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Summary

Summary
Alzheimer’s Disease (AD) is the most common cause of dementia in the elderly.
Clinically it is characterized by progressive loss of memory and other cognitive
functions. The cognitive decline is associated histopathologically with neuronal cell
loss, as well as with the accumulation in the brain parenchyma of abnormal proteins
in the forms of extracellular β-amyloid plaques and intraneuronal neurofibrillary
tangles (NFT) which are composed of hyperphosphorylated tau protein. The major
proteinaceous constituent of β-amyloid aggregates is the Aβ peptide. A large body of
genetic and cell biological evidence strongly argues for a pathogenic role for Aβ,
even in the formation of the NFT.
Aβ is generated by proteolytic cleavage of the β-amyloid precursor protein (APP).
APP is a single-pass type 1 transmembrane protein. Successive proteolytic
processing with ectodomain shedding followed by intramembrane cleavage occurs in
two different pathways: The amyloidogenic pathway employs cleavage by β- and γsecretase and generates the Aβ peptide, whereas the non-amyloidogenic pathway
uses the α-secretase site and thereby precludes Aβ formation. Both pathways
liberate the APP intracellular domain (AICD) from the membrane by proteolytic
processing at the γ-secretase site.
AICD was described only recently, probably because of its rapid degradation after
release from the membrane into the cytoplasm, partly mediated by the insulin
degrading enzyme (IDE). The analogy of APP processing to Notch receptor signaling
as well as the emerging concept of γ-secretase-regulated intramembrane proteolysis,
which results in transcriptionally active cytoplasmic fragments, suggests a possible
function for AICD in nuclear signaling. When APP and AICD were fused to the yeast
Gal4 transcription factor DNA-binding domain, this caused a transactivation that was
dependent on two proteins: The adaptor protein Fe65 which interacts with the
YENPTY-motif of AICD and Tip60, a nuclear histone acetyl transferase. However, in
transient transfection assays, it could not be excluded that transcription from the
reporter constructs also occurred in the cytosol.
To characterize the role of the APP adaptor proteins Fe65, Jib1b, X11α (Mint1) and
the chromatin-associated protein Tip60, expression vectors were transfected into
Hek293 cells which expressed fluorescently tagged AICD. Interactions of the
transfected proteins with AICD were analyzed by confocal microscopy and coimmunoprecipitation. We found that Fe65 bound AICD and transported it to nuclei
were they docked onto Tip60. The formed AICD/Fe65/Tip60 (AFT)-complexes were
concentrated in spherical nuclear spots. When γ-secretase inhibitors were used,
these prevented AFT-complex formation with AICD derived from full-length APP. The
adaptor protein Jib1b also transported AICD to nuclei and docked it to Tip60, but the
AICD/Jip1b/Tip60 (AJT)-complexes had a different, speckle-like morphology. In
contrast to Fe65 and Jip1b, X11α trapped AICD in the cytoplasm. We were able to
confirm the formation of AFT-complexes in spherical nuclear spots and AJTcomplexes localized to nuclear speckles in differentiated human neuroblastoma cells.
In addition, AFT-complexes were also formed in differentiated adult rat progenitor
cells. Together, these data suggest that APP has functions in nuclear signaling.
We compared transcript levels of selected genes in mRNA populations isolated from
a clonal Hek293 cell line without AICD expression, to mRNA from Hek293 cells
induced for AICD expression, by quantitative real-time PCR. There, we were not only
able to identify the APP effector genes APP, BACE and Tip60 but we also confirmed
the reported effectors GSK3β and KAI1 as transcriptional targets. In contrast, AICD
1
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expression had no effect on the expression of the Notch-effector gene Hes1.
Subsequent Western blotting revealed no alteration in levels of full-length APP but an
increased turnover resulting in increased steady state levels of α- and β-stubs.
Therefore, AICD has an effect on APP turnover and is involved in feed-back
regulation to replenish APP pools. Blocking AICD generation by γ-secretase inhibitors
resulted in decreased APP levels while accumulating the substrates for γ-secretase
(α-/β-stubs). Together, they show congruency between rises in AICD levels and APP
induction and drops of AICD and APP. For the β-secretase BACE, after initial
upregulation of the protein a down-regulation to baseline was found, whereas
inhibition of γ-secretase resulted in diminishing BACE protein levels.
Our data clearly showed the nuclear translocation of AICD with resulting changes in
gene expression. We performed a transcriptomic screening with Affymetrix
GeneChips to compare naïve Hek293 cells and our clonal Hek293 cell line, with and
without induced AICD expression. This led to the identification of six differentially
regulated genes. Quantitative PCR verified induced transcript levels for
phosphorylase kinase 1, transcription elongation factor A, prolactin receptor and a
transcript with unknown function located to Chr13ORF18. For these genes in vitro
and in vivo relevance has to be shown, as well as their role in AICD-dependent
transcriptional regulation.
Together, our data establish a role for APP in nuclear signaling which is dependent
on γ-secretase processing and adaptor proteins binding to AICD. They suggest that
therapeutic interventions in AD designed to modulate the cleavage of APP may affect
AICD-dependent signaling.
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Zusammenfassung
Die Alzheimer’sche Krankheit ist die häufigste Form der senilen Demenz. Klinisch
gesehen ist sie durch einen fortschreitenden Verlust der Gedächtnis- und anderer
kognitiven Funktionen gekennzeichnet. Der kognitive Verfall ist aus
histopathologischer Sicht mit neuronalem Zellverlust sowie einer Ablagerung von
abnormal gefalteten Proteinen im Gehirn verbunden. Diese liegen einerseits als
extra-zelluläre amyloide Ablagerungen (β-Amyloid Plaques) und intraneuronale
neurofibrilläre Bündel (neurofibrillary tangles) vor, die im Wesentlichen aus
hyperphosphoryliertem Tau-Protein bestehen. Das β-Amyloid Peptid (Aβ) ist der
Hauptbestandteil der amyloiden Ablagerungen. Daten aus genetischen und
zellbiologischen Untersuchungen unterstreichen die pathogene Wirkungsweise des
Aβ -Peptides und deuten auf eine massgebliche Rolle bei der Bildung neurofibrillärer
Bündel hin.
Das Aβ -Peptid wird durch die konstitutive Spaltung des β-Amyloid Vorläuferproteins
APP gebildet (APP). APP ist ein Typ 1 Transmembran-Protein und wird sequenziell
proteolytisch gespalten, wobei der Schnitt in der Membran erst nach dem Kürzen der
Ektodomäne erfolgen kann. Dies kann auf zwei unterschiedliche Arten erfolgen:
Einerseits kann das β-Amyloid durch enzymatisches Schneiden an der β- und γSchnittstelle gebildet werden, was zu Amyloidablagerungen führt (amyloidogener
Abbauweg). Andererseits wird durch proteloytisches Spalten an der α- und γSchnittstelle die Bildung des β-Amyloids verhindert (nicht-amyloidogener Abbauweg).
Bei beiden Wegen wird ein kurzes zytoplasmatisches Fragment, die APP
intrazelluläre C-terminale Domäne (AICD) freigesetzt.
Erst lange nach der initialen Beschreibung von APP wurde auch das AICD entdeckt.
Dies liegt wahrscheinlich daran, dass letzteres teilweise durch das Insulin
degradierende Enzym sehr schnell nach seiner Freisetzung von der Membran
abgebaut wird. Aufgrund der Ähnlichkeit der proteolytischen Prozessierung zwischen
APP und dem Notch-Rezeptor einerseits und andererseits weil das intrazelluläre
Notch-Fragment nach seiner Freisetzung von der Membran in den Zellkern
transloziert, um dort die Transkription von Effektor-genen zu regulieren, wurde auch
für AICD eine Signalfuntion vermutet. Des Weiteren ist zu erwähnen, dass die von
der γ-Sekretase abhängige regulierte intramembranäre Proteolyse ein immer
wichtiger werdendes Konzept darstellt, das aktive zytoplasmatische ProteinDomänen von der Membran freisetzt, welche ihrerseits die Transkription regulieren
können. APP und AICD, fusioniert an die DNA-bindende Domäne des
Transkriptionsfaktors Gal4, zeigten transaktivierende Aktivität in transienten
Transfektionsversuchen. Diese Aktivität hing von der Bindung des Fe65 Adapter
Proteins an die YENPTY-Sequenz in AICD ab sowie von der Interaktion von Fe65 mit
Tip60, einer nukleären Histon-acetyltransferase. Dabei muss aber bedacht werden,
dass bei derartigen transienten Versuchen eine transaktivierende Aktivität auch im
Zytoplasma erfolgen kann.
Um die spezifischen Rollen der APP-Adapterproteine Fe65, Jip1b, X11α (Mint1) und
des mit Chromatin-assoziierten Proteins Tip60 aufzuklären, wurden sie in unsere
Hek293 Zellline, welche induzierbar AICD exprimiert, transfiziert. ProteinWechselwirkungen und ihre Auswirkung auf die subzelluläre Lokalisation von AICD
wurden mittels konfokaler Mikroskopie und Immunopräzipitationen analysiert. Fe65
interagierte mit AICD und transportierte es in den Zellkern, wo es mit Tip60
Komplexe bildete. Diese nukleären Komplexe, bestehend aus AICD, Fe65 und Tip60
(AFT), hatten eine klar definierte runde Morphologie („nukleäre Spots“). Die
3
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Formation dieser Komplexe mit AICD abgeleitet von APP konnte durch γ-Sekretase
Inhibitoren geblockt werden. AICD wurde auch von Jip1b in den Zellkern transportiert
wo es an Tip60 andockte. Die Komplexe aus AICD, Jip1b und Tip60 (AJT) zeigten
aber im Gegensatz zu den klar definierten AFT Komplexen im Kern eine klecksartige
Struktur („nukleäre Speckles“). Im Gegensatz zu Fe65 hielt das Adapter Protein
X11α das AICD im Zytoplasma zurück und blockierte eine Kernlokalisation. Die
nukleären AFT und AJT Komplexe mit ihren jeweiligen Morphologien konnten auch in
ausdifferenzierten humanen Neuroblastomazellen gezeigt werden. Weiter bestätigte
sich die Lokalisation der AFT Komplexe in nukleären Spots auch in
ausdifferenzierten hippokampalen Vorläuferzellen aus adulten Ratten. All diese
Daten legten die Vermutung nahe, dass APP eine nukleäre Signalfunktion haben
kann.
Quantitative Echt-Zeit PCR (qRT-PCR) mit RNA aus unserer klonalen Zellline führte
zur Identifikation der AICD Effektorgene APP, BACE und Tip60 in Abhängigkeit der
AICD Expression. Zusätzlich konnten auch die schon bekannten Gene GSK3β und
KAI1 bestätigt werden. Es wurde aber auch gezeigt, dass AICD keinen Einfluss auf
die Expression von HES1 hat, einem Effektor Gen der intrazellulären Notch-Domäne.
Mittels Western Blot Analyse konnte gezeigt werden, dass durch AICD die
Proteinmenge an unprozessiertem APP nicht verändert wurde, jedoch die der
Prozessierungsprodukte, gebildet durch die α- und β-Sekretase (α- und β-stubs),
stark anstieg. Demnach ist AICD zusätzlich zu seinem Einfluss auf die Prozessierung
von APP auch in einer Feedback Regulation involviert, welche die Menge an
unprozessiertem APP-Protein konstant hält. In einem komplementären Western Blot
Experiment verringerte sich die Menge an APP bei gleichzeitigem Anstieg der α- und
β-stubs nach Behandlung der Zellen mit γ-Sekretase Inhibitoren. Insgesamt zeigen
diese Daten, dass einerseits eine Kongruenz zwischen der Erhöhung von AICD und
dem Anstieg in der APP Protein Menge besteht, und andererseits die Blockierung der
AICD-Bildung mit einem Abfall an APP Protein einhergeht. Den Effekt von AICD auf
die β-Sekretase BACE, gekoppelt mit einem Anstieg der β-stubs, liess auf eine
erhöhte Aktivität von BACE in Abhängigkeit von AICD schliessen.
Aufgrund unserer Daten, welche eine Signalfunktion des AICD Peptides
untermauerten, wurde eine Transkriptom Analyse mit Affymetrix GeneChips
durchgeführt. Dabei verglichen wir naive Hek293 Zellen mit unserer klonalen Linie
(entweder mit oder ohne Induktion der AICD Expression) und fanden 6 Gene, die in
Abhängigkeit der AICD Expression induziert wurden. Nach Durchführung von
quantitativen RT-PCR-Analysen konnten wir Phosphorylase Kinase 1, den
Transkriptions-Elongationsfaktor A, den Prolaktin Rezeptor und ein Protein auf
Chr13ORF18 mit unbekannter Funktion verifizieren. Für diese regulierten Gene muss
als nächstes eine in vitro und in vivo Relevanz bestätigt sowie ihre Rolle in der AICDvermittelten Regulation gezeigt werden.
Zusammengefasst etablieren unsere Daten eine nukleäre Signalfunktion für APP in
Abhängigkeit von seiner γ-Sekretase Prozessierung, sowie der Proteine die an seine
zytoplasmatische Domäne binden. Zudem weisen unsere Daten darauf hin, dass die
AICD Signalfunktion durch Medikamente, welche in der Alzheimer Therapie
Anwendung finden um die APP Prozessierung zu modulieren, beeinflusst werden
kann.
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1 Introduction
1.1 The characteristics of Alzheimer's disease
Alzheimer’s disease (AD) is a progressive and insidious neurodegenerative disorder
of the central nervous system (Hof et al., 1995; Lobo et al., 2000; Schoenberg et al.,
1987; Selkoe, 2001). It was first described by and named after the German physician
Alois Alzheimer, who reported a case of presenile dementia of a 51 year old woman
(Alzheimer, 1907).
Clinically, AD is characterized by memory loss and a progressive erosion of higher
cognitive functions, excepting most primitive brain functions. The majority of patients
become demented after an age of 60 years, while a small portion of AD patients have
genetic etiology that is classified as familial AD (FAD) with an onset of dementia in
their midlife (Price and Sisodia, 1998; Rossor et al., 1996; Squire and Zola, 1998).
AD has been gradually recognized as the most prevalent neurodegenerative disorder
in humans attributing to about 7.1 % of all deaths in 1995 in the United States,
placing it on par with cerebrovascular diseases as the third leading cause of death
(Evans et al., 1989; Ewbank, 1999).

1.1.1 Neuropathological changes in AD
The progressive neuronal loss in AD is initiated in the medial temporal lobe (i.e.
enthorinal cortex, hippocampus and subiculum). At later stages it extends to other
neocortical regions, particularly association areas, the basal brain cholinergic system
and several brain stem monoaminergic nuclei (Braak et al., 1999; Price and Sisodia,
1998). This sequentially destructive process is macroscopically characterized by
shrinkage of the gyri, a widening of the sulci and an enlargement of the ventricles.
The microscopical changes are manifested by neuronal loss and marked gliosis
throughout the hippocampus and cerebral cortex, as well as synaptic alteration
(Braak and Braak, 1995; Delacourte et al., 1999). In addition, AD is characterized by
insoluble protein deposits, so called β-amyloid plaques in the brain parenchyma and
intraneuronal neurofibrillary tangles (NFT) (Itagaki et al., 1989; Selkoe, 1991).

1.1.1.1 Amyloid plaques
The main component of amyloid plaques is the β-amyloid peptide (Aβ) derived from a
larger precursor, the β-Amyloid Precursor Protein (APP), by proteolytic cleavages
(Glenner and Wong, 1984; Kang et al., 1987; Masters et al., 1985).
Two different types of amyloid plaques are found in the brain parenchyma of AD
patients: Neuritic or mature plaques and diffuse deposits. Neuritic plaques have a
dense fibrillar amyloid core consisting mainly of the 42 amino acid long form of Aβ,
Aβ42 and also contain the 40 amino acid long Aβ40 (Selkoe, 2001). They are
surrounded by dystrophic neurites, activated astrocytes and microglia (Cummings et
al., 1998; De Strooper and Annaert, 2000). In contrary, diffuse plaques are
amorphous and solely comprised of Aβ42. They do not contain degenerated axons or
dendrites and lack activated microglia and astrocytes (Selkoe, 2001).
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Aβ40 and Aβ42 are constitutively secreted by a multitude of different cell types and can
be detected in conditioned cell culture medium and human cerebrospinal fluid (Haass
et al., 1992; Seubert et al., 1992). In vitro, the soluble peptides (dimers) precipitate
and adopt a β-sheet structure (Hilbich et al., 1991). This formation of insoluble
aggregates has been considered to be a key element in the neurotoxic mode of
action of Aβ (Pike et al., 1993; Pike et al., 1991). Although the long Aβ42 isoform
contributes only to 10 % of the total Aβ secreted by cells in culture as well as in
human brain, it is the most toxic species as it aggregates readily and acts as a nidus
for subsequent aggregation of Aβ40 species (Asami-Odaka et al., 1995; Jarrett and
Lansbury, 1993). Moreover, intracellular Aβ42 induces neuronal death (KienlenCampard et al., 2002).
Aβ deposition is not only observed in brains of AD patients but diffuse plaques can
also be found in brains of healthy, aged individuals, suggesting that the formation of
plaques might be inevitable to some degree (Davies et al., 1988).

1.1.1.2 Neurofibrillary tangles
Besides extracellular Aβ plaques, intracellular neurofibrillary tangles (NFT) are found
to be a key indicator in AD. They are abnormal filamentous structures which are
composed of straight filaments and paired helical filaments (PHF) and are located in
cell body inclusions, neuritic structures and dystrophic neurites associated with
plaques (Braak et al., 1999).
Both filaments are composed of the microtubule-associated tau protein which is
abnormally hyperphosphorylated (Goedert et al., 1992). Hyperphosphorylated tau
binds poorly to microtubules and relocalizes from the axonal to the somatodentritic
compartment, where it accumulates and forms tangles (Gotz, 2001). The alteration of
microtubule stability by tau modifications could disrupt intracellular transport, cellular
geometry and neuronal viability, which could lead to cell death (Price and Sisodia,
1998). Following the complete degeneration of the affected neurons the highly
insoluble “tombstone”-NFTs remain in the extracellular space (Vickers et al., 1992).
NFTs are not solely found in AD but also in other neurodegenerative diseases such
as corticobasal degeneration, argyrophilic grain disease, progressive nuclear palsy
and frontotemporal dementia with Parkinsonism (Spillantini and Goedert, 1998).

1.1.1.3 Neuronal loss and synaptic alteration
Neuronal loss has been observed in a number of cortical and subcortical regions
within the neocortex, the frontal and temporal lobes. Further, massive neuronal loss
is regularly observed in superficial enthorinal cortex (the major input of the
hippocampus) and in the hippocampal efferent area, the subiculum. For that reason it
has been suggested that the cognitive decline in AD is at least partially attributable to
the functional isolation of the hippocampus (Geula, 1998). In addition, cognitive
decline can also be related to the disruption of the structural integrity of synapses,
with most significant decrease in presynaptic terminal densities in frontal cortex and
hippocampus. Also in regions with many neuritic plaques, synaptic density is strongly
decreased (Scheff et al., 1990).
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Figure 1: The four hallmarks of Alzheimer's disease. A Extracellular plaques mainly composed of
the β-amyloid protein. B Neurofibrillary tangles containing hyperphosphorylated tau protein. C
Progressive neuronal cell loss and the related reduction of specific synaptic connections. Pictures
were taken from http://www.rnw.nl/health/html/brain.html.

1.1.2 Genetics and risk factors for AD
Alzheimer’s disease is a genetically complex and heterogeneous disorder. Causal
mutations leading to predominantly early onset of familial AD (FAD) have been
characterized in three genes: APP on chromosome 21 (APP), presenilin 1 on
chromosome 14 (PS1, gene PSEN1) and presenilin 2 on chromosome 1 (PS2, gene
PSEN2). These mutations are inherited in an autosomal dominant manner with
nearly 100 % penetrance (Selkoe, 2001). However, mutations in these genes
account for less than 5% of the total number of AD cases. The remaining 95% of AD
patients are mostly sporadic late-onset cases (SAD) with no recognizable pattern of
classical Mendelian inheritance. Although there is a strong body of evidence for
alpha-2 macroglobulin (α-2M, gene A2M) and the low-density lipoprotein receptor
related protein (LRP, gene LRP), none of the more than three dozen putative AD loci
proposed to date have been consistently replicated (Bertram and Tanzi, 2004a;
Bertram and Tanzi, 2004b). The ε4 allele of the apolipoprotein E (ApoE, gene APOE)
is the only genetic risk factor that has been established and verified in multiple
genetic analyses of different human populations (Rocchi et al., 2003; Tanzi and
Bertram, 2001). ApoE exists in the isoforms ApoE ε2, ε3 and ε4 and has been
suggested not only to reduce Aβ formation, but also modulate its aggregation and
influence Aβ clearance in a LRP-dependent fashion (Irizarry et al., 2004; Kang et al.,
2000).
Epidemiological, family and twin studies suggest that additional susceptibility genes
exist.
In conclusion, the most important risk factor is age itself: 11 % of the population over
65 years and 30 % of the population over 90 years of age are estimated to be
afflicted with AD (Hof et al., 1995).
Interestingly, in Down syndrome (trisomy 21), the triplication leads to overexpression
of chromosome 21 resident genes, including the APP gene. This results in the
development of neuropathological changes similar to AD at the age of 40 years. At
an age as early as 20 - 30 years they develop amyloid plaques and later in life also
neurofibrillary tangles (Mann et al., 1986).
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1.1.3 The amyloid cascade hypothesis
Aβ plaques and NFTs are the defining neuropathological hallmarks of AD, but their
pathophysiological relation is still not fully elucidated.
Several mechanisms for Aβ-induced neurotoxicity have been proposed, including
oxidative stress, free radical formation, disrupted calcium homeostasis, induction of
apoptosis, neuritic damage, chronic inflammation and formation of amyloid pores
(Lashuel et al., 2002; Pratico, 2002; Selkoe, 1999).
Based on genetic findings in FAD and observations in Down's syndrome, the
"amyloid cascade hypothesis" has been postulated which claims that a dysregulation
in APP processing, resulting in increased production of Aβ or failure to clear the
peptide leads to AD primarily through amyloid deposition. The aggregated Aβ in turn
is then supposed to induce all subsequent pathology, including tau
hyperphosphorylation, tangle formation, neuronal cell death and memory impairment
(Hardy and Higgins, 1992; Selkoe, 1991).
The hypothesis was strongly challenged because several findings suggested that Aβ
was not the sole cause for AD, since tau-containing neurofibrillary tangles were
involved in several other neurodegenerative diseases in absence of Aβ deposits.
Furthermore, the degree of dementia does not correlate with the number of Aβ
plaques (Terry, 1996) and neurofibrillary tangle formation seems to predate plaque
formation (Braak et al., 1996). In addition, transgenic mice over-expressing APP
develop little if any neurodegeneration, even with extensive amyloid deposition
(Hsiao et al., 1996).
Nevertheless, a large body of genetic and cell biological evidence from recent studies
strongly argues for pathogenic and inductional activities of Aβ in the formation of
neurofibrillary tangles (Ferrari et al., 2003; Gotz et al., 2001; Lewis et al., 2001; Oddo
et al., 2003). It has been shown in triple transgenic mice (APPswe, presenilin1
(PS1M146V), and tauP301L), that anti Aβ antibodies administered to the
hippocampus reduce not only extracellular and intracellular Aβ accumulations but
also lead to a clearance of an early tau pathology (Oddo et al., 2004). In addition, the
amyloid cascade hypothesis has gained strength through the observation that ADcausing mutations identified in APP and the presenilin genes alter APP metabolism
causing increased production of Aβ42. Furthermore, stereotactic injection of Aβ42
fibrils into the brain of a tau transgenic mouse line caused fivefold increase in the
number of NFTs in cell bodies within the amygdala (Gotz et al., 2001). In related
experiments, it was shown that the same tau filament formation in cells expressing
mutant tau can be induced by a treatment with pre-aggregated Aβ (Ferrari et al.,
2003).
Recently, initial clinical evidence in support of a pathogenic role of Aβ in humans was
provided by the observation that antibodies generated against Aβ in response to
vaccination slowed the rate of cognitive decline in patients with AD (Hock et al., 2002;
Hock et al., 2003).
As Aβ is cleaved from a larger precursor protein and is a key player in the ADcascade, it is crucial to know more about APP, its physiological functions, and to look
closer at its derivatives.
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1.2 The Amyloid Precursor Protein Family
When the first full-length cDNA encoding the β-amyloid peptide was cloned and
sequenced it was found to encode a protein much larger than the 4 kDa Aβ-peptide
(Kang et al., 1987). Hence, the Aβ-peptide is derived by proteolysis of this larger
protein, termed the β-amyloid precursor protein (APP).
APP is a single type I transmembrane protein with a 590-680 amino acid (aa) long
extracellular amino terminal domain and an approximately 55 aa long cytoplasmic
tail. The APP gene is comprised of 18 exons spanning a genomic region of about
400 kb (Lamb et al., 1993; Robakis et al., 1987).
APP is conserved across vertebrates and invertebrates, it is part of a multi-gene
super family from which sixteen amyloid precursor–like proteins (APLP) and APP
species homologs have been isolated and characterized (Coulson et al., 2000).
In humans, in addition to APP, two APLP genes (APLP1 and APLP2) have been
identified (Sprecher et al., 1993; Wasco et al., 1992; Wasco et al., 1993). All three
mammalian proteins display substantial homology at the primary amino acid level,
especially within a part of the ectodomain encoded by exons 1 and 2 and their
intracellular domains. Both APLP proteins lack the Aβ domain (Coulson et al., 2000).
APLP2 (Chr 11q23) is ubiquitously expressed similar to APP, whereas APLP1 (Chr
19q13) is found exclusively in neurons (Lorent et al., 1995).

1.3 Maturation and proteolytic processing of APP
APP is trafficked through the constitutive secretory pathway where it undergoes
posttranslational processing including a variety of proteolytic cleavage events. The
signal peptide is cleaved after co-translational translocation to the membrane of the
endoplasmic reticulum (ER). Classical N- and O-glycosylation, tyrosine sulphurylation
and phosphorylation occur during transit through the ER and the Golgi apparatus
(Hung and Selkoe, 1994; Suzuki et al., 1994b; Weidemann et al., 1989).
Both during and after its transport through the secretory pathway to the cell surface, a
subset of APP molecules undergoes specific endoproteolytic cleavage by the
secretases termed α-, β- and γ-secretases. The degradation of APP can occur by two
different pathways: Either the non-amyloidogenic α-secretase pathway or the
amyloidogenic β-secretase pathway (Hardy, 1997). The first cleavage of APP by
either α- or β-secretase is a prerequisite for the γ-secretase cut, occurring after either
proteolytic processing (Figure 2).
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Figure 2: Proteolytic processing of APP by secretases. A: The cleavage sites of the α-, β- and γsecretases are indicated by arrowheads. APP can be cleaved by the α-secretase (α-sec) in the Aβ
domain (in blue and red) to generate soluble sAPPα and a membrane bound α-stub. Alternatively,
APP can be cleaved by β-secretase (β-sec) producing sAPPβ and a β-stub bearing the total Aβ
domain. Both, α-stub and β-stub are substrates for an intramembrane cleavage by γ-secretase (γ-sec),
resulting in the generation of Aβ (blue-red), p3 (red) and the AICD fragment. The ε-cut with a γ-like
secretase activity releases the AICD fragment into the cytoplasm. B: The amino acid sequence within
and flanking the transmembrane domain of APP is shown together with the secretase cleavage sites.
(Modified after Walter and co-workers, (Walter et al., 2001)).

Under normal condition, the α-secretase pathway is predominant. It cleaves APP
between aa 16 and 17 of the Aβ region (Lys687 Leu688 of full length APP), and
therefore precludes Aβ production (Esch et al., 1990). This cleavage creates a large,
soluble ectodomain fragment (sAPPα) that is subsequently released into vesicle
lumens and eventually secreted, and a membrane-retained 83 aa long C-terminal
fragment (CTF) (α-stub, CTFα). The α-stub undergoes subsequent cleavage by γsecretase to generate p3 and the APP C-terminal fragments (Selkoe, 2001).
A smaller proportion of APP is processed by the amyloidogenic pathway, which takes
place intracellularly in the secretory pathway or following internalization of cell
surface bound APP into the endosomal-lysosomal compartment. Cleavage by βsecretase occurs between residues Met671 and Asp672. Thereby a slightly truncated
form of soluble APP (sAPPβ) is released from the cell surface (Schubert et al., 1989),
leaving a 99 amino acid CTF (i.e. β-stub, CTFβ) inserted into the membrane. The βstub is subsequently cleaved by the γ-secretase at either residue 711 or 713 to
create Aβ and the C-terminal fragments. The γ-secretase generates Aβ mainly (but
not exclusively) in the ER. It requires APP endocytosis from the cell surface in
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clathrin coated vesicles (Marquez-Sterling et al., 1997). The precise cleavage of the
γ-secretase determines whether Aβ40 or Aβ42 is generated (Hardy, 1997; Selkoe,
1999).
APP carrying the so-called Swedish double missense mutation (APPswe, K595M596 to
N595L596.) or the London mutation (Val717Ile) located close to the β- and γ-secretase
sites, respectively, cause enhanced production of Aβ (Cai et al., 2001; Citron et al.,
1994; Goate et al., 1991; Mullan et al., 1992; Suzuki et al., 1994a), specifically the
highly pathogenic Aβ42 (Selkoe, 1998; Steiner et al., 1999).
In addition to the well recognized and intensely studied α-, β- and γ-secretase,
proteolytic processing at ε- and δ-sites has recently been described.
The ε-site cleaving entity is presenilin dependent and γ-like secretase and cleaves
distal from the γ-secretase site in the APP transmembrane domain to generate Cterminal fragments comprised of 49 to 51 amino acids (Weidemann et al., 2002) (see
Chapter 1.3.3).
Finally, δ-cleavage occurs at Thr584 of APP695, 12 residues 5’ of the β-site. It has so
far only been observed in hippocampal neurons (Simons et al., 1996).
Processing of APLP1 and APLP2 is highly similar to APP, involving the same
secretase cleavages at the α-, β-, γ- and ε-sites. In contrast to the other gene family
members, APLP1 processing can be controlled by N-glycosylation (Eggert et al.,
2004).

1.3.1 The α-secretase
The α-secretase processing of APP is similar to that of other integral membrane
proteins, including the growth factors TGF-α and TNF-α (Werb and Yan, 1998). The
processing consists of a constitutive and a regulated component that can be
activated by protein kinase C (PKC), acetylcholinesterase (Buxbaum et al., 1993;
Nitsch et al., 1992) and additional second messengers (Mills and Reiner, 1999). The
proteases responsible for cleaving APP at the α-site are membrane-bound members
of the ADAM family (a disintegrin and metalloproteinase). ADAM proteins belong to a
widely expressed gene family with multiple functions in cell-cell and cell-matrix
interaction (Wolfsberg et al., 1995). They share a common modular structure with
functional domains which potentially mediate proteolytic processing, adhesion,
membrane fusion and signaling (Kawasumi et al., 2002). The first member identified
was TACE (tumor necrosis factor-α converting enzyme or ADAM17) which plays a
role in the regulatory component of α-secretase processing. Fibroblasts derived from
TACE knockout mice showed deficits in APP processing but only in PKC stimulated
secretion (Buxbaum et al., 1998). The second member of the ADAM family identified
is ADAM10, which is not only cleaving APP following co-transfection, but which also
specifically proteolyses synthetic substrates with an α-secretase site. Transfection of
ADAM10 results in increased both constitutive and regulated secretion of sAPPα .
Furthermore, a dominant negative mutant form of ADAM10 significantly decreased αsecretase activity (Lammich et al., 1999). Additionally, it was shown in APP
transgenic mice that an overexpression of ADAM10 increased α-secretase
processing, thereby reduced formation of Aβ-peptides and prevented their deposition
in plaques. In contrast, mutant catalytically inactive ADAM10 led to an enhancement
of the number and size of amyloid plaques in the brains of these mice (Postina et al.,
2004).
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The presence of ADAM10 at the cell surface, in the Golgi apparatus and in surfacedestined transport vesicles is in accordance with a role for α-secretase processing of
APP in these subcellular compartments (Nunan and Small, 2000).
The substrate requirements for the α-secretase are unusual, as this enzyme does not
have a strict amino acid sequence requirement for recognition of the cleavage site: It
only requires a α-helical domain proximal to the cleavage site. Instead, α-secretase
cleaves its substrates at a well-defined 16 residues distance from the plasma
membrane (Sahasrabudhe et al., 1993, Fahrenholz, 2000 #390).

1.3.2 The β-secretase
The β-secretase cleaves APP at the N-terminus of the Aβ peptide sequence and is
the first prerequisite for generation of Aβ peptides. Several approaches led to the
identification of the β-secretase candidate BACE (beta-site APP-cleaving enzyme)
(Hussain et al., 1999; Lin et al., 2000; Sinha et al., 1999; Vassar et al., 1999; Yan et
al., 1999). BACE1 mRNA is found at very high levels in pancreas, at moderate levels
in brain, and at low levels in most peripheral tissues, whereas high β-secretase
activity is only detectable in brain (Sinha et al., 1999; Vassar et al., 1999; Yan et al.,
2001). BACE1 and its homologue BACE2 are type I integral membrane glycoproteins
with a putative predomain which contain DT/SGT/S motifs in their extracellular
domains. These motifs are a classical signature of the catalytic domain of aspartyl
proteases (Hussain et al., 1999; Lin et al., 2000; Sinha et al., 1999; Vassar et al.,
1999; Yan et al., 1999).
The purified BACE1 ectodomain, containing the catalytic domain, cleaves synthetic
peptides that mimic the β-secretase clipping site in APP (De Strooper and Annaert,
2000). Strong evidence that BACE1 is the major β-secretase in brain came from
experiments with knockout mice, as secretion of Aβ peptides is abolished in cultures
of BACE1-deficient embryonic cortical neurons (Luo et al., 2001).
BACE is primarily localized within the Golgi and endosomal compartments where the
acidic pH is optimal for secretase activities (Vassar et al., 1999). This led to the
conclusion that Aβ is mainly generated in the endosomes following APP endocytosis
from the cell surface (Perez et al., 1996). APP with the Swedish double mutation
enhances β-secretase processing by displaying a higher affinity for BACE (Cai et al.,
2001). Aβ generation is independent of the endocytosis signal and the kinetics of
production parallel those of sAPPα generation (Perez et al., 1996). The β-secretase
must therefore be present in the same compartment as the α-secretase. In
competition for the APP substrate, α-secretase must have a higher affinity for wildtype APP, whereas β-secretase must have a higher affinity for the Swedish-type APP
(Haass et al., 1995).
BACE1 and 2, like other aspartatic proteases (i.e pepsin), are synthesized as inactive
pro-enzymes, but unlike them they have a C-terminal transmembrane domain and a
signal peptide for endomembrane localization. The transmembrane domain seems to
determine the late Golgi localization of BACE and thereby access to its substrate
APP (Yan et al., 2001). In the secretory pathway, BACE maturation involves not only
cleavage of the signal peptide but also cleavage of the pro-domain before trafficking
through the Golgi (Capell et al., 2000).
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1.3.3 The γ-secretase protein complex and the ε-cut
The γ-secretase cleavage is an unusual form of processing because it hydrolyses
peptide-bonds within hydrophobic transmembrane domains, and also because
ectodomain shedding is a prerequisite for its action (chapter 1.4.2). Additionally the
circumstance that it is important for AD pathogenesis but also involved in several
highly conserved physiological signal transduction pathways (Struhl and Adachi,
2000) makes it a highly interesting secretase.
Presenilin1 and 2 (PS1, PS2) are ubiquitously expressed membrane proteins with
similar size and intracellular localization to membranes of the ER, the intermediate
compartment and the cis-Golgi apparatus (Annaert et al., 1999), although small
amounts may be associated with the cell membrane (Ray et al., 1999). PS is an
unusual aspartyl protease containing two conserved aspartate residues within the
active domain (transmembrane domains 6 and 7). Autocatalytic cleavage of the
presenilin zymogene results in its activation by forming a heterodimer consisting of
the N- and C-terminal PS fragment (Levitan et al., 2001; Thinakaran et al., 1996).
The role of PS1 and PS2 harboring the catalytic activity in γ-secretase processing of
APP was supported by the observation that the protease activity responsible for γsecretase activity depends on two aspartate residues present within the PS
transmembrane domains (Wolfe et al., 1999a; Wolfe et al., 1999b; Xia and Wolfe,
2003) and activity can be abolished by mutagenizing either one of the asparte
residues (Kimberly et al., 2000; Steiner et al., 1999). Various models confirmed their
active role: Neurons which are cultured from PS1-/- embryos and engineered to
overexpress APP show a greatly reduced Aβ secretion and an accumulation of αand β-stubs. PS1-/-and PS2 -/- double knockout stem-cells overexpressing APP fail to
secrete Aβ (De Strooper et al., 1998). Moreover, photoactivated transition state
analogue inhibitors that limit γ-secretase activity were shown to bind directly to PS1
(Esler et al., 2000; Li et al., 2000). Finally, mutations in the presenilin genes are an
important cause of familial AD affecting γ-secretase processing of APP.
The γ-secretase is a multiple protein complex which can be purified from post mortem
human brain (Farmery et al., 2003) and was reconstituted in yeast (Edbauer et al.,
2003). It consists of PS1, Nicastrin, Aph-1 and Phen-2 in stoichimetric concentrations
(De Strooper, 2003; Edbauer et al., 2003; Kimberly et al., 2003) and PS1 being the
catalytic subunit.
In the last years, the ε-cut generating the active APP C-terminal intracellular domain
came into focus. The ε-site cleaving entity cleaves 2 - 5 residues inside the
cytoplasmic membrane boundary to generate the C-terminal fragments comprised of
49 - 51 aa. The cleavage between Leu49 and Val50 (relative to Aβ sequence residues
49 to 52) is homologous to the Notch S3 cleavage (Gu et al., 2001; Sastre et al.,
2001; Weidemann et al., 2002; Yu et al., 2001). Like γ-secretase and Notch S3
cleavage, APP ε-cleavage is dependent on PS1 as demonstrated by experiments in
the presence of functionally inactive PS1 mutants. Additionally, PS1 mutations affect
ε-cleavage which is also sensitive to γ-secretase inhibitors (Chen et al., 2002;
Weidemann et al., 2002). The ε-cleavage occurs late in the secretory pathway and is
thought to precede the γ-secretase cut. The fact that the C57 and C59 fragments
(harboring the fragment between the ε-cut and γ-cut) have never been discovered
emphases this theory (Gu et al., 2001; Sastre et al., 2001; Weidemann et al., 2002).
In addition, studies on truncated carboxy-terminal fragments (β-stubs and different
fragments between the β-cleavage site and the ε-cut) have been shown to determine
the preference of the final Aβ species formed (Funamoto et al., 2004). Cell-culture
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experiments also underlined these data by being able to isolate the APP fragments
between α-secretase site and the ε-cut. They also indicate that ε-cut exists at normal
conditions (Kametani, 2004).
This C-terminal fragment generated by the ε-cut was named AICD (APP intracellular
domain) and is the focus of my studies. Even though it would be more precise to
name AICD “derived from APP by ε-cut”, I will refer to it as “derived from APP by γsecretase activity“, because the entity cleaving at the ε-site is at least γ–secretaselike, presenilin-dependent and blockable by γ-secretase inhibitors.
Beyond the role in AD numerous other functions have been ascribed to presenilins
and the γ-secretase complex based on subcellular localization, protein interaction,
loss of function studies, and intramembrane γ-secretase cleavage of a growing
number of substrates (Thinakaran and Parent, 2004). One of the emerging concepts
is that of regulated intramembrane proteolysis exerted by γ-secretase (see Chapter
1.6).

1.4 Cell biology and functional classification of APP
APP mRNA undergoes alternative splicing of exons 7, 8 and 15 to yield eight
possible isoforms which all have been detected in tissues by RT-PCR. In humans,
the three APP isoforms with 695, 751 and 770 aa are predominantly expressed with
highest levels in brain. In addition to neurons, astrocytes and microglia, as well as
peripheral cells, such as endothelial cells and smooth muscle cells, express high
levels of APP.
APP695, the shortest of the three isoforms, is produced mainly in neurons. APP751,
which contains the Kunitz protease inhibitor domain (KPI) encoded by exon 7, and
APP770 containing both the KPI and an MRC-OX2 antigen domain (encoded by exon
8) are found mostly in non-neuronal glial cells (Golde et al., 1990; Haass et al., 1991;
Kitaguchi et al., 1988; Tanaka et al., 1988). Differential expression of isoforms
containing protease inhibitors and of APP695 may play an active role in the pathology
of AD (Preece et al., 2004). For both APLP transcripts alternative splicing and
posttranslational modifications as for APP have also been described (Lyckman et al.,
1998).
The physiological function of APP is still unclear, but analysis of the different domain
motifs, the binding sites for adaptor proteins and subcellular localization of APP may
give some hints about its potential roles. In addition to that, vital informations about
APP have been gained by studies on knockout mice.
Studies of APP and APLP knockout mice suggest a high degree of functional
redundancy within the APP protein family. Single ablation of APP, APLP1 or APLP2
each cause minor abnormalities that are distinct for the different family members.
APP-/- APLP2-/- or APLP1-/- APLP2-/- mice die soon after birth. Thus, gene disruption
studies indicate redundancy of APP and APLP1. They also demonstrate a key
physiological role for APLP2 while pointing at slightly different roles for APP and
APLP1 (Dawson et al., 1999; Heber et al., 2000; von Koch et al., 1997). In a recent
paper by Herms and co-workers the generation and analysis of triple knockout mice
(APP-/- APLP1-/- APLP2-/-) leading to postnatal death was reported. These mice
displayed cortical dysplasias characterized by focal ectopic neuroblasts that had
migrated through the basal lamina and pial membrane, a phenotype that resembles
human type II lissencephaly. Also partial loss in cortical Cajal Retius cells was
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shown, suggesting that APP and APLPs play a crucial role in survival of these cells
and neuronal adhesion. Collectively, the triple knockout revealed an essential role for
APP family members in normal brain development and early postnatal survival
(Herms et al., 2004). Intriguingly, mice lacking presenilin1 (PS1), an essential
component of the γ-secretase, also exhibit leptomeningeal neuronal ectopia and a
comparable loss of Cajal Retius cells (Hartmann et al., 1999).
A possible explanation for the overlap in phenotypes observed for PS1-/- mice and
APP-/- APLP1-/- APLP2-/- triple knockout mice is that generation of intracellular
APP/APLP fragments (AICD, APLICDs) by γ-secretase does not occur in mice with
deficiencies of either PS1 or APP/APLP (Cao and Sudhof, 2001). The intracellular
domains generated by APP and APLPs subjected to γ-secretase cleavage have been
shown to translocate to the nucleus where they activate transcription (Cao and
Sudhof, 2001; Cao and Sudhof, 2004; Gu et al., 2001; Sato et al., 2003; Walsh et al.,
2003). It is tempting to speculate that AICD and/or APLICDs could serve as effector
molecules involved in normal neuronal positioning in wild-type animals.
In spite of large research efforts, the physiologic function of APP is still unknown.
However, there is increasing evidence for possible functions based on the
identification of extracellular and intracellular ligands (Figure3).
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Figure 3: The Amyloid Precursor Protein. Schematic diagram of the longest APP splice form
(APP770) illustrating binding sites and functional domains. Exons 7 and 8, encode Kunitz protease
Inhibitor domain (KPI) and the MRC-OX2 antigen (OX-2) sequence respectively. They are alternatively
spliced to generate different APP isoforms. The signal peptide (SP) is cleaved after cotranslational
translocation to the ER membrane. APP has several specialized binding domains to interact with
components of the extracellular matrix, including heparin (Hep) and collagen (Col), as well as the
metals copper (Cu) and zinc (Zn) and a region promoting growth (RERMS sequence). The β-amyloid
peptide (Aβ) sequence partially resides in the transmembrane (TM) region. The cytoplasmic domain
contains the NPXY motif for re-internalisation and binding to other adaptor proteins and the G0 site for
interaction with the GTP binding protein. (Modified after Lovestone, (Lovestone and McLoughlin,
2002)).

In the extracellular portion, the conserved cystein-rich domain with heparin (Hep) and
collagen (Col) binding properties, zinc and copper binding domains (Zn/Cu) within an
acidic region, and a carbohydrate domain are formed (Coulson et al., 2000).
Biochemical analysis has shown in concordance with these extracellular domains
that APP exhibits properties of a cell adhesion protein, since it strongly associated
with extracellular matrix components by binding to laminin, heparin, collagen and
chondroitin-sulphate-plycosaminoglycan (Multhaup, 1994; Multhaup et al., 1994)
(Pangalos et al., 1995; Rossjohn et al., 1999). Moreover, APP is capable of reducing
bound Cu2+ (Simons et al., 2002)
The KPI domain was shown to play a role in blood coagulation in vitro by regulating
protease activity in an inhibitory way to Factor XI (Smith et al., 1990). This function
may be affected by the OX-2 domain (Coulson et al., 2000).
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The extracellular RERMS sequence has a growth promoting function, mainly exerted
by the secreted APP extracellular domain (Jin et al., 1994).
In addition to these functions, membrane bound APP has been shown to be a cell
surface receptor involved in axon formation and synaptogenesis (Ge and Lahiri,
2002; Kang et al., 1987; Salbaum and Ruddle, 1994; Selkoe, 2001). Depending upon
neuronal activity, APP promotes neurite outgrowth, neuronal survival and synaptic
plasticity (Araki et al., 1991; Chapman et al., 1999; Moya et al., 1994; Qiu et al.,
1995; Simons et al., 1995).
Aβ has been shown to increase the vulnerability of neurons to apoptosis by downregulating Bcl-2 and up-regulating Bax expression (Paradis et al., 1996). Aβ may
also, at very low concentrations, act as neurotropic factor, modulate synaptic
strength, stimulate expression of APP and assist in delivery of full length APP to the
axon (Kamenetz et al., 2003; Tienari et al., 1996).
For APLP2, a possible function in neuronal migration and differentiation of sensory
neurons in the adult nervous system has been proposed together with an increased
expression during wound healing and migration in cornea epitel cells (Guo et al.,
1998; Thinakaran et al., 1995). The expression pattern during embryogenesis and
subcellular localization at postsynaptic densities further strengthens a possible role of
APLP1 during synaptogenesis (Kim et al., 1995).
Another set of experimental evidence, concerning the function of the APP family, is
based on studies on proteins interacting with the highly conserved intracellular
domain. The adaptor protein PAT1 binds to the basolateral sorting signal of APP, and
has been reported to influence APP processing (Zheng et al., 1998). Interaction of
APP with G0 proteins implies a receptor function for APP (Giambarella et al., 1997;
Nishimoto et al., 1993). Caveolin-3 may bind APP to promote its β-cleavage
(Nishiyama et al., 1999).
Moreover, all APP family proteins share a common NPTY-motif, which serves a
double function. On the one hand, it is important for clathrin-mediated endocytosis
from the cell surface (Koo and Squazzo, 1994; Perez et al., 1999) on the other hand
it also represents the binding site for proteins containing a phosphotyrosine-binding
(PTB) domain. Upon binding of different proteins at this site various tasks may be
exerted (Borg et al., 1996; De Strooper and Annaert, 2000) (See chapter 1.5).

1.5 Multiple functions mediated by different AICD-binding proteins
Liberation of the APP C-terminal fragment into the cytoplasm following γ-secretase
proteolysis at the ε-site gives rise to the highly labile APP intracellular domain (AICD),
which was described long after the initial identification of APP (Passer et al., 2000).
Probably this was because of its rapid degradation after release from the membrane
into the cytoplasm (Cupers et al., 2001), in part by the insulin degrading enzyme
(Edbauer et al., 2002; Farris et al., 2003) and by the proteasome (Nunan et al.,
2001). In cytotoxic environment, AICD is further degraded by caspases to yield a
neurotoxic C31 fragment (Lu et al., 2000). Analogous to a signaling role of Notch, a
role for AICD in regulating phosphoinositide mediated calcium signaling under
physiologic conditions was described by Leissring and co-workers, (Leissring et al.,
2002). Otherwise, little is known about the physiologic function of AICD.
Most of the AICD interaction partners are adaptor proteins with PTB domains that
bind to the absolutely conserved YENPTY-motif in the APP C-terminus (Figure 4).
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Adaptor proteins that bind APP in a phosphotyrosine independent manner include
mammalian disabled 1 (mDab1), which plays a role in neuronal development (Howell
et al., 1999). The Src homology 2 domain of Abl (Zambrano et al., 2001) and the PTB
domain of Shc may interact with APP when the Tyrosine in the YENPTY-motif is
phosphorylated, suggesting a role for APP in the tyrosine kinase mediated signal
transduction (Tarr et al., 2002). Kinesin-1 may not only indirectly bind to APP through
Jip1b interaction but also binds directly to the YENPTY-motif (Kamal et al., 2000).
Not much is known about the APP binding protein 1 (APP-BP1) that binds to the
carboxy-terminal 31 aa, including the YENPTY-motif of APP (Chen et al., 2000),
except that it may induce neuronal apoptosis via the down-regulation of β-catenin
(Chen, 2004).
As I focused my Ph.D. work on the PTB domain containing AICD adaptor proteins
Fe65, c-Jun N-terminal kinase (JNK) interacting protein (Jip) and X11, they are
described in more detail in the following paragraphs.
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Figure 4: Binding partners of the AICD und resulting putative functions and interactions. Known
interaction partners of APP at its intracellular site are shown. Most of the adaptor proteins bind to the
highly conserved YENPTY-motif, promoting different functions, including regulation of transcription in
dependence of Fe65 and Jip1b.

1.5.1 Interaction of the Fe65 family with APP and downstream signaling
The Fe65 family consists of Fe65, and Fe65-like 1 and Fe65-like 2 proteins (Bressler
et al., 1996; Guenette et al., 1996; Tanahashi and Tabira, 1999; Zambrano et al.,
1997). Fe65 is expressed at high levels in neurons, whereas Fe65-like1 is
ubiquitously expressed and Fe65-like2 mRNA significantly accumulates in brain and
testis in rat (Duilio et al., 1991).
Fe65 family members possess three protein interaction domains: A WW domain and
two PTB domains with distinct binding specificities. Interaction of the Fe65 family
members with the APP family occur via the PTB2 domain. Fe65 co-localizes with
APP in ER, Golgi and endosomes. This co-localization is in concordance with its role
in H4 and Madin Darby canine kidney (MDCK) cells in increasing sAPPα and Aβ
secretion and increased translocation of APP to the cell surface, (Guenette et al.,
1999; Sabo et al., 1999). However, this may be cell-type-dependent, because in
Hek293 cells Fe65 stabilizes immature APP and inhibits sAPP and Aβ secretion
(Ando et al., 2001).
For the two other interactions domains of Fe65, WW and PTB1, binding partners
have been revealed, linking APP to different cellular processes. The Fe65 WW
domain binds Mena (mammalian enabled), which binds actin and thus links Fe65 and
APP to the cytoskeleton (Ermekova et al., 1997). Increased surface APP expression
may play a role in regulation of actin-based cell motility as observed in MDCK cells
co-expressing APP and Fe65 (Sabo et al., 2001). Additionally, Fe65 and APP colocalize at synaptic sites and in distal domains of neuronal growth cones, particularly
in actin-rich lamellopodia. These data are consistent with a role for the Fe65/APP
complex in regulation of actin-based membrane motility in neurons, being important
in highly dynamic processes such as neurite outgrowth and synapse modification
(Sabo et al., 2003).
C-Abl, which is mainly located to the nucleus, is another binding partner of the Fe65
WW binding domain. It has been shown to enhance the AICD/Fe65-mediated
increase in levels of the glycogen synthase kinase 3β (Gsk3β) (Kim et al., 2003).
The PTB1 domain of Fe65 binds the nuclear transcription factor complex
CP2/LSF/LBP-1c (Zambrano et al., 1998). Overexpression of Fe65 completely
abolishes the activation of the thymidylate synthase gene, driven by the
CP2/LSF/LBP-1c complex, resulting in an inhibition of cell cycle progression from G1
to S phase. Interestingly, this inhibitory effect can be abolished by simultaneous
overexpression of APP (Bruni et al., 2002).
Tip60 is another protein that can interact with Fe65 via the PTB1 domain. It is a
histone acetyl transferase involved in many transcriptional signaling events via
chromatin modification (Brady et al., 1999; Gaughan et al., 2001; Sterner and Berger,
2000). The ternary complex consisting of AICD/Fe65/Tip60 has been reported to
activate transcription of Ga4/LexA reporter constructs (Cao and Sudhof, 2001).
Fe65 also binds with its PTB1 domain the low density lipoprotein receptor related
protein (LRP) intracellular domain, mediating a functional link for the LRP dependent
increase of APP processing (Kinoshita et al., 2001; Pietrzik et al., 2004; Ulery et al.,
2000). Fe65 binding to APP and LRP, which in turn binds to ApoE may be critical for
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processing of APP, especially for production of the highly amyloidogenic Aβ42,
(Pietrzik et al., 2002), whereas Fe65 shows an intronic biallelic polymorphism
associated with sporadic AD (Hu et al., 1998).
Fe65 has been shown to be nuclearly and cytoplasmically distributed within cells, but
nuclear localization is prevented by anchoring to full length APP or APLPs (Minopoli
et al., 2001). Fe65 PTB2 interaction with AICD requires the GYENPTY-motif, but not
its phosphorylation (Borg et al., 1996), whereas phosphorylation of APP at Thr668
diminishes binding of Fe65. This suggests that adaptor protein interactions with APP
may be differently regulated by its phosphorylation/dephosphorylation reactions
(Ando et al., 2001).
Fe65 has been shown not only to stabilize the γ-secretase cleaved intracellular
domains of APP, APLP1 and APLP2 (Kimberly et al., 2001; Walsh et al., 2003) but
also to regulate nuclear translocation of the intracellular C-terminal domain of the
APP family proteins (Kinoshita et al., 2002a). Nuclear relocalization of AICD in a
Notch-like manner is in agreement with the evolving nuclear signaling concept
dependent regulated intramembrane proteolysis by presenilin (see Chapter 1.6). In
support of this concept, Cao and Südhof showed that AICD complexed with Fe65
and Tip60, a histone-acetyl-transferase, potently regulates expression of artificial
Gal4 expression constructs in transfected cells (Cao and Sudhof, 2001; Kimberly et
al., 2001). With a similar Gal4 reporter system, it was revealed that APLICDs, like
AICD regulate transcription of the reporter construct in a Fe65 dependent manner
(Scheinfeld et al., 2002a). Recently, experiments on APP-/-, APLP1-/- and APLP2-/mice and Presenilin-/- mice further substantiated such a role (Herms et al., 2004).
Fe65 dependent gene transactivation activity of AICD was suppressed by
Coordinated expression of APP and Alcadein/Calsynthenin, another protein binding
with its intracellular domain to Fe65, suppresses Fe65 dependent gene
transactivation activity of AICD, probably since both intracellular domains compete for
Fe65 binding (Araki et al., 2004).

1.5.2 Interaction of APP with the X11 family and downstream signaling
The X11 or mint family of adaptor proteins contains the PTB and protein dimerization
domain (PDZ). The X11 family members α, β and γ contain highly conserved Ctermini harboring a PTB domain and two PDZ domains. X11α and β are expressed
only in brain, whereas X11 γ expression is ubiquitous (Borg et al., 1996; Okamoto
and Sudhof, 1997). X11α binds to the YENPTY-motif via its PTB domain with YENP
being crucial for high affinity and specificity binding of APP, APLP1 and APLP2 (Borg
et al., 1996; King et al., 2003).
The PDZ domains interact with several proteins, including presenilin1 (Lau et al.,
2000a), a presynaptic voltage gated calcium-channel (Maximov et al., 1999), and
potentially even codimerize via the PDZ domain (Walhout et al., 2000). Many binding
partners mediate synaptic functions, implying a scaffolding and adaptor role for
X11α. By X11α coexpression in non-neuronal cells cellular APP levels are increased
and the APP half-life is prolonged in vitro and in parallel secretion of Aβ and sap is
diminished (Borg et al., 1998).
In transgenic mice, X11β has been shown to reduce Aβ levels and amyloid plaque
formation (Lee et al., 2004). X11α impairs APP trafficking in both the secretory and
endocentric pathways and thus may inhibit Aβ secretion in either pathway (King et
al., 2003). X11α binds to munc18a, and when both proteins are co-expressed this
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further inhibits APP catabolism (Ho et al., 2002). The Alcadeins/Calsynthenins in the
complex of X11β-Alcadein/Calsynthenin-CTFβ enhance the X11 stabilization of APP
by inhibiting the interaction of CTFβ and presenilin1 for γ–secretase cleavage (Araki
et al., 2003). X11α strongly inhibits transactivation of APP in a Gal4 DNA binding
assay, which can not be only explained by the interaction with presenilins, but occurs
at least partly after cleavage of APP (Biederer et al., 2002).

1.5.3 Interaction of Jip with APP and downstream signaling
The c-Jun N-terminal kinase (JNK) interacting proteins 1a (Jip1a), Jib1b and Jip2 are
members of the Jip family. Except for Jip1a, which is not found in humans, they
contain PTB domains and also interact with the YENPTY-motif of APP and scaffold it
to JNK (Matsuda et al., 2001; Scheinfeld et al., 2002b). Jip2 binds weakly to APP and
does not affect its processing. Jip1b interaction with APP enhances JNK mediated
Thr668 phosphorylation indicating that Jip1b may function as a scaffold between APP
and JNK. Further it has been shown to compete with Fe65 for APP binding (Inomata
et al., 2003; Taru et al., 2002a).
Jip1b is a cytoplasmic protein which is widely expressed in many tissues (Yasuda et
al., 1999). Jip1b may also link APP and Kinesin light chain-1 (Inomata et al., 2003;
Matsuda et al., 2001). The Kinesin/Jip1b/APP complex may mediate fast axonal
transport of vesicles containing APP, Presenilin and BACE (Kamal et al., 2001).
Similar to X11α and X11β, Jip1b interaction with APP stabilizes immature APP and
inhibits sAPP and Aβ secretion in vitro (Taru et al., 2002b).
AICD was reported to activate reporter gene expression together with Jip1b
independent of Tip60, in contrast to Fe65, and Jip1b alone does not enter the
nucleus. In addition, it was shown, that APLP1 and APLP2 show no or only little
activation in combination with Jip1b (Scheinfeld et al., 2003).
In summary, the binding of different proteins to the YENPTY-motif of APP suggests a
potential competition for binding, as shown for Fe65 and X11β (Lau et al., 2000b),
and thus the availability of the different adaptor proteins may critically influence APP
processing or signaling.
In the case of Fe65, Jip1b and X11 it is of great interest to know if competition
regulates a putative nuclear signaling function of AICD. In particular, not only do the
Alcadein/Calsynthenin intracellular domains compete with APP for access to Fe65,
possibly regulating Fe65 dependent gene transcription; the intracellular domain of the
LRP also has been shown to dramatically inhibit AICD/Fe65 transactivation mediated
by Tip60 (Kinoshita et al., 2003).
In addition, transcriptional activity of AICD in transient transfection assays of AICD
fused to the Gal4 DNA binding domain probably occurs in the cytoplasm. Therefore it
is essential to show that AICD actually is capable of entering the nucleus.
Furthermore, the role of the proteins Fe65, X11α and Jip1b in subcellular distribution,
transport to the nucleus and transcriptional activation of AICD should be analyzed.
The presenilin dependent regulated intramembrane proteolysis, an emerging concept
of nuclear signaling underlines the importance of these questions.
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1.6 Regulated intramembrane proteolysis and its implication for APP
Regulated intramembrane proteolysis (RIP) is a conserved and widespread signaling
mechanism of some receptors whereby a fragment cut from the receptor molecule
itself is the messenger (Brown et al., 2000).
The prerequisite for RIP is cleavage by the α-secretases ADAM10 or TACE outside
the membrane, often in response to ligand binding or alternatively shedding of
selected substrates by BACE including APP and APLPs. The conformational
changes upon ectodomain shedding trigger a second cleavage event which is
intramembraneously located and releases an active cytoplasmic fragment (Medina
and Dotti, 2003). It was shown in some cases that the cytoplasmic fragment is then
translocated to the nucleus activating gene expression (Table 1). Thus, RIP results in
a fast and direct activation of target genes bypassing adaptor proteins and kinase
cascades (Ebinu and Yankner, 2002). In eukaryotes, RIP can be divided into two
classes, based on the proteases that are involved and the orientation of the
substrates within the membrane. Class 1 RIP involves type I transmembrane proteins
and requires presenilin for cleavage within a membrane spanning domain. In Class 2
RIP, the highly hydrophobic metalloprotease, site-2 protease is required for
transmembrane cleavage and substrates are type II transmembrane proteins
(Rawson, 2002).
APP being a type I transmembrane protein, my focus will be on presenilin-dependent
intramembrane proteolysis (PS-RIP) and its substrates.
Notch signaling plays a fundamental role in developmental processes such as
neurogenesis, somite formation and angiogenesis (Artavanis-Tsakonas et al., 1999).
The key event in Notch signaling involves PS-RIP. Upon binding of its ligands
Delta/Serrate/Jagged, ectodomain shedding by TACE occurres; intramembrane
cleavage then generates a transcriptionally active fragment, the Notch intracellular
fragment (NICD) (Schroeter et al., 1998). NICD regulates transcription by interaction
with the CSL family of transcription factors (Mumm and Kopan, 2000; Selkoe and
Kopan, 2003).
A striking similarity between PS-mediated cleavage of APP and the proteolytic
cleavage of the transmembrane receptor Notch is evident, as in both cases
membrane tethered CTFs serve as substrates for the γ-secretase cleavage, and both
ectodomains are shed by TACE. The mode of transcriptional regulation is indirect in
either case, as neither APP nor Notch contain an intracellular DNA binding motif.
The γ-secretase responsible for Notch intramembrane cleavage and release of NICD
has been shown to be presenilin1, as in APP (De Strooper et al., 1999; Schroeter et
al., 2003).
An increasing number of additional substrates have been described, confirming that
APP and Notch are not the only selective substrates for PS1 mediated γ-secretase
cleavage. In addition to the homologs of APP (APLP1, APLP2), known γ-secretase
substrates include Notch1 homologs, the Notch ligands Delta and Jagged, and
additional type I membrane proteins such as LRP, ErbB-4, CD44, N- and E-cadherin
and others (see Table 1). (Georgakopoulos et al., 1999; Ikeuchi and Sisodia, 2003;
Lammich et al., 2002; LaVoie and Selkoe, 2003; Lee et al., 2002; Marambaud et al.,
2003; May et al., 2002; Murakami et al., 2003; Ni et al., 2001; Selkoe and Kopan,
2003).
As for APP and Notch1, γ-secretase cleavage of these additional substrates is
preceded by cleavage(s) within the extracellular domain. In several cases PS1/ γsecretase clipping releases an intracellular domain analogous to NICD that
translocates to the nucleus and regulates transcription (Table 1).
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Receptor/
Ligand
Notch

Putative Proteolysis function
Nuclear signaling in complex with transcription factors (i.e.
CSL, Hes-1) cell fate control in neurogenesis

APP

Nuclear signaling in complex with Fe65/Tip60 and
Jip1b/Tip60

APLP1/2
Alcadein/
Calsyntenins
CD44

Nuclear signaling in complex with Fe65
Inhibitory of AICD dependent gene transactivation

Delta 1

Nuclear signaling (via AP-1)

Erb4
Jagged 1

Nuclear signaling (negatively influencing cell growth)
Nuclear signaling (via AP-1)

LRP
N-Cadherin
Neuregulin-1
DCC
E-Cadherin

Nuclear signaling in complex with Tip60
Nuclear signaling (via CBP suppression)
Nuclear signaling (decreased neuronal cell death in vitro)
Nuclear signaling
Disassembly of adherence junctions, nuclear signaling
through liberation of α-/ β-catenins

Syndecan-3

Disassembly of synaptic receptor complexes and/or
nuclear signaling via interaction with CASK
Modulation of synaptic receptor function

GluR
subunit 3
Nectin-1
P75NTR

Nuclear signaling (via CBP activation)

Disassembly of adherence junctions
Disassembly of high affinity heteromeric neurotrophin
receptor complex

References
(selection)
(Geling et al., 2002;
Schroeter et al., 1998)
(Ohtsuka et al., 1999)
(Cao and Sudhof, 2001;
Kimberly et al., 2001)
(Scheinfeld et al., 2003)
(Scheinfeld et al., 2002a)
(Araki et al., 2004)
(Lammich et al., 2002)
(Okamoto et al., 2001)
(Bland et al., 2003)
(LaVoie
and
Selkoe,
2003)
(Ni et al., 2003)
(LaVoie
and
Selkoe,
2003)
(May et al., 2002)
(Marambaud et al., 2003)
(Bao et al., 2003)
(Taniguchi et al., 2003)
(Georgakopoulos et al.,
1999)
(Marambaud et al., 2002)
(Schulz et al., 2003)
(Meyer et al., 2003)
(Kim et al., 2002)
(Kanning et al., 2003)

Table 1: Reported substrates for presenilin dependent regulated intramembrane proteolysis.
Reported substrates for PS-RIP and the putative proteolysis function of their intracellular domain.

Although RIP is an emerging concept and plays a central role in Notch signaling, the
function of AICD in nuclear signaling and transcriptional regulation is less clear. In
contrast to the signaling fragment generated by Notch, which is a large protein
fragment that contains classic transcriptional activation motifs, AICD is quite small
and does not exhibit any clear nuclear localization or signaling motifs. Furthermore,
the regulation of Notch and APP cleavages are different. Notch undergoes
intramembrane cleavage in response to ligand binding and activation, whereas for
APP no ligand so far has been described and it appears to undergo intramembrane
cleavage constitutively or by intracellular signaling control (Khvotchev and Sudhof,
2004). Nevertheless, the complex processing of APP by discrete extracellular and
intramembrane cleavage events would be unexpected if the sole purpose were
protein turnover. To explore a biological function of AICD, Cao and Südhof have
used Gal4 and LexA DNA binding domains fused to AICD or APP. These constructs
did not stimulate transcription by themselves. However, coexpression with Fe65 and
the histone acetyl transferase Tip60, resulted in an increased transcription of an
exogenous reporter (Cao and Sudhof, 2001).
In brain, tetraspanin Kai1 has been identified as a target gene of the APP dependent
AICD/Fe65/Tip60 transcription complex. Upon overexpression of APP, Fe65 and
Tip60, the nuclear receptor corepressor (N-CoR) complex is replaced by the ternary
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complex, resulting in derepression of NF-κB regulated gene Kai1 (Baek et al., 2002).
In counter way, activation of the NF-κB pathway by Il-1β down-regulates
transcriptional activity of the AICD/Fe65/Tip60 complex (Zhao and Lee, 2003 164).
In conclusion, the proteolysis of APP might lead to in intracellular signaling events,
including transcriptional regulation, that are differently regulated by various AICDbinding proteins.
Given such a high number of γ-secretase substrates, one might assume that the
pathophysiological processing of the various γ-substrates may contribute to the
pathogenesis of AD with mutations in the PS genes. These do not only affect levels
of Aβ42 but also downstream signaling mediated by AICD (Sato et al., 2003). Several
FAD-associated mutations have been shown to impair Notch signaling and inhibiting
N-Cadherin cleavage, which both play critical roles in neuronal development, survival
and regulation of synaptic function, and in turn may contribute to the pathophysiology
of AD (Landman and Kim, 2004). For a better understanding of the pathophysiology
of AD and development of treatment strategies it is not only essential to learn more
about AICD downstream signaling but also about its interplay with other γ-secretase
substrates, such as LRP.
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2 The aim of my PhD thesis
A large fraction of Alzheimer researchers continue to work on the pathogenic Aβ
peptide, towards the development of pharmacological and immunological treatments
aiming to lower its brain levels. Along with Aβ generation from the β-amyloid
Precursor Protein, the APP intracellular domain (AICD) is liberated to the cytoplasm.
Little was known about the possible functions of AICD due to its fast degradation.
The freshly evolving concept of regulated intramembrane proteolysis and the
intriguing analogy of APP processing to Notch receptor signaling suggested a
possible function for AICD in nuclear signaling.
In light of the described physiology of APP the idea of my Ph.D. thesis was to
unequivocally demonstrate the putative nuclear translocation of AICD and determine
its succeeding nuclear function:
The first step was to characterize the molecular requirements for the putative
nuclear localization of AICD and determine the role of different adaptor
proteins. For addressing these questions, confocal microscopy, coimmunoprecipitations and Western blotting was used.
The second step was the identification of transcriptional targets of AICD.
Experimental analysis included quantitative real-time PCR, siRNA approaches
and Affymetrix GeneChips technology.
These questions were addressed in a cell line inducibly expressing fluorescently
tagged AICD. Different AICD adaptor proteins were transiently co-transfected and
analyzed with respect to their effects on the nuclear localization of the AICD fusion
protein.
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3 Methods
3.1 Molecular Methods
3.1.1 Isolation, purification, mutagenesis, cloning and analysis of DNA
3.1.1.1 Culturing and storage of E. coli cells
E. coli bacteria were grown in LB-medium. After transformation, bacteria were plated
on LB agar plates (LB medium containing 15 g/l Bacto agar) supplemented with an
appropriate antibiotic for selection of successfully transformed clones.
For long-term storage of transformed E. coli cells 200 µl of sterile glycerol (100%)
was added to 800 µl of o/n bacterial cultures and kept at -80°C.
• LB medium: 10 g/l Bacto tryptone, 5 g/l Bacto yeast extract, 10 g/l NaCl, pH 7.0
3.1.1.2 Preparation and transformation of competent E. coli cells
3.1.1.2.1 Preparation of chemical competent E. coli cells
Before E. coli can be transformed they have to achieve a state of competence during
which DNA can enter the cells. This competence is achieved by treatment of E. coli
with Ca2+ that destabilizes the cell membrane. The addition of DNA to the competent
cells leads to the formation of DNA/Ca2+ complexes. Heating of the cell/DNA
suspension causes the DNA to enter the cells.
Chemically competent cells were used for the transformation with large plasmids. To
produce competent cells, cultures of DH5α or DH10b cells grown in LB-medium o/n
at 37°C were diluted to an OD600 of 0.01. The bacteria were then incubated until an
OD600 of 0.4 was reached. The cells were pelleted by centrifugation at 4,000 x g at
4°C for 15 min, resuspended in 10 ml of a 0.1 M CaCl2 solution and kept on ice for
1 h. Cells were collected by centrifugation at 4,000 x g at 4°C, resuspended in 0.1 M
CaCl2, 0.02 M MgCl2, 15% (v/v) glycerol. Aliquots of competent cells were
immediately frozen in liquid nitrogen and stored at -80°C.
3.1.1.2.2 Transformation of chemical competent E. coli cells
To transform cells, diluted circular plasmid DNA or an aliquot of a ligation reaction
were added to 100 µl on ice thawed E. coli and incubated on ice for 30 min.
Following a heat shock for 45 s at 42°C cells were chilled on ice for 2 min to be
rescued. After addition of 900 µl preheated LB-medium, cells were incubated on a
shaker for 1 h at 37°C and 225 rpm. Transformed bacteria were plated onto agarose
plates containing the appropriate antibiotic for selection.
3.1.1.2.3 Preparation of electro-competent E. coli cells
To produce electro-competent E. coli, the cells were extensively washed with distilled
water to remove ions from the solution and by this weakening the cell membranes by
osmotic stress.
An o/n-culture of DH5α cells was diluted 1:100 in fresh medium and incubated until
an OD600 of 0.5 was reached. The culture was chilled on ice for 15 min and harvested
by centrifugation at 4,000 x g for 15 min at 4°C. The pellet was resuspended in ice25
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cold water and the suspension was centrifuged at 4,000 x g for 15 min at 4°C. This
step was repeated once. The cells were then resuspended in 10 % (v/v) cold
glycerol, centrifuged as above and again resuspended in 10 % (v/v) chilled glycerol
(cell concentration should be about 1-3 x 1010 cells/ml). Aliquots of electro-competent
cells were snap-frozen in liquid nitrogen and stored at -80°C.
3.1.1.2.4 Transformation of electro-competent E. coli cells
Electro-competent cells are exposed to an electric field that temporarily destabilizes
regions of the cell membrane, so that small pores are formed through which DNA can
enter the bacteria.
50 µl of electro-competent cells were gently thawed on ice and mixed with plasmid
solution (≤100 ng DNA in H2O) or 1-2 µl of ligation and transferred to a chilled
electroporation cuvette (0.1 mm Ø). The cells were electroporated in the Gene pulser
machine at the settings of 25 µF, 1.8 kV and pulse controller at 200 Ω. This produced
an electric pulse with a time constant of 4 to 5 msec and field strength of 12.5 kV/cm.
After the addition of 500 µl LB-medium the cells were incubated on a shaker at 37°C
for 30 min at 225 rpm and plated on agarose plates containing the appropriate
antibiotic for selection of transformed cells.
3.1.1.3 Preparation of plasmid DNA
Plasmid isolation from E. coli was done using QIAGEN or SIGMA plasmid purification
protocols. The principle of these kits is based on alkaline lysis of the cells in
combination with the anionic detergent SDS (Birnboim and Doly, 1979). The cell
walls are broken down, and the proteins, as well as genomic DNA, are denatured. In
contrast to the shared genomic DNA, the strands of closed circular plasmid DNA are
unable to disperse, stay in solution and can be recovered from the supernatant by
binding to an anion-exchange resin.
Plasmid DNA was isolated from small scale (1-2 ml), intermediate scale (20-50 ml)
and large scale (250 ml) bacterial cultures following the manufacturer’s protocols. To
determine the yield of plasmid DNA, concentration was measured at 260 nm. An
absorbance of 1 at 260 nm corresponds to 50 µg dsDNA per ml H2O (A260 = 1 =
50µg/ml dsDNA).Pure DNA has a ratio of A260 to A280 between 1.8 and 2.0, the
absorbance of A310 ≅ 0.
3.1.1.4 Ethanol precipitation of DNA
To isolate DNA from solution it can be precipitated with ethanol under high-salt
condition. The addition of ethanol depletes the hydration shell of the negative
charged phosphate groups in the backbone of the DNA. Positively charged ions bind
to these groups so that a precipitate can form.
DNA was precipitated from solution by adding 1/10 volume of 3 M NaAc (pH 5.2) and
2.5 volumes of 100 % Ethanol, incubation for 30 min at -20°C and centrifugation at
20,000 x g for 20 min at 4°C. After two washes with 70 % cold ethanol, the DNA
pellet was dried for 5-10 min at RT and resuspended in 10 mM Tris (pH 8.0) or water.
Another protocol followed uses ½ volume 7.5 M NH4OAc and 3 volumes of 100 %
Ethanol for precipitation and centrifugation at 20,000 x g for 20 min at RT.
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3.1.1.5 Isopropanol precipitation of DNA
Isopropanol precipitation of DNA uses the same principle as Ethanol precipitation, but
small DNA fragments are not well precipitated by this method, although less dirt is
precipitated together with the DNA.
DNA was precipitated from solution by adding 1/10 volume of 3 M NaAc (pH 5.2) and
0.7 volumes of 100 % Isopropanol and centrifugation at 20,000 x g for 20 min at RT.
The DNA pellet was dried for 5-10 min at RT and resuspended in 10 mM Tris
(pH 8.0) or water.
3.1.1.6 Phenol-chloroform extraction of DNA
A mixture of phenol:chloroform:isoamylalcohol (25:24:1) is used to remove proteins
from nucleic acid solutions. The DNA is recovered from the aqueous phase by
precipitation while denatured proteins stay in the organic phase.
The desired DNA amount was diluted to 200 µl in water, an equal volume of
phenol:chloroform:isoamylalcohol (25:24:1) was added and mixed on a vortexes.
After centrifugation for 5 min at 20,000 x g, the aqueous phase containing the DNA
was transferred to a fresh tube and precipitated.
3.1.1.7 Polymerase Chain Reaction (PCR)
The polymerase chain reaction is a fast method to amplify DNA-sequences of interest
(Mullis, 1986). To produce multiple copies of DNA two specific primers are used that
are complementary to one of the two strands and define the sequence to be
amplified.
Denaturation of the DNA at 95°C, which separates the two strands, is followed by a
temperature decrease such that the primers can anneal to their complementary
sequence on the DNA. A heat stable DNA polymerase catalyzes the replication of the
DNA by adding nucleotides (dNTPs) to the 3' end of the primer sequences. By
repeating these steps several times the DNA sequence of interest is amplified
exponentially.
When PCR fragments were used for cloning, a polymerase with proof reading activity
was used. 1 ng of plasmid DNA or 5 ng cDNA was used as a template for the PCR.
For the reaction on a Perkin Elmer 9700 PCR machine, 10 pmol forward primer,
10 pmol reverse primer, 10 mM dNTPs, 2.5 mM MgCl2 and 1 U of polymerase were
used. The reaction was started by denaturing the DNA and activating the DNA
polymerase for 5-10 min at 95°C followed by 25-40 cycles of denaturation for 1 min,
annealing of primers at 55-70°C for 1-1.5 min and extension of the sequence at 72°C
for 1-3 min, followed by a final incubation of 7 min at 72°C. The conditions chosen
depend on the used polymerase, the melting temperature of the primers and the
sequence to be amplified.
3.1.1.7.1 Site directed mutagenesis
Site directed mutagenesis allows making point mutations, switching amino acids, and
deleting or inserting single or multiple amino acids without the need of subcloning. To
produce mutations of 1 to 3 amino acids, mismatch primers were used to amplify
both plasmid strands. Subsequent digest by Dpn I to remove hemimethylated DNA
containing parental strands was followed by transformation. The second protein
binding site of Tip60 (NKSY) to which Fe65 binds was mutated to NASA (Tip60mut)
by the QuickChangeTM Site-Directed Mutagenesis Kit following manufacturer's
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protocol. The sequences of the mutagenising primers are: sense: 5’gagattgatggacgtaagaacGCgag
tGCttcccagaacctgtgtcttttggcc-3’;
antisense: 5’ggccaaaagacacaggttctgggaaGCactcG Cgttcttacgtccatcaatctc-3’. The construct was
sequenced to confirm the absence of randomly introduced mutations.
3.1.1.7.2 Colony PCR
Colony PCR is a method which allows screening of a large number of transformed
E. coli cells for positive clones before the plasmid has been isolated from small scale
cultures of these cells.
Polymerase, dNTPs, primers, MgCl2 and buffer were mixed in a reaction tube
(chapter 3.1.7). The primers added to the reaction were specific to the transformed
plasmid. Colonies were picked with a sterile pipette-tip and dipped in the reaction
mixture. To break the cell walls release plasmid DNA, the mixture was boiled at 95°C
for 5 min prior to the PCR. The PCR products were analyzed on an agarose gel to
determine which clone contained the right plasmid.
To grow a culture for isolation of plasmid DNA, the pipette tip was incubated on a
shaker o/n at 37°C in LB-medium containing the appropriate antibiotic for selection.
3.1.1.8 Enzymatic Restriction analysis of DNA
For cloning purposes or for the analysis of plasmid DNA, restriction digests with type
II restriction endonucleases were used. These restriction enzymes recognize
palindromic sequences within the DNA.
Restriction enzyme analyses of DNA (0.2 - 1.0 µg) were usually performed for 1 to
4 h with 1 U of restriction enzyme under recommended buffer and temperature
conditions. If necessary double digests were performed sequentially. Cleavage
efficiency was monitored by agarose gel electrophoresis.
For analytical purposes 250 ng, for preparative reasons 1 µg of plasmid DNA was
used.
3.1.1.9 Blunting of cohesive DNA ends
Blunting of sticky DNA ends for cloning purposes is done by DNA Polymerase I
(Klenow fragment). The Klenow fragment fills–in 5' overhangs and removes
3' overhangs to form blunt ends.
The blunting reaction was performed for 15 min at RT in EcoPol I buffer
supplemented with 1 mM DTT and 1 mM dNTPs (each) and 1 U of Klenow fragment
per µg of DNA.
3.1.1.10 Hybridization of DNA oligonucleotides
Introduction of short DNA sequences (Tags) to gene sequences or additional
restriction sites into plasmids can be achieved by one cloning step with cassette
cloning. These cassettes are short double-stranded oligonucleotides sequences with
sticky ends to be introduced into the target sequence.
The DNA oligonucleotides were mixed in equi-molar concentrations in 10 mM Tris
(pH 8.0) or water. After denaturation for 5 min at 95°C a slow temperature decrease
allowed the hybridization of the complementary oligonucleotide strands.
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3.1.1.11 Purification of DNA fragments
PCR fragments, oligonucleotides and products of enzymatic DNA restrictions were
either purified by recovering the fragment from agarose (chapter 3.1.1.14) or by using
the PCR purification kit from Qiagen or SIGMA according to the manufacturer’s
instructions.
3.1.1.12 Agarose gel electrophoresis
Because of the negatively charged phosphate groups in the backbone of nucleic
acids, DNA migrates toward the positive anode when exposed to an electric field.
The migration rate of the DNA is inversely proportional to the log10 number of base
pairs (Helling et al., 1974) and also depends to some extent on the conformation of
the DNA. The DNA was visualized under UV-light by ethidiumbromide, which
intercalates the DNA bases. The length of DNA fragments can be determined by
comparison with a DNA ladder marker.
To analyze or isolate DNA fragments, digests or PCR products, these were
separated by agarose gel electrophoresis. 0.7 – 3.0 % (w/v) agarose was dissolved
by boiling in 1x TAE buffer, followed by addition of 0.1 % ethidiumbromide. All
samples were loaded with 1 x bromphenol blue buffer.
• TAE buffer: 40 mM Tris-acetate, 1 mM EDTA
• DNA loading dye: 0.25 %(w/v) bromphenol blue, 0.25 % (w/v) xylene cyanol FF,
30 % (w/v) glycerol.
3.1.1.13 Recovery of DNA fragments from agarose gels
DNA fragments were separated by electrophoresis and a slice of agarose containing
the band of interest was cut out under UV-light (302 nm) using a scalpel. To recover
the DNA from the agarose gel the Qiagen gel extraction kit was used according to
manufacturer’s protocol.
To avoid interference of high EDTA concentrations with following enzymatic
reactions, a modified TAE-buffer was used for preparation and running of the
agarose gel.
• Modified TAE buffer: 40 mM Tris-acetate, 0.1 mM EDTA
3.1.1.14 Dephosphorylation of plasmid DNA
Digested plasmid DNA containing complementary cohesive ends or blunt ends tend
to self-ligation of empty vector. In order to suppress self-ligation shrimp alkaline
phosphatase (SAP) is used to remove terminal 5’-phosphate groups before using the
DNA in a ligation reaction.
For the hydrolysis of 5’-phosphate groups 1 µg DNA fragments, and 1 - 10 U SAP
were incubated at 37 °C for 1 hour.
3.1.1.15 Kinasing of DNA oligonucleotides and DNA fragments
Synthetic oligonucleotides used for cassette cloning have to be phosphorylated at the
5'-hydroxyl terminus to allow subsequent ligation.
E. coli T4 Polynucleotide kinase was purchased from New England Biolabs and used
following the supplier’s instructions.
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3.1.1.16 Ligation of DNA fragments
PCR products, double stranded oligonucleotides or other DNA fragments can be
ligated into linearized plasmid DNA in an ATP consuming enzymatic process. The
E. coli T4 DNA ligase catalyzes the joining of two DNA strands between the 5’phosphate and the 3’-hydroxyl groups.
For ligation of DNA fragments into plasmid DNA, T4 DNA ligase from New England
Biolabs was purchased. The reaction mix, incubation time and temperature were
chosen according to manufacturer’s instructions.
3.1.1.17 DNA cycle sequencing
To confirm the sequence of cloned or mutagenized constructs, the plasmids were
sequenced using DNA cycle sequencing based on the dideoxy method developed by
Sanger (Sanger et al., 1977). In the cycle sequencing reaction, a small amount of all
four dideoxynucleotides (A, T, G, C) labeled with different dyes is added to an excess
of unlabeled deoxynucleotides. When one of the dideoxynucleotides is incorporated
in the synthesized DNA strand the elongation of the chain is terminated, because
these dideoxynucleotides lack the 3’-hydroxyl group. The products are
electrophoretically separated in a capillary according to their molecular weights and
detected with a laser that excites the different dyes coupled to the
dideoxynucleotides at the corresponding wavelengths. The Big Dye terminator v1.1
Cycle Sequencing kit provides buffer, nucleotides and the polymerase.
1 µg plasmid DNA, 10 pmol primer and 4 µl reaction Ready Mix were mixed in a total
reaction volume of 10 µl. The DNA cycle sequencing reaction was carried out using
the following cycling parameters: 96°C 15 s, 96°C 30 s, 50°C 30 s, 60°C 4min) 25 x;
4°C on hold. DNA was precipitated with Ethanol and washed with 70 % (v/v) Ethanol.
The DNA pellet was resuspended in 20 µl HPLC-grade water. For the capillary gel
run and detection of fluorescent dyes the ABI PRISM 310 Genetic analyzer was
used. Sequence readouts of 200-400 bp were computationally analyzed with the two
programs chromas and DNA star and ambiguities were controlled.
3.1.2 Isolation, purification and analysis of RNA
Since RNA is more prone to degradation than DNA, special care was taken to avoid
break down of RNA by RNases. All solutions were sterile filtered or treated with
Diethylpyrocarbonate (DEPC) and autoclaved. The working area and pipettes were
treated with RNase away.
3.1.2.1 Total RNA isolation from eukaryotic cells
3.1.2.1.1 Trizol
RNA extraction was performed as described by Chomczynski (Chomczynski, 1993).
A monophasic chaotropic lysis reagent is used to lyse eukaryotic cells. Addition of
chloroform to the lysate generates an organic phase to which DNA and proteins are
extracted, while RNA stays in the aqueous supernatant. The RNA is precipitated from
the supernatant with ispropanol, resuspended in DEPC treated water and stored in
aliquots at -80°C.
Total RNA extraction from eukaryotic cells with Trizol was performed according to
supplier’s protocol.
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3.1.2.1.2 RNeasy Kit in combination with DNase treatment
The RNeasy procedure combines lysis of the cells with highly denaturing guanidine
isothiocyanate buffer and silica gel based membrane for purest RNA longer than 200
nucleotides.
A maximum 10 x 106 Hek293 cells were lysed in the denaturing RLT buffer from the
RNeasy Kit. After lysis, total lysate was filtred through a QiaShredder for proper
homogenization. After 1:1 dilution with 100 % ethanol, the cell-homogenate was
loading onto silica membrane. After a primary washing step, any residual DNA was
degraded with a compatible RNase free DNAse Kit. All succeeding steps were
carried out as outlined in supplier’s protocol.
The concentration of RNA was determined by measuring the absorbance at 260 nm
in a spectrophotometer. An absorbance of 1 unit at 260 nm corresponds to 40 µg
RNA per ml (A260 =1 = 40 µg/ml). The purity of RNA can be estimated with the ratio of
the readings at 260 nm and 280 nm (A260/A280). Pure RNA has an A260/A280 ratio of
1.9 – 2.1
3.1.2.2 Quality assessment of total RNA
The purity, integrity and size distribution of total RNA can be checked by denaturing
agarose gel electrophoresis, or faster by the Agilent 2100 Bioanalyzer. The 18S and
28S ribosomal bands from eukaryotic source should appear as sharp bands. The
28S ribosomal RNA bands should be present with intensity approximately twice that
of the 18S RNA band.
3.1.2.2.1 Agarose/Formaldehyde Gel electrophoresis
10 - 15 µg total RNA were resuspended in RNA sample buffer, heated to 70°C for
10 min then chilled on ice. The gel was pre-run 3 min at 60 V, and then run at 6 V/cm
until the bromphenol blue dye band had migrated two thirds the length of the gel
(approx 3 - 4 h).
The gel was examined on an UV transilluminator to visualize the RNA and
photographed with a ruler. 28S RNA corresponds to an mRNA size of 4718 bp, 18S
RNA to 1874 bp.
• 10 x MOPS buffer: 0.2 M MOPS [3-(N-morpholino)-propanesulfonic acid] (pH7.2),
0.5M sodium acetate, 0.01 M EDTA.
• 1 x gel running buffer: 1 x MOPS buffer, 37 % (v/v) formaldehyde
• 6 x loading buffer: 10 mM EDTA, pH 8.0, 0.25 % (w/v) bromphenol blue, 0.25 %
(w/v) xylenecyanol, 50 % (v/v) glycerol, Ethidiumbromide.
• 1 % Agarose Gel: (suitable for RNA molecules 500 b to 10 kb) 7 % (v/v)
formaldehyde in 1 x MOPS running buffer.
• RNA Sample buffer: 1 x MOPS running buffer, 50 % (v/v) deionized formamide,
6.6 % (v/v) formaldehyde.
3.1.2.2.2 Agilent 2100 Bioanalyzer
The Agilent 2100 Bioanalyzer uses lab-on-the-chip-technology developed by Caliper
Technologies. This technology uses semiconductor-like microfabrication techniques
to translate experimental and analytical protocols into chip architectures. Sample
components are electrophoretically separated and detected by their fluorescence and
translated into gel-like images (bands) and electropherograms (peaks). With high
sensitivity smallest RNA degradations and DNA contaminations can be detected.
RNA quality, quantity, size distribution and integrity can be assessed in a nanogram
31

Methods

range. The RNA quality is not only estimated by the ratio of 28S to 18S ribosomal
RNA but also with the RNA integrity number (RIN). The RIN tool estimates integrity of
total RNA samples by using different regions of the electropherogram. Numbers from
1 to 10 are used for labels, 10 stands for a perfect RNA sample without any
degradation products whereas 1 marks a completely degraded sample. The Agilent
2100 Bioanalyzer together with the RNA nano Kit, RNA 6000 Reagent Kit and RNA
6000 ladder, was used at the Functional Genomics Center of ETH and University
Zurich (FGCZ) following manufacturer's manual.

3.1.2.3 Quantitative mRNA analysis by real time PCR
The method of relative quantification of mRNA is based on direct monitoring of PCR
product by measuring the increase in fluorescence caused by the binding of SYBR
Green to double stranded (ds) cDNA.
In RNA quantification assays the SYBR Green PCR Core Reagents (Applied
Biosystems) are used in the second step of a two-step reverse transcriptionpolymerase chain reaction (RT-PCR) protocol. The template is the cDNA generated
from a reverse transcription reaction. Normalization for fluorescence fluctuations the
passive reference dye ROX is used.
Total RNA from cells was isolated as described in chapter 3.1.2.3. RNA
concentration was measured in a photometer and 3 to 5 µg was used for reverse
transcription. CDNA synthesis was performed using the SuperScript First-Strand
Synthesis System for RT-PCR following manufacturer’s instructions. Specific reverse
transcription of mRNA was achieved by using oligo (dT) primers that bind specifically
to the poly (A) tails of eukaryotic mRNA.
Gene specific primers used in the SYBR Green quantification were designed to
amplify the 3' end to middle of the ORF part, except for the Citrine-AICD fusion
protein where they spanned the fusion border using the primer design software
Primer Express 1.5. The quantitative PCR reactions were performed on an ABI
PRISM 7700 Sequence Detector. The amplification mixtures contained 0.8 ng/µl
Template cDNA, 1 x SYBR Green PCR buffer, 3 mM MgCl2, 1.25 mM dNTPs, 0.25 U
AmpErase, 0.75 U AmpliTaq Gold, 10 µM forward Primer and 10 µM reverse Primer.
The cycling conditions comprised a 2 min pre-PCR at 50 °C, 10 min polymerase
activation at 95°C and 40 cycles at 95°C for 15 s and 60 °C for 60 s. Sequence
Detection Software version 1.9.1 was used for data analysis. The quantity of target
mRNA was put in relation to the amount of GAPDH or PGK mRNA as internal control
and calculated using the standard curve method according to the manufacturer’s
guidelines (Applied Biosystems).
3.1.2.4 Short interfering RNA (siRNA)
Post transcriptional gene silencing or RNA interference can be widely used in
mammalian cells for studying gene function (Elbashir et al., 2001). Long doublestrand RNA (dsRNA) is processed by a specific ribonuclease (Ketting et al., 2001) to
a short dsRNA that contains 2 nucleotides 3’ overhang and a 5’ phosphate. This
short dsRNA (siRNA) associates then with the RNA-induced silencing complex
(RISC) that guides siRNA to its target mRNA through base-pairing interactions
(Hammond et al., 2001). Once the siRNA is associated with its mRNA target,
nucleases cleave the mRNA (Tuschl et al., 1999; Zamore et al., 2000).
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Four sense and antisense template DNA oligonucleotides per gene were designed
using Ambion’s siRNA design recommendations and designing tool provided for free
at http://www.ambion.com/techlib/misc/siRNA_design.html. If possible, all primers
were chosen in the 3’ region of the genes. Verification of sequence specificity was
done by a Database search at www.ncbi.nlm.nih.gov/BLAST. Oligonucleotides were
prepared and siRNA was T7 in vitro transcribed using the Ambion silencerTM siRNA
construction Kit following the manual. In addition to gene specific oligonucleotides
also positive (GAPDH) and negative (no complementary sequence) were processed
in parallel. The GAPDH siRNA was labeled with Cy3 for assessment of transfection
efficacy (Silencer™ siRNA labeling Kit). Quantification of the siRNA was performed
as following: Diluting the siRNA 1:25 in 10 mM Tris-HCl pH8.0, 1 mM EDTA is
followed by measuring the absorbance at 260 nm. A260 x 1000 = siRNA in µg/ml. µM
concentration corresponds to siRNA concentration in µg/ml divided by 14.
Transfection into mammalian cells was performed as described in chapter 3.3.3.1.
3.1.2.5 Transcriptome analysis using Affymetrix screening
The Affymetrix GeneChips® arrays make it possible to simultaneously monitor the
activities of thousands of genes by comparing expression levels of different cells and
tissues or different stages of disease or expression changes in dependence of drugs
or transgenes. Labeled cRNA targets derived from the mRNA of an experimental
sample are hybridized to nucleic acid probes attached to the solid support. By
monitoring the amount of label associated with each DNA location, it is possible to
infer the abundance of each mRNA species represented.
Following total RNA extraction from Hek293 cells using RNeasy Kit (chapter
3.1.2.1.2) quality was monitored with the Agilent 2100 Bioanalyzer (chapter
3.1.2.2.2). All RNA populations were free from degradations, as reflected in RIN
numbers between 9.7 and 10.
8 µg of total RNA was used in the reverse transcription reaction to generate firststrand cDNA by using a T7-linked oligo (dT) primer. After second-strand synthesis, in
vitro transcription was performed with biotinylated UTP and CTP, resulting in
approximately 100-fold amplification of RNA with 500 – 3,000 base pairs in size.
Reverse transcription, IVT labeling and all clean up steps were performed using the
Affymetrix One-Cycle Target labeling and Control Reagent Kit. All steps were
performed as outlined in the protocol:
http://www.affymetrix.com/support/technical/manual/expressions_manual.affx.
Spike in controls provided by the Affymetrix Control Reagent Kit were added to 10 µg
of labeled and fragmented cRNA (size approximately between 50 - 200 bps) before
the hybridization cocktails were added to the Human Genome U133A 2.0 Plus arrays
and were hybridized for 16 h at 45 °C in the GeneChip Hybridization Oven 640.
Stringent and non-stringent washes and staining of the hybridized cRNA with
streptavidin-phycoerythrin on the Arrays was performed with the GeneChip Fluidics
Station 450 scanning. Finally, the hybridization pattern of the stained cRNA was
scanned with the GeneChip Scanner. All steps were performed as outlined by the
Affymetrix protocol. Automated washing, staining and scanning of the gene arrays
was done using the GeneChip® operating Software (GCOS) platform. The GCOS
was also used for primary analysis of the hybridization performance and quality
control of biological replicates. Raw data were analyzed using the free software
dChip 1.3 (Li and Wong, 2001) and Ease (Hosack et al., 2003). In addition data were
analyzed using the GeneSpring software 6.2. All Affymetrix working stations were

33

Methods

provided by the FGCZ. Introduction to transcriptome analysis was kindly given by
Andrea Patrignani and Dr. Ulrich Wagner employed by the FGCZ.
• 12 x MES buffer: 1.22M MES, 0.89 M MES sodium salt, 0.33 M MES hydrate
• 2 x hybridization buffer: 100 mM MES, 2.8 M NaCl, 20 mM EDTA,
0.01 % Tween-20
• non stringent wash buffer: 6 x SSPE, 0.01 % Tween-20
• stringent wash buffer: 100 mM MES, 1 M NaCl, 0.01 % Tween-20
• 2 x stain buffer: 100 mM MES, 1 M NaCl, 0.05 % Tween-20
• SAPE solution: 1 x stain buffer, 2mg/ml BSA, 10 µg/ml Streptavidin Phycoerythrin
• Antibody Solution: 1 x stain buffer, 2 mg/ml BSA, 0.1 mg/ml Goat IgG,
3 µg/ml biotinylated antibody
3.1.2.5.1 Transcriptome data analysis with dChip1.3 software
The probe set analysis algorithm dChip1.3 can be downloaded from the internet:
http://www.biostat.harvard.edu/complab/dchip. It has refined methods to detect
outliers at each level of analysis (probe, probe set and microarray) and is able to
replace deviant probes with expected data based on the remainder of the probe set,
and/or flag abnormal probe sets and arrays for possible exclusion from further data
analysis (Li and Wong, 2001).
The dChip program was fed with a gene annotational tab deliminited text file
generated with the ChipInfo program (http://www.biostat.harvard.edu/complab/chipinfo/download.htm) using the latest gene ontology, protein domain, pathway and
chromosome terms available. All analysis steps were performed after writing the .cel
files from the GCOS Chip scanning output to a faster accessible .dcp format. The
data analysis performed as described in the manual provided at the same homepage
where dChip1.3 was downloaded.

3.2 Biochemical Methods
3.2.1 Protein extraction and analysis
3.2.1.1 Whole cell protein extraction from cell cultures
For identification and quantification proteins have to be extracted from the cells. To
minimize protein degradation all steps were carried on ice, in the presence of
protease inhibitor.
Cells were washed in cold PBS and scraped in lysis buffer containing Protease
Inhibitor (complete™) for 5 min on ice. Transfer of cell extracts into eppendorf tubes
was followed by homogenization with a 26 G syringe by pipetting 6 times up and
down. The homogenate was shaken and rotated 1 h at 4°C, then centrifuged for
5 min at 500 x g at 4°C to get rid of insolubilities.
Finally the supernatant was taken for determination of protein concentration and
Western blot analysis. Samples were stored at -20°C.
• Lysis buffer: 1 x PBS, 1 % (v/v) Triton X-100, 1 mM Phenylmethylsulfonylfluoride
(PMSF), 1 x complete protease inhibitor
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3.2.1.2 Nuclear protein extracts from cell cultures
For the preparation of nuclear protein extracts, cells were collected in hypotonic
buffer 24 hours after co-transfection, swollen on ice for 15 min and passed through a
22 G syringe. Sucrose was added to a final concentration of 0.25 M followed by
centrifugation for 5 min at 500 x g.
Pellets were resuspended in wash buffer and centrifuged again at 500 x g (repeated
twice). Nuclei were solubilized for one hour in wash buffer supplemented with 1 %
Triton X-100 and mechanically disrupted by passing through a 26 G syringe.
Nuclear protein extracts were either immunoprecipitated with protein G-sepharose
(chapter 3.2.3) or proteins were precipitated and subtracted to SDS-PAGE and
Western blotting (chapter3.2.1.4 and chapter 3.2.2).
• Hypotonic buffer: 10 mM Hepes, 10 mM KCl, 5 mM MgCl2, 1 mM DTT,
1 mM PMSF, 2.5 x Roche Complete protease inhibitor mix w/o
EDTA (Roche), 5 mM Phenantrolene (PNT)
• wash buffer: 25 mM sucrose pH 7.5, 6 mM MgCl2, 10 mM Tris-HCl (pH 7.4), 0.1 %
Triton X-100, 1 mM PMSF, 5 mM PNT, 2.5 x Complete w/o EDTA
3.2.1.3 Measurement of protein concentration
Protein concentrations from cell homogenates were measured as described by Lowry
et al. (Lowry et al., 1951) using the BioRad DC-Protein assay kit. Proteins react with
an alkaline copper tartrate solution and reduce folin reagent. The reduced folin
species have a characteristic blue color with an absorption maximum of 750 nm.
Following the instruction manual, protein concentrations were calculated based on
the absorptions of a standard curve. The standard curve was recorded with different
dilutions of a protein standard (BSA) from 0.25 mg/ml to about 1.5 mg/ml in lysis
buffer (1 x PBS, 1 % (v/v) Triton X-100, and protease inhibitor).
3.2.1.4 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
Separation of proteins by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) is
based on a method described by Laemmli (Laemmli, 1970).
By reduction of the disulfide bonds with β-mercaptoethanol, the proteins are
dissociated into their polypeptide subunits which are denatured using the anionic
detergent sodium dodecyl sulfate (SDS) and heat. SDS binds to hydrophobic regions
of the polypeptides, so that they become negatively charged. As charges of the SDS
exceed, by far, the intrinsic charges, and as the amount of SDS bound to the
polypeptide chain is proportional to the molecular weight, migration in an electric field
is dependent on the size of the protein.
Within a homogenous electric field, the migration speed of an SDS covered
polypeptide is inversely proportional to the logarithm of its molecular mass.
For separation of protein samples with interest in all APP species 10-20 % Tricine
gradient gels were used following manufacturer’s instructions.
• 2 x sample buffer: 450 mM Tris-HCl pH 8.45, 12 % (v/v) Glycerol, 4 % (w/v) SDS,
7.5 ‰ Coomassie Blue G, 2.5 ‰ Phenol Red
• 10 x Tricine Running buffer: 100 mM Tris-Base, pH 8.3, 100 mM Tricine,
0.1 % SDS
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3.2.1.5 Staining of SDS-polyacrylamide gels with Coomassie brilliant blue
Coomassie brilliant blue is a dye that is used to detect unlabeled proteins that are
separated by SDS-PAGE. Proteins are visualized as discreet blue bands by
nonspecific binding of the dye to the positively charged amino groups of
polypeptides.
The gel was stained for 1 h on a shaking platform and de-stained until discrete blue
bands were visible.
• Staining solution: 0.16 % (w/v) Coomassie Brilliant Blue R250,
40 % (v/v) methanol, 10 % (v/v) acetic acid)
• destaining solution: (45 % (v/v) methanol, 10 % (v/v) glacial acetic acid)
3.2.2 Western blotting
Western Blotting is a method to identify a protein of interest in protein extracts of
various origins. Proteins, separated by SDS-PAGE, are electrophoretically
transferred from the gel to a nitrocellulose (0.45 µm), Protran BA 79 cellulosenitrate
(0.1 µm), or polyvinylidine-fluorid (PVDF, 0.1 µm) membrane. Proteins are
immobilized on the membrane and can be detected by specific antibodies.
3.2.2.1 Transfer of proteins
Following SDS-PAGE, the stacking gel was removed and the resolving gel was
equilibrated in transfer buffer for 3 min on a shaker platform. Whatman paper and
nitrocellulose/PVDF membrane were cut to the size of the gel and soaked in transfer
buffer. PVDF membrane was activated in 100 % methanol for 30 s and washed in
water and transfer buffer. The gel and the membrane were sandwiched between
soaked pieces of sponge, Whatman paper and perforated plastic plates. Blotting was
carried out in a blotting tank for 2 h at 260 mA at 4°C.
Transferbuffer: 3 mM Tris-Base, 19.2 mM Glycine, 0.05% SDS, 15 % (v/v) Methanol
3.2.2.2 Staining of immobilized proteins
3.2.2.2.1 Ponceau S staining
Proteins immobilized on a membrane can be reversibly stained using Poinceau Sdye to evaluate the efficiency of protein transfer from an SDS gel onto the membrane
and to control equal loading of the samples.
After the electrotransfer of the proteins salts were washed with water from the
Nitrocellulose membranes and membranes were incubated in Poinceau-S solution on
a shaking platform for 5 min. The staining solution was discarded and the membrane
was destained with water. Protein bands remain stained and were analyzed.
• Poinceau S solution: 0.2 % (w/v) Poinceau-S red, 3 % (w/v) sulfonic acid,
0.1 % (v/v) glacial acid
3.2.2.2.2 Simply Blue Staining
Proteins immobilized on PVDF membranes can be stained with Simply Blue safe
stain without inhibiting immunological detection.
Membranes were soaked in 100 % Methanol and then dried on Whatman paper. The
dried membrane was incubated in the staining solution for 1 - 2 min, and then
coloring reaction was stopped by water. After a short washing step with water the
protein bands were visible on the PVDF membrane.
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3.2.2.3 Immunological detection of proteins
After electrophoretic transfer of proteins, the membrane was blocked for at least 1 h
at RT in PBS with 5 % (w/v) dry skim milk to prevent unspecific binding of antibodies.
The primary antibody was diluted in blocking solution to an appropriate concentration
and the blot was incubated o/n at 4°C. The membrane was washed three times for
10 min in PBS. Incubation of the blot with the secondary antibody, conjugated to
horse-radish peroxidase, was carried out for 2 h at RT. After incubation of the
membrane in ECL reagent or ECL fempto bands were visualized by
chemiluminescence using X-omat LS films and the Kodak X-OMAT 2000 Processor.
• 10x PBS: 1.4M NaCl, 0.027 M KCL, 0.1M Na2HPO4 x 2 H20, 0.018 M KH2PO4
3.2.3 Immunoprecipitation
Immunoprecipitation is a technique to separate, enrich and purify a specific protein
from a mixture of various proteins. Antibodies are bound to a protein A-sepharose, or
protein G-sepharose, or a mixture of both, by their Fc-region. Due to the specificity of
an antibody for its antigen, the protein-antibody complex can be purified from crude
protein extracts. Immunoprecipitated proteins can subsequently be analyzed by
Western blotting.
Protein A-sepharose and Protein G-sepharose was pooled and washed twice with
lysis buffer (chapter 3.2.1) in presence of 0.2 % Triton X-100. For each
immunoprecipitation, 50 µl Protein A/G-sepharose slurry were incubated o/n at 4°C
with 10 mg/ml antibody specific for the protein of interest on a head-over-end shaker.
Antibody-bound sepharose was washed 5 times with 50 µl lysis-buffer to remove
remaining free antibody before the protein solution was added. After incubation o/n at
4°C on a head-over-end shaker, the sepharose was again washed 5 times with 50 µl
lysis buffer. Proteins bound to the sepharose were eluted from the beads by
incubation with sample buffer at 70°C for 10 min. The samples were stored at -20°C
or directly loaded onto a SDS-polyacrylamide gel.

3.3 Cell culture of mammalian cell lines
3.3.1 Cell lines
Experiments were performed on human embryonal kidney cells Hek293 (DSMZ #
ACC 305) human neuroblastoma cells SH-SY5Y (DSMZ # ACC 209) or adult rat
hippocampus derived progenitor cells (Gage et al., 1995).
3.3.2 Cultivation and storage of cell lines
3.3.2.1 Hek293 cells
Hek293 cells were cultivated at 37°C/ 5 % CO2/ 95 % humidity in normal cultivation
medium.
Confluent layers of cells were washed with PBS, trypsinized with trypsin/EDTA and
split at a ratio depending on the experiment.
To store the cells they were trypsinized and resuspended in culture medium. The
cells were pelleted by centrifugation at 1,000 x g for 3 min and resuspended in
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freezing medium. The aliquots were immediately chilled on ice and frozen at -80°C in
a styrofoam box. After one day at -80°C the aliquots were stored in liquid nitrogen.
To thaw the cells, the aliquot was taken out of the liquid nitrogen and thawed in a
water-bath at 37°C. Before the thawing process was complete, the cells were
resuspended in excess of medium in order to dilute the Dimethylsulfoxide (DMSO)
and plated on 100 mm Ø plates.
• Cultivation Medium: Dulbecco’s Mood Eagle Medium (DMEM), 10 % (v/v) Foetal
Calf serum (FCS)
• Freezing Medium: 90 % (v/v) FCS, 10 % DMSO
3.3.2.2 SH-SY5Y cells
SH-SY5Y cells were cultivated at 37°C/ 5 % CO2/ 95 % humidity in normal cultivation
medium or in differentiation medium.
Confluent layers of cells were washed with PBS, trypsinized with trypsin/EDTA and
split at a ratio not more than 1:5.
For storage of the cells they were trypsinized and resuspended in culture medium,
collected by centrifugation at 1,000 x g for 5 min and resuspended in freezing
medium. The aliquots were immediately chilled on ice and frozen at -80°C in a
styrofoam box. After one day at -80°C the aliquots were stored in liquid nitrogen.
To thaw the cells, one aliquot was taken out of the liquid nitrogen and thawed quickly
in a water-bath at 37°C. Cells were resuspended in medium and pelleted at 1,000 x g
for 5 min. After resuspension with a flame polished Pasteur pipette, cells were plated
on 100 mm Ø plates.
SH-SY5Y cells can be differentiated to a neuronal-like phenotype (Encinas et al.,
2000). For differentiation, SH-SY5Y cells were seeded on collagen type I coated
dishes at a density of 0.3 – 2.0 x 104 cells/cm2. To induce neuronal differentiation,
cells were treated with Retinoic Acid (RA) for five days and for additional five days in
serum free condition with brain derived neurotropic factor (BDNF)
• Cultivation Medium: Dulbecco’s Mood Eagle Medium nut fix F12 (DMEM-F12),
15 % (v/v) FCS, 2 mM L-glutamine
• Differentiation Medium (day 1-5): DMEM-F12, 2 % FCS, 2 mM L-glutamine,
20 µM Retinoic Acid
• Differentiation Medium (day 5-10): DMEM-F12, 2 mM L-glutamine, 50ng/ml BDNF
• Freezing Medium: 90 % (v/v) Cultivation Medium, 10 % (v/v) DMSO
3.3.2.3 Adult rat hippocampus derived progenitor cells
Adult rat cells were cultivated at 37°C/ 5 % CO2/ 95 % humidity in normal cultivation
medium or in differentiation medium. Confluent layers of cells were shortly washed
with PBS, limited trypsinized with trypsin/EDTA and split.
For storage of the cells they were trypsinized and resuspended in DMEM-F12,
pelleted by centrifugation at 2,050 x g for 2 min and resuspended in freezing
medium. The aliquots were frozen at -80°C in a styrofoam box. After one day at 80°C the aliquots were transferred to liquid nitrogen.
To thaw the cells, one aliquot was taken out of the liquid nitrogen and thawed quickly
in a water-bath at 37°C. 2 ml DMEM-F12 was added to the cells, equilibrated for
1 min at RT and additional 4 ml of DMEM-F12 was added and equilibrated for
another minute. Progenitor cells were pelleted at 2,050 x g for 2 min to get rid of any
DMSO traces. After resuspension with a flame polished Pasteur pipette, cells were
plated on coated 100 mm Ø plates.
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Culture plates for the progenitor cells were coated with poly-L-ornithine and mouse
natural laminin.
Neuronal progenitor cells can be proliferated or differentiated to neurons, astrocytes
and glial cells in dependence of the medium composition (Song et al., 2002;
Takahashi et al., 1999). Under proliferating conditions cells were grown in cultivation
medium on coated plates. For differentiation, progenitor cells were seeded on the
coated plates at about 25 % confluency and proliferating medium was replaced by
differentiation medium with RA for the first five days. After five days RA was replaced
by the neurotrophic factors BDNF and NT3 for terminal differentiation.
• Cultivation Medium: DMEM-F12, 4.5 g/l Glucose, 1 mM L-glutamine,
1 x N2 supplement, 20 ng/ml FGF-2
• Differentiation Medium (day 1-5): DMEM-F12, 1 % FCS, 1 mM L-glutamine,
5 µM Retinoic Acid, 2 ng/ml FGF-2
• Differentiation Medium (day 5-10): DMEM-F12, 1 % FCS, 1 mM L-glutamine,
50ng/ml BDNF, 20 ng/ml NT3
• Freezing Medium: 90 % (v/v) Cultivation Medium, 10 % (v/v) DMSO
3.3.3 Transfection of cultured mammalian cells
Eukaryotic cells can be transiently or stably transfected with circular DNA. Transient
transfection is used to obtain temporary high levels of expression in a cell line. The
DNA is not necessarily integrated into the chromosome and consequently no
selection marker is used. Cells are harvested and analyzed two days after
transfection for expression of the transgene.
In contrast to transient transfection in table transfection the DNA is integrated in the
host genome and non-transfected cells are eliminated by selection with antibiotics
such as geneticin or hygromycin.
For transfection of cells, liposomes were used: cationic lipids create artificial
membrane vesicles that contain the DNA to transfect. The DNA/Lipid complex
adheres and fuses with the cell membrane and the DNA is released into the
cytoplasm.
3.3.3.1 Transient transfection
Cells were grown to 70 - 80 % confluency at the day of transfection. 30 min before
adding the transfection reagent cells were washed with PBS and fresh medium was
added. For each 100 mm Ø plate 30 µg DNA were diluted in 1 ml OPTIMEM I. 90 µl
of Lipofectamine 2000 (LF2000) reagent were diluted in 1 ml OPTI-MEM I and
incubated at RT for 5 min. The diluted LF2000 reagent and DNA were combined and
incubated at RT for 20 min allowing DNA/LF2000 complexes to from. The
DNA/LF2000 complexes were added to the cultured cells. After 4 to 6 hours the
medium containing transfection reagent was replaced by fresh culture medium.
Experiments were started 20 hours after transfection.
For transient transfections in Hek293 clone 5 Citrine-AICD, AICD expression was
induced for 28 hours with 1 µM tebufenozide and then the other plasmids like Fe65,
Tip60, Jip1b and X11α were cotransfected. After an incubation of 20 hours cells were
harvested or fixed for immunostainings.
In cells transfected for Fe65, the expression levels of exogenous Fe65 were 3-fold
higher than endogenous levels. And transfected Tip60 led to a 5-fold increase over
expression in naïve Hek293 cells, as determined by Western blotting.
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3.3.3.2 Stable transfection
For stable transfection cells were also transfected with LF2000 as for transient
transfection, but either antibiotics was used for selection or transposon based
expression constructs for integration in the genome were.
Antibiotic selection was applied in the culture medium 48 hours after transfection for
10 days.
To generate a clonal cell line, cells were transfected and selected with geneticin for
10 days. Thereafter cells were seeded at extremely low density and let grown again
for a few days. The small colonies positive for the transgene fused to a fluorescence
protein were manually picked under a fluorescence microscope.

3.4 Immunocytochemistry
3.4.1 Immunostaining of cultured cells
For immunocytochemistry, cells were grown on poly-d-ornithin/laminin coated culture
slides and treated depending on the question posed. After fixation for 2 x 7 min with
4 % Paraformaldehyde (PFA) in PBS at RT, cells were washed 3 x 10 min with TBS+.
After blocking unspecific antibody binding with TBS++ for 1 h at RT, primary antibody
was diluted in TBS++ to the correct concentration and given to the fixed cells. Primary
antibody incubation was performed o/n at 4°C. The next day, cells were washed
3 x 10 min with TBS+ and again blocked for 1 h at RT in TBS++. Incubation with the
secondary antibodies coupled to fluorophores (1:250 in TBS++) was performed at RT
for at least 1 h. After a first washing step of 10 min in TBS+, DRAQ 5 (chromosomal
staining) was added 1:250 to washing buffer and incubated for 10 min. Following
3 x 10 min washings, cells were mounted in mowiol and sealed with nail-polish.
Analysis of the stainings was performed by conventional immunofluorescence or on
the Leica TCS SP2 confocal microscope.
All incubation steps except for fixation were done on shaking platforms at low speed.
• 10 x TBS: 0.84 M Tris-HCL, 0.16 M Tris-Base, 1.5 M NaCl
• TBS+: 1 x TBS, 0.05 % Triton X-100
• TBS++: 1 x TBS, 0.2% Triton X-100, 5 % goat serum, 5 % horse serum
3.4.2 Living cell staining
Staining of native transmembrane proteins can be performed before fixation with
PFA. For this purpose, cells were plated on coated culture slides and treated with
drugs or genetically modified by transfection. For temperature equilibration cells were
washed 1 x with PBS, 300 µl fresh medium (warm) was added per well and then
equilibrated at 4°C for 10 min. Living-stain antibody was added to the medium and
incubated at 4°C for 20 min. Following a washing step with 1 ml cold, fresh culture
medium cells were fixed with 4 % PFA in PBS. Subsequently, immunostaining as
described above was performed.
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3.5 Microscopy
3.5.1 Light Microscopy
Visual assessment of cell viability in culture and counting of cell density in solution
were performed on an upright Nikon TMS F light microscope. Manual clonal picking
of single cells and counting of transfection rate were performed on a Nikon Eclipse
TE300 using corresponding fluorescence filters. Primary analysis of stainings was
performed on an inverse fluorescence microscope from Nikon (Nikon Eclipse E800).
3.5.2 Confocal Laser scanning Microscopy
Subcellular distribution and interaction of proteins were analyzed by a LEICA
TCS/SP2 confocal microscope. High resolution pictures were acquired with the 63x
water immersion objective. The Argon Laser line of 458 nm was used to excite CFP
(PMT window: 465 - 485 nm) and the 514 nm line to excite Citrine. The PMT window
for detecting Citrine was 525 - 580 nm when co-stained with Cy5, and 525 -545 nm
(Citrine narrow) when co-stained with Cy3 to prevent the detection of Cy3 in the
Citrine channel (glow trough prevention). Cy3 was excited with a 543 nm
Helium/Neon (HeNe) laser (PMT window: 553 - 600 nm). A 633 nm HeNe laser was
used to excite Cy5 (PMT window: 655 - 710 nm) or DRAQ5 (PMT window: 650 - 800
nm). Per picture between 5 and 15 sections in the z-axis (xy-mode) or y-axis (xzmode) were acquired, and maximum projections of the sections encompassing the
nucleus were performed.
3.5.2.1 Fluorescence Resonance Energy Transfer
Fluorescence Resonance Energy Transfer (FRET) is a technique for measuring
interactions between two proteins in vivo. In this technique, two different fluorescent
molecules (fluorophores) are genetically fused the two proteins of interest. For the
FRET interaction, the emission peak of the donor must overlap with the excitation
peak of the acceptor. Light energy is added at the excitation frequency for the donor
fluorophor, which transfers some of this energy to the acceptor, which then re-emits
the light at its own emission wavelength. The net result is that the donor emits less
energy than it normally would, while the acceptor emits more light energy at its
excitation frequency. The efficiency of FRET energy transfer falls off with the sixth
power of the distance between molecules. Thus, FRET only occurs when the two
fluorophores are within 2 – 10 nm of each other, which means that the fluorophores
must be brought together via very close protein-protein interactions.
Raw FRET was measured by exciting CFP with the 458 nm laser line and measuring
sensitized Citrine emission at 525 – 555 nm in single sections. Values for CFP
bleach-through (0.24) and Citrine cross-excitation (0.07) were determined in cells
expressing either fluorophor alone. No pixel shift was observed and background
fluorescence was negligible. After sequentially measuring raw FRET, CFP and
Citrine fluorescence NFRET calculations were performed as described (Gordon et
al., 1998; Xia and Liu, 2001):
NFRET = (IFRET – IYFP x a – I CFP x b)/(IYFP x ICFP)1/2
a and b are correction factors for YFP respectively CFP
For bleaching experiments the image was zoomed 4 to 6-fold and the Citrine
fluorescence in single nuclei was bleached with the 514 nm line at 100% laser
intensity.
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4 Results
4.1 Clonal Hek293 cell lines expressing ecdyson-inducible Citrine-AICD
AICD has an extremely short half-life (5 min) and is rapidly degraded after γsecretase cleavage (Cupers et al., 2001; Edbauer et al., 2002; Kimberly et al., 2001).
Experimentally this raises the problem that its subcellular trafficking is difficult to
monitor. In addition, AICD was reported to induce apoptosis in H4 cells (Kinoshita et
al., 2002a). To overcome these difficulties, AICD was cloned into an ecdysoninducible expression vector (Suhr et al., 1998) following its N-terminal tagging with a
fluorescent protein. The fluorescent tag Citrine, a modified yellow fluorescent protein
(Griesbeck et al., 2001) was fused with a GPGAL-linker to Val50 of the AICD derived
by proteolytic processing at the ε-site from APP. Fusion of Citrine to AICD may alter
its properties; specifically a stabilization of AICD was observed. The ecdysoninducible vector, termed pTBoris, contained the Bombyx ecdyson receptor driven by
a GAPDH-promoter (Bombyx ECR) (Alexander et al., 1988), the ecdyson responsive
element (EcRE), a PGK driven mammalian Neomycin resistance, and two flanking
inverted repeats (Figure 5A). Flanking of expression cassettes with inverted repeats
allows stable genomic integration with the Sleeping Beauty transposase system (Ivics
et al., 1997). Hek293 cells were stably transfected with the pTBoris Citrine-AICD and
Sleeping Beauty plasmids.
Three clonal cell lines were manually picked under a fluorescent microscope. After
inducing the expression of AICD with 1 µM of the ecdyson analogue tebufenozide for
48 hours, identity and integrity of the Citrine-AICD fusion construct was revealed by
Western blotting. Antibody staining against the Citrine-tag and with an antibody
against the APP C-terminus showed no signs of degradation or proteolytic
processing of the construct (Figure 5B). Fluorescent microscopy of the clonal lines
with and in absence of induction of AICD expression showed only a low background
but homogenous clonal populations with all cells expressing the transgene construct
(Figure 5C). The absence of evidence for the degradation of the fusion protein shows
that AICD can be tracked subcellularly via Citrine fluorescence. The clone with
highest Citrine-AICD induction level and only low background expression (clone 5)
was used for all further experiments.
As AICD was reported to induce apoptosis in H4 cells (Kinoshita et al., 2002a), AICD
expression was induced for 5 days and apoptosis was monitored by terminal
deoxyribonucleotidyl transferase (TdT)-mediated biotin-16-dUTP nick-end labeling
(TUNEL assay, not shown). Compared to uninduced cells, there was no evidence for
cytotoxicity or induction for apoptosis in the Hek293 cells heterologously expressing
AICD. For all other experiments cells were always microscopically controlled for
morphological changes.
With this cell line we have a nice tool to study the subcellular distribution of AICD in
dependence of its adaptor proteins, as well as the putative AICD signaling function.
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Figure 5: Clonal Hek293 cell lines inducible expressing Citrine-AICD. A Schematic representation
of the pTBoris plasmid: The Bombyx ecdyson receptor (Bombyx-EcR) is driven by a GAPDHpromoter; the ecdyson responsive element (EcRE) for inducible AICD expression is followed by a
poly-A signal and the eukaryotic neomycin resistance is driven by a PGK promoter. The expression
cassette is flanked by inverted repeats for genomic integration with the sleeping beauty transposase.
The arrows indicate the direction of the transcription. The dotted arrow indicates binding of the
Bombyx responsive receptor to the ecdyson responsive element to induce Citrine-AICD transcription.
B Three clonal Hek293 cell lines induced with 1 µM Tebufenozide for 48 hours for expression of
Citrine-AICD (+Teb) and without (-Teb) transgene induction. C Whole cell extracts of the three clonal
cell lines stained with GFP and APP C-terminal antibody, revealing identity and integrity of CitrineAICD transgene expression at a size of 34 kDa.

4.2 AICD is localized to the nucleus in a complex with Fe65 and Tip60
4.2.1 The subcellular localization of AICD is affected by Fe65 and Tip60
We wanted to monitor the subcellular distribution of AICD dependent on its adaptor
protein Fe65 and Tip60, since AICD was reported to localize in part to the nucleus by
Fe65 (Kimberly et al., 2001).
The Citrine-AICD fusion protein was localized homogenously to both the cytosolic
and nuclear compartment, as shown by confocal microscopy (Figure 6A, line 1). To
study the effect of the adaptor protein Fe65 on AICD subcellular distribution, clone 5
was transfected with an HA-tagged Fe65 isoform containing the mini-exon 9 with and
without Citrine-AICD induction. Exon 9 containing Fe65 was shown to be exclusively
expressed by neuronal cells (Hu et al., 1999). Fe65 expression was homogenously
distributed throughout Hek293 cells (Figure 6A line 2).
Transgene expression of a CFP-Tip60 fusion construct in the Hek295 clonal cell line
without AICD induction showed a clear nuclear expression pattern with a speckle-like
appearance (Figure 6A line 3). Counting of 29 different cells expressing CFP-Tip60
transgene revealed a mean number of 16.1 speckles per nucleus with a standard
deviation of 6.8.
Expression of Fe65 and AICD together had no effect on their subcellular distribution,
showing a homogenous expression throughout the nucleus and cytoplasm of the
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cells (Figure 6B lane 1, 2). The coexpression of Tip60 with AICD had no effects on
AICD distribution (Figure 6B lane 2), suggesting that AICD does not bind to Tip60 in
absence of Fe65. In contrast, simultaneous expression of Fe65 and Tip60 resulted in
binding of these two proteins and a predominantly nuclear relocalization of Fe65. Colocalization within circumscribed nuclear spots with a distinct spherical geometry
clearly differed from the speckle-like morphology of the structures that contained only
Tip60 (Figure 6D).
Expression of AICD in Fe65 and Tip60 co-expressing cells revealed a striking nuclear
localization of AICD and a co-localization of AICD together with Fe65 and Tip60
(AFT-complex) in these spherical nuclear spots, concurrent with a drop in cytosolic
AICD levels (Figure 6C lane 1). AFT complex formation was consistently observed in
virtually every cell co-expressing all three proteins (Figure 6C lane 2). The AFTcomplexes had a compact structure with a mean diameter of 0.7 µm (SD = 0.24,
N = 48 spots) compared to the speckle-like structure harboring Tip60 alone with a
minimal diameter averaged at 1.77 µm (SD = 0.49, N = 49 spots).
We observed a highly variable number of nuclear spots consisting of the AFTcomplex, ranging from 3 - 66 spots per cell (mean nuclear spots = 32.0, median = 25,
SD = 20.8, N = 32 cells).
It was suggested, that the NKSY-motif of Tip60 promotes binding to Fe65 and
mutating this motif abolished Fe65 binding and prevented AICD mediated
transactivation in the Gal4 system (Cao and Sudhof, 2001). The binding motif in
CFP-Tip60 was mutated by site directed mutagenesis (Tip60mut) and transfected
with Fe65 in AICD expressing cells. Coexpression still resulted in binding of
AICD/Fe65 to nuclear Tip60 (AFTmut-complexes), but the formation of spherical
spots was completely prevented and nuclear relocalization of AICD and Fe65 was
not accompanied by the same drop in cytoplasmic levels as compared to wild-type
Tip60 (Figure 6C lane3).
Our confocal analysis showed that AICD translocates together with Fe65 into the
nucleus where they bind to Tip60 and form nuclear spherical AFT-complexes.
Therefore we took a closer look at the nature of interaction in these AFT-complexes
since a close molecular association had to be verified.
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Figure 6: Confocal sections through nuclei show a localization of AICD, Fe65 and Tip60 to
spherical nuclear spots of AFT-complexes. A AICD (yellow) and Fe65 (red) are distributed
homogenously throughout nuclear (blue) and cytosolic compartments in transfected cells. The histone
acetyl-transferase Tip60 (cyan) is localized to speckle-like nuclear structures. B line 1: Coexpression
of AICD and Fe65 resulted in the same homogenous distribution throughout the cells as in single
transfectants. Line 2: Tip60 coexpression showed no effect on homogenous AICD distribution. Line 3:
Fe65 together with Tip60 co-localized in nuclei and re-organized the speckle-like morphology into
spherical nuclear spots. C In cells co-expressing AICD, Fe65 and Tip60, AICD was relocalized from
the cytoplasm into AFT-complexes predominantly found in nuclear spherical spots. AFT-complexes
were found throughout nuclei in all cells co-expressing the three proteins. Confocal xz sections of the
same nuclei confirmed nuclear localization. D Expression of Tip60mut localized some Fe65 and AICD
to speckle-like nuclear structures, but completely abolished formation of spherical spots. Scale bar
10 µm.
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4.2.2 Molecular association of AICD with Tip60 in the presence of Fe65
4.2.2.1 Fluorescence Resonance Energy Transfer between CFP-Tip60 and CitrineAICD
One way to show close protein-protein interactions between two partners is the
fluorescence resonance energy transfer (FRET) from a donor fluorophor (in our case
CFP) to an acceptor fluorophor (here Citrine). The prerequisites for FRET are that
donor and acceptor molecules must be in close proximity (1 - 10 nm) and the
absorption spectrum of the acceptor must overlap the fluorescence emission
spectrum of the donor. Sensitized FRET arises when CFP is excited and transfers
some of this energy to the acceptor (Citrine), which then re-emits the light at its own
emission wavelength. The net result is that the donor emits less energy than it
normally would (since some of the energy is instead transferred to the acceptor),
resulting in a light emission of the acceptor while not itself being excitated.
The clonal line was induced for 48 hours to express Citrine-AICD with a 20 h
coexpression of CFP-Tip60 and Fe65 (Cy5 stained). The FRET protocol to measure
sensitized emission of Citrine in cells with nuclear AICD spots was performed as
described in methods (Chapter 3.5.2.1). Sensitized emission of Citrine-AICD after
excitation of CFP-Tip60 was measured in 172 nuclear spots in 16 different nuclei
(Figure 7A) and an average NFRET value of 0.322 (SD = 0.181, N = 172 spots) for
these spots was calculated. As a control, the FRET signal was also measured in cells
co-expressing CFP and Citrine both tagged with a nuclear localization signal (CFPnuc,
Citrinenuc). Expression of both protein resulted in strong fluorescent nuclear signals
from each fluorophor, but only a marginal NFRET signal of 0.006 (SD = 0.012, N = 9
nuclei). The control NFRET signal was 5-fold lower than NFRET from CFP-Tip60 to
Citrine-AICD, confirming that molecular protein-protein interactions are needed for a
strong FRET signal.
FRET measurements were repeated in triple transfected cells, but without Cy5
staining for Fe65. These measurements of AFT-complexes-containing spherical
nuclear spots showed also sensitized emission from Citrine-AICD, confirming that the
detected FRET signal is not due to crosstalk of the fluorophores (Figure 7C). The
same cells were used for Citrine photobleaching (Figure 7D). The acceptor fluorophor
(Citrine) is photobleached at its excitation frequency by maximum laser intensity to
“knock out” its activity. Photobleaching of the acceptor eliminates energy transfer
from donor- to acceptor-fluorophor and results in an increase of donor emission
(unquenching). The increase in donor fluorescence allows determining the amount of
energy that radiates at the acceptor emission frequency. The graphs in Figure 7D
show an increase in mean CFP-fluorescence from pre- to post-bleaching in individual
spots. Unquenching of donor fluorescence was measured for all bleached nuclear
spots, confirming the close molecular association of Tip60 and AICD, whereas
unbleached spots had identical or diminished fluorescence (post/prebleach ratio of
38 bleached spots: mean = 1.114, SD = 0.036; ratio of 40 unbleached spots:
mean = 1.001, SD = 0.032; t-test p < 0.001).
The Bleaching experiment and the high NFRET values calculated for the FRET
interaction between Tip60 and AICD both confirmed the close association of AICD,
Fe65 and Tip60 in the nuclear spots containing AFT-complexes.

46

Results

Figure 7: Fluorescence Resonance Energy Transfer reveals close molecular association of
Tip60 and AICD in the AFT-complexes. A Two cells expressing Citrine-AICD, Fe65 and CFP-Tip60
with nuclear AFT-complexes. Sensitized emission of Citrine after excitation of CFP was calculated
from raw FRET values corrected for CFP bleach-through and Citrine cross-excitation (FRET). To
prevent quenching of Citrine emission, Fe65 was labeled with a Cy5-conjugated antibody. B Control
cells co-expressing CFP and Citrine both fused to nuclear targeting sequences showed very little
FRET measured as sensitized emission of Citrine. C FRET measurements of spherical nuclear spots
showed sensitized Citrine fluorescence in absence of Cy5-labeled Fe65. D Citrine was photobleached
in one nucleus and the CFP intensity measured in single spots pre and post bleaching. The graphs
show the mean pixel intensity of measured CFP fluorescence. The pre/post photobleached values of
single spots are connected by a line. After bleaching, CFP fluorescence intensities increased in spots
in bleached nuclei, but not in surrounding spots of unbleached nuclei. Scale Bar 10 µm.

4.2.2.2 Immunoprecipitations of nuclear AFT-complexes
To underline FRET data and further support the molecular interaction of AICD, Fe65
and Tip60 in the AFT-spots, immunoprecipitations (IP) from nuclear fractions were
performed. Cells stably expressing AICD were transfected with CFP-Tip60 alone or
CFP-Tip60 and HA-Fe65 together. Both nuclear fractions were immunoprecipitated
with the APP C-terminal antibody from Sigma or anti-Tip60 antibody coupled to
protein A-sepharose. Fe65 was only pulled down with either antibody from cells coexpressing all three proteins as shown by Figure 8A and B. In the IP with the APP Cterminal antibody we were able to enrich for Tip60, with even more pulled down when
Fe65 is co-expressed. This was shown by the Western blot stained with an anti-GFP
antibody, recognizing Citrine as well as CFP (Figure 8C). Although nuclear CitrineAICD can be imaged by confocal microscopy in cells not expressing Fe65 (Figure 6),
it is not detectable by IP from nuclear fractions in the absence of co-expressed Fe65
(Figure8C). Only after triple transfection did AICD accumulate in nuclear spots
(Figure 6C) and could it be detected by IP (Figure 8C). After precipitation of nuclear
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extracts with Tip60 antibodies, the GFP antibody used in Western blot detection
recognized the Citrine-AICD fusion protein only in presence of co-transfected Fe65
(Figure 8D). The lower band at about 30 kDa in this blot is unspecific staining,
resulting from the detection of the antibody used for IP by the secondary antibody
used in Western blot detection.
The ability to enrich for all three proteins by immunoprecipitation with one specific
antibody underlines their close molecular association withinin the AFT-complex, as
already revealed by the FRET measurements.

Figure 8: Immunoprecipitations confirm a close molecular association of the AFT-complexes.
Nuclear fractions were immunoprecipitated with antibodies directed against AICD or Tip60. A, B
Antibodies against AICD and Tip60 co-precipitated Fe65 as detected in the Western Blot by staining of
the HA-tag. C, D IP with antibodies against AICD precipitated Tip60 and vice versa, as shown by
staining with a GFP antibody that detects both, CFP and Citrine. The lower band in D is unspecific and
results from the detection of primary antibody used in the IP by the secondary antibody used for the
Western blot.

4.2.3 Actively transported Fe65 acts as a nuclear shuttle for AICD
The aim was to determine whether Fe65 cycles actively or diffuses freely between
the nucleus and the cytoplasm, whereby acting as a shuttle for AICD. Since directed
nuclear export can be blocked by the Leptomycin B antibiotic (Ni et al., 2001), we
treated our cells with this antibiotic and assessed the effects on Fe65 and AICD by
confocal microscopy and Western blotting. Cells expressing AICD and Fe65 were
incubated for 24 hours with 50 ng/ml Leptomycin B. After blocking nuclear export for
9 hours Fe65 accumulated in nuclei (Figure 9A). Single confocal sections were taken
from the stimulation time points 0 and 24 hours and the mean fluorescence intensity
of nuclear and extranuclear compartments, as determined by DRAQ5 staining, was
measured. In the baseline condition (0 hours Leptomycin B), the ratio of nuclear to
extranuclear Fe65 fluorescence intensity quantified in 35 different cells was 0.76
(SEM = 0.04). Leptomycin B treatment for 24 hours increased this ratio significantly
to 1.84 (SEM = 0.29, N = 35 cells, t-test p < 0.001) (Figure 9B).
After Leptomycin B stimulation a similar significant rise of the nuclear/extranuclear
intensity ratio from 1.19 (SEM = 0.06, N = 35 cells) to 2.65 (SEM = 0.29, N = 35 cells,
t-test p < 0.001) was detected for AICD in the Fe65 transfected cells (Figure 9B).
Further, after inhibition of nuclear export an accumulation of AICD in nuclear spots
was found in most of the Fe65 co-expressing cells (Figure 9A). In these cells no
enrichment of Fe65 in the AICD containing spots was discerned. Both observations
have never been made in cells with intact nuclear export. This could be due to the
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general nuclear distribution of Fe65, leading to a less distinct labeling of spots. In
addition, Fe65 was detected by antibody staining, with the antibody having only
limited access to the high molecular weight densely packed spots. Whereas
compared to Fe65, AICD is labeled directly by the genetically fused Citrine-tag.
Without coexpression of Fe65, AICD displayed no significant change in the ratio of
nuclear/extranuclear fluorescence intensity upon treatment with Leptomycin B for
24 hours
(0h: nuclear/extranuclear = 1.74,
SEM = 0.06,
N = 35 cells;
24 h:
nuclear/extranuclear = 1.50, SEM = 0.05, N = 35 cells) (Figure 9B) and no nuclear
AICD spots were discovered.
Following a treatment of cells co-expressing AICD and Fe65 for 0, 9 or 24 hours with
Leptomycin B, nuclear and postnuclear supernatant (PNS) fractions were prepared.
Western blot analysis of Fe65 (Figure 9C) confirmed the increasing nuclear/PNS ratio
with prolonged inhibition of nuclear export. Optical densities of antibody signals were
measured and when compared to 0 hour control condition, the nuclear/PNS ratios
increased to 2.47 fold after 9 hours and to 5.27 fold after 24 hours Leptomycin B
treatment.
These data show that Fe65 is actively shuttled between the cytoplasm and nucleus
and AICD is transported as a cargo of Fe65. Furthermore, it will be interesting to
investigate the effect of two other adaptor proteins, Jip1b and X11, concerning their
role on the subcellular distribution of AICD.

Figure 9: Fe65 transports AICD into the nucleus. A Blocking of nuclear export with Leptomycin B
leads to an accumulation of Fe65 and AICD after 9 hours. Fe65: red, AICD: yellow, nuclei: blue. In
cells co-expressing Fe65 and AICD, Leptomycin B caused the formation of nuclear AICD-containing
spots that were never observed in cells without Fe65 co-transfection or in absence of Leptomycin B.
Scale Bar 10 µm. B Leptomycin B treatment for 24 hours increased fluorescence signal intensity ratios
of nuclear versus extranuclear staining significantly for AICD (from 1.19 to 2.65, t-test p < 0.001) and
Fe65 (from 0.76 to 1.84, t-test p < 0.001) in co-expressing cells. Without Fe65 coexpression
Leptomycin B treatment did not change the nuclear/extranuclear signal ratio for AICD (from 1.74 to
1.5). C Western blots of nuclear (N) and post nuclear supernatant (PNS) fractions from cells
expressing AICD and Fe65 treated with Leptomycin B for 0, 9 and 24 hours showed increased nuclear
retention of Fe65, stained with an antibody recognizing the HA-tag of Fe65. The N/PNS ratio for Fe65
increased 2.47 fold (9 h) and 5.27 fold after 24 hours treatment.
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4.3 Effects of the adaptor proteins Jib1b and X11α on subcellular AICD
targeting
4.3.1 Jip1 targets AICD to Tip60 in the nucleus
The c-Jun N-terminal kinase interacting protein 1b (Jip1b) is another APP adaptor
protein binding with its PTB domain to the YENPTY-motif. Additionally, Jip1b together
with AICD has been described to activate reporter expression in a Gal4 system
independent of Tip60 (Scheinfeld et al., 2003). Therefore, subcellular distribution of
AICD together with Jip1b was examined by confocal microscopy. The clonal Hek293
cell line expressing AICD was transfected with Jip1b and confocal analysis revealed
an extranuclear localization of the Jip1b protein. The binding of AICD by Jip1b was
concurrent with the clearance of AICD from the nucleus, leading to a predominantly
cytoplasmic AICD distribution (Figure 10A).
Upon Tip60 coexpression, Jip1b localized to nuclear speckles (Figure 10B). In
contrast to Fe65 transfected together with Tip60, the speckles had the same
morphology as Tip60 alone. AICD was also localized to these speckles, although at
lower levels than the nuclear targeting seen with Fe65; additionally, it was not
completely relocalized to the nuclear compartment but still detected in the cytoplasm
(Figure 10C).
The number of nuclear speckles containing AICD, Jip1b and Tip60 (AJT-complex)
was specified in 63 different nuclei. These speckles had a mean value of 10.7
(median = 10, SD = 5.1, N = 63 nuclei) which is significantly lower than the AFTspots counted per nucleus. Jip1b transfected together with the functionally impaired
Tip60mut into the AICD expressing cells revealed identical speckle-like structures
containing the AJTmut-complexes (Figure 14D).
Our confocal analysis revealed that Tip60 played a role in the distribution of Jip1b
interacting with AICD to nuclear speckles; but on the basis of our data, we were not
able to determine if the interaction between Tip60 and Jip1b is of direct or indirect
nature via the recruitment of additional endogenous proteins.
4.3.2 X11 traps AICD to extranuclear sites
The third APP adaptor protein investigated for its role in AICD subcellular targeting
was human X11α (Mint1). It was interesting to see whether X11α plays a different
role than Fe65 or Jip1b, since it was reported to inhibit transactivation mediated by
AICD fused to a Gal4 reporter construct (Biederer et al., 2002; Borg et al., 1996).
Similar to Jip1b, X11α was cytoplasmically localized, with no detectable fluorescence
signal in the nuclear compartment. The interaction of AICD and X11α led to a
clearance of the formerly homogenously distributed AICD from the nucleus (Figure
10E). Tip60 co-expressed with AICD and X11α neither relocated X11α to the nuclear
compartment nor was any nuclear AICD signal detectable (Figure 10F). X11α thus
traps AICD in the cytosol and therefore differs from the effects of Fe65 and Jip1b on
nuclear AICD-localization.
With the different effects of Fe65, Jip1b and X11α on subcellular distribution of AICD
we concluded that directed nuclear import of AICD could be essential in
transcriptional regulation. Furthermore, since AICD was reported to activate
transcription in a Gal4 reporter system (Cao and Sudhof, 2001), we decided to
analyze the effect of AICD on target genes.
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Figure 10: APP-interacting proteins Jip1b and X11α have different effects on nuclear AICD
localization. A Clonal Hek293 induced for AICD expression transfected with Jip1b showed a clear
extranuclear localization of Jip1b. Binding of AICD to Jip1b was associated with decreased nuclear
levels of AICD. B Clonal line without AICD induction co-expressing Jip1b and Tip60 let to a
relocalization of Jip 1b into nuclear speckles. C Induction for AICD as well as co-transfection of Tip60
and Jip1b resulted in the formation of nuclear AJT–complexes with a distinct speckle-like morphology,
as compared to the smaller spherical spots generated by AFT-complexes. D Co-transfection of Jip1b
and Tip60mut in AICD expressing cells shows the same Jip1b localization to nuclear speckles as
together with Tip60. E Clonal Hek293 induced for AICD expression and transfected with X11α
revealed exclusive extranuclear localization of X11α. Binding of AICD to X11α was concurrent with
decreased nuclear levels of AICD. F Coexpression of Tip60 to AICD and X11α had no effect on the
extranuclear localization of either X11α or AICD. Scale Bar: 10 µm.
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4.4 AICD regulates the transcription of effector genes
4.4.1 AICD expression increases mRNA levels of several genes including its
precursor APP
Quantitative real-time PCR was used to determine whether genes involved in APP
processing, APP signaling and the described candidate target genes of AICD KAI1
(Baek et al., 2002), and GSK3β (Kim et al., 2003) were regulated in their expression
levels in dependence of AICD. Furthermore, the genes ADAM10, BACE, PSEN1,
APH1, PEN2 and Nicastrin involved in APP processing, the adaptor proteins Fe65,
Jip1b, X11 and Tip60, as well as Notch and its effector gene regulated by NICD
HES1 (Ohtsuka et al., 1999) were analyzed. For a complete list of all genes
examined and their respective primer sequences, refer to chapter 6.4.1. The house
keeping genes GAPDH and PGK were used for normalization. The specific primers
were selected to yield amplicons with lengths between 62 and 137 base pairs and
were located to amplify the 3' end to the middle of the ORF, except for Citrine-AICD
where they spanned the fusion border.
Total RNA populations were isolated from our clonal cell line, with and without 48
hours induction of AICD expression. After reverse transcription with poly dT primers,
the cDNAs generated were used in quantitative PCR reactions.
The increase in Citrine-AICD transcripts after 48 hours of induction was 17.4 fold
(SEM = 3.2, Mann-Whitney U p< 0.008, not shown). At this time point, APP transcript
levels were significantly increased 2.59 fold (SEM = 0.53 p = 0.008). Also significantly
increased transcript levels were found for BACE (1.66 fold, SEM = 0.21, p = 0.008)
and Tip60 (2.51 fold, SEM = 0.77, p = 0.016). The described regulation of KAI1
(3.39 fold, SEM = 0.59, p = 0.008) and GSK3β (1.65 fold, SEM= 0.25, p = 0.021) was
confirmed (Figure 11A). ADAM10, PSEN1, Fe65, and the Notch effector HES1
(Figure 11A, Table 2), showed no regulation by AICD (p > 0.05). Normalizations were
performed with the housekeeping gene GAPDH, and normalization with PGK yielded
similar results. To judge variation, PGK was plotted against GAPDH. These
quantitative PCRs were replicated in 5 independent biological samples with different
passage numbers of the cultures. For significance testing, the Mann-Whitney U test
was performed with a cut-off of p< 0.05.
Quantitative real time PCR on transcripts of APP, BACE, Tip60, GSK3β, KAI1,
ADAM10, PSEN, Fe65 and HES1 were also performed in the clonal cell line 4 and 6
(data not shown), yielding similar results, thus strengthening our findings in clone 5.
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Figure 11: AICD induces transcription of effector genes on mRNA levels. A Quantitative real-time
PCR on mRNA of clonal cell line with (black bars) and without (white bars) induction for AICD
expression showed that AICD not only significantly increased the expression of APP, BACE and Tip60
but also confirmed the reported GSK3β and KAI1 induction (Mann-Whitney U p < 0.05). AICD did not
change the expression levels of Adam10, PSEN, Fe65 or the Notch effector gene Hes1. All values
were normalized against GAPDH expression levels and expressed as a fold change to baseline
without AICD induction. Data represent means +/- s.e.m. of five biological replicates, each done in
triplicate. B 3 % agarose gel with a selection of amplicons corresponding to GAPDH, PGK, APP,
BACE, Tip60, KAI1, GSK3β and Citrine-AICD (in this sequence). The size marker corresponds to 50,
100, 150 and 200 bps.

In addition, other proteins reported to be linked to APP metabolism or physiology
were tested for their transcript levels in the clonal cell line with and without AICD
expression. These quantitative PCRs were replicated in 3 independent biological
samples, and none of the tested genes was significantly regulated in dependence of
AICD expression (Table 2).
Gene
ADAM10
Alcadein
APH-1A
APLP1
APLP2
Arg3.1
Fe65
HES1
Jip1b
LRP

fold change
1.20
1.05
1.38
1.16
1.03
1.09
1.43
1.34
1.35
1.22

SEM
0.15
0.59
0.14
0.06
0.19
0.41
0.19
0.26
0.34
0.32

Gene
Mena
N-Cadherin
Nicastrin
Notch1
Pen2
Psen1
Serca
Thymidilate synthase
X11

fold change
0.96
1.34
1.26
1.38
1.30
0.93
0.80
0.92
0.98

SEM
0.12
0.29
0.12
0.38
0.16
0.08
0.18
0.27
0.36

Table 2: Transcripts not affected by AICD expression. All genes tested that were not regulated in
their transcript levels in the clonal Hek293 cell line with and without AICD expression.
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4.4.2 AICD expression regulates APP protein levels and processing
The fact that AICD regulated the transcription of its precursor on mRNA levels
prompted us to test if APP protein levels were also upregulated.
Immunocytochemistry and Western blotting were used to quantify APP protein levels
dependent on AICD expression. Clonal Hek293 cells were plated onto coated glassslides and Citrine-AICD expression was induced for 48 hours. Staining was
performed with the 6E10 antibody which recognizes the N-terminus of the Aβ domain
and therefore besides full-length APP, also detects sAPPα, Aβ and β-stubs. To
determine baseline expression of APP and its proteolytic fragments, identical staining
was done on cells not induced for AICD expression. A strong increase in cellular APP
levels was detected in induced cells compared to baseline expression, as revealed
by confocal images acquired with identical instrumental settings (Figure 12A).
Therefore, AICD induced not only mRNA transcripts of APP but resulted also in
increased protein amounts, either full length APP or processed products.
The APP expression pattern was analyzed by Western blotting of naïve Hek293 cells
and the clonal line with different induction times for AICD expression. Membranes
were stained with antibodies directed against Citrine-AICD (anti-GFP antibody) to
probe for AICD induction, and an APP N-terminal antibody (22C11) to stain for fulllength APP, as well as an APP C-terminal antibody (APP C-terminal Sigma) to stain
for α- and β-stubs. For normalizations, antibody probing against GAPDH was
performed on the same membrane (Figure 12B). Naïve cells were either analyzed
after or without treatment with the γ-secretase inhibitor DAPT (Dovey et al., 2001).
Inhibition of the γ-secretase leads to an accumulation of α- and β-stubs (Figure 12B
lane 2).
In three different biological replicates optical densities of antibody staining were
measured and quantified. There was no significant increase in full-length APP at 3, 6
and 48 hours of AICD expression, compared to uninduced cells. In contrast, an
increase in α- and β-stubs was detected reaching a significant 2.2 fold rise
(SEM = 0.2, N = 3, Mann-Whitney U, p < 0.05) after 48 hours of Citrine-AICD
expression (Figure 12C). Furthermore, after 48 hours of Citrine-AICD induction
endogenous AICD was detected in addition to the α- and β-stubs. The increase in αand β-stubs was also seen in naïve HEK293 cells after blocking the γ-secretase with
DAPT.
Compared to naïve HEK293 cells, we detected nearly two-fold higher levels of fulllength APP and α-/β-stubs in the clonal cell line. This increase in control levels might
be due to leakage of AICD expression in our inducible system, which was not evident
via confocal microscopy (Figure 12A) but can be detected in Western blots (Figure
12B lane 3).
AICD expression did not only result in an increase in APP mRNA levels, but
moreover it led to a higher APP turnover with steady full-length APP levels.
Therefore, it will be interesting to assess the effect of AICD on protein levels of the
other effector genes.
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Figure 12: AICD not only affects APP turn-over but also leads to replenishment of APP pools
by feed-back regulation. A Clonal Hek293 grown for 48 hours with or without the induction of AICD
expression. Endogenous APP staining with the 6E10 antibody revealed increased APP protein levels
induced by AICD expression. Scale Bar 20 µm. B Western blotting of whole cell extracts of naïve
Hek293 (wt) and AICD expressing cells. Membranes were analyzed with antibodies against the N- or
C-terminus of APP, against GFP to detect the Citrine-AICD fusion protein and GAPDH as a loading
control. Naïve Hek293 (lane 1) were also treated with the γ-secretase inhibitor DAPT for 20 hours,
which led to an accumulation of α- and β-stubs (lane 2). Clonal Hek293 cells were induced for 3, 6 or
48 hours (lane 4 – 6) to express Citrine-AICD. C Bar Diagram shows densitometric analysis of fulllength APP and α- together with β-stubs from three independent biological replicates. Relative protein
levels are determined with respect to uninduced cells (0 hours). The 2.2 fold increase in α- and βstubs at 48 hours was significant compared to 0 hours (SEM = 0.2, N = 3, Mann-Whitney U, p < 0.05).

4.4.3 Effect of AICD transcriptional regulation on BACE and Gsk3β protein
levels
We intended to verify all genes induced on the transcript level for their respective
protein, but due to unavailability of functional antibodies for Western blotting or
Immunocytochemistry, we were not able to stain for endogenous Kai1 or Tip60
protein.
Whole cell homogenates of Hek293 cells induced for 3, 6, 9, 12 and 48 hours for
AICD expression, as well as uninduced cells were prepared and separated on 10 20 % Tricine gradient gels.
The antibody directed against BACE protein stained a band at about 70 kDa. The
detected BACE protein level was markedly stronger (4 fold increased) after 3 hours
of AICD expression, compared to uninduced cells. The detected protein amount after
24 hours was down-regulated to reach the initial protein concentrations (Figure 13).
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The same cell homogenates were also probed with an antibody directed against
Gsk3β, which marked a double band at about 46 and 52 kDa. As for BACE, the
detected Gsk3β protein amount increased to a higher concentration after 3 hours and
with prolonged AICD expression, Gsk3β protein level was again reduced back to its
baseline expression (Figure 13).
These expression patterns from BACE and Gsk3β were shown in two independent
biological replicates, and protein amounts were normalized to GAPDH and β-actin.
Quantitative PCR and Western blotting revealed transcriptional activation of AICD
target genes on the mRNA levels and upregulation of the respective proteins after a
short induction time of AICD.

Figure 13: Antibody staining of BACE and Gsk3β protein on a time series of AICD expression.
40 µg whole cell extracts of Hek293 cells induced for 3, 6, 9, 12, 24 hours for AICD expression were
separated on a 10 – 20 % Tricine gel and blotted on a nitrocellulose membrane. Antibody staining for
BACE detected a band at about 70 kDa, whereas Gsk3β staining reveals a double band at about 45
and 52 kDa. For normalization, the membrane was probed with β-actin and GAPDH antibodies.

4.4.4 Effect of siRNA directed against Fe65 and Jip1b on AICD mediated
transcriptional regulation
We wanted to assess whether siRNA directed against Fe65 and Jip1b, leading to a
shut-down of their respective transcripts, was able to abolish AICD transcriptional
regulation. For both Fe65 and Jip1b, four different sense and antisense DNA
oligonucleotides were generated in silico, using an algorithm provided by Ambion to
find potent siRNAs (for sequences refer to chapter 6.4.2). Positive siRNA controltemplates to GAPDH and a negative siRNA control (with no similarity to the human
genome) were purchased from Ambion. When compared to mRNA from cells treated
with empty transfection lipid vesicles to mRNA of cells treated with siRNA against
Fe65 and Jip1b, these showed a decrease in the respective transcript levels
measured by quantitative PCR with a shutdown of 44 % (oligo pair 2), 66 % (oligo
pair 3) and 90 % (oligo pair 4) in the case of Fe65 and for Jip1b a shut down of 90 %
(oligo pair3). A similar shut-down for Fe65 and Jip1b transcripts were found when
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data were compared to mRNA from cells treated with negative siRNA and to cells
treated with siRNA against GAPDH (normalized to PGK). Transfection efficacy was
about 80% as estimated by the Cy3-staining from the labeled GAPDH siRNA.
To assess changes in transcript levels from AICD effector genes in dependence of
the Fe65 shut-down, different siRNAs were transfected in the clonal line: Negative
siRNA, siRNA directed against GAPDH, siRNA oligo-pairs 2, 3, 4 against Fe65
together and siRNA oligo pair 3 against Jip1b. Each experiment was performed in
triplicate. Cells were treated with siRNA for 3 days, without or with expression of
AICD on the last two days, cells were harvested and total RNA isolated. Quantitative
PCR was performed with primers to amplify GAPDH, PGK, Fe65, Citrine-AICD, APP,
BACE, Tip60, KAI1, GSK3β and HES1. The threshold cycle numbers (CT values) of
the amplicons from negative siRNA with and without AICD induction were compared.
This revealed that all transcript levels were drastically reduced as soon as we
induced AICD expression. The reductions seen for all genes tested, except for PGK
(0.5 fold), were between 0.42 and 0.08 (Figure 14A). The GAPDH CT values from
mRNA of cells treated with negative siRNA without AICD induction was higher
(logarithmic transcript increase later in the PCR reaction) than compared to naïve
Hek293 cells, even with the same RNA starting amount (not shown). Nevertheless,
we compared the normalized CT values of Fe65 amplicons (relative to GAPDH) from
mRNA of cells treated with Fe65 siRNA with and without AICD expression and they
showed a Fe65 shut down to 30 %. PGK values remained nearly constant at 87 %.
All AICD effector genes tested on the same mRNAs were markedly reduced to about
40 % (APP, BACE), 25 - 30% (GSK3β, Tip60) to about 10 % (KAI1, Hes1) (Figure
14B). Since we had seen similar shut down effects with negative siRNAs, the same
experiments were not repeated with siRNA directed against Jip1b.

Figure 14: Quantitative Real-time PCR on mRNA of siRNA treated cells. A Comparison of
transcript levels between mRNA from cells treated with negative siRNA without AICD expression
(white bars) to mRNA of same transfected cells but with induction of AICD expression (black bars).
Transcript levels of each gene were calculated relative to the levels in cells without AICD induction. B
Comparison of transcript levels of Fe65 siRNA treated cells either without (white bar) or with (black
bars) AICD expression. Transcript levels of each gene were calculated relative to the levels in cells
without AICD induction.

57

Results

4.5 Full-length APP-derived AICD translocates to the nucleus - a
process that can be blocked by γ-secretase inhibitors
4.5.1 AICD processed from full-length APP translocates to the nucleus
All our studies on the effects of adaptor proteins on AICD subcellular distribution
were performed on cells transgenically expressing AICD. But to show the relevance
of AICD in physiologic nuclear targeting and signaling, we also had to verify that
AICD generated from full-length APP also translocates to the nucleus in dependence
of its adaptor proteins. To reach this aim, two different full-length APP constructs
were introduced in Hek293 cells and analyzed by confocal microscopy and FRET.
Two different linker sequences were used to fuse APP695 at its C-terminus with
Citrine and both constructs were expressed via the ecdyson-inducible pTBoris
system. The linker sequence was either a short spacer sequence (APP-Citrine) or a
longer spacer encoding a tandem HA-tag (APP-2HA-Citrine) (Figure 15A).
In cells transfected for APP-2HA-Citrine, after 16 hours of induction for transgene
expression, Citrine fluorescence was detected in the perinuclear ER and the Golgi
complex. Citrine fluorescence highly co-localized with the antibody staining directed
against the HA-tag. Furthermore, APP-2HA-Citrine fluorescence was detected in
spots covering the membrane surface of the soma and within all processes. This
expression pattern resembled the distribution of endogenous APP, indicating that the
Citrine-tag does not alter APP trafficking or subcellular localization. No fluorescence
signal was detected in the nuclear compartment when examining confocal sections
trough nuclei (Figure 15B).
Simultaneous expression of APP-Citrine, Fe65 and Tip60 again led to the
appearance of AFT-complexes in nuclear spots. These complexes contained the
AICD-Citrine, derived from full-length APP-Citrine. This finding shows that in addition
to Citrine-AICD also AICD derived from full length APP can be nuclearly localized
together with Fe65 and Tip60 (Figure 15C).
When the same experiment was repeated with APP-2HA-Citrine, the AICD-Citrine
signal was readily detected in the nuclear AFT-spots. But while the antibody directed
against the HA-tag stained APP in the ER/Golgi network and processes, it failed to
label the nuclear AFT-complexes (Figure 15D). This made us think of the possibility
that upon AFT-complex formation in nuclear compartments antibody access to the
HA-tag might be prevented. Testing this hypothesis by an immunoprecipitation of
AICD from nuclei and staining for the HA-tag in Western blotting failed, due to the
insufficient co-transfection efficacy of all constructs together (APP, Fe65, Tip60,
ecdyson transactivator). Nevertheless, using whole homogenates of transfected cells,
an approximately 35 kDa band of AICD-2HA-Citrine was detected with antibodies
directed against GFP and the HA-tag in Western blots (not shown). Since Citrine
alone (fused to a nuclear localization sequence) was not targeted to nuclear spots
containing Fe65 and Tip60 (not shown) it can be inferred that the γ-secretase
generated AICD-HA-tag-Citrine fusion protein localized to the nuclear AFTcomplexes is integer. Further, as the AICD YENPTY-motif recognized by Fe65 is
responsible for localization to nuclear spots, where a Citrine signal was observed;
also the connecting HA-tag had to be intact.
To enable FRET measurements of AFT-spots with AICD derived from full-length
APP, cells were transfected to express APP-2HA-Citrine, CFP-Tip60 and myc-Fe65.
The HA-tag from the APP fusion construct was labeled with Cy5 (Figure15E). As
described above, HA-tag staining detected APP in the soma and processes, but
failed to stain for nuclear AFT-complexes. FRET measurements in the nuclear
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compartments by excitation of CFP-Tip60 resulted in a sensitized Citrine emission
coming from the APP derived AICD-2HA-Citrine localized to nuclear spherical spots
(Figure 15E).
The use of full-length APP constructs and the detection of nuclear AICD-Citrine
fluorescence derived from full-length APP, proved that APP derived AICD
translocates to the nucleus, as already shown for transgenically introduced AICD.
Moreover, the observed FRET signal together with the failure of staining the nuclear
AFT-spots with the anti-HA antibody were in concordance with the postulated close
molecular interaction of all partners within the AFT-complexes.

Figure 15: AICD derived from full-length APP translocates to the nucleus and generates AFTcomplexes. A Schematic representation of the genetically fused APP-Citrine and APP-2HA-Citrine
constructs with the transmembrane domain and the ε-cut indicated (S3). B In Hek293 cells expressing
APP-2HA-Citrine full-length APP was localized in the ER/Golgi, in vesicles, in the processes and
somata, but not in nuclei. Staining of APP with antibodies directed against the HA-tag co-localized with
Citrine fluorescence in extranuclear localizations. Lower row: Confocal xz-scans through nuclei
confirmed the extranuclear localization of full-length APP. C Cells co-expressing full-length APPCitrine together with Fe65 and Tip60 formed nuclear AFT-complexes with spherical spot morphology.
Lower row: Confocal xz-scans through nuclei show the nuclear localization of AFT-complexes with
AICD-Citrine derived from full-length APP-Citrine. D Cells co-expressing APP-2HA-Citrine, Fe65 and
Tip60 were stained for the HA-tag. In contrast to the extranuclear co-localization of HA antibody
staining with Citrine fluorescence, HA antibodies failed to detect the nuclear AFT-complexes that
emitted strong Citrine fluorescence signals. Lower row: Confocal xz-scans through nuclei show the
nuclear localization of AFT-complexes with AICD-Citrine derived from full-length APP-Citrine. E Cells
co-expressing APP-2HA-Citrine, Fe65 and Tip60 were stained for the HA-tag. Antibodies against the
HA-tag, stained with Cy5 (blue), consistently failed to detect AICD in AFT-complexes. Lower row:
FRET measurements on triple transfected cells showed sensitized emission from Citrine indicating
close molecular association of APP-derived AICD with Tip60 in nuclear AFT-complexes. Scale Bar: 10
µm in A to C, 20 µm in D upper row and 5 µm in D lower row.
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4.5.2 Pharmacological inhibition of γ-secretase activity blocks APP
processing, formation of nuclear AFT-complexes and affects protein
levels of AICD effector genes
Proteolytic activity of the γ-secretase releases AICD from the transmembrane protein
APP into the cytoplasm. By blocking this proteolytic activity we studied the effect on
AICD generation by confocal imaging and in turn the resulting consequence on AICD
target genes by Western blotting. The two pharmacological γ-secretase inhibitors L685,458 (Shearman et al., 2000) and DAPT (Dovey et al., 2001; Geling et al., 2002)
potently block γ-secretase activity. Treatment of transfected cells (APP-Citrine, Fe65
and Tip60) with either γ-secretase inhibitor abolished the formation of nuclear AICD
spots derived from APP-Citrine fusion protein (Figure 16A, B). Cells co-expressing
APP, Fe65 and Tip60 were investigated for nuclear spots, and none of the counted
cells showed nuclear AICD localization (L-685,458 N = 15 cells; DAPT N = 27 cells).
This is in contrast to control cells, where formation of nuclear spots with spherical
AFT-complexes was seen in 69 out of 76 cells expressing all three proteins (Figure
16C).
In cells with low to medium APP expression levels, Fe65 was seen to localize to
spherical nuclear spots together with Tip60 (N = 29 cells) despite the inhibition of
nuclear AICD-Citrine localization (Figure 16A, upper cell and Figure 16B). With high
APP transgene expression, Fe65 was prevented from entering the nucleus and
forming spherical nuclear spots (N = 17). Instead, its distribution closely resembled
the distribution pattern of APP (Figure 16A, lower cell).
Hek293 cells were treated with the γ-secretase inhibitor DAPT for 3, 6, 9, 12 and 24
hours and Western blots of whole cell homogenates were probed with antibodies
directed against APP (22C11 antibody against N-terminus to detect full-length APP;
α-/β-stubs: APP C-terminal antibody), BACE, Gsk3β and for normalization purposes
with GAPDH. After treatment for 24 hours with DAPT (0.1 ng/µl), an enrichment of α/β-stubs of about 12 – 14 times as compared to DMSO treated control cells was
detected. This confirmed the potency of the γ-secretase inhibitor DAPT in blocking
APP degradation. On the other hand the levels of full-length APP were decreased by
half after 24 hours of γ-secretase inhibition. The effect of blocking AICD formation by
DAPT treatment was further examined for BACE and Gsk3β. BACE protein showed a
marked decrease after 12 and 24 hours of γ-secretase inhibition, whereas Gsk3β
protein levels were increase at 3 to 9 hours of γ-secretase inhibition and adjusted
back to nearly normal levels at 12 and 24 hours (0.9) (Figure 16D). Protein amounts
were estimated by measuring optical densities of corresponding antibody bands at 0
and 24 hours DAPT treatment and were normalized to GAPDH staining.
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Figure 16: Blocking of APP processing by pharmacological inhibition of γ-secretase prevents
formation of nuclear AFT-complexes and affects protein levels of AICD effector genes. A The γsecretase inhibitor DAPT prevented nuclear localization of APP derived AICD to AFT-complexes in
Hek293 cells expressing APP, Fe65 and Tip60 B The same prevention of AICD localization to nuclear
AFT-complexes was seen with the γ-secretase inhibitor L-685,458 C Control cells in absence of γsecretase inhibitors confirmed the formation of nuclear AFT-spots with AICD derived from full-length
APP. Scale Bar: 10 µm. D Whole cell extracts of Hek293 cells treated with DAPT for 3, 6, 9, 12 and 24
hours were probed with antibodies against full length APP, α- and β-stubs, Gsk3β, BACE and
GAPDH. Staining of α-/β-stubs confirmed the DAPT activity. APP, BACE, and Gsk3β all showed a
decrease in protein amounts after 24 hours treatment with the γ-secretase inhibitor.

4.6 Formation of nuclear complexes in differentiated
neuroblastoma and adult rat hippocampal progenitor cells

human

4.6.1 Formation of nuclear AFT- and AJT-complexes in differentiated SH-SY5Y
cells
After our experiments on Hek293 cells established a role of AICD in nuclear
signaling, it was necessary to demonstrate the same in neuronal cells. Since in
neurons APP is highly expressed und undergoes rapid turnover, high amounts of
AICD are generated.
Several transfection experiments showed SH-SY5Y cells to resist genomic
integration of the pTBoris construct for inducible expression of Citrine-AICD or APPCitrine. This might be due to leakage of AICD expression which has been reported to
have toxic effects. Therefore, we analyzed AICD nuclear localization by confocal
microscopy in transiently transfected cells.
The neuroblastoma SH-SY5Y cells were differentiated by sequential treatment with
retinoic acid and BDNF for 5 days each and then transfected. In these SH-SY5Y
cells, in contrast to Hek293 cells, Fe65 expression was already concentrated to the
nucleus without coexpression of Tip60 (Figure 17A). The combined expression of
AICD, Fe65 and Tip60 led to the formation of AFT-complexes in nuclear spherical
spots (Figure 17B).
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Expression of Jip1b and Tip60 together with AICD led to a nuclear localization of
Jip1b into speckle-like spots comprised of AJT-complexes with the same morphology
as seen in the Hek293 cells (Figure 17C).
The appearance of AICD-Citrine fluorescence in the nucleus and formation of AFTspots was also seen after introduction of full-length APP, Fe65 and Tip60 in the
differentiated human neuroblastoma cells (Figure 17D).
Thus, SH-SY5Y cells differentiated into a neuronal phenotype also showed formation
of nuclear spherical spots of AFT-complexes, as well as nuclear AJT-complexes with
a speckle-like morphology.

4.6.2 Nuclear AFT-complexes
progenitor cells

in

differentiated

adult

rat

hippocampal

To show that the nuclear AFT-complexes can also be formed in not artificially
immortalized cells, adult rat hippocampal progenitor cells were used. These
progenitor cells can be differentiated to neurons, astrocytes and glial cells using
retinoic acid, BDNF and NT3 (Song et al., 2002). After differentiation for 10 days,
cells were transfected with AICD, Fe65 and Tip60. Coexpression of all three
transgenes led to the formation of nuclear AFT-complexes with spherical-spot
morphology (Figure 17E).
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Figure 17: Formation of APP derived AICD containing nuclear complexes in differentiated
neuroblastoma and adult rat hippocampal progenitor cells. A Nuclear and cytoplasmic localization
of Fe65 expressed in SH-SY5Y cells differentiated with retinoic acid and BDNF B SH-SY5Y were
differentiated for 10 days to a neuronal phenotype by Retinoic acid and BDNF. Transient coexpression
of AICD, Fe65 and Tip60 resulted in the formation of nuclear AFT-complexes with spherical spot
morphology. C Coexpression of AICD, Jip1b and Tip60 in differentiated SH-SY5Y cells resulted in the
formation of nuclear AJT-complexes with speckle-like morphology. D When full-length APP together
with Fe65 and Tip60 was transfected into differentiated SH-SY5Y cells, APP-derived AICD is also
targeted to the nucleus in spherical spots consistent of AFT-complexes. Nuclei are shown in higher
magnification. E Adult rat hippocampal progenitor cells were differentiated for 5 days with retinoic acid
and 5 days with BDNF and NT3. Transfection with AICD, Fe65 and Tip60 led to the formation of
nuclear spherical spots comprised of AFT-complexes. Scale bar in A is 10 µm for A, B, C D inset, D, E
and 20 µm for D.

So far we were able to show that AICD and full-length APP-derived AICD localize to
nuclear spherical-spots together with Fe65 and Tip60 and to nuclear speckles
together with Jip1b and Tip60. We also demonstrated that the formation of nuclear
complexes was cell-line independent and that nuclear complexes were
morphologically changed by mutating the Fe65 binding site of Tip60 (Tip60mut).

4.7 Transcriptome analysis using Affymetrix technology
Due to the finding that AICD nuclear targeting was cell-line independent and the data
from quantitative real-time PCR that AICD regulates transcription of APP, BACE,
Tip60, GSK3β and KAI1, we wanted to identify further AICD regulated genes without
a priori assumptions about their nature.
The Affymetrix GeneChip® Human Genome U133 Plus 2.0 array was used to
address this question. It contains ~54,000 probe sets representing more than 39,000
transcripts derived from approximately 33,000 well-substantiated human genes and
additional probe sets representing approximately 6,500 new, uncharacterized genes.
Transcript sequences are selected from GenBank®, dbEST and RefSeq, as
described more detailed on the Affymetrix homepage:
http://www.affymetrix.com/products/arrays/specific/hgu133plus.affx.
The arrays provide a concentration of each mRNA queried by the number of different
probe-sets relative to the genome-wide mRNA profile of the sample. Each probe-set
is constructed from eleven 25-mer perfect-match (PM) and eleven 25-mer pairedmismatch (MM) oligonucleotides from the 3’ end of each transcript queried, allowing
judgment of non-specific binding and performance of the probes. This array design
also enables the development of different methods for interpreting the hybridization
patterns across the probe set and calculating a single “expression level” or “signal”
that reflects the gene’s relative expression level.
For data analysis and controlling, all working steps were followed as outlined in the
MIAME guidelines (Minimum Information about a Microarray Experiment), described
by Brazma and colleagues and as can be downloaded from the web-page:
http://www.mged.org/Workgroups/MIAME/miame.html (Brazma et al., 2001).
Total RNA populations were isolated with the RNeasy-Kit from naïve Hek293 cells,
Hek293 Citrine-AICD clonal cells without (- AICD) and with 48 hours of AICD
expression (+ AICD). Per condition, three biological replicates were generated,
resulting in a total of nine GeneChip hybridizations. Quality judgment of total RNA
was done on the Agilent Bioanalyzer, to visualize clear 18S and 28S ribosomal RNA
63

Results

bands and to measure RNA integrity. All samples displayed RIN labels between 9.7
and 10, and reported 28S/18S ratios of 1.7 to 1.8, representing high quality starting
material. The generation of cRNA probes, hybridization and staining of the
GeneChips and also scanning were performed as described in chapter 3.1.2.5.
Gene array hybridization images were inspected by eye for deficits such as bubbles
or scratches, and correct alignment of the scanner grid was controlled for every chip.
The Affymetrix MAS 5.0 array analysis software adjusted the scanned microarray
image to common target intensity by using a scaling factor. The scaling factors of all
nine chips ranged from 2.224 to 3.410 and all present calls (Genes with signal
intensities above background levels and no strong paired mis-matched signals) were
between 37.2 and 42.2 % (present calls have to be greater than 25 % on this kind of
DNA chip). Background, noise values and mean intensities were within acceptable
ranges as outlined in the Affymetrix Protocol. 3’/5’ ratios of GAPDH and β-actin
housekeeping controls were always around 1. The different Affymetrix spike in
controls named BioB, BioC, BioD and CreX were all found to be present, with BioC,
BioD and CreX also present in ascending signal intensities. These spike-controls
have to show ascending signal intensities, since otherwise amplification of cRNA
would not have been linear, resulting in biased cRNA amounts. Finally, no
contaminating signals were detected in any of the chips as demonstrated by the
absence of hybridizations to spotted oligos complementary to bacterial sequences.
For a representative output file of a primary chip analysis using GCOS and the
implemented Microarray Suite version 5.0 (MAS5.0) algorithm refer to supplementary
data in chapter 8.1.
To assess the comparability of biological replicates hybridized on the different chips,
scatterblot analysis was performed with the GCOS software. The biological replicates
were all highly similar with a close distribution around the diagonal. Figure 18A shows
a representative Scatterblot of biological replicates. Between naïve Hek293 and
clonal cells with or without AICD induction, a wider scattering was found with genes
differentially regulated 2 to 10 fold (Figure 18B, C). Only a few genes were seen on
the scatterblots to be differentially regulated by comparison of the clonal Hek293 cell
line either with or without AICD expression (Figure 18D).
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Figure 18: Representative scatterblots of two biological replicates and comparison of naïve
and AICD expressing cells. A Scatterblot of naïve Hek293 cells replicate 1 compared to replicate 3.
B Scatterblot of naïve Hek293 cells compared to clonal line without AICD expression (Biological
replicate 1). C Comparison of Naïve Hek293 cells to clonal line with AICD expression D Comparison of
clonal line with and without AICD expression. Lines represent a 2, 3, 10 or 30 fold change.

Data analysis of Affymetrix oligonucleotides microarrays underlies two relatively
distinct steps: First, the development of a normalized signal for every transcript on
each microarray and second, the subsequent statistical analysis of differences in
signals between different arrays. Both steps have a marked influence on each other.
The algorithms to generate signal intensities and the normalization methods vary
between all programs and each produces different results. Therefore, it is
recommended to use at least two algorithms for signal generation, comparison and
prioritization of gene selection. For data generation and the analysis of our nine DNA
chips we used Genespring 6.2 and dChip 1.3.

4.7.1 GeneChip data analysis using dChip 1.3
With the algorithm implemented in dChip 1.3, for each probe set a single signal
intensity was calculated from the component signals. The calculated present calls
ranged from 47.57 to 52.14 % (Table 3). Project based normalization was performed
as proposed by the program, to the GeneChip hybridized with mRNA from the first
biological replicate of clonal Hek293 cells with Citrine-AICD expression
(rc270804_plusteb1). Following background calculations, model based expression
values were calculated using the PM-only model, revealing that the GeneChip
hybridized with mRNA from the biological replicate 2 of naïve Hek293 cells
(rc270804_wt2) as an array outlier (Table 3).
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Number
1
2
3
4
5
6
7
8
9

Array
rc270804_minusteb1
rc270804_minusteb2
rc270804_minusteb3
rc270804_plusteb1
rc270804_plusteb2
rc270804_plusteb3
rc270804_wt1
rc270804_wt2
rc270804_wt3

Median int.
296
377
276
276
228
259
288
211
248

P call %
50.36
49.30
50.66
50.09
50.72
48.98
47.57
52.12
48.07

Array outlier
0.005486
0.248743
0.005486
0.007315
0.131687
0.034750
2.677640
6.200270
0.098765

Single outlier
0.022672
0.037732
0.012411
0.011088
0.022010
0.024161
0.420350
0.199253
0.023996

Warning

*

Table 3: Output summary table of dChip 1.3 array analysis. The table summarizes the Median
intensities, present calls in %, array and single outliers for each GeneChip.

Calculation of differentially regulated genes was performed with 8 GeneChips,
excluding the array outlier. To compare samples, the differential expression had to be
higher than 2 fold and must be present in more than 51 % for naïve cells (two
GeneChips) and 34 % for clonal cells (2 x 3 GeneChips) respectively. These
percentage limits were applied to exclude a single signal outlier generating a false
positive candidate. With these criteria, 140 probe sets were found to be differentially
regulated between naïve Hek293 and AICD expressing cells and 109 probe sets
between naïve Hek293 compared to the clonal line without AICD expression. Further,
the signal intensities from the GeneChip hybridized with mRNA from AICD
expressing cells were compared to the ones of the clonal cell line without AICD
expression and 8 probe-sets representing 6 genes were found to be upregulated
between 2 and 10 fold (Table 4, supplemental data chapter 8.2). RAP1A, a member
of the RAS oncogene family was found to be regulated with a 7.16 and an 8.64 fold
induction (two different probe sets). Also two different probe sets representing
phosphorylase kinase alpa1 (PHKA1) were found to be induced (2.64 fold and 2.23
fold). Additionally, one clone similar to immunoglobulin heavy chain variable region
(6.29 fold), the transcription elongation factor A (TC-EFA, 5.96 fold), the prolactin
receptor (PRLR, 3.41 fold) and an unknown gene located to Chromosome 13 open
reading frame 18 (Chr13ORF18, 3.22 fold) were found to be increased in AICD
expressing cells (Table 4). In addition, PHKA1, TC-EFA, PRLR, Chr13ORF18 and an
mRNA similar to immunoglobulin heavy chain variable region were also found to be
regulated between naïve cells and the clonal cell line either with or without AICD
expression.
dChip analysis
Probe-set ID
1555339_at
1555340_x_at
217369_at
203919_at
227629_at
44790_s_at
229876_at
205450_at

Represented gene
RAP1A, member of RAS oncogene family
RAP1A, member of RAS oncogene family
Similar to immunoglobulin heavy chain variable region, partial
IGVH3 gene for immunoglobulin heavy chain V region
transcription elongation factor A (SII),
prolactin receptor
chromosome 13 open reading frame 18
phosphorylase kinase, alpha 1 (muscle)
phosphorylase kinase, alpha 1 (muscle)

Fold change
8.65
7.16
6.29
5.96
3.41
3.22
2.64
2.23

Table 4: Induced transcripts in AICD expressing cells compared to clonal cell line without AICD
expression as found by dChip 1.3 analysis. These 6 genes were found to have increased transcript
levels in AICD expressing cells indicated in fold change. Probe-set ID: Affymetrix probeset
Identification.
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4.7.2 GeneChip data analysis using Genespring 6.2
The second software used for GeneChip data analysis was the commercially
available Genespring 6.2. The data input for Genespring 6.2 were the signal
intensities calculated by the Affymetrix MAS5.0 algorithm (performed by the GCOS
software). Quality control was performed using clustering analysis into a conditional
tree, and normal distribution of the signals was assessed to detect array outliers. All
biological replicates clustered together and signal intensities were normally
distributed with similar mean values.
After these initial quality check-ups a two step normalization was performed: A per
chip to the median intensity was followed by a per gene to median intensity
normalization. This setting is recommended by the Genespring software to obtain
good quality data. Following the normalization, the cross gene error model was used,
whereby signals were filtered to an expression level of at least 312 signal intensities.
The final statistical analysis to find differentially regulated genes was carried out with
1-way ANOVA-testing on normalized signal intensities of all nine GeneChips.
Parametric testing, with not assuming variances equal, and Benjamini Hochberg false
rate discovery were used. The Benjamini Hochberg algorithm was applied to
minimize the 10 % false discovery rate (p< 0.05) from all genes on the array to 10 %
of differentially regulated genes.
99 transcripts were significantly (p < 0.05) regulated between naïve and AICD
expressing cells. Between naïve cells and the clonal cell line without AICD
expression, 93 transcripts revealed to be differentially expressed (refer to
supplemental data Chapter 8.3). From these transcripts regulated between naïve
Hek293 cells and the clonal cell line, three genes were also found to be differentially
expressed in the clonal cell line with or without AICD expression, but only when no
Benjamini Hochberg testing applied (Table 5). RAP1A (p = 0.000634, 2699 fold), as
well as the Synapse associated protein 1 (p = 0.012542, 1.979 fold induction) were
found to be induced on mRNA transcript levels in AICD expressing cells. The CXCR4
gene encoding receptor CXCR4 (p = 0.026215, and 0.147 fold) was the sole gene
found there to be down-regulated (Table 5).
Genespring analysis
Probeset-ID
Represented gene
1555340_x_at RAP1A, member of RAS oncogene family
225154_at
synapse associated protein 1,
SAP47 homolog (Drosophila)
217028_at
Homo sapiens CXCR4 gene encoding receptor CXCR4.

p value
0.00063
0.012542

fold change
2699
1.97

0.026215

0.15

Table 5: Differentially regulated genes in Hek293 clonal cells with and without induction for
AICD expression analyzed with Genespring 6.2. Differentially regulated genes with their respective
Affymetrix probeset identification and p values from 1 Way ANOVA testing.
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4.8 Quantitative real-time PCR on 5 AICD target genes found by dChip
analysis
After statistical analysis had been conducted, the transcriptional regulation of the
differentially expressed genes found by Affymetrix screening had to be verified by
other methods. The first genes selected to test in quantitative real-time PCR were the
6 genes upregulated by the induced expression of AICD, as found by dChip analysis.
No specific primers to amplify the immunoglobulin heavy chain variable region were
identified by the primer software. For the other genes, primers were designed in the
3’ region of the open reading frame resulting in amplicons between 66 and 78 bps
(for sequences refer to chapter 6.4.1).
Quantitative PCR reactions on mRNA isolated from naïve Hek293 cells, and clonal
cells without and with 48 hours induction for AICD expression were performed in
technical triplicates on 4 biological replicates. The increase in Citrine-AICD
transcripts after 48 hours of induction was 19 fold (SEM = 1.62, p = 0.0209). Also
significantly increased mRNA levels were found for four of the five tested transcripts:
PHKA1 (3.11 fold, SEM = 0.166, p = 0.0209), TC-EFA (8.69 fold, SEM = 0.054,
p = 0.0209), PRLR (15.03 fold, SEM = 1.49, p = 0.0209) and Chr13ORF18 (8.27 fold,
SEM = 0.84, p = 0.0209). Of the five genes tested, RAP1A was the only one not to
be confirmed by quantitative PCR, showing no induction after AICD expression in
clonal cells and also not compared to mRNA from naïve cells (Figure 19A). Data
were normalized to GAPDH expression levels. PGK expression was constant
compared to GAPDH in the clonal cell line. The significance in differential regulation
was inspected by applying Mann-Whitney U testing with a cut-off of p = 0.05.
When the respective inductions for each gene were compared between naïve
Hek293 cells and clonal cells without AICD expression, Hek293 clonal line without
and with AICD expression, and naïve Hek293 cells to AICD expressing cells, an
increase in induction was revealed (Figure 19B). Interestingly, the level of expression
rose from naïve Hek293 to clonal cells without AICD expression and further to AICD
expressing cells. Such a pattern in induction levels could relate to an AICD baseline
expression in the clonal cell line.
All quantitative PCR reactions were loaded on a 3 % agarose gel and no detectable
unspecific products were revealed, confirming the high specificity of the used primer
pairs (Figure 19C).
This quantitative PCR not only confirmed the finding of the differentially regulated
genes PHKA1, TC-EFA, PRLP and Chr13ORF18, as found by dChip analysis of the
Affymetrix screening, but also further strengthened the concept of a general AICD
function in the transcriptional regulation of genes. Certainly these data have now to
be confirmed on the protein level and in vivo significance has to be shown.
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Figure 19: Quantitative PCR on 5 differentially regulated genes found by Affymetrix screening.
A Quantitative PCR on mRNA of Hek293 cells with or without 48 hours of AICD expression was
performed to amplify transcripts of a member of RAS oncogene family (RAP1A), phosphorylase
kinase 1 (PHKA1), transcription elongation factor A (TC-EFA), prolactin receptor (PRLR) and
Chr13ORF18. All genes were normalized to GAPDH, and for control, PGK is also normalized to
GAPDH. Black bars represent fold induction seen in AICD expressing cells compared to the respective
gene in uninduced cells (white bar). Stars represent significant inductions (p = 0.0209) as found by
Mann-Whitney U testing. B Bar diagrams of phosphorylase kinase 1 and Chr13ORF18 with the
comparisons between naïve cells and clonal cells either induced or uninduced for AICD expression.
White Bars represent fold induction of the clonal cell line without AICD expression to naïve cells. Grey
bars represent comparison between the clonal cell line with and without induction for AICD expression.
Black bars represent comparison of AICD expression cells to naïve Hek293 cells. C Quantitative PCR
products loaded on 3 % agarose gel revealed no unspecific amplification products. Size Marker
represents 50, 100 and 150 bps.
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5 Discussion
5.1 Regulation of AICD nuclear targeting
To characterize the putative nuclear translocation of AICD, which is generated from
APP by γ-secretase processing, clonal Hek293 cell lines were generated with
inducible expression of Citrine-AICD fusion proteins, representing the ε-cleaved APP
C-terminal fragment. Coexpression of AICD-adaptor proteins showed that Fe65 and
Jip1b targeted AICD to specific nuclear loci, whereas X11α trapped it in the cytosol.
Blocking nuclear export revealed actively cycling of Fe65 between nuclear and
cytosolic compartments with transport of AICD as a cargo. Within nuclei, AICD was
docked with either Fe65 or Jip1b to the histone acetyl transferase Tip60 and formed
AICD-containing AFT- or AJT-complexes with clearly distinctive morphologies.
Nuclear AFT-complexes appeared in multiple homogenous spherical spots, whereas
AJT-complexes occupied a significantly lower number of speckle-like structures. The
different morphology of the spherical spots containing AFT-complexes, as compared
to the speckle-like structures containing the AJT-complexes, could imply different
nuclear functions for the different complexes. In addition, the change from spherical
spots to speckle like morphology of AFTmut complexes may be associated with the
reported loss in induction of transcriptional activity of Fe65 and AICD together with
Tip60mut in the Gal4 DNA binding system (Cao and Sudhof, 2001).
In our Hek293 cells Fe65 was homogenously distributed throughout the cells, which
was different from data reported for COS and H4 cells, where Fe65 was
predominantly localized to nuclear compartments (Kimberly et al., 2001; Kinoshita et
al., 2002b; Minopoli et al., 2001). We found nuclear accumulation of Fe65 only after
blocking nuclear export with Leptomycin B. This difference may arise through a
higher nuclear export rate in Hek293 cells as compared to other cell lines. In contrast,
Fe65 transfected in SH-SY5Y cells was largely localized to the nucleus. These
findings of distinct subcellular localization in different cell-types may be important in
the regulation of Fe65 function, its access to binding partners, and may thereby result
in a fine-tuning specific for the needs of the different tissues. A tight regulation of
Fe65 function by binding factors is also underlined by our finding that blocking of γsecretase in cells expressing high levels of transgene APP leads to a redistribution of
Fe65 out of the nucleus to co-localize with APP. This would be consistent with the
reported cytosolic anchoring of Fe65 to full-length APP (Minopoli et al., 2001), and
only upon release of the Fe65-bound AICD fragment from the membrane, they
translocate together to the nucleus, where Tip60 provides docking sites.
In our hands, Jip1b, together with AICD, located to the nucleus in putative active sites
of transcription only when Tip60 present, whereas it was shown in Gal4
transactivation experiments that AICD-Jip1b complex activates transcription
independent of Tip60 (Scheinfeld et al., 2003). As transient transfection Gal4 assays
mostly measure transcriptional activity in the cytosol it is possible that this functions
without Tip60. With our data, we were not able to determine if the interaction between
Tip60 and Jip1b is of direct or indirect nature, via the recruitment of additional
endogenous proteins.
These differential effects on nuclear targeting of AICD together with its adaptor
proteins were consistent with data from yeast Gal4 transactivation experiments that
showed transactivation activity for AICD together with either Fe65 or Jip1b, and
inhibitory activities of X11α (Biederer et al., 2002; Cao and Sudhof, 2001; Scheinfeld
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et al., 2003). Furthermore, competition of the adaptor proteins among each other and
the availability of each might have regulatory effects on the transcriptional activity
exerted by AICD.
We used two different methods to show a close molecular interaction of AICD, Fe65
and Tip60 in nuclear spots: FRET measurements and Immunoprecipitations. Our
FRET measurements in Hek293 cells expressing Citrine-AICD or AICD-Citrine
derived from full-length APP, together with Fe65 and Tip60 resulted in a strong
sensitized emission of Citrine after CFP-Tip60 excitation, as compared to control
FRET measurements of nuclear tagged Citrine and CFP. FRET values in this order
cannot result from simple nuclear protein aggregation effects due to transgenic
overexpression. Especially if the data are compared to the marginal FRET signal
when CFP and Citrine tagged with a nuclear localization sequence were coexpressed, despite strong nuclear signals from both fluorophores. Furthermore,
bleaching experiments further underlined these data, since increased CFP-Tip60
fluorescence after bleaching of the Citrine-AICD acceptor was measured, whereas
unbleached spots had identical or diminished fluorescence. Both approaches to
measure resonance energy transfer showed clearly, that the interaction between
AICD and Tip60 was specific and they are less than 10nm apart, which is in the size
range of protein complexes. These finding not only substantiated the close
interaction in the AFT-complexes, but it also emphasized our finding that the
complexes are tightly packed to allow for antibody staining, as shown by an absent
signal
from
antibodies
directed
against
the
APP
C-terminus.
By
immunoprecipitations, upon coexpression of AICD, Fe65 and Tip60, we were able to
enrich for all three proteins with either a Tip60 antibody or one directed against AICD.
Although nuclear Citrine-AICD can be detected by confocal microscopy in cells not
transfected with Fe65, it was undetectable in our IPs from nuclear fractions in
absence of co-expressed Fe65. This could be due to much higher nuclear AICD
levels upon Fe65 coexpression, which are then detectable by IP. An alternative
explanation for the absent IP signal for AICD despite using an antibody directed
against APP C-terminal fragment may be the circumstance that it can freely diffuse
out of the nuclei during preparation of nuclear extracts, leading to a protein amount
below detection level. AICD bound to Fe65/Tip60 may not only be more tightly
associated to the other proteins in the AFT-complex but may also be associated to
chromatin, rendering it more resistant to wash-away effects. Together, the IP data
confirm that a close interaction has to exist for a pull-down of binding partners and
thereby implies that the AFT-complexes are formed upon specific protein-protein
interactions.
The precise functions of the AFT- and AJT-complexes are unknown. Our
measurements revealed a very large size of the nuclear structures containing these
complexes, which would be consistent with additional bound proteins required for
transcriptional activity and thereby also regulating it. Taking this together, the large
size and close association of proteins in the AFT- and AJT-complexes, it will be
important for a better understanding of the transcriptional regulation by AICD, to
identify the putative other binding partners and dissect the function of each.
The nuclear complex involved in the regulation of NF-κB dependent genes is
comprised of multiple proteins involved in repression and co-repression of target
genes (Baek et al., 2002). It is therefore highly probable that more proteins interact
with the AFT- and AJT-complexes to further regulate the action of these protein
complexes.
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5.2 AICD derived from full-length APP functions in nuclear signaling
The AICD generated from full-length APP by γ-secretase cleavage at the plasma
membrane has been shown in our experiments with Hek293 cells to be transported
to the nucleus by Fe65, and docked onto Tip60. The same finding was repeated in
differentiated SH-SY5Y and in differentiated adult rat hippocampal progenitor cells,
suggesting the possibility that APP functions in nuclear signaling in neuronal cells.
Neurons express high endogenous levels of both APP and Fe65, as well as Tip60
(Card et al., 1988; Hu et al., 1998; Ran and Pereira-Smith, 2000; Russo et al., 1998;
Shivers et al., 1988) and they process APP to form AICD. It is therefore conceivable
that neurons can form AFT- and AJT-complexes.
Despite the fact that published data claimed the presence of intranuclear AICD in
neurons (Kimberly et al., 2001), many prior attempts to localize AICD
immmunocytochemically in nuclei of neuronal cells or brain tissue sections failed.
The reasons for this absence of nuclear AICD antibody staining could result from
different circumstances; in one part it may include sensitivity issues, as well as the
short half-life of free cytosolic AICD. But our findings from nuclear staining of AICD
derived from full-length APP constructs offer an alternative explanation. We
generated constructs with APP tagged C-terminally with an HA-tag followed in
tandem by Citrine. The APP-derived AICD with the tandem HA-Citrine tag allowed us
to localize AICD in the nuclear compartment of all three cell types tested via the
direct Citrine fluorescence. While staining with antibodies against the HA-tag at the
AICD C-terminus clearly bound to AICD in the cytoplasm, it failed to stain the nuclear
AFT-complexes. These data, as well as the shown close molecular association
between AICD and Tip60, suggest that nuclear complex formation with Tip60 and
Fe65 prevents antibody access to AICD. Therefore more elaborate protocols for
tissue permeabilization or specific antibodies directed against the AFT-complexes are
needed. It would also be worthwhile for transgenic approaches to express fluorescent
APP fusion proteins for being able to show not only nuclear AICD complexes in vivo
but also to reveal more about the nature of these AICD containing complexes.

5.3 AICD-dependent regulation of gene expression
5.3.1 AICD effector genes found by quantitative real-time PCR
To test the hypothesis that AICD controls expression of genes, the products of which
are involved in APP metabolism, we analyzed transcripts upon induced expression of
AICD by real-time PCR. Taking our clonal cell lines with the inducible expression
construct pTBoris, we generated two mRNA populations differing only in the
expression of AICD and its putative downstream effector genes. These experiments
clearly demonstrated that AICD upregulated the expression of the APP gene as part
of a positive feedback mechanism, by which APP senses its own endoproteolysis
and upregulates its expression to replenish full-length APP. We next tested the
hypothesis that AICD regulates the expression of enzymes involved in its generation
and established an upregulation of the gene encoding the β-site APP cleaving
enzyme (BACE), but not the γ-secretase-complex protein PSEN1 or ADAM10, one of
the proposed α-secretases (Edbauer et al., 2003; Lammich et al., 1999; Vassar et al.,
1999). To be functionally meaningful for nuclear signaling, this positive feedback
amplification of AICD should be associated with increased levels of the components
of the nuclear AFT-complex. Therefore, in the same cells, we analyzed the
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expression of Tip60 and Fe65 and found that AICD also increased the expression of
Tip60. These data could explain the recent observation of increased Tip60 in APP
transgenic mice (Baek et al., 2002). In the same cell lines, we were able to confirm
the previously reported AICD-dependent induction of KAI-1 and GSK3β (Baek et al.,
2002; Kim et al., 2003). Together, these results establish that APP not only regulates
its own expression but also the expression of several genes involved in its processing
and cellular function. Importantly, the NICD-effector gene Hes1 of the Notch signaling
pathway, which is also regulated by γ-secretase, was unaffected by AICD.
The increase in APP transcripts was accompanied by increased protein levels. In
particular, α-/β- stubs were significantly increased in parallel to the induced
expression of AICD. The fact that steady-state levels of full-length APP did not
increase significantly in this condition might be related to the observed concomitant
increase in BACE expression, which is expected to increase the turnover of fulllength APP. Western blot analysis of BACE protein levels clearly showed also a
regulation of BACE protein, where after a short time of AICD expression (3 hours) an
increase on protein levels was detected. With prolonged AICD expression BACE
protein amounts returned to baseline levels. Together with an increase in BACE
mRNA transcripts and an increase in APP β-stubs, this should be further analyzed if
these effects come from a higher turnover rate of BACE from the inactive pro-enzyme
to active BACE and its degradation without elevation of the cellular BACE pool.
A mechanism yet to be determined may be involved in the observed increased
generation of α-stubs. One of the possibilities to result in increased generation of αstubs may involve a regulated expression of TACE, another putative α-secretase.
Together, these data are consistent with the idea that the steady-state levels of APP
are maintained at constant cellular concentrations under physiological conditions.
The life cycle of APP therefore encompasses a feedback mechanism of synthesis,
subcellular sorting, proteolytic cleavages and finally nuclear signaling and
transcriptional activation of APP by AICD. The additional cellular effects of the AICDinduced increase in APP turnover remain to be determined. The same downregulation of protein levels despite elevated mRNA amounts, as seen for BACE, was
found for Gsk3β protein. This kind of regulation is with unknown consequences for
the cell, because no higher cell-toxicity was detected, as it is reported for Gsk3β
expression in neuronal cells (Kim et al., 2003).
Consistently with the induction of the AICD effector genes in dependence of its
expression, we saw a decrease in APP, BACE and Gsk3β protein levels upon
blocking the AICD generation. Hek293 cells treated with γ-secretase inhibitors
showed an enrichment of α-/β-stubs, which confirms blockage of their degradation. In
contrast to the increase in stub levels, full-length APP was decreased by half after 24
hours. We had expected an increase in full-length APP levels because of a tailback
when the α- and β-stubs accumulate by blocking their degradation. However, we saw
a decrease in APP full-length levels, which may be due to a combination of two
effects. A reduction in de novo APP synthesis may results from the absence of AICDinduced APP expression, since AICD formation was blocked by the γ-secretase. In
combination with the reported half life of 30 - 60 minutes of APP (Weidemann et al.,
1989) this will result in a drop of APP levels. These data also show that AICD
induces APP protein levels only over a basal level, which is then also retained after
blocking of AICD formation. Staining of BACE showed that only after 12 and 24 hours
treatment with γ-secretase inhibitors protein amounts were markedly reduced. This
can be explained by its half life of 4 hours (Molinari et al., 2003). But this drastic
effect remains to be confirmed and further elucidated. It will also be important to
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show whether the effect of AICD on BACE is direct or AICD acts indirect upon
messenger molecules that bind to responsive elements in the BACE promoter region.
The slow protein turnover of Gsk3β with a half life longer than 12 hours (Cole et al.,
2004) was also reflected in our antibody staining on the Western blot. Upon treatment
with γ-secretase inhibitors, increased protein levels were detected after 3 to 9 hours
which subsequently slowly adjusted back to levels comparable to baseline
expression after 24 hours. It remains to be elucidated what role the initial induction of
Gsk3β protein plays, because no increased cell-death was seen at these time points
in contrary to the described effects upon Gsk3β induction (Kim et al., 2003). The
biological relevance of the effect AICD exerts on Gsk3β should be shown and any
regulation further dissected.

5.3.2 AICD regulated genes found by Affymetrix screening and comparison of
dChip 1.3 and GeneSpring6.2 software
Our findings and the publications showing a transcriptional activity of AICD together
with Fe65 in a Gal4 reporter system (Cao and Sudhof, 2001; Cupers et al., 2001;
Kinoshita et al., 2002b) strongly support the concept of AICD regulated gene
expression. We performed therefore an Affymetrix screening on our clonal cell line
expressing inducible AICD. Under the assumption that the nuclear AFT- and AJTcomplexes represent active sites of transcription, we expected more genes to be
differentially regulated, because counting revealed mean values of 32 AFT- and 10.7
AJT-complexes per nucleus.
The genes induced by AICD expression found by dChip 1.3 analysis (RAP1A,
PHKA1, PRLR, TC-EFA, Chr13ORF18) were compared to a gene expression profile
of post mortem brain tissue of Alzheimer patients (Loring et al., 2001) which revealed
no overlap. This lack might be due to the different chips used: Affymetrix
oligonucleotides arrays compared to cDNA arrays. It has been shown for different
GeneChips that their results only weakly overlap (Tan et al., 2003). More importantly,
finding no congruity in regulated genes may also reflect the fact that AICD signaling
occurs under normal conditions, whereas post mortem tissue of Alzheimer patients is
the final stage of a long degenerative disease (Bergman et al., 2003).
By comparison of signal intensities between naïve Hek293 and clonal Hek293 cells
more than 90 genes were regulated. When differential gene expression in the clonal
cell line either without or with AICD expression was compared, only 6 genes were
found using dChip algorithm whereas only 3 transcripts were significantly altered in
their expression using the Genespring 6.2 software.
The largest difference in gene expression was found between the naïve and the
clonal Hek293 cell line. This kind of regulation may in part be explained by a leakage
expression of AICD in uninduced cells. Such a background expression was not
detected by immunocytochemistry, but in Western blotting and also in a quantitative
PCR approach, inferring the high sensitivity of Affymetrix screening and quantitative
PCR. The leakage expression of AICD may already be high enough, to exert its full
potential in transcriptional regulation of target genes. Therefore, this may also be the
reason why more genes were found to be differentially regulated between the naïve
Hek293 cells and the clonal cell line than between the clonal cell line with and without
induction for AICD expression. Some small effects in transcriptional regulation
potentially result from the insertion site of the transfected construct and the
respective promoters used for transgene expression.
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The output from the dChip- and Genespring analysis not only varied in the number of
differentially regulated transcripts, but also only a partial overlap between the
regulated genes was found. This means that when differentially regulated genes
found by Genespring analysis were compared to the transcripts found with dChip
analysis with a cut-off of a 1.4 fold induction, 45 of the 99 regulated transcripts
overlapped. Finally, the distribution pattern of the differentially regulated transcripts
between the compared mRNA samples varied as pointed out by the Venn diagram
(Figure20). These differences stem not only from the two algorithms used for signal
generation and the different treatment of background and signal to noise ratio, but
also from the downstream analysis. Thereby variable normalized signal intensities
resulted from the two different normalization paradigms applied by dChip and
Genespring. Further, dissimilar testing in the two programs influenced retrieval of
differential expressed genes. In dChip analysis a 2 fold induction was required in
more than two out of three chips and in naive Hek293 cells (only two GeneChips
available) in more than one chip. Whereas Genespring analysis was performed with
all 9 GeneChips using 1-way ANOVA hypothesis testing and a 5 % confidence
interval. Since the results from the dChip and Genespring analysis differ markedly, it
is even more important to test each candidate gene on the biological relevance.

Figure 20: Venn diagram of differentially regulated transcripts found by dChip- and Genespring
analysis. The numbers in the Venn diagram represent differentially regulated probe-sets, meaning
that one gene is represented more than once if found to be regulated by more than one independent
probe set, i.e. RAP1Aa and PHK 1 in dChip analysis. A Venn diagram of dChip output. The
comparisons were naïve cells to clonal line not induced for AICD expression (wt to no AICD), naïve
cells to AICD expressing cells (wt to AICD) and third clonal line without AICD expression compared to
AICD expressing cells (no AICD to AICD) B Venn diagram of differentially regulated genes found by
Genespring analysis. Comparison was done as outlined in A.

We were able to verify induced transcript expression by quantitative PCR for PHK1,
PRLP, TC-EFA and Chr13 ORF18. Only induced transcript levels of RAP1A were not
reproduced. The missing replication of the RAP1A induction may be due to the
different primers used in quantitative PCR than the Affymetrix probe set. It could also
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be, that the pTBoris Citrine-AICD transgene insertion at this locus changed the
expression level of RAP1A resulting in a false positive hit. It will be worthwhile to look
at RAP1A expression in another clonal line expressing AICD, because RAP1A would
link AICD signaling to an induction of sAPPα secretion (Maillet et al., 2003), thereby
activating the non-amyloidogenic pathway of APP processing. Another function of the
small GTPase RAP1 is the induction of integrin-mediated adhesion and changes in
the actin cytoskeleton (Lafuente et al., 2004), interestingly APP is reported to colocalize with integrins in focal adhesions of fibroblasts (Sabo et al., 2001). The
Chr13ORF18 is a predicted gene and the signal detected in the Affymetrix screening
and the quantitative PCR show that mRNA is expressed from this open reading
frame. The encoded protein, consisting of 635 amino acids, neither displayed
homologies to known domain structures nor any transmembrane sequences or other
features, except for phosphorylation sites. Only homologies to hypothetical proteins
with unknown functions were found by a blast search of the primary amino acid and
nucleotide sequence. The cDNA of Chr13ORF18 should be isolated and expressed
in cells to analyze the effects on cellular physiology, especially the life cycle of APP.
For the prolactin receptor it is known that it is involved in the regulation of different
functions including proliferation, differentiation, angiogenesis and that it is protective
against apoptosis and inflammation (Kline et al., 1999). One might speculate that
AICD induces expression of the prolactin receptor to counter apoptosis and
inflammation, which may be induced by the Aβ generated along with the liberation of
AICD from the membrane. Phosphorylase kinase 1 (muscle) catalyzes
phosphorylation of serine substrates, and therefore may be involved in other signal
cascades indirectly regulated by AICD. And finally, transcription elongation factor A,
has besides general transcription factor activity, a functional role in efficient RNA
Polymerase II transcription elongation past template encoded arresting sites (Yoo et
al., 1991). The reason for the TC-EFA induction by AICD may be to further enhance
AICD dependent transcriptional regulation. Concerning their already known function,
it will be necessary to show an in vivo or in vitro significance of their induction by
AICD and it has to be revealed in what pathway they are involved in.
This quantitative PCR not only confirmed the discovery of the differentially regulated
genes PHKA1, TC-EFA, PRLP and Chr13ORF18, as found by dChip analysis of the
Affymetrix screening, but also further strengthened our earlier finding of a
transcriptional regulation depending on AICD expression. Since this transactivating
activity resulted from an inducible AICD cassette stably integrated in the host cell
genome, it cannot be due to position effects of the insertion or effects of transient
transfection.
With both analysis algorithms we were not able to confirm the regulation of the genes
APP, BACE, Tip60, GSK3β and KAI1, as found using the quantitative PCR approach.
Data resulting from the quantitative PCR approach were very strong, because they
were performed in 5 biological replicates on mRNA extracted from cells with different
passage numbers. The same genes were also seen regulated in clonal lines 4 and 6
after inducible expression of AICD by quantitative PCR. When looking closer at the
signal intensities of APP, BACE, GSK3β, KAI1 and Tip60 on the GeneChips, signal
intensities mostly fell below background levels. All probe sets for BACE, Fe65, KAI
and GSK3β had absent labels in at least one cell line tested. Additionally, even when
signal intensities were above background, absent labels and mismatch labels were
often given to these proteins. These labels indicate that the paired mismatch signal
intensity was too strong compared to the matched signal, which is due to crosshybridization of very homologous sequences. For APP, some probe sets were above
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background, but mismatch labels were given to some of the probes. Therefore, we
had to conclude that APLP mRNAs may interfere by hybridizing to the APP probe
sets. In addition, because of the low signal intensities were detected for BACE, Fe65,
KAI1 and GSK3β, we have to conclude that quantitative PCR is far more sensitive to
detect low abundance regulated genes.
From these data we cannot exclude that the effect of AICD on transcription is indirect
(i.e. by influencing the nuclear signaling of other pathways controlling transcription).
So it should be further dissected whether APP, compared to Notch, may involve
distinct mechanisms in transcriptional transactivation by only acting indirectly through
activating Fe65. It would be a great help to show in a Chromatin IP assay whether
the nuclear spherical AFT-complexes are the actual site of transcription and if γsecretase inhibitors may diminish not only formation of these complexes but also any
transcriptional regulation. Since Chromatin IP allows determining whether a protein
interaction with DNA is direct or indirect, and to which genomic sequences the
proteins bind to, it would be nice to show an interaction of the AFT-complexes with
promoters of the AICD target genes that we have found.
In support of our data, in a study of cytokine signal-dependent de-repression of a
subset of NF-κB regulated genes, displacement of the N-CoR from the tetraspanin
KAI1 promoter and positive regulation of KAI1 is linked to the recruitment of a Tip60
coactivator complex consisting of AICD, Fe65 and Tip60 (Baek et al., 2002).
Not only the effector genes of AICD but also its signaling function has to be further
dissected. We started with a siRNA approach against Fe65 and Jip1b to see if
transcriptional activation of AICD is abolished by knocking down Fe65 and/or Jip1b.
With preliminary experiments active siRNA species against Fe65 (shut down to 56,
34 or 10 %) and Jip1b (shut down to 10%) were found. But in well-controlled
experiments, a shut-down of all AICD regulated transcripts tested was observed
when negative control siRNA was transfected into clonal cell lines with or without
AICD induction. Together with the finding that the CT values for GAPDH in the cells
treated with negative siRNA was higher compared to the known values from other
quantitative PCR analyses made, we postulate general unspecific changes in
transcripts, upon transfection with siRNAs. The siRNAs in vitro transcribed by
bacteriophage T7 RNA polymerase have been shown to be able to trigger a potent
induction of interferon alpha and beta in a variety of cell lines (Kim et al., 2004).
Because we did not detect increased cell-death as compared to empty-vesicle
transfected cells, no controls for interferon stimulation were included. Other effects
upon activation of the interferon pathway include changes in chromosome
architecture and they may have a negative impact on cell-physiology and also arrest
protein biosynthesis (Dillin, 2003; Kim et al., 2004). If the siRNA approach would be
further used to knock-down Fe65, more controls would have to be included to assess
side effects by in vitro transcribed siRNAs. One way to limit side effects would be the
dephosphorylation of the 5’ phosphate residues of the siRNA strands, since they had
been shown to mediate interferon stimulation (Kim et al., 2004). Another possibility
would be the use of highly expensive chemically synthesized siRNA against Fe65,
with lower potency to stimulate an interferon response.
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5.4 Role of γ-secretase dependent regulated intramembrane processing
in nuclear signaling
The nuclear translocation of intracellular domains, liberated from membranes by γsecretase, is a newly emerging concept and a conserved mechanism among
species. It enables fast signal transduction from the cell surface to the nucleus, and
to regulate transcription independent of long signaling cascades. Blocking of γsecretase activity with DAPT in naïve Hek293 cells resulted in the expected
enrichment of the γ-secretase substrates, α- and β-stubs. The Western blot analysis
revealed a decrease in full-length APP protein levels to half of the amount detected in
untreated cells. Blocking AICD formation and therefore inhibiting its nuclear signaling
function had not only an absence of feed-back regulation in APP protein levels as a
consequence, but also BACE protein levels were markedly reduced after 24 hours γsecretase blockage. These data emphasized the importance of the γ-secretase
processing in generating the active AICD peptide. Moreover, further supporting
evidences for the importance of the γ-secretase processing stem from comparison to
other γ-secretase substrates. For example, it was shown that the γ-secretase inhibitor
L865,458 blocked Notch signaling and thereby caused severe distortion of Notchdependent cell fate decision in zebrafish (Geling et al., 2002).
A nuclear signaling of AICD is also underscored by the fact that the membranebound precursors Notch, ErbB4, Neuregulin1, LRP, N-cadherin, Alcadeins, APLP1
and APLP2 have been shown to use this PS-RIP dependent pathway for signaling
from the cell surface to the nucleus. Transactivation activity in dependence of
interacting proteins was shown for Notch, Delta 1, Neuregulin1, N-cadherin,
Alcadeins, APLP1, APLP2 and APP (Bao et al., 2003; Ikeuchi and Sisodia, 2003;
Kimberly et al., 2001; Kinoshita et al., 2003; Kinoshita et al., 2002b; Marambaud et
al., 2003; May et al., 2002; Ni et al., 2001; Scheinfeld et al., 2002a; Schroeter et al.,
1998; Walsh et al., 2003). Further comparison of APP to Notch revealed that they
compete for γ-secretase enzyme activity (Lleo et al., 2003). Additionally, the AICD
domain released from the membrane by the γ-secretase proteolysis interacts with
numb and numb-like proteins, and was shown to repress Notch signaling, whereas
interaction of membrane bound APP to numb displays the opposite effect (Roncarati
et al., 2002).
Besides the described analogies of APP processing to the signaling dependent on
regulated intramembrane proteolysis, similar adaptor proteins are also involved in
nuclear signaling. For instance Fe65 interacts with LRP, and this in turn has been
shown not only to modulate transcriptional activity of AICD (Kinoshita et al., 2003),
but the LRP intracellular domain generated by γ-secretase cleavage was shown to
localize together with Tip60 in nuclear speckles (Kinoshita et al., 2003).
Alcadeins/Calsynthenins bind not only to X11α and thereby enhance the stabilization
of APP by preventing interaction with the γ-secretase, but they also interact and
compete with APP for binding to Fe65, possibly afflicting any function in
transcriptional regulation (Araki et al., 2004; Araki et al., 2003).
It is also important to note, that ADAM10 cleaving APP at the α-secretase site, and
thereby rendering it a substrate for γ-secretase processing, is crucial in Notch
signaling not only by processing the Notch ectodain but also the Notch receptor
ligands Delta and Jagged (Bland et al., 2003; LaVoie and Selkoe, 2003). Additionally,
it is important to note that the prerequisite ectodomain shedding, in generating the
substrate for the γ-secretase by ADAM10, is widely used. Processing by the ADAM10
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pathway is not only constitutive, but can also be activated with phorbolesters, thereby
also regulating the γ-secretase processing.
In addition, the nuclear histone acetyl transferase Tip60 is involved in chromatin
remodeling for a variety of signals including STAT-3, CREB, c-myc, nuclear hormone
receptors. (Brady et al., 1999; Frank et al., 2003; Gaughan et al., 2001; Xiao et al.,
2003).
Finally, all these interactions with AICD or its adaptor proteins show that around the
AICD domain a complex network of different proteins exists. This network and
interaction of the proteins implies a crosslink of all signaling pathways dependent on
the direct and indirect interaction partners of AICD.
In addition to the comparison of other PS-RIP substrates, strong emphasis for a
crucial role of γ-secretase processing in generating active AICD came from APP-/-,
APLP1-/- and APLP2-/- triple knockout mice recently published by Herms and
colleagues (Herms et al., 2004). They show that the lack of all three APP and APLPs
resulted in focal neuronal ectopia within the forebrain and reduced observation of
cortical Cajal Retzius cells. Mice lacking presenilin1 also exhibit leptomingeal
neuronal ectopia and loss of cortical Cajal Retzius neurons (Hartmann et al., 1999). A
potential explanation for the overlap on phenotype may be due to the absence of the
intracellular, γ-secretase generated AICDs and APLICDs. This finding, together with
our data that show AICD nuclear translocation and regulation of transcription leads to
the assumption that in wild-type animals, AICD and/or APLICDs generated by γsecretase processing could serve as effector molecules involved in normal neuronal
positioning. For Fe65 and Fe65L1 double knockout mice with striking similarity to the
described phenotypes (Herms et al., 2004), it has also to be concluded that APP and
Fe65 family proteins may function in a common pathway regulating cortical cytoarchitecture. It remains to be elucidated what the redundancy or different function of
the three APP family members, and their respective intracellular domains is, because
mechanistical differences in a Gal4 transactivating system have been shown
(Scheinfeld et al., 2002a; Scheinfeld et al., 2003).
Further hints for the importance of APP nuclear signaling through AICD generation by
the γ-secretase come from the fact that FAD-linked mutations in the presenilins
increase Aβ42 formation and inhibit formation of AICD and thereby also inhibit AICD
signaling (Bergman et al., 2003).
On the basis of the comparison to other PS-RIP substrates, the effects of AICD
interaction partners and the described mouse models, we suggest that γ-secretase
processing of membrane proteins is an important mechanism involved in multiple
signaling pathways and therefore has to be highly regulated. Regulation and fine
tuning of γ-secretase processing in transcriptional regulation may not only come from
a cross-talk of the different pathways by means of the common interaction partners
but also from a competition for the same substrates. In addition, these observations
suggest that AICD-regulated genes are a subset of a much larger group of genes
controlled by γ-secretase processing.
Together with our findings, APP seems to have an important signaling function in
dependence of its γ-secretase processing.
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5.5 Conclusion and outlook
During the time of my PhD thesis, we were able to show that AICD is transported to
the nucleus where it forms nuclear AICD containing complexes together with adaptor
proteins and the histone acetyl transferase Tip60. We also revealed that the studied
adaptor proteins Fe65, Jip1b and X11α (Mint1) differentially regulated the formation
of nuclear AICD containing complexes, with AICD either derived from transfected fulllength APP or AICD. The close molecular association of AICD and Tip60 in spherical
AFT-complexes was shown by FRET analysis and immunoprecipitations.
Furthermore our data, originating from confocal microscopy, quantitative real time
PCR and Affymetrix screening, provided strong evidence in favor of nuclear signaling
functions of AICD. They also demonstrated that these functions are regulated by the
APP adaptor proteins Fe65, Jip1b and X11α as well as the nuclear docking protein
Tip60, by having distinct properties on the subcellular distribution of AICD and
thereby actively regulating the transcriptional regulation and signaling function of
AICD. These distinct subcellular distributions were nuclear AFT-complexes, nuclear
AJT-complexes or AICD trapped in the cytosol by X11α. The fact that AICD can be
excluded from the nucleus and that all three adaptor proteins competitively bind to
the YENPTY-motif propose a fine-tuning of AICD function regulated by the amount
and subcellular distribution of AICD-binding proteins.
AICD regulated the expression of its precursor APP and therefore acted as a signal
of APP cleavage, leading to the replenishment of full-length APP levels. The factors
that regulate whether or not APP is cleaved on the way to the cell surface are
unknown but could theoretically act on both, by engaging the extracellular sequences
of APP (as an intrinsic ligand) or its cytoplasmic domain (i.e. the multiple proteins
interacting with AICD via Fe65, X11α and other adaptor proteins, like LRP or the
Alcadeins that have been characterized; for review see (Koo, 2002)). Cleavage then
determines whether APP acts as a cell surface receptor or is used to produce the
AICD intracellular signaling module that may have a variety of extra- and intracellular
downstream effects. In concordance with the increased turnover of APP, also BACE
transcripts levels were induced. We identified also the histone acetyl transferase
Tip60 upregulated in dependence of AICD expression, which was shown to be crucial
to dock Fe65, Jip1b and AICD to the nuclear compartment in complexes with distinct
morphologies. By Affymetrix GeneChip analysis additional genes, regulated by AICD
expression, were found and verified by quantitative PCR: Prolactin receptor,
phosphorylase kinase 1, transcription elongation factor A, and an unknown gene
located to Chromosome13 open reading frame 18. Together, these results establish
that APP not only regulates its own expression but also the expression of several
genes involved in its processing and cellular function, as well as others with their role
remaining to be shown.
The interaction of various proteins with AICD and their interaction between each
other seemed not only to be important in the regulation of AICD dependent
transcriptional activity, but also AICD itself may be essential in the interplay with other
proteins, such as Notch. For the AICD interaction with Notch it was shown, that AICD
bound to numb and thereby inhibited Notch signaling (Roncarati et al., 2002).
In the light of these AICD functions and the growing list of γ-secretase-substrates
involved in a wide range of biological processes, the therapeutic use of γ-secretase
inhibitors needs to be carefully evaluated.
The mechanisms that regulate APP cleavage, the physiologic functions of APP and
the purpose of the AICD generation under normal physiologic conditions remain to be
elucidated. The major challenge in further understanding the biology of this essential
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and pathologically important molecule will be to reveal the role of AICD: whether it
counteracts the pathogenesis of AD, is actively involved in it or is independent in the
pathogenic function of APP and the Aβ peptide.
The aim of my thesis was to elucidate subcellular distribution of AICD in dependence
of its adaptor proteins and its resulting putative role in transcriptional regulation.
Ongoing studies will be set to reveal the relevance and role of the differentially
regulated genes found by the Affymetrix screening in normal physiology and in the
course of Alzheimer’s disease. The finding of transcriptional regulation has to be
reproduced in different ways and further dissected. This could be done by starting
from two sides:
- Dissecting the roles the AICD adaptor proteins play by using siRNA approach to
knock them down, by functionally mutate them or using knock-out cells.
- Blocking any formation of endogenous AICD, by using PS1 and PS2 knockout cells
and then elucidate the effect on the AICD effector genes.
It would be of great value to go a step further from our cell culture system to a
transgenic mouse model expressing fluorescently tagged APP. The use of such a
model would provide a good system to track the subcellular distribution of the AICD
generated from the fluorescently tagged APP and to further analyze the nuclear
structures where AICD was found to be localized. Further it would be suitable to
elucidate the AICD signaling function and the role of the effector genes we have
discovered. Finally, the nuclear structures AICD was found to be docked into have to
be characterized in more detail.
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6 Materials
6.1 Chemicals and Laboratory commodities
6.1.1 Chemicals
10 – 20 % Tricine gels
20 x SSPE
3MM Paper
3-N-morpholinpropansulfonic acid
acetic acid, glacial
adult rat neuronal progenitor cells
Agarose
Amberlite
Ampicillin
AmpliTaq Gold
Bacto Agar
Bacto Tryptone
Bacto yeast
BDNF
Bovine Serum Albumin
Bromphenol blue
BSA
BSA, acetylated
CaCl2
Cell culture dishes
Cell culture media
Chloroform
Collagen Type I
Complete Protease inhibitor
Coomassie Brillant Blue
Culture slides
Cutfix disposable scalpel
DAPT
DEPC H20
DEPC
Dextransulfate
DH10β E.coli strain
DH5α E.coli strain
DMEM F12
DMEM
DMSO
DNA ladder 50 bp
DNA ladder
DNA Polymerase 1 (Klenow fragment)
dNTPs
Draq5
DTT
E. coli tRNA

Life Technologies
Sigma
Whatmann
Sigma
Merck
(Gage et al., 1995)
Invitrogen
Merck
Sigma
Applied Biosystems
Becton Dickinson
Becton Dickinson
Becton Dickinson
Peprotech
Sigma
Sigma
Sigma
Invitrogen
Sigma
TTP
Invitrogen
Sigma
Sigma
Roche
Merck
Falcon
Aesculap
Calbiochem
Ambion
Sigma
Sigma
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Sigma
Invitrogen
New England Biolabs
New England Biolabs
Sigma
Biostatus
Sigma
Sigma
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E.coli T4 DNA ligase
E.coli T4 Polynucleotide Kinase
EDTA 0.5 M solution
EGTA
Ethanol for Molecularbiology
Etidiumbromide
Fetal Calf Serum
FGF-2
Formaldehyde
Formamide
Gene Pulser Cuvette (0.1 cm)
Geneticin G418
Glycerol
Glycine
Goat Serum
HCl
Hek293

New England Biolabs
New England Biolabs
Sigma
Fluka
Merck
Sigma
Life Technologies
Juro
Fluka
Calbiochem
BioRad
Life Technologies
Sigma
Merck
Vector Laboratories
Riedel de Haën
Deutsche Sammlung von
Mikroorganismen und Zellkulturen #305
Sigma
Vector Laboratories
Aldrich
Affymetrix
Merk
Sigma
Sigma
Sigma
Sigma
Sigma
Sigma
Calbiochem
Invitrogen
Sigma
Life Technologies
Life Technologies
Merck
Sigma
Sigma
Merck
Merck
Sigma
Migros
Life Technologies
Fluka
Merck
Merck
Ambion
Sigma
Sigma
Sigma
Sigma
BioRad

HEPES
Horse Serum
HPLC - grade H20
Human U133 plus 2.0
Isoamylalcohol
Isopropanol
Kanamycin
KCl
KH2PO4
KOAc
KOH
L685,458
Laminin mouse
Leptomycin B
LF2000
L-Glutamine
LiCl
MES Hydrate
MES Sodiumsalt
Methanol
MgCl2
MgOAc
Milk powder
N2 supplement
Na2CO3
Na2HPO4
NaAc
NaCl 5M
NaCl
NaHCO3
NaOH
NH4OAc
Nitrocellulose membrane 0.45 µm
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NT3
Oligonucleotides
Optical 96 well Reaction plate
Optical adhesive covers
Optical caps (8 stripes)
Optimem I
Paraformaldehyde
Pfu Turbo DNA Polymerase
Phenantroline
Phenol
Phenolred
Pipes
PMSF
Poinceau-S
Polymerase 1, Klenow fragment
polyornithine
Protein A Sepharose
Protein G Sepharose
Protein gel marker
Protran Ba 79 Nitrocellulose membrane
PVDF membrane
Restricition endonucleases
Retinoic Acid
RNA 6000 ladder
RNase away
R-Phycoerythrin Streptavidin
SDS
Shrimp alkaline phosphatase
SH-SY5Y

Juro
Metabion /Microsynth
Applied Biosystems
Applied Biosystems
Applied Biosystems
Life Technologies
Electron Micr. Sciences
Stratagene
Sigma
Merck
Sigma
Sigma
Fluka
Merck
New England Biolabs
Sigma
Amersham Pharmacia
Amersham Pharmacia
Invitrogen
Schleicher&Schuell
Invitrogen
New England Biolabs
Sigma
Ambion
Catalys
Invitrogen
Sigma
Roche
Deutsche Sammlung von
Mikroorganismen und Zellkulturen #209
Life Technologies
Sigma
Merck
Biochrom
Becton Dickinson
Sigma
Merck
Becton Dickinson
Invitrogen
Sigma
Sigma
Sigma
Sigma
Sigma
Life Technologies
Invitrogen
Sigma
Sigma
Invitrogen
Eppendorf
Kodak

Simply Blue Safe stain
Sodiumacetat
Sodiumcitrate
SPARE quartz capillaries
sterile needle 26 GA 5/8
Sucrose
Sulfuric acid
Syringe 1 ml
Tricine gel loading dye
Tricine
Triton X-100
Trizma Acetate
Trizma Base
Trizma Hydrochloride
Trizol
Trypsin/EDTA
Tween 20, 10 % solution
Tween 20
Ultra pure Salmon sperm DNA
Uvette disposable cuvettes
Xomat LS Films
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Xylenecyanol
Yeast Extract
β-mercaptoethanol

Merck
Becton Dickinson
Sigma

6.1.2 Buffers
Buffer
1 x RNA gel running buffer
10 x PBS
10 x TBS
10 x Tricine Running buffer
10 x MOPS buffer
10x PBS
12 x MES buffer
2 x hybridization buffer
(GeneChip)
2 x stain buffer
(GeneChip)
20 x SSC
6 x RNA loading buffer
(agarose gels)
Coomassie destaining sol.
Coomassie staining sol.
DNA loading dye
GeneChip Antibody sol.
Hypotonic buffer
IP wash buffer
LB Agar
LB Medium
Lysis buffer
Modified TAE buffer
non stringent wash buffer
(GeneChip)

Compounds
1 x MOPS buffer, 37 % (v/v) formaldehyde
1.4 M NaCl, 0.027 M KCL, 0.1 M Na2HPO4 x 2 H20,
0.018 M KH2PO4
0.84 M Tris-HCL, 0.16 M Tris-Base, 1.5 M NaCl
100 mM Tris-Base, pH 8.3, 100 mM Tricine, 0.1 %
SDS
0.2 M MOPS [3-(N-morpholino)-propanesulfonic acid]
(pH7.2), 0.5 M sodium acetate, 0.01 M EDTA
1.4 M NaCl, 0.027 M KCL, 0.1 M Na2HPO4 x 2 H20,
0.018 M KH2PO4
1.22 M MES, 0.89 M MES sodium salt, 0.33 M MES
hydrate
100 mM MES, 2.8 M NaCl, 20 mM EDTA, 0.01 %
Tween-20
100 mM MES, 1 M NaCl, 0.05 % Tween-20
3 M NaCl, 300 mM sodiumcitrate, pH 7.5
10 mM EDTA, pH 8.0, 0.25 % (w/v) bromphenol blue,
0.25 % (w/v) xylenecyanol, 50 % (v/v) glycerol,
Ethidiumbromide.
(45 % (v/v) methanol, 10 % (v/v) glacial acetic acid).
0.16 % (w/v) Coomassie Brilliant Blue R250, 40 %
(v/v) methanol, 10 % (v/v) acetic acid)
0.25 %(w/v) bromphenol blue, 0.25 % (w/v) xylene
cyanol FF, 30 % (w/v) glycerol
1 x stain buffer, 2 mg/ml BSA, 0.1 mg/ml Goat IgG,
3 µg/ml biotinylated antibody
10 mM Hepes, 10 mM KCl, 5 mM MgCl2, 1 mM DTT,
1 mM PMSF, 2.5 x Roche Complete protease inhibitor
mix w/o EDTA, 5 mM PNT
25 mM sucrose pH 7.5, 6 mM MgCl2, 10 mM Tris-HCl
(pH 7.4), 0.1 % Triton X-100, 1 mM PMSF, 5 mM PNT,
2.5 x Roche Complete w/o EDTA
LB medium, 15 g/l Bacto Agar
10 g/l Bacto Tryptone, 5 g/l Bacto yeast extract, 10 g/l
NaCl, pH 7.0
1 x PBS, 1 % (v/v) Triton X-100, 1 mM PMSF,
1 x complete protease inhibitor
40 mM Tris-acetate, 0.1 mM EDTA
6 x SSPE, 0.01 % Tween-20
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Poinceau S solution
Protein 2 x sample buffer
RNA Sample buffer
SAPE solution
stringent wash buffer
(GeneChip)
TAE Buffer
TBS+
TBS++

0.2 % (w/v) Poinceau-S red, 3 % (w/v) sulfonic acid,
0.1 % (v/v) glacial acid
450 mM Tris-HCl pH 8.45, 12 % (v/v) Glycerol, 4 %
(w/v) SDS, 7.5 ‰ Coomassie brilliant Blue, 2.5 ‰
Phenol Red
1 x MOPS running buffer, 50 % (v/v) deionized
formamide, 6.6 % (v/v) formaldehyde.
1 x stain buffer, 2mg/ml BSA, 10 µg/ml Streptavidin
Phycoerythrin
100 mM MES, 1 M NaCl, 0.01 % Tween-20
40 mM Tris-acetate, 1 mM EDTA
1 x TBS, 0.05 % Triton X-100
1 x TBS, 0.2 % Triton X-100, 5 % goat serum, 5 %
horse serum

6.1.3 Kits
Kit
Big Dye ® Terminator v1.1 Cycle
Sequencing Kit
DC Protein assay
ECL Advance Kit
GeneChip expression 3’ Amplification OneCycle target labeling and Controls
Gene Elute gel extraction
Gene Elute Miniprep Kit
Gene Elute PCR clean-up Kit
Gene Elute Plasmid Maxiprep
QIAGEN Plasmid Maxiprep
QIAGEN Plasmid Miniprep
QIAquick gel extraction
QIAquick PCR Purification
Qiashredder
Quick-change™ site-directed mutagenesis
kit
RNA 6000 Nano Reagent Kit
RNA Nano Kit
RNase free DNAse Kit
RNEasy Kit
Silencer™ siRNA construction Kit
Silencer™ siRNA labeling Kit
Superscript first strand synthesis system for
RT-PCR
SuperSignal West fempto
SYBR green PCR Core Reagents
Tunnel stain
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Order Nr.
4336776

Supplier
Applied Biosystems

500-0113
500-0114
500-0115
RPN2106
900493

BioRad

NA1111
PLN-350
NA1020
PLX-50
12165
12125
28706
28106
79656
200518

Sigma
Sigma
Sigma
Sigma
Qiagen
Qiagen
Qiagen
Qiagen
Qiagen
Stratagene

5067-4474
5065-4476
79254
74104
1620
1632
11904-018

Agilent Technologies
Agilent Technologies
Qiagen
Qiagen
Ambion
Ambion
Life Technologies

34095
4304886
1684 817

Pierce
Applied Biosystems
Roche

Amersham Biosciences
Affymetrix

Materials

6.1.4 Laboratory devices
ABI Prism 310 Genetic Analyzer
ABI Prism 7700 Sequence Detector
Agilent 2000 Bioanalyzer
Bio Photometer
Blotting Tank
C25 Incubatorshaker
Centrifuge 5417C
Centrifuge 5417R
Centrifuge 5804R
Concentrator 5301 speedvac
Electrophoresis powersupply consort E865
Gene Pulser II Electroporation System
Gene Quant Pro (Photometer)
GeneAmp PCR System 9700
GeneChip Fluidics Station 450
GeneChip Hybridization Oven 640
GeneChip Scanner
Horizontal Electrophoresis
Kodak X-OMAT 2000 Processor
Memmert waterbath
MP 220 pH meter
Nikon Eclipse E800
Nikon Eclipse TE300
Nikon TMS F
NUAIRE Autoflow CO2 jacked Incubator
Rotor GSA
Rotor SS34
Scaltec SBC 31 Balance
Scaltec SBC 51 Balance
SKAN VSE-2000-120 sterilhood
Sorvall RC 26 Plus
TCS SP2 Confocal microscope
Thermomixer
Universal 32 Hettich centrifuge
Vacuum Pump OME28 C/H
WTB Cabinincubator
XCell Sure Lock Mini-Cell

Applied Biosystems,
Applied Biosystems
Agilent Technologies
Eppendorf
BioRad
Fisher Scientific
Eppendorf
Eppendorf
Eppendorf
Eppendorf
Witec AG
BioRad
Amersham Pharmacia
PE Applied Biosystems
Affymetrix
Affymetrix
Affymetrix
System Owl
Kodak
Fisher Scientific
Mettler Toledo
Nikon
Nikon
Nikon
Inotech
Sorvall
Sorvall
Vaudaux
Vaudaux
Skan
Kendro
Leica
Eppendorf
Fisher scientific
Alcatel
Faust
Invitrogen

6.2 Software
Sequence detection software 1.9.1
Primer Expresss 1.5
dChip 1.3
Ease
Genespring 6.2
GeneChip Operating System
Leica Confocal Software Version 2.5

Applied Biosystems
Applied Biosystems
public available (Li and Wong, 2001)
public available (Hosack et al., 2003)
Affymetrix
Affymetrix
Leica
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6.3 Plasmids
Plasmid
pT-EcRE APP-3HA
pT-EcRE CFP-Tip60
pT-EcRE APP-2HA-Citrine

Origin
in-house
in-house
in-house
(APP-PGPRSGYPYDVPDYATGYPYDYPDYATPDP-Citrine)

pT-EcRE APP-Citrine+Oligo
(w/o HA-tag)
pT-EcRE CFP-Tip60-Nasa
pT-GAPDH Transactivator
pT-Boris Citrine-AICD
pcDNA 3.1 HA-Fe65
pcDNA 3.1 HA-X11α

in-house
(APP-PGPRASLPVAT-Citrine)

in-house
in-house
in-house
Stefan Kins, ZMBH, Germany
Toshiharu Suzuki, Hokkaido University. Japan
(Taru and Suzuki, 2004)
in-house
in-house
Toshiharu Suzuki, Hokkaido University. Japan
(Taru et al., 2002a)
Zoltàn Ivics, Netherlands Cancer Institue,
Netherlands, (Ivics et al., 1997)
in-house from pEGFP-Tip60-N2
Craig Robson, Northern Institute for Cancer
Research, United Kingdom (Gaughan et al.,
2001)
Clontech
in-house from pCitrin-N1
Roger Y Tsien, University of California,
California (Griesbeck et al., 2001)

pcDNA 3.1 APP695
pcDNA 3.1 Myc Fe65
pcDNA 3.1 HA JIP 1b (mouse)
CMV SB
CMV CFP-Tip60
pEGFP-Tip60-N2
pECFP-Nuc
pE-Citrine-Nuc
pCitrine-N1

6.4 Primer
6.4.1 Primer for quantitative real time PCR
Gene

Location of
primers

amplic
on

Adam 10

2193-2263

71

Alcadein/
Calsynthenin

152-219

67

APH-1A

158-238

81

APLP1

1599-1672

74

APLP2

2086-2157

72

APP (nt)

487-557

71

Direction

Sequence 5’ - 3’

forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse

CTCCACAGCCCATTCAGCA
GCGTCTCATGTGTCCCATTTG
GAGAACGACAACACCGTGCTC
AATCGCAGAGGCGCATCTT
CATCTTGGTCCATGTGACCG
CCAAAAATCAGGAGGCCGT
AAGATGCTGCATCCCCTGAG
AACAGACGCATTCACCTTTCG
GTAGCAGTGCTCTCATTGGCC
TCACCAGGCTGATGACGATG
ACCAACTTGCATGACTACGGC
CACACAAACTCTACCCCTCGG
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Arg3.1

219-297

79

BACE

1160-1280

121

Chr 13 ORF 18

1718-1787

69

Fe65

1805-1870

66

GAPDH

821-892

72

GSK3β

91-161

70

Hes1

379-459

81

JIP1b

1432-1542

111

KAI1

381-451

71

LRP

1328513421

137

Mena

1248-1312

65

N-Cadherin

2064-2136

73

Nicastrin

1632-1753

121

Notch1

6910-6985

76

PEN2

162-224

62

Phosphorylase
kinase

2214-2292

78

PGK

287-387

101

Prolactin
repector

1764-1831

67

PSEN 1

992-1102

111

RAP1A

470-551

81

Serca1

2540

72

Thymidil. synth

331-421

91

Tip60

588-668

81

Transcription
elong. factor

300-366

66

forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
forward
reverse
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GGGAAGCTGGAGAGCAACCT
GGCAGGCCTTGATGGACTT
AGTCATCCACGGGCACTGTT
CTGAACTCATCGTGCACATGG
TCGACAGCATATGGCACCAG
TGGCTTTCGCATACAGGCTT
GAGAGTGTCGGGTGCGTTTC
TGAATGCAAACGTGTGGACAT
TGGGCTACACTGAGCACCAG
CAGCGTCAAAGGTGGAGGAG
ACAAGGACGGCAGCAAGGT
ACTTCTTGTGGCCTGTCTGG
ACGTGCGAGGGCGTTAATAC
CATGGCATTGATCTGGGTCA
GGGCTGTTCTCCTGCATCA
AGGGTCATCCACTTCCAGCTC
CTACAACAGCAGTCGCGAGG
CGCAGCACTTCACCTGAGC
AATCCCTCTGCTGTTGCTGC
GGTTTCCAATCTCCACGTTCA
CCCAAGTGGAGGGAATGCT
TTCCACGGCCTGTATCTGTTT
TTCGGGTAATCCTCCCAAATC
GTCCCCGTTGGAGTCACACT
CTACTTGGGTGACGGGCCT
CTCTCGGGTGAGGTTGACCA
CGGGTCCACCAGTTTGAATG
GTTGTATTGGTTCGGCACCAT
TCAAAGGCTATGTCTGGCGC
TCTGGAAGATGGTGATCCAGG
GGAGGGCTAGATCGGTTCCA
CAGTTCCTTGGCCTTGGTCA
TGAAGGACTGTGTAGGCCCAG
TTCTTCCTCCACATGAAAGCG
TGAGACTGACCAGGATACGCC
GGGTTTAGCGGAGCCAAAG
CTATAGCTC CCATGGCACCC
CTGAACCCGCCATCATCATT
CGAAATCCTGGATACTGCAGG
AGTGCAAAACCTTGGCCGT
CCTGGTGGTTCCTGTACGCT
TGCATGAAGTGAGTCAGCTGG
GCCAATGGATCCCGAGACTT
GCCTCCACTGGAAGCCATAA
TGAGGACTCCCAGGACAGCT
TCGTGGCTTCGATCAGACAC
TCGGGATGTCTGTCAACGC
ACTTGGCCAGTGCAATGACC

Materials

X11

1580-1670

91

Citrine-AICD

713-813

101

forward
reverse
forward
reverse

AAGTGCTGAACGCCGACAC
AGCACAACGATGTTCCCAATG
CACTCTCGGCATGGACGAG
CGTCAACCTCCACCACACC

6.4.2 siRNA oligonucleotide templates
Gene
Fe65
oligo1
Fe65
oligo2
Fe65
oligo3
Fe65
oligo4
Jip1b
oligo1
Jip1b
oligo2
Jip1b
oligo3
Jip1b
oligo4

Location
202
37
97
115
140
187
598
992

Orientation
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense
sense
antisense

Sequence 5’ – 3’
AACTGGCCCTCTTTTAGCCACCCTGTCTC
AAGTGGCTAAAAGAGGGCCAGCCTGTCTC
AAGCCTCCGTGGCTGTTGGCACCTGTCTC
AATGCCAACAGCCACGGAGGCCCTGTCTC
AACTTGGCGTTGAGCAGCTGGCCTGTCTC
AACCAGCTGCTCAACGCCAAGCCTGTCTC
AACACAGCTGTGGCCTGCAGCCCTGTCTC
AAGCTGCAGGCCACAGCTGTGCCTGTCTC
AACAGTGATCTCCGAGAGGTCCCTGTCTC
AAGACCTCTCGGAGATCACTGCCTGTCTC
AACTCCTGGCCGGACTCGGCCCCTGTCTC
AAGGCCGAGTCCGGCCAGGAGCCTGTCTC
AATGGTGTCTGCTCCCCTGTCCCTGTCTC
AAGACAGGGGAGCAGACACCACCTGTCTC
AAAGTCGAAGCCCTCTTCCTCCCTGTCTC
AAGAGGAAGAGGGCTTCGACTCCTGTCTC

6.5 Antibodies
6.5.1 Primary antibodies
Antibody

Origin

22C11
6E10
APP C-terminal
BACE
Fe65
GAPDH
GFP
Gsk3β
HA
Jip1b
Tip60
β-actin
X11α
KAI1
Adam10

mouse
mouse
rabbit
rabbit
goat
mouse
rabbit
mouse
rat
rabbit
goat
mouse
rabbit
mouse
goat

Dilution
IH
WB
1:100
1:500
1:250
1:500
1:2000 1:4000
1:250
1:500
1:500
1:200
1:250
1:100
1:250
1:100
1:100
1:1000
1:500
1:250
1:200
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Order Nr

Supplier

1285262
300-05
A8717
2253
sc-19751
H86504M
A11122
sc 7291
1867423
34-5300
sc-5725
Ab6276
sc-14032
sc-17752
sc-16525

Chemicon
Signet
Sigma
Prosci
Santa-Cruz
Biodesign
Molecular Probes
Santa-Cruz
Roche
Zymed
Santa-Cruz
Abcam
Santa-Cruz
Santa-Cruz
Santa-Cruz

Materials

streptavidin conj. Rphicortythrin
IgG

goat

S-866

Life-Technologies

I5256

Sigma

6.5.2 Secondary antibodies
Antibody
anti-dig AP
anti-goat HRP
anti-mouse Cy3
anti-mouse Cy5
anti-mouse HRP
anti-rabbit Cy3
anti-rabbit Cy5
anti-rabbit HRP
anti-rat Cy3
anti-rat Cy5
anti-rat HRP
anti-streptavidin biotinyl.

origin
mouse
donkey
donkey
goat
goat
donkey
goat
goat
donkey
goat
goat

dilution
1:500
1:5000
1:250
1:250
1:2000
1:250
1:250
1:2000
1:250
1:250
1:5000
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order Nr
705 035 147
715 165 151
115 175 146
1858413
711 165 152
111 175 144
1858415
712 165 153

supplier
Roche
Jackson
Jackson
Jackson
Pierce
Jackson
Jackson
Pierce
Jackson

NA 935 V
BA-0500

Amersham
Reactolab

Abbreviations

7 Abbreviations
A
A260
A280
A310
aa
AD
ADAM
AFT-complex
AFTmut

Adenosine
Adsorption at a wavelength of 260 nm
Adsorption at a wavelength of 280 nm
Adsorption at a wavelength of 310nm
Amino acid
Alzheimer’s disease
A disintegrin and metalloprotease
AICD, Fe65 and Tip60 complex
Complex consisting of AICD, Fe65 and Tip60 mutated at its Fe65
binding site from NSKY to NASA
AICD
APP C-terminal fragment comprising the last 50 amino acids,
processed at the ε-site
AJT-complex AICD, Jip1b and Tip60 complex
AJTmut
Complex consisting of AICD, Jip1b and Tip60 mutated NSKY to
NASA
AP
Alkaline phosphatase
APLICD
APP like protein intracellular domain
APLP1
APP like protein 1
APLP2
APP like protein 2
APOE
Gene encoding Apolipoproteine E
ApoE
Apolipoproteine E
APP
β-Amyloid Precursor Protein
APP695
APP isoform with 695 amino acids
APP751
APP isoform with 751 amino acids
APP770
APP isoform with 770 amino acids
APP-BP1
APP binding protein 1
APPswe
APP double mutation Lysine670Methionine671 to Asparagine670
Leucine671
ATP
Adenosine triphosphate
Aβ
β-Amyloid peptide
Aβ40
β-Amyloid peptide with a length of 40 amino acids
β-Amyloid peptide with a length of 42 amino acids
Aβ42
BACE
β-site APP cleavage enzyme
BDNF
Brain derived neurothropic factor
BLAST
Basic local alignment search tool
bp
Base pair
BSA
Bovine serum albumine
C
Cytosine
C31
Caspase cleaved C-terminal fragment of APP, comprised of 31 aa
cDNA
complemetary Deoxyribonucleic acid
CFP
Cyan fluorescent protein
Chr
Chromosome
Chr13ORF18 Chromosome 13 open reading frame 18
CT
Threshold cycle
CTF
C-terminal fragment
CTFα
Membrane tethered C-terminal fragment generated by α-secretase
cut
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CTFβ
DAPT
DEPC
DIG
DMEM
DMEM-F12
DMSO
DNA
DNase
dNTP
dscDNA
DSMZ
dsRNA
DTT
E. coli
ECL
EcRE
EDTA
EGTA
ER
F
FAD
Fc
FCS
FGCZ
FGF-2
FRET
G
G1
GA
Gal4
GAPDH
GCOS
GFP
Gsk3β
H4
HA
Hek293
HeNe
HEPES
HPLC
HRP
IC
IDE
IgG
Il-1
IP
IVT

Membrane tethered C-terminal fragment generated by β-secretase
cut
N-[N-(3,5-difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl ester
Diethylpyrocarbonate
Digoxigenin
Dulbeccos' modified Eagle Medium
Dulbeccos' modified Eagle Medium nut fix F12
Dimethylsulfoxide
Deoxyribonucleic acid
Deoxyribonuclease
Deoxy Nucleotide triphosphate
double stranded complementary Deoxyrionucleic acid
Deutsches Zentrum für molekularbiologische Sammlungen
Double stranded Ribonucleic acid
Dithiothreitol
Escherichia coli
Enhanced chemiluminescence
Ecdyson responsive element
Ethylendiamintetraacetic acid
Ethylene glycol-bis(2-aminoethyl)-N,N,N’,N’,-tetraaceticacid
Endoplasmatic reticulum
Farad constante
Familial form of Alzheimer’s disease
Complement binding fragment of Immunglobulines
Fetal calf serum
Functional Genomics Center Zurich
Fibroblast growth factor 2
Fluorescence Resonance Energy Transfer
Guanidine
G1 phase of the cell cycle
Gauge
yeast galactosidase transcription factor DNA binding protein
Glyceraldehyde-3-phosphate dehydrogenase
GeneChip® operating software
Green fluorescent protein
Glycogen synthase kinase 3β
Human neuroblastoma cell line
Hemagglutinin
Human embryonal kidney cells
Helium/Neon Laser
N-[2-Hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid]
High performance liquid chromatography
Horse radish peroxidase
Immuncytochemistry
Insulin degrading enzyme
Immunoglobulin G
Interleukin 1
Immunoprecipitation
In vitro transcription
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Jip
JNK
KAI1
kb
kDa
KPI
LB
LDL
LF2000
LRP
M
MAS 5.0
mDabt
MDCK
Mena
MIAME
MM
MOPS
mRNA
N-CoR
N-CoR
NFRET
NFT
NGF
NICD
NT3
o/n
OD600
Oligo
ORF
PAT1
PBS
PCR
PDZ
PFA
PGK
PHF
PHKA1
PKC
PM
PMSF
PMT
PNT
poly-dT
PRLR
PS
PS1
PS1M146V

C-Jun N-terminal kinase interacting protein
C-Jun N-terminal kinase
Kangai I, CD82
Kilo Base
Kilo Dalton
Kunitz type protease inhibitor domain
Luria Bertani
Low-density lipoproteine
Lipofectamine 2000
Low density lipoproteine receptor related proteine
Molar
Mircroarray suite version 5.0 algorithm
Mammalian Disabled
Madin Darby canine Kidney cells
Mammalian enabled
Minimum Information about a Microarray Experiment
Paired mismatch
3-N-morpholinpropansulfonic acid
messenger Ribonucleic acid
Nuclear receptor coreceptor
Nuclear receptor coreceptor
Net Fluorescence Resonance transfer signal
Neurofibrillary tangles
Nerve growth factor
Notch intracellular domain
Neurotropic factor Neurotrophin -3
Over-night
Optical density at a wavelength of 600 nm
Oligonucleotide
Open reading frame
Protein interacting with the APP tail 1
Phosphate buffered saline
Polymerase chain reaction
Protein dimerization/interating domain (PSD-95 Disc large Zonula
occludens)
Paraformaldehyde
Phosphoglycerate kinase
Paired helical filaments
Phsophorylase kinase alpha1
Protein kinase C
Perfect match
Phenyl methyl sulfonyl fluorid
Photomultiplier tube
Phenantrolene
Deoxy Thymidine polymer
Prolactin receptor
Presenilin
Presenilin 1
Methionin 146 mutated to valine in Preseniline 1 protein
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PS2
PSEN1
PSEN2
PS-RIP
PTB
PVDF
qRT-PCR
RA
RAP1A
RIN
RIP
RISC
RNA
RNase
rpm
RT
RT-PCR
S
SAP
sAPP
sAPPα
sAPPβ
SD
SDS
SEM
SEM
SH-SY5Y
siRNA
Sol.
SP
T
TACE
TAE
tauP301L
TBS
TBS+
TBS++
TC-EFA
TEA
Teb
TGF-β1
Tip60
TM
TNF-α1
TUNEL
U
UV
V

Presenilin 2
Gene encoding Presenilin isoform1
Gene encoding Presenilin isoform 2
Presenilin dependent Regulated intramembrane proteolysis
Phosphotyrosine interacting/ binding domain
Polyvinylidine-fluoride
Quantitative real-time PCR
Retinoic Acid
A member of the RAS oncogene family
RNA integrity number
Regulated intramembrane proteolysis
RNA induced silencing complex
Ribonucleic acid
Ribonuclease
Rounds per minute
Room temperature
Reverse-transcription
S- phase of the cell cycle
Shrimp alkaline phosphatase
Secreted APP ectodomain shed at either α- or β-site
Secreted APP ectodomain processed at the α-cleavage site
Secreted APP ectodomain processed at the β-cleavage site
Standard deviation
Sodium dodecyl sulfate
Standard error of the mean
Standard error of the mean
Human neuroblastoma cell line
Short interfering RNA
Solution
Signal peptide
Thymidine
Tumor necrosis factor-α converting enzyme
Tris acetate EDTA buffer
Tau protein with a proline 301 exchanged to leucine
Tris buffered saline
TBS containing 0.05 % Triton X-100
TBS containing 0.2 % Triton X-100, 5 % horse serum, 5% goat serum
Transcription elongation factor A
Triethanolamine
Tebufenozide
Transforming growth factor-β1
Tat interacting protein
Transmembrane domain
Tumor necrosis factor
Terminal deoxyribonucleotidyl transferse (TdT)-mediated biotin-16dUTP nick-end labeling
Unit
Ultra-violett
Volt
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v/v
w/o AICD
w/o
w/v
WB
with AICD
wt
xg
YFP
α-2M
α-sec
α-stub
β-sec
β-stub
γ-sec

Volume per volume
Hek293 clonal line stably transfected with pTBoris-Citrine-AICD, not
induced for AICD expression
Without
Weight per volume
Western blotting
Hek293 clonal line stably transfected with pTBoris-Citrine-AICD
induced for AICD expression
Wild-type, naïve cells
Earth centrifugal force
Yellow fluorescent protein
Alpha-2 macroglobulin
α-secretase, either ADAM10 or TACE
Membrane thethered C-terminal APP fragment cleaved at the α-site
β-secretase, BACE
Membrane thethered C-terminal APP fragment cleaved at the β-site
γ-secretase, a protein complex consisting of presenilin, Aph1, Phen
and Nicastrin
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8 Supplemental data
8.1 GeneChip® operating software output of a representative array
Primary analysis of one scanned GeneChip (wild-type biological replicate 1) using
Affymetrix MAS5.0 algorithm implemented in the GeneChip® operating software:
Report Type:
Date:

Expression Report
02:26PM 11/02/2004

Filename:
Probe Array Type:
Algorithm:
Probe Pair Thr: 8
Controls:

rc270804_wt1.CHP
HG-U133_Plus_2
Statistical

Alpha1:
Alpha2:
Tau:
Noise (RawQ):
Scale Factor (SF):
TGT Value:
Norm Factor (NF):

0.05
0.065
0.015
4.420
3.044
500
1.000

Antisense

Background:
Avg: 119.51
Std: 1.62
Min: 114.50
Max: 125.60
Noise:
Avg: 7.69 Std: 0.33
Min: 6.70
Max: 8.90
Corner+
Avg: 261
Count: 32
CornerAvg: 19414
Count: 32
CentralAvg: 22403
Count: 9
The following data represents probe sets that exceed the probe pair threshold
and are not called "No Call".
Total Probe Sets:
Number Present:
Number Absent:
Number Marginal:

54675
20348
33541
786

Average Signal (P):
Average Signal (A):
Average Signal (M):
Average Signal (All):

1993.9
92.3
274.4
802.6

Housekeeping Controls:
Probe Set
AFFX-HUMISGF3A/M97935

37.2%
61.3%
1.4%

Sig(5') Det(5') Sig(M') Det(M') Sig(3') Det(3') Sig(all)
260.5 P
336.2 P
997.8 P
531.49
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Sig(3'/5')
3.83
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AFFX-HUMRGE/M10098
68.5 A
AFFX-HUMGAPDH/M33197 31150.1 P
AFFX-HSAC07/X00351
20122.2 P
AFFX-M27830
2199.6 P

Spike Controls:
Probe Set
AFFX-BIOB
AFFX-BIOC
AFFX-BIOD
AFFX-CRE
AFFX-DAP
AFFX-LYS
AFFX-PHE
AFFX-THR
AFFX-TRP
AFFX-R2-EC-BIOB
AFFX-R2-EC-BIOC
AFFX-R2-EC-BIOD
AFFX-R2-P1-CRE
AFFX-R2-BS-DAP
AFFX-R2-BS-LYS
AFFX-R2-BS-PHE
AFFX-R2-BS-THR

Sig(5') Det(5')
182.2 P
461.1 P
1357.6 P
8818.9 P
9523.4 P
30683.6 P
25598.8 P
5466.4 P
1710.4 P
229.8 A
691.6 P
5247.5 P
15246.7P
17267.3P
31759.0P
28301.9P
6145.1 P

205.2
30114.9
22499.8
2332.6

A
P
P
P

304.6
31304.0
22185.8
76.5

Sig(M') Det(M') Sig(3') Det(3')
153.5 P
25.6
A
420.1 P
3529.7 P
12172.5P
16313.9 P
17243.8P
37708.4 P
37587.7P
29475.6 P
24393.1P
6401.6 P
9237.6 P
1612.2 P
2022.4 P
243.4 P
252.1 P
915.3 P
5864.1 P
21068.5 P
16942.0 P
16055.1 P
40454.0 P
30884.9 P
29392.2P
29034.9P
7894.9 P
10147.2P

M
P
P
A

192.75
30856.33
21602.57
1536.24

4.45
1.00
1.10
0.03

Sig(all) Sig(3'/5')
120.44
0.14
440.62
0.91
2443.67
2.60
10495.69
1.38
14360.33
1.81
35326.59
1.23
26489.17
0.95
7035.19
1.69
1781.66
1.18
241.76
1.10
803.45
1.32
5555.80
1.12
18157.60
1.38
16754.81
0.93
34365.98
0.97
28909.65
1.03
8062.39
1.65

8.2 Differential regulated genes found with dChip 1.3 analysis
List of differential regulated genes between naïve Hek293 cells compared to the
clonal line with and without induction of AICD expression:
▲ regulated from naïve to clonal line with and without AICD expression
■ regulated from naïve only to AICD expressing cells
● regulated from naïve only to clonal line without AICD expression
* fold change corresponds to AICD expressing cells compared to naïve cells, except for genes only
induced in clonal line without AICD expression
Probe set
1553613_s_at
1553962_s_at
1555412_at
1555623_at

gene
forkhead box C1
ras homolog gene family, member B
F-box and leucine-rich repeat protein 3B
Homo sapiens mRNA for DERP12 (dermal papilla
derived protein 12)
1557051_s_at Clone IMAGE:5019307, mRNA
1565162_s_at microsomal glutathione S-transferase 1
1568838_at
Clone IMAGE:5261280, mRNA
200665_s_at secreted protein, acidic, cysteine-rich (osteonectin)
200859_x_at filamin A, alpha (actin binding protein 280)
201012_at
annexin A1 /// annexin A1
201564_s_at fascin homolog 1, actin-bundling protein
(Strongylocentrotus purpuratus)
201565_s_at inhibitor of DNA binding 2, dominant negative helix-
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change*
Accession
NM_001453
3.44
BI668074
-3.94
BC044938
3.13
AB014766
-3.56

■
▲
▲
▲

CA448125
D16947
AI015847
NM_003118
NM_001456
NM_000700
NM_003088

2.33
4.55
2.43
-2.73
-3.58
-6.91
-2.53

▲
▲
■
▲
▲
▲
■

NM_002166

-2.59

■

Supplemental data

201566_x_at
201662_s_at
202283_at
202393_s_at
202479_s_at
202546_at
202780_at
203304_at
203408_s_at
203846_at
203919_at
204040_at
204062_s_at
204084_s_at
204457_s_at
204489_s_at
204490_s_at
204501_at
204913_s_at
205110_s_at
205113_at
205347_s_at
205366_s_at
205450_at
205453_at
205471_s_at
205498_at
206218_at
206348_s_at
206653_at
206976_s_at
207016_s_at
207826_s_at
208096_s_at
208156_x_at
208436_s_at
208712_at
209183_s_at
209388_at
209465_x_at
209803_s_at
209835_x_at
209849_s_at

loop-helix protein
inhibitor of DNA binding 2, dominant negative helixloop-helix protein
acyl-CoA synthetase long-chain family member 3
serine (or cysteine) proteinase inhibitor, clade F
member 1
TGFB inducible early growth response
tribbles homolog 2 (Drosophila)
vesicle-associated membrane protein 8 (endobrevin)
3-oxoacid CoA transferase 1
BMP and activin membrane-bound inhibitor homolog
(Xenopus laevis)
special AT-rich sequence binding protein 1 (binds
nuclear matrix/scaffold-associating DNA's)
tripartite motif-containing 32 /// tripartite motifcontaining 32
transcription elongation factor A (SII), 2
ring finger protein 144
unc-51-like kinase 2 (C. elegans)
ceroid-lipofuscinosis, neuronal 5
growth arrest-specific 1
CD44 antigen (homing function and Indian blood
group system)
CD44 antigen (homing function and Indian blood
group system) )
nephroblastoma overexpressed gene
SRY (sex determining region Y)-box 11
fibroblast growth factor 13
neurofilament 3 (150kDa medium)
thymosin, beta, identified in neuroblastoma cells
homeo box B6
phosphorylase kinase, alpha 1 (muscle)
homeo box B2
dachshund homolog 1 (Drosophila)
growth hormone receptor
melanoma antigen, family B, 2
pyruvate dehydrogenase kinase, isoenzyme 3
polymerase (RNA) III (DNA directed) polypeptide G
(32kD)
heat shock 105kDa/110kDa protein 1
aldehyde dehydrogenase 1 family, member A2
inhibitor of DNA binding 3, dominant negative helixloop-helix protein
collagen, type XXI, alpha 1
gb:NM_031308.1 /DB_XREF=gi:13876385 /Homo
sapiens epiplakin 1 (EPPK1), mRNA.
interferon regulatory factor 7
cyclin D1 (PRAD1: parathyroid adenomatosis 1)
chromosome 10 open reading frame 10
poly(A) polymerase alpha
pleiotrophin (heparin binding growth factor 8, neurite
growth-promoting factor 1)
pleckstrin homology-like domain, family A, member 2
CD44 antigen (homing function and Indian blood
group system)
RAD51 homolog C (S. cerevisiae)
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D13891

-2.78

▲

D89053
NM_002615

2.65
-2.34

■
●

NM_005655
BC002637
NM_003761
NM_000436
NM_012342

-2.35
2.8
-3.04
4.03
2.53

▲
●
▲
▲
■

NM_002971

2.61

▲

BC003154

2.32

▲

NM_003195
NM_014746
BG526973
AI911687
NM_002048
NM_000610

8.94
2.35
2.57
2.22
-4.45
-4.89

■
■
▲
■
▲
●

M24915

-6.39

▲

NM_002514
AI360875
NM_004114
NM_005382
NM_021992
NM_018952
NM_002637
NM_002145
AW772082
NM_000163
NM_002364
NM_005391
BF062139

-10.31
6.28
4.08
-7.41
2.23
3.89
2.26
3.29
2.76
6.58
-7.7
2.45
-2.58

▲
▲
▲
▲
▲
▲
■
▲
▲
▲
▲

NM_006644
AB015228
NM_002167

2.11
3.24
2.32

●
▲
▲

NM_030820
NM_031308

3.29
-2.28

▲
■

NM_004030
M73554
AL136653
BC000927
AL565812

2.65
-2.68
2.75
-2.27
3.49

▲
▲
■
●
▲

AF001294
BC004372

-2.35
-6.9

▲
▲

AF029669

2.11

■

▲

Supplemental data

209897_s_at
210829_s_at
210319_x_at
210916_s_at
210933_s_at
211161_s_at
211919_s_at
212012_at
212014_x_at
212063_at
212099_at
212915_at
213005_s_at
213030_s_at
213746_s_at
213844_at
214321_at
214752_x_at
214769_at
217028_at
217369_at
217897_at
218872_at
219288_at
219301_s_at
219682_s_at
220266_s_at
221801_x_at
221805_at
221841_s_at
221916_at
222349_x_at
222803_at
223120_at
224435_at
224650_at
224820_at
225283_at
225314_at
225544_at
225664_at
225694_at
225799_at
226206_at
226461_at
226499_at
226612_at

slit homolog 2 (Drosophila) /// slit homolog 2
(Drosophila)
single-stranded DNA binding protein 2
msh homeo box homolog 2 (Drosophila)
CD44 antigen (homing function and Indian blood
group system)
hypothetical protein MGC4655
gb:AF130082.1 /DB_XREF=gi:11493468 mRNA
Homo sapiens clone FLC1492 PRO3121
chemokine (C-X-C motif) receptor 4
Melanoma associated gene
CD44 antigen (homing function and Indian blood
group system)
CD44 antigen (homing function and Indian blood
group system)
ras homolog gene family, member B
PDZ domain containing RING finger 3
ankyrin repeat domain 15
plexin A2
filamin A, alpha (actin binding protein 280)
homeo box A5 /// homeo box A5
nephroblastoma overexpressed gene
filamin A, alpha (actin binding protein 280)
chloride channel 4
chemokine (C-X-C motif) receptor 4
Similar to immunoglobulin heavy chain variable
region, clone IMAGE:5296752
FXYD domain containing ion transport regulator 6
hypothetical protein FLJ20607
HT021
contactin associated protein-like 2
T-box 3 (ulnar mammary syndrome)
Kruppel-like factor 4 (gut)
neurofilament, light polypeptide 68kDa
neurofilament, light polypeptide 68kDa
Kruppel-like factor 4 (gut)
neurofilament, light polypeptide 68kDa
ring finger protein 126 pseudogene 1
phosphoribosyl transferase domain containing 1
fucosidase, alpha-L- 2, plasma
chromosome 10 open reading frame 58 ///
chromosome 10 open reading frame 58
mal, T-cell differentiation protein 2
family with sequence similarity 36, member A
arrestin domain containing 4
hypothetical protein MGC45416
T-box 3 (ulnar mammary syndrome)
collagen, type XII, alpha 1
CDC2-related protein kinase 7
hypothetical protein MGC4677
v-maf musculoaponeurotic fibrosarcoma oncogene
homolog K (avian)
homeo box B9
tubulin, beta, 2
CDNA FLJ25076 fis, clone CBL06117

100

AF055585

2.44

▲

AF077048
D89377
AF098641

-2.3
2.85
-2.44

■
●
▲

BC004908
AF130082

-2.84
-4.69

▲
▲

AF348491
BF342851
AI493245

-2.96
2.83
-5.53

▲
▲
▲

BE903880

-6.85

■

AI263909
AL569804
D79994
AI688418
AW051856
NM_019102
BF440025
AI625550
AF052117
AJ224869
AJ275383

-3.85
2.83
4.47
-2.47
-3.31
2.5
-10.45
-3.32
2.7
-4.28
9.44

▲
▲
▲
●
▲
▲
▲
▲
▲
▲
■

NM_022003
NM_017899
NM_020685
AU144598
NM_016569
NM_004235
AL566528
AL537457
BF514079
BF055311
AW303476
AI871620
BC003060
BC005871

2.57
2.48
2.2
2.55
3.23
-9.18
-3.69
-6.83
-13.13
-4.33
-2.34
7.49
2.28
4.12

▲
●
▲
▲
▲
●
▲
▲
▲
▲
■
▲
■
▲

AL117612
AA831192
AV701177
BG291649
AI806338
AA788946
AI823766
BF209337
BG231691

9.44
2.93
-2.27
3.1
2.34
2.88
2.21
-2.75
-2.37

▲
▲
■
▲
■
▲
▲
▲
■

AA204719
W72331
H17038

2.21
-3.31
2.55

●
▲
▲

Supplemental data

226702_at
226780_s_at
226781_at
227099_s_at
227174_at
227261_at
227444_at
227629_at
227705_at
228155_at
228600_x_at
228824_s_at
228904_at
228915_at
229160_at
229222_at
229354_at
229839_at
229876_at
229963_at
230085_at
230130_at
230372_at
230560_at
230597_at
230869_at
230986_at
231736_x_at
232164_s_at
232165_at
238066_at
238852_at
239738_at
242915_at
243489_at
36553_at
44790_s_at

hypothetical protein LOC129607
hypothetical protein HSPC268
hypothetical protein HSPC268
hypothetical LOC387763
hypothetical protein FLJ38736
Kruppel-like factor 12
hypothetical protein MGC40053
prolactin receptor
hypothetical protein MGC23947
chromosome 10 open reading frame 58
hypothetical protein MGC72075
leukotriene B4 12-hydroxydehydrogenase
Transcribed sequences
dachshund homolog 1 (Drosophila)
hypothetical protein FLJ33516
FLJ21963 protein
aryl-hydrocarbon receptor repressor
hypothetical protein MGC45780
phosphorylase kinase, alpha 1 (muscle)
hypothetical protein LOC340542
Transcribed sequences
slit homolog 2 (Drosophila)
hyaluronan synthase 2
syntaxin binding protein 6 (amisyn)
solute carrier family 7 (cationic amino acid
transporter, y+ system), member 3
Similar to expressed sequence AW121567
(LOC387945), mRNA
CDNA FLJ30065 fis, clone ADRGL2000328
microsomal glutathione S-transferase 1
epiplakin 1
epiplakin 1
retinol binding protein 7, cellular
Transcribed sequences
dachshund homolog 2 (Drosophila)
hypothetical ZNF-like protein
gb:BF514098 /DB_XREF=gi:11599277
/CLONE=IMAGE:3071288
acetylserotonin O-methyltransferase-like
chromosome 13 open reading frame 18

AI742057
BF540829
BF540829
AW276078
Z98443
AA020010
AW519141
AA843963
BF591534
BF512388
BE220330
BE566894
AW510657
AI650353
AI967987
AI123815
AB033060
AI799784
BE503584
AV726956
AW263542
AI692523
AI374739
N21096
AI963203

5.05
2.2
2.25
-2.51
-2.52
2.26
3.86
3.96
-5.15
4.08
3.65
2.25
2.43
3.26
4.59
-2.85
2.45
-17.72
2.49
2.37
2.53
2.43
-3.33
4.18
3.16

▲
●
▲
■
●
▲
▲
■
▲
▲
▲
■
▲
▲
▲
▲
■
●
■
▲
■
●
▲
▲
■

5.15

▲

AI821447
NM_020300
AL137725
AL137725
AI733027
AA424567
AW780006
AA603590
BF514098

-6.12
5.37
-2.57
-2.84
3.77
5.02
4.75
2.61
3.46

▲
▲
▲
▲
▲
▲
▲
▲
▲

AA669799
AI129310

-2.26
3.18

●
■

H09780

8.3 Differential regulated genes found with Genespring 6.2 analysis
List of differential regulated genes between naïve Hek293 cells compared to the
clonal line with and without induction of AICD expression:
▲ regulated from naïve to clonal line with and without AICD expression
■ regulated from naïve only to AICD expressing cells
* fold change corresponds to AICD expressing cells compared to naïve cells, except for genes only
induced in clonal line without AICD expression
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Supplemental data

probe set
1552344_s_at
1555340_x_at
200085_s_at
200701_at
200880_at
200968_s_at
201041_s_at
201351_s_at
202107_s_at
202241_at
202268_s_at
202395_at
202447_at
202478_at
202846_s_at
202969_at
203173_s_at
203248_at
203557_s_at
203721_s_at
203845_at
203962_s_at
204107_at
204490_s_at
204630_s_at
204920_at
205055_at
205113_at
205534_at
207071_s_at
207826_s_at
208737_at
208744_x_at
209122_at
209162_s_at
209182_s_at
209183_s_at
209849_s_at
210524_x_at
210829_s_at
212107_s_at
213503_x_at
213844_at
214651_s_at

change*
gene
CCR4-NOT transcription complex, subunit 7
1.808
RAP1A, member of RAS oncogene family
2'699.60
transcription elongation factor B (SIII), polypeptide 2
0.686
(18kDa, elongin B)
Niemann-Pick disease, type C2
0.657
DnaJ (Hsp40) homolog, subfamily A, member 1
1.663
peptidylprolyl isomerase B (cyclophilin B)
0.788
dual specificity phosphatase 1
1.856
YME1-like 1 (S. cerevisiae)
1.529
MCM2 minichromosome maintenance deficient 2,
1.078
mitotin (S. cerevisiae)
phosphoprotein regulated by mitogenic pathways
1.533
amyloid beta precursor protein binding protein 1, 59kDa
1.373
N-ethylmaleimide-sensitive factor
1.524
2,4-dienoyl CoA reductase 1, mitochondrial
3.424
tribbles homolog 2
51.65
phosphatidylinositol glycan, class C
1.446
qg66h07.x1 Soares_testis_NHT Homo sapiens cDNA
1.493
clone IMAGE:1840189
esophageal cancer associated protein
0.46
zinc finger protein 24 (KOX 17)
1.738
6-pyruvoyl-tetrahydropterin synthase/dimerization
2.015
cofactor of TCF1
CGI-48 protein
1.486
p300/CBP-associated factor
1.775
nebulette
2.026
nuclear transcription factor Y, alpha
1.273
CD44 antigen (homing function and Indian blood group
0.159
system)
golgi SNAP receptor complex member 1
1.968
carbamoyl-phosphate synthetase 1, mitochondrial
0.509
integrin, alpha E (antigen CD103, human mucosal
1.881
lymphocyte antigen 1;
neurofilament 3 (150kDa medium)
0.111
BH-protocadherin (brain-heart)
1.438
aconitase 1, soluble
1.839
inhibitor of DNA binding 3, dominant negative helix2.412
loop-helix protein
ATPase, H+ transporting, lysosomal 13kDa, V1 subunit
1.898
G isoform 1
heat shock 105kDa/110kDa protein 1
2.93
adipose differentiation-related protein
4.225
PRP4 pre-mRNA processing factor 4 homolog (yeast)
1.749
chromosome 10 open reading frame 10
2.508
chromosome 10 open reading frame 10
2.341
RAD51 homolog C (S. cerevisiae)
2.407
C-terminus similar to human metallothionein-IF: Swiss2.199
Prot Accession Number P04733;
single-stranded DNA binding protein 2
0.46
DEAH (Asp-Glu-Ala-His) box polypeptide 9
1.307
601500477F1 NIH_MGC_70 Homo sapiens cDNA
0.447
clone IMAGE:3902323 5',.
homeo box A5
2.5
homeo box A9
1.75
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pvalue
2.27E-04
2.21E-04
2.29E-04

▲
▲
▲

2.29E-04
2.29E-04
2.31E-04
2.27E-04
2.29E-04
2.27E-04

▲
▲
▲
■
▲
▲

2.21E-04
2.29E-04
2.21E-04
2.29E-04
2.31E-04
2.29E-04
2.29E-04

▲
▲
▲
▲
▲
▲
▲

2.27E-04
2.27E-04
2.31E-04

▲
▲
▲

2.27E-04
2.27E-04
2.27E-04
2.31E-04
2.27E-04

▲
▲
▲
▲
▲

6.58E-05
1.83E-04
2.27E-04

▲
▲
▲

6.58E-05
2.29E-04
2.21E-04
2.31E-04

▲
▲
▲
▲

2.29E-04

▲

2.31E-04
2.31E-04
2.31E-04
2.29E-04
2.27E-04
2.21E-04
2.21E-04

▲
▲
▲
■
■
▲
■

2.27E-04
2.29E-04
2.29E-04

▲
▲
▲

8.82E-05
2.21E-04

▲
▲

Supplemental data

217028_at
217645_at
217720_at
217761_at
217809_at
218332_at
218399_s_at
218474_s_at
219212_at
219303_at
219543_at
219553_at
219938_s_at
219974_x_at
220161_s_at
221731_x_at
221841_s_at
221916_at
222227_at
222476_at
222921_s_at
223022_s_at
223168_at
223446_s_at
223559_s_at
224755_at
224833_at
225154_at
225348_at
225415_at
225419_at
225543_at
225669_at
226351_at
226499_at
226775_at
226780_s_at
226835_s_at
227085_at
227110_at
227869_at
228255_at
229160_at
229412_at

Homo sapiens CXCR4 gene encoding receptor
CXCR4.
Transcribed sequence with weak similarity to protein
sp:P39193 (H.sapiens)
coiled-coil-helix-coiled-coil-helix domain containing 2
SIPL protein
basic leucine zipper and W2 domains 2
brain expressed, X-linked 1
cell division cycle associated 4
potassium channel tetramerisation domain containing 5
likely ortholog of mouse heat shock protein, 70 kDa 4
chromosome 13 open reading frame 7
MAWD binding protein
non-metastatic cells 7, protein expressed in
(nucleoside-diphosphate kinase)
proline-serine-threonine phosphatase interacting
protein 2
enoyl Coenzyme A hydratase domain containing 1
erythrocyte membrane protein band 4.1 like 4B
chondroitin sulfate proteoglycan 2 (versican)
Kruppel-like factor 4 (gut)
neurofilament, light polypeptide 68kDa
zinc finger protein 236
KIAA1194
hairy/enhancer-of-split related with YRPW motif 2
chromosome 6 open reading frame 55
dystrobrevin binding protein 1
chromosome 9 open reading frame 80
T84 colon carcinoma cell IL-1beta regulated HSCC1
mRNA, partial sequence
hv47a05.x1 NCI_CGAP_Lu24 Homo sapiens cDNA
clone IMAGE:3176528
synapse associated protein 1, SAP47 homolog
(Drosophila)
FUS interacting protein (serine-arginine rich) 1
rhysin 2
wl98g02.x1 NCI_CGAP_Brn25 Homo sapiens cDNA
clone IMAGE:2432978
general transcription factor IIIC, polypeptide 4, 90kDa
interferon (alpha, beta and omega) receptor 1
MGC22960 gene
tubulin, beta, 2
yw76g02.s1
Soares_placenta_8to9weeks_2NbHP8to9W Homo
sapiens IMAGE:258194
hypothetical protein HSPC268
Clone IMAGE:5285034, mRNA
H2A histone family, member V
heterogeneous nuclear ribonucleoprotein C (C1/C2)
602546037F1 NIH_MGC_60 Homo sapiens cDNA
clone IMAGE:4668393
AU150140 NT2RP2 Homo sapiens cDNA clone
NT2RP2001663
hypothetical protein FLJ33516
taube nuss homolog (mouse)
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0.147

2.27E-04

▲

1.641

6.58E-05

▲

0.646
2.572
0.616
3.876
0.494
0.578
1.879
1.625
2.288
1.335

2.29E-04
2.21E-04
2.31E-04
2.27E-04
2.29E-04
2.29E-04
2.21E-04
2.29E-04
2.31E-04
2.21E-04

▲
▲
▲
▲
▲
▲
▲
▲
▲
▲

1.986

2.29E-04

▲

1.879
1.877
0.508
0.0299
0.225
436.2
0.636
3.71
1.7
1.354
2.183
1.815
2.309

2.31E-04
2.29E-04
2.31E-04
1.48E-04
2.06E-04
2.21E-04
2.21E-04
2.21E-04
2.29E-04
2.31E-04
2.21E-04
2.29E-04
2.21E-04

▲
▲
▲
▲
▲
▲
▲
▲
▲
▲
▲
▲
▲

2.178

2.29E-04

▲

1.979

2.29E-04

▲

1.589
1.63
0.521

2.27E-04
2.27E-04
2.27E-04

▲
▲
▲

2.03
2.323
1.306
0.238
2.458

2.31E-04
2.31E-04
2.29E-04
2.35E-04
2.21E-04

▲
▲
▲
▲
▲

2.294
0.542
0.63
1.602
1.488

6.58E-05
2.21E-04
2.29E-04
2.29E-04
2.27E-04

▲
▲
▲
▲
▲

1.685

2.31E-04

▲

7.087
2.348

6.58E-05
2.29E-04

▲
▲

Supplemental data

229876_at
230597_at
230666_at
231736_x_at
231800_s_at
232652_x_at
233568_x_at
235113_at
235721_at
236723_at
238852_at

phosphorylase kinase, alpha 1 (muscle)
solute carrier family 7 (cationic amino acid transporter,
y+ system), member 3
Hypothetical gene supported by BC025338
(LOC392646), mRNA
microsomal glutathione S-transferase 1
doublesex and mab-3 related transcription factor 3
SCAN domain containing 1
CWF19-like 1, cell cycle control (S. pombe)
peptidylprolyl isomerase (cyclophilin) like 5
deltex 3 homolog (Drosophila)
heterogeneous nuclear ribonucleoprotein U (scaffold
attachment factor A)
zv91f03.s1 Soares_NhHMPu_S1 Homo sapiens cDNA
clone IMAGE:767165
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3.027
4.111

2.27E-04
2.21E-04

■
▲

3.467

2.31E-04

▲

7.844
16.51
1.497
1.88
1.268
2.682
1.645

2.21E-04
2.21E-04
2.31E-04
2.21E-04
2.31E-04
2.21E-04
2.31E-04

▲
▲
▲
▲
▲
▲
■

6.861

2.31E-04

▲
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