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Abstract

The B-amyloid precursor protein (APP) plays a major role in Alzheimer’s disease. The APP
intracellular domain (AICD), together with Fe65 and Tip60, localizes to spherical nuclear AFT
complexes that might represent sites of transcription. We now show that endogenous AICD is
targeted to similar nuclear spots. AFT complexes were closely associated with Cajal and PML bodies
but did not localize to nucleoli or splicing speckles. Live imaging revealed that AFT complexes were
highly mobile within nuclei. Following pharmacological inhibition of transcription AFT complexes
merged into a few large assemblies. We have previously shown that AICD regulates the expression
of its own precursor APP. Transfection of APP promoter plasmids as substrates resulted in cytosolic
AFT complex formation at the labeled APP promoter plasmids. In addition, identification of
chromosomal APP or KAIL gene loci by fluorescence in situ hybridization showed their close
association with nuclear AFT complexes. The transcriptional activator Notch intracellular domain
(NICD) localized to the same nuclear spots as occupied by AFT complexes, suggesting that these
nuclear compartments correspond to transcription factories. Fe65 and Tip60 also co-localized with
APP in the neurites of primary neurons. Pre-assembled AFT complexes may serve to assist fast
nuclear signaling upon endoproteolytic APP cleavage.
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Introduction

The transmembrane B-amyloid precursor protein APP is sequentially cleaved by membrane-

anchored secretases (12). The first proteolytic cut by a- or B-cleavage releases its extracellular
domain, followed by intramembraneous y/e-cleavage generating the APP intracellular domain

(AICD) (45). In the case of initial B-cleavage proteolytic processing of APP generates the
amyloid B (AP) peptide, which oligomerizes to create toxic species that cause behavioural
deficits and neurodegeneration, characteristics of Alzheimer’s disease (AD) (52). The
transmembrane Notch receptor is similarly cleaved by a- and y-secretases and the liberated
Notch intracellular domain (NICD) translocates to the nucleus to regulate transcription (13,
51). In addition, an AB-like peptide can be cleaved from Notch by y secretase and secreted
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(41). The analogy of APP and Notch processing is suggestive of a possible function for AICD
in nuclear signaling.

Experiments involving the fusion of the yeast Gal4 DNA-binding domain to AICD revealed
transcriptional activity in luciferase assays (7). Transactivation was enhanced by the AICD-
binding protein Fe65 and the histone acetylase Tip60. Fe65 was shown to bind to APP and
stabilize AICD, which together localized to the nuclear compartment (22,34,58). In the nucleus
Fe65 and AICD associate with Tip60 and localize to multiple spherical nuclear compartments
(57). Different APP-interacting proteins have been shown to differentially regulate APP
processing and AICD subcellular localization. MINT-1/X110 was reported to stabilize APP
(5), exert an inhibitory effect on AICD-mediated transactivation in the Gal4 system (4) and
prevent nuclear translocation of AICD (57). The jun-interacting protein (Jip1) is another APP-
adaptor protein that stabilizes APP (31,54), connects APP to Kinesin (26), shows
transactivation activity in the Gal4 system (Scheinfeld et al., 2003) and can target AICD to the
nucleus, where it localizes to speckle structures (57).

Several genes regulated by APP have been identified, among them KAI1 (2), APP, BACE
(57), neprilysin (44), p53 (1), a-actinin and transgelin (36) and the EGF receptor that is
negatively regulated by AICD (61). Nevertheless some studies questioned the nuclear function
of AICD (6) and the impact on gene transcription (17).

The nucleus possesses a variety of compartments and even interphase chromosomes are not
spread throughout the nucleus but are confined to much smaller chromosome territories (33).
Actively transcribed DNA can loop out of these territories to come into contact with
transcription factories (11,30,35). The nucleolus is the most prominent structure and is
dedicated to the transcription and modification of ribosomal RNAs. Many smaller structures,
bodies and speckles have been identified that harbor proteins involved in executing nuclear
functions, such as transcription, splicing or sSnRNP biogenesis (24). The formation of numerous
distinct nuclear spots by AICD, Fe65 and Tip60 (AFT complexes) prompted us to analyze the
nature of these nuclear bodies. We present evidence that they represent the sites of transcription
of AICD-regulated genes. Furthermore, we show that NICD localizes to the same structures,
pointing to a possible cross-talk between APP and Notch in nuclear signaling.

Materials and Methods

Cell culture

Human embryonic kidney cells (HEK 293, DSMZ, ACC 305) were cultured in Dulbecco’s
Modified Eagle Medium (DMEM, Invitrogen #52100-039) supplemented with 10% fetal calf
serum (FCS) and Penicillin/Streptomycin (PenStrep, Invitrogen #10378-016) at 37°C, 5%
CO», 95% humidity.

Primary astrocytes were prepared from postnatal day 4 to 6 C57BI1/6 and APP knockout mice
(27). Cerebelli were removed into CSS buffer (120 mM NaCl, 5.4 mM KCl, 0.8 mM MgCly,
25 mM Tris-HCI, 15 mM D-Glucose) containing 0.05% Trypsin (Invitrogen, # 25300-062)
and incubated for 10 minutes at room temperature. Cerebelli were triturated in DMEM/10%
FCS with Pasteur pipettes of decreasing diameter, centrifuged and triturated again in A-DMEM
(DMEM (Invitrogen-Gibco, #52100-021) with the addition of 1 mM sodium pyruvate, 44 mM
sodium hydrogen carbonate, 1% BSA, 60 ng/ml EGF (Roche, #855731), 10 pug/ml Insulin
(Sigma, #1-4011), 66 png/ml Transferrin (Roche, #652 202) and 1% PenStrep). Cells were
cultured on poly-D-Lysine coated (100ug/ml) coverslips at 37°C, 7% CO5 in A-DMEM until
80% confluency and the medium changed to DMEM/10% FCS for differentiation of the
astrocytes.
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Primary neurons were prepared from E14-16 C57BI/6 mice. Meninges were removed and
cortices were dissected in ice-cold CSS. The cortices of 5-7 embryos were treated with 7.2 U
Dispase Il (Roche, #10295825001) for 10 minutes at room temperature and triturated in DMEM
with 10% horse serum (HS), 1 mM sodium pyruvate, 44 mM sodium hydrogen carbonate, 1%
BSA and PenStrep. After dissociation the cells were plated at a density of 9000 cells/mm? on
astrocyte monolayers. Transfections were preformed after 4-6 days in vitro. Primary neurons
from the cortex of E18 Wistar rats were similarly prepared and 50000 cells plated onto
polyornithine-coated coverslips. Neurons were grown for 7 days in Neurobasal medium
supplemented with B27 and L-Glutamine.

For DNA transfection in HEK 293 or primary cells, Lipofectamine 2000 (Invitrogen,
#11668-019) was used according to the manufacturer’s protocol. Transfection medium was
replaced after 2 h with fresh medium. Cells were fixed or imaged 18 to 22 hours later. A clonal
HEK 293 cell line with inducible expression of AICD has been previously described (57).

Actinomycin D (Sigma-Aldrich, #A1410) was used at a final concentration of 2 uM.
Leptomycin B (LMB) (Calbiochem, #431050) was used at a final concentration of 5 to 20 ng/
ml. DAPT (Calbiochem, #565770) was used at a final concentration of 1 uM.

DNA constructs

The following expression constructs have been described: APP-Citrine, HA-Fe65, Myc-Fe65
and CFP-Tip60 (57). The improved Cyan Fluorescent protein (CFP) Cerulean was derived
from pECFPnuc (Clontech-Invitrogen) by site-directed mutagenesis according to the published
sequence (48). Full-length NICD was amplified from a plasmid kindly provided by Raphael
Kopan (13). Two PCR reaction products (Forward primer 1: 5'-
CCGGAGTGCTGCTGTCCCGCAAGCGC,; reverse primer 1: 5'-
AGTTTAAACTTATTTAAATGCCTCTGGAATGTGGG; forward primer 2: 5'-
AGTGCTGCTGTCCCGCAAGCGC,; reverse primer 2: 5'-
CTAGAGTTTAAACTTATTTAAATGCCTCTGGAATGTGGG) were mixed, heated and
re-annealed to generate BspEl and Xbal overhangs, and ligated to the C-terminus of Cerulean.
APP promoter plasmids containing 1.2 kbp (-1141/+105, +1 transcription start site preceding
the ATG (at +148) of APP (23) were nick-labeled with Digoxigenin according to the
manufacturers protocol (DIG-Nick Translation, Roche).

Immunocytochemistry

Cells were first washed with PBS and fixed for 20 min with 4% paraformaldehyde (PFA) at
room temperature or for 10 min with Methanol at -20°C. They were then washed with TBS
containing 0.05% Triton X-100 and blocked with TBS containing 0.2% Triton X-100, 5%
horse serum and 5% goat serum. Primary antibodies were applied in blocking solution over
night at 4°C. Antibodies were mouse anti-Myc (1:100; Roche, #11667149001), rat anti-HA
(1:100; Roche, #1867423), sheep anti-Digoxigenin (Roche, #11333089001), C23/nucleolin
(1:50; Santa Cruz, sc-8031), PML (1:50; Santa Cruz, sc-966), Coilin (1:200; Sigma, C-1662),
SC-35 (1:200; Sigma, S-4045), APP C-terminus (55,56), Tip60 (Abcam, ab23886). Cy3- or
Cy5-conjugated secondary antibodies (Jackson Labs) were applied at 1:250 and after
subsequent washing the cells were embedded in Mowiol with the addition of 2.5% 1.4
Diazobicyclo (2.2.2.) octane (DABCO, Sigma-Aldrich, #D-2522). DRAQ5 (Biostatus,
Leicestershire, UK) or DAPI (Sigma-Aldrich, #D-9564) were used to counterstain nuclei.
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Fluorescence in situ hybridization

Bacterial artificial chromosomes harboring genomic sequences of APP (RP11-66H5 and
RP11-75H10) or KAI1 (RP58K22) were obtained from the German Resource Center for
Genome Research (RZPD) and amplified using Large-Construct Kits (Qiagen # 12462). BACs
were labeled by nick translation with a kit from Vysis (Abbott #7J001) using SpectrumOrange-
dUTP (#6J9415) according to the manufacturer’s protocol. Clonal HEK293 were induced to
express AICD and transfected with HA-Fe65 and CFP-Tip60. Cells were fixed in methanol/
acetic acid, washed briefly in PBS and incubated for 30 minutes with 0.04 mg/ml RNase A.
After washing in 2 x SSC the cells were digested for 3 minutes with 0.1 mg/ml pepsin in 10
mM HCl and washed in 2 x SSC. Cells were dehydrated in a rising alcohol series and transferred
to prehybridization solution containing 50% formamide, 2 x SSC, 10% dextrane sulfate with
freshly added salmon sperm (210 pg/ml) and human Cot-1 DNA (42 ng/ml). Labeled BAC
clones were added to the prehybridization mix and denatured for 5 minutes at 80°C. Addition
of hybridization mix to cells was followed by 5 minute incubation at 80°C and 16 hours
hybridization at 37°C. Stringency washes were done in 2 x SSC, 50% formamide at 42°C.
After postfixation with Formalin the cells were immunostained with antibodies detecting the
HA tag of Fe65. In some cases the immunostaining preceded the hybridization, which resulted
in better staining of nuclear spots.

Pulse Chase

Clonal HEK 293 cells were grown for 48 hours in the absence or presence of tebufenozide,
which induces AICD expression. Cells were incubated in medium without methionine and
cysteine for 30 minutes followed by pulsing with Easy Tag 3°S Label Mix (200 uCi per plate)
for 20 minutes. Cells were washed and chased for various times in regular DMEM/FCS. Cells
were lysed in 1% Triton X100, 40 mM TrisHCI, pH 7.4, 150 mM KCI, 5% glycerol, 5 mM p-
mercaptoethanol, Protease inhibitor cocktail (Roche, #1 697 498), homogenized with a G22
syringe and centrifuged for 10 minutes at 500 g. The supernatant was immunoprecipitated
using an APP C-terminal antibody coupled to Protein A Sepharose. The precipitates were
separated with 10-20% Tricine precast gradient gels (Invitrogen, #EC66252). Gels were dried
and exposed to Biomax MR films for 4 days to 3 weeks.

Confocal Microscopy

Images were acquired on a Leica TCS/SP2 confocal microscope (Leica, Wetzlar, Germany)
with a 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 (PMT window: 525-545
nm). A 543 nm HeNe laser was used to excite Cy3 (PMT window: 553 - 600 nm). A 633 nm
HeNe laser was used to excite Cy5 (PMT window: 655 - 710 nm). Between 5 and 15 sections
in the z-axis (xy-mode) were acquired, and maximum projections of the sections encompassing
the nucleus were performed. Antibody staining with Cy3 is always colour-coded in red and
Cy5-staining in blue.

Live imaging
Cells grown on coverslips were transferred to DMEM with HEPES and lacking phenolred
(Invitrogen-Gibco), supplemented with 10% FCS (Invitrogen-Gibco). The TCS/SP2 confocal
microscope was equipped with a Plexiglas chamber from Life Imaging Systems, heating the
setup to 37°C. Citrine and CFP Fluorescence was imaged at 400 Hz with 512 x 512 resolution
and an averaging of two sequential scans. A stack of 4 to 6 sections in the z-axis was acquired
every 15 to 45 seconds. Leica software was used to perform maximum projections of stacks
and a blur filter of 3 was applied to the images.
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Results

Fe65 dominates over Jipl and X11/MINT in binding AICD and targeting it to nuclear spots

We have reported that AICD fused to a fluorescent protein (Citrine) can be detected via the
Citrine fluorescence, together with Fe65 and Tip60, in nuclear spots (AFT complexes) (57).
In contrast, using fusion proteins with an HA-tag connecting the AICD and Citrine sequences,
HA-tag antibody staining detected APP throughout the cell, co-localizing with Citrine
fluorescence, but failed to label nuclear AFT complexes (supplementary figure 1). It is likely
that standard paraformaldehyde-fixation shields nuclear AICD and the fused HA-tag, which
is embedded in a multiprotein complex, from antibody detection. Using Methanol fixation we
were able to stain endogenous nuclear AICD with antibodies. We could detect AICD in nuclear
spots as seen for AFT complexes in transfected cells. Inhibition of nuclear export by
Leptomycin B (LMB) resulted in dramatic increases in nuclear AICD spots (Figure 1A). Thus,
endogenous AICD, as shown for transfected Citrine-AICD (57), undergoes nuclear cycling
and is targeted to nuclear spots.

Different cytosolic APP-binding proteins have different effects on the processing of APP and
the cellular distribution of AICD. We have previously shown that Fe65 and Jiplb localize
AICD to morphologically different nuclear structures whereas X11 retains it in the cytosol. To
analyze the competition between different APP-binding proteins we co-transfected various
combinations of Fe65, Jiplb and X11a together with Tip60 into a clonal cell line with inducible
AICD expression. In cells with strong co-expression of Fe65 and Jip we observed the formation
of nuclear AFT complexes, whereas Jiplb was restricted to the cytosol and never localized to
nuclear spots (Figure 1B, n = 18 cells). When the expression of Fe65 was very low it localized
to Tip60 speckles and did not form spots. In this case there was a co-localization of Jiplb with
nuclear speckles (n = 6 cells). X11a can bind AICD and prevent it entering the nucleus but it
did not prevent the formation of AFT complexes when co-transfected with Fe65 (Figure 1C,
n =9 cells). The nuclear translocation of AICD to speckles formed by Jiplb and Tip60 was
reduced by X11a that retained AICD in the cytosol (Figure 1D, n = 8 cells). In every
combination Fe65 turned out to dominate AICD localization, targeting it to spherical nuclear
AFT complexes.

AFT complexes are closely associated with Cajal and PML bodies

Compartmentalization of the nucleus has been reported for various processes related to nuclear
function such as transcription, splicing or snRNA synthesis and modification. To analyze the
relationship of AFT complexes to described nuclear compartments we performed co-staining
of cells transfected to generate AFT complexes. Nucleoli, detected by an antibody against
nucleolin/C23, have a fragmented appearance in HEK 293 cells. The majority of nuclear AFT
complexes did not localize to nucleoli (Fig 2A), which is also evident as a sparing of nucleolar
territorium in further figures. Only one to three AFT complexes per cell could be seen to co-
localize with the nucleolar territorium. We next stained splicing speckles with an antibody
against SC-35. We did not detect any overlap of AFT complexes with splicing speckles (Figure
2B), which contrasts to a previous report using an antibody against the phosphorylated T668
of APP (38). In our hands this antibody stains neither nuclear AFT complexes nor any other
nuclear structure in HEK 293 cells. In arat neuronal progenitor cell line transfected with human
APP the T668-APP antibody labels nuclear speckle structures in all cells, irrespective of the
over-expression of APP (data not shown). When Tip60 is expressed alone it localizes to
irregular speckle structures reminiscent of splicing speckles. These structures showed no
overlap with nucleoli and also did not stain with SC-35 (supplementary figure 2).

The spherical geometry of AFT complexes prompted us to analyze co-localization with Cajal
bodies (CBs) and PML bodies, both of which show a similar morphology. Staining of CBs
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with an antibody against p80 coilin revealed one to seven strongly stained spherical CBs per
nucleus (Average = 2.8, n = 31 cells), sometimes accompanied by a weak diffuse staining
throughout the nucleoplasm (Figure 2C). No direct overlap was detected between AFT
complexes and CBs but 87% of the CBs are in close proximity of AFT complexes. A similar
picture was seen when staining for PML to reveal one to three prominent PML bodies (Average
= 2.1, n =9 cells) and far weaker diffuse staining of the nucleoplasm (Figure 2D). Again, there
was no overlap but a close association of 79% of the PML bodies with AFT complexes.

AFT complexes are highly mobile and fuse upon inhibition of transcription

Proteins in the nucleus have been shown to possess a high mobility and bigger structures, for
example CBs, have been reported to move within the nucleoplasm. We performed live imaging
at 37°C to analyze the mobility of Tip60 speckles and AFT complexes via the fused Cyan and
Yellow Fluorescent proteins respectively. Hek293 cells are mobile in culture and changes of
cell position and shape are accompanied with movement of the nuclei. Despite these
movements Tip60 speckles are relatively stable structures. AFT complexes, in contrast, show
a high mobility. The first lane in figure 3A shows a single stack of confocal images of a living
cell. Consecutive stacks were imaged 45 seconds apart. Maximum projections of the first three
recorded stacks were color-coded in RGB and overlaid (Figure 3A, second lane. Stack
corresponding to lane 1 in red, 45seconds later in green and 90 seconds later in blue). In the
last lane the RGB-coded time series is spaced 90 seconds apart, so that red has the identical
position and green corresponds to the blue position in lane 2. Tip60 speckles appearing white
in the last lane have not changed position during 3 minutes. The lower cell has moved upward
as seen by the lower red and the upper green/blue staining of speckles. AFT complexes, in
contrast to Tip60 speckles, show a high mobility as can be seen in the RGB images showing
different extents of separation in various directions (see also supplementary movies).

We next blocked transcription with Actinomycin D (ActD). No major effects on speckle
morphology were visible after 100 minutes of ActD treatment were visible (n = 24 cells in 7
experiments, Fig 3B, upper and supplementary movie 1). Inhibition of transcription had
dramatic effects on AFT complexes however, leading to fusion into larger structures becoming
evident a few minutes after the addition of ActD (Figure 3B lower and supplementary movie
2). We imaged a total of 16 cells (13 experiments) with AFT complexes and all showed fusion
of spots starting soon after inhibition of transcription. We imaged one cell with AFT complexes
for 3 hours before adding ActD to analyze the effects of long-term imaging on AFT spot
dynamics. Constantly high mobility of spots was seen throughout the recording period with
fusion again beginning shortly after the addition of ActD (supplementary movie 3). The
different behavior of Tip60 speckles and AFT complexes points to different nuclear
compartments highlighted by these structures. In many of the Fe65-transfected AICD-
expressing cells all of the Tip60 is redistributed to spots. In cells where some of the Tip60 is
still found in speckles AFT complexes never co-localize with Tip60 speckles but are found at
the periphery of the speckle compartment (Figure 3C).

The APP promoter is a substrate for AFT spot formation

We have acquired over 300 confocal images of cells with AFT complexes and in every case
these spots were confined to the nucleus. We have recently shown that APP is a target gene
for AICD-regulated transcription (57). Assuming that AFT complexes are sites of transcription,
the APP promoter represents a substrate that should induce AFT spot formation. We transfected
digoxigenin-labeled plasmids, containing APP promoter fragments, together with Tip60 and
Fe65, into AICD-expressing cells. During transient transfection plasmids are endocytosed and
subsequently localized to the cytoplasm. Retrograde transport leads to accumulation of
plasmids in the perinuclear space from where they can enter the nucleus when the nuclear
membrane breaks down during mitosis (62). Thus, 20 hours after transfection many APP
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promoter plasmids are still localized to the cytoplasm and this resulted in the formation of
extranuclear AFT complexes in the vicinity of nuclei (Figure 4A). Staining of the APP promoter
plasmids revealed both cytoplasmic and extracellular plasmid cDNA. In many cases we
observed plasmid labeling in the close vicinity of extranuclear complexes, less than 1 um away.
Binding of AFT complexes and additional unidentified proteins to the APP promoter sequence
probably shields the Dig-labeled DNA from detection by anti-Dig antibodies. Only the
backbone vector sequences will be detected, which would be approximately 700 nm away with
a 2000 base pair stretch of DNA (base pair stacking distance 0.34 nm). Transfected plasmids
are retrogradely transported to the vicinity of the nucleus in 24 hours. To generate extranuclear
AFT complexes in a larger distance from the nucleus we first transfected Fe65 and Tip60 into
AICD-expressing cells, which leads to the formation of nuclear spots. Three hours before fixing
the cells were additionally transfected with the APP promoter plasmid. Extranuclear AFT
complexes could now be observed at greater distances from the nucleus (Figure 4B). We
imaged 30 cells with extranuclear AFT complexes and detected a digoxigenin-labeled promoter
plasmid in the vicinity of 9 of these spots. Extensive washing resulted in better removal of
digoxigenin-labeled DNA, not taken up by cells, clearly showing that cells transfected with
APP promoter sequences also show extranuclear AFT complexes (Figure 4C).

Nuclear AFT complexes localize to the genomic loci of AICD-regulated genes

To analyze if AFT complexes localize to AICD-regulated genes we labeled the endogenous
DNA loci of APP and KAIL by fluorescence in situ hybridization (FISH). We used two different
Bacterial artificial chromosomes (BACSs) hybridizing with the 3’ end of the APP locus
(RP11-66H5) and the 5’ end/promoter region (RP11-75H10). On average we observed FISH
signals in 3.4 loci (range 2-5), which could be caused by aneuploidy of HEK293 cells.
Alternatively, the additional hybridization signals could also stem from binding of BAC
sequences to unspecific chromosomal loci. AICD-expressing cells were transfected with Fe65
and Tip60 to generate AFT complexes. FISH destroys the fluorescence of Citrine and CFP,
therefore a staining of the myc tag of Fe65 was used to identify AFT complexes. 54% of the
66H5 FISH signals (n = 48 cells) and 65% of the 75H10 signals (n = 36 cells) were tightly
associated with AFT complexes (Figure 5). Performing FISH to detect the chromosomal
KAI1 locus (RP58K22) we observed on average 2.8 hybridization signals (range 2-4, n = 37
cells) with 45% of them being tightly associated with AFT complexes. Thus, AFT complexes
are in contact with the chromosomal loci of two AICD-regulated genes.

AICD expression leads to increased turnover of APP

We have previously shown that AICD increases the levels of APP mRNA and protein. Whereas
the increase in full-length protein was not significant, there was a significant increase in the
levels of a- and B-stubs, suggesting that in addition to APP synthesis the cleavage and turnover
is enhanced. To analyze the half-life of APP we pulse chased clonal cells with or without the
induction of Citrine-AICD expression. APP was immunoprecipitated with an antibody against
the C-terminus that also detects Citrine-AlCD. The autoradiograms of SDS-PAGE separated
precipitates show the rapid conversion of immature APP to mature glycosylated APP and
further degradation with a half-life of approximately 45 minutes (Figure 6A). We repeated
experiments at 45 minutes when immature and glycosylated APP are clearly detectable (n =
5). Quantification of APP levels showed that the induction of AICD expression significantly
reduced the half-life of immature APP and also reduced mature APP (Figure 6B). Citrine-
AICD levels in contrast stayed constant during 45 minutes in both induced and non-induced
(leakage expression) conditions (Figures 6A and B).
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The Notch intracellular domain co-localizes with nuclear AFT complexes

As shown for APP, ectodomain shedding of the Notch receptor is followed by y-secretase
cleavage. The released Notch intracellular domain (NICD) has been shown to activate the
transcription of several NICD-target genes. To analyze the nuclear localization of NICD, we
tagged it at the N-terminus with the enhanced Cyan fluorescent protein Cerulean (Cer).
Expression of Cer-NICD in HEK 293 cells resulted in nuclear localization to spherical spots
even in the absence of expressing additional proteins (Figure 7A). Co-expression of Fe65 that
on its own distributes throughout the cell in HEK 293 (Figure 7A) (57), showed that it co-
localizes with NICD in nuclear spots (Figure 7B). In cells expressing AICD, Fe65 and Tip60,
the co-expression of NICD revealed that NICD localizes to identical nuclear structures as
highlighted by AFT complexes (Figure 7C). To analyze if endogenous AICD is involved in
the formation of nuclear NICD spots we transfected primary astrocytes derived from APP
knockout mice. Fe65 can bind to Tip60 and localize it to nuclear spots in the absence of AICD
(Figure 7D). Similarly NICD can localize to nuclear spots together with FE65 and Tip60, in
the absence of AICD (Figure 7E).

AICD cycles to nuclear spots in neurons

We have observed the formation of AFT complexes in various cell lines (HEK 293, SH-SY5Y,
COS-7, rat progenitor cells and fibroblasts). Transfection of APP-Citrine together with CFP-
Tip60 and HA-Fe65 into mouse primary astrocytes and neurons similarly lead to the formation
of nuclear AFT complexes (Figure 8A). Thus, nuclear signaling by APP is conserved in primary
brain cells. To analyze whether endogenous AICD similarly cycles between the cytosol and
the nucleus in primary cells we inhibited nuclear export with LMB in rat neurons. Antibody
staining detected APP in vesicular structures throughout the processes. We outlined the DAPI-
stained nuclei to better identify nuclear AICD in the zoomed pictures of individual neurons
(Figure 8B). AICD can already be detected in nuclear spots under control conditions. Inhibition
of nuclear export with LMB caused a clear accumulation of AICD in nuclear spots.

Tip60 co-localizes with APP and Fe65 in neuronal processes

We transfected HEK293 cells with a Tip60 construct harboring an N-terminal myc tag and
detected nuclear speckles with myc antibody staining. In addition, with increased
photomultiplier gain, we detected the presence of Tip60 in the cytosol (Figure 9A). Although
some Tip60 would be expected to be found in the cytosol, where nuclear proteins are
synthesized, Tip60 staining was widespread even entering the processes. This was not seen
when staining other nuclear proteins (i.e. RNA polymerase 11, not shown). To analyze if Tip60
can cycle from the nucleus to the cytosol we blocked nuclear export with LMB in HEK 293
cells. After 24 hours we saw a strong increase in the staining of endogenous Tip60 in nuclear
speckles (Figure 9B). Thus, in addition to AICD and Fe65, Tip60 is actively exported from
the nucleus.

We transfected primary neurons with Myc-Tip60, APP-HA and RFP-Fe65 and again nuclear
AICD was not detectable by HA-tag staining. The staining of Tip60 showed the strongest signal
in nuclear speckles and in addition there was a punctate staining throughout the neurites, co-
localizing with Fe65 and APP (Figure 9C). Inhibition of gamma-secretase with DAPT for 24
hours prevented the cleavage of APP and the nuclear translocation of AICD. Under these
conditions we observed a strong increase in the amounts of APP, Fe65 and Tip60 localized to
neuritic punctae.

Discussion

Regulated intramembrane proteolysis (RIP) by the y-secretase complex releases the
intracellular domains of various type | transmembrane proteins, which are then able to signal
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to the nucleus. Here we show that AICD liberated from APP localizes to nuclear AFT
complexes that represent sites of transcription of AICD-target genes.

APP has a high turnover but the generated AICD is rapidly degraded by the endosomal/
lysosomal system resulting in barely detectable cellular levels in Western blots (55). In addition
we have reported that AICD in nuclear multiprotein complexes is not accessible by antibodies.
Nevertheless, we were able to detect endogenous AICD in nuclear spots after blocking nuclear
export. AICD, together with Fe65, constantly cycles between the nucleus and the cytosol
(57). Thus, after inhibition of export, AICD accumulates and is seen to localize to nuclear spots
similar to AFT complexes detected after transfection with fluorescent-protein tagged
constructs.

We have shown that Fe65 effectively competes with other APP-binding proteins, MINT1/
X1le and Jipl, and targets AICD to nuclear spots in the presence of Tip60. These spots do not
co-localize with splicing speckles or nucleoli but associate closely with Cajal and PML bodies.
Both of these nuclear structures can function in transcription and they have been shown to co-
localize with an sSnRNA gene locus, showing a tight association, but no overlap, as seen with
AFT complexes (25,53). The interphase nucleus is a dynamic structure with chromatin
remodeling accompanying the transcription of genes. Proteins are highly mobile in the nucleus
(8,46) and even bigger structures, such as PML bodies or Cajal bodies, show a variety of partly
energy-dependent movements (37,47). We observed high mobility of AFT complexes, whereas
Tip60 speckles are stationary structures. The histone acetylase Tip60 is involved in many
nuclear functions requiring chromatin remodeling, such as transcription and DNA repair.
Nuclear proteins are known to recycle between different compartments. We have previously
shown that the NKSY to NASA mutation in Tip60, which was reported to abolish the
interaction with Fe65 (7), prevents localization of Tip60 to spherical spots containing AFT
complexes (57). Tip60 speckles are not identical to splicing speckles and could represent
storage or recycling compartments. The fluctuations of Tip60 fluorescence in stationary
speckles could resemble the flux of Tip60 to different compartments including AFT complexes,
where it supports nuclear functions by acetylating histones and modifying chromatin structure.

Blocking transcription did not influence Tip60 speckles but led to a dramatic fusion of AFT
complexes. This is similar to the behavior of RNA polymerase 11, which is dispersed in actively
transcribing cells and concentrates in speckle-like domains after inhibition of transcription
(60). The redistribution of AFT complexes points to a function in transcription. We have
localized AFT complexes to two different AICD-regulated genes where they might directly be
involved in regulating transcription. We further showed that NICD, another known
transcriptional regulator (13,51), localizes to identical nuclear spots as AFT complexes. These
nuclear structures are therefore possibly identical to transcription factories, each of which can
associate with a variety of actively transcribed genes from different chromosomal loci (11,
42). The co-localization of AICD and NICD in the same transcription factories suggests that
they might regulate the transcription of similar genes. Cross-talk between different signaling
pathways is a common phenomenon. APP and Notch signaling pathways interact at various
points, including direct interactions of Notch and APP (15,40) or competition for binding
proteins such as Fe65, Jipl or Numb, which can physically associate with AICD and NICD
(16,19,49). A recent report showed that NICD can repress AFT-mediated transcription by
direct interaction (21). We have shown that NICD can localize Fe65 to nuclear spots and
therefore the co-localization of AICD and NICD in nuclear spots is most likely to mutually
influence transcriptional activity. The AICD-regulated gene KAI1 has also been shown to be
regulated by NICD (17) and other transcription factors such as NF-«kB (2) or the estrogen
receptor o (3). Many proteins signal to the nucleus and have overlapping sets of target genes.
Therefore, it is a daunting task to unequivocally identify genes regulated by AICD (10,43).
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Further support that AFT complexes localize to promoters of transcribed genes was seen when
APP promoter plasmid transfection led to the formation of AFT complexes at plasmids
localized in the cytosol. In addition, these experiments strongly suggest that transient
transfection results in cytosolic localization of the plasmids (62). Most studies using luciferase
reporters of AICD-mediated transcription assay 24 hours after transient transfection, using a
reporter construct lacking a nuclear targeting sequence. These plasmids will enter the nucleus
only after breakdown of the nuclear membrane during mitosis. Nevertheless, as all nuclear
proteins involved in transcription are translated in the cytosol the plasmids can compete with
nuclear import factors and enable the detection of AICD transcriptional activity (7). A recent
report showing reduced transcriptional activity by co-expressing Tip60 (59) could be explained
by the trapping of AICD-Fe65 complexes in the nucleus as we observed in the confocal
microscope. Overexpression of Tip60 creates nuclear docking sites that can sequestrate AICD-
Fe65 complexes that constantly cycle between cytosolic and nuclear compartments and can
also be induced to accumulate in spots after inhibition of nuclear export in the absence of Tip60
over-expression (57). Nuclear trapping of AICD should reduce luciferase expression when the
reporter plasmids are localized to the cytosol. Trapping of cycling transcription factors, which
are subject to nuclear export, by nuclear binding partners has also been shown for B-catenin.
Overexpression of the B-catenin binding transcription factor TCF localizes p-catenin to the
nucleus (18).

We had previously reported that AICD can regulate the expression of APP. The mRNA levels
of APP were increased, accompanied by a rise in full-length APP and processed C-terminal
stubs. We have now confirmed by pulse chase experiments that AICD not only increases the
expression of APP mRNA but also leads to enhanced processing of the protein, leading to a
reduced half-life of full-length APP. Thus, AICD regulates the turnover of APP, possibly via
the transcription of other proteins involved in APP metabolism, such as BACE (57).

Nuclear AFT complexes are formed in all cell types analyzed so far, including primary neurons
and astrocytes. In neurons we also observed APP-Fe65-Tip60 complexes in neurites, showing
an irregular geometry in contrast to the spherical spots seen in the nucleus. These complexes
probably lack components that are found in nuclear AFT complexes since antibodies directed
against the tag fused to AICD can detect AFT complexes in neurites, but fail to identify nuclear
AICD, which can only be detected via the fused fluorescent protein. Preassembled complexes
of APP, Fe65 and Tip60 would generate AFT complexes for nuclear signaling directly after
y-secretase cleavage of APP. This is in line with our observation that endogenous Tip60 is
subject to nuclear export and thus shows the same cycling between nuclear and cytosolic
compartments as AICD and Fe65. The ErbB4 receptor is another example of RIP followed by
nuclear signaling. Two proteins that interact with the ErbB4-1CD are TAB2 and N-CoR,
components of nuclear co-repressor complexes. They translocate only after y-secretase
cleavage of ErbB4 into the nucleus to regulate transcription (39,50). Other histone modifying
proteins have also been described to cycle across the nuclear membrane. For example, histone
deacetylases (HDAC4 and 5) are phosphorylated by neuronal activity-regulated CamKlla,
leading to their nuclear export (9,28,32).

The APP holoprotein has a very short half-life due to constant proteolytic processing by a-,
- and y-secretases. We have provided evidence that the liberated intracellular domain cycles
into the nucleus, where it localizes to spherical AFT complexes that are involved in the
transcription of AICD-regulated genes. Other transcriptional activators such as NICD co-
localize to identical transcription factories, pointing to a cross-talk between different nuclear
signaling pathways. Notably, Fe65 and Tip60 are already bound to APP in neuronal processes.
APP cleavage by y-secretase releases AFT complexes from the membrane that are translocated
to nuclear transcription factories forming a direct pathway for membrane to nucleus signaling.
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Figure 1.

AICD is targeted to nuclear spots with Fe65 dominating this localization in competition with
other APP-binding proteins. (A) HEK 293 cells were treated with Leptomycin B (LMB, 10 or
20 ng/ml) for 24 hours to block nuclear export. Staining of endogenous APP with a C-terminal
antibody reveals the accumulation of AICD in nuclear spots. (B-D) A clonal HEK 293 cell line
with inducible expression of Citrine-AICD was co-transfected with CFP-Tip60 and a
combination of HA-Fe65 and FLAG-Jiplb (B) or Myc-Fe65 and HA-X11a/MINT1 (C) or
FLAG-Jiplb and HA-X11a (D). Confocal microscopy can clearly discriminate CFP, Citrine,
Cy3 (red), Cy5 (Blue) and DAPI (grey) emissions. Targeting of AICD to nuclear spots was
seen in all cells with Fe65 expression regardless of the co-expressed proteins. Bar, 10 um.
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Figure 2.

AFT complexes associate with Cajal and PML bodies but are distinct from splicing speckles.
Clonal AICD-expressing cells were transfected with CFP-Tip60 and HA-Fe65 to generate AFT
complexes. Antibodies against marker proteins of nuclear compartments were used to identify
the nature of AFT complexes. No co-localization was seen with Nucleoli (A) or splicing
speckles (B). The few cases where AFT complexes are seen inside the nucleolar territorium
are probably due to spots lying over the nucleolus. Staining of Cajal bodies (C) and PML bodies
(D), both of which have a spherical structure shows that the majority of these compartments
are closely associated with an AFT spot. Bar, 5 um.
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45’ control 100’ ActD

45’ control 65’ ActD

Figure 3.

Live cell imaging shows that AFT complexes reside in highly mobile nuclear compartments
that fuse upon inhibition of transcription. Live cell imaging was performed with the confocal
microsope heated to 37°C. (A) Tip60 speckles imaged via the fused CFP were relatively stable,
whereas AFT complexes visualized by the fused Citrine are highly mobile. The first lane shows
a single confocal stack. In the second lane three consecutive stacks imaged 45 seconds apart
are color-coded in RGB. In the third lane the consecutive stacks are imaged 90 seconds apart.
HEK cells are mobile in culture, resulting in concomitant movement of the nucleus, which can
be seen by red coloring of Tip60 speckles at the bottom and the blue at the top. On top of this
movement AFT complexes are highly mobile with different velocities (see also supplementary
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movies). (B) Inhibition of transcription by ActD had no effect on Tip60 speckles but caused a
rapidly initiated fusion of AFT complexes. (C) The different behavior of Tip60 speckle and
AFT spot compartments is also mirrored in the fact that these two compartments do not co-
localize in cells where not all of the Tip60 has been relocated to AFT complexes. Bar, 7.5 um
in A upper, 5 um in A lower, 20 um in B upper, 10 um in B lower, 5 um in C.
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Figure 4.

APP promoter sequences can induce the formation of extranuclear AFT complexes. (A) Co-
transfection of Dig-labeled (red) promoter plasmids into cells transfected to generate AFT
complexes induced the formation of extranuclear AFT complexes close to sites of labeled
promoter plasmid (arrow). (B) Fe65 and Tip60 were transfected to generate AFT complexes
and APP promoter plasmids were subsequently transfected 3 hours prior to fixation.
Extranuclear AFT complexes can now be observed at greater distances from the nucleus
(arrow) with nearby labeling of promoter DNA. (C) Extensive washing removes much of the
extracellular promoter plasmid DNA, while extranuclear AFT complexes are still found to be
associated with APP promoters. Bar, 5 um.
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Figure 5.

AFT complexes are closely associated with the chromosomal loci of AICD-regulated genes.
Fluorescence in situ hybridization was performed on clonal cells transfected to generate AFT
complexes. (A) Hybridization with a BAC containing sequences of the 3’ end of the APP gene.
Close association of the FISH signal with an AFT spot is marked by an arrow. (B) FISH signals
from a BAC containing sequences from the APP promoter are similarly associated with AFT
complexes (arrows). (C) Hybridization with a BAC containing sequences of the KAIL gene.
Two of the labeled genomic loci are associated with AFT complexes. Bar, 7.5 um.
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AICD expression increases the turnover of APP. (A) Autoradiograph of SDS PAGE from
clonal AICD-expressing cell lines. Cells without or with induction of AICD expression were
pulsed with Easy Tag 3°S Label Mix and chased for various times. Immunoprecipitation with
an antibody against the C-terminus of APP retrieves endogenous APP and the induced Citrine-
AICD (arrows). Full-length APP quickly matures and is thereafter degraded. (B) Quantification
at 45 minutes post pulse revealed a reduced half-life when Citrine AICD was expressed, which
was significant for immature APP (n = 5). No changes in the levels of Citrine-AICD, either
due to leakage expression or induction, where seen in 45 minutes.
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Figure 7.

NICD localizes to the same nuclear structures as AICD. (A) Transfection of Cerulean-NICD
into HEK 293 showed that it localizes to nuclear complexes, whereas HA-Fe65 is distributed
throughout the cells with diffuse accumulation in the nucleus. (B) Co-transfection of NICD
and Fe65 targeted Fe65 to the same nuclear complexes. (C) Clonal Citrine-AICD expressing
cells were transfected with Myc-Tip60 and HA-Fe65 to generate AFT complexes. Co-
transfected NICD localizes to all nuclear AFT complexes. (D) APP knockout fibroblasts were
transfected with Fe65 and Tip60. Together they localize in nuclear complexes, whereas Tip60
alone is seen in speckles. (E) NICD transfected together with Tip60 and Fe65 in APP knockout
fibroblasts localizes to identical nuclear complexes. Bar, 15 um.
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Figure 8.

AICD localizes to nuclear AFT complexes in neurons and astrocytes. (A) Primary astrocytes
(upper row) and neurons (lower row) were co-transfected with APP-Citrine, HA-Fe65 and
CFP-Tip60. Spherical nuclear complexes are formed in both cell types. (B) Staining for
endogenous APP shows that AICD is localized to nuclear spots. Inhibition of nuclear export
with LMB leads to accumulation of AICD in spots. The lower row shows zoomed neuronal
somata with the outline of the DAPI stained nucleus. Bar, 15 um in A upper, 30 um and 7.5
um in A lower, 10 um in B.
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Figure 9.

Tip60 undergoes nucleo-cytoplasmic cycling and co-localizes with APP and Fe65 throughout
the neurites. (A) Myc-tagged Tip60 is localized to nuclear speckles in HEK 293. Increased
photomultiplier gain revealed that Tip60 is also present throughout the cytosol. Cells were
counterstained with two different DNA-binding dyes (DAPI and DRAQ5) that both stain
nuclei. (B) Endogenous Tip60 localizes to nuclear speckles in HEK 293 cells. Inhibition of
nuclear export with LMB for 24 hours leads to a strong accumulation of Tip60 in nuclear
speckles as can be seen in confocal images acquired with identical photomultiplier settings.
(C) Co-transfection of Myc-Tip60, RFP-Fe65 and APP-3HA into primary neurons cultured on
astrocytes. Cells were fixed 20 hours after transfection and viewed in the confocal microscope.
AFT complexes were formed throughout the neurites in control cells. Inhibition of y-secretase
with DAPT leads to a strong accumulation of AFT complexes in the neurites. Boxed insert is
zoomed threefold. Bar, 15 um in A, 10 um in B 30 um in C and 10 um for the enlarged insert.
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APP and Notch interact at different levels of their nuclear signaling pathways and their
intracellular domains co-localize in transcription factories. Notch and APP can directly interact
(1) at the plasma membrane (PM) (15,40). Both proteins undergo ectodomain shedding by the
same a-secretases and regulated intramembrane proteolysis by y-secretase complexes (13,29)
leading to competition for these proteolytic cleavages (2) that are necessary for the
translocation of the intracellular domains to the nucleus (N). Several adaptor proteins such as
Fe65, Jipl or numb can physically associate with AICD or NICD (3), thereby influencing their
capacity of nuclear translocation and transcriptional activity (16,19,49). AICD is transported
to the nucleus by Fe65 and together with Tip60 forms spherical nuclear AFT complexes (57)
that represent transcription factories (TF). AICD and NICD co-localize in nuclear transcription
factories, where they both can interact with Fe65 (4) and mutually influence transcriptional
activity (17,21). Transcription factories containing AFT complexes associate with the genomic
loci of regulated genes, i.e. APP and KAIL. Increased generation of AICD enhances the
expression of APP and the -secretase BACE1 (57), leading to enhanced APP turnover due to
this positive feedback loop. NICD can associate with Fe65 and AICD in transcription factories
and negatively (21) or positively (17) modulate the expression of AICD-regulated genes.
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