Cellular Signalling 28 (2016) 100-109

Contents lists available at ScienceDirect

Cellular
Signalling

Cellular Signalling

journal homepage: www.elsevier.com/locate/cellsig

Nuclear spheres modulate the expression of BEST1 and GADD45Gx

@ CrossMark

Christina Loosse ¢, Magdalena Pawlas ¢, Hassan S.S. Bukhari ¢, Abdelouahid Maghnouj b Stephan Hahn b

Katrin Marcus €, Thorsten Miiller **
@ Cell Signaling in Neurodegeneration (CSIN), Medical Proteome-Center, Ruhr-University Bochum, 44801 Bochum, Germany

b Department of Molecular GI-Oncology, Clinical Research Center, Ruhr-University Bochum, Bochum, Germany
¢ Functional Proteomics, Medical Proteome-Center, Ruhr-University Bochum, 44801 Bochum, Germany

ARTICLE INFO ABSTRACT

Article history:

Received 15 October 2015

Received in revised form 19 October 2015
Accepted 27 October 2015

Available online 28 October 2015

Nuclear spheres are composed of FE65, TIP60, BLM and other yet unknown proteins. The amyloid precursor pro-
tein plays a central role for the generation of these highly toxic aggregates in the nucleus of cells. Thus, nuclear
spheres might play a crucial role in Alzheimer's disease (AD). However, studies are hampered by the elevated
cell death, once spheres are generated. In this work, we established for the first time a stable nuclear sphere
model based on the inductive expression of FE65 and TIP60 following Doxycycline stimulation. We studied hith-
erto controversially discussed target genes, give clues for the reason of controversy, and moreover report new
Nuclear spheres highly reliable targets bestrophin 1 and growth arrest and DNA-damage-inducible protein gamma. qPCR studies
FE65/TIP60 inducible cell line further revealed that the regulation of these targets strongly depends on the generation of nuclear spheres, but
BEST1 not on the induction of FE65 or TIP60 alone. As the bestrophin 1 ion channel was recently described to be
GADD45G involved in the abnormal release of GABA, our study might reveal the missing link between AD associated neu-
STMND1 rotransmitter changes and the amyloid precursor protein.
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1. Introduction

Successive cleavage of the amyloid precursor protein (APP) through
beta- (reviewed in [1]) and gamma- [2] secretases is a central hallmark
of Alzheimer's disease (AD). Generated cleavage products are the solu-
ble fragment sAPPP, the Amyloid beta (AB), and the C-terminal stub
CTF99. The latter fragment can be phosphorylated at several residues in-
cluding T668 and Y682 (APP695 numbering), which affects the binding
of APP (via the YENPTY motif) to other proteins [3]. An important adapt-
er protein, which binds the APP C-terminal domain, is FE65 as it was
suggested to submit a signal to the nucleus pointing to a receptor like
function of APP. However, the role of APP T668 phosphorylation in
FE65 binding and nuclear translocation has been controversially
discussed. Results that single amino acid mutations at T668 reduce the
interaction of APP and FE65 [4] and that the phosphorylation of T668
is essential for their interaction [4,5] are in contrast to data showing
that the threonine phosphorylation liberates membrane-bound FE65
[6]. Independently of the regulatory direction of APP T668 phosphoryla-
tion for FE65 binding, which still has to be defined, the consequence is
clear: the translocation of the adapter protein to the nucleus [7,8].

Another discussion in the field addresses the question if the APP
intracellular domain (AICD) itself translocates into the nucleus in a

* The authors declare that they have no conflict of interest..
* Corresponding author at: Medizinisches Proteom-Center, Ruhr-University Bochum,
D-44801 Bochum, Germany.
E-mail address: thorsten.t.mueller@rub.de (T. Mtiller).

http://dx.doi.org/10.1016/j.cellsig.2015.10.019
0898-6568/© 2015 Published by Elsevier Inc.

Notch like manner [5] or not [9,10]. At least recent data from our lab
point to the fact that AICD is not necessarily used to establish the typical
FE65-dependent nuclear sphere phenotype [11], which is the final
consequence of a disturbed interaction of the adapter protein to APP
or its C-terminal cleavage products. Once generated as small spherical
structures in the nucleus, these complexes grow and fuse together and
are finally detectable as structures of about 2 um in size, which was
detectable in a similar manner by a Swiss group following pharmacolog-
ical inhibition of transcription [ 12]. Other known components of nuclear
spheres are the histone acetyltransferase TIP60 [13,14] and the bloom
syndrome protein BLM, a DNA helicase [11]. Notably, endogenous
AICD positive nuclear aggregates, which potentially correspond to nu-
clear spheres, could be identified in primary neurons following nuclear
export blockade [15], but the function of the structures is largely un-
known and evidence for the existence of nuclear spheres in human
samples is missing until now. However, cell culture data points to the
possible impact of the aggregates for several central mechanisms. A cou-
ple of publications points to a role for FE65-dependent complexes in
gene transcription, e.g. as a feedback mechanism in the regulation of
APP [16], expression changes for cytoskeletal associated genes [17,14],
the tetraspanin KAI1 [18] or the glycogen synthase kinase-3beta [19],
which is one of the kinases phosphorylating the TAU protein [20]. The
illustrated gene expression changes, especially the role of a sequestered
AICD fragment, which was suggested to be rapidly degraded, has been
highly controversially discussed [21,10] and it was suggested that in-
stead of AICD cleavage the phosphorylation of the APP C-terminus is es-
sential for FE65-dependent signaling function [11].
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Second, nuclear spheres might play a pivotal role in DNA repair.
FE65, a central component of the spherical structures, has been shown
to be involved in TIP60-dependent histone acetylation at DNA double
strand breaks [22,23] and a C-terminal APP fragment was shown to in-
duce apoptosis via TIP60 [24]. Notably, the DNA damage associated
mechanism was suggested to be in close communication to the afore-
mentioned gene expression changes as it could be shown that FE65
was enriched in promoter regions of genes linked to DNA damage in a
genome-wide location analysis [25].

Finally, a function of FE65 in cell cycle progression was discussed as a
consequence of its impact on the expression of thymidylate synthase
[26] and other cell cycle genes [25]. In combination with BLM, which
we identified as another component of nuclear spheres, we also
discussed a role of nuclear spheres in proliferation and potential
cell cycle re-entry [11].

Taken together nuclear spheres could play a crucial role in important
cellular mechanisms that might contribute to neurodegeneration. Con-
troversial findings are in part the consequence of a variety of different
approaches that have been used in the past, e.g. combination of AICD
with FE65, AICD with TIP60, AICD with FE65 and TIP60, or a single
protein alone. Assuming that the generation of nuclear spheres com-
posed of FE65 and TIP60 is the consequence of APP signaling to the
nucleus we now developed and studied an inducible model for the
co-expression of both proteins, which shows the expected phenotype
of nuclear spheres.

2. Materials and methods
2.1. Primers

Primers that were used for PCR and qPCR are listed in the Supple-
mentary Table S-1.

2.2. Plasmid construction

Plasmid pBI_FE65-EGFP_TIP60_G418 was obtained by excising the
Ampicillin cassette from the pBI_FE65-EGFP_TIP60 plasmid using the
restriction enzymes BstEIl and Bsal and replacing it by the Kanamycin/
G418 cassette that was obtained via PCR from the pEGFP-N1 (Clontech,
France) vector with the primers G418 forward (fwd) and G418 reverse
(rev). The pTet-On_Blas plasmid was prepared with the help of the
In-Fusion®HD cloning kit (Clontech) according to the manufacturer's
instructions. The pTet-On vector (Clontech) was linearized via PCR
with the primers pTet-On fwd and pTet-On rev whereby the Ampicillin
cassette was excluded. The Blasticidin cassette was amplified from the
vector pCDNA-6TR (Life Technologies, Germany) with the primers
Blas fwd and Blas rev that showed complement overhangs for the line-
arized pTet-On plasmid.

2.3. Cell culture

The inducible FE65-EGFP/TIP60 expressing cell line was established
by transfecting the before mentioned plasmids into HEK293 cells.
Therefore, 1 x 10° cells were seeded on a 10 cm cell culture dish and cul-
tured in Dulbecco's modified eagle medium (DMEM, Gibco®/Life Tech-
nologies, Germany) supplemented with 10% fetal bovine serum (FBS,
Gibco®/Life Technologies) and 1% Penicillin/Streptomycin (PenStrep,
Gibco®/Life Technologies) in 37 °C and 5% CO,. After 24 h transfection
was performed using Polyethylenimine (PEI). 5 ml serum free DMEM
plus 1% PS were mixed with 20 ug DNA and 120 pg PEI and incubated
for 17 min at room temperature. Medium was aspirated and cells
were washed once with Dulbecco's phosphate buffered saline +/+
(DPBS, Gibco®/Life Technologies) before the DNA-PEI-mixture was
added to the cells and incubated for 4 h in 37 °C and 5% CO,. Then, the
mixture was replaced by normal medium and cells were incubated in
37 °C and 5% CO,. In order to get rid of untransfected cells, 1000 pg/ml

Geneticin (G418) and 10 pg/ml Blasticidin were added to the medium
24 h after transfection. Selection medium was replaced every day.
After 7-12 days single colonies were isolated and grown in a 24 well
plate. Therefore, DMEM of untransfected cells was filtered through a
Filtropur S 0.2 sterile filter (Sarstedt, Germany), supplemented with
1000 pg/ml G418 and 10 pg/ml Blasticidin, and added to the cells. The
mother plate was induced with 2 ng/ml Doxycycline and respective
glowing clones were transferred from 24 wells to larger cell culture
dishes.

For microscopy, cells were induced with 2 pg/ml Doxycycline for
48 h and were analyzed by fluorescence microscopy (IX50, Olympus,
Germany). Pictures were taken with a SLR camera (Olympus) and
CellP software (Olympus).

24. Cell lysis

For each clone, two 10 cm cell culture dishes were seeded with
2 x 106 cells each and always one plate was induced with 2 pg/ml
Doxycycline. Cells were cultivated in 10 ml DMEM supplemented with
10% FBS, 1% PenStrep, 1000 pg/ml Geneticin and 10 pg/ml Blasticidin
at 37 °C and 5% CO,, for 48 h. After incubation medium was aspirated
and cells were washed with DPBS (+/+) and subsequently harvested
with trypsin (Gibco®/Life Technologies). After centrifugation (300 x g,
5 min, room temperature) the cell pellet was resuspended in 1 ml
DPBS (+/4). 100 pl was used for RNA isolation and 900 pl for protein
isolation. DPBS (+/+) was removed by centrifugation (500 x g, 5 min,
room temperature). For protein isolation, cell pellets were resuspended
in 200 pl 1% Triton X-100 in DPBS (4-/4) and sonicated, and cellular ex-
tracts were centrifuged for 15 min at 16,000 x g at 4 °C. The superna-
tants were collected and protein concentration was measured by the
Bradford assay.

2.5. Immunoblotting

25 pg of total protein extracts was separated via SDS-PAGE using a
12% BisTris gel. Then proteins were transferred to a nitrocellulose
membrane. After blocking the membrane with Starting Block™ TBS
(Thermo Scientific, Germany) the blot was probed with the follow-
ing antibodies diluted in Starting Block™ TBS: 1:1000 anti-FE65
antibody (Millipore, Germany), 1:500 anti-TIP60 antibody (Cell
Signaling, The Netherlands), 1:500 anti-GFP antibody (Santa Cruz,
USA) and 1:5000 anti-GAPDH (Genetex, USA) as a reference. IR Dye™
680 and IR Dye™ 800 CW (Li-Cor, USA) 1:15,000 were used as second-
ary antibodies. For protein detection and quantification the Odyssey In-
frared Imaging system was used with the Odyssey Application Software
version 3.0.21 (LiCor).

2.6. In gel protein digestion

For spectral counting analysis 25 g of total protein extracts was
shortly migrated into a 12% BisTris gel. The protein including gel
pieces were excised, cut into small pieces, alternately washed with
buffer A (50 mM ammonium hydrogen carbonate (NH4HCO3)) and
buffer B (50 mM NH4HCO3/50% ACN (acetonitrile)), reduced using
DTT (dithiothreitol), alkylated using iodoacetamide and again alter-
nately washed with buffer A and buffer B. Following dehydration of
gel pieces, trypsin (Serva, Germany) was solved in 10 mM HCI and
50 mM NH4HCO5 and was used for overnight in gel digestion at 37
°C (trypsin:protein ratio 1:20). Peptides were then extracted once
with 200 pl of 50% ACN/0.05% TFA (trifluoroacetic acid) and once with
100 pl of 50% ACN/0.05% TFA. Extracts were combined and centrifuged
for 5 min at 16,000 x g. The supernatant was transferred to a new vial
in order to get rid of potential gel residuals. Then, ACN was removed
in vacuo. For LC-MS analysis, a final volume of 100 pl was prepared by
the addition of 0.1% TFA and peptide concentration was measured
with amino acid analysis.
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For identification of the corresponding Western blot signals 25 pg of
total protein extracts was separated in a 12% BisTris gel. After Coomassie
staining and destaining respective gels bands were excised, cut into small
pieces, alternately washed with buffer A and B, dehydrated in vacuo and
digested with trypsin over night at 37 °C (trypsin:protein ratio 1:25).
Peptide extraction was performed as described above. For LC-MS analy-
sis, a final volume of 50 pl was prepared by the addition of 0.1% TFA and
peptide concentration was measured with amino acid analysis.

2.7. Mass spectrometry

200 ng of peptide extracts was used for mass spectrometry analysis.
Samples for subsequent spectral counting analysis were injected via the
autosampler of an RSLC nano system (Thermo Scientific), concentrated
on a Cyg trapping column (2 cm length, 100 pm i.d., 5 um particle size,
Thermo Scientific), and separated on a C;g analytical column (50 cm
length, 75 um i.d., 2 um particle size, Thermo Scientific) heated at 60
°C before being emitted via a coated silica tip (FS360-20-10-D-20,
New Objective, USA) of the Nanospray Ionization (NSI) source of an
Orbitrap Elite (Thermo Scientific). The HPLC separation was performed
with a gradient method of in total 120 min consisting of: 7 min of load-
ing the sample and washing the column with 0.1% TFA at a flow rate of
30 ul min~! on the trapping column, followed by separation applying a
linear gradient at a flow rate of 400 nl min ™~ with the solvents A (0.1%
FA (formic acid) in HPLC grade water) and B (84% ACN/0.1% FA in HPLC
grade water) starting from 5% B to 40% B in 98 min on the heated ana-
lytical column, a linear gradient of 40% B to 95% B in 2 min, and washing
for 7 min with 95% B. Finally, a gradient was applied from 95% B to 5% B
in 1 min followed by equilibration for 5 min with 5% B. For ionization a
spray voltage of 1.5 kV and capillary temperature of 275 °C was used.
The acquisition method consisted of two scan events, Full MS and
MS/MS. The Full MS was monitored from m/z 300 to 2000, with an
Orbitrap resolution of 60,000 (at m/z 400), a maximum injection time
of 200 ms and an automatic gain control (AGC) value of 1e6. The m/z
values initiating MS/MS were set on a dynamic exclusion list for 35 s.
Lock mass polydimethylcyclosiloxane (m/z 445.120) was used for inter-
nal recalibration. The 20 most intensive ions (charge >1) were selected
for MS/MS-fragmentation and scanned in the normal scan mode in the
ion trap, with a maximum injection time of 100 ms and an AGC value
of 1e4. Fragments were generated by low-energy collision-induced dis-
sociation (CID) on isolated ions with collision energy of 35%.

Samples for sole identification were injected via the autosampler of an
RSLC nano system (Thermo Scientific), concentrated on a Cyg trapping
column (2 cm length, 100 pm i.d., 5 pm particle size, Thermo Scientific),
and separated on a C;g analytical column (25 cm length, 75 pm i.d,,
2 um particle size, Thermo Scientific) heated at 60 °C before being emitted
via a coated silica tip (FS360-20-10-D-20, New Objective) of the NSI
source of an LTQ Velos Pro (Thermo Scientific). The HPLC separation
and ionization were performed as described above. The acquisition
method consisted of two scan events, Full MS and MS/MS. The Full MS
was monitored in the enhanced scan mode from m/z 300 to 1500, a max-
imum injection time of 10 ms and an AGC value of 3e4. The m/z values ini-
tiating MS/MS were set on a dynamic exclusion list for 35 s. The 10 most
intensive ions (charge >1) were selected for MS/MS-fragmentation and
scanned in the rapid scan mode in the ion trap, with a maximum injection

time of 100 ms and an AGC value of 1e4. Fragments were generated by
low-energy CID on isolated ions with collision energy of 35%.

2.8. Database searches

For subsequent spectral counting analysis, .raw files were processed
in Proteome Discoverer 1.4 and analyzed using the Mascot search algo-
rithm with a mass tolerance of 5 ppm and a fragment mass tolerance of
0.4 Da. Searches were performed allowing two missed cleavage sites
after tryptic digestion. Carbamidomethylation (C) was considered as
fixed modification, oxidation (M) as variable modification. All data
were searched against a database created by DecoyDatabaseBuilder
[27] containing the whole Uniprot/Swissprot of the taxonomy Homo sa-
piens (release 2014_10, 20,194 entries) with one additional shuffled
decoy for each protein.

For peptide identification in specific gel bands .raw files were proc-
essed in Proteome Discoverer 1.4 and analyzed using the Mascot search
algorithm with a mass tolerance of 0.4 Da and a fragment mass toler-
ance of 0.4 Da. Searches were performed allowing one missed cleavage
site after tryptic digestion. Oxidation (M) and propionamide (C) were
considered as variable modifications. Targeted Decoy PSM Validator
was implemented with an FDR of 1%. All data were searched against a
database containing the whole Uniprot/Swissprot entries (release
2015_05, 548,454 entries).

2.9. Spectral counting

For spectral counting identified peptides were further processed
using the PIA algorithm [28]. An FDR-threshold of 1% was applied and
a list of all peptide spectrum matches (PSMs) was extracted. These
PSMs were further processed using the Pivot table function of Microsoft
Excel resulting in a table representing spectral counts for every peptide
belonging to a certain protein. Processed spectral counts (PSCs) based
on spectral and peptide counts were calculated as described previously
[29,11] and subsequently used as basis for label-free quantification. In
brief, PSC calculation was performed by summing up all spectral counts
for unique peptides belonging to the respective protein. To determine
the fold change of the expression of FE65 and TIP60 the ratio between
the averaged spectral indices of the induced samples and non-induced
samples was calculated and Student's t-test was conducted for signifi-
cance estimation.

2.10. RNA extraction, cDNA synthesis, quantitative PCR (qPCR)

RNA lysates from cell culture were extracted with the help of the
GF-1 Total RNA Extraction Kit (Vivantis, USA) according to the
manufacturer's instructions. Therefore, 2 x 10° cells of each clone (in-
duced vs. non-induced) were seeded on a 10 cm cell culture dish and
grown for 48 h and 1/10 of the cells were used for RNA extraction.

cDNA synthesis was performed using the RevertAid First Strand
cDNA Synthesis Kit (Thermo Scientific) and random hexamer primers
according to the manufacturer's instructions. 11 pl RNA were used and
synthesis conditions were as follows: 5 min at 25 °C, 60 min at 42 °C
and 5 min at 70 °C.

mRNA levels of FE65 and TIP60 were determined using a SYBR Green
real-time PCR assay on a RotorGene Q device (Qiagen, Germany). 0.1 pl

Fig. 1. Generation of FE65-EGFP/TIP60 inducible stable cell lines. (A) FE65 and TIP60 were cloned into a pBI vector that carries a Tetracycline response element (TRE) and a bidirectional
promoter, which allows induction of gene expression dependent on the presence of Doxycycline. Thereby, FE65 was fused to EGFP (enhanced green fluorescent protein) and furthermore,
the Ampicillin resistance was replaced by a Geneticin/Kanamycin resistance cassette (G418) resulting in the plasmid pBI_FE65-EGFP_TIP60_G418. The pTet-On plasmid, which carries the
reverse Tetracycline-controlled transactivator (rtTA) was modified by replacing the Ampicillin resistance by a Blasticidin resistance cassette (Blas) resulting in the plasmid pTet-On_Blas.
The Kanamycin cassette, which is also part of the vector, was not changed. (B) The plasmids pBI_FE65-EGFP_TIP60_G418 and pTet-On_Blas were co-transfected into HEK293 cells. After
24 h of transfection cells were treated with 1000 pg/ml G418 and 10 pg/ml Blasticidin. After 24 h of treatment untransfected cells started to die and after 72 h small colonies remained that
grew bigger after 7-12 days. (C) Example of three isolated colonies (clone 1-3) that were cultivated. Cells were induced for 48 h with Doxycycline (4 Dox) and more than 70-95% of the
cells were EGFP positive depending on the different clones. The zoom in shows that several cells revealed the typical FE65/TIP60 sphere phenotype. For the zoomed image of clone 1 the
exposure time was reduced in order to make spheres visible. Non-induced cells (—Dox) are shown as control and were almost completely EGFP negative.
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of template cDNA was mixed with 4.5 uM of each corresponding primer,
10 pl SYBR® Premix Ex Tag™ II (Tli RNase H Plus) (Clontech) and 7.9 il
H,O0. Cycling conditions were as follows: initial 95 °C for 30 s followed
by 45 cycles of 95 °C for 30 s, 56 °C for 30 s, and 72 °C for 30 s. Those cycles
were followed by acquisition of a melting curve. Each clone was measured
in triplicate and GAPDH was used as reference for dCt calculation. Data
evaluation was done with the RotorGene Q Series Software (Qiagen).
Gene expression was calculated according the method of Livak and
Schmittgen [30]. The same qPCR procedure was used for quantification
of target gene mRNA levels of GSK3(, KAI1, APP, PTCH1, WASF1,
RIMKLB, NEURL3, KIAA0408, BEST1, STMND1, NPPB, SNHG12, BEX1,
MATN1-AS1, TMEM198, PVT1, MMP24, KRT80, STMN4, LOC643201,
CYTIP, XPA, EMC9, MIR7-3HG, LRP5L, PHF21B, WISP2, KCNN4, PTPRH,
SNAP25, ETV5, PER2, CREB5, NFKB2, FOS, SF1, GADD45G, and ZYMNDS.

2.11. mRNA expression analyses and data processing

100 ng of each total RNA sample was hybridized to Agilent whole ge-
nome expression microarrays (Human GE 4x44K, v2 G4845A, AMADID
026652, Agilent Technologies, USA). mRNA labeling, hybridization and
washing were carried out according to the manufacturer's instructions.
Images of hybridized microarrays were acquired with a DNA microarray
scanner (Agilent G2505B) and features were extracted using the Agilent
Feature Extraction image analysis software (AFE) version A.10.7.3.1
with default protocols and settings. The AFE algorithm generates a
single intensity measure for each microRNA, referred to as the total
gene signal (TGS), which was used for further data analyses using the
GeneSpring GX software package version 13.1. AFE-TGS were normal-
ized by the quantile method. Subsequently, data were filtered on nor-
malized expression values. Only entities, which had values within the
selected cutoff (50th-100th percentile), were further included in the
data analysis process. A pairwise comparison of measured mRNA levels
of induced clone 1 versus non-induced clone 1, respectively, was
performed. We conducted moderated t-test, unpaired, assuming equal
variances using GeneSpring GX software package version 13.1. The
p-values were adjusted for multiple testing according to Benjamini
and Hochberg [FDR] and results were considered statistically significant
at adjusted p-values below 0.05. Furthermore, only mRNAs with fold
change >2.5 in the microarray analyses were considered worthy of
more in-depth analyses.

3. Results

3.1. Stable clones inducible for FE65/TIPGO reveal the nuclear sphere like
phenotype and FE65 fragmentation

Nuclear spheres are currently discussed to contribute to neurode-
generation by a yet unknown mechanism. In order to study these spher-
ical structures in detail, it was our aim to establish an appropriate stable
cell culture model. As outlined in our previous work [11], expression of
FE65 is sufficient to establish the nuclear sphere phenotype but co-

expression of TIP60 significantly enhances the generation of the nuclear
complexes. Thus we intended to generate a stable FE65/TIP60 co-
expression model. As CMV promoter driven experiments caused enor-
mous death in affected HEK293 cells within a short time (not shown)
we went for an inducible cell culture model comprising the advantages
of moderate FE65/TIP60 expression levels (instead of high-level artifi-
cial over-expression) as well as precise control of expression by the ap-
plied component Doxycycline (Dox).

For the generation of stable cell lines we initially cloned human FE65
tagged with EGFP and TIP60 in the pBI vector (Clontech, France) under
the control of the bidirectional TRE promoter (Fig. 1A). Furthermore the
Ampicillin cassette was exchanged for the G418/Kanamycin selection
cassette for subsequent selection of positively transfected cells. The
pTet-On vector (Clontech) carrying the reverse Tetracycline-controlled
transactivator (rtTA) was modified by replacing the Ampicillin resis-
tance by a Blasticidin resistance cassette (Blas). Both vectors were si-
multaneously transfected in HEK293 cells, which can be easily
selected for G418 and Blasticidin (Fig. 1B). Positive clones were initially
identified by a positive EGFP signal and the presence of the nuclear
sphere phenotype in induced (+ Dox) vs. non-induced cells (— Dox,
Fig. 1C). In total, we were able to establish 12 stable clones, which
were subsequently further characterized. Immunoblotting revealed sig-
nificantly elevated protein abundances for three exemplary studied
clones for FE65 and TIP60 following induction (+ Dox) as expected
(Fig. 2A). Notably, putative FE65-EGFP cleavage products were detect-
able with a molecular weight of about 80 and 62 kDa in size, which
might be a consequence of the described caspase-dependent (Saeki
2011) or endoproteolytic (Hu 2005) FE65 cleavage. FEG5 cleavage is el-
evated in the presence of TIP60 with significantly more 80 kDa cleavage
product in samples that co-express TIP60 compared to samples without
TIP60 expression (p < 0.005, Fig. 2D) pointing to the fact that TIP60 in-
duced FE65 fragmentation. Consistently, using anti GFP antibody the
two largest FE65 signals (# labeled in Fig. 2A) could be detected but
not FE65 62 kDa (SupplementaryFig. S-1). In good agreement to the im-
munoblot data, mass spectrometry/spectral count based data analysis
revealed moderate to high induction of both proteins in clones 1 and 2
(Fig. 2B, regulation factors are given in the figure supplement).

In order to identify potential FE65 cleavage products, mass spec-
trometry for gel pieces corresponding to positive immunoblot signals
for FE65 (and TIP60) was applied. Mass spectrometry analysis proved
previous immunoblot data, identifying FE65 and EGFP tryptic peptides
for the 115 and 80 kDa signals but only FE65 peptides in the gel piece
corresponding to the 62 kDa signal (Fig. 2C). For TIP60, which was iden-
tified by MS with high sequence coverage, we detected no cleavage
products underlining specificity of FE65 cleavage instead of unspecific
protein degradation. FE65 and TIP60 expression was further analyzed
in the established stable clones using quantitative PCR (qPCR, Fig. 2E,
dCt values are illustrated). Induction ratios of 1.9-5.0 for FE65 and
2.3-9.1 for TIP60 revealed moderate over-expression, which fits to
our expectation as high levels of both proteins would cause cell
death.

Fig. 2. Characterization of FE65-EGFP/TIP60 inducible stable cell lines. (A) Immunoblotting of three exemplary shown clones revealed prominent FE65 and TIP60 protein levels upon 48 h
of induction. Nitrocellulose membrane was probed with anti-FE65 antibody (1:1000, Millipore), anti-TIP60 antibody (1:500, Cell Signaling) and anti-GAPDH antibody (1:5000, Genetex)
as reference. FEG5 revealed three signals for 48 h induced clones 1 and 2 and two signals for clone 3 (4 Dox), whereas no or faint signal was detectable in the control conditions (—Dox).
TIP60 revealed a prominent signal in all three induced clones but no signal in control cells. In the #-marked FE65 signals EGFP was also detected via immunoblotting (compare
SupplementaryFig. S-1). (B) Mass spectrometry combined with spectral counting based data analysis proved the upregulation of FE65 and TIP60. For the induced cells (4 Dox) significantly
more spectra (mean counts) were acquired for FE65 and TIP60 compared to control cells (—Dox) (p < 0.05 x 10~°, n = 6 technical replicates). Spectral counting based data analysis re-
vealed regulation factors of 12.51 (+1.94, s.d.) for FE65 and 9.47 (4-1.64, s.d.) for TIP60 in clone 1 and 4.02 (4 0.8, s.d.) for FE65 and 19.84 (+1.25, s.d.) for TIP60 in clone 2 (missing values
were set to 1). (C) Gel pieces corresponding to FE65 (115 kDa, 80 kDa, 62 kDa) and TIP60 signals (compare to A) were excised, tryptically digested and identified via mass spectrometry.
Schematic amino acid (aa) sequences of the theoretical proteins are given. The red line marks the fusion site of FE65 and EGFP. Identified peptides for FE65 (—EGFP) are displayed in green
and for TIP60 in yellow. Gray colored peptides indicate peptides that were identified with poor quality spectra. Numbers above the aa sequence denote the starting position of a peptide,
numbers below the end position of a peptide. (D) FE65 cleavage was significantly elevated when also TIP60 was expressed (p < 0.005). (E) FE65 and TIP60 expression (studied in three
different clones) was significantly upregulated in induced cells (+Dox) compared to control cells (—Dox) (p < 0.05 x 10~ n = 3 technical replicates for each clone, calculation of reg-
ulation factors according to ddCt method [30]: clone 1 FE65 4.59 (£0.78, s.d.), TIP60 9.13 (£ 1.50, s.d.)/clone 2 FE65 2.01 (£0.25, s.d.), TIP60 3.22 (41.20, s.d.)/clone 3 FE65 5.03 (£0.83,
s.d.), TIP60 2.28 (40.40, s.d.)). dCt values were calculated using GAPDH as reference. Clone 4 corresponds to a control clone that induces just FE65 (1.93 (£0.43, s.d.)), whereas clone 5 is
inducible for just TIP60 (2.91 (£0.27, s.d.)).
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Fig. 3. Controversially discussed APP-dependent targets do not demonstrate convincing regulation in the nuclear sphere model but new FE65/TIP60-dependent target genes
were identified. Potential APP (AICD)-dependently regulated genes were analyzed in cells with induced FE65/TIP60 expression (+Dox) vs. controls (no induction, —Dox).
Although in part significant regulations were found, none of the discussed targets revealed a stringent regulation in three different clones as the direction of regulation was
opposed, e.g. GSK3f3 up-regulation in clone 1, but down-regulation in clone 2. In detail, GSK3f3 (A) revealed a regulation of 1.54 (40.3, s.d.) in clone 1, 0.62 (£0.14, s.d.) in
clone 2, and 1.61 (£0.82, s.d.) in clone 3. (B) KAIT (clone 1: 1.55 (40.42, s.d.)/clone 2: 0.4 (40.12, s.d.)/clone 3: 2.34 (+£1.38, s.d.)). (C) APP (clone 1: 1.13 (£0.14, s.d.)/
clone 2: 0.8 (+0.08, s.d.)/clone 3: 2.86 (+0.09, s.d.)). (D) PTCH1 (clone 1: 1.43 (+£0.22, s.d.)/clone 2: 0.72 (£0.16, s.d.)/clone 3: 0.53 (+0.15, s.d.)). (E) WASF1 (clone 1:
1.07 (£0.18, s.d.)/clone 2: 0.54 (£0.09, s.d.)/clone 3: 0.59 (£0.05, s.d.)). After mRNA-array, potential candidate genes were validated with qPCR in cells with induced
FE65/TIP60 expression vs. controls. Furthermore, cells that only over-expressed FE65 (ctrl FE65) or TIP60 (ctrl TIP60) were used as controls to show the dependence of regu-
lation upon FE65/TIP60 co-expression. All of the shown candidates were significantly up-regulated in clones 1 and 2. Except of BEST1 which was also significantly up-regulated
in clone 3, the candidates were opposingly or not significantly regulated in clone 3 as well as in the FE65 and TIP60 controls. In detail, BEST1 (F) revealed a regulation of 6.11
(£1.50, s.d.) in clone 1, 2.89 (£0.97, s.d.) in clone 2, 1.85 (£0.30, s.d.) in clone 3, 1.11 (40.15, s.d.) in clone 4, and 1.15 (£0.12, s.d.) in clone 5. (G) STMND1 (clone 1: 2.46
(40.68, s.d.)/clone 2: 2.58 (£ 0.64, s.d.)/clone 3: 0.62 (£0.11, s.d.)/clone 4: 0.58 (40.13, s.d.)/clone 5: 0.87 (£0.09, s.d.)). (H) GADD45G (clone 1: 2.60 (£ 1.62, s.d.)/clone 2:

2.23 (£0.22, s.d.)/clone 3: 0.97 (£0.20, s.d.)/clone 4: 0.61 (£0.10, s.d.)/clone 5: 0.73 (+0.11,5.d.)). *: p<0.05, **: p<1x 1074 **: p<1x 1078,

3.2. Nuclear spheres do not reveal consistent regulation of discussed target
genes GSK3p3, KAI1, APP, PTCH1 and WASF1

The APP intracellular domain has been linked to the regulation of the
genes GSK3[3 [19], KAI1 [18], APP [16], and more recently to PTCH1 [31],
and WASF1 [32]. As the central mechanism of AICD (APP) related signal
transduction is the nuclear translocation of FE65 and subsequent gener-
ation of an FE65/TIP60 complex, we studied putative regulation of the
described targets in the inducible nuclear sphere cell culture model.
However, all potential targets failed in the qPCR analysis (Fig. 3A-E). In-
deed, some targets revealed significant results in all studied clones (e.g.
KAI1, Fig. 3B), but direction of regulation was opposed. Speculating that
reverse regulation could be the consequence of varying FE65 to TIP60
(over-expression) ratios in the different clones (F>T or T > F), we re-
addressed the obtained data as clone 3 behaves different to clones 1

and 2. Although all studied clones revealed significant induction of
FE65 and TIP60, the amount of induction of a single gene was different.
As a consequence, TIP60 was induced to a higher extent in clones 1 and
2 but to a lesser extent in clone 3, in that FE65 demonstrated higher in-
duction (compare Fig. 2E).

However, for all targets in Fig. 3A-E regulation in clone 1 was op-
posed to that in clone 2 (but clones 1 and 2 behave equal in FE65/TIP60
ratio) pointing to the fact that more stringent parameters are needed to
denote studied targets as a “real candidate”. Derived from these results,
we claimed for the planned transcriptomics study and subsequent qPCR
based validation an regulation factor of more than 1.8 (or less than
0.55 respectively), an identical regulation course in clones 1 and 2, and
statistical significance as combined criteria for potential new sphere-
dependent regulated genes. Clone 3 was excluded from these criteria as
a consequence of the different induction ratio (FE65 > TIP60).
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3.3. Transcriptome analysis and subsequent qPCR validation revealed
strong nuclear sphere-dependent induction of BEST1, STMNDI1, and
GADD45G

The transcriptome of induced vs. non-induced cells was studied using
Agilent whole genome expression microarrays. Following data analysis
27 transcripts revealed a significant regulation with a factor of more
than 2.5 fold regulation (Table 1), which were subsequently all tested
by qPCR. Overexpressed FE65 (APBB1) and TIP60 (KAT5) were found
up-regulated and served as an internal control. Besides the nuclear
sphere clone (clone 1), which was used for the microarray study, two ad-
ditional (nuclear sphere positive) clones were included in the qPCR
study: clone 2, which revealed less induction of FE65/TIP60 but with
the same induction ratio (TIP60 was induced to a higher extent than
FE65) and clone 3, which revealed opposed induction ratio (FE65 was in-
duced to a higher extent than TIP60). Finally, a control clone inducible for
FE65 alone and another one, inducible for TIP60, was included. All results
from the qPCR analysis are given in Table 1. After application of the strin-
gent qPCR selection criteria (as a consequence of the discussed target
gene experiments (see above and Fig. 3A-E)), only 3 candidates
sustained the predicate “real candidate”: BEST1, STMND1, and GADD45G.

Bestrophin 1 (BEST1), a calcium-dependent chloride channel, dem-
onstrated the highest regulation of all candidates in the studied clones

Table 1

(Fig. 3F). Consistently, no regulation of BEST1 was found in the control
clones that are inducible for either FE65 or TIPG0 alone pointing to
the relevance of nuclear spheres for its regulation. The induction
ratio of FE65 to TIP60 revealed no impact on BEST1 regulation as
clone 3 (FE65 induction > TIP60 induction) demonstrated significant
up-regulation of the candidate as well.

STMND1, the stathmin domain containing protein 1, revealed strong
up-regulation in clones 1 and 2, but down-regulation in clone 3 puta-
tively pointing to the relevance of the FE65/TIP60 ratio for the induction
of this target transcript. Consistently, the control clones showed no
effect on STMND1 regulation.

GADD45G, the growth arrest and DNA-damage-inducible protein
gamma, highlighted significant induction in clones 1 and 2, but no reg-
ulation in clone 3 and in the controls. Thus, GADD45G might be nuclear
sphere-dependent transcribed only if TIP60 induction exceeds that of
FE65. Nevertheless, both proteins (FE65 and TIP60) are necessary for
the induction of this target transcript. As for the other “real candidates”,
GADD45G revealed no expression changes in the control clones.

Considering all targets studied in this work indicates the potential
importance of APP-dependently generated nuclear spheres in neurode-
generation. However, studying gene expression changes is challenging
as many factors might be involved in its regulation. Studying nuclear
sphere-dependent regulations might be even more defying — at least

Candidate target genes of the FE65/TIP60 complex. Clone 1 was subjected to an mRNA array in order to identify potential target genes that are regulated by the FE65/TIP60 complex. Po-
tential candidates were selected based on the fold change (FC) from the array data and targets with an array FC >2.5 were considered for validation. Not annotated entries and entries with
array signal raw-values <100 were removed from the list. Furthermore, potential candidates were selected upon ingenuity pathway analysis (entries below the bold line, according to
[33]). Over-expressed FE65 (APBB1) and TIP60 (KAT5) are shown in bold. All candidates were used for validation with qPCR in clone 1. Entries with empty cells were not analyzed in
the respective samples as these candidates were not considered interesting after further data analysis. The line “(over-)expression” shows the qPCR regulation factors for FE65 (F) and

TIP60 (T). In general FC qPCR-values >1.8 were considered regulated.

(Over-)expression Clone 1 Clone 2 Clone 3 Clone 4 (ctrl FE65) Clone 5 (ctrl TIP60)
F:459 T:9.13 F:2.01 T:3.22 F:5.03 T:2.28 F:1.93 T:1.02 F:1.23 T:291

Gene Ref Seq FC p-Value FC p-Value FC p-Value FC p-Value FCqPCR p-Value FC p-Value

symbol Accession array qPCR qPCR qPCR qPCR

KAT5 NM_006388 10.28 2.93E—06 9.13 253E—17 322 3.39E—06 228 464E—10 1.02 8.38E—01 291 5.11E—16

RIMKLB NM_020734 538 273E—06 235 8.89E—09 1.18 1.30E—06

NEURL3 NM_001285486 424 1.65E—05 3.66 8.65E—05 1.60 1.21E—06 0.35 1.88E—07 1.25 3.74E—01

KIAA0408 NM_014702 424 191E—05 5.50 1.23E—27 1.72 449E—09 0.99 849E—01 0.86 1.51E—01

APBB1 NM_001164 405 4.26E—06 4.59 1.69E—14 2.01 4.25E—11 5.03 6.80E—15 1.93 1.97E—07 1.23 2.02E—05

BEST1 NM_004183 3.82 1.08E—05 6.11 1.92E—13 2389 341E—14 1.85 9.66E—09 1.11 2.02E—03 1.15 1.34E—03

STMND1 NM_001190766 337 141E—-05 2.46 2.87E—08 2.58 428E—09 0.62 8.64E—07 0.58 1.15E—06 0.87 2.35E—03

NPPB NM_002521 321 123E—-04 1.14 6.70E—01

SNHG12 NR_024127 317 329E—06 3.68 6.94E—11 0.85 142E—04 1.01 1.00E + 00

BEX1 NM_018476 3.09 449E—05 0.64 5.84E—04

MATN1-AS1 NR_034182 3.03 3.84E—06 1.45 1.81E—04

TMEM198 NM_001005209 3.03 4.01E—-06 2.14 2.10E—08 1.61 423E—07 0.82 1.01E—-04 0.65 434E—-04 0.73 5.10E—07

PVT1 NR_003367 3.03 3.66E—06 2.22 8.85E—08 2.20 466E—14 1.24 449E—-03 0.55 7.67E—09 0.97 5.77E—01

MMP24 NM_006690 3.00 1.21E—04 1.04 6.91E—01

KRT80 NM_182507 285 151E—-05 2.66 6.45E—09 0.91 1.73E—01

STMN4 NM_030795 2.81 330E—05 4.89 149E—10 1.21 145E—02 1.28 211E—-02 132 3.04E—05 0.94 461E—01

LOC643201 NR_036494 279 7.58E—06 2.77 417E—09 2.16 2.72E—10 0.95 6.78E—01 0.40 1.00E—03

CYTIP NM_004288 277 5.18E—05 3.27 232E—21 0.99 931E—01 048 6.46E — 04

XPA NR_027302 276 3.69E—05 2.75 293E—-09 1.19 6.92E—03

EMC9 XR_245688 271 1.44E—05 4.82 6.05E—13 1.75 1.70E—09 0.88 6.48E—02 0.63 3.75E—05 0.81 1.56E — 04

MIR7-3HG ~ NR_027148 270 149E—04 4.96 1.11E—12 117 144E—02 1.18 1.06E—01 0.72 2.90E—06 1.08 1.38E—01

LRP5L NM_182492 269 6.17E—06 1.78 1.98E—04

PHF21B NM_138415 2.68 6.87E—06 4.50 7.10E—13 0.76 1.63E—07 0.78 2.70E —05

WISP2 NM_003881 2.65 291E—-05 1.24 2.09E—03

KCNN4 NM_002250 264 261E—-05 6.19 3.55E—14 1.10 235E—-01 1.65 1.55E—03

PTPRH NM_002842 258 5.69E—05 3.86 3.18E—22 0.99 8.98E—01 0.97 6.99E—01

SNAP25 NM_003081 251 637E—05 7.46 1.33E—08 0.88 443E—01 0.87 3.61E—01

ETV5 NM_004454 264 6.11E—-05 3.78 4.74E—-25 0.69 4.68E—07 1.33 1.74E—05

PER2 NM_022817 2.07 145E—05 3.94 1.16E—17 048 471E—07 0.88 3.62E—02

CREB5 NM_182898 194 1.64E—05 1.92 1.34E—07

NFKB2 NM_001288724 185 6.16E—05 297 1.56E—11 0.82 3.22E—-03

FOS NM_005252 055 1.13E—04 1.23 8.41E—03

SF1 ENST00000463343*  0.55 2.30E—05 0.61 1.79E—07

GADD45G NM_006705 179 136E—04 2.60 4.08E—09 2.23 6.61E—14 0.97 7.14E—01 0.61 3.70E—07 0.73 1.32E—05

ZMYND8 ENST00000468376* 0.57 1.39E—04 1.18 4.36E—02

2 No Ref Seq Accession was available, therefore the ensemble accession is provided.
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the time-dependent structural alterations, the growth of small spheres
and fusion to larger complexes, point to a great number of factors in-
volved in the regulation of these nuclear components. Nevertheless,
using the mentioned nuclear sphere induction model, we were able to
identify new highly reliable target genes, which might contribute to
Alzheimer's disease.

4. Discussion

Nuclear spheres, so far studied in cell culture models, were sug-
gested to play a pivotal role in neurodegeneration [11]. The aggregates
in the cellular nucleus are probably generated in dependence of the am-
yloid precursor protein cleavage or modification, but the precise mech-
anism remains unclear. In addition, there is no proof for their existence
in the human brain until now, which might be the consequence of the
nuclear sphere short lifespan (growth and fusion within short time)
and challenging technical difficulties. For example, the detection of the
APP intracellular domain (AICD) as a component of the spheres was re-
ported to be not accessible to antibodies putatively as a consequence of
the big macromolecular complex [12]. Nevertheless, the hypothesis of
an APP-dependent nuclear signaling pathway, which could cause cell
death in the human brain, corresponds to a highly interesting model
as a cause for neurodegeneration.

Another consequence of the short nuclear sphere lifespan and its toxic
character is the disability to develop reliable models. Over the last 3 years,
we could not establish a stable over-expression model, also not with just
moderate over-expression. Now, we were able to establish an FE65/TIP60
(Doxycycline) inducible cell culture model for the first time. As expected,
at about 18 h after induction spheres could be monitored in the nucleus.
Notably, spheres can also be observed by simple expression of FE65 but to
a very low extent (<1%) potentially depending on endogenous TIP60
levels or additional yet unknown factors. In order to develop a suitable
model, which can be studied by biochemical assays, co-induction of
TIP60 is needed. Thus, the histone acetyltransferase takes over the role
of a sphere enhancer in the described model and it becomes clear that
the nuclear translocation of FEG5 is the main switch in this story.

Anyhow, the interaction of FE65 and TIP60 in the nucleus, which has
been described to depend on the PTB1 domain in FE65 and the NKSY
motif in TIP60 [13], is an important prerequisite for the functional
meaning of nuclear spheres. This fact can not only be concluded from
the gene expression changes, which were assayed in this study, but al-
ready from the FE65 protein pattern in the different clones that were
generated. Notably, only clones that reveal co-induction of both pro-
teins demonstrated a significant cleavage of the full-length FE65 protein
pointing to the relevance of functional active spheres (composed of
FE65 AND TIP60) in protein degradation and potentially cell death. Pu-
tative FE65(— EGFP) cleavage products were detectable with a molecu-
lar weight of about 80 and 62 kDa in size, which might be a consequence
of the described caspase-dependent [34] or endoproteolytic [35] FE65
cleavage or a combination of both. Mass spectrometry analysis of re-
spective FE65 signals points to the fact that cleavage occurs from N- as
well as from the C-terminus at specific sites of the protein FE65-EGFP
taking the shift of 35 kDa, the first tryptic peptide at residue 134, and
the last at residue 820 into consideration (compare Fig. 2C). The same
is true for the small 62 kDa FE65 fragment.

The ongoing discussion of putative AICD-dependent target genes
prompted us to study some candidates in the nuclear sphere model,
again in the assumption that the nuclear aggregates correspond to the
final step in APP signal transduction. We were pleasantly surprised
when studying GSK3@, APP, KAI1, PTCH1 and WASF1 in clone 1, as all
candidates revealed the reported up-regulation except for WASF1.
Accordingly, we were highly disappointed after extending the study to
clones 2 and 3 that revealed again mostly significant results but the
opposite regulation direction. The easiest interpretation of the obtained
results would be to designate these candidates as unspecific and to
claim more stringent analysis parameter for qPCR related results in

our cell model, which we also applied in the ongoing study. On the
other hand, the story might be even more complicated and additional
factors as yet unknown other nuclear sphere components might play a
role for gene expression changes, which might be different from one
stable clone to the other. It is not possible to solve this question at this
time but at least, our results explain in part the highly controversial dis-
cussion of target genes and different findings in the field. In principle, it
seems comprehensible that the nuclear complex can regulate gene ex-
pression in both directions, assuming that it acts as a transcriptional
co-regulator. In addition, when screening the literature for proponents
and repudiators of APP-dependent nuclear signal transduction it
is striking that those, who describe gene expression effects, mostly
work with models, in that nuclear aggregates (comparable to nuclear
spheres) were proven or highly probable [19,36,16]. In contrast, in
other work that do not show any impact on target genes discussed so
far, just AICD levels or APP cleavage was modified [37,38,10]. This points
to the hypothesis that the pure APP intracellular domain is not critical
for nuclear signal transduction, although it might be transported into
the nucleus in a piggyback-like (and thus probably unspecific) mecha-
nism. However, other events at the C-terminal domain of APP might
be responsible for signaling, especially phosphorylation. Notably, APP
phosphorylations at T668 and Y682 (APP695 numbering) have been
widely discussed to be responsible for FE65 interaction strength and
by implication for FE65 translocation to the nucleus [4-6,39].
Interestingly, the T668 phosphorylation has also been reported to
be significantly modified in Alzheimer's disease (AD) compared to
controls [40,41].

The application of the addressed highly stringent qPCR analysis data
to our subsequent screening experiment resulted in the consequence
that only a very limited number of differentially regulated genes were
selected for validation experiments. Amongst, bestrophin 1 (BEST1)
was the most reliable putative new target gene with the highest up-
regulation in all studied controls, but no effects in the single FE65 or sin-
gle TIP60 inducible clones. As for the discussed FE65 cleavage pattern,
also these results point to the relevance of nuclear sphere generation
(TIP60 as sphere enhancer) for signaling function. The BEST1 ion chan-
nel was recently described to be involved in the abnormal release of
GABA impairing memory in a mouse model of AD [42] fitting to other
results showing that GABA is elevated in the cerebrospinal fluid of
individuals with AD [43]. Thus, our study might reveal the missing
link between AD associated neurotransmitter changes and the amyloid
precursor protein.

Besides STMND1 — a protein, which has not been studied extensive-
ly so far, the growth arrest and DNA-damage-inducible protein gamma
(GADDA45G) was found upregulated in clones with FE65/TIP60 induc-
tion (TIP60 > FE65) but not in the control clones. GADD45G has been
described to be involved in the cell cycle control by activating the S
and G2/M checkpoints [44]. Thus, it fits to the discussed role of nuclear
spheres in cell cycle re-entry [11]. As GADD45G is a nuclear protein, it
might also be another component of nuclear spheres, which needs to
be studied in near future.

5. Conclusions

Our work demonstrates that nuclear spheres have a remarkable im-
pact on cellular gene expression changes and that it is worth to study
the potential impact of these aggregates in neurodegeneration in detail.
Of course, the proof of the existence of nuclear spheres in the human
brain is pending. This might be solved by the identification of new pro-
teins involved in the nuclear spheres like the potential candidate
GADD45G from this study or the BLM from previous work [11]. More-
over, the APP-dependent generation of nuclear spheres and its sug-
gested regulation by phosphorylation needs to be studied more
precisely. Our work was able to identify new highly reliable nuclear
sphere regulated genes, but -of course- also its validation is needed
not only by other labs but also in additional models. Finally, further
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validation of presented differentially regulated genes might also open
the door for new therapeutic treatment strategies in the future.
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