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Abstract

In the present study, we show that overexpression of the G-protein-coupled receptor (GPCR)-associated sorting protein p60TRP (tran-
scription regulator protein) in neural stem cells (NSCs) and in a transgenic mouse model modulates the phosphorylation and proteolytic
processing of amyloid precursor protein (App), N-cadherin (Cdh2), presenilin (Psen) and � protein (Mapt). Our results suggest that
p60TRP is an inhibitor of Bace1 (�-site App cleaving enzyme) and Psen. We performed several apoptosis assays [Annexin-V, TdT-mediated
dUTP Nick-End Labeling (TUNEL), caspase-3/7] using NSCs and PC12 cells (overexpressing p60TRP and knockdown of p60TRP) 
to substantiate the neuroprotective role of p60TRP. Functional analyses, both in vitro and in vivo, revealed that p60TRP promotes 
neurosynaptogenesis. Characterization of the cognitive function of p60TRP transgenic mice using the radial arm water maze test demon-
strated that p60TRP improved memory and learning abilities. The improved cognitive functions could be attributed to increased synaptic
connections and plasticity, which was confirmed by the modulation of the �-aminobutyric acid receptor system and the elevated expression
of microtubule-associated protein 2, synaptophysin and Slc17a7 (vesicle glutamate transporter, Vglut1), as well as by the inhibition of
Cdh2 cleavage. In conclusion, interference with the p60TRP/ GPCR/secretase signalling pathway might be a new therapeutic target for
the treatment of Alzheimer’s disease (AD).
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Introduction

G-protein-coupled receptor (GPCR)-associated sorting protein
(GPRASP) family proteins are generally involved in the modulation
of GPCRs [1–5]. Several proteins, including the sorting nexins and
GPRASPs, have been described as regulating the post-endocytic
sorting of GPCRs to the degradative pathway [1, 6]. Currently,
only one member of the GPRASP protein family has been charac-
terized, GPRASP1, which is an intriguing sorting protein that
demonstrates selectivity for specific GPCR family members.
GPRASP1 interacts selectively with the � opioid peptide receptor 1
(OPRD1) and the D2 dopamine receptor (DRD2) but not with the
� OPR1 (OPRM1) or the DRD1 [1, 2, 7]. GPRASP1 binding con-
tributes to the functional down-regulation of OPRD1 [1], DRD2

[2], cannabinoid receptor-1 [8, 9], bradykinin receptors [10] and
viral chemokine receptors [11].

Recently another member of the GPRASP protein family,
GPRASP2 has been demonstrated to interact with huntingtin pro-
tein, HTT, which suggests that members of this protein family may
participate in additional activities besides their important role in
controlling the function of GPCRs [12]. For example, GPRASP1
was discovered as the Per1 (period homolog 1)-interacting pro-
tein in the suprachiasmatic nucleus (also known as Pips) because
it interacts with the clock-related protein Per1 and is involved in
nerve growth factor (Ngf)-mediated neuronal survival via the neu-
rotrophic tyrosine kinase receptor type 1 (Ntrk1), phosphatidyli-
nositol 3-kinase and growth factor receptor bound protein 2-asso-
ciated protein 1 signalling pathways [13, 14]. Interestingly, Per2
also interacts with GPRASP1 and links the circadian system to
oestrogen receptor activities, which suggests that this family may
be involved in the regulation of the endocrine system [15]. The
expression pattern of Gprasp1 is particularly high in the hypothal-
amus and the suprachiasmatic nuclei [13].

Recently, we identified the novel protein p60TRP (also known
as BHLHB9 or GPRASP3), which contains a basic helix-loop-helix
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(bHLH) motif that distinguishes it from other members of the
GPRASP protein family. P60TRP regulates Ngf-dependent neu-
ronal survival and differentiation and is down-regulated in the
brains of patients with Alzheimer’s disease (AD) [16].

To further explore the potential neurophysiological function of
p60TRP with a special focus on AD-related signalling, we gener-
ated p60TRP transgenic mice, neural stem cells (NSCs) and PC12
cells overexpressing p60TRP. Our in vitro results show that
p60TRP mediates neurogenesis through its influence on the
expression and signalling of pivotal proteins such as the
leukaemia inhibitory factor receptor (Lifr), Notch1, N-cadherin
(Cdh2) and the �-amyloid precursor protein (App) [17, 18]. This
effect could be the consequence of the direct influence of p60TRP
on the secretases Bace1 (�-site App cleaving enzyme) and prese-
nilin-1/2 (Psen1/2). Our data were validated in transgenic mice
overexpressing neuronal p60TRP in the brain that exhibited a 
significantly denser microtubule-associated protein 2 (Mtap2)�,
GABA-B (�-aminobutyric acid)� and Slc17a7 (vesicle glutamate
transporter Vglut1)� neurite network compared with wild-type lit-
termates. Our data also indicate that p60TRP precludes the amy-
loidogenic App-cleavage pathway and enhanced cognitive func-
tions in the transgenic mice – thus, providing further evidence that
the p60TRP/GPCR/secretase signalling pathway might be a new
therapeutic target for the treatment of AD [19–21].

Materials and methods

Reagents

Unless indicated, all reagents used for the biochemical methods were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).

Antibodies

The antibodies used included polyclonal anti-mouse-p60TRP antibody
(dilution: 1:5000, rabbit polyclonal, raised against a ‘mouse’ peptide: aa
38–51: C-GKSRDKGKGKAGSK (9871) and aa 199–212: C-QPVDEINEK-
DRPKD (9874); BioGenes GmbH, Berlin, Germany).

Growth factors

Recombinant epidermal growth factor (Egf) and recombinant basic fibrob-
last growth factor were purchased from Peprotech (Rocky Hill, NJ, USA).
Ngf was purchased from Invitrogen (Carlsbad, CA, USA).

Animal experiments

Experimental methods, including the killing of animals, were performed in
accordance with the International Guiding Principles for Animal Research

(WHO) and were approved by the local Institutional Animal Care & Use
Committee (NTU-IACUC). Mouse tissues were isolated from C57BL/6J
mice after the humane killing of the animals using approved anaesthetic
methods to isolate NSCs and to analyse tissue-specific p60TRP expres-
sion. All efforts were made to minimize animal suffering and to reduce the
number of animals used.

Establishment of the transgene 
and the transgenic p60TRP mouse lines

The p60TRP mouse lines were generated analogously to a previously
described transgenic ‘synapsin-I-Ras’ mouse [22].

Mouse brain perfusion, immunohistochemistry
(IHC) and immunocytochemistry (ICC)

Mouse brain perfusion, IHC, ICC and NSC cultures (proliferation and differ-
entiation) were performed according to previous reports [18, 23–26].

P60TRP-containing lentivirus stock solution

HEK293FT (American Type Culture Collection [ATCC], Manassas, VA, USA)
cells were cultured with high-glucose DMEM supplemented with 10% FBS
and antibiotics (complete medium). After being cultured for 12 to 24 hrs,
the cells were trypsinized (Trypsin-ethylenediaminetetraacetic acid 0.05%)
and transfected with the pLenti expression vector containing the gene of
interest (p60TRP in EF.CMV.Gfp-Lenti-vector [elongation factor 1�,
cytomegalovirus promoters, green fluorescent protein; JHU-55 (ATCC)];
p60TRP and Gfp were co-expressed from the same vector but from sepa-
rate promoters via transfection using the protocol for ViraPower™
Lentiviral Expression Systems (Invitrogen). The following day, the medium
containing Lipofectamine™ 2000 (Invitrogen) was removed, and the cells
were washed with Dulbecco’s phosphate-buffered saline prior to the addi-
tion of serum-free DMEM to harvest the virus-containing supernatant. The
supernatant was collected between 24 and 48 hrs in 500 �l aliquots and
stored at 	80
C [25].

Generation of stable p60TRP-PC12 cells 
and p60TRP-expressing NSCs

Target PC12 cells were infected with the lentivirus supernatant within 12 to
24 hrs after the cells were split into 6-well plates. The culture medium was
removed, and virus-containing supernatant was added to the wells along
with Polybrene® (Sigma-Aldrich) at a final concentration of 6 �g/ml, accord-
ing to the protocol provided by Invitrogen. Green fluorescence (generated
by Gfp co-expressed with p60TRP) was observed 48 hrs after infection.
Virus-containing-medium was removed after 24 to 48 hrs and replaced
with fresh complete medium. The cells were subsequently sub-cultured in
10 cm culture dishes before FACS was performed (fluorescence-activated
cell sorting; BD FACSAria flow cytometer, BD Biosciences, Singapore) to
obtain a pure population of p60TRP� cells. Similarly, NSCs were infected
with the p60TRP lentivirus-containing supernatant, which had been previ-
ously collected and cultured in four-well plates for neurosphere formation
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before transfer to a flask for culture and eventual FACS purification. As a
control, mock (Gfp)-transfected cells were analysed for both PC12 cells
and NSCs. The cell lysates were collected to confirm the overexpression of
p60TRP by Western blot analysis.

Generation of p60TRP knockdown PC12 
cells using the RNA interference technology

PC12 cells were co-transfected with p60TRP small interfering RNA
(siRNA) using three different constructs (pSIH1-H1-shRNA-copGfp vector,
p60TRP mRNA target sequences: (i ) 5�-ggagaagagcttagtaataattctgt-3�, (ii )
5�-ctggtccgaggtaactatatggccca-3�, (iii ) 5�-gcagccagagatatgataaatatgaa-3�;
System Biosciences, Mountain View, CA, USA) and Gfp using a lentivirus
expression system as described above for p60TRP overexpression. As a
control, a random shRNA Gfp-vector was used. Single cells were isolated
by FACS. Specific silencing of the target p60TRP gene was confirmed by
Western blot using a p60TRP-specific antibody [27].

Cell culture

PC12 cells (ATCC) were cultured according to standard procedures [16,
27]. PC12 cells and NSCs were transfected using a lentivirus expression
system following established protocols (Invitrogen) [23, 24].

Radial arm water maze (RAWM) test to analyse
cognitive functions in p60TRP transgenic mice

The recently described RAWM test was used because it is the most reli-
able method for detecting memory deficits in transgenic mice; it robustly
discriminates the learning abilities between mice that learn well and
those that learn poorly [28]. The RAWM is a hybrid of the Morris water
maze and the radial arm maze, and it takes advantage of the motivation
provided by immersion in water together with the benefit of scoring
errors (rather than time or proximity to platform location) associated
with the radial arm maze.

Results

Effect of p60TRP on NSC differentiation 
and survival

We applied the lentivirus-based transfection method to generate
p60TRP overexpressing NSCs (NSC-p60) to analyse the effect of
p60TRP on neuronal survival and differentiation (Fig. 1).
Subsequently, we investigated the effect of p60TRP overexpression
in NSCs, in both proliferating and differentiating conditions, by char-
acterizing the expression of various signalling molecules responsible
for NSC survival, self-renewal, proliferation and differentiation 
(Fig. 1B–E). Under proliferating conditions the common stem cell
marker nestin (Nes) was down-regulated slightly in NSC-p60 whereas

the higher expression of neuronal markers, such as the Ngf receptor
Ntrk1 (also known as TrkA), Tubb3 and Mtap2, revealed that p60TRP
induced the differentiation of NSCs even under proliferating condi-
tions in the presence of Egf. Additionally, the glia/progenitor marker,
glial fibrillary acidic protein (Gfap), was significantly up-regulated,
but the oligodendrocyte markers myelin basic protein (Mbp) and
2�,3�-cyclic nucleotide 3� phosphodiesterase were moderately 
down-regulated. The reduced phosphorylation of the signal trans-
ducer and activator of transcription 3 (Stat3) also supported higher
levels of differentiation in NSC-p60 (Fig. 1D and E). Consistent with
this observation, NSCs grown under differentiating conditions also
showed that NSC-p60 possessed significantly higher numbers of
Tubb3� and Mtap2� cells, substantiating the finding that p60TRP
enhanced neurogenesis (Fig. 2A–C). Thus, our data demonstrate 
that p60TRP drives NSCs to differentiate particularly into neuronal
progenitors.

Additionally, we studied survival-related signalling proteins in
NSCs and observed enhanced phosphorylation of Akt1/2/3, mito-
gen-activated protein kinases-1/3 (Mapk1/3, also known as
Erk1/2), and Bcl2 (survival promoting proteins) and reduced
phosphorylation of Mapk8/9 (also known as Jnk1/2) and Gsk3b in
NSC-p60. Therefore, we concluded that p60TRP enhanced neu-
ronal survival (Fig. 1D and E). Because p60TRP was originally
identified in an AD-related study [16] and interacts with the pro-
tein phosphatase 2A (PP2A) [16], which is related to many pivotal
signalling pathways, including those that are crucially involved in
the pathogenesis of AD [29, 30] and the differentiation of NSCs
[31], we performed a PP2A activity assay. We observed consider-
ably higher PP2A activity in NSC-p60. Enhanced PP2A activity
further confirmed that p60TRP is a survival and differentiation pro-
moting protein that directly regulates PP2A activity (Fig. 2D) [16].

P60TRP modulates the expression and cleavage
of pivotal NSC regulator proteins

We investigated the role of p60TRP in the proteolytic cleavage (reg-
ulated intramembrane proteolysis) of proteins that are important
for the control of stem cell proliferation, self-renewal and differen-
tiation [33–36]. Although the expression levels of several proteins,
such as App and Lifr, showed only a moderate change, their cleav-
age patterns changed significantly in NSC-p60. The enhanced
cleavage of App and Cdh2, the down-regulation and reduced cleav-
age of Lifr and Notch1, and the unchanged interleukin-6 (IL-6) sig-
nal transducer, gp-130, provided additional support for enhanced
neurogenesis in response to p60TRP overexpression (Fig. 3A). The
differentiation-dependent cleavage of App coincided with reduced
App phosphorylation and enhanced expression, cleavage and
hyperphosphorylation of the microtubule-associated protein �

(Mapt) (Fig. 3B and D) [37, 38]. Because of the higher levels of
App’s C-terminal fragment � (CTF� [~11 kD]) in NSC-p60 (Fig. 3B),
we examined Bace1 and Psen1/2 expression. Reduced levels of
both Bace1 and Psen2 were observed in NSC-p60 (Fig. 3B and C).
Interestingly, App phosphorylation remained inhibited despite
exposure to Ngf (Fig. 3E). This result was further confounded by
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the observation of increased activation of the Mapk10 (Jnk3) and
Cdk5 kinases, which are known to be responsible for the phospho-
rylation of App [39, 40]. One possible explanation for this observa-
tion is that the cells countered the intense dephosphorylation of
App mediated by overexpression of p60TRP via PP2A activation
(Fig. 3F). However, App phosphorylation was not observed in 
differentiated NSCs (control and NSC-p60), thus indicating that dif-
ferentiation of NSCs may require the dephosphorylation of App
(compare Fig. 3E and G). App dephosphorylation during neuronal
differentiation seems to be a general characteristic because we

observed this phenomenon also in other systems, such as Ngf-
mediated differentiation of PC12 cells (Fig. 4C) and retinoic-acid-
mediated differentiation of neuroblastoma cells (data not shown).
However, others have reported increased phosphorylation during
neuronal differentiation, it might be possible that the depshospho-
rylation depends on the system used [41, 42] – in particular, as the
specific App-dependent mechanism during NSCs differentiation
still needs be investigated [17].

We also found that p60TRP, like GPRASP1 [1], mediated the
down-regulation of the �-opioid receptor, Oprd1 (Fig. S1).

Fig. 1 P60TRP mediates differentiation in pro-
liferating NSCs. Western blot analyses reveal a
specific p60TRP expression pattern. Left:
Comparing the expression levels of p60TRP 
in control (C, mock/Gfp-transfected) and
p60TRP-transfected NSCs (p60 � p60TRP-
transfected) grown under proliferating condi-
tions. The Western blot was performed with a
N-terminal-specific p60TRP antibody which
revealed a band of p60TRP at ~120 kD (dimer),
two bands at ~60 kD (monomer and post-
translationally modified monomer), 1–2 bands
at ~35 kD (cleaved products of p60TRP (CTF, 
C-terminal fragment), especially abundant in
non-differentiated NSCs). NSCs were grown as
described in supplementary ‘Materials and
methods’ before analysis. Right: Comparing 
the expression pattern of p60TRP in non-
transfected NSCs grown under proliferating
and differentiating conditions. Western blot
was performed with a C-terminal-specific
p60TRP antibody. P60TRP undergoes a differ-
entiation-dependent cleavage. Although the 
35 kD product is clearly visible in non-differen-
tiated NSCs, it is almost undetectable in differ-
entiated NSCs suggesting that p60TRP and its
cleavage product could be used as a potential
marker for NSCs (A). P60TRP mediates neuro-
genesis by modulating the expression of
several NSC markers, as discussed in the text.
NSCs were grown as described in supplemen-
tary ‘Materials and methods’ before Western
blot analyses. Of particular interest is the up-
regulation of the neuronal markers Ntrk1 and
Mtap2 in p60TRP-transfected cells, although
Gad and Th expression were inhibited. Actin
(Actb) was used as loading control (B).
Quantitative analyses of the Western blots
shown in (B) was performed as described 
in supplementary ‘Materials and methods’ (* �
P 
 0.05 compared with controls, n � 4) (C).
P60TRP modulates the expression and

phosphorylation of several signalling molecules. NSCs were grown as in (B). P60TRP-transfected NSCs demonstrated a clear increase in the phosphory-
lation of the anti-apoptotic proteins Bcl2 (Ser70), Akt1/2/3 and Erk1/2, as well as a clear down-regulation of pStat3, which is essential for neural
differentiation [18, 32]. Tubulin (Tuba1a) was used as loading control (D). Quantitative analyses of the Western blots shown in (D) (*P 
 0.05 compared
with controls, n � 4) (E).
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Effect of p60TRP on cell survival 
and differentiation in PC12 cells

PC12 cells comprise a well-established model system that is fre-
quently used to investigate neuronal survival and differentiation
[43]. PC12 cells were utilized in the present study for both
p60TRP overexpression and p60TRP mRNA knockdown by
specific siRNA to study the effect of p60TRP on survival and 
Ngf-mediated neuronal differentiation (Fig. S2A).

Investigation of the effects of the characteristic 35 kD band of
p60TRP in un-differentiated NSCs (Figs 1A and S2B) revealed a
significant increase in cell metabolism. An ATP count-based activity
assay with PC12- and NSC-transfected cells revealed significantly

enhanced ATP metabolism in p60TRP-transfected cells (Fig. S2D
and E). A higher percentage of p60TRP-transfected NSCs entered
the neurogenic lineage, accompanied by higher ATP metabolism.
Because knockdown of p60TRP did not affect neurogenesis (data
not shown), ATP metabolism remained unchanged.

Next, we investigated the effect of p60TRP on proteins that are
important for Ngf-dependent neuronal survival and differentiation in
PC12 cells [44]. Of particular interest is the enhanced phosphoryla-
tion of Bcl2 at Ser70 (Fig. 4A), which is activated during anti-apop-
totic processes [45]. Bcl2 performs its anti-apoptotic activity only
when it is phosphorylated at a single site at Ser70, but multi-site
phosphorylations have been shown to inactivate the anti-apoptotic
function [45–47]. For example, Thr56 phosphorylation inhibits

Fig. 2 P60TRP enhances neurogenesis in
differentiating NSCs. ICC of differentiated
NSCs (control and NSC-p60) reveals that
p60TRP enhances neurogenesis, as
demonstrated by an increase in Tubb3�

and Mtap2� (both neuronal markers)
cells. NSCs were grown and differenti-
ated as described in supplementary
‘Materials and methods’ before differenti-
ation was induced for ICC. C: control
(mock/Gfp-transfected); p60: p60TRP-
transfected NSCs. Scale bar � 100 �m
(A). Statistical analysis of the data
obtained in (A). Tubb3� and Mtap2�

cells were counted manually using a fluo-
rescence microscope (Axiovert 200; Car
Zeiss, Göttingen, Germany), and the data
are presented as the mean � SD of three
independent experiments performed in
duplicate (*P 
 0.05 compared with con-
trols) (B). Western blot analyses of Tubb3
and Gfap in differentiated NSCs indicate
that the neuronal marker Tubb3 is
expressed at higher levels in differenti-
ated NSC-p60 compared to control NSCs.
Gapdh was used as loading control (C).
Analyses of the PP2A activity assay
reveal higher PP2A activity in NSC-p60
compared with control NSCs. The results
represent three independent experi-
ments, each performed in triplicate (*P

 0.05 compared with controls) (D).
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Fig. 3 P60TRP modulates the expres-
sion and cleavages of pivotal stem cell
proteins. NSCs were grown and stimu-
lated with Ngf (100 ng/ml) as described
in supplementary ‘Materials and meth-
ods’ before Western blot analysis.
Controls (C) were mock/Gfp-trans-
fected NSCs, p60 � p60TRP-trans-
fected NSCs. p60TRP modulates the
expression and cleavage of various
stem cell proteins as indicated.
Enhanced cleavage of App and Cdh2
but reduced processing of Lifr and
Notch are evident. Actin (Actb) was
used as loading control (A). P60TRP
modulates the expression of Bace1 and
the cleavage and phosphorylation of
App. Reduced phosphorylation of App
and inhibited expression of Bace1 in
NSC-p60. Left App blot: 8% SDS-
PAGE, right App blot: 15% SDS-PAGE
was run to see the lower AICD bands of
App. An arrow indicates CTF� at ~11
kD. Gapdh was used as loading control
(B). P60TRP modulates the expression
and cleavage of Psen1/2 (NTF/CTF, N-
/C-terminal fragment; FL, full-length).
P60TRP expressing cells show less
functional Psen2 as indicated by
reduced levels of NTF and CTF frag-
ments (C). P60TRP modulates the
expression, cleavage and phosphoryla-
tion of Mapt (D). P60TRP inhibits 
App phosphorylation even in the pres-
ence of Ngf. Gapdh was used as load-
ing control (E). Expression and activa-
tion/phosphorylation of Cdk5 and
Mapk10 in NSCs by Ngf. P60TRP-
transfected NSCs demonstrated higher
levels of phosphorylated Mapk10 and
Cdk5 compared with control NSCs,
although the phosphorylation of App
remained inhibited (E). Tubulin
(Tuba1a) was used as loading control
(F). NSCs were grown as described in
supplementary ‘Materials and methods’
before differentiation was induced and
Western blot analyses were performed.
The expression levels and phosphoryla-
tion of App were similar in differenti-
ated control (C) NSCs and differenti-
ated p60TRP-transfected NSCs.
Differentiated NSCs demonstrated
diminished phosphorylation of App
indicating that p60TRP mediates the
differentiation of NSCs via the dephos-
phorylation of App (G).
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anti-apoptotic Bcl2 activity when other sites are also phosphory-
lated (Ser70) [48]. Consequently, p60TRP promotes the anti-apop-
totic character of Bcl2 by phosphorylating the protein specifically at
Ser70. The observation of reduced Mapk8/9 activation in PC12 cells
overexpressing p60TRP (Fig. 4A and B) confirms our NSC data and
previous results linking the activities of PP2A and Jnk [30]. It is also
of interest that a cleaved product of phosphorylated Mapt was
detected in NSC-p60 (Fig. 3D), PC12 cells overexpressing p60TRP
(Fig. 4A and B) and p60TRP-transgenic mice (Fig. 9B); however, the
significance of this cleaved product remains elusive.

To determine the role of p60TRP during neuronal differentia-
tion in PC12 cells, the cells were stimulated with Ngf (Fig. 4B and
C). Similar to the results obtained for NSC-p60, PC12-p60 cells
showed significantly higher expression of Mtap2 compared to
controls (Fig. 4C). Consistent with previous reports, we observed
enhanced Stat3 phosphorylation in 2–4 days and reduced activa-
tion of Akt within 60 min. in PC12-p60 cells after Ngf-mediated
differentiation. We thus concluded that p60TRP enhances Ngf-
mediated differentiation in PC12 cells (Fig. 4B and C) [49, 50].

Data obtained from various signalling analyses in NSCs 
and PC12 cells overexpressing p60TRP strongly indicated it to be
a survival promoting protein (Figs 1D and E, 4A and B).
Consequently, we performed several apoptosis assays and con-
firmed the anti-apoptotic effect of p60TRP (Fig. 5).

Because our in vitro data demonstrated interesting effects of
p60TRP on the expression and processing of App, Psen1/2, Bace1
and Cdh2 and the anti-apoptotic role of p60TRP, we decided to use
an in vivo system. We developed a novel transgenic mouse model
in which the expression of p60TRP was driven by the synapsin-1
promoter in neurons [22] to investigate the significance of
p60TRP in neuronal function. Luciferase, a bioluminescence
reporter protein, was used to visualize p60TRP in vivo in our
p60TRP- transgenic mice (Fig. 6).

Neuronal p60TRP expression leads 
to enhanced neurosynaptogenesis

We analysed transgenic mouse brains by IHC and found that
p60TRP induced enhanced neurite formation and dendrite
arborization in the hippocampus and cortex, as demonstrated by
the significantly higher expression of the neuronal markers
Mtap2, neuro-synaptic vesicle marker solute carrier family 17
(Slc17a7, a brain-specific sodium-dependent inorganic phos-
phate cotransporter, member-7, and a synaptic vesicle marker for
glutamatergic neurons (Vglut1)) and synaptophysin (Syp) com-
pared to wild-type littermates (Figs 7, 8A and B). Additionally,
rapid Golgi staining demonstrated higher primary and secondary

Fig. 4 Overexpression of p60TRP in PC12
cells modulates the expression and activa-
tion of proteins critically involved in neuronal
survival. Stable PC12 cell lines overexpress-
ing (�p60) and with knockdown of (	p60)
p60TRP were established as described in
supplementary ‘Materials and methods’
using a lentivirus-based transfection sys-
tem. Controls (C) were mock/Gfp-trans-
fected cells. Like in NSCs, p60TRP (�p60)
induces the activation/phosphorylation of
Bcl2 specifically at Ser70, Akt, and cleaved �,
whereas the phosphorylation of Mapk8/9
(Jnk1/2) is clearly inhibited. Gapdh was used
as loading control (A). Following a short-
term stimulation with Ngf, p60TRP (�p60)
enhances the phosphorylation and activation
of Ntrk1, whereas the activation/phosphory-
lation of Mapk8/9 is completely inhibited.
Tubulin (Tuba1a) was used as loading con-
trol (B). As demonstrated, after long-term
stimulation with Ngf, p60TRP (�p60)
enhances the phosphorylation and activation
of Stat3 and Mtap2, whereas the phosphory-
lation of App is inhibited. Gapdh was used as
loading control (C). As in NSCs, also in PC12
cells the PP2A activity is enhanced by
p60TRP. Values represent the mean (�SD)
from three experiments, each performed 
in triplicate (*P 
 0.05 compared with 
controls) (D).
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apical spines and intense cortical layer-I in p60TRP transgenic
mice (Fig. 8C and D).

We then corroborated the effect of neuronal p60TRP overex-
pression on various crucial signalling proteins by Western blot
and verified that p60TRP transgenic mice displayed higher
expression of Mtap2 and Slc17a7 in the cortex and hippocampus.
The expression of Gabbr1 (GABA-B receptor 1) was reduced in
the hippocampus, but higher levels were observed in cortical
areas (Fig. 9A, B and I).

Similar to the data obtained for NSCs, p60TRP transgenic mice
demonstrated reduced protein levels of the App-cleaving enzyme
Bace1 (Fig. 9B). Interestingly, the intensity of the down-regulation of
Bace1 was higher in the hippocampus compared with the 
cortex. Similarly, reduced phosphorylation of App was observed 
in p60TRP transgenic mice, with an enhanced effect detected in the
hippocampus compared with the cortex (Fig. 9D and E). Whereas
no obvious differences in expression were observed for Psen1, the
expression levels of Psen2 and its cleaved product N-terminal frag-
ment (NTF) were reduced in p60TRP transgenic mice compared

with wild-type littermates (Fig. 9G and H). Cdh2 cleavage was
almost abolished in the cortex and hippocampus in our transgenic
mice (Fig. 9F). In addition, as detected in NSC-p60 (Fig. 3F), higher
levels of activated Cdk5 and Cdk5r1 (a neuron-specific activator of
Cdk5) (Fig. 9B) and enhanced activity of PP2A (Fig. 9C) were
observed in p60TRP transgenic mice. This result supports the
contention that the cells compensate for the enhanced p60TRP-
mediated PP2A activity (compare with NSCs and PC12 cells, Figs
2D, 4D and 9C), resulting in the dephosphorylation of App (Fig. 9E)
combined with reduced Bace1-mediated App processing [51].

The IHC, rapid Golgi and Western blot data show significantly
elevated Mtap2 and Slc17a7 levels and reduced cleavage of Cdh2
and higher number of synaptic connections (Figs 8A–D, and 9A, B
and F) in p60TRP transgenic mice compared to wild-type litter-
mates, indicating a greater number of synaptic connections.
Therefore, we presumed that p60TRP enhances cognitive func-
tions, and tested this hypothesis using the RAWM. The RAWM
demonstrated significantly improved cognitive functions in
p60TRP transgenic mice (Fig. 10).

Fig. 5 Overexpression (�p60) and knockdown (	p60) of p60TRP in PC12 cells (C: control, mock-transfected) affects cell survival. Reduced apoptotic
cells with lower caspase-3/7 activity are observed among p60TRP overexpressing PC12 cells. Cell survival assays [Annexin-V-APC (APC: allophycocyanin)
(A)–(D), TUNEL- (E), and caspase-3/7 (F) assays, (G) caspase-3 (casp3) Western blot] were analysed as described in supplemental ‘Materials and meth-
ods’. Data are presented as the mean � SD of four independent experiments, each performed in duplicate (*P 
 0.05 compared with controls). P60TRP-
overexpressing cells displayed significantly fewer Annexin-V� (green) (single-positive, early apoptotic cells) and Annexin-V� (green)-PI� (red) (double-
positive, late apoptotic or dead cells), whereas –p60 cells demonstrated many more Annexin-V� and Annexin-V�-PI� cells compared with control cells
(A)–(D). Few TUNEL�

�p60 cells were observed, whereas –p60 cells demonstrated enhanced TUNEL staining (E). Reduced caspase-3/7 activity was
observed in PC12 cells overexpressing p60TRP (F). p60TRP-overexpressing PC12 cells (induced to undergo apoptosis by staurosporine (1 �M) treat-
ment for 5 hrs) showed significant lower expression levels of cleaved (activated) caspase-3; fl: full-length caspase-3; cleaved: cleaved caspase-3. Gapdh
was used as loading control (G).
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Discussion

P60TRP promotes neurogenesis

In the present study we sought to obtain insight regarding the
functional significance of p60TRP. The overexpression and knock-
down of p60TRP in PC12 cells revealed its potential anti-apoptotic
properties through the activation of Ntrk1 and Bcl2 and the

inhibition of the c-Jun N-terminal kinase (Jnk, Mapk8–10) and
caspase-3/7 signalling pathways.

We also found that p60TRP induced neurogenesis in NSCs by
modulating the expression and signalling pattern of pivotal pro-
teins such App, Lifr, Cdh2 and Notch1. Increased cleavage of Cdh2
and reduced Notch expression, as shown in p60TRP-overexpress-
ing NSCs, indicated an enhanced differentiation potential of NSC-
p60 [52, 53]. Accumulating data indicate that in addition to Notch1,
the Il6r family signalling pathways appear to play a decisive role

Fig. 6 Overexpression of p60TRP in transgenic
mice using a bioluminescence reporter gene.
Transgene-vector: Map of the vector used for
transgenic expression of p60TRP in mice.
Schematic representation of plasmid
pTGV.60TRP (TGV: transgenic vector), harbour-
ing the synapsin 1 promoter (Syn1P), p60TRP
cDNA, an IRES domain, the luciferase cDNA as
a reporter gene to identify p60TRP expression
using in vivo live bioluminescence imaging, the
woodchuck hepatitis virus post-transcriptional
regulatory element (WPRE), and the �-globin 3�

untranslated region containing its own
polyadenylation signal (�-glob, 3�UTR and pA,
respectively) (A). Bioluminescence luciferase
activity imaging in live mice showing p60TRP
expression in the brains of transgenic (tg) mice
compared with their wild-type corresponding lit-
termates (left: females, 3 months old, strain 31;
right: females, 1 month old, strain 38) (B).
Bioluminescence luciferase activity imaging of
brain slices. Upper panel: mouse strain 38
(female, 1 month old), coronal brain section;
lower panel: mouse strain 38 (male, 1 month
old), coronal brain section (C). Brain imaging of
mouse strain 38, sagittal brain section (left:
female, 1 month old, right: wild-type female lit-
termate) (D). Western blot analysis showing
p60TRP overexpression in the cortex (Cx) and
hippocampus (Hp) of transgenic mice (strain
38, female, 1 month old) compared to wild-type
littermates (C) (E). Analysis of luciferase activity
assay was performed as described in supple-
mental ‘Materials and methods’. Only p60TRP
transgenic mice revealed luciferase activity. The
analysis was performed with total brain tissue
lysate (strain 31, male, 1 month old) (F).
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during neurogenesis [54–58]. The Il6r family, which includes Lifr,
interferes directly with Notch signalling [57]. Members of the Il6
family bind to a receptor complex of the common Il6st (gp130)
component and a ligand-specific co-receptor to activate the
gp130/Jak/Stat signalling pathway. This pathway regulates target
gene transcription [59]. Stat3 is a major effector of the IL-6 fam-
ily of growth factors, and its phosphorylation is essential for NSC
maintenance and gliogenesis [55, 60–64]. In the present study,
the NSCs overexpressing p60TRP demonstrated reduced phos-
phorylation of Stat3, which is a prerequisite to initiate the 
differentiation leading to the commitment of NSCs to a neuronal
fate [18, 32]. In our study, the decreased expression of Lifr-gp45
and an additional cleavage product of Lifr-gp60, or a new cleavage
product derived from the cleavage of a separate site in Lifr-gp190,
was observed in NSC-p60. Egf-mediated Erk1/2 activation could
induce such shedding by phosphorylating Lifr-gp190 [65].
Because Erk1/2 is also one of the main signalling components
activated by Ntrk1, it is possible that p60TRP signalling and 
the modulated shedding of various receptors are linked via the
activation of Erk1/2. The alteration of Lifr, but not of gp130, 
protein levels by p60TRP implies a decreased signalling potential
through Lifr by Lif, cardiotrophin-1, ciliary neurotrophic factor,
oncostatin-M or cardiotrophin-like cytokine factor 1, but not
through gp130 by other family members such as IL-6 or 
IL-11. Thus, the reduced Lifr and Stat3 signalling, together 
with the enhanced Ntrk1 and Mtap2 expression and Erk1/2 
activation mediated by p60TRP in NSCs, leads ultimately to 
neurogenesis [23, 32, 64].

P60TRP regulates App metabolism 
by inhibiting the activity of Bace1 and Psen

The processing of Notch and App by the regulated intramem-
brane proteolysis mechanism is remarkably similar [66]. Notch
signalling in NSCs is initiated by the sequential cleavage by
Adam10 (a disintegrin metalloprotease) in the extracellular
domain and �-secretase in the transmembrane domain to 
produce the Notch intracellular domain (NICD). NICD forms a
protein complex with various bHLH transcription factors and
translocates into the nucleus to regulate gene transcription 
[54, 55, 57, 58]. Our data revealed a decrease in NICD (120 kD)
in NSCs overexpressing p60TRP. This finding could be explained
by the inhibition of �-secretase activity due to the reduced cleav-
age of Psen1/2 into NTFs and CTFs, respectively [67, 68].

Conversely, App is a conserved and ubiquitous transmembrane
glycoprotein that is strongly implicated in the pathogenesis of AD;
however, the physiological functions of App are still being
investigated intensely [17, 69, 70]. During differentiation, the 
phosphorylation of the cytoplasmic domain of App at threonine 
668 (Thr668) is regulated by Jnk3 and appears to be crucial for
intracellular domain (AICD)-mediated signalling [39, 41, 71]. Recent
findings have shown that phospho-App-bound Fe65 acts as a
downstream element in the App signalling pathway, which nega-
tively regulates neurogenesis [17, 72]. Increased expression of
p60TRP induces the dephosphorylation of App by activating PP2A,
which inhibits Bace1 [51] activity and causes reduced AICD sig-
nalling in p60TRP-overexpressing cells. P60TRP may modulate

Fig. 7 Overexpression of p60TRP in
transgenic mice results in enhanced
neurosynaptogenesis in the hippocam-
pus and cortex. IHC was performed as
described in supplemental ‘Materials
and methods’. Brains were isolated
from 8-week-old mice (strain 38,
female, wild-type (wt) littermates as a
control). The brains were sectioned and
then stained with an anti-Mtap2 and
anti-Vglut1 (Slc17a7) antibody.
Representative images are shown in
(A) and (B). Mtap2 IHC of the hip-
pocampus (left) and cortex (right). Red
squares indicate enlarged CA1 areas.
DAPI (4�,6-diamidino-2-phenylindole;
nuclei) was used to stain all cells. Scale
bars � 500 �m (upper panels) and �
50 �m (lower panels) (A). Vglut1 stain-
ing of the enlarged hippocampal CA1
region. Scale bar � 20 �m (B).
Statistical evaluation of the IHC results
shown in (A) and (B). Analyses of three
independent IHC experiments from

three different mice (and their respective littermates) and relative intensity (normalized to DAPI staining) measured over the entire CA1-CA3 and DG areas
(*P 
 0.05 compared with wt littermates) (C).
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receptor shedding via both substrate desensitization/sensitization
and specificity: a shift of the secretase cleavage products from
Notch1 and Lifr (reduced or no Adam10 and Psen activity) to Cdh2
and App (enhanced Adam10 activity via Erk1/2 but reduced Bace1-
and Psen-mediated cleavage). All of these effects of p60TRP in
NSCs would enhance neurogenesis probably mediated by the 
inhibition of AICD signalling and enhanced sApp� release (Fig. 11)

[17, 56, 58, 72–78]. This shift is also a non-amyloidogenic pathway
because the �-secretase-cleavage precludes the formation of the
neurotoxic �-amyloid peptide A�. Here, we also show that p60TRP,
which interacts with PP2A [16], induces enhanced cleavage of the
phosphorylated Mapt protein and increases PP2A activity, consis-
tent with previous reports demonstrating an association between
PP2A and Jnk activity in tauopathy [29, 30, 37].

Fig. 8 Overexpression of p60TRP in
transgenic mice results in enhanced
neurosynaptogenesis in the cortex and
hippocampus. IHC was performed as
described in supplemental ‘Materials
and methods’. Brains were isolated
from 8-week-old mice (strain 38,
female, wild-type littermates as control)
and sectioned followed by staining with
an anti-Syp and anti-Gabbr1 antibody
as indicated. DAPI was used for nuclei
staining. Top: dentate gyrus; bottom:
hippocampal CA3 region. Scale bar �
20 �m. Representative stainings are
shown (A). Analyses of three independ-
ent anti-Syp IHC experiments of three
different mice and respective wild-type
littermates and relative Syp-intensity
(normalized to the DAPI and Gababr1
staining) was measured over the entire
CA1-CA4/dentate gyrus area (*P 


0.05, compared with wild-type litter-
mates) (B). Golgi staining of p60TRP
transgenic (line 38, female, 3 months
old) and control (wild-type littermates
indicated as wild-type (wt)) mice brain.
Representative stainings are shown.
Scale bar  � 500 �m (C). Quantitative
spine-counting analyses. Number
(shown as # on the Y-axis) of spines on
the primary and secondary apical den-
drites were counted per 1000 �m
under a 100� objective to measure the
spines density (*P 
 0.05, compared
with wild-type littermates) (D).
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P60TRP enhances synaptogenesis

Neural development and the organization of complex neuronal
circuits involve numerous processes in which axons select
specific partners for synapse formation. Members of the cadherin
superfamily are suggested to direct individual axons to their
appropriate post-synaptic partners [79, 80]. In neurons, the
cadherin–catenin cell-adhesion complex regulates multiple
aspects of synaptogenesis and plasticity. Cdh2 contributes to the

structural and functional organization of the synaptic complex by
ensuring the adhesion between synaptic membranes, organizing
the underlying actin cytoskeleton and stabilizing neurotransmitter
receptors [79, 81–83]. Analogous to Notch1 and App, the cleav-
age of Cdh2 results in the shedding of extracellular NTF and the
generation of CTF1/2 [84]. Our p60TRP transgenic mice exhibited
improved cognitive functions due to increased synaptic plasticity
caused by the expression of full-length Cdh2 and increased
dendritic arborization as demonstrated by enhanced Mtap2, Syp
and Vglut1 expression.

Fig. 9 Overexpression of p60TRP in
transgenic mice enhances the expres-
sion of neural markers and modulates
App-cleavage by reduced Bace1/Psen
expression. Western blot analyses of
mouse brain cortex (Cx) and hip-
pocampus (Hp) pivotal neural regulator
proteins. Control mice were wild-type
littermates. Representative data are
shown (line 38, female, 2 months old).
P60TRP transgenic mice show signifi-
cantly higher expression of the neu-
ronal markers Mtap2 (in cortex and
hippocampus) and Slc17a7 (in cortex;
marker for glutamatergic neurons) and
Kcnq2 (in cortex and hippocampus;
potassium voltage-gated channel)
compared with wild-type littermates.
Tubulin (Tuba1a) was used as loading
control (A). Similar to data obtained in
NSCs, p60TRP transgenic mice show
significantly reduced protein levels of
the App-cleaving enzyme Bace1 (�-
secretase) whereas higher levels of
activated Cdk5 and its regulator Cdk5r1
were observed compared with wild-
type littermates. Tubulin (Tuba1a) was
used as loading control (B). As in NSCs
and PC12 cells, p60TRP transgenic
mice show higher PP2A activity. The
results represent three independent
experiments, each performed in tripli-
cate (*P 
 0.05 compared with con-
trols) (C). No obvious App expression
difference in transgenic mice compared
with wild-type littermates (D). As in
NSCs, p60TRP transgenic mice show
reduced phosphorylated App (full
length at130 kD) compared with wild-
type littermates (E). N-cadherin (Cdh2)
cleavage is reduced in p60TRP mice.
Full-length Cdh2 at ~135 kD, NTF ~100

kD, CTF1 ~40–50 kD, CTF2 ~35 kD (the band at 50 kD is unknown or unspecific) (F). No obvious Psen1 expression difference in transgenic mice com-
pared with wild-type littermates (G). As in NSCs, reduced processing of Psen2 shows lower levels of NTFs in p60TRP transgenic mice compared with
wild-type littermates (NTF/CTF, N-/C-terminal fragment; FL: full-length), indicating less active Psen2 (H). Higher expression of Gabbr1a in the cortex of
the transgenic mice but a slight decrease in the Gabbr1a/b expression in the hippocampus whereas no obvious change in the Gabbr2 expression could
be detected compared with wild-type littermates. Tubulin (Tuba1a) was used as loading control (I).
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Fig. 10 P60TRP improves cognitive func-
tions in mice. Results obtained from two-
day RAWM testing in p60TRP transgenic
mice as described in supplemental
‘Materials and methods’. Data were col-
lected from three-months-old p60TRP
transgenic mice and wild-type littermates.
Each block consists of four trials. Average
error committed by p60TRP transgenic
mice for each trial block. The data shown
were obtained from female p60TRP trans-
genic mouse line-1 (S1 � 38) (diamond, 
n � 8) and wild-type littermates (squares,
n � 8) (A). Average error of male mice for
each trial block. The data shown were
obtained from p60TRP transgenic mouse
line-1 (S1) (diamond, n � 10) and wild-
type littermates (squares, n � 10) (B).
Average error of male and female mice for
each trial block. The data shown were
obtained from p60TRP transgenic mouse
line-1 (S1) (diamond, n � 12) and wild-
type littermates (squares, n � 12) (C). Average error of male and female mice for each trial block. The data shown were obtained from the p60TRP trans-
genic mouse line-2 (S2 � 31) (diamond, n � 12) and wild-type littermates (squares, n � 12). The data shown in A-F were collected independently on
separate days with new mice each time. Data are presented as the mean � SD (by ANOVA) (*P 
 0.05 compared with controls) (D)–(F).

Fig. 11 P60TRP signalling based on the results obtained from different systems including NSCs, PC12 cells and p60TRP transgenic mice. P60TRP mediates
neurosynaptogenesis by inducing PP2A activity which results in the dephosphorylation of App and the inhibition of Cdh2 cleavage through the inhibition of
Psen. P60TRP also inhibits Bace1 (�-secretase)-mediated processing of App and promotes Adam10-mediated App cleavage resulting in enhanced production
of sApp� and hence modulates synaptogenesis. Inhibition of Psen leads to reduced AICD signalling and neurogenesis as well as enhanced Mtap2 expression.
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Reduced activity of �/�-secretase
(Bace1/Psen2)
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Reduced cognitive abilities Enhanced cognitive abilities



2476 © 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

5. Moser E, Kargl J, Whistler JL, et al.
G protein-coupled receptor-associated
sorting protein 1 regulates the postendo-
cytic sorting of seven-transmembrane-
spanning g protein-coupled receptors.
Pharmacology. 2010; 86: 22–9.

6. Traer CJ, Rutherford AC, Palmer KJ, 
et al. SNX4 coordinates endosomal sorting
of TfnR with dynein-mediated transport
into the endocytic recycling compartment.
Nat Cell Biol. 2007; 9: 1370–80.

7. Thompson D, Martini L, Whistler JL.
Altered ratio of D1 and D2 dopamine
receptors in mouse striatum is associated
with behavioral sensitization to cocaine.
PLoS One. 2010; 5: e11038.

8. Martini L, Waldhoer M, Pusch M, et al.
Ligand-induced down-regulation of the
cannabinoid 1 receptor is mediated by the
G-protein-coupled receptor-associated
sorting protein GASP1. FASEB J. 2007; 21:
802–11.

9. Tappe-Theodor A, Agarwal N, Katona I,
et al. A molecular basis of analgesic toler-
ance to cannabinoids. J Neurosci. 2007;
27: 4165–77.

10. Enquist J, Skroder C, Whistler JL, et al.
Kinins promote B2 receptor endocytosis
and delay constitutive B1 receptor endocy-
tosis. Mol Pharmacol. 2007; 71: 494–507.

11. Tschische P, Moser E, Thompson D, et al.
The G-protein coupled receptor associated
sorting protein GASP-1 regulates the sig-
nalling and trafficking of the viral chemokine
receptor US28. Traffic. 11: 660–74.

12. Horn SC, Lalowski M, Goehler H, et al.
Huntingtin interacts with the receptor
sorting family protein GASP2. J Neural
Transm. 2006; 113: 1081–90.

13. Matsuki T, Kiyama A, Kawabuchi M, et al.
A novel protein interacts with a clock-related
protein, rPer1. Brain Res. 2001; 916: 1–10.

14. Kiyama A, Isojima Y, Nagai K. Role of
Per1-interacting protein of the suprachias-
matic nucleus in NGF mediated neuronal
survival. Biochem Biophys Res Commun.
2006; 339: 514–9.

15. Gery S, Virk RK, Chumakov K, et al. The
clock gene Per2 links the circadian system
to the estrogen receptor. Oncogene. 2007;
26: 7916–20.

16. Heese K, Yamada T, Akatsu H, et al.
Characterizing the new transcription regu-
lator protein p60TRP. J Cell Biochem.
2004; 91: 1030–42.

17. Mattson MP, van Praag H. TAGing APP
constrains neurogenesis. Nat Cell Biol.
2008; 10: 249–50.

18. Shen Y, Inoue N, Heese K. Neurotrophin-
4 (Ntf4) mediates neurogenesis in mouse

embryonic neural stem cells through the
inhibition of the signal transducer and acti-
vator of transcription-3 (Stat3) and the
modulation of the activity of protein kinase
B. Cell Mol Neurobiol. 2010; 30: 909–16.

19. Nishimoto I, Okamoto T, Matsuura Y, 
et al. Alzheimer amyloid protein precursor
complexes with brain GTP-binding protein
G(o). Nature. 1993; 362: 75–9.

20. Teng L, Zhao J, Wang F, et al. A
GPCR/secretase complex regulates beta-
and gamma-secretase specificity for Abeta
production and contributes to AD patho-
genesis. Cell Res. 2010; 20: 138–53.

21. Shaked GM, Chauv S, Ubhi K, et al.
Interactions between the amyloid precur-
sor protein C-terminal domain and G pro-
teins mediate calcium dysregulation and
amyloid beta toxicity in Alzheimer’s dis-
ease. FEBS J. 2009; 276: 2736–51.

22. Heumann R, Goemans C, Bartsch D, 
et al. Transgenic activation of Ras in neu-
rons promotes hypertrophy and protects
from lesion-induced degeneration. J Cell
Biol. 2000; 151: 1537–48.

23. Islam O, Gong X, Rose-John S, et al.
Interleukin-6 and neural stem cells: more
than gliogenesis. Mol Biol Cell. 2009; 20:
188–99.

24. Islam O, Loo TX, Heese K. Brain-derived
neurotrophic factor (BDNF) has prolifera-
tive effects on neural stem cells through
the truncated TRK-B receptor, MAP kinase,
AKT, and STAT-3 signaling pathways. Curr
Neurovasc Res. 2009; 6: 42–53.

25. Nehar S, Mishra M, Heese K.
Identification and characterisation of the
novel amyloid-beta peptide-induced pro-
tein p17. FEBS Lett. 2009; 583: 3247–53.

26. Mishra M, Akatsu H, Heese K. The novel
protein MANI modulates neurogenesis and
neurite-cone growth. J Cell Mol Med. DOI:
10.1111/j.1582–4934.2010.01134.x

27. Yokota T, Mishra M, Akatsu H, et al. Brain
site-specific gene expression analysis in
Alzheimer’s disease patients. Eur J Clin
Invest. 2006; 36: 820–30.

28. Alamed J, Wilcock DM, Diamond DM, 
et al. Two-day radial-arm water maze learn-
ing and memory task; robust resolution of
amyloid-related memory deficits in trans-
genic mice. Nat Protoc. 2006; 1: 1671–9.

29. Kins S, Crameri A, Evans DR, et al.
Reduced protein phosphatase 2A activity
induces hyperphosphorylation and altered
compartmentalization of tau in transgenic
mice. J Biol Chem. 2001; 276: 38193–200.

30. Kins S, Kurosinski P, Nitsch RM, et al.
Activation of the ERK and JNK signaling
pathways caused by neuron-specific inhi-

bition of PP2A in transgenic mice. Am J
Pathol. 2003; 163: 833–43.

31. Wang C, Chang KC, Somers G, et al.
Protein phosphatase 2A regulates self-
renewal of Drosophila neural stem cells.
Development. 2009; 136: 2287–96.

32. Gu F, Hata R, Ma YJ, et al. Suppression
of Stat3 promotes neurogenesis in cul-
tured neural stem cells. J Neurosci Res.
2005; 81: 163–71.

33. Ebinu JO, Yankner BA. A RIP tide in neu-
ronal signal transduction. Neuron. 2002;
34: 499–502.

34. Landman N, Kim TW. Got RIP? Presenilin-
dependent intramembrane proteolysis in
growth factor receptor signaling. Cytokine
Growth Factor Rev. 2004; 15: 337–51.

35. Sahlgren C, Lendahl U. Notch signaling and
its integration with other signaling mecha-
nisms. Regen Med. 2006; 1: 195–205.

36. Sugaya K. Mechanism of glial differentia-
tion of neural progenitor cells by amyloid
precursor protein. Neurodegener Dis. 2008;
5: 170–2.

37. Ferrer I, Gomez-Isla T, Puig B, et al. Current
advances on different kinases involved in
tau phosphorylation, and implications in
Alzheimer’s disease and tauopathies. Curr
Alzheimer Res. 2005; 2: 3–18.

38. Wang JZ, Grundke-Iqbal I, Iqbal K.
Kinases and phosphatases and tau sites
involved in Alzheimer neurofibrillary degen-
eration. Eur J Neurosci. 2007; 25: 59–68.

39. Kimberly WT, Zheng JB, Town T, et al.
Physiological regulation of the beta-amyloid
precursor protein signaling domain by c-Jun
N-terminal kinase JNK3 during neuronal dif-
ferentiation. J Neurosci. 2005; 25: 5533–43.

40. Liu F, Su Y, Li B, et al. Regulation of amy-
loid precursor protein (APP) phosphoryla-
tion and processing by p35/Cdk5 and
p25/Cdk5. FEBS Lett. 2003; 547: 193–6.

41. Ando K, Oishi M, Takeda S, et al. Role of
phosphorylation of Alzheimer’s amyloid
precursor protein during neuronal differ-
entiation. J Neurosci. 1999; 19: 4421–7.

42. Muresan Z, Muresan V. The amyloid-beta
precursor protein is phosphorylated via
distinct pathways during differentiation,
mitosis, stress, and degeneration. Mol
Biol Cell. 2007; 18: 3835–44.

43. Gotz R. Regulation of neuronal cell death
and differentiation by NGF and IAP family
members. J Neural Transm Suppl. 2000;
60: 247–59.

44. Huang EJ, Reichardt LF. Trk receptors:
roles in neuronal signal transduction.
Annu Rev Biochem. 2003; 72: 609–42.

45. Deng X, Gao F, Flagg T, et al. Mono- and
multisite phosphorylation enhances Bcl2’s



J. Cell. Mol. Med. Vol 15, No 11, 2011

2477© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

antiapoptotic function and inhibition of cell
cycle entry functions. Proc Natl Acad Sci
USA. 2004; 101: 153–8.

46. Yamamoto K, Ichijo H, Korsmeyer SJ.
BCL-2 is phosphorylated and inactivated
by an ASK1/Jun N-terminal protein kinase
pathway normally activated at G(2)/M.
Mol Cell Biol. 1999; 19: 8469–78.

47. Haldar S, Jena N, Croce CM. Inactivation
of Bcl-2 by phosphorylation. Proc Natl
Acad Sci USA. 1995; 92: 4507–11.

48. De Chiara G, Marcocci ME, Torcia M, 
et al. Bcl-2 Phosphorylation by p38
MAPK: identification of target sites and
biologic consequences. J Biol Chem. 2006;
281: 21353–61.

49. Bang OS, Park EK, Yang SI, et al.
Overexpression of Akt inhibits NGF-induced
growth arrest and neuronal differentiation
of PC12 cells. J Cell Sci. 2001; 114: 81–8.

50. Ng YP, Cheung ZH, Ip NY. STAT3 as a
downstream mediator of Trk signaling and
functions. J Biol Chem. 2006; 281: 15636–44.

51. Lee MS, Kao SC, Lemere CA, et al. APP
processing is regulated by cytoplasmic
phosphorylation. J Cell Biol. 2003; 163:
83–95.

52. Teo JL, Ma H, Nguyen C, et al. Specific
inhibition of CBP/beta-catenin interaction
rescues defects in neuronal differentiation
caused by a presenilin-1 mutation. Proc
Natl Acad Sci USA. 2005; 102: 12171–6.

53. Nye JS, Kopan R, Axel R. An activated
Notch suppresses neurogenesis and myo-
genesis but not gliogenesis in mammalian
cells. Development. 1994; 120: 2421–30.

54. Chiba S. Notch signaling in stem cell
systems. Stem Cells. 2006; 24: 2437–47.

55. Chojnacki A, Shimazaki T, Gregg C, et al.
Glycoprotein 130 signaling regulates Notch1
expression and activation in the self-
renewal of mammalian forebrain neural
stem cells. J Neurosci. 2003; 23: 1730–41.

56. Grandbarbe L, Bouissac J, Rand M, et al.
Delta-Notch signaling controls the genera-
tion of neurons/glia from neural stem cells
in a stepwise process. Development. 2003;
130: 1391–402.

57. Nagao M, Sugimori M, Nakafuku M.
Cross talk between notch and growth factor/
cytokine signaling pathways in neural stem
cells. Mol Cell Biol. 2007; 27: 3982–94.

58. Yoon K, Gaiano N. Notch signaling in the
mammalian central nervous system:
insights from mouse mutants. Nat
Neurosci. 2005; 8: 709–15.

59. Heinrich PC, Behrmann I, Muller-Newen
G, et al. Interleukin-6-type cytokine sig-
nalling through the gp130/Jak/STAT path-
way. Biochem J. 1998; 334: 297–314.

60. Bonni A, Sun Y, Nadal-Vicens M, et al.
Regulation of gliogenesis in the central
nervous system by the JAK-STAT signaling
pathway. Science. 1997; 278: 477–83.

61. He F, Ge W, Martinowich K, et al. A
positive autoregulatory loop of Jak-STAT
signaling controls the onset of astroglio-
genesis. Nat Neurosci. 2005; 8: 616–25.

62. Matsuda T, Nakamura T, Nakao K, et al.
STAT3 activation is sufficient to maintain
an undifferentiated state of mouse embry-
onic stem cells. EMBO J. 1999; 18:
4261–9.

63. Bauer S, Patterson PH. Leukemia
inhibitory factor promotes neural stem cell
self-renewal in the adult brain. J Neurosci.
2006; 26: 12089–99.

64. Pitman M, Emery B, Binder M, et al. LIF
receptor signaling modulates neural stem
cell renewal. Mol Cell Neurosci. 2004; 27:
255–66.

65. Schiemann WP, Graves LM, Baumann H,
et al. Phosphorylation of the human
leukemia inhibitory factor (LIF) receptor by
mitogen-activated protein kinase and the
regulation of LIF receptor function by het-
erologous receptor activation. Proc Natl
Acad Sci USA. 1995; 92: 5361–5.

66. Nakayama K, Nagase H, Hiratochi M, 
et al. Similar mechanisms regulated by
gamma-secretase are involved in both
directions of the bi-directional Notch-Delta
signaling pathway as well as play a poten-
tial role in signaling events involving type 1
transmembrane proteins. Curr Stem Cell
Res Ther. 2008; 3: 288–302.

67. Berezovska O, Jack C, Deng A, et al.
Notch1 and amyloid precursor protein are
competitive substrates for presenilin1-
dependent gamma-secretase cleavage. 
J Biol Chem. 2001; 276: 30018–23.

68. Brunkan AL, Goate AM. Presenilin 
function and gamma-secretase activity. 
J Neurochem. 2005; 93: 769–92.

69. Selkoe DJ, Schenk D. Alzheimer’s dis-
ease: molecular understanding predicts
amyloid-based therapeutics. Annu Rev
Pharmacol Toxicol. 2003; 43: 545–84.

70. Heese K, Akatsu H. Alzheimer’s
disease–an interactive perspective. Curr
Alzheimer Res. 2006; 3: 109–21.

71. Ando K, Iijima KI, Elliott JI, et al.
Phosphorylation-dependent regulation of
the interaction of amyloid precursor protein
with Fe65 affects the production of beta-
amyloid. J Biol Chem. 2001; 276: 40353–61.

72. Ma QH, Futagawa T, Yang WL, et al. A
TAG1-APP signalling pathway through
Fe65 negatively modulates neurogenesis.
Nat Cell Biol. 2008; 10: 283–94.

73. Ehebauer M, Hayward P, Arias AM.
Notch, a universal arbiter of cell fate deci-
sions. Science. 2006; 314: 1414–5.

74. Heese K, Low JW, Inoue N. Nerve growth
factor, neural stem cells and Alzheimer’s
disease. Neurosignals. 2006; 15: 1–12.

75. Wang L, Chopp M, Zhang RL, et al. The
Notch pathway mediates expansion of a
progenitor pool and neuronal differentia-
tion in adult neural progenitor cells after
stroke. Neuroscience. 2009; 158: 1356–63.

76. Okamura Y, Saga Y. Notch signaling is
required for the maintenance of enteric
neural crest progenitors. Development.
2008; 135: 3555–65.

77. Pierfelice TJ, Schreck KC, Eberhart CG,
et al. Notch, Neural Stem Cells, and Brain
Tumors. Cold Spring Harb Symp Quant
Biol. 2008; 73: 367–75.

78. Gakhar-Koppole N, Hundeshagen P,
Mandl C, et al. Activity requires soluble
amyloid precursor protein alpha to promote
neurite outgrowth in neural stem cell-
derived neurons via activation of the MAPK
pathway. Eur J Neurosci. 2008; 28: 871–82.

79. Takeichi M. The cadherin superfamily in
neuronal connections and interactions.
Nat Rev Neurosci. 2007; 8: 11–20.

80. Ranscht B. Cadherins: molecular codes for
axon guidance and synapse formation. Int
J Dev Neurosci. 2000; 18: 643–51.

81. Bruses JL. N-cadherin signaling in synapse
formation and neuronal physiology. Mol
Neurobiol. 2006; 33: 237–52.

82. Tai CY, Kim SA, Schuman EM. Cadherins
and synaptic plasticity. Curr Opin Cell Biol.
2008; 20: 567–75.

83. Arikkath J, Reichardt LF. Cadherins and
catenins at synapses: roles in synaptogen-
esis and synaptic plasticity. Trends
Neurosci. 2008; 31: 487–94.

84. McCusker CD, Alfandari D. Life after
proteolysis: exploring the signaling
capabilities of classical cadherin cleavage
fragments. Commun Integr Biol. 2009; 2:
155–7.

85. Hock CH, Heese K, Olivieri G, et al.
Alterations in neurotrophins and neu-
rotrophin receptors in Alzheimer’s disease.
J Neural Transm Suppl. 2000; 59: 171–4.

86. Hock C, Heese K, Muller-Spahn F, et al.
Decreased trkA neurotrophin receptor
expression in the parietal cortex of patients
with Alzheimer’s disease. Neurosci Lett.
1998; 241: 151–4.

87. Gong CX, Shaikh S, Wang JZ, et al.
Phosphatase activity toward abnormally
phosphorylated tau: decrease in Alzheimer
disease brain. J Neurochem. 1995; 65:
732–8.


