain
sections from 2DG- or 3NP-treated mice revealed no significant neurodegeneration or
gliosis associated with chronic treatment of either drug compared to VEH (Fig 5.1).

Furthermore, there was no evidence of caspase 3 activation in either SNP-treated or
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Figure 5.1: Chronic energy deprivation causes no visible neurodegeneration or
astrogliosis in Tg2576 brain. Nine-month old Tg2576 mice were administered i.p.
injections of saline (VEH), 1g/kg 2-deoxyglucose (2DG), or 80mg/kg 3-nitropropionic
acid (3NP) once a week for 3 months (8-9 mice/group). One week after the final
injection, hemibrains from each mouse were fixed and sectioned. Serial sections from
12-month old VEH, 2DG, and 3NP-treated mice were stained with cresyl violet, and the
hippocampus was imaged at 4X. There was no evidence of neurodegeneration in 2DG-
and 3NP-treated mice compared to VEH. Alternate sections were stained with rabbit
anti-GFAP at 1:10,000 (G9269; Sigma), and the dentate gyrus was imaged at 20X.
There was no evidence of greater astriogliosis in 2DG- and 3NP-treated mice compared
to VEH.
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VEH-treated mice, indicating that chronic energy inhibition does not induce neuronal

apoptosis (Fig 5.2D). In order to determine the effect of chronic energy deprivation on
BACE1 protein levels in Tg2576 brain, we quantified levels of BACE1 protein in 2DG-
and 3NP-treated Tg2576 mice compared to VEH-treated via immunoblot. Similar to the
acute study and our in vitro experiments, chronic experimental energy deprivation
caused a significant increase of BACE1 protein levels in the brains of 2DG- and 3NP-
treated Tg2576 mice (Fig. 5.2A,B,C). 2DG-treated mice exhibited BACE1 increases of
~120% (p < 0.05), and 3NP-treated Tg2576 mice exhibited BACE1 elevations of ~160%
(p < 0.001), respectively, in comparison to vehicle control treatment. Since our previous
results showed that enhanced BACE1 translation via elF2a phosphorylation was
responsible for the energy deprivation-induced BACE1 increase in vitro, we wanted to
determine whether chronic 2DG and 3NP treatment increased elF2a phosphorylation in
the brain. We measured phosphorylated and total elF2a levels in brain homogenates of
Tg2576 mice treated with 2DG, 3NP, or vehicle via immunoblot (Fig. 5.2B,C). The
elF2a-P(Ser51):elF2a-T ratios in the brains of 2DG- and 3NP-treated mice were
elevated to ~130% (p < 0.05) and ~150% (p < 0.01) of vehicle, respectively, similar to
the increases in elF2a phosphorylation observed in vitro. Importantly, increases in
elF2a phosphorylation correlated with the BACE1 elevations that occurred in 2DG- and
3NP-treated mice. Furthermore, an expression analysis of three BACE1-regulating
microRNAs (miR-29a, miR-29b-1, miR-9) in the brains of Tg2576 mice revealed no
change in 2DG-treated mice compared to VEH, and significantly increased expression
of miR-29a (p = 0.016) and miR-29b-1 (p = 0.008) in 3NP-treated mice compared to

VEH (Fig 5.2E). Since decreased miR-29a, miR-29b-1, and miR-9 expression elevate
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Figure 5.2: Chronic energy deprivation elevates elF2a-P and BACE1 protein in
Tg2576 brain (A) Nine-month old Tg2576 mice were administered i.p. injections of
saline (VEH), 1g/kg 2-deoxyglucose (2DG), or 80mg/kg 3-nitropropionic acid (3NP)
once a week for 3 months (8-9 mice/group). One week after the final injection,
hemibrains were prepared for biochemical analysis. 10ug of protein was used for
immunoblot analysis of BACE1 and B-actin. “+” lane: 5 ug of BACE1-293 cell lysate as a
BACE1 positive control.. ““lane: 10ug of BACE1” mouse brain homogenate as a
BACE1 negative control. (B) 15 ug of protein from VEH, 2DG, or 3NP-treated Tg2576
brain was used for immunoblot analysis of elF2a-P, elF2a-T, and B-actin. “+” lane: 10ug
of lysate from UV-treated 293 cells as a positive control for elF2a-P. (C) Immunosignals
in (A) and (B) were quantified by phosphorimager and expressed as % VEH. BACE1
levels and elF2a-P/elF2a-T ratios were significantly elevated in 2DG and 3NP treated
Tg2576 mice compared to VEH (mean £ SEM; *, p<0.05; **, p<0.01; ***, p<0.001). (D)
10 g brain homogenate from VEH and 3NP-treated Tg2576 mice was used for
immunoblot analysis of caspase 3. There was no evidence of caspase cleavage in
either treatment group. (E) (courtesy of Sebastien Hebert) Total mMRNA from VEH,
2DG, and 3NP-treated mice was analyzed for miR-29a, miR-29b-1, and miR-9
expression. miR-29a and miR-29b-1 were significantly elevated in 3NP-treated mice
compared to VEH.
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BACE1 protein levels (Hebert et al., 2008), this experiment indicates that microRNAs

are not involved in chronic energy deprivation-induced BACE1 protein elevations in the
brain. These results, together with our in vitro BACE1-293 cell and primary neuron
data, suggest that chronic energy deprivation in vivo may induce the elF2a
phosphorylation pathway, which in turn increases BACE1 levels via translational up-

regulation.

Chronic energy deprivation in aged wild-type C57/BL6 mice significantly
decreases BACE1 and APP mRNA

In order to determine whether BACE1 protein would be regulated similarly in response
to chronic energy deprivation in wild-type animals and to determine if this regulation was
post-transcriptional, weekly i.p. injections of VEH, 1 g/kg 2DG, and 80 mg/kg 3NP were
also administered to 9 month-old C57/BL6 animals. One half of the 12 month-old
C57/BL6 brains were processed for biochemistry, and the other half was processed for
TagMan mRNA quantification, rather than histology. Similar to 12 month-old Tg2576
mice, chronic pharmacological energy deprivation caused a significant increase of
BACE1 protein levels in the brains of C57/BL6 mice (Fig. 5.3A, B). 2DG-treated mice
exhibited BACE1 increases of ~130% (p < 0.05), and 3NP-treated mice exhibited a
BACE1 protein increase of ~170% (p < 0.001), above VEH. This data demonstrates that
chronic energy deprivation-induced BACE1 protein elevations are reproducible in
different strains of mice, similar to what we observed in response to acute energy
deprivation. Based on our in vitro studies with BACE1-293 cells and primary neurons,

we predicted that the BACE1 increase following chronic in vivo energy deprivation
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Figure 5.3: Chronic energy deprivation elevates BACE1 protein post-
transcriptionally in C57/BL6 brain. (A) Nine-month old wild-type C57/BL6 mice were
administered i.p. injections of saline (VEH), 1g/kg 2-deoxyglucose (2DG), or 80mg/kg 3-
nitropropionic acid (3NP) once a week for 3 months. One week after the final injection,
hemibrains were prepared for biochemical analysis. 10ug of protein was used for
immunoblot analysis of BACE1, full-length APP, and B-actin. “+” lane: 5ug of BACE1-
293 cell lysate as a BACE1 positive control. “-“ lane: 10ug of BACE1” mouse brain
homogenate as a BACE1 negative control. (B) Immunosignals in (A) were quantified
using a phosphoimager and expressed as % VEH (n = 4-6). BACE1 levels were
significantly elevated in the brains of both 2DG and 3NP-treated mice compared to VEH
(mean £ SEM; *, p<0.05; ***, p<0.001). (C) Total mMRNA was isolated from the
hemibrains of VEH, 2DG, and 3NP treated C57/BL6 mice and levels of endogenous
BACE1 and APP mRNAs measured via the TagMan real-time PCR relative
quantification method and expressed as percentage of vehicle (VEH; 9-12 mice per
group). Strikingly, both BACE1 and APP mRNA levels were significantly decreased in
2DG and 3NP-treated C57/BL6 mice compared to VEH (mean + SEM; **, p<0.01; ***,
p<0.001).
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would be post-transcriptional. To test this hypothesis, we isolated total mRNA from

hemi-brains of C57/BL6 mice chronically treated with 2DG, 3NP, and VEH and
measured levels of endogenous mouse BACE1 mRNA by TagMan quantitative real-
time PCR analysis. Indeed, BACE1 mRNA levels were not increased upon 2DG or 3NP
treatment, and in fact were significantly decreased compared to vehicle (~60% of VEH
in 2DG-treated mice (p < 0.01) and ~30% of VEH in 3NP-treated mice (p < 0.001); Fig.
5.3C). The pattern of BACE1 mRNA decrease in response to chronic 2DG and 3NP
treatment was inversely related to the effect of these same drugs on BACE1 protein.
Interestingly, APP mRNA levels were also significantly decreased in response to 2DG
and 3NP treatment (~70% of VEH in 2DG-treated mice (p < 0.01) and ~50% of VEH in
3NP-treated mice (p < 0.001); Fig 5.3C). This decrease in mRNA may reflect global
down-regulation of transcription caused by ATP depletion. In any case, our results
clearly demonstrate that the BACE1 elevations in response to chronic in vivo energy
deprivation were not the result of either increased BACE1 gene transcription or

enhanced BACE1 mRNA stabilization.

Chronic energy deprivation in aged Tg2576 mice accelerates AB production and
plaque deposition in the brain

Elevated BACET1 levels in the brains of 2DG- and 3NP-treated Tg2576 mice suggested
that AP production and amyloid plaque formation might also be increased in these
animals. In support of this hypothesis, previous studies had reported that modest
overexpression of BACE1 increased cerebral AB levels and amyloid deposition in

transgenic mice (Bodendorf et al., 2002; Chiocco et al., 2004; Chiocco and Lamb, 2007;
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Lee et al., 2005; Mohajeri et al., 2004; Ozmen et al., 2005; Willem et al., 2004). To

initially test whether chronic energy deprivation increased amyloidogenesis in vivo, we
analyzed guanidine-extracted brain homogenates from treated Tg2576 mice for total
levels of Ap40, the major isoform of AP produced in this transgenic line, by human
AB40-specific ELISA. We observed that treatment with 2DG and 3NP caused clear
trends toward elevation of AB40 levels in the brain (Fig. 5.4C; VEH = 9.10 + 1.30 ng
AB40/mg protein, 2DG = 13.15 £ 1.94, 3NP = 15.56 + 3.75), although statistical
significance was not reached. To obtain further support that 2DG and 3NP treatment
increased AP generation and amyloid deposition in Tg2576 mice, we counted amyloid
plagues in hemi-brain sections of the same mice subjected to chronic energy
deprivation and analyzed for AB40 levels. Upon examination of brain sections that were
stained with either anti-Ap (4G8) antibody (Fig. 5.4A) or Thioflavin-S (Fig. 5.4B), we
noted that plaques in 2DG- and 3NP-treated mice qualitatively tended to appear larger
and more numerous than in vehicle-treated mice. Quantitatively, the number of plaques
showed a clear trend toward elevation in 2DG- and 3NP-treated mice compared to
vehicle (Figs. 5.4D; VEH = 20.8 £ 3.7; 2DG = 26.7 £ 5.3; 3NP = 36.0 * 8.6), although as
with AB40 levels, statistical significance was not achieved. In order to address the
possibility that mechanisms other than BACE1 up-regulation were responsible for the
chronic energy deprivation-induced rise in AB40 levels and plaque numbers in Tg2576,
we analyzed other components of the amyloidogenic pathway, as well as amyloid
degrading enzymes via immunoblot in 2DG- and 3NP-treated mice compared to VEH.
Levels of full-length APP and presenilin 1 (PS1) were not altered in response to chronic

energy deprivation, indicating that a rise in the AP precursor or altered activity of the y-
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Figure 5.4: Chronic energy deprivation accelerates AR production and
exacerbates amyloid plaque pathology in Tg2576 brain. Nine-month old Tg2576
mice were administered i.p. injections of saline (VEH), 1g/kg 2-deoxyglucose (2DG), or
80mg/kg 3-nitropropionic acid (3NP) once a week for 3 months (8-9 mice/group). One
week after the final injection, hemibrains were prepared for biochemical analysis or fixed
for immunohistochemistry. (A) Parasagittal brain sections were immunostained for
AP (4G8) and micrographed at 4x. (B) Parasagittal brain sections from VEH, 2DG, or
3NP-treated mice were stained with Thioflavin S for B-sheet amyloid and imaged at 4x.
(C) Guanidine-extracted brain homogenates from VEH, 2DG, and 3NP-treated mice
were analyzed using a human AB4 ELISA. Values were expressed as ng of AB4o per
mg of total protein. (D) 4G8-immunopositive plaques were counted in a set of eight
evenly spaced sections that spanned the entire medial-lateral dimension of each
hemibrain.
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secretase complex are unlikely to be the cause of AP elevations in 2DG- and 3NP-

treated mice. Furthermore, levels of AR degrading enzymes, such as insulin degrading
enzyme (IDE) and neprilysin were similarly unaffected, indicating that Ap elevations and
enhanced plaque deposition in 2DG- and 3NP-treated mice are not the result of
reduced AP clearance from the brain (Fig 5.5). Taken together, the proportional parallel
increases of phosphorylated elF2a, BACE1, AP40, and plaque number make a
compelling case that chronic energy deprivation in vivo is likely to promote
amyloidogenesis via a mechanism involving elF2a phosphorylation and BACE1

translational control.

Discussion

Acute versus chronic energy deprivation in the brain

Previously, we showed that single injections of pharmacological energy inhibitors could
elevate BACE1 protein levels post-transcriptionally and promote amyloidogenesis in
young Tg2576 mice. Consistent with these results, we could induce BACE1 protein
elevation in vitro by treating BACE1-293 cells and primary cultured neurons with
glucose-deficient media. Although these results suggested that BACE1 was a
molecular target of impaired energy metabolism, and our acute in vivo study suggested
that this was amyloidogenic in the brain, Alzheimer’s disease is a chronic disorder that
develops over several decades. In order to gather further support for our hypothesis
that cumulative metabolic insults can accelerate amyloid pathology in the brain, we
developed a chronic model of energy inhibition in older Tg2576 mice. Nine-month old

Tg2576 mice were administered single i.p. injections of 2DG, 3NP, or VEH once a week
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Figure 5.5: Other components of the amyloidogenic pathway and AB degrading
enzymes are not affected by chronic energy deprivation Tg2576 mice were
administered i.p. injections of saline (VEH), 1g/kg 2-deoxyglucose (2DG), or 80mg/kg 3-
nitropropionic acid (3NP) once a week for 3 months (8-9 mice/group). (A) 10 ug brain
homogenate from VEH, 2DG, or 3NP-treated mice was analyzed via immunoblot for
levels of full-length APP protein, presenilin 1 (PS1; part of the active site of the y-
secretase complex), insulin degrading enzyme, and neprilysin (A degrading enzymes).
(B) APP, PS1, IDE, and neprilysin immunosignals were normalized to -actin and
expressed as % of VEH. There was no effect on any of these proteins in response to
chronic 2DG or 3NP treatment, further supporting the hypothesis that increased AB40
levels and enhanced plaque deposition in response to chronic energy deprivation are
the result of elevated BACE1 levels.



138
for three months and analyzed at twelve months of age for the progression of

amyloid pathology in the brain. Similar to our acute study, chronic pharmacological
energy inhibition elevated BACE1 protein levels in the brains of Tg2576 mice.
Interestingly, the level of BACE1 protein elevation above vehicle was similar in both the
acute and the chronic study, indicating that BACE1 protein levels are maximally
elevated by energy deprivation at ~150%, and this elevation is maintained for the
duration of the treatment period. Although the BACE1 protein elevation was similar in
both studies, since BACE1 is an enzyme, the duration of elevation can have dramatic
effects on the accumulation of APP cleavage fragments (see Fig 4.2C). Furthermore,
the mechanism of BACE1 protein elevation appeared to be similar in both the acute and
the chronic study. BACE1 mRNA analysis from the acute study indicated that the
BACE1 protein increase was occurring post-transcriptionally. BACE1 mRNA analysis of
brains from the chronic study showed a similar phenomenon. In fact, both BACE1 and
APP mRNA were significantly down-regulated in response to chronic 2DG and 3NP
administration (Fig 5.3C). Again, this may reflect a general down-regulation of mRNA
synthesis in response to low energy availability, which may be a method of energy

conservation in the neuron.

Mechanisms of BACE1 elevation during chronic energy deprivation

Similar to the acute study, BACE1 protein elevations occurred in the absence of
apparent astrogliosis, implying that the BACE1 elevation probably occurred neuronally,
and that it was not inflammatory-mediated (Fig 5.1). Our glucose deprivation

experiments in cultured neurons confirm that neurons are capable of up-regulating
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BACE1 in response to energy deprivation (Fig 4.1A,C). Furthermore, the absence of

neurodegenerative changes in response to chronic energy inhibition supports our
hypothesis that cumulative metabolic insults can accelerate amyloid pathology in the
brain below the threshold which causes neurons to die (Fig 5.1). Chronic energy
deprivation in the brain, like acute energy deprivation in vivo and glucose deprivation in
vitro, appeared to elevated BACE1 protein post-transcriptionally. This was supported
by mRNA data (Fig 5.3C), and the absence of any neuron death or caspase activation
in the chronic study indicated that apoptosis-induced increases in BACE1 protein
stability were not involved (Fig 5.1; Fig 5.2D). Similarly, analysis of miR-29a, miR-29b-
1, and miR-9 indicated that the microRNA-mediated BACE1 regulatory mechanism
previously described (Hebert et al., 2008) was not involved in chronic energy
deprivation-induced BACE1 protein elevation (Fig 5.2E). The presence of elevated
elF2a-P levels in 2DG- and 3NP-treated brains compared to VEH indicated that this
could be occurring through stress-induced translational up-regulation of BACE1, as
demonstrated in vitro (Fig 5.2A,B,C). However, as was the case with cultured neurons,
we could not test the involvement of the elF2a-P pathway directly in chronic energy
deprivation-induced BACE1 protein elevations. Future genetic crosses of elF2a-P
deficient mice with amyloid models and viral-mediated gene delivery of elF2a-P
inhibitors in combination with pharmacological energy inhibition should address this
question and yield intriguing results. Another interesting feature of the chronic energy
inhibition study is the apparent greater effect of 3NP on all of the biochemical measures
of amyloidogenesis, in comparison to 2DG. 3NP-treated mice had higher BACE1

protein levels, elF2o-P levels (Fig 5.2A,B,C), AB40 levels (Fig 5.4C), and more
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extensive plaque pathology in the brain, compared to 2DG- or VEH-treated mice (Fig

5.4A,B,D). Intriguingly, 3NP-treated mice also exhibited a more severe reduction in
BACE1 and APP mRNA levels in the brain than 2DG-treated mice (Fig 5.3C). One
likely explanation for this trend is that SNP more severely affects energy metabolism in
the brain than 2DG. 2DG competes with glucose for the enzyme hexokinase, and
therefore slows the rate of glucose metabolism through the glycolysis pathway.
However, other components of energy metabolism are not affected; therefore, the small
amounts of glucose that continues to be metabolized by hexokinase in the presence of
2DG can still fuel the tricarboxylic acid (TCA) cycle and the electron transport chain (Fig
2.2). Furthermore, despite the fact that the brain is highly dependent upon glucose as
an energy substrate, it is capable of using alternative energy substrates, such as
ketones, which are not dependent on glycolysis, and can be used to fuel the TCA cycle
and the electron transport chain during low glucose availability (Morris, 2005). 3NP, on
the other hand, competitively inhibits succinate dehydrogenase (SDH), which is a
component of both the TCA cycle and the electron transport chain (Fig 2.2). Proper
functioning of these cellular components is required for aerobic metabolism. Without
them, the cell is limited to the few molecules of ATP produced through glycolysis as an
energy source. The effect of BNP on neuronal energy metabolism is quite severe and
can cause neurodegeneration upon repeated injections. In fact, 3NP has been used as
a pharmacological model of Huntington’s disease for decades (Brouillet et al., 2005).
2DG does not have this capability. Therefore, our results indicate that more severe
metabolic insults have a greater effect on the progression of amyloid pathology in the

brain.
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Energy deprivation and the progression of amyloid plaque pathology

We used aged Tg2576 mice as a model to assess the affects of chronic energy
deprivation on human amyloid pathology in vivo. The Tg2576 line is an established
model of amyloid pathology; in fact, it was one of the first models developed to study
amyloid pathology in the brain (Hsiao et al., 1996). Tg2576 mice have been widely
used in the AD field and have been extensively validated as a useful model of amyloid
pathology. The Tg2576 line recapitulates many of the features of human Alzheimer’s
disease. Most importantly, Tg2576 mice accumulate human AB40 and AB42 in the
brain with age, and develop amyloid plaques in the brain, which stain with AB-specific
antibodies and Thioflavin S, a marker of B-pleated sheets. Additionally, Tg2576 mice
develop age-dependent memory deficits and significant cerebral amyloid angiopathy
(CAA), which are other important features of Alzheimer’s disease (Domnitz et al., 2005;
Hsiao et al., 1996; Sasaki et al., 2002; Yamada, 2000). A particular advantage of the
Tg2576 mouse model for our study is the presence of the Swedish mutation at the -
secretase cleavage site of APP. This mutation renders APP more susceptible to -
secretase cleavage, making this mouse model highly sensitive to changes in 3-
secretase activity (Citron et al., 1992). Therefore, this model is extremely useful for
studies focusing on BACE1 regulation, because total AB levels and amyloid plaque
pathology in the brain are expected to be highly dependent upon BACE1 cleavage of
APP. Although the Tg2576 mouse is a well-established model for amyloid pathology in
the brain, it is not without its limitations. Murine models of AB pathogenesis in general

have come under scrutiny for several reasons. First of all, amyloid pathology in the
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murine brain can only be achieved via overexpression of human APP. Therefore,

APP is never under the control of its endogenous promoter in these models, and APP
expression levels are not physiological. Second, murine amyloid models always contain
an AD mutation that enhances pro-amyloidogenic processing of APP. These mutations
are extremely rare in the human population and are therefore not truly representative of
the majority of AD cases, which occur in the absence of any APP or PS1 mutations.
This calls into question the validity of using these transgenic animals as a model of
sporadic Alzheimer’s disease. With respect to using the Tg2576 line to model SAD,
specifically, the Swedish -site mutation does not alter normal AB40:Ap42 ratios, since
BACE1 cleavage of APP contributes equally to the production of both AB40 and APB42.
The amyloid pathology in Tg2576 brain is primary driven by overexpression of APP and
a preference for APP to processed in the amyloidogenic pathway due to the B-site
mutation. Therefore, the Tg2576 line is expected accurately model the development of
normal amyloid pathology in the aging human brain on an accelerated time scale and is
a valid model for studying the effects of exogenous factors, such as energy impairment
on the progression of amyloid pathology in the brain. Although BACE1 protein and
elF2a-P levels were significantly elevated in the brains of Tg2576 mice in response to
chronic energy deprivation (Fig 5.2A,B,C), AB40 levels and plaque number failed to be
significantly elevated in 2DG and 3NP mice compared to control (Fig 5.4), despite the
fact that even marginal elevations of BACE1 protein can have dramatic effects on AR40
production (Fig 4.2). This may be partially explained by the possibility that in
comparison to aged humans, 12 month-old Tg2576 mice may have fully intact AP

clearance mechanisms in the brain. Although energy deprivation significantly elevates
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elF2a-P and BACE1 levels, which can undoubtedly accelerate Ap production in 9-12

month-old Tg2576 mice, fully intact AP clearance mechanisms may have prevented
significant accumulation and deposition of AB in this mouse model. To more accurately
mimic the effect of chronic energy deprivation in human AD brain, it would be interesting
to test the effect of chronic energy deprivation in future studies using lengthier
experiments in older Tg2576 mice, which may experience increasingly impaired Ap
clearance mechanisms in the brain, similar to humans, as they reach the end of their
lifespans. Indeed, plague pathology in Tg2576 brains worsens exponentially with age,
despite unaltered transgene expression, which supports the hypothesis that clearance
mechanisms begin to deteriorate at older ages in these mice (Hsiao et al., 1996). In the
context of impaired amyloid clearance, factors such as energy deprivation which
enhance AP production may have even more dramatic effects on amyloid accumulation
in the brain. Clearly, amyloidogenesis and the development of plaque pathology in the
human brain is an extremely complex process, which no single transgenic animal can
model with complete accuracy. Regardless, the Tg2576 mouse model is the most
appropriate animal model for our study, and our results clearly show that energy
deprivation can impact the production of A and the progression of plaque pathology in
the brain in a manner that was consistent with all of our previous results. It should also
be noted that although theTg2576 line is an excellent model of plaque pathology, it
lacks several other important features of true Alzheimer’s disease. Namely, Tg2576
mice do not experience the massive neuronal death associated with Alzheimer’s
disease despite apparent memory deficits, and they do not develop neurofibrillary

tangles, which are also hallmarks of AD. Both of these features of AD play essential
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roles in the disease process. The development of AD pathology in the human brain

is a complex process that does not arise from one single factor; therefore, the
contribution of these other molecular players cannot be ignored when assessing the
true effect of energy deprivation on the progression of AD pathology. From this
perspective, the Tg2576 line allows us to model the effects of chronic energy
deprivation on A production and resultant amyloid pathology in the brain, but the
indirect effect of energy deprivation on eventual downstream AD pathology, neuronal
death, and memory impairment can only be assumed based on the known association
of amyloid pathology with these other hallmarks of AD. Eventually, it will be imperative
to compare the results seen in Tg2576 mice in other animal models of AD. For
instance, it would be interesting to evaluate the effect of energy deprivation in an animal
model that develops both amyloid and tau pathology. It is inferred, based on the
association of amyloid and tau pathology, that energy deprivation-induced acceleration
of amyloid pathology will ultimately exacerbate tau pathology in the brain. However, this
must be demonstrated experimentally in order to validate our hypothesis that upstream
environmental factors influencing AP production can have a significant impact on the
progression of downstream AD pathology. To this end, it will also be important to
analyze human AD brains to determine the degree of involvement of energy deprivation

and the elF2a-P pathway in the actual disease process.
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CHAPTER 6

BACE1 PROTEIN AND PHOSPHO-elF2a LEVELS ARE
ELEVATED IN 5XFAD BRAINS AND BACE1, PHOSPHO-elF2a,
AND AMYLOID LOAD ARE ALL CORRELATED IN HUMAN AD

BRAINS

Introduction

Epidemiological evidence indicates that impaired energy metabolism in the brain may
be an initiating factor in the development of sporadic Alzheimer’s disease. In support of
this hypothesis, we have shown that even a singe i.p. injection of a metabolic inhibitor
is capable of elevating BACE1 and enhancing amyloid production in the brain.
Furthermore, chronic administration of these drugs in older mice accelerated the
progression of amyloid pathology in the brain, presumably through elevating levels of
BACE1 and cleavage of its substrate, APP, in the brain. mRNA analysis of BACE1 and
APP clearly showed that this was occurring through a post-transcriptional mechanism.
Using glucose deprivation to model energy deprivation in vitro, we identified
phosphorylation of the translation initiation factor elF2a through activation of the UPR-
inducible PERK kinase as the post-transcriptional mechanism elevating BACE1 protein
levels. We further confirmed that BACE1 is a direct translational target of the elF2a-P
stress-response pathway and that direct phosphorylation of elF2a in the absence of
energy deprivation was amyloidogenic by pharmacological induction of elF2a-P in vitro.
The elF2a-P stress response pathway is a highly conserved general stress response

mechanism in eukaryotes, implying that BACE1 might be elevated in response to a
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variety of stress stimuli. We previously observed elevated BACE1 protein levels in

the brains of our aggressive amyloid mouse model (5XFAD mice) compared to non-
transgenics (Zhao et al., 2007), indicating that amyloid pathology itself may be able to
trigger a stress response in the brain and elevate BACE1 levels. In order to determine
whether the BACE1 protein elevations in 5XFAD mice were post-transcriptional, we
isolated and compared BACE1 mRNA levels from the brains of nine month-old 5XFAD
mice and non-transgenic littermates. Additionally, in order to determine whether the
BACE protein elevations in 5XFAD brain might be occurring through the same
mechanism as energy deprivation-induced BACE1 protein elevations, we also
measured elF2a-P levels via immunoblot in the brains of these mice. In further support
of a role for BACE1 in SAD pathogenesis, several groups have shown that BACE1
protein levels are elevated in AD brains compared to non-demented, age-matched
controls; however, the mechanism by which this occurs is unknown (Fukumoto et al.,
2002; Holsinger et al., 2002; Li et al., 2004; Tyler et al., 2002; Yang et al., 2003; Zhao et
al., 2007). In order to gather further evidence that elF2a-P is an important regulatory
mechanism controlling BACE1 protein levels in the diseased brain, we analyzed a
series of AD and non-demented control brains for correlations between BACE1 protein,

elF2a-P levels, and amyloid load.

Methods
Human Brain Tissue, Amyloid Loads, and Linear Correlations
Post-mortem frontal cortex tissues were obtained from AD (n=9; 88.3t4.1yrs) and

normal (n=13; 88.0 + 4.8yrs) participants in the Rush Hospital Memory and Aging
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Project (courtesy of David Bennett) following Rush University IRB approval. To

determine amyloid load, brain sections (20 um) were stained with anti-A total antibody
(MO0872; 1:100; Dako) via DAB immunohistochemistry, and amyloid staining was
imaged and quantified with a stereological mapping station (Leica DMRBE microscope;
computer with Stereolnvestigator software version 5.00; MicroBrightField Inc). A
systematic random sampling scheme was used to capture video images of amyloid-
stained sections for quantitative analysis of plaque deposition using a custom algorithm
previously described (Bennett et al., 2004). The percent areas stained for each section
were averaged, and those numbers used for amyloid loads in statistical analyses.
BACE1 and elF2a levels in frontal cortex samples were measured by immunoblot
analysis as described below and expressed as percent of the mean of the normal
control group. Linear regressions and comparisons of means using the t-test were
performed using GraphPad Prism and InStat software, respectively (GraphPad

Software, Inc.).

RNA isolation and real-time PCR

Frozen Tg6799 hemibrains were homogenized in 2.5 mL Qiazol reagent. Total RNA
from 0.5mL of Tg6799 brain homogenate was isolated using Qiagen’s RNeasy Lipid
Mini kit according to the manufacturer’s specifications. Total mMRNA concentrations
were measured using ABSzeonm ([RNA] pg/ul = 0.04 X ABS260nm) ON @ Beckman
spectrophotometer. In general, only mRNA samples with low protein contamination
(ABS260nm/ABS2s0nm > 1.8) were used for analysis. mRNA integrity of each sample was

confirmed using an Agilent Technologies 2100 Bioanalyzer. mRNA samples were used
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for analysis if the 28S ribosomal RNA peak was at least two times the area of the

18S ribosomal RNA peak. 1 ug of total RNA from each sample was used for first-strand
cDNA synthesis using Invitrogen’s SuperScript 11l according to the manufacturer’s
recommendations (Random hexamers were used as opposed to oligo dTs). Exact
cDNA concentrations were determined using a Beckman spectrophotometer, and 112.5
ng cDNA from each sample was amplified via Real-Time PCR in triplicate using Applied
Biosystems’ Assays-on-Demand pre-mixed Tagman primer/probe set for mouse BACE1
MRNA (catalog #Mm00478664_m1) and normalized against 18s rRNA (#4333760F)
using an Applied Biosystems 7900HT sequence analyzer. The BACE1 primer/probe set
spans exons 1-2 of the murine BACE1 transcript, which are present in all known splice
variants of BACE1. Applied Biosystem’s universal cycling parameters were used.
Samples were only used for final analysis if the standard deviation between triplicate
samples was < 0.1 cycles. Percent of control values were determined using the
comparative CT method. For microRNA analysis, RNA samples were analyzed using
the Tagman microRNA reverse transcription kit with Tagman Universal PCR master mix
(Applied Biosystems). Quantitative RT-PCR procedures were performed as previously
described (Hebert et al., 2008) following the manufacturer’'s recommendations (Applied

Biosystems). Relative expression was calculated using the comparative CT method.

Immunoblotting
10 ug protein was boiled for 5 min in sample boiling buffer (60 mM Tris, 10% glycerol,
5% SDS, pH 6.8, 10% B-mercaptoethanol +loading dye) prior to being separated on 4-

12% NuPAGE Bis-Tris gels in 1x MOPS running buffer (Invitrogen) and transferred to
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Millipore Immobilon-P polyvinylidene difluoride (PVDF) membrane. Blots were

blocked overnight in 5% bovine serum albumin (BSA) in Tris-buffered saline, Tween 20
0.1% (TBST; Sigma, T9039; modified form), pH 8.0. Blots were blocked overnight in
5% BSA in TBST. Blots were then cut into strips and incubated overnight in anti-3D5
(BACE1) 1:2000 in 5% milk or 1:1000 elF2a-P(Ser51) in 5% BSA (Cell Signaling rabbit
monoclonal). Blots were then washed in TBST and incubated for 1 hr in horseradish
peroxidase-conjugated goat anti-mouse or goat anti-rabbit secondary antibody diluted
1:10,000 in 5% milk (Jackson Immunological Research). Immunosignals were detected
using enhanced chemiluminescence (SuperSignal West Femto, Pierce) and quantified
using a Kodak CF440 imager. elF2a-P blots were stripped for 5 min in Pierce Restore
stripping buffer, washed with distilled water, and re-probed for total elF2a overnight

(1:1000 in 5% BSA) or B-actin for 1hr (1:15,000 in 5% milk).

Statistical analysis

Sample averages were determined and then means and standard error of the means
(SEMs; represented by error bars in histograms) were calculated based on the sample
averages (n-values are stated in figure legends). Statistical differences between
experimental groups and their respective controls were determined using a two-tailed t-

test. Data are presented as the mean £ SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Results

Increased elF2a phosphorylation correlates with elevated BACE1 levels in 5XFAD
transgenic mouse brains

Recent reports have shown that BACE1 levels and activity are increased in AD brains
compared to non-demented controls (Fukumoto et al., 2002; Holsinger et al., 2002; Li et
al., 2004; Sennvik et al., 2004; Tyler et al., 2002; Yang et al., 2003). Consistent with this
observation, we have demonstrated that BACE1 levels are elevated around amyloid
plaques in AD patients, Tg2576 mice, and in our aggressive amyloid deposition model,
5XFAD transgenic mice (Zhao et al.,, 2007). 5XFAD (Tg6799) animals co-express
human APP containing the Swedish (K670N, M671L), Florida (1716V), and London
(V7171) FAD mutations and human PS1 containing the M146L and L286V FAD
mutations under the control of the Thy1 promoter (Fig 2.1). These mice develop
extensive amyloid plaque pathology in the brain by 2 months of age, which
progressively worsens over time (Fig 6.1) (Oakley et al.,, 2006). Quantitatively, total
levels of BACE1 protein are progressively elevated with age in 5XFAD mice via
immunoblot compared to their non-transgenic littermates (~170-200%, p < 0.001; Fig
6.2A,B; Zhao et al., 2007). The BACE1 protein elevation in transgenic mice compared
to non-transgenic appears to be AB-induced, implying the existence of a positive
feedback loop elevating BACE1 protein levels during the development of amyloid
pathology. In order to determine whether energy deprivation-induced and AB-induced
BACE1 protein elevations occurred through a similar mechanism, we analyzed BACE1
mRNA from 9 month-old 5XFAD and non-transgenic mice to determine whether the

BACE1 protein elevation in 5XFAD mice occurred post-transcriptionally. mRNA
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Figure 6.1: The 5XFAD (Tg6799) mouse model of rapid amyloid pathology (from
Oakley et al., 2006). (A-P) Ap42, AB40, GFAP (astroglial marker), and F4/80
(microglial marker) immunostaining in the hippocampus of 2, 4, 6, and 9-month old
Tg6799 brains. (Q) Immunoblot comparing APP and PS1 protein levels in non-Tg
mice, Tg6799 mice (which co-express human APP and PS1 under the control of the
Thy1 promoter), and Tg2576 mice (which express only human APP under the control of
the Prp promoter), and other APP/PS1-expressing lines.
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Figure 6.2: Post-transcriptional elevations of BACE1 protein level in 5XFAD brain
are correlated with elF2a-P. (A) 10 ug protein from 6-month old 5XFAD transgenic or
non-transgenic littermates (Non-Tg) brain was used for immunoblot analysis of BACE1,
full-length APP (FLAPP), elF2a-P, elF2a-T, and B-actin. “+” lane: 10ug of lysate from
UV-treated 293 cells was used as a positive control for elF2a-P. (B) BACE1 and elF2a-
T immunosignals were normalized to 3-actin, elF2a-P was normalized to elF2a-T, and
values were expressed as % Non-Tg. “-“: non-transgenic littermates; “+”: 5XFAD
transgenic mice. BACE1 levels and elF2a-P/elF2a-T ratios were significantly elevated
in 5XFAD mice compared to Non-Tg (n=5 mice/group; *, p<0.05; **, p<0.01; mean +
SEM). Total mRNA from nine month-old 5XFAD transgenic of non-transgenic littermate
brain was used for Real Time PCR analysis of BACE1 mRNA (C) or microRNA analysis
for miR-29a, miR-29b-1, or miR-9 (courtesy of Sebastien Hebert) (D). There was no
significant difference between the two groups.
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analysis revealed that BACE1 transcript levels were not significantly different

between 5XFAD mice and non-transgenic controls, indicating that the BACE1 protein
elevation in the brains of these mice indeed occurred through a post-transcriptional
mechanism (Fig 6.2C). There was no significant difference in miR-29a, miR-29b-1, or
miR-9 expression in the brains of 9 month-old 5XFAD compared to non-transgenic
littermates (Fig 6.2D). In fact, similar to Tg2576 mice exposed to chronic energy
deprivation, 5XFAD mice showed a trend toward elevated expression of miR-29a, miR-
29b-1, and miR-9, which is the opposite expected trend if microRNAs were responsible
for elevated BACE1 protein levels in 5XFAD mice. Therefore, it is unlikely that altered
expression of microRNAs is involved in the observed BACE1 increase. In order to
gather evidence that the AB-induced BACE1 protein elevation could be occurring
through stress-induced elevations in elF2a-P, we analyzed levels of elF2a-P and elF2a-
T by immunoblot in the brains of six-month-old 5XFAD mice. Consistent with the idea
that AB-induced BACE1 protein elevation was occurring through the same mechanism
as energy deprivation-induced BACE1 protein elevations, levels of elF2a-
P(Ser51):elF2a-T were elevated in 5XFAD brains compared to non-transgenic

littermates (~120%; p < 0.05; Fig. 6.2A,B).

BACE1 protein, amyloid load, and elF2a-P levels are all correlated in human AD
brains

We have shown that BACE1 protein levels are elevated post-transcriptionally in APP
transgenic mice compared to non-transgenics, and we have shown evidence that this

may occur via stress-induced elF2a-P elevation. Recent reports have shown that
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BACE1 levels and activity are increased in AD brains compared to non-demented

controls (Fukumoto et al., 2002; Holsinger et al., 2002; Li et al., 2004; Sennvik et al.,
2004; Tyler et al., 2002; Yang et al., 2003); however the mechanism by which this
occurs is unknown. Interestingly, most of these studies do not report a corresponding
increase in BACE1 mRNA levels, indicating that the BACE1 elevations in human AD
brains may also occur post-transcriptionally. In order to gather evidence that stress-
induced elF2a-P was involved in BACE1 protein elevations and the progression of
amyloid pathology in sporadic Alzheimer’s disease, we analyzed a set of cortical brain
samples from AD patients and non-demented, age-matched controls from the Rush
Hospital Memory and Aging Project in Chicago, IL. We reasoned that if the mechanism
through which BACE1 protein is elevated in AD brain really is enhanced translation of
BACE1 as a result of stress-induced increases in elF2a phosphorylation, elF2a-P levels
should be elevated in AD brains, and elF2a-P levels should be directly correlated with
BACE1 protein levels. Furthermore, if elF2a phosphorylation is important for the
development of amyloid pathology in the human brain, elF20-P levels should also be
directly correlated with the degree of amyloid pathology. In order to test these
hypotheses, we compared levels of BACE1, elF2a-P, and elF2a-T in patients with
Alzheimer’'s disease (AD) and age-matched, non-demented (ND) controls. Similar to
previous reports, we observed significantly elevated BACE1 levels in AD brains by
immunoblot (~140% of ND control; p < 0.01; Fig 6.3A,B). As predicted, AD brains also
exhibited increased elF2a-P(Ser51) levels (Fig. 6.3A,B), and the AD elF2o-
P(Ser51):elF2a-T ratio was found to be ~150% of ND control (p < 0.05). We next

performed linear regression analyses and determined that BACE1 levels and amyloid
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Figure 6.3: Phosphorylated elF2a, BACE1 protein, and amyloid load are all
correlated in human AD brain. (courtesy of Katherine Doherty) (A) 15 pg human
frontal cortex samples from AD patients (AD) and age-matched non-demented controls
(N) were analyzed by immunoblot for BACE1, elF2a-P, elF2a-T, and B-actin. 10ug of
lysate from UV-treated 293 cells was used as a positive control for elF2a-P (+). (B)
BACE1 immunosignals were normalized to B-actin, elF2a-P was normalized to elF2a-T,
and values were expressed as % ND. Both BACE1 level and elF2a-P/elF2a-T ratio
were significantly elevated in AD brains compared to ND (n=9 AD, 13 ND; *, p<0.05; **,
p<0.01; mean £ SEM). (C-E) BACE1 levels, elF2a-P/elF2a-T ratios, and amyoid loads
were correlated by linear regression analyses. (C) BACE1 protein vs. elF2a-P/elF2a-T
ratio (p < 0.05) (D) amyloid load vs. elF2a-P/elF2a-T ratio (p < 0.01) (E) amyloid load
vs. BACE1 protein (p < 0.05)
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load in human brain correlated positively, as expected (p < 0.05; Fig 6.3E).

Importantly, AD and ND BACE1 levels plotted against elF2a-P(Ser51):elF2a-T ratios
showed a significant positive correlation (p = 0.0135; Fig 6.3C), suggesting that elF2a-P
may cause the BACE1 elevation in AD brain. Moreover, amyloid load also exhibited
significant positive correlation with elF2a-P:elF2a-T ratio (p < 0.01; Fig 6.3D),
suggesting that elF2a-P may promote amyloidosis in AD. Taken as a whole, our 5XFAD
and AD results strongly suggest that increased elF2a phosphorylation plays a role in
the elevation of BACE1 levels in AD brain and contributes to the development of

amyloid pathology in sporadic Alzheimer’s disease.

Discussion

The relationship between energy deprivation, stress, and Ap production

We have shown that BACE1 protein levels are elevated post-transcriptionally in the
brains of 5XFAD mice compared to non-transgenics. Elevated BACE1 protein levels
corresponded with elevated elF2a-P, indicating that elF2a-P-mediated translational up-
regulation of BACE1 may be responsible for elevated BACE1 protein levels in APP
transgenic mice, as was the case in response to glucose deprivation in vitro.
Importantly, this occurred in the absence of energy deprivation treatments,
demonstrating that BACE1 may be translationally regulated by stress stimuli other than
energy deprivation. Interestingly, the specific stress stimulus in APP transgenic brain
appears to be AP overproduction itself. This appears to be related to the amount of AB

being produced, rather than being a mere result of APP overexpression, because
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5XFAD mice exhibited much more robust BACE1 protein elevations in the brain than

Tg2576, despite lower human APP expression (Oakley et al., 2006; Zhao et al., 2007).
In support of this hypothesis, we have shown that BACE1 protein levels are also
elevated in human AD brains, which do no overexpress APP. Furthermore, exogenous
application of recombinant AP to wild-type cultured mouse neurons can also elevate
endogenous BACE1 and elF2a-P levels (K.R. Doherty, unpublished results). Given the
highly conserved role of elF2a-P in the general cellular stress response, the fact that
elF2a-P levels appear to be elevated in the brain in response to diverse stress stimuli is
not surprising. With regard to how A, in particular, might induce stress and activate
elF2a-P, AP is known to be a hydrophobic protein, highly prone to misfolding,
aggregation, and accumulation. Therefore, even a slight overabundance of Ap within
the neuron may readily attract molecular ER chaperones such as BiP, preventing their
association with resident kinases, such as PERK, thereby initiating the UPR. Indeed,
activation of the UPR has been reported both in Alzheimer’s disease and in response to
Ap treatment (Chafekar et al., 2007; Unterberger et al., 2006). The propensity of Ap to
activate the UPR may, in part, explain the observation that soluble, oligomeric forms of
AP appear to be more toxic to cells than the fibrillar form of AB, which is the
predominant form of AP found in amyloid plaques. Oligomeric A may reside within the
neuron, where it can readily activate the UPR, whereas fibrillar Ap is presumably formed
extracellularly. With regard to cell culture experiments, where both forms of Ap are
being added exogenously, the greater toxicity of oligomeric than fibrillar AR may be

explained by the ability of oligomeric AP to enter the cell and activate the UPR, as
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opposed to fibrillar AR, which presumably cannot enter the cell, and can only activate

stress pathways via cell surface receptors. However, A may also initiate ER stress
exogenously by dysregulating calcium signaling. The potential role of AB in intrinsic
cellular stress response pathways has been largely unaddressed, since the majority of
Ap produced normally in the cell, is eliminated through the secretory pathway.
Therefore, it has traditionally been assumed that Ap exerts its toxic functions
extracellularly. However, the importance of intraneuronal Af in AD pathology is gaining
attention in the field, particularly in the early stages of the disease (Gouras et al., 2005).
Our results with energy inhibitors in mice and glucose deprivation in vitro imply that
elF20-P activation and the UPR are early, initiating events in AD pathogenesis related
to cardiovascular risk factors, and other events that cause chronic hypoperfusion to the
brain throughout the lifespan. However, the observation that AR overproduction itself
can activate elF2a-P and elevate BACE1 calls into question whether the effects elF2a-
P activation on AD pathology are limited exclusively to the initial stages of the disease.
On the contrary, the results obtained from 5XFAD mice imply that the relationship
between elF2a-P and the development of amyloid pathology is much more complex
than our energy inhibitor experiments had originally suggested. elF2a-P activation may,
in fact, serve as both the trigger of sporadic AD amyloid pathology, and may also further
exacerbate the disease once AB has accumulated to the point that it is capable of
initiating a stress response in the brain. Although our energy deprivation experiments
and studies of elF2a-P in transgenic models had many interesting parallels, the two

experiments differed in some respects. First of all, BACE1 mRNA was dramatically
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down-regulated in response to chronic energy deprivation in the brain, whereas

BACE1 mRNA levels were unchanged in 5XFAD mice compared to non-transgenics.
This may be a method of conserving energy by down-regulating transcription, in the
case of chronic energy deprivation--- a mechanism that appears to be absent in the
case of AB-induced BACE1 elevations. The phenomenon of decreased mRNA
production in response to chronic energy deprivation does not appear to be specific to
BACE1, since APP mRNA levels were also decreased. The presence of increased
BACE1 protein levels and unchanged BACE1 mRNA levels in the brains of 5XFAD mice
suggests that elevated BACE1 protein does not negatively regulate its own mRNA
production. Another curious finding of the 5XFAD experiment, is that total elF2a levels
are also elevated in transgenic mice compared to non-transgenic. This was not due to
unequal protein loading, since the B-actin signal was unaffected. Neither was the
apparent increase in total elF2a the result of inefficient stripping of elF2a-P, since
probing with total elF2a antibody alone yielded the same result. The functional
significance of increased total elF2a in 5XFAD mice remains unclear; however, we
speculate that it may represent an adaptive mechanism to chronic stress caused by the
aggressive amyloid deposition in 5XFAD brain. This phenomenon appears to be
specific to the 5XFAD mice, since we did not observe an increase in total elF2a protein
in AD brains compared to non-demented controls, nor in response to chronic energy

deprivation in Tg2576 mice.
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Limitations of transgenic models and human brains

An important unanswered question that our 5XFAD experiments did not address, is
what stage in amyloid pathogenesis elF2a-P becomes activated in the absence of
upstream exacerbating factors, such as energy deprivation. Preliminary data indicates
the elF2aP elevations (occurring as early as 2 months of age) actually precede BACE1
protein elevations in 5XFAD brains, which is expected if elF2a-P is causing the BACE1
increase (K.R. Doherty, unpublished results). The presence of elevated elF2a-P and
BACE1 protein levels at an early age in 5XFAD mice suggests the elF2a-P elevation
may precede amyloid pathology, and progress with age; however, the 5XFAD model is
a rapid amyloid model and already exhibits extensive amyloid plaque pathology in the
brain by 2 months of age. It would be interesting to analyze elF2a-P levels in an animal
model that develops amyloid pathology at a slower rate, such as Tg2576 mice, in order
to definitively determine whether elF2a-P elevations precede plaque deposition. The
importance of soluble forms of AB in the development of AD-like pathology in these
mice has already been shown by demonstrating that memory deficits in this mouse line
precede significant amyloid plaque deposition (Hsiao et al., 1996). It would also be
interesting to see if elF2a-P levels are temporally related to the onset of memory deficits
in Tg2576 mice. Furthermore, our experiments clearly show that A overproduction
and/or amyloid pathology can activate elF2a-P, most likely through the UPR; however,
amyloid pathology is not the only pathological event that causes stress in the brain
during Alzheimer’s disease, and elF2a-P is activated in response to a wide variety of

stress stimuli. For instance, it would be interesting to see whether elF2a-P is activated
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to a greater extent in AD model mice that develop both plaque and tangle pathology.

This result would imply that elF2a-P is exacerbated by multiple types of dysregulation

occurring during the development of SAD pathology.

elF2a and Human Amyloid Pathology

One of the major limitations of using human AD brain tissue is that the tissue is
collected post-mortem, therefore tissue samples disproportionately represent the end
stage of the disease where neuronal death is extensive, and at which point numerous
different pathways are dysregulated, many of which are really downstream effects of
severe neuronal distress and are not really unique to Alzheimer’s disease pathology.
Therefore we can conclude from the significant correlation of BACE1, elF2a-P, and
amyloid levels in human brains that elF2a-P activation may be involved in the disease
process, but we are unable to determine whether elF2a-P is an early, initiating factor in
the human disease process. Other human studies that would be useful in verifying a
role for elF2a-P in early amyloid pathology would be an analysis of elF2a-P levels in
MCI brains or young ApoE4 carriers. Furthermore, to validate the hypothesis that
cardiovascular risk factors may trigger this process early on, it would be interesting to
measure elF2o-P and BACE1 levels in younger, non-demented individuals known to
have high cholesterol, atherosclerosis, or diabetes. However, brain samples from
younger individuals with detailed medical information are often difficult to obtain.
Nevertheless, our analysis of AD versus non-demented control brains clearly shows that

the elF2a-P mechanism identified in cells and mice may indeed be relevant to human
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AD pathology. The potential relationship of the elF2a-P stress response pathway

and human amyloid pathology is an interesting and complex one. Our results clearly
show that energy deprivation is not the only factor capable of elevating elF2a-P levels in
the brain. The role of elF2a-P as a ubiquitous stress response protein and its clear
molecular relationship to AR production implies that anything that is capable of initiating
a stress response in the brain is potentially amyloidogenic. This may, in part, explain
why sporadic Alzheimer’s disease is so pervasive. It can also explain why AD is closely
associated with aging, since maintenance and repair mechanisms in the neuron are
likely to become increasingly compromised with age, a situation which can undoubtedly
elevate general stress levels in the brain. Furthermore, the “stress-amyloid” theory can
also explain why amyloid pathology is often associated with other neurodegenerative
disorders, since these diseases also induce stress and hence amyloidogenesis in the

brain.
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CHAPTER 7

DISCUSSION

Translational Control of Proteins

Translational control in development, growth, and oncogenesis

Although the components of the eukaryotic translation initiation complex were initially
identified over 25 years ago, the complexities of translation initiation are far from being
completely understood. Specific regulation of translation initiation had already been
elegantly demonstrated in mammalian and yeast systems as early as the 1970’s;
however, this type of regulation was assumed only to occur in rare circumstances or in
special cell types. Protein synthesis was generally considered to be a ubiquitous
process in most cells, with the vast majority of protein expression being modulated
through changes in gene expression due to signaling cascades in the cell (Thornton et
al., 2003). Subsequent research has shown this to be far from the reality. Ubiquitous
protein synthesis would imply a linear relationship between mRNA and protein levels in
the cell, which turns out not to be the case. The non-linear relationship between mRNA
levels and protein levels was initially recognized by cancer biologists who noted that
less than one-fourth of the genes analyzed in tumor samples correlated with their
respective protein levels, implying an additional, post-transcriptional level of protein
regulation (Chen et al., 2002; Tew et al., 1996). Consistent with a role for protein
translation in oncogenesis, it was discovered that overexpression of the mRNA cap-

binding protein, eukaryotic translation initiation factor 4E (elF4E) could transform
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immortalized cell lines (Lazaris-Karatzas et al., 1990). This was the first indication

that translational control was not simply limited to special circumstances and could
influence global cellular processes such as growth, differentiation, and survival.
Subsequent research has since definitively established that modulating translation is a
major point of regulation for nearly all cellular processes. Although translation can be
regulated during all phases by a variety of mechanisms, the primary point of
translational control occurs at the level of translation initiation. The two major
components of the translation initiation complex that have emerged as important
regulators of protein expression are the eukaryotic translation initiation factor 4E (elF4E)

and the eukaryotic translation initiation factor 2 (elF2) (Holcik and Sonenberg, 2005).

Regulating cap-dependent translation: eukaryotic translation initiation factor 4E
(elF4E)

elF4E is the 5> mRNA cap-binding component of the translation initiation complex.
Binding of elF4E to the 5> mRNA cap is the first step in translation initiation. It is the
least abundant translation initiation factor in the cell and is therefore rate-limiting and a
prime target for regulation. The availability of elF4E is a major regulator of protein
translation rates, and therefore the growth status of the cell. The availability of elF4E
for translation initiation is controlled by two main mechanisms: the degree of
association with the elF4E binding protein (4E-BP) and the level of phosphorylation at
Ser209 (Clemens, 2001b). 4E-BP was initially identified as a phosphorylation target of
the insulin signaling pathway, further establishing a role for translation initiation during

cellular growth (Hu et al., 1994; Lawrence et al., 1997). During periods of active growth,
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4E-BP, which has three isoforms, 4E-BP1, 2, and 3 which are expressed at different

levels in various tissues, are maintained in a hyperphosphorylated state by mammalian
target of rapamycin (mTOR), a major regulator of translational rates in response to the
PI3K/Akt pathway (Brunn et al., 1997). Interestingly, mTOR also regulates the p70
ribosomal subunit 6 kinase (S6K), which has synergistic effects on translation in
response to growth stimuli (von Manteuffel et al., 1997). The phosphorylation state of
4E-BP determines its affinity for elF4E. Dephosphorylated 4E-BP binds elF4E with high
affinity, slowing the rate of cap-dependent translation initiation during periods of low cell
growth. Consistent with this role, 4E-BP is highly phosphorylated during periods of
active cell growth. Conversely, 4E-BP is dephosphorylated during the onset of
apoptosis (Clemens, 2004). elF4E is also regulated directly by phosphorylation at
Ser209 by the MAP kinase interacting (Mnk) kinases (Flynn and Proud, 1995; Fukunaga
and Hunter, 1997; Joshi et al., 1995; Waskiewicz et al., 1997). Phosphorylation of
elF4E by the Mnks appears to promote the association of elF4E with elF4G (a
scaffolding protein) and elF4A (an RNA helicase) to form the complete mRNA cap-
binding complex (elF4F), which is expected to enhance cap-dependent translation
(Gingras et al., 1999). Consistent with this idea, elF4E phosphorylation, similar to 4E-
BP phosphorylation, also occurs in response to cellular growth stimuli, since the Mnk
kinases are targets of the ERK pathway (Fukunaga and Hunter, 1997; Waskiewicz et
al., 1997). Extensive investigation into the regulatory mechanisms controlling 4E-BP
and elF4E in the past decades have clearly demonstrated that protein translation is not
a purely ubiquitous process, and general, cap-dependent translation can be directly

modulated by signaling cascades in the absence of gene transcription.
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Translational control in response to stress

Signal transduction-mediated modifications to translation initiation factors are capable of
enhancing cap-dependent translation during periods of cell growth and proliferation in
the absence of gene expression. Conversely, this mechanism allows cells to down-
regulate cap-dependent translation during quiescent phases in the cell cycle. However,
repressed translation does not appear to be merely a default pathway in the absence of
growth stimuli. Cells also appear to contain innate mechanisms of down-regulating
general translation in response to specific stress stimuli. For example, mTOR inhibition
and hence 4E-BP dephosphorylation can also be induced in response to DNA damage
via activation of cellular Abelson murine leukemia virus transforming protein (c-Abl)
(Kumar et al., 2000) (Fig 3.5). Furthermore, phosphorylation of elF4E at Ser209 by the
Mnk kinases is also known to be induced by the p38 pathway in response to certain
types of stresses (Morley, 1997; Wang et al., 1998) (Fig 3.5). Why elF4E is
phosphorylated in response to both growth and stress stimuli and whether elF4E
phosphorylation actually enhances or inhibits general cap-dependent translation in vivo
is still a matter of debate (Scheper and Proud, 2002). Interestingly, our data using a
Mnk inhibitor in BACE1-293 cells supports a role for phospho-elF4E in down-regulating
cap-dependent translation, since Mnk inhibitor treatment increased BACE1 protein
levels. Furthermore, Mnk inhibitor-induced and glucose deprivation-induced BACE1
protein elevations were additive, indicating a general increase in cap-dependent
translation (due to Mnk inactivation), plus a specific increase in BACE1 protein due to
low ternary complex availability (Fig 3.6 C & D). General down-regulation of cellular

translation during the onset of stress appears to be, in part, an energy conservation
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method. Translation of proteins requires nearly 50% of the cell’'s energy stores, and

the process of properly folding newly made proteins requires even more energy.
Therefore, inhibition of general translation allows the cell to divert its energy stores to
the more urgent need of responding to and surviving stress conditions. However,
general down-regulation of translation in response to stress stimuli is only part of the
function of stress-induced translational control. For example, 3-5% of cellular mRNAs
escape translational repression during stress and are translated by a cap-independent
mechanism. Furthermore, there are other proteins that are translated cap-dependently,
but are specifically translated at higher rates when the availability of the ternary complex
is low. These transcripts are largely stress response proteins and transcription factors
that activate the expression of stress response genes. The advantage of initiating a
cellular stress response at the level of translation rather than transcription appears to be
a kinetic one. The ability of the cell to activate a stress response at the level of mMRNAs
that have already been transcribed allows the cell to respond to stress stimuli rapidly.
The major mechanism by which stress stimuli modulate levels of active ternary complex
is through post-translational modifications of the eukaryotic translation initation factor 2

(elF2) (Holcik and Sonenberg, 2005).

The Eukaryotic Translation Initiation Factor 2 (elF2)

Role of elF2 in translation initiation
The eukaryotic translation initiation factor 2 (elF2) is a component of the ternary
complex, the formation of which is required for the 40S ribosomal subunit to begin

scanning the 5’'untranslated region (5’UTR) of mRNA transcripts during the first step of
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translation initiation. elF2 contains 3 subunits: a, B, and y. The y subunit of elF2

has GTPase activity. The exchange of GDP for GTP on elF2y is catalyzed by the
guanine nucleotide exchange factor (GEF) eukaryotic translation initiation factor 2B
(elF2B). The ternary complex consists of elF2 bound to GTP and an initiator tRNA
bound to the amino acid methionine (Met-tRNA). Only GTP-bound or “charged” elF2-
Met-tRNA is competent to bind the 40S ribosomal subunit and form the pre-initiation
complex. The pre-initiation complex then binds to the elF4F cap recognition complex at
the 5’ end of an mRNA and proceeds to scan the 5’UTR in search of an AUG initiation
codon. The ribosome will generally initiate at the first AUG codon encountered, if it lies
in an optimal sequence context for translation initiation. Recognition of the AUG
sequence causes the hydrolysis of GTP and the dissociation of elF2 from the pre-
initiation complex. The large ribosomal subunit can then bind the complex and initiate

the elongation phase of translation (Pavitt, 2005).

Selective regulation of elF2

Since elF2 is required for ternary complex formation, the availability of elF2 is limiting in
the process of translation initiation. Low concentrations of elF2 can reduce global
translation. Similarly, the rate of exchange of GDP — GTP on elF2y is also limiting,
since only “charged” elF2-Met-tRNAs can bind the 40S ribosomal unit. Therefore,
factors that slow the exchange rate of GDP — GTP on elF2y can reduce global
translation, such as low availability of the elF2y GEF, elF2B. elF2B activity can be
regulated via direct phosphorylation by casein kinases 1 and 2, dual-specificity tyrosine

phosphorylated and regulated kinase (DYRK), and glycogen synthase kinase 3 (GSK3)
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(Wang et al., 2001; Woods et al., 2001). Phosphorylation of elF2B on its € subunit

diminishes its GEF activity and slows the rate of global translation (Fig 3.5). For
example, insulin signaling inhibits GSK3 activity, leading to hypophosphorylated, more
active elF2B and enhanced global translation. Alternatively, the rate of ternary complex
formation can be regulated by phosphorylation of elF2 on its a subunit at Ser51 (elF2a-
P). elF2a phosphorylation inhibits the dissociation of elF2 from elF2B, thereby slowing
the exchange rate of GDP for GTP. Therefore, elF2a phosphorylation mimics reduced
elF2B activity and low elF2 availability (Pavitt, 2005). There are four known kinases
that phosphorylate elF2a in response to a variety of stress stimuli:  heme-regulated
inhibitor of translation (HRI) kinase, protein kinase RNA-activated (PKR), general
control non-derepression 2 (GCN2) kinase, and PKR-like endoplasmic reticulum kinase

(PERK) (Fig 3.8).

heme-regulated inhibitor of translation (HRI) kinase

Heme-regulated inhibitor of translation (HRI) kinase was the first of the elF2a kinases to
be identified. It was known that heme deficiency inhibited protein synthesis in
reticulocytes due to the activity of an unidentified inhibitor, which was termed heme-
regulated inhibitor (HRI) (Grayzel et al., 1966; Maxwell and Rabinovitz, 1969; Waxman
et al., 1966; Waxman and Rabinovitz, 1965; Zucker and Schulman, 1968). The inhibitor
appeared to be a kinase (Levin et al., 1975). HRI was eventually purified from
reticulocyte lysates, and the a subunit of elF2 was identified as a substrate of HRI.
elF2a was hypothesized to be a substrate of HRI based on the ability of increased

levels of elF2a to overcome translational inhibition. This was the first report of
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translation inhibition as a result of elF2a phosphorylation (Levin et al., 1976). HRI

was later cloned and identified as a serine/threonine kinase with significant homology to
both PKR and GCN2, which had already been identified at this point. Based on this
sequence homology, it was hypothesized that the yeast GCN2 was also an elF2a
kinase (Chen et al., 1991). The primary function of HRI appears to be in balancing
heme and globin levels in erythrocytes, in order to avoid the potentially toxic effects of
unincorporated globin. Binding of heme to HRI prevents its activation. In the absence
of heme, HRI dimerizes, autophosphorylates, and phosphorylates elF2a, leading to
rapid down-regulation of global protein synthesis (Chen, 2007). HRI-deficient mice
appear to have no physiological abnormalities, but are hyper-sensitive to iron deficiency
and have decreased ability to cope with anemia (Han et al., 2005; Han et al., 2001).
HRI also appears to be activated in response to oxidative stress, heat shock, and
osmotic stress in erythroid cells, indicating that HRI's stress response activity is not
limited to heme deficiency (Lu et al., 2001). However, HRI is primarily expressed in
erythroid cells, and a role for HRI has not been demonstrated in cell types other than

erythrocytes.

protein kinase RNA-activated (PKR)

PKR is a cytoplasmic mammalian elF2a kinase closely associated with ribosomes,
whose activity was initially associated with enhanced sensitivity of cells to double-
stranded RNA translational inhibition upon exposure to interferons (Friedman et al.,
1972; Metz and Esteban, 1972). elF2a was identified as substrate of this kinase

(Roberts et al., 1976). PKR was finally cloned and shown to operate via dimerization
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and autophosphorylation upon binding of double-stranded RNA (Meurs et al., 1990),

via double-stranded RNA-binding domains (DSRBs), which PKR shares in common with
proteins involved in the siRNA and microRNA pathways. PKR presumably evolved as a
mechanism of responding to viral infections by minimizing translation of viral mMRNAs
while enhancing synthesis of host proteins to fight the infection (Saunders and Barber,
2003). PKR has endogenous inhibitors including P58IPK, a tetratricopeptide protein
family member, which is recruited by influenza virus to inhibit PKR and circumvent the
host anti-viral response (Barber et al., 1994; Lee et al., 1994), and TAR RNA-binding
protein (TRBP), a cellular RNA-binding protein, which inhibits PKR activity by blocking
its dsRBD, among others (Garcia et al., 2007). Interestingly, PKR also appears to have
tumor suppression activity, since inactivation of PKR in mouse fibroblasts or
overexpression of PKR inhibitors leads to transformation, implicating a role for PKR in
normal cell growth (Barber et al., 1994; Benkirane et al., 1997; Koromilas et al., 1992;
Meurs et al., 1993). Conversely, overexpression of PKR is a potent activator of
apoptosis (Barber, 2001). The ability of PKR to trigger cell death may also be a
protective function against viral infection by eliminating infected cells from the
population and reducing the ability of the virus to spread to nearby cells. Despite the
apparent importance of PKR in cell survival pathways, PKR knockout mice are

phenotypically normal (Yang et al., 1995).

General control non-derepression 2 (GCN2) kinase
The GCN2 kinase was originally identified in yeast in a screen for genetic mutants that

failed to transcribe genes in the amino acid biosynthetic pathway in response to amino



172
acid deprivation. It was noted that in GCN2 -/- cells, levels of the main

transcriptional activator in amino acid biosynthesis, GCN4, were not elevated in
response to amino acid deprivation. However, GCN4 mRNA levels were not affected,
implicating a translational mechanism. Furthermore, deletion of the GCN4 5’UTR
caused constitutive de-repression of GCN4 expression, regardless of the GCN2
genotype (Hinnebusch, 1984). The translational control of GCN4 by GCN2 was later
shown to be mediated via the uAUGSs in the GCN4 5’UTR (Mueller and Hinnebusch,
1986). GCN2 was later identified as a novel elF2a kinase, explaining its mechanistic
role in the translational regulation of GCN4 (Dever et al., 1992). GCN2 was later shown
to have a mammalian homologue (Berlanga et al., 1999), which appears to have
retained at least some of its function in amino acid biosynthesis in mammals; however,
GCN2 is not required for viability in mammals (Zhang et al., 2002b). Interestingly,
GCN2 is also activated in response to UV irradiation in mammalian cells, raising the
possibility that GCN2 has evolved other stress response functions besides nutrient

deprivation in mammals (Deng et al., 2002).

PKR-like endoplasmic reticulum kinase (PERK)

PKR-like endoplasmic reticulum kinase (PERK) was the final elF2a kinase to be
identified, although it is the most critical of the elF2a kinases for proper translational
control of proteins in mammals. It was observed that the ER unfolded protein response
(UPR) attenuated global translation, similar to viral infection and heme deficiency in
mammalian cells, and GCN2 activation in yeast cells (Wong et al., 1993). PKR was

initially implicated as the elF2a kinase involved in UPR-induced translational inhibition
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(Prostko et al., 1995; Srivastava et al., 1995); however, it was noted that UPR-

induced translational inhibition was still intact in PKR -/- cells, indicating that an
additional elF2a kinase might exist (Harding et al., 1999). PERK (or PEK) was
independently identified by two different groups around the same time in a screen of rat
pancreatic B cells for novel serine/threonine kinases (Shi et al., 1998) and from a human
EST database in a search for homologues to PKR and HRI (Harding et al., 1999).
PERK is a transmembrane ER-associated protein with a cytosolic kinase domain.
PERK is maintained in a monomeric conformation via the association of its luminal
domain with ER chaperones, such as immunoglobulin binding protein (BiP). The
accumulation of misfolded proteins in the ER recruits ER chaperones, leaving the
luminal domain of PERK exposed and available for homo-dimerization and
autophosphorylation. Activated PERK then phosphorylates elF2a on rough ER
ribosomes in order to slow the influx of new proteins into the ER (Schroder and
Kaufman, 2006). Unlike GCN2, PKR, and HRI -/- mice which are phenotypically
normal, PERK -/- mice exhibit growth retardation, skeletal abnormalities, progressive
deterioration of pancreatic function, including aberrant glucose regulation and loss of
pancreatic B cells, eventually resulting in death of the animal (Harding et al., 2000;
Zhang et al., 2002a). Furthermore, missense mutations in the PERK gene lead to
Wolcott-Rallison syndrome, which is characterized by growth retardation, epiphyseal
dysplasia, and the onset of neonatal or early infancy insulin-dependent diabetes
(Delepine et al., 2000). These findings highlight the crucial role of elF2a
phosphorylation in mammalian development and metabolic regulation, as well as the

importance of tight translational control in secretory cell types.
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Mechanisms of evading translational repression

Phosphorylation of elF2a by HRI, PKR, GCN2, or PERK reduces the availability of
active ternary complex, effectively down-regulating the rate of global protein synthesis.
Down-regulated protein synthesis facilitates cell survival by reducing the production of
potentially toxic proteins (HRI), blocking the synthesis of viral proteins (PKR), limiting
energy consumption during periods of low nutrient availability (GCN2), or preventing ER
overload (PERK). However, a certain set of stress-response proteins are able to
escape translational repression due to low ternary complex availability and are
specifically up-regulated in response to elF2a phosphorylation. There are several
biochemical mechanisms that have been identified through which stress-response

proteins avoid translational repression.

Upstream Open Reading Frames (UORFs)

The most extensively characterized method of evading translation repression by elF2a
phosphorylation is differential utilization of uUAUG sequences in the 5’UTR of transcripts.
A scanning ribosome will generally initiate translation at the first AUG it encounters,
providing that the start codon resides in an optimal sequence context for initiation. If the
5’'UTR of the transcript contains AUG sequences upstream of the authentic start codon
(UAUGs) capable of translating an upstream open reading frame (UORF), the majority of
ribosomes will attempt to initiate translation at these uAUGs, and the protein will be
translated at very low levels under normal conditions. Pre-initiation complex formation
and scanning of the 5’UTR begins from the 5’ cap. Once the ribosome has finished

translating an uORF, the 60S subunits and most of the 40S subunits dissociate and
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leave the mRNA. However, a small fraction of 40S subunits do not leave the mRNA

and continue to scan for additional AUG sequences at which to re-initiate. Where the
40S subunit re-initiates translation depends on the availability of the ternary complex.
When ternary complex concentrations are high (normal conditions), re-initiation will
occur at the next available AUG sequence (additional uAUGs). When ternary complex
concentrations are low, the 40S subunit is more likely to scan through subsequent
uORFs and initiate translation at the authentic start codon. elF2a phosphorylation
reduces the availability of the ternary complex; therefore, global cap-dependent
translation rates are reduced, but in the case of mMRNAs with multiple uAUGs, re-
initiation will occur at the authentic start codon at a higher frequency. This explains how
elF2a phosphorylation can simultaneously down-regulate global translation while
specifically up-regulating certain stress response proteins. The best characterized
example of this type of regulation is the yeast mMRNA, GCN4 (Mueller and Hinnebusch,

1986).

Internal Ribosome Entry Sites (IRES)

Another mechanism of evading translational repression by elF2a phosphorylation is the
presence of internal ribosome entry sites (IRESs) within the 5’UTR of some mRNA
transcripts. The IRES sequence recruits ribosomes and initiates translation at the IRES
in a cap-independent fashion. IRES-mediated translation appears to require the
recruitment and binding of cellular proteins known as IRES trans-acting factors (ITAFs).
Some ITAFs are common to all IRESs, whereas some are unique to a particular set of

mMRNAs, allowing for a level of tissue- and condition-specific regulation. For example,
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the apoptotic protein pro-apoptotic protease activating factor 1 (APAF1) can escape

global down-regulation of translation during the onset of apoptosis through IRES-
mediated translation initiation. elF4G, the scaffolding component of the elF4F cap
complex, is also required for IRES-mediated translation. elF4G is a cleavage target of
caspase activity, and cleaved elF4G preferentially translates at IRESs. Therefore,
IRES-mediated translation of APAF1 is enhanced during apoptosis. It has been
demonstrated that elF2a phosphorylation can enhance IRES-mediated translation of
some transcripts (e.g. — the cationic amino acid transporter 1 [cat-1]), which is
counterintuitive. Since active ternary complex is required for both cap-dependent and —
independent translation initiation, elF2a phosphorylation is expected to reduce IRES-
mediated translation (Holcik and Sonenberg, 2005). It is not known how elF2a
phosphorylation induces IRES-mediated translation initiation in some transcripts;
however, it is hypothesized that elF2a phosphorylation may promote the expression of
an unidentified ITAF important for IRES-mediated translation in some transcripts

(Yaman et al., 2003).

Leaky Ribosome Scanning

If uORFs are in a poor context for initiation, a small fraction of ribosomes may fail to
recognize them as start codons, scan through them without initiating, and continue on to
the next AUG. Alternative codon usage due to leaky ribosome scanning can result in
several protein isoforms being produced from a single mRNA. Phosphorylation of
elF2a can decrease translation initiation at distal uUAUGs while simultaneously

enhancing initiation at proximal uAUGs due to increased scanning after re-initiation. In
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this manner, elF2a phosphorylation can alter ratios of protein isoforms being

produced from transcripts subject to leaky ribosome scanning. The best characterized

example of this type of regulation is C/EBP o and B (Calkhoven et al., 2000).

Secondary Structure

Another mechanism by which long, G-C-rich 5’UTRS keep translation rates of
transcripts to a minimum under normal conditions is the formation of stable secondary
structure, which promotes the dissociation of the ribosome from the transcript before it
reaches the start codon. Extensive complementary base-pairing ability and strong
hydrogen bonds between guanosines and cytosines in long, G-C-rich 5’UTRs promote
the formation of MRNA secondary structure. Mechanisms by which elF2a
phosphorylation circumvents this type of translational inhibition under conditions of
stress are not well-established. However, it is conceivable that elF2a phosphorylation
promotes or inhibits the production of RNA-binding proteins which may facilitate or
abrogate the formation of mMRNA secondary structure. Alternatively, elF2a
phosphorylation may recruit RNA helicases to transcripts, which catalyze the unwinding
of MRNA secondary structure. Furthermore, the formation of mMRNA secondary
structure may act in concert with other inhibitory mechanisms, such as uORFs (Grant
and Hinnebusch 1994) and IRESs (Yaman et al., 2003). Interestingly, APP appears to
be translationally regulated in this manner. APP contains an iron-responsive element
(IRE) in its 5’UTR, which binds iron-responsive proteins (IRPs). IRPs are RNA-binding
proteins which stabilize mRNA secondary structure. In the presence of iron, IRPs are

either prevented from binding to RNA through their interaction with iron or are degraded.
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Elimination of the IRPs in the absence of iron allows mRNA secondary structure to

unfold (Rouault, 2006). Curiously, APP appears to be oppositely regulated in response

to iron. APP also appears to be post-transcriptionally up-regulated in response to IL-13

treatment in an iron-dependent manner via 5’UTR elements. However, the mechanisms
and the significance of the relationship between IL-1 and iron regulation is not clear

(Rogers et al., 1999; Rogers et al., 2002).

Regulation of BACE1 Translation

The BACE1 5’'UTR is 446 nucleotides in length, contains 4 uAUG sequences, 3 of
which are ORFs, and is predicted to form extensive secondary structure, based on its
high G-C content (76%) (Lammich et al., 2004). BACE1 translation appears to be
exclusively cap-dependent with no detectable IRES activity in the 5’UTR (Rogers et al.,
2004). Therefore, BACE1 translation could be inhibited by its 5’UTR either through the
formation of secondary structure or translation of uUORFs. The specific mechanism of
BACE1 translational control via its 5’UTR continues to be debated; however, current
data strongly supports initiation of the translation initiation complex at uUAUG # 2 as the
main inhibitory mechanism. It has also been proposed that leaky ribosome scanning
occurs in the BACE1 5’'UTR, which may allow the ribosome to escape translational
inhibition from some of the uAUGs (Zhou and Song, 2006). Indeed, uAUG # 1 was
found to have very little effect on translation in the majority of BACE1 5’UTR studies and
failed to function as an initiation codon in luciferase assays, indicating that this uAUG
may normally be bypassed (Lammich et al., 2004; Mihailovich et al., 2007; Rogers et

al., 2004; Zhou and Song, 2006). In contrast, deletion of uUAUG # 2 had the strongest
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translational de-repression effect in all of the BACE1 5’'UTR studies (De Pietri Tonelli

et al., 2004; Lammich et al., 2004; Mihailovich et al., 2007; Rogers et al., 2004; Zhou
and Song, 2006). uAUG # 2 resides in a good context for initiation and appears to
function as an initiation codon in luciferase assays, indicating that this uORF may be
translated in vivo (Rogers et al., 2004). One study concluded that uAUGs are not
involved in BACE1 translational inhibition at all, because deletion of the BACE1 uAUGs
had no effect on translation in B104 cells. The authors concluded that the inhibitory
effect of the BACE1 5’UTR must be mediated through the formation of secondary
structure, and the small amount of BACE1 that is translated normally in the cell must be
produced through a shunting mechanism that allows the ribosome to bypass uAUGs
and secondary structure. However, in the same study, a role for uUAUGs was found in
PC12 cells, with a main effect of UAUG # 2, which was completely consistent with
results from other studies and directly supports translation of uORFs as the inhibitory
mechanism (Rogers et al., 2004). Therefore, the results obtained in B104 cells may not
have been valid. Another study found similar results, indicating that the BACE1 uAUGs
could cause partial de-repression of translational inhibition, with a main effect of uUAUGs
# 2 and # 4 (Lammich et al., 2004). Interestingly, uAUG # 4 did not act as an initiation
codon in luciferase assays from two different studies (Rogers et al., 2004; Zhou and
Song, 2006), but deletion of this uUAUG still had a significant effect on basal BACE1
protein levels (Lammich et al., 2004; Rogers et al., 2004), indicating that the ribosome
does initiate at this codon in vivo, perhaps with less efficiency than at uUAUG # 2.
Another finding of the Lammich study was that complete de-repression could not be

achieved without deleting large sections of the BACE1 5’UTR. The authors concluded
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that there must be a main effect of 5’UTR secondary structure on BACE1 translation,

in addition to a subtler effect of BACE1 uAUGs (Lammich et al., 2004). Consistent with
this finding, when we used the +5’UTR and -5’UTR constructs used in this study for our
own experiments, we observed a much larger increase in BACE1 protein due to
deletion of the 5’UTR (~200%), as compared to glucose deprivation (~150%). These
results imply that glucose deprivation de-represses BACE1 translation via enhanced
scanning through the uORFs after re-initiation, but the main effect of mMRNA secondary
structure is still intact. However, later studies disagreed with “main effect of secondary
structure” conclusion and showed that deletion of all the BACE1 uAUGs could
completely de-repress BACE1 translational inhibition, and there was no effect of
secondary structure on BACE1 translation (Mihailovich et al., 2007; Zhou and Song,
2006). From this perspective, the elevated BACE1 protein levels in -5’'UTR cells
compared to +5’UTR + NG cells may reflect the complete loss of translational inhibition
by uORFs in -5’'UTR cells and initiation of every ribosomes at the correct BACE1 start
codon in -5’'UTR cells, as compared to +5’UTR + NG cells, where translation at the
authentic BACE1 start codon is still drastically reduced due to initiation at uUORFs,
despite enhanced re-initiation at the authentic BACE1 start codon. Based on our current
knowledge of translational regulation of BACE1, we propose the following model of
elF2a-P-mediated regulation of BACE1 translation: Under normal conditions (elF2a-
PJl), a large proportion of the ribosomes may scan through uAUG # 1 and initiate
translation at uUAUG # 2. The majority of ribosomes translate uORF # 2 and dissociate
from the 5’UTR. However, a small proportion of 40S subunits continue to scan after

translating uUORF # 2. Some scanning 40S subunits become re-loaded with ternary
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complex, re-initiate at UAUG # 4, translate uORF # 3, and dissociate. Other 40S

subunits scan through uAUG # 4 and initiate at the authentic BACE1 start codon,
producing basal BACE1 protein levels. Under stress conditions (elF2a-PT), a higher
proportion of 40S subunits will scan through uAUG # 4 due to low ternary complex
availability, and re-initiate at the authentic BACE1 start codon, leading to elevated
BACE1 protein levels (Fig 7.1). This scenario predicts that deletion of uORF # 2 or
uORF # 3 would eliminate translational control of BACE1 protein under stress
conditions. Eventually, a detailed analysis of uORF deletion mutants under control
versus glucose-deficient conditions will be essential in order to confirm this prediction of

glucose-mediated BACE1 translational control.

Role of BACE1 in Neurodegeneration and Energy Metabolism

It is clear from a comparison of yeast and mammalian systems that the elF2 stress-
response pathway is highly conserved throughout evolution. Furthermore, the kinases
responsible for phosphorylating elF2a are activated in response to a diverse array of
stress responses, indicating that elF2a is a general stress response mechanism in
mammals. Ablation of elF2a phosphorylation sites in mice leads to severe glucose
dysregulation and death, similar to PERK mutations, indicating that the main function of
elF2a phosphorylation in mammals under normal physiological conditions is metabolic
regulation (Scheuner et al., 2001; Scheuner et al., 2005). The proper regulation of
glucose and the ability to survive stress conditions are essential processes, particularly

for organs such as the brain, which is highly dependent on glucose stores and has a
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Figure 7.1: elF2a-mediated regulation of BACE1 translation Under normal
conditions (elF2a-Pl), a large proportion of the ribosomes may scan through uAUG # 1
and initiate translation at uUAUG # 2. The maijority of ribosomes translate uORF # 2 and
dissociate from the 5’UTR. However, a small proportion of 40S subunits continue to
scan after translating uORF # 2. Some scanning 40S subunits become re-loaded with
ternary complex, re-initiate at uUAUG # 4, translate uORF # 3, and dissociate. Other 40S
subunits scan through uAUG # 4 and initiate at the authentic BACE1 start codon,
producing basal BACE1 protein levels. Under stress conditions (elF2a-PT), a higher
proportion of 40S subunits will scan through uAUG # 4 due to low ternary complex
availability, and re-initiate at the authentic BACE1 start codon, leading to elevated
BACE1 protein levels
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limited capacity to replace damaged neurons. The role of elF2a phosphorylation in

the brain has not been widely investigated; however, existing data implies a role for
elF2a phosphorylation in synaptic transmission, which may be related to metabolic

regulation in the brain, neuronal survival, and the onset of neurodegeneration.

Translational control in the brain

Translational control of proteins is critical in the brain, where the transcriptional
machinery in the cell body is often spatially removed from other parts of the neuron.
Furthermore, translational regulation allows synapses from the same neuron to
differentially integrate signals from neighboring neurons (Steward and Schuman, 2001;
Sutton and Schuman, 2005). Dendrites contain polyribosome complexes capable of
specifically modulating translation at a particular synapse, and dendrites are able to
respond to extracellular signals when separated from the cell body (Kang and
Schuman, 1996; Steward and Fass, 1983; Steward and Levy, 1982). This is thought to
occur through a combination of selective mRNA recruitment to polyribosome complexes
and posttranslational modifications to the translation machinery (Hachet and Ephrussi,
2004; Sutton and Schuman, 2005; Tiedge et al., 1999). Not surprisingly, increased
global translation in neurons is associated with growth stimuli and enhanced synaptic
activity (e.g. — BDNF stimulation, PISK/Akt activation, or ERK/MAPK activation),
whereas down-regulated global translation is generally associated with reduced
synaptic activity and low growth (Kelleher et al., 2004). Interestingly, down-regulated
global translation also appears to be associated with glutamatergic stimulation, in some

cases, which also robustly elevate BACE1 protein levels both in vitro and in vivo
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(Orrego and Lipmann, 1967; Velliquette et al., 2005) (Fig 2.4; Fig 2.6; K.R. Doherty,

unpublished results). This may represent a stress-activated feedback mechanism due
to exitotoxicity (Vornov and Coyle, 1991). The role of elF2 regulation in neuronal
function has been largely unaddressed in vivo; however, existing data indicates that
elF2 regulation may play an important role in neuronal processes. GSK3
phosphorylates elF2B, which is regulated by the PI3K/Akt pathway involved in neuronal
development and synaptic transmission (Wang et al., 2001). The role of elF2-mediated
translation in long-term potentiation (LTP), long-term depression (LTD), and the
acquisition of memories have also been investigated. LTP consists of an early phase
(E-LTP), which is associated with weak memory training or single tetanic stimulations
and a late phase (L-LTP), which is associated with strong memory training or repeated
tetanic stimulations. The transition from E-LTP to L-LTP is thought to represent the
switch from short-term memory (STM) to long-term memory (LTM) (Hoeffer and Klann
2007). A comparison of E- and L-LTP in brain slices from wild-type and elF2a +/S51A
mice, which harbor a single ablated elF2a phosphorylation site, revealed that LTM is
prematurely evoked in response to tetanic stimulation in the absence of elF2a
phosphorylation. Consistent with this observation, elF2a +/S51A mice were more
efficient than wild-type mice in learning memory tasks in response to a weak training
protocol. Conversely, salubrinal treatment, which enhances elF2a-P, inhibited L-LTP
and LTM in response to repeated tetanic stimulation, indicating that dephosphorylation
at elF2a regulates the switch from STM to LTM (Costa-Mattioli et al., 2007).
Interestingly, mammalian GCN2 is expressed at high levels in the brain, compared to

other organs, indicating that it may play a role in neuronal function. Therefore, the
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potential role of GCN2 in gating STM to LTM was further explored using single and

repeated tetanic stimulations in GCN2 -/- brain slices. Similar to elF2a +/S51A brain
slices, L-LTP was inappropriately activated in GCN2 -/- slices in response to a single
tetanic stimulation, and similar to elF2a +/S51A mice, GCN2 -/- mice learned more
rapidly than wild-type mice during a weak training protocol. On the other hand, GCN2 -
/- slices could not induce L-LTP in response to repeated tetanic stimulation, and GCN2 -
/- mice exhibited impaired performance in memory tasks when subjected to a strong
training protocol, indicating that elF2a phosphorylation is essential for appropriate STM
to LTM transition (Costa-Mattioli et al., 2005). Interestingly, BACE1 -/- mice are
impaired at certain memory tasks in response to strong training, and BACE1 -/- slices
fail to induce L-LTP in response to repeated tetanic stimulation, despite exhibiting a
larger initial post-tetanic potentiation than wild-type (Laird et al., 2005; Ohno et al.,
2004; Wang et al., 2008a). However, memory performance and induction of L-LTP
have not been tested in BACE1 -/- mice in response to weak training or single tetanic
stimulations. The potential role of PERK in regulating synaptic transmission has not
been investigated. Although PERK levels are highest in the pancreas, it is also readily
detectable in the brain (Shi et al., 1998), indicating that it may also play an important
role in synaptic transmission and neuronal function. The importance of proper ternary
complex function in the brain is further exemplified by the association of inherited
mutations in all subunits of elF2B with central nervous system diseases, such as
childhood ataxia with central nervous system hypomyelination (CACH) and vanishing
white matter disease (VWM) (Fogli et al., 2004; Leegwater et al., 2001; van der Knaap

et al., 2002). These mutations in elF2B reduce its GEF activity, and CACH and VWM
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can be triggered by stress stimuli, such as viral infection, which further reduce elF2B

function. Presumably, oligodendrocytes harboring elF2B mutations experience an
exaggerated elF2/elF2B-mediated stress response during induction of stress, leading to
the aberrant activation of apoptotic pathways, which is the end-result of severe and
unalleviated translational repression. However, the reasons underlying susceptibility of
oligodendrocytes to exaggerated elF2 stress, when all cells are deficient in elF2B
activity, is unclear. A subsequent study of these disorders reported that elF2B mutant
glial precursors exhibited impaired astrocyte differentiation, indicating that elF2/elF2B
pathway could play a role in astrocyte differentiation, which in turn may be important in
protecting myelin from elF2 stress-induced damage (Dietrich et al., 2005). It is also
unclear why elF2B deficiencies cause white matter deterioration, while elF2o S51A
mutations lead to severe diabetes, when both mutations are expected to have similar
biochemical consequences. It would be interesting to determine whether mice with
elF2B mutations have subtle defects in glucose regulation. Conversely, it would also be
interesting to investigate whether elF2a. +/S51A mice would experience demyelination
upon exposure to viral infections, similar to what has been observed in PERK +/- mice

in response to IFNy (Lin et al., 2005).

Role of elF2a regulation in neurodegeneration

Although elF2a regulation clearly plays a role in the normal physiology of certain cells
(e.g. — glucose regulation in pancreatic cells and synaptic transmission in neurons), one
of the major functions of elF2a regulation appears to be altering translation in response

to a wide array of stress stimuli. Indeed, a phenotype was not observed in most elF2a
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kinase knockout models unless the animals were challenged with a particular stress

condition (e.g. — amino acid deprivation in GCN2 -/- mice, viral infection in PKR -/- mice,
and heme deficiency in HRI -/- mice). Furthermore, the hypomyelination phenotype in
individuals with elF2B mutations is often precipitated by stresses, such as traumatic
brain injury or viral infection, indicating that proper regulation of the ternary complex is
crucial for neurons to survive stressful conditions. Consistent with a role for elF2a in
the neuronal stress response, elF2a phosphorylation and activated UPR are present in
neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease,
amyotrophic lateral sclerosis, polyglutamine disease, and prion disease (Hetz et al.,
2003; Holtz and O'Malley, 2003; Holtz et al., 2005; Hoozemans et al., 2005;
Kheradpezhouh et al., 2003; Kouroku et al., 2002; Peel and Bredesen, 2003; Ryu et al.,
2005; Ryu et al., 2002; Tobisawa et al., 2003; Unterberger et al., 2006; Yoo et al.,
2002). A feature that many neurodegenerative disorders share in common is the
progressive accumulation of toxic protein aggregates (Winklhofer et al., 2008).
Intraneuronal accumulation of these protein aggregates may trigger the UPR and the
elF2a stress response pathway. We have shown that one consequence of elF2a
phosphorylation is enhanced AP production, which may explain why amyloid pathology
is often found in neurodegenerative disorders other than Alzheimer’s disease, since the
accumulation of misfolded proteins is not unique to Alzheimer’s disease (Fig 6.2).
Interestingly, elF2a phosphorylation and amyloid accumulation appear to come into play
at multiple stages during neurodegeneration. In the case of SAD, elF2a-P and amyloid
accumulation may be a driving force in the disease process, due to factors such as

impaired energy metabolism. However, in other neurodegenerative diseases (and the
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later stages of AD), elF2a-P may be activated downstream in the disease process

due to accumulation of misfolded proteins and activation of the UPR.
Neurodegenerative disorders are generally late in onset, even in cases where the cause
is clearly genetic. This may be partly due to the gradual deterioration of clearance and
degradation mechanisms in the aging brain. However, there is also evidence that the
UPR and the ability of the neuron to correctly fold proteins become increasingly
compromised during normal aging, and amyloid pathology is also a common feature of
normal aged brains, further implicating the involvement of the elF2a pathway (Paz
Gavilan et al., 2006; Yankner et al., 2008). Whether stress-induced elF2a
phosphorylation is ultimately adaptive or detrimental in the brain is not completely
understood. Evidence from in vitro models investigating the role of elF2a
phosphorylation in cell survival has yielded contradictory results. It has been shown
that phosphorylation of elF2a is required for a cell to appropriately respond to and
survive stress conditions (Bi et al., 2005; Harding et al., 2000; Jousse et al., 2003;
Koritzinsky et al., 2007; Lu et al., 2004). Data from animal models support this idea.
On the other hand, elF2a-P activation elevates the expression of several known pro-
apoptotic molecules including nuclear factor-kappa B (NFkB) and C/EBP homology
protein (CHOP) and accordingly appears to be required for induction of apoptosis in
some cases (Donze et al., 2004; Hsu et al., 2004; Jiang et al., 2003; Ma et al., 2002;
Srivastava et al., 1998). In fact, viruses have actually evolved mechanisms of inhibiting
elF2a phosphorylation in order to avoid these elF2a-induced cell death pathways

(Barber et al., 1994; Lee et al., 1994). Canonical activation and regulation of the elF2a
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pathway is intrinsically designed to be both rapid and transient. In fact, one

translational target of elF2a-P is the growth arrest and DNA damage 34 (GADD34)
protein, which binds protein phosphatase PP1c and directs its activity to elF2a, thereby
negatively regulating elF2o. phosphorylation (Novoa et al., 2001). Furthermore, rapid
recovery from elF2a phosphorylation is required for the expression of numerous elF2a-
P-activated stress response proteins, since many of the translational targets of elF2a-P
are transcription factors (Novoa et al., 2003). Based on this apparently conflicting data,
it has been proposed that elF2a-P activation is biphasic (Schroder and Kaufman, 2006).
If the stress is transient, elF2a phosphorylation may be beneficial and promote cell
survival. However, if the stress is severe or unalleviated, cells are directed to undergo
apoptosis in order to eliminate defective and irreparable cells from the population.
Therefore, it can be inferred that transient elF2o phosphorylation is adaptive, whereas
persistent or chronic elF2a phosphorylation may be maladaptive. Consistent with the
idea that chronic elF2a phosphorylation is detrimental, it has been reported that
recovery from translation inhibition is required for neuronal survival during transient
cerebral ischemia (DeGracia and Hu, 2007). The association of elevated elF2a-P
levels with various neurodegenerative disorders which are marked by neuron death
would appear to support this conclusion. However, our results do not support the idea
that chronic elF2a phosphorylation is maladaptive or necessarily leads to cell death.
BACE1-293 cells and cultured neurons were able to survive up to 48 hrs under
conditions of constant and unalleviated glucose deprivation, which lead to progressively

elevated elF2a-P levels over the treatment period, and we observed no signs of cell
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death or distress (Fig 3.3; Fig 3.7). Furthermore, chronic energy deprivation

treatments and sustained elF2a-P levels in the brains of mice did not cause any
detectable neuron loss or caspase activation over a period of 3 months (Fig 5.1; Fig
5.2). Our results suggest that the decision of whether to enter the apoptotic pathway
may be primarily determined by the severity of the insult, rather than the duration.
Sustained, moderate levels of elF2a phosphorylation may actually be beneficial to
neurons, allowing them to conserve energy during long periods of low energy
availability, or during the course of neurodegeneration, by limiting the production of new

proteins to avoid overstressing an ER already overloaded with misfolded proteins.

Energy impairment, BACE1, and AD

We propose that common risk factors for SAD may all be linked by their ability to impair
energy metabolism in the brain and activate the elF2a stress response pathway, which
enhances A production by translationally elevating BACE1 protein. In support of this
hypothesis, several major risk factors for SAD have all been linked to the elF2a stress
response pathway and dysregulation of the UPR, including atherosclerosis, traumatic
brain injury, ischemia, and other cardiovascular complications (Devries-Seimon et al.,
2005; Kumar et al., 2001; Larner et al., 2004; Li et al., 2005; Mao et al., 2005; Okada et
al., 2004; Paschen et al., 2004; Pedruzzi et al., 2004; Roybal et al., 2004). The elF2a
pathway has also been linked to diabetes (Cardozo et al., 2005). The fact that these
risk factors can activate the elF2a pathway supports the theory that elF2o precedes
amyloid pathology in the brain and may be a major driving force in the development of

SAD pathology. Our results clearly show that BACE1 is a translational target of the
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elF2a stress response pathway, and elF2a-P activation can dramatically enhance

Ap production in neurons. The reason underlying elF2a-P-induced BACE1 and AP up-
regulation is an important unanswered question and a difficult one to address, since the
normal physiological functions of BACE1 and AP remain unclear. The only clear
physiological role of BACE1 demonstrated thus far is in PNS myelination (Willem et al.,
2006). Although a role for BACE1 in myelin maintenance and repair is consistent with
BACE1 up-regulation in response to some types of stress, such as traumatic brain injury
and exitotoxicity where myelin may be damaged, the importance of BACE1’s role in
myelination is less clear with respect to other types of stress, such as energy
deprivation where myelin remains intact. With regard to energy deprivation specifically,
the human brain has evolved numerous mechanisms of sensing and regulating glucose
metabolism. Certain neurons are able to regulate their firing rates based on energy
availability, partly through ATP-sensitive potassium channels (Dunn-Meynell et al.,
1998) and partly through unidentified mechanisms. Not surprisingly, many of these
neurons are found in the hypothalamus and are directly involved in transmitting
information about energy availability in the brain to peripheral organs involved in energy
regulation (Anand et al., 1964; Oomura et al., 1974). However, glucose-responsive and
glucose-sensitive neurons also exist outside of the hypothalamus. It is hypothesized
that the ability of these neurons to self-regulate synaptic activity based on glucose
availability evolved as an energy conservation method (Levin et al., 1999).
Coincidentally, BACE1 also has a proposed function in regulating synaptic activity.
BACE1 -/- mice are impaired in certain memory tasks and LTP induction (Laird et al.,

2005; Ohno et al., 2004; Wang et al., 2008a). Furthermore, enhanced synaptic activity
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in slice cultures increases AP production via enhanced BACE1 cleavage of APP. In

turn, AB suppresses synaptic transmission, indicating that AR may normally function as
a negative feedback regulator of synaptic transmission (Kamenetz et al., 2003). In
support of a role for BACE1 in depressing synaptic activity, it has been reported that
BACE1 -/- mice display a hyperactive phenotype (Dominguez et al., 2005; Laird et al.,
2005). Based on this data, it can be hypothesized that the normal physiological function
of energy deprivation-induced BACE1 protein elevations may be to enhance AB
production, depress synaptic activity, and conserve neuronal energy stores.
Interestingly, alternative BACE1 substrates may be related to BACE1’s proposed
function in regulating synaptic activity. For example, BACE1 cleavage of the B subunit
of the voltage-gated sodium channel (VGSCP) may further depress synaptic activity
(Wong et al., 2005), and BACE1 cleavage of the LDL receptor related protein (LRP)
(von Arnim et al., 2005), which is involved in AB turnover (Hyman et al., 2000), may
extend the half-life of AR and augment its depressive effects on synaptic transmission.
Additionally, BACE1 could have other unidentified roles in energy metabolism.
Interestingly, both BACE1 and PERK levels are high in pancreas, but BACE1 activity
levels are low, indicating that BACE1 could have a function in the pancreas unrelated to
its enzymatic activity. Although BACE1 -/- mice exhibit no apparent abnormalities in
glucose regulation under normal conditions (Luo et al., 2001), both PERK and BACE1 -
/- mice exhibit higher mortality and growth retardation compared to wild-type
(Dominguez et al., 2005; Harding et al., 2000). The cause of mortality and growth
retardation in BACE1 -/- mice is not known; however, the phenotypic overlap with PERK

-/- mice raises the possibility that BACE1 -/- could have subtle defects in metabolic
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regulation. In summary, sustained elF2a phosphorylation, elevated BACE1 levels,

limited protein translation, and suppressed synaptic activity may be playing an important
adaptive role in allowing neurons to survive under extended periods of stress.

However, in the aging brain, where the UPR, clearance, and degradation mechanisms
become increasingly compromised, accelerated AB production due to elevated elF2o-P
levels may eventually lead to the accumulation and assembly of A into toxic oligomeric
species. The formation of A aggregates may trigger a number of downstream
pathological events, including dysregulated cellular signaling cascades, synaptic
dysfunction, and tau hyperphosphorylation. Interestingly, our data also shows that Ap
accumulation can also induce elF2a-P elevations, most likely through activation of the
UPR (Fig 6.2; Fig 7.2). This data suggests that chronic stress, BACE1, elF2a-P(Ser51),
and AB may collaborate in a positive feedback loop in which amyloidogenesis becomes
amplified once AB has accumulated to the level that it is capable of initiating and
sustaining a stress response in the neuron (Fig 7.2). Thus, elF2a phosphorylation may
be involved in both the initiation and progression of sporadic AD. This model also
predicts that once amyloid pathology is initiated, it is likely to progress at an increasing
rate, unless the amyloidogenic cycle is somehow interrupted. This hypothesis highlights
the importance of developing new preventative and disease-modifying therapies for AD,
especially those aimed at inhibiting the generation and accumulation of AB in the brain

during the earliest stages of the disease.
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Figure 7.2: The role of elF2a phosphorylation in sporadic Alzheimer’s disease
pathogenesis. Common risk factors for Alzheimer’s disease such as age, high
cholesterol, cardiovascular disease, traumatic brain injury, and ApoE4 genotype may
lead to a state of impaired energy metabolism in the brain. Reduced energy availability
activates the elF2a-P stress-response pathway in neurons. Phosphorylation of elF2a
augments the translation of specific stress response proteins such as BACE1.
Increased production of these stress-response proteins presumably enhances the ability
of neurons to survive under low-energy conditions. However, if the stress persists,
elF2a phosphorylation and BACE1 levels remain chronically elevated, leading to
increased AR production. Elevated A levels may, in turn, cause neuronal dysfunction
and stress, feeding back and further activating the elF2a-P stress-response pathway.
Over time, and in combination with other exacerbating factors such as impaired A3
clearance/degradation, AB begins to accumulate in the brain and plaques form. A
accumulation may trigger downstream pathology, (e.g., tau hyperphosphorylation),
ultimately leading to neurodegeneration associated with sporadic Alzheimer’s disease.
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