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APP, amyloid 3 precursor protein, is linked to the onset of Alzheimer’s disease (AD). We have here found
that transforming growth factor 32 (TGFB2), but not TGFB1, binds to APP. The binding affinity of TGFp2 to
APP is lower than the binding affinity of TGF2 to the TGF{3 receptor. On binding to APP, TGF2 activates
an APP-mediated death pathway via heterotrimeric G protein G,, c-Jun N-terminal kinase, NADPH oxidase,
and caspase 3 and/or related caspases. Overall degrees of TGFf2-induced death are larger in cells expressing
a familial AD-related mutant APP than in those expressing wild-type APP. Consequently, superphysiological
concentrations of TGF2 induce neuronal death in primary cortical neurons, whose one allele of the APP gene
is knocked in with the V6421 mutation. Combined with the finding indicated by several earlier reports that both
neural and glial expression of TGF2 was upregulated in AD brains, it is speculated that TGF32 may
contribute to the development of AD-related neuronal cell death.

Transforming growth factor Bs (TGFBs) have been impli-
cated in a broad diversity of biological activities, including cell
growth, cell death, cell differentiation, inflammation, and im-
munological reactions, by modifying the expression of specific
sets of target genes (29, 30, 45). Three isoforms of TGFps,
TGFR1, TGFB2, and TGFR3, bind to the constitutive active
serine/threonine kinase TGFp receptor II (TGFBRII). Upon
ligand binding, the type I TGFB receptor (TGFBRI) is re-
cruited into a receptor signaling complex, and kinase activity of
TGFBRI is activated by TGFBRII-mediated phosphorylation.
The receptor complex then activates signaling cascades to tar-
get genes by phosphorylating Smad family transcription fac-
tors.

It has been generally accepted that functions of TGFB fam-
ily members may vary depending on cellular status and cell
types. In neuronal tissues, it is clear that TGFs play a neuro-
trophic role in some situations (5, 19, 27, 37), while they elicit
cell-death-inducing effects in other situations (20, 42).

Accumulated evidence has revealed clear differences in bio-
chemical and biological characteristics of TGFp isoforms, al-
though they share 71 to 76% identity in their amino acid
sequence. It is especially noted that TGFB2 has a lower affinity
to the type II receptor than TGFB1 and TGFB3 (7, 28). In
contrast, TGFB2 has a higher affinity to the type III TGFB
receptor, which does not have the kinase domain and is con-
sidered to help TGFp to bind to the type II receptor (29). It
has also been reported that the TGFB isoforms have their
selective actions in certain systems. For example, TGFB1 and
TGFR3, but not TGFR2, strongly inhibit the growth of some
glial cells (16).
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Alzheimer’s disease (AD), the most prevalent neurodegen-
erative disease, is characterized by three major pathological
manifestations: neuronal loss, intracellular neurofibrillary tan-
gles, and extracellular senile plaques. The major constituent of
the plaques is amyloid B (AB), cleaved off from the transmem-
brane amyloid B precursor protein (APP) (33). Formation and
accumulation of AP has been implicated in the development of
AD (4, 8, 13, 44, 46). The removal of AB by anti-AB antibody
from the brain improves the memory impairment of some AD
model mice, indicating that upregulated ABs contribute to the
progressive memory impairment in vivo (11).

It has been suggested that TGFB1 may be involved in the
onset of AD. TGFB1 enhanced the generation of A in trans-
genic mice that constitutively overexpressed familial AD
(FAD)-linked mutant APPs (21, 47). TGFB1 also was shown to
enhance the expression of APP in vitro (1, 12).

In addition, expression of TGFR2 has been reported to in-
crease in the FAD brain (10, 23, 36). Flanders et al. reported
that the expression of TGFB2 was markedly enhanced in glial
cells as well as in neurons bearing neurofibrillary tangles in AD
brains (10). Enzyme-linked immunosolvent assays also indi-
cated that TGFB2 levels were threefold higher in homogenates
of AD brains than in those of controls. Despite these foregoing
clinical findings, the biological significance of the upregulation
of TGFB2 in AD brains remains unknown.

APP structurally resembles a single transmembrane receptor
(17). Multiple groups have found that overexpression of FAD-
associated mutant APPs induces neuronal cell death by trig-
gering intracellular death signals (14, 25, 31, 48, 49, 50). In
addition, it has been shown that binding of an anti-APP anti-
body to APP or the artificial dimerization of the intracytoplas-
mic domain of APP triggers neuronal cell death mediated by a
heterotrimeric G protein, G, c-Jun N-terminal kinase (JNK),
NADPH oxidase, and caspase 3 and/or related caspases (15,
39, 43). All these findings suggest that APP may be a putative
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receptor for a cell-death-inducing ligand(s), but direct evi-
dence supporting this hypothesis has not been provided. In this
regard, it is noted that TGFB2 was shown to bind to the
extracellular domain of APP (3), suggesting that TGFB2 may
be involved in APP-mediated cellular function.

We here demonstrate that TGFB2 is a putative neuronal
death-inducing ligand for APP. Our data suggest that TGFB2
may be involved in the pathogenesis of AD-related neuronal
loss.

MATERIALS AND METHODS

Cell lines, genes, recombinant proteins, and antibodies. Neurohybrid F11 cells
and F11/EcR cells were as described previously (14, 15). The wild-type APP
(WtAPP), wtAPP lacking domain 20 (WtAPPA20), wtAPPA19, V642I-APP (the
isoleucine mutation at valine 642 in APP695), and NL-APP (the asparagine/
leucine mutation at Lys595/Met596 in APP695) cDNAs in the pcDNA3 vector
were all as described previously (14, 15, 43). The APP isoform denoted as APP
in this study is APP695. Carboxyl-terminally V5-tagged mouse amyloid precur-
sor-like protein 2 (APLP2) cDNA in the pcDNA3.1/GS vector and horseradish
peroxidase (HRP)-conjugated anti-V5 antibody were purchased from Invitrogen
(Carlsbad, CA). The cDNA fragment encoding most parts of the extracellular
domain of mouse APP695 (APP-ED) corresponding to amino acids 1 to 590,
fused in frame to the cDNA encoding the Fc region of human immunoglobulin
G (IgG) (26), was inserted into the pEF-BOS plasmid (32) and named pEF-
APP-ED/Fc. The cDNA fragment encoding most parts of the extracellular do-
mains of human ciliary neurotrophic factor receptor corresponding to amino
acids 1 to 390 (CNTFR-ED), fused in frame to the cDNA encoding the Fc region
of human IgG and C-terminally tagged with 6X histidine, was inserted into the
pcDNA3 plasmid and named pcDNA3-CNTFR-ED/Fc. The vector encoding the
extracellular domain and the transmembrane domain of the epidermal growth
factor receptor (EGFR) fused with the cytoplasmic domain of mouse APP was
as described previously (15). The human TGF receptor II expression vector was
a kind gift of Xuedong Liu (Baylor College of Medicine). Lipofectamine, N2
supplement, and PLUS reagent were from Invitrogen (Carlsbad, CA). Recom-
binant human TGFB1, TGFB2, and TGFB3 were from R&D Systems (Minne-
apolis, MN) and PeproTech EC Ltd. (London, United Kingdom). Recombinant
human TGFa and an anti-TGFB2 neutralizing polyclonal antibody were from
R&D Systems. Antibodies to TGFB1, TGFB2, TGFB3, and TGFBRII were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). 22C11 anti-APP
antibody was from Chemicon (Temecula, CA). The His-tagged recombinant
soluble APPa corresponding to amino acids 1 to 612 of APP695 was purchased
from Sigma (St. Louis, MO). Other materials were all commercially available.

Transfection procedure, cell death assay, and cell viability assay. The tran-
sient transfection procedures were as described previously (14, 15). At 24 h after
transfection, F11 cells or F11/EcR cells were treated with recombinant TGFB1,
TGFB2, TGFR3, or TGFa in serum-free Ham’s F-12 medium with N2 supple-
ment. Transfection efficiency in these protocols has been determined to be
invariably around 70%. At 72 h after transfection, the trypan blue exclusion assay
was performed as a cell death assay, and the WST-8 assay and/or calcein fluo-
rescence assay was performed as a cell viability assay (14, 15).

Immunofluorescence-based binding assays. (i) Method 1. F11 cells (7 X 10*
cells/well in 6-well plates) were replated onto 96-well plates (7 X 10° cells/well)
at 24 h after transfection with the indicated amounts of wtAPP- or mutant
APP-encoding plasmids or the TGFBRII-encoding plasmid. At 36 h after trans-
fection, cells were combined with the indicated amounts of TGFB1 or TGFR2.
After incubation for 6 h, they were fixed with 4% paraformaldehyde in phos-
phate-buffered saline (PBS) for 30 min, followed by incubation at room temper-
ature with antibody to TGFB1 (1:50) or TGFR2 (1:50) in PBS with 1% bovine
serum albumin (BSA) for 2 h. After being washed with PBS three times, cells
were stained with fluorescein isothiocyanate (FITC)-conjugated anti-rabbit IgG
antibody (Sigma) (1:150) in PBS with 1% BSA. After being washed three times
with PBS, the immunofluorescence intensity was measured (excitation, 485 nm;
emission, 535 nm) with a spectrofluorometer (Wallac 1420 ARVOsx Multi Label
Counter). Cells not combined with TGFBs were immunostained with FITC-
conjugated anti-rabbit IgG antibody without treatment with antibodies to TGFs
(indicated as “none”). This procedure was used in all binding assays except for
the one shown in the experiments depicted in Fig. 2.

(ii) Method 2. In the experiments shown in Fig. 2, F11 cells (7 X 10 cells/well
in 6-well plates) were replated onto 96-well plates coated with poly-L-lysine (7 X
10° cells/well) at 24 h after transfection with the indicated amounts of the
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wtAPP-encoding vector or the TGFBRII-encoding vector. At 36 h after trans-
fection, cells were combined with the indicated amounts of FITC (purchased
from Sigma)-labeled TGFB1 or TGFPB2 in the presence or the absence of the
indicated amounts of unlabeled TGFB1 or TGFB2. To keep the total FITC
amounts in wells constant, proper amounts of free FITC were added. After 6 h
of incubation, they were washed with PBS three times. The immunofluorescence
intensity was then measured (excitation, 485 nm; emission, 535 nm) with a
spectrofluorometer (Wallac 1420 ARVOsx Multi Label Counter).

FITC labeling of TGFB1 and TGFB2. A mixture of 80 wl of 10 pM recombi-
nant human TGFB1 or TGFB2 in 0.1 M Tris-HCI (pH 9.0) and 80 pl of 0.1 M
Tris-HCI (pH 9.0) containing 100 pM FITC was incubated at 4°C in the dark.
After labeling for 18 h, FITC-labeled TGFBs were purified by elution with
ZipTip silica columns (Millipore, Tokyo, Japan) and were lyophilized according
to the manufacture’s instruction. Protein concentrations of each FITC-labeled
TGFB were measured using a bicinchoninic acid protein assay kit (Pierce).

Scatchard analysis. Using binding data, we estimated amounts of free (un-
bound) TGFB2 in each assay. When the increase of immunofluorescence inten-
sity numbers corresponding to the amount of bound TGFR2 is much smaller than
the increase of the amount of added TGFB2, we are able to estimate the amount
of free TGFP2 with very small errors. For example, based on the data that the
immunofluorescence intensity numbers by treatment with 1 pM and 10 pM
TGFR2 are 90 and 180 arbitrary units, we are able to estimate that the amount
of free TGFR2 at 10 pM TGFB2 is 80 to 100% of the amount of total TGFB2.
K, was estimated with the software Cricket Graph III J.

Adenovirus vector-mediated expression. The system of a replication-deficient
adenovirus vector and adenoviruses encoding LacZ and V6421-APP were de-
scribed previously (34). The cosmids for wtAPP were constructed by inserting the
full-length wtAPP into the Swal site of pAXCAwt.

Primary cortical neurons and cell viability assay. Primary cortical neurons,
obtained from embryonic day 14 (E14) ICR mice or V642I-APP knock-in mice,
were seeded in poly-L-lysine-coated 24-well plates (Sumitomo Bakelite) at 1.25 X
10° cells/well in Neuron medium (Sumitomo Bakelite) (14, 34). Purity of neurons
by this method was >98%. After incubation for 3 days, the culture medium was
replaced with Dulbecco’s modified Eagle medium containing N2 supplement. If
indicated, on day 3 in vitro (DIV3), primary cortical neurons (PCNs) were
infected by indicated multiplicities of infection (MOIs) of LacZ-, wtAPP-, or
V642I-APP-encoded adenoviruses. On DIV4, indicated concentrations of
TGFB1, TGFB2, or TGFB3 were added, and cell viability was assessed by WST-8
assay and/or calcein fluorescence assay at 72 h after the onset of treatment.

Coimmunoprecipitation analysis. F11 cells (7 X 10* cells/well in 6-well plates)
were transfected with the pEF-APP-ED/Fc or pcDNA3-CNTFR-ED/Fc plasmid.
At 24 h after transfection, cells were cultured in serum-free Ham’s F-12 with N2
supplement. At 72 h after the onset of transfection, cultured-conditioned media
were collected. Five-hundred microliters of the conditioned medium, 20 pmol of
TGFR2 or TGFR1 (final concentration, 40 nM), and 40 wl of a 1:1 slurry of
Protein G-Sepharose 4B were mixed and rotated at 4°C overnight before immu-
noblot analysis.

Immunoblot analysis. Cell lysates (10 to 20 pg/lane) or pulled-down precipi-
tates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis, and separated proteins were transferred onto polyvinylidene difluoride mem-
branes as described previously (14). Visualization of the immunoreactive bands
was performed by ECL (Amersham Pharmacia Biotech, Uppsala, Sweden).
Densitometrical analysis of immunological signals were performed with NIH
Image, version 1.62, software.

V642I-APP knock-in mice. The targeted introduction of the V6421 mutation in
the mouse APP gene was performed as described previously (18). PCNs were
prepared from 14-day-old embryos generated by crossing a heterozygous male
mouse with a heterozygous female mouse. To identify homozygous, heterozy-
gous, and wild-type PCNs, PCR analysis was performed as described previously
(18).

Real-time PCR. We performed real-time PCR to assess the amount of endog-
enous mRNA. Cells were harvested for the RNA extraction with an ISOGEN
reagent (Nippon Gene, Toyama, Japan) followed by real-time PCR. The first-
strand cDNAs were synthesized using Sensiscript reverse transcriptase (QIA-
GEN) with 0.5 pg total RNA. Real-time PCR analysis was performed using a
QuantiTect SYBR Green PCR kit (QIAGEN), followed by analysis with an ABI
PRISM 7700 (Applied Biosystems, Foster City, CA). We made sets of a sense
primer and an antisense primer as follows: 5'-CACGCTACTTCCTCCTCAA
G-3' and 5'-CTCTGTCTTCATCAGCTGGC-3' for mouse PAI-1 and 5'-TCC
ACCACCCTGTTGCTGTA-3" and 5'-ACCACAGTCCATGCCATCAC-3' for
human and mouse G3PDH. Data analysis was performed using Sequence De-
tection System software, version 1.9.1 (Applied Biosystems). To adjust the ex-
pression level of each mRNA, G3PDH mRNA was used as an internal control.
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FIG. 1. Overexpression of wtAPP induces the expression of TGFB2-specific receptors. (A) F11 cells (7 X 10* cells/well in 6-well plates) were
transfected with 0.5 g of the pcDNA3 vector, pcDNA3-TGFBRII, or pcDNA3-wtAPP. Cell lysates (10 pg in each lane) were immunoblotted with
antibody to APP (22C11) or TGFBRIL (B to D) F11 cells (7 X 10* cells/well in 6-well plates) were transfected with 0.25 pg of the pcDNA3 vector
(B), pcDNA3-TGFBRII (C), or pcDNA3-wtAPP (D). At 36 h after transfection, the cells were combined with the indicated concentrations of
TGFB1 or TGFR2. Immunofluorescence-based binding assays were performed as described in Materials and Methods. (E) The mean of
immunofluorescence intensity numbers representing the association between TGFB2 and F11 cells for each concentration of TGFB2 shown in
panel B were subtracted from immunofluorescence intensity numbers representing the association between TGFB2 and F11 cells for the same
concentration of TGFB2 shown in panel D. Resulting intensity numbers were considered to correspond to the association between TGFB2 and
wtAPP-induced TGFB2-specific receptors. (F) A simulated Scatchard plot of the association between TGFBR2 and wtAPP-induced TGFB2-specific
receptors based on the analysis shown in Table 1. A vertical bar for each point indicates an estimated range of bound/free numbers. p, pico; n, nano;
B’, relative amount of bound TGFB2; F’, estimated amount of free TGFR2.



VoL. 25, 2005

TGFR2-INDUCED NEUROTOXICITY THROUGH APP 9307

TABLE 1. Estimation of amounts of free TGFB2 in binding assays”

Total TGFB2 amt

Mean change in fluorescence

Relative bound Estimated free amt

TGFR2 conen (fmol) intensity (arbitrary units) amt (B) (fmol) (F") B/F
1 pM 0.1 70 100 0.0-0.1
10 pM 1 119 170 0.83-1 170-205
100 pM 10 178 254 9.75-10 25.4-26.0
1 nM 100 301 430 99.6-100 ~4.32
10 nM 1,000 538 769 999-1,000 ~0.77
100 nM 10,000 519 750 9,999-10,000 ~0.075

“ TGFP2 concentrations and mean change in fluorescence intensity intensity numbers were derived from Fig. 1E. Relative amounts of bound TGFB2 (B’) were
calculated under the condition that the amount of bound TGFB2 was 100 when the TGFB2 concentration was 1 pM.

Statistical analyses. All cell death experiments, TGFB binding assays, cell
viability experiments, and real-time PCR experiments were done with n = 3 (n
is number of determinations). All values in the experiments are means * stan-
dard deviations. Statistical analyses were carried out with one-way analysis of
variance followed by a post hoc test (Fisher’s protected least significant differ-
ence test). P < 0.05 was assessed as significant.

RESULTS

Overexpression of APP in F11 cells results in the appear-
ance of TGFB2-specific receptors. Based on findings that ex-
pression of TGFB2 is upregulated in AD brains (10, 23, 36)
and TGFB2 binds to the extracellular domain of APP (3), we
hypothesized that TGF@B2 displays some biological activities by
binding to APP. To address this possibility, we first tried to
look at the association between TGFB2 and APP on the cell
surface, using F11 neurohybrid cells. To this end, we developed
immunofluorescence-based binding assays as described in Ma-
terials and Methods, using F11 cells or F11 cells that tran-
siently overexpress wild-type APP (wtAPP) or TGF receptor
type II (TGFBRII) (see the expression of wtAPP and
TGFBRII in Fig. 1A). Overexpression levels of APP were
roughly estimated to be 1 to 2,3 to 5, 6 to 10, or 10 to 20 times
more than the endogenous APP level when F11 cells were
transfected with 0.1, 0.25, 0.5, or 1.0 pg of pcDNA3 expression
vectors encoding APPs. Unexpectedly, these assays have
turned out to be excellent in reproducibility. Errors generated
in these assays were minimal, although it has been generally
thought that the procedures to enhance signals with antibodies
increase errors.

First of all, to test the feasibility of these assays, we looked
at the association between TGFBs and F11 cells or F11 cells
ectopically overexpressing TGFBRII. As shown in Fig. 1B,
treatment with either TGFB1 or TGFR2 increased the fluores-
cence intensity in a dose-dependent fashion. The pattern and
the extent of the TGFB-dose-dependent increase in the fluo-
rescence intensity by treatment with TGFB1 were very similar
to those by treatment with TGFB2. It also is noted that the
increase in the fluorescence intensity reached a plateau at 1
nM TGF, suggesting that the increase in the fluorescence
intensity represented the saturatable association between
TGFB1 or TGFR2 and endogenous TGFB-binding proteins,
including the TGFB receptor. In addition, 50% effective con-
centrations of the association between TGFB1 or TGFB2 and
F11 cells appeared to be around 10 pM (Fig. 1B). Considering
that the K, for the association between TGFB1 or TGFB2 and
the TGFB receptor was estimated to be 5 to 50 pM, this
number is quite reasonable. Combined with an additional find-

ing that the increase in the fluorescence intensity by TGFB
treatment was enhanced by overexpression of TGFBRII (Fig.
1C), we have concluded that the association between TGFB1
or TGFB2 and the receptors is faithfully examined by the
binding assay.

We then looked at the association between TGFB1 or
TGFB2 and F11 cells overexpressing wtAPP. As shown in Fig.
1D, overexpression of wtAPP upregulated the association be-
tween TGFB2 and F11 cells but not the association between
TGFR1 and F11 cells. It is especially noted that the association
between TGFB2 and F11 cells overexpressing wtAPP reached
a plateau at a TGFB2 concentration of 10 nM (Fig. 1D, right
panel), indicating that this binding was also saturated. Similar
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FIG. 2. Specific association between TGFB2 and F11 cells overex-
pressing wtAPP. F11 cells (7 X 10* cells/well in 6-well plates) were
transfected with 0.25 pg of the TGFBRII-encoding plasmid or the
wtAPP-encoding plasmid and were replated into 96-well plates coated
with poly-L-lysine (7 X 10* cells/well) at 24 h after transfection. At 36 h
after transfection, cells were combined with 10 nM FITC-labeled
TGFB1 or TGFR2 in the presence or the absence of 1 uM unlabeled
TGFB1 or TGFR2. To keep the total FITC amounts constant, proper
amounts of free FITC were added. After incubation for 6 h, they were
washed with PBS three times. The immunofluorescence intensity was
measured (excitation, 485 nm; emission, 535 nm) with a spectroflu-
orometer (Wallac 1420 ARVOsx multilabel counter).
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FIG. 3. Soluble APP antagonized TGFB2-induced death. (A to C) F11 cells (7 X 10* cells/well in 6-well plates) were transfected with 0.25 pg
of the pcDNA3 vector (A), pcDNA3-wtAPP (B), or pcDNA3-TGFBRII (C). At 36 h after transfection, cells were combined with the indicated
concentrations of TGFB1 or TGFB2 in the presence of the indicated amounts of SAPP or BSA as a competitor. Immunofluorescence-based binding
assays were performed as described in Materials and Methods. (D) F11 cells (7 X 10* cells/well in 6-well plates) were transfected with 0.25 pg of
pcDNA3-wtAPP (upper panel) or pcDNA3-TGFBRII (lower panel). At 36 h after transfection, cells were combined with 1 nM TGFB2 in the
presence of 10 nM sAPP or BSA. Cell lysates (10 pg in each lane) were immunoblotted with antibody to APP (22C11) (upper) or TGFBRII (lower)

as well as actin (upper and lower).

to the association between TGFB1 and F11 cells, the associa-
tion between TGFB3 and F11 cells remained unchanged by
overexpression of wtAPP (data not shown).

To evaluate the extent of the association between TGFR2
and exogenously overexpressed APP (or APP-induced pro-
teins) (TGFB2 concentrations, 1 pM to 500 nM), we subtracted
the mean immunofluorescence intensity numbers shown in the
right panel of Fig. 1B, representing the associations between
TGFR2 and the endogenous TGFB-binding proteins, from the
mean immunofluorescence intensity numbers shown in the
right panel of Fig. 1D that indicated the association between
TGFB2 and F11 cells overexpressing APP (Fig. 1E). Using
these binding data, we further tried to roughly estimate
amounts of free TGFB2 in each binding assay (Table 1). When
the increase of the immunofluorescence intensity numbers cor-
responding to the amounts of bound TGFB2 is much smaller
than the increase of the amount of added TGFB2, we are able
to estimate the amounts of free TGFB2 with a very small error

in each binding assay. For example, if immunofluorescence
intensity numbers obtained at TGFB2 concentrations of 1 pM
and 10 pM are 90 and 180 arbitrary units, we are able to
estimate that 80 to 100% of added TGFB2 remains unbound at
10 pM of TGFB2, because bound amounts of TGFB2 are
calculated to be 20% if we hypothesize that all TGFB2
polypeptides bind to the receptors at the TGFB2 concentration
of 1 pM. We estimated approximate amounts of free TGFB2 at
10 pM, 100 pM, 1 nM, 10 nM, and 100 nM of TGFR2 in this
way (Table 1). Using these data, we simulated Scatchard anal-
ysis (Fig. 1F) and found that APP overexpression seemed to
induce two kinds of receptors specifically bound by TGFR2.
The roughly estimated K, for the high-affinity receptor (H-
TB2R) and the low-affinity receptor (L-TB2R) are 1.9 X 10!
M and 1.7 X 10~° M, respectively.

To confirm that the increase in the fluorescence intensity
caused by treatment with TGFB1 or TGFB2 was really derived
from the association of TGFB1 or TGFB2 with F11 cells, we
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further examined whether the addition of an excess amount of
unlabeled TGFB1 or TGFR2 inhibited the binding between
FITC-labeled TGFB1 or TGFB2 and F11 cells (Fig. 2). To this
end, we developed another immunofluorescence-based bind-
ing assay using FITC-labeled TGFB1 or TGFB2 instead of
unlabeled TGFB1 or TGFR2 as the ligand. To increase sensi-
tivity in detection of the binding, the fixation procedure with
paraformaldehyde was omitted and attachment of F11 cells to
culture dishes was enhanced by precoating with poly-L-lysine as
shown in Materials and Methods. Using this binding assay, we
again demonstrated that treatment with 10 nM FITC-TGFB1
as well as FITC-TGFp2 significantly increased the immunoflu-
orescence intensity in F11 cells (Fig. 2, vector). As expected,
the addition of an excess amount of unlabeled TGFB1 or
TGFB2 completely suppressed the increase in the immunoflu-
orescence intensity. Furthermore, overexpression of TGFBRII
markedly increased the immunofluorescence intensity (Fig. 2,
TGFBRII). Addition of an excess amount of unlabeled TGFB1
or TGFR2 again almost completely suppressed the increase in

the immunofluorescence intensity. In accordance with data
shown in Fig. 1D, treatment with 10 nM FITC-TGF2, but not
10 nM FITC-TGFR1, increased the immunofluorescence in-
tensity in F11 cells overexpressing wtAPP (Fig. 2, wtAPP). The

A CNTER APP B
| 5
20 pmol TGFp2 [+ =[+[=[+

HTER
-EDVFc

20 pmol TGFp [+

-ED/Fe

+——TGFp2

FIG. 5. TGFR2 binds to the extracellular domain of APP. (A and
B) Twenty picomoles of recombinant TGFB2 (A) or TGFB1 (B) (final
concentration, 40 nM) was mixed with APP-ED/Fc protein or CNTFR-
ED/Fc protein for coimmunoprecipitation analysis. Immunoprecipi-
tates were immunoblotted with antibodies to TGFB1, TGFB2, 6X
histidine (to detect CNTFR/Fc), and APP.



9310 HASHIMOTO ET AL. MoL. CELL. BIOL.

Aeo

8

g
1
%)
o
1
o
(=]
1

P
(=]
1
i
FY
(=}
1
F
(=}

1

il
CellgMor;té}allty [%]
Cell Mor;toallty [%]

o

Cell Mortality [%]
8

—
o
1
—
o
1
—
(=]
1

i [ LAAR

Hﬂﬂ@

1%10;:||n 101 00y |0~(‘)p1n 10m00p 0 100p1n 10mM00p 100p1n 10rO0C0n 0 B1 'szﬁs e
NoVec _wi APLP2
Novec _ wi APP - NoVee WiAPP >

»
- L - L

175 175 = _ 175 —
83 _” < I
APP APP 83— APLP2

83
B » C Trypan Blue Test WST-8 A
an blue | esl - ssa
60 ryp 5 Y
50 4 o
3 £ 08-
=" 2 40 £
30 £ 50~ )
O —
S s 20 | 80.4
=50 = <
8 Q 10_ 0.2—
10
0- o-U
soma BABA BABA ,  BABA BABA
S T ToEbe et meobe R T bk
comMTaFs —— —F ¥ Vector  WiAPP Vector  WtAPP

175 =
Novee  WIAPP,

175 P “|
o T R

O
g

m

g

[Jnone p<0.0001

p<0.001 [C]5 "M TGFp2 |
40-{ |10 nMTGFp2 p<0.0004
40 s —==
3'_5' :LO\ p<0.0001
e 530”
230 = i
© t p0.0001
= o
] T = 20+
=20+ e |
— 1))
o] &)
(@] 104
104
IH HH H e e st e s st s
o .. pug'queg.m 025, 01 025, 01025 ,01 025,
ELELL8 cottns com caa empt wtAPP  V642]-APP  NL-APP
83333 233333 833 833 Vedtor it
coce Sos98 o ro pcDNA3 Vec wt V642l NL  Vec wt V642l NL
] E ‘(:_) ‘(:_) ‘G—J | 'C-) — ‘(:_) ‘(:_) ‘c_l l '—J | '—J Vectorj 1T ()II‘I 1r 1 T 1r 0|2I5 r 1
PCDNA3  TGFBRI  WtAPP TGFRRII ngiwell ' x : :
vector wiipp  TGFB2[NM] 0 5100 5100 5100 510 05100 5100 5100510 app
175 —
U~y 1 7 i 33]"““""""Il“"'.'.“'i“l‘J

"
uzu
1]

e rrerrrrreee| [rrrmeesewe ]|

tubulin

TGFpRII

FIG. 6. TGFR2 triggers death in F11 cells overexpressing APPs. (A) F11 cells, transfected with 0.5 pg of pcDNA3-wtAPP or pcDNA3.1/GS-
mouse APLP2, were treated with 100 pM, 1 nM, 10 nM, or 100 nM of TGFB1, TGFB2, TGFR3, or TGFa. Cell mortality was determined by trypan
blue exclusion assays at 48 h after the onset of TGF treatment. Cell lysates (20 pg in each lane) were immunoblotted with antibody to APP or
HRP-conjugated anti-V5 monoclonal antibody for APLP2. (B) The effect of anti-TGFB2 neutralizing antibody on TGFB2/wtAPP-induced death



VoL. 25, 2005

increase was also inhibited by treatment with an excess amount
of unlabeled TGFB2. These findings clearly indicated that the
TGFB-mediated increase in the immunofluorescence intensity
in F11 cells really reflected the specific binding between
TGFBs and F11 cells and confirmed that overexpression of
APP in F11 cells resulted in the appearance of TGFB2-specific
receptors.

The low-affinity APP-induced TGFp2-specific receptor is
APP. To address whether the TGFB2-specific receptor is APP
itself or other unidentified proteins whose expression are in-
duced by APP, we performed competition experiments by add-
ing as a competitor larger amounts of soluble APPa of human
APP695 (sAPP), corresponding to amino acids 1 to 612 of
APP695 (the numbering follows that of Kang et al. and San-
tiago-Garcia et al. [17, 41]), to binding assays (Fig. 3). The
addition of sAPP did not reduce the association between
TGFB2 and F11 cells (Fig. 3A) or F11 cells overexpressing
TGFBRII (Fig. 3C), even when the amount of added sAPP was
10 times more than the amount of TGFB2 (Fig. 3A and C).
Expression levels of cotransfected TGFBRII were not affected
by addition of sAPP (Fig. 3D, bottom panel). It is speculated
that competition did not occur in these cases because TGFB2
has a far higher affinity to TGFBRII or the TGFB receptor
than to these APP-induced TGFR2-specific receptors.

In contrast, SAPP reduced the association between TGFB2
and F11 cells expressing wtAPP only when the concentration
of added TGFB2 was 100 pM or 1 nM (but not 10 pM TGFR2)
and the amount of added sAPP was 10 times more than the
amount of TGFR2 (Fig. 3B). What was concluded by this
observation was not affected by another observation that the
addition of sAPP slightly increased expression of cotransfected
wtAPP (Fig. 3D, top panel), because the increase in expression
of wtAPP is considered to enhance the association between
TGFR2 and F11 cells. Based on the fact that TGFB2 bound to
L-TB2R as well as H-TR2R at 1 nM and 10 pM while almost all
TGFB2 bound to H-TR2R at 10 pM as shown in Fig. 1E and F,
we have concluded that SAPP competes with L-TB2R, but not
with H-TR2R, for the association with TGFB2. This finding
strongly suggests that L-TR2R is APP itself or an APP deriv-
ative, while H-TR2R may be a protein or proteins with a
specific affinity to TGFB2 whose expression is induced by APP.

TGFB2 binds to wtAPP and mutant APPs. We further ex-
amined whether TGFB2 binds to various FAD-linked mutant
APPs in a similar fashion as well as whether the association
between TGFB2 and a mutant APP occurs in a manner de-
pendent on the expression levels of APP. As shown in the top
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panel of Fig. 4A, there is a good positive correlation between
the amount of the transfected plasmid and protein expression
of APP. Treatment with 100 pM TGFB1 or TGFR2 increased
the immunofluorescence intensity of F11 cells which had been
transfected with the empty vector by about 100 U compared to
that of nontreated cells in this particular experiment (Fig. 4B,
top left panel, vector). In a similar fashion, TGFB1 treatment
increased by about 100 U the fluorescence intensity of F11 cells
which had been transfected with the wtAPP-coding vector in-
dependently of the APP expression level (range of plasmid
amounts, 0.25 to 1.0 pg) (Fig. 4B, top right panel, TGF1). In
contrast, TGFB2 treatment (100 pM) increased by more than
100 U the fluorescence intensity of F11 cells which had been
transfected with the wtAPP-coding vector in a fashion depen-
dent on the APP expression level (Fig. 4B, top right panel,
TGFpB2). It maximally increased the fluorescence intensity by
500 U when F11 cells had been transfected with 1.0 ng of the
wtAPP-coding plasmid. Binding experiments using F11 cells
have further indicated that the association between TGFR2
and V642I-APP (the isoleucine mutation at valine 642 in
APP695) or NL-APP (the asparagine/leucine mutation at
Lys595/Met596 in APP695) occurs in a similar dose-responsive
fashion (Fig. 4B, bottom panels).

TGFB2 binds to the extracellular domain of APP. We next
examined by a coimmunoprecipitation method whether there
is an association between the extracellular domain of APP
(APP-ED) and TGFp2 (Fig. 5). To this end, we constructed a
plasmid coding for APP-ED fused in frame to the Fc region of
human IgG1 (APP-ED/Fc) that is secreted from transfected
cells into media. As a negative control, we constructed another
plasmid encoding the extracellular domain of human ciliary
neurotrophic factor receptor fused to the IgGl Fc portion
(CNTFR-ED/Fc). Conditioned media containing APP-ED/Fc
or CNTFR-ED/Fc were then mixed with 20 pmol of TGFR2
(concentration, 40 nM) together with Protein G-Sepharose for
coimmunoprecipitation analysis, which indicated that TGFB2
bound to APP-ED/Fc while it did not bind to CNTFR-ED/Fc
(Fig. 5A). A similar binding experiment further indicated that,
in contrast to TGFB2, either TGFB1 (Fig. 5B) or TGFR3 (data
not shown) did not coprecipitate with APP-ED/Fc or CNTFR-
ED/Fc, confirming the specificity of the association between
TGFR2 and APP-ED.

TGFB2 induces death in F11 cells overexpressing wtAPP.
We then asked what the biological consequence of the associ-
ation between TGFB2 and APP was. To answer this question,
we examined whether TGFR2 treatment induces death in F11

in F11 cells. F11 cells, transfected with 0.5 pg of pcDNA3-wtAPP, were treated with 20 nM TGFB2 in the presence of 10 pg/ml anti-TGFR2
neutralizing antibody or control rabbit IgG. Cell lysates (20 wg in each lane) were immunoblotted with antibody to APP. (C) The effect of sSAPP
on TGFR2/wtAPP-induced death in F11 cells. F11 cells, transfected with 0.5 pg of pcDNA3-wtAPP, were treated with 10 nM TGFB2 in the
presence or the absence of 100 nM of sAPP (labeled “A”) or BSA (labeled “B”). Cell mortality and cell viability were determined by trypan blue
exclusion assay and WST-8 assay at 48 h after the onset of TGFB2 treatment. Cell lysates (20 g in each lane) were immunoblotted with antibody
to APP. (D) F11 cells, transfected with 0.25 pg of the pcDNA3 vector, pcDNA3-TGFBRIIL, or pcDNA3-wtAPP or 0.25 pg of pcDNA3-TGFBRII
and 0.25 pg of pcDNA3-wtAPP, were treated with indicated concentrations of TGFB1 (B1), TGFB2 (B2), TGFB3 (B3), or TGFa (a). To keep
the amounts of transfected vectors constant, proper amounts of the backbone vector were added. Cell mortality was determined by trypan blue
exclusion assay at 48 h after the onset of TGF treatment. Cell lysates (20 pg in each lane) were immunoblotted with antibody to APP or TGFBRIL.
(E) TGFR2 induces higher grade death in F11 cells ectopically expressing FAD-related APPs. F11 cells, transfected with 0.1 or 0.25 pg of
pcDNA3-wtAPP, pcDNA3-V642I-APP, and pcDNA3-NL-APP, were treated with or without 5 or 10 nM TGFB2. Cell mortality was determined
by trypan blue exclusion assay at 48 h after the onset of TGFP2 treatment. Cell lysates (20 pg in each lane) were immunoblotted with antibody

to APP and tubulin. Vec, vector; Abs450nm, absorbance at 450 nm.
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cells transfected with 0.5 pg of the wtAPP-encoding plasmid,
which was not enough to induce death in F11 cells. We then
found that cell death was induced by treatment with TGFB2 in
a dose-responsive manner (Fig. 6A). In contrast, treatment
with TGFB1, TGFB3, or TGF« did not induce death. Neither
TGFB1, TGFB2, TGFR3, nor TGFa induced death in F11 cells
overexpressing amyloid precursor-like protein 2 (APLP2), sug-
gesting that cell death occurred only when TGFB2 was added
in the presence of overexpressed wtAPP in F11 cells. We
simultaneously recognized that 1 nM or higher concentrations
of TGFB2 were necessary for substantial induction of death
(Fig. 6A). Combined with the finding that TGFB2 concentra-
tions of 100 pM or more are necessary for the substantial
association between TGFB2 and L-TB2R (APP) in F11 cells
while the association between TGFB2 and H-TB2R is satu-
rated at 100 pM TGFp2 (Fig. 1F), it is speculated that TGFR2
induced death in F11 cells by binding to APP.

To confirm the involvement of TGFB2 in neuronal cell
death, we performed a neutralizing experiment using anti-
TGFp2 antibody. The addition of the neutralizing anti-TGFB2
antibody completely abolished TGFR2-induced neuronal cell
death (Fig. 6B). In addition, we confirmed that addition of an
excess amount of SAPP nullified TGFB2-induced cell death
without alteration of wtAPP expression (Fig. 6C), strongly
supporting the notion that TGFB2 induces neuronal cell death
by binding to APP.

We then asked if the association between TGFB2 and the
endogenous TGFB receptor (TGFBR) affects TGFB2-induced
death mediated by wtAPP in F11 cells overexpressing wtAPP.
To address this question, we actually examined whether over-
expression of TGFBRII altered TGFB2-induced neuronal cell
death. As shown in Fig. 6D, TGFB2 did not induce death in
F11 cells overexpressing TGFBRII alone. Conversely, coex-
pression of TGFBRII markedly reduced TGFP2-induced
death in F11 cells overexpressing wtAPP (Fig. 6D), probably
because overexpressed TGFBRII inhibited the association be-
tween TGFB2 and wtAPP by preferentially trapping TGFB2.
Taken altogether, we have concluded that TGFB2-induced
death in F11 cells, mediated by APP, is not affected by the
TGEFR receptor-mediated signal.

TGFB2 treatment results in higher-grade death in F11 cells
expressing FAD-related mutant APPs. We further character-
ized TGFB2-induced neuronal cell death from the standpoint
of FAD-linked APP mutation and APP expression levels (Fig.
6E). Very low-level or low-level ectopic expression of wtAPP,
V6421-APP, and NL-APP was obtained by transiently trans-
fecting 0.1 or 0.25 pg of each expression vector in F11 cells
(bottom panel). In accordance with our earlier findings (14),
low-grade death was induced by low-level expression of V642I-
APP or NL-APP alone but not by low-level expression of
wtAPP alone (see transfection with 0.25 pg of vectors) in F11
cells (Fig. 6E). Treatment with TGFB2 induced or accelerated
death in F11 cells ectopically expressing wtAPP, V6421-APP,
or NL-APP in a manner dependent on the APP expression
level and the TGFB2 concentration. Apparently, treatment
with TGFR2 resulted in higher grade cell death in F11 cells
expressing V6421-APP or NL-APP than in those expressing
wtAPP.

Characterization of TGFp2-induced neuronal cell death. To
obtain information about intracellular mediators for TGFB2-
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induced cell death, we performed pharmacological analysis
using a cell-permeable caspase 3 and/or related caspase inhib-
itor, Ac-DEVD-CHO (DEVD), and an established cell-per-
meable antioxidant, glutathione-ethyl-ester (GEE). Both of
them completely inhibited TGFB2-induced cell death (Fig.
7A), indicating that caspase 3 and/or related caspases and
reactive oxygen species (ROS) source enzyme are involved in
this neuronal cell death.

We further treated cells with the pertussis toxin (PTX) to
define the involvement of PTX-sensitive heterotrimeric G pro-
teins with mitogen-activated protein kinase (MAPK) family
inhibitors, including SP600125 (SP) for a JNK-specific inhibi-
tor, SB203580 (SB) for a p38 MAPK-specific inhibitor, or
PD98059 (PD) for a MEK/MAPK inhibitor to define the in-
volvement of MEK/MAPK family proteins and with specific
inhibitors of ROS source enzymes, including apocynin (APO)
for an NADPH oxidase inhibitor, oxypurinol (OXY) for a
xanthine oxidase inhibitor, or N®-methyl-L-arginine methyl-
esterhydrochloride (L-NMMA) for a nitric oxide synthase
(NOS) inhibitor to specify the source enzyme of ROS (Fig.
7B). Treatment with DEVD, GEE, PTX, SP, and APO inhib-
ited TGFB2-induced cell death, indicating that TGFB2-in-
duced cell death is mediated by a PTX-sensitive heterotrimeric
G protein, JNK, NADPH oxidase, and caspase 3 and/or related
caspases.

Involvement of the intracellular G -interacting domain, but
not the AP-corresponding domain, of APP in TGF{32/APP
induces cell death. To further confirm the involvement of the
PTX-sensitive heterotrimeric G protein, we tried to identify
the domain in the intracytoplasmic region of APP essential for
TGFB2-induced cell death (Fig. 7C). F11 cells, transfected
with the full-length wtAPP, wtAPP lacking domain 20
(WtAPPA20), or wtAPP lacking domain 19 (wtAPPA19) (14),
were treated with 20 nM TGFR2. We found that domain 20,
corresponding to the His®7-Lys®”® region, is essential for
TGFB2-induced cell death. This finding indicates that G, is the
signal transducer, because it was shown that G, is functionally
coupled with domain 20 of APP (14, 35, 48, 49), and A is not
involved in TGFB2-induced cell death, because wtAPPA20
does not mediate TGFB2-induced cell death. wtAPPA20,
which contains the AB-corresponding region, should mediate
TGFB2-induced cell death if AR plays a major role in TGFR2-
induced cell death.

Thus, we concluded that TGFB2/APP-induced cell death is
mediated by G,, JNK, NADPH oxidase, and caspase 3/related
caspases. We confirmed that this pathway also is triggered in
F11 cells expressing FAD-related APP mutants upon TGFR2
binding (data not shown).

TGFB2 does not induce neuronal cell death by triggering
other neurotoxic signals unrelated to APP. We next tried to
completely rule out the possibility that TGFR2 indirectly en-
hanced APP-mediated cell death by binding to other molecules
unrelated to APP, which is linked to a certain cell-death-en-
hancing signal. To this end, we examined the effect of TGFB2
treatment on APP-mediated cell death by using a system ex-
pressing a fusion construct consisting of the extracellular and
transmembrane domains of the epidermal growth factor recep-
tor and the full cytoplasmic domain of APP (APP-CD hybrid)
(15). Treatment with 1 nM EGF induces death in F11 cells
transfected with the vector encoding APP-CD hybrid (Fig.
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FIG. 7. Characterization of TGFB2-triggered death. (A and B) F11 cells, seeded on 6-well plates at 7 X 10* cells/well, were transfected with
0.5 pg of pcDNA3-wtAPP and then treated with 20 nM TGF2 in the presence or the absence of either 100 uM Ac-DEVD-CHO (DEVD), 1 mM
GEE (A), 1 pg/ml PTX, 1 nM SP600125 (SP), 50 uM PD98059 (PD), 20 uM SB203580 (SB), 300 M apocynin (APO), 100 uM oxypurinol (OXY),
or 1 mM L-NMMA (B). Cell lysates (20 g in each lane) were submitted to immunoblot analysis with 22C11 for APP. (C) F11 cells, seeded on
6-well plates at 7 X 10 cells/well, were transfected with 0.5 pg of pcDNA3-wtAPP, pcDNA3-wtAPPA20, or pcDNA3-wtAPPA19 and then treated
with or without 20 nM TGFR2. Cell mortality (trypan blue exclusion assay) and cell viability (WST-8 assay) were determined at 48 h. (D) TGFB2
treatment does not enhance EGFR-ED+TM/APP-CD (labeled APP,-Hybrid)-mediated death of F11 cells induced by treatment with 1 nM
EGF. F11 cells, transfected with 1.0 ng of pcDNA3-EGFR-ED+TM/APP-CD or the backbone pcDNA3 vector, were treated with 1 nM EGF
together with or without 20 nM TGFR2. Cell viability was determined by WST-8 assays at 48 h after the onset of TGFB2 treatment. Cell lysates
(20 pg in each lane) were immunoblotted with antibody to EGFR to detect the APP ., hybrid. (E) Enforced expression of wtAPP did not result
in the enhancement of the TGFB2-induced activation of plasminogen activator inhibitor-1 (PAI-1) mRNA expression. F11 cells, transfected with
0.5 g of the pcDNA3 vector or pcDNA3-wtAPP, were treated with 100 pM of TGFB2 at 24 h after transfection. After incubation for 48 h, they
were harvested for real-time PCR-based determination of mRNA amounts. NoVec, no vector; Abs450nm, absorbance at 450 nm; mPAI-1, mouse PAI-1.

ing another cell-death-enhancing signal through receptors
other than APP.

Expression of APP does not enhance the TGFB2-induced
TGFP receptor-mediated signal. We also tried to exclude the
possibility that enforced expression of APP proteins increases

7D). This cell death progresses via G, c-Jun N-terminal ki-
nase, NADPH oxidase, and caspase 3 and/or related caspases
(15). In this cell death system, the addition of TGFB2 did not
enhance EGF-induced cell death (Fig. 7D), confirming that
TGFRB2 does not increase APP-mediated cell death by activat-
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the TGFB2-induced TGFB receptor-mediated signal by mod-
ifying the function of various signal transducers. To address
this issue, we examined with real-time PCR how TGFB2-in-
duced upregulation of expression of plasminogen activator in-
hibitor 1 (PAI-1) mRNA (24) is modified by the expression of
wtAPP. PAI-1 is a representative target of TGFB-induced
TGFB receptor-mediated signals. Consequently, we found that
enforced expression of wtAPP did not alter TGFB2-induced
upregulation of PAI-1 mRNA, indicating that overexpression
of APP does not affect the TGFp2-induced TGFpB receptor-
mediated signal (Fig. 7E). This experiment additionally sug-
gests that H-TR2R is not TGFp receptor type III (TGFBRIII)
or an alternatively spliced TGFBRII, TGFBRII-B, both of
which have special affinities to TGFp2 (40), because upregu-
lation of these proteins should enhance the TGFB2-induced
TGEFR receptor-mediated signals.

TGFPB2 induces death in primary cortical neurons. We then
asked whether TGFB2 induces death in primary cortical neu-
rons (PCNs), cells that are more physiologically postmitotic
neuronal than F11 cells. To express APP proteins efficiently,
we used an adenovirus-mediated expression system. In our
earlier study, we showed that adenovirus-mediated overexpres-
sion of V642I-APP induces death in PCNs (34). In order to
minimize death in PCNs induced by expression of V642I-APP
itself, we selected a multiplicity of infection (MOI) of 5, a very
low MOI, for adenoviral infection. The overexpression levels
of APPs at the MOI of 5 were estimated to be five times higher
than the endogenous APP expression level. In contrast to the
fact that lipofection-based overexpression of V642I-APP alone
induces low-grade death in F11 cells (Fig. 6E) (14), adenovi-
rus-mediated overexpression of V642I-APP and wtAPP at this
MOI did not induce death in PCNs. At 24 h after infection with
the control LacZ-encoding virus, the wtAPP-encoding virus, or
the V642I-APP-encoding virus, we treated cells with 200 nM
TGFB1, TGFB2, or TGFR3. We found that TGFB2, but nei-
ther TGFB1 nor TGFR3, reduced cell viability of PCNs that
adenovirally overexpressed wtAPP or V642I-APP (Fig. 8A and
B). Expression levels of wtAPP and V642I-APP at each MOI
were similar (Fig. 8C). Note that higher grade cell death was
induced in PCNs ectopically expressing V642I-APP than in
those expressing wtAPP.

TGFpB2 induces death in PCNs prepared from mice knocked
in with the V642I-APP mutation. We next tested whether
TGFp2 induces death in PCNs even in the absence of ectopic
overexpression of APP. To this end, we used “V642I-APP
knock-in mice,” mice that contain a V642I-APP mutant allele
(or alleles) under the physiological promoter (18). The protein
expression level of V642I-APP is equal to that of wtAPP in
vivo, as described in our earlier study (18). We prepared PCNs
from V6421-APP*/* (homozygous), V642I-APP™/~ (heterozy-
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gous), and wild-type littermate mice. Treatment with TGFB2
at concentrations of 1 nM or less did not decrease viability in
any type of PCN. Treatment with 10 nM TGFB2 decreased
viability in PCNs from the homozygous mouse but not in those
from the heterozygous mouse or in those from the wild-type
littermate mouse. Treatment with 100 nM TGFB2 decreased
viability in PCNs from both homozygous and heterozygous
mice but not in those from the wild-type littermate mouse (Fig.
8D and E).

DISCUSSION

This study has shown that TGFB2, but not TGFB1 or
TGFp3, acts as a ligand for APP. It has revealed a novel
function unique to TGFR2. TGFR2 triggers the APP-mediated
cell death cascade and induces neuronal cell death. It is espe-
cially noted that TGFB2 induces death in PCNs without ec-
topic overexpression of APP, prepared from heterozygous
V642I-APP knock-in mice whose single allele contains the
V642I-APP gene under the physiological APP promoter (Fig.
8D and E), leading to the speculation that various FAD-re-
lated point mutations contribute to the development of neu-
ronal cell death in the presence of superphysiological concen-
trations of TGFB2 by increasing the sensitivity of APP to
TGFB2-induced cell death in vivo.

At present, however, we do not have direct evidence that
TGFR2 induces neuronal cell death through APP in vivo. We
need to add 10 nM TGFB2 or more, which is supposed to be
100-fold higher than the levels observed in normal sera and
cerebrospinal fluids, in order to induce neuronal cell death in
vitro. However, it is natural that physiological concentrations
of cell-death-inducing ligands are far lower than the effective
concentrations, because death should not occur easily. We
have found that TGFR2 is substantially secreted from neurons
as well as from glial cells (Y. Hashimoto, M. Nawa, and M.
Matsuoka, unpublished observations). This finding implies that
TGFp2, secreted by neurons and glial cells, binds to and affects
neurons by the autocrine mechanism in cooperation with the
paracrine mechanism. In this situation, it is possible that the
local TGFB2 concentration in the fluid around neurons in-
creases to a level sufficient for induction of neuronal cell death
in vivo when expression of TGFB2 is enhanced. In AD brains,
it has been reported that upregulated expression of TGFR2 is
seen not only in glial cells but also in neurons themselves (6, 9,
10, 23, 36, 38). In agreement with this finding, we have recently
found that toxic AB42 upregulates expression of TGFR2 (Y.
Hashimoto, M. Nawa, and M. Matsuoka, unpublished), sup-
porting the idea that expression of TGFB2 is upregulated in
AD brains.

It has been reported that some cytokines, such as tumor

FIG. 8. TGFR2 triggers death in primary cortical neurons. (A and B) On day 3 in vitro (DIV3), PCNs were infected by LacZ (Z)-, wtAPP (wt)-,
or V642I-APP (Ile)-encoding adenoviruses at an MOI of 5. On DIV4, PCNs were treated with 200 nM TGFB1, TGFB2, or TGFR3. At 72 h after
the onset of TGF treatment, cell viability was measured by WST-8 assay (A) and calcein assay (B). (C) wtAPP and V6421-APP were adenovirally
overexpressed in PCNs at various MOIs. PCN lysates were subjected to immunoblot analysis with antibody to APP or actin. (D) PCNs derived from
homozygous or heterozygous V642I-APP knock-in mice at E14 or wild-type littermate mice at E14 were seeded on poly-L-lysine-coated 96-well
plates at 5 X 10* cells/well. On DIV4, they were treated with 0, 1, 10, and 100 nM TGF2. At 72 h after the onset of TGF treatment, cell viability
was measured by WST-8 assay (left panel) and calcein assay (right panel). (E) Representative fluorescent microscopic views of calcein acetoxy-
methylester-stained PCN shown in panel D. Abs450nm, absorbance at 450 nm; WT, wild type.
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necrosis factor «, interleukin-1B, and gamma interferon, stim-
ulate +y-secretase-mediated cleavage of APP (22). Similarly,
TGFB2 may stimulate the vy-secretase activity. If this is the
case, concentrations of toxic Ap and the amount of the APP
intracellular domain (AICD) may get sufficiently upregulated
by TGFB2-mediated putative stimulation of the +y-secretase
activity to induce neuronal death. We did not accurately test
whether TGFB2 treatment increases y-secretase activity in our
cell death system. However, we estimated that concentrations
of toxic AB42 secreted in the culture media were at the level of
<1 pM by immunoblot analysis (Y. Hashimoto and M. Mat-
suoka, unpublished data), which is far less than the concentra-
tion necessary for induction of death in PCNs or F11 cells. It
also is indicated in Fig. 7C that wtAPPA19, but not wtAPPA20,
can mediate TGFR2-induced cell death. Considering that
wtAPPA19 lacks the 19-amino-acid-long cytoplasmic domain
essential for the transcriptional activity of AICD while
wtAPPA20 contains the full extracellular domain as well as the
full transmembrane domain of APP from which toxic AB is
generated (14), we can speculate that neither AR nor AICD is
involved in TGFB2-induced cell death.

Most sporadic AD patients do not have APP mutations.
However, this study indicates that TGFB2 induces death in
neuronal cells without APP mutations only when they overex-
press wtAPP. Therefore, an important issue to be addressed is
whether TGFB2 is involved in the development of AD without
APP mutations. Currently, we do not have evidence directly
confirming or disproving that expression of APP is upregulated
in brains of AD patients in vivo. In contrast to such sporadic
AD patients, APP has been shown to be overexpressed in
patients with Down’s syndrome, who develop AD at a higher
incidence rate (2), supporting the possibility that TGFB2—in-
duced death signals mediated by overexpressed wtAPP con-
tribute to the onset of AD associated with Down’s patients.

In summary, we provide evidence that superphysiological
concentrations of TGFB2, whose expression has been demon-
strated to be upregulated in AD brains, induces neuronal cell
death by triggering a cell death signal through APP. The find-
ings shown in this study may contribute to the further clarifi-
cation of the precise mechanism of AD-related neuronal cell
death.
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