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Abstract. Increasing evidence supports that amyloid plaques, comprised of amyloid-3 (Af3), are a key feature of Alzheimer’s
disease (AD). But the mechanism of AR in AD is not yet fully understood. Previous studies have demonstrated that in A3-
induced apoptosis of nerve cells, differentiated rat pheochromocytoma (PC12) cells, and microglia, nucleus factor kappa B
(NF-kB) is activated. Meanwhile, focal adhesion kinase (FAK) is also activated. However, the relationship between NF-kB
and FAK remains unclear. Using differentiated PC12 cells, we investigated this relationship in AB,s-3s-induced apoptosis. The
results showed that FAK phosphorylation increased at 69 hours after A treatment, slightly shorter than the activation of
NF-kB (6-12 hours). In this process, both extracellular signal-regulated kinase 1/2 (ERK1/2) and p38 mitogen-activated protein
kinase (p38MAPK) phosphorylation levels were increased. After FAK expression was inhibited by its siRNA, the activities
of ERK1/2, p38MAPK, and NF-kB were all suppressed. When ERK1/2 and p38MAPK expressions were inhibited by their
siRNAs respectively, NF-kB activity was also suppressed. But FAK phosphorylation was not affected. When NF-«kB expression
was inhibited, all of the phosphorylation levels of FAK, ERK1/2, and p38MAPK were not affected. These phenomena indicated
that FAK is upstream of ERK1/2, p38MAPK, and NF-kB, and meanwhile both of ERK1/2 and p38MAPK are upstream of
NF-kB. Co-immunoprecipitation results demonstrated that it is ERK1/2, but not p38MAPK, which directly interacts with IkB
kinase. Taken together, our results suggest that FAK activates NF-kB via ERK1/2 and p38MAPK pathways in Af,5-35-induced
apoptosis of differentiated PC12 cells.
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INTRODUCTION 5.0 million people in the United States alone [1].
Its main clinical manifestations include memory loss,

Alzheimer’s disease (AD) is a common neurode- cognitive dysfunction, and personality changes. Char-
generative disease in the elderly and afflicts over acteristic pathological changes are neurofibrillary

tangles, extracellular senile plaques, and neuronal loss

in the cerebral cortex and subcortical structure [2, 3].
) . X . The main component of senile plaques is amyloid-3
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necrosis. Therefore, the mechanism of abnormal AP
deposition has become a focus of AD pathogenesis
research [4].

In rat and human hippocampal neurons, AP treat-
ment promotes nuclear translocation of the p65 and
p50 subunits of nucleus factor kappa B (NF-«B)
and leads to downstream apoptosis-related genes
expressions. Before A3 exposure, in rat primary neu-
rons pre-treated with a double-stranded kB decoy
oligonucleotide and a selective IkB kinase 2 inhibitor
(AS602868), pS0/p65 nuclear translocation and neu-
ronal damage were completely inhibited [5]. In
apoptosis of differentiated pheochromocytoma (PC12)
cells induced by AP, the p38 mitogen-activated protein
kinase (p38MAPK) and NF-kB were both activated.
Reductions of NF-kB and p38MAPK activations
suppressed AB-induced apoptosis by upregulating B-
cell lymphoma/leukemia-2 protein (Bcl-2) expression
[6]. Moreover, through inhibition of NF-kB activity
and p38MAPK phosphorylation, both inducible nitric
oxide synthase expression and nitric oxide production
decreased in AB-induced differentiated PC12 [7]. In
ApB-induced PC12 cell apoptosis, cyclooxygenase-2
(COX-2) expression increased, while NF-kB was tran-
siently activated. NF-«kB inhibitor PDTC pretreatment
eliminated the upregulation of COX-2 expression.
It is possible that COX-2 expression upregulation
occurs through NF-kB activation in AB-induced PC12
cell apoptosis. The use of pharmacologic inhibitors
U0126 and SB203580 or knockout extracellular signal-
regulated kinase (ERK) and p38MAPK, not only
suppresses the activation of NF-kB, but also down-
regulates COX-2 expression [8]. It is suggested that
both ERK and p38MAPK are upstream of NF-kB.
In addition, NF-kB signaling plays a critical role in
microglia apoptosis induced by A. Inhibiting the acti-
vation of NF-kB has strong neuroprotective effects [9].
However, the details of how ERK1/2 and p38MAPK
activate NF-«B are still unclear.

Focal adhesion kinase (FAK) is a non-receptor tyro-
sine kinase, a member of the integrin pathway, and
majorly expressed in cytoplasm. It plays an important
role in cell adhesion, migration, survival, cell cycle
regulation, embryo implantation, and tumor invasion.
After interacting with extracellular ligands, the cyto-
plasm terminal of the 3 subunit of integrin interacts
with the N-terminal of FAK and leads to a change in
FAK conformation which activates its kinase domain.
FAK then auto phosphorylates its Tyr397, eliminating
the self-inhibition of Src. Activated Src catalyzes FAK
Tyr407, Tyr576, Tyr577, and Tyr925 phosphorylation
sites, fully activating FAK [10].

A previous study indicated that dissolved and fib-
rillar A can replace the extracellular matrix bond to
integrin and partially activate focal adhesion signaling
FAK, thus can potentially leading to nerve impairment
[11]. Integrin a1B1 participates in Ap-induced neuron
death of cultured aged hippocampal. Antibody block-
ing experiments showed that both integrin av@31 and
o231 mediate the human cerebral cortex primary neu-
ron bonding/aggradation and nerve toxicity by Ap.
In vitro, an inhibitor of integrin av, SM256, sup-
pressed cell adhesion mediated by integrin av and
nerve impairment caused by AR in cultured cerebral
cortex neuron. In vivo, pretreatment with intraperi-
toneal injection of SM256 eliminated long-term effects
of ventricle soluble and fibrillar AR injections [12].
Several previous studies demonstrated that overex-
pression of FAK induces the constitutive activation
of NF-kB in human leukemic cell line HL-60 and
in human breast cancer cell lines BT474 and MCF-7
[13, 14]. In particular, some other studies have proven
that in AB-induced apoptosis, FAK is activated in pri-
mary human and rat brain cortical cultured cells, and
in rat and human nerve cell lines B103 and SH-SYS5Y
[15-17].

Therefore, NF-kB can be activated during AR-
induced PC12 cell apoptosis and can lead to
downstream apoptotic events. Additionally, FAK is
also activated in AB-induced apoptosis. However, to
our knowledge, it is still uncertain whether there
is a potential relationship between the activations
of FAK and NF-kB in Af-induced apoptosis. This
is an important issue because it relates to molecu-
lar mechanisms of AD. The present study aimed to
investigate this relationship in AB-induced PC12 cell
apoptosis.

In this project, we found that in the process of
AB-induced PC12 cell apoptosis, NF-kB is acti-
vated. This is consistent with previous reports.
In this process, NF-kB activity was mediated by
FAK, ERK1/2, and p38MAPK. Meanwhile ERK1/2
and p38MAPK activities were mediated by FAK.
Further experiments found that by phosphorylating
IkB kinase (IKK), and then phosphorylating IKBa,
ERK1/2 thereby directly activates NF-kB. However,
p38MAPK does not interact with IKK directly, which
activates NF-kB through other non-IKK pathway(s).
Collectively, these findings indicated that in the pro-
cess of AB-induced PC12 cell apoptosis, via ERK1/2
and p38MAPK pathways, FAK activates NF-kB. By
activating IKK, ERKI1/2 directly activated NF-«kB.
Through non-IKK pathway(s), p38MAPK activates
NF-«B.
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MATERIALS AND METHODS
Chemical and biochemical reagents

Dulbecco’s modified Eagle’s medium (DMEM) was
provided by GIBCO (Grand Island, NY, USA). Fetal
bovine serum was purchased from Hangzhou Sijiqing
Biological Engineering Material Co., Ltd (Hangzhou,
China). Amyloid B-protein fragment 25-35 (#A4559)
and nerve growth factor beta (NGF-B) (#N2513)
were supplied by Sigma-Aldrich (St. Louis, USA).
1, 4-diamino-2,3-dicyano-1,4-bis [2-aminophenylthio]
butadiene (U0126) (Cat. No. VI1121), an ERK
inhibitor, was purchased from Promega Biotechnology
Co., Ltd. (Madison, WI, USA). Annexin V-FITC apop-
tosis detection kit I (Cat. No. 556547) and mouse anti
human FAK (Py397) antibody (Cat. No. 611806) were
purchased from BD Biosciences (Franklin Lakes, NJ,
USA). Rabbit anti human NF-kB p65 (C-20) antibody
(sc-372), rabbit anti human IkBa (C-21) antibody (sc-
371), mouse anti 3-actin (C-4) antibody (sc-47778),
rabbit anti human FAK (C-20) antibody (sc-558), rab-
bit anti human IKKo/B (H470) antibody (sc-7607),
and rabbit anti human Histone H3 (FL-136) anti-
body (sc-10809) were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, USA). Rabbit anti
human ERK1/2 (p44/42) antibody (#9102), rabbit
anti human phospho-ERK1/2 (p44/42) (thr202/tyr204)
antibody (#9101), rabbit anti human p38MAPK anti-
body (#9212), rabbit anti human phosphor-p38MAPK
(thr180/tyr182) (3D7) antibody (#9215), rabbit anti
human Bcl-2 (50E3) antibody (#2870), rabbit anti
human Bax antibody (#2772) and normal rabbit IgG
(#2729) were purchased from Cell Signaling Tech-
nology, Inc. (Danvers, USA). GoldView DNA dye
(#HGV-1) was purchased from Beijing SBS Genetech
(Beijing, China). Electrophoretic mobility shift assay
(EMSA) kit (GMS30019.2) was purchased from Gen-
Med Scientifics, Inc. (Arlington, USA). Transfection
reagent Lipofectamine'™ 2000 (Cat. No. 11668-019)
was purchased from Invitrogen Co. (Carlsbad, USA).

Peptide preparation and cell culture

AB2s5-35, the most toxic peptide fragment derived
from amyloid- protein precursor was dissolved in
ultra-pure deionized distilled water at concentration of
1 mM at a stock solution and stored at —20°C until use.
The stock solution was aggregated by incubation at
37°C for 72 h before use. Aggregated A3 was directly
added to cell culture medium.

Rat PCI12 cells were cultured in a humidified
(5% CO3, 37°C) incubator in DMEM supplemented
with 10% fetal bovine serum, penicillin (100 U/mL),
streptomycin (100 pg/mL), and NGF-3 (50nM). To
ensure maximum bioavailability, the medium was
changed every other day, and cells were plated at
a various densities according to each experimental
protocol.

Flow cytometry analysis

After 24 h of exposure to APB25-35, PC12 cells were
harvested and treated with Annexin V-FITC apoptosis
detection kit I for cell viability analysis. Cell apopto-
sis was measured by FACSCanto'" II flow cytometer
(Becton Dickinson and Company, Mountain View,
CA). All data were obtained by FACSDava 6.0. 10,000
cells were examined in each specimen tube.

Protein preparation

AB»s-35-treated cells (1 x 10° cells/mL in 60 mm
dishes) were collected and washed three times with
phosphate-buffered saline (PBS). After centrifuga-
tion at 2,000 x g, cell lysis was carried out on
ice by vigorous shaking for 30 min in RIPA buffer
(50mM Tris-HCI1 (pH 7.4), 100mM NacCl, 1% NP-
40, 0.5% Sodium deoxycholate, 0.1% SDS, 1 mM
EDTA, 1 mM sodium orthovanadate, 10 mM sodium
fluoride, 100 mg/ml PMSF, 1mM DTT, and pro-
tease inhibitors). After centrifugation at 13,200 x g
for 5min, the supernatant was separated and stored
at —80°C until use. The protein concentration was
determined by Bradford assay. Nuclear proteins were
prepared as following procedures. Cells were sus-
pended with PBS and sedimented at 800 x g for
10 min. The pellet was resuspended in a 5x packed
cell volume of a hypotonic buffer (10 mM HEPES, pH
7.9, 0.75 mM spermidine, 0.15 mM spermine, 0.1 mM
EDTA, and 0.1 mM EGTA) and then sedimented at
300 x g for 10 min. After removing the supernatant,
the cells were homogenized by 3-5 strokes in a Dounce
homogenizer and sucrose restoration buffer was added
(1 vol of 500mM HEPES, pH 7.9, 7.5 mM spermi-
dine, 1.5 mM spermine, 2mM EDTA, 2mM EGTA
and 10mM DTT in 9 vol of 7.5% sucrose). After
centrifugation for 30 s at 14,000 x g, the nuclei were
sedimented. The nuclear protein was then extracted
from the sediments pellets and resuspended with the
same buffer as whole cell lysis.
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Western blot analysis

After addition of sample loading buffer, protein
samples were separated by 10% SDS-PAGE, and trans-
ferred to 0.45 pum polyvinylidene fluoride (PVDF)
membrane (Pall Co., NY, USA). The membrane was
first blocked with 5% skim milk for 1h, followed by
incubation with primary antibodies (dilution 1 : 1000)
overnight at4°C. Primary antibody incubation was per-
formed in 5% bovine serum albumin in TBST (Tris
base saline, pH 7.4, 0.1% Tween-20). A designated
secondary antibody was diluted at the recommended
ratio in TBST and 5% bovine serum albumin and
was incubated for 60 min at room temperature. Wash-
ing with TBST was performed between all steps. The
signals were detected by use of Odyssey® Infrared
Imaging System (Li-Cor Biotechnology, Nebraska,
USA).

Non-denaturing polyacrylamide gel
electrophoresis

In the non-denaturing polyacrylamide gel elec-
trophoresis procedure, gel concentration was 10%
(Double distilled HyO 5.25 mL, Gel Buffer (100 mM
Tris pH 7.0, 1M 6-aminocaproic acid) 9mL, 50%
polyacrylamide 3.75 mL, 10% Ammonium persulfate
72 pL, TEMED 7.2 pnL). After addition of 10x sample
loading buffer (5% Coomassie Brilliant Blue G-250,
0.5M 6-aminocaproic acid, 0.1 mM PMSF, 100 mM
Tris-HC] pH 7.0), protein samples were separated at
110V constant voltage and then transferred to 0.45 pum
PVDF membrane. The following procedure was same
as normal western blot.

Electrophoretic mobility shift assay (EMSA)

EMSA method was used to characterize the bind-
ing activities of NF-kB in nuclear extracts. NF-kB
oligonucleotide’s sequence was 5'-GAG AGG CAA
GGG GAT TCC CTT AGT TAG GA-3' [18]. Unspe-
cific binding was blocked by using 1ug of poly
(dI:dC) - poly (dI: dC). After the 5% polyacrylamide
gel was prepared, 100 voltages pre-electrophoresis
was performed in 0.5 x TBE for the 30 min. The reac-
tion mixture buffer contained 10x binding medium
2pL, 25mmol/L. DTT containing 25% tween-20
2 uL, poly (dI:dC) - poly (dI:dC) 1 pL, 1% NP-40
I nL, 100 mmol/LL MgCl, 2 pL. The binding reac-
tion was carried on at 30°C for 20 min after mixing
the reaction mixture buffer and NF-kB oligonu-
cleotide. Then nuclear protein 20 g was added.

Double-distilled water was made up the total vol-
ume to 20 pL. 10x Orange Loading Dye (infrared
fluorescent dye) 2 nL was added. The nuclear pro-
tein with oligonucleotide complex was separated from
free oligonucleotide by electrophoresis through a 5%
native polyacrylamide gel in a running buffer contain-
ing 50 mM Tris, pH 8.0, 45 mM borate, and 0.5 mM
EDTA. After separation was achieved, the gel was
detected by use of Odyssey® Infrared Imaging Sys-
tem (Li-Cor Biotechnology, Nebraska, USA). Odyssey
parameter settings were scan off focus 0.5 mm and
laser wavelength 700 nm.

RNA interference (RNAI)

PC12 cells were transfected with 800 ng siRNA
oligonucleotide according to the manufacturer’s
instructions. Rat ERK1/2, p38MAPK small inter-
fering RNAs (siRNAs) sequences were 5-GAC
CGG AUG UUA ACC UUU AUU dTdT-3' and
5-GGA CCU CCU UAU AGA CGA AUU-3,
respectively [18, 19]. These siRNAs and their
non-targeting sequences (negative controls) were syn-
thesized by GenePharma Co., Ltd. (Shanghai, China).
Both of NF-kB and FAK siRNAs and their non-
targeting sequences were purchased from Santa Cruz
Biotechnology, Inc. (sc-61876, sc-156037). Negative
control siRNAs’ nucleotide compositions are same
as targeting siRNAs, but lack significant sequence
homology to the genome. PC12 cells were transfected
with siRNA oligonucleotides using Lipofectamine™
2000.

Co-immunoprecipitation (Co-IP)

Cultured cells were washed twice with ice-cold PBS,
scraped in ice-cold gentle lysis buffer (25 mM Tris-
HCI, pH 7.5, 1% NP-40, 10% glycerol, 50 mM NaF,
10mM NaH;PO4, 137mM NaCl, 2mM Na3zVOy,
1mM PMSF and Protease inhibitor Cocktail set
I (Calbiochem®, Germany)), and centrifuged at
12,000 x g at 4°C for 15 min. Protein concentrations
were determined by Bradford assay. After 50% Protein
A Sepharose CL-4B beads (Amersham Biosciences,
Sweden) were added to remove nonspecific inter-
ferential proteins, primary antibody (10 pg/mL) was
added to protein lysates (500 pg) and incubated at 4°C
overnight. Protein A Sepharose CL-4B beads were
mixed with the immunoprecipitates for 1h at room
temperature. Immunoprecipitates were recovered by
centrifugation at 12,000 x g for 5s and washed three
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times with ice-cold lysis buffer. Immunoprecipitated
proteins were dissolved in 2 x loading buffer, heated at
100°C for 10 min, then subjected to 10% SDS-PAGE
and western blot analysis, respectively.

RNA isolation and reverse
transcription-polymerase chain reaction (RT-PCR)

Total mRNA was isolated from differentiated PC12
cells using TRIzol reagent (#15596-026, Invitrogen,
Carlsbad, USA) and treated with RNase—free DNase.
cDNA synthesis and amplification by RT-PCR was
carried out using Mastercycler® ep gradient S PCR
instrument (Eppendorf AG, Hamburg, Germany). The
reverse transcriptase used was TIANScript RT kit
(#KR104, Tiangen Biotech Co., LTD., Beijing, China).
The PCR primers were as follows: FAK, 5'-ACT
TGG ACG CTG TAT TGG AG-3’ (sense) and 5'-CTG
TTG CCT GCT TTC TGG AT-3' (antisense) [21];
p38MAPK, 5'-CAA CGA TGT GTA CCT GGT GAC-
3’ (sense) and 5'-TCC ACT GTC TGG TTG TAG
TGC-3' (antisense) [22]; ERK1, 5-GCT GAC CCT
GAG CAC GAC CA-3 (sense) and 5'-CTG GTT CAT
CTG TCG GAT CA-3’ (antisense); ERK2, 5'-GCA
GGT GTT CGA CGT GGG AAT-3’ (sense) and 5'-
GTG CAG AAC ATT AGG TGA ATA-3' (antisense);
NF-kB p65,5’-GAC CTG GCATCT GTG GAC AAC-
3’ (sense) and 5'-TCC GCA ATG GAG GAG AAG
TCT-3’' (antisense) [23]; glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), 5'-GAC AAC TTT GGC
ATC GTG GAA-3' (sense) and 5'-TGC CAG TGA
GCT TCC CGT TCA-3' (antisense) [22]. All primers
were purchased from Invitrogen Corporation Shang-
hai Representative Office (Shanghai, China). In PC12
cells, the expected sizes of the generated fragments
were 833 bp for FAK, 318 bp for pP38MAPK, 451 bp for
ERKI1, 394 bp for ERK2, 196 bp for GAPDH, 221 bp
for NF-kB p65, respectively. Amplification products
were analyzed by 1.0% agarose gel electrophoresis,
stained with GoldView DNA dye, and photographed
under ultraviolet light of a Universal Hood II (Bio-Rad,
Milan, Italy).

Statistical analysis

When necessary, data from three independent exper-
iments were expressed as means = standard deviation.
Statistical analysis was performed with Student’s
paired #-test. The criterion for statistical significance
was p <0.05.

RESULTS

NF-kB is activated during AB2s.35-induced
apoptosis of PCI2 cell

After treatment with different concentrations of
ABas-35 (5, 10, 20 wM) for 24 h, PC12 cell apoptosis
was measured by flow cytometry. The results indi-
cated that PC12 cell apoptosis rate is dose-dependent
(Fig. 1A, B). In order detect the free NF-kB p65
(not binding to IkB), we employed non-denaturing
gel electrophoresis and western blot. The results indi-
cated that with increasing doses of A, free NF-kB
p65 increased; meanwhile total Ik Ba correspondingly
decreased (Fig. 1C, D). Western blot of nuclear pro-
tein showed that, compared to control, NF-kB p65 was
significantly higher (p <0.01) using 20 uM AB2s5-35
treated (Fig. 1E, F). The EMSA result showed that
the trend of NF-kB activity’s change was consistent
with that of p65 obtained by western blot (Fig. 1E).
Both Bax and Bcl-2 are members of Bcl-2 family.
Bax is a membrane-bound protein, a representative
of pro-apoptotic protein. Meanwhile Bcl-2 is an anti-
apoptotic protein. The ratio of Bax and Bcl-2 proteins
is an important factor in regulation of cell apop-
tosis. Therefore these two proteins were measured
by western blot. The results showed that compared
to the control, after 20 WM A25-35 treatment, Bax
expression was increased, while Bcl-2 was decreased
(Fig. 1G, H).

With 20 uM Apys-35 treatment, PC12 cell apop-
totic rate reached more than 40%. In addition, NF-kB
activity was greatly improved. The apoptotic rate
and increased NF-kB activity are sufficient to our
experimental purpose. Therefore, 20 uM ABys5-35 was
used to induce PC12 cell apoptosis for the following
experiments.

Activations of FAK and NF-kB are simultaneous

In order to determine when NF-kB was activated in
A2s-35-induced PC12 cell apoptosis, non-denaturing
gel electrophoresis and western blot analysis were car-
ried out. The results showed that the activity of free
NF-kB p65 in PC12 cells was the highest 6 to12 h after
AB2s5-35 treatment (Fig. 2A, B). Meanwhile, the results
of NF-kB p65 from the nucleus were consistent with
those obtained from the whole cell (Fig. 2C, D). Sim-
ilarly, the EMSA result showed that NF-kB activity
reached the highest 6 to12 h after A treatment, which
was consistent with that of p65 obtain by western blot
(Fig. 20).
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To further determine the relationship between the
activities of FAK and NF-kB, we made more detailed
analysis of FAK phosphorylation. The carboxyl-
terminal tyrosine (Y) 397 residue of FAK constitutes
a major phosphorylation site located in a linker region
connecting the regulatory and central kinase domain
[24]. Moreover, the best-characterized FAK phospho-
rylation event is Y397 autophosphorylation, crucial for
its kinase activity [25]. Therefore, Tyr-397 phospho-
rylation represents the status of FAK activity [10]. We
measured the phosphorylation level of Tyr-397 (Y397).
The results showed that in PC12 cells, FAK activity
was highest 6 to 9 h after AB375-35 treatment, similar to
that of NF-kB. However, it decreased rapidly after 9 h
treatment (Fig. 2E, F). By comparing the results of the
above two western blots (Fig. 2C, E), it can be seen that
the duration of FAK activation is slightly shorter than
that of NF-kB. Flow cytometry results showed that the
apoptosis rate increased rapidly 12h after treatment
by AB2s-35, slightly later than activations of FAK and
NF-«B (Fig. 2G, H).

NF-kB activation is mediated by FAK

Because the following analysis used NF-«B and
FAK siRNAs, we determined the effects of these siR-
NAs. The results showed that both of NF-kB and FAK
siRNAs were efficient to inhibit their respective target
protein expressions (Fig. 3A, B).

Since both NF-kB and FAK are activated in AB-
induced apoptosis of PC12 cells, it is possible there
is a correlation between their activations. To clarify
this possibility, we inhibited the expression of NF-kB
by its siRNA. But FAK phosphorylation level had
no obvious change. However, when FAK expression
was suppressed by its siRNA, the activity of NF-kB
was correspondingly reduced (Fig. 3C, D). Flow
cytometry results showed that using siRNAs inhibited
the expressions of FAK and NF-kB, respectively, and
the apoptotic rates both declined to different degrees
(Fig. 3E, F). Meanwhile, the expressions of Bax and
Bcl-2 changed correspondingly. However, the trends of

expressions of Bax and Bcl-2 were exactly the opposite
(Fig. 3G, H).

The results suggested that in AB-induced apoptosis
in PC12 cells, increased activity of NF-kB is at least
in part affected by FAK phosphorylation level.

With FAK activation, ERK1/2 and p38MAPK
phosphorylation levels are also increased

FAK plays an important role via p38MAPK in
stress-induced cell survival in cardiac myocytes and
via ERK in TNFa-induced apoptosis in embryonic
fibroblasts [26, 27]. So in AB-induced apoptosis in
PC12 cells, does FAK also play a role through ERK
and p38MAPK? Therefore, western blot analysis was
performed to examine the changes in phosphorylation
levels of ERK1/2 and p38MAPK during FAK activa-
tion. The results showed that with the increased FAK
phosphorylation level, both the phosphorylation lev-
els of ERK1/2 and p38MAPK were also increased
(Fig. 4A, B).

Increased phosphorylation levels of ERK1/2 and
p38MAPK have two possible sources: activation or
increased expression. To find out the real source, RT-
PCR experiments were conducted. The results showed
that during 20 uM Ajs5-35 treatment, mRNA levels of
FAK, ERK1/2, p38MAPK, and NF-kB had no signifi-
cant changes (Fig. 4C, supplementary Figure 1A; avail-
able online: http://www.j-alz.com/issues/32/vol32-
1.html#supplementarydata02). In addition, there was
no obviously increased expression of FAK, ERK1/2,
p38MAPK, or NF-kB protein during A treatment
(Fig. 4D, supplementary Figure 1B). It was suggested
that the real source of increased phosphorylation levels
of ERK1/2 and p38MAPK is from activation.

FAK regulates the activities of p38MAPK and
ERK1/2

To demonstrate the up- and downstream relation-
ships of FAK, p38MAPK, and ERK1/2 in AB-induced
apoptosis of PC12 cells, we used siRNA to inhibit the

Fig. 1. ABys-35 induces apoptosis and NF-«kB activation in differentiated PC12 cells. A) After treatment with different concentration AB5-35
(5, 10, 20 uM) for 24 h, the cells were stained with annexin V-FITC and PI. The percentage of apoptotic cells was assessed by flow cytometry.
The percentages refer to the levels of positive staining of annexin V-FITC. B) Effects of AB25-35 on cell apoptosis rate from flow cytometry. C)
After 12h AB2s5-35 treatment, proteins of whole cells were extracted with gentle lysis and separated with non-denaturing gel electrophoresis.
Quantities of free NF-kB p65 (not bound to IkB) and IkBa were assessed by western blot. B-actin is a marker for whole proteins. D) Data
analysis to C. E) Western blot analysis to NF-«kB p65 in nucleus and EMSA analysis to NF-kB activity after 12h AB;5-35 treatment. Histone 3
is a marker for nuclear proteins. F) Data analysis to the result of western blot in E. G) Expression quantity change analysis of Bax and Bcl-2
with different treatments by western blot. 3-actin is a marker for whole proteins. H) Data analysis to G. Data in B, D, F, and H represent the
mean of 3 independent experiments, **p <0.01. Control is specimen without treatment with AB25-35.
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Fig. 2. Activation of FAK and NF-kB were simultaneous. A) Free NF-kB changes with different treatment time (h) were assessed by western
blot. B-actin is a marker for whole proteins. After treatment for 6 to 12 h, free NF-kB reaches a peak. B) Data analysis to A. C) Western blot
analysis to NF-kB p65 and EMSA analysis to NF-kB activity in nucleus after AB,5-35 treatment for 3-24 h. Histone 3 is a marker for nuclear
proteins. After treatment for 6 to 12 h, both NF-kB p65 and NF-kB activity reaches a peak. D) Data analysis to the result of western blot in C.
E) More detailed analysis (1.5-24 h) to FAK phosphorylation by western blot. FAK activity was the highest in 6-9 h after ABs-35 treatment,
but decreased rapidly after 9 h. B-actin is a marker for whole proteins. F) Data analysis to E. G) After PC12 cells treated with A for different
time (h), apoptosis rates were measured by flow cytometry. H) Data analysis to G. Cell apoptosis rate increased rapidly after 12 h treatment with
AB2s-35. Data in B, D, F, and H represent the mean of 3 independent experiments. Control is specimen without treatment with ABys-3s.
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Fig. 4. With FAK activation, ERK1/2 and P38MAPK phosphorylation levels increased. A) After 6 h AB,s-35 treatment, proteins of whole cells
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in their expression levels. Data in B represent the mean of 3 independent experiments, **p <0.01. Control is specimen without treatment with

ABos-3s.

expression of FAK, and then measured the p38MAPK determined the effects of these siRNAs. The results
and ERK1/2 phosphorylation levels. Western blot showed that both of ERK and p38MAPK siRNAs

results showed that when FAK expression was inhib- were efficient to inhibit their respective target protein
ited, both p38MAPK and ERKI1/2 activities were expressions (Fig. 5C, D).
decreased as well (Fig. 5A, B). Because the follow- When expressions of p38MAPK and ERK1/2

ing analysis will use ERK and p38MAPK siRNAs, we were inhibited by their siRNAs respectively, FAK

Fig. 5. FAK regulates the activities of pP38MAPK and ERK1/2. A) After treatment with FAK siRNA, proteins of whole cells were extracted and
separated with SDS-PAGE. Quantities of phosphorylated FAK (Y397), phosphorylated ERK1/2, and phosphorylated p38MAPK were assessed
by Western blot. 3-actin is a marker for whole proteins. B) Data analysis to A. When FAK expression was inhibited, phosphorylation levels of
ERK1/2 and p38MAPK were decreased as well. C) ERK siRNA could effectively inhibit the expression of ERK1/2. D) p38MAPK siRNA could
effectively inhibit the expression of pP38MAPK. E) When ERK1/2 expression was inhibited by its siRNAs, FAK phosphorylation level had no
significant change. F) Data analysis to E. It is suggested that FAK is upstream of ERK1/2. G) When expression of p38MAPK was inhibited by
its siRNAs, FAK phosphorylation level had no significant change. H) Data analysis to G. It is suggested that FAK is upstream of p38MAPK. I)
After PCI12 cells treated with different siRNA treatments, apoptosis rates were measured by flow cytometry. J) Data analysis to I. All of FAK,
ERK, and p38MAPK siRNAs treatments can decrease the apoptosis rate. Data in B, F, H, and J represent the mean of 3 independent experiments,
**p <0.01. Control is specimen without treatment with AB25-35.
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phosphorylation levels had no significant change
(Fig. SE-H). Flow cytometry results showed that in
AB-induced apoptosis, using siRNAs inhibited expres-
sions of FAK, p38MAPK, and ERK1/2 respectively,
and the apoptotic rates declined to different degrees
(Fig. 51, J). The results suggest that FAK is upstream
of p38MAPK and ERK1/2, regulating the activities of
p38MAPK and ERK1/2 in AB-induced apoptosis of
PC12 cells.

Both of ERK1/2 and p38MAPK are upstream of
NF-«B

Since the activity of NF-kB mediated by FAK, and
FAK is also upstream of p38MAPK and ERK /2, then,
is there a relationship between ERK1/2, p38MAPK,
and NF-kB? After using siRNAs to inhibit the expres-
sions of ERK1/2, p38MAPK, and NF-«kB, western blot
results showed that when expression of ERK1/2 and
p38MAPK were inhibited, NF-kB activity decreased
as well. But when NF-kB expression was inhibited,
the activities of ERK1/2 and p38MAPK had no sig-
nificant change (Fig. 6A-D). After using siRNAs to
inhibit the expressions of ERK1/2, p38MAPK, and
NF-kB, Bax expression decreased correspondingly,
while Bcl-2 increased (Fig. 6E-H). These results sug-
gested that ERK1/2 and p38MAPK are upstream of
NF-kB in AB-induced apoptosis of PC12 cells.

ERK /2 directly interacts with IKK, but not IkB, to
activate NF-kB; p38MAPK indirectly activates
NF-«kB

To demonstrate the relationship between activations
of ERK1/2 and NF-«B, a Co-IP experiment was per-
formed (using normal rabbit IgG as negative control).
The results showed that during ARB-induced apopto-
sis of PC12 cells, ERK1/2 directy interacts with IKK,

but not with IkB or NF-kB (Fig. 7A). Here ERK1/2
is upstream of NF-kB and directly interacts with IKK;
meanwhile IKK can activate NF-kB via phosphory-
lation of IkB. Therefore, via IKK, ERK1/2 activates
NF-kB in AB-induced apoptosis of PC12 cells.

To demonstrate whether p38MAPK activates
NF-kB via IKK similar to ERK1/2 in AB-induced
apoptosis in PC12 cells, another Co-IP experiment
was performed. Unfortunately, the results showed that
p38MAPK does not directly interact with IKK, IkB,
or NF-kB (Fig. 7B).

In order to further demonstrate that ERK1/2 can
activate IKK, we inhibited ERK1/2 activity by 10 puM
U0126 [28] and measured IkBa. The result showed
that when cells were co-treated with ABos5-35 and
U0126, the quantity of IkBa was higher than that
treated with AB»s-35 alone (Fig. 7C, D). It was sug-
gested that when ERK1/2 activity is inhibited, there
is an increase in binding between NF-kB and IkBa.
Reverse Co-IP (using ERK1/2 antibody to precipitate
IKK) showed that when ERK 1/2 activity was inhibited,
the binding of IKK to ERK1/2 was reduced accord-
ingly (Fig. 7E, F). From another point of view, these
results indicated the role of ERK1/2 on IKK.

Considering p38MAPK is also upstream of NF-
kB, it is suggested that p38MAPK indirectly activates
NF-kB in AB-induced apoptosis of PC12 cells.

DISCUSSION

AP is a major component of senile plaques and
has been considered causal in the development and
progression of AD. The molecular mechanism of Af3-
mediated neurotoxicity is yet to be elucidated.

Through integrin aggregation, cell adhesion
molecules mobilization and coordination with cell
surface growth factor receptor signaling, integrin
binds to AP and activates FAK [29-32]. But AR

Fig. 6. Both ERK1/2 and p38MAPK are upstream of NF-kB. A) After siRNA treatment, proteins of whole cells were extracted with gentle
lysis and separated with SDS-PAGE. Quantities of phosphorylated ERK1/2 and of free NF-kB p65 (not bound to IkB) were assessed by western
blot. B-actin is a marker for whole proteins. Meanwhile, EMSA was performed to analyze the nuclear NF-«kB activity. B) Data analysis to the
results of western blot in A. When NF-«kB expression was inhibited by its siRNA, phosphorylation level of ERK1/2 had no significant change.
But when expression of ERK1/2 was inhibited by its siRNA, both free p65 and NF-«B activity were decreased (A3 versus AR + ERK siRNA).
It is suggested that ERK1/2 is upstream of NF-kB. C) After siRNA treatment, proteins of whole cells were extracted with gentle lysis and
separated with SDS-PAGE. Quantities of phosphorylated p38MAPK and of free NF-kB p65 were assessed by western blot. 3-actin is a marker
for whole proteins. Meanwhile, EMSA was performed to analyze the nuclear NF-«kB activity. D) Data analysis to the results of western blot in
C. When NF-kB expression was inhibited by its siRNA, phosphorylation level of p38MAPK had no significant change. But when expression of
p38MAPK was inhibited by its siRNA, both free p65 and NF-kB activities were decreased (AR versus AP + p38MAPK siRNA). It is suggested
that p38MAPK is upstream of NF-kB. E) After PC12 cells were treated with NF-kB and ERK siRNAs, expression quantity changes of Bax
and Bcl-2 were analyzed by western blot. B-actin is a marker for whole proteins. F) Data analysis to E. G) After PC12 cells were treated with
NF-kB and p38MAPK siRNAs, expression quantity changes of Bax and Bcl-2 were analyzed by western blot. H) Data analysis to G. Data in
B, D, F, and H represent the mean of 3 independent experiments, **p <0.01. Control is specimen without treatment with AB25-35.
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has no effect on total FAK protein level [16, 32].
By antibody binding of amyloid-f3 protein precursor
on the cell surface, FAK phosphorylation levels in
cytoplasm is reduced, thereby reducing neuronal
damage [30]. Treated with fibrillar AR, FAK and
its signal “integrator”, paxillin, are both tyrosine
phosphorylated before the death [29-32]. These
phosphorylations may influence neuronal cytoskeletal
architecture, gene expression, synaptic plasticity, and
cell viability [34]. As a receptor, integrin receives
A signal and phosphorylates FAK by its 8 subunit
[35]. When cells are treated with A3, the interaction
stability of activated FAK with Src family member
Fyn is increased. It is suggested that abnormal activity
of Fyn and the interaction with FAK caused by AB
may play a role in neural degeneration [36]. Activated
FAK can cause the production of superoxide radicals
in microglia, and this lead to oxidative damage in
AD pathogenesis [33]. These studies indicate that
FAK phosphorylation led by fibrillar Af results in
downstream signaling events which regulate cell
activity. Our results also showed that after PC12
cells were incubated with 20 uM AR for 6-9h, FAK
phosphorylation levels were significantly increased
(Fig. 2E, F).

In AB-induced apoptosis in neuronal cells, ERK2
is activated [15]. Inhibition of ERK1/2 activity pre-
vents nerve cell cycle and AB-induced cell death [37].
In cultured neural cells, through interaction of A8 and
integrin, FAK/Src are activated, and ERK1/2 phospho-
rylation is increased. This led to inhibitions of cell
cycle and cell apoptosis [37]. These reports imply
that in AB-induced apoptosis, FAK phosphorylation
is related to ERK activation.

Serum amyloid A dependent IL-8 gene expression
requires activation of ERK and p38MAPK in HT-
29 cells [38]. Previous studies demonstrated that in
AB-induced apoptosis in various types of nerve cells,
NF-kB was activated. In these processes, p38MAPK
or ERK was activated, or both of them were activated at
the same time [8, 39, 40]. From the above studies, it can
be seen that there is a relationship between NF-«kB acti-
vation and p38MAPK/ERK pathways in AB-induced
apoptosis.

In studies on neuroprotection in vitro (PC12 cells)
and in vivo (mouse model), green tea extracts antago-
nize AB-induced apoptosis by inhibiting p38MAPK
and ERK pathways [7, 41-44], or by inhibiting
ERK/p38MAPK and NF-kB pathways [4, 28, 30].
In PC12 cells, AP upregulates expression of COX-2
by activating NF-kB. This activation is mediated
by its upstream ERK and p38MAPK [8]. But

unfortunately, there is still lack of information on the
detailed relationship between ERK/p38MAPK path-
ways and NF-kB activation in A3-induced neurocyte
apoptosis.

These reports have enhanced understanding of the
AB-induced apoptosis mechanism in neural type cells.
It is implied that phosphorylated FAK may medi-
ate NF-«kB activity through ERK1/2 and p38MAPK
pathways in AP induced apoptosis in differentiated
PC12 cells. Upon activation, NF-kB plays its role
in apoptosis possibly through at least two pathways.
One is by promoting Smad-7 expression to down-
regulate the TGF-3 pathway, thus reducing matrix
metalloproteinase-2 production [28]. The other is by
upregulating the expression of COX-2 to promote
apoptosis [45].

Our results showed that, in AB-induced apoptosis
of differentiated PC12 cells, FAK is activated, and the
activated FAK regulates NF-kB activity through both
ERK1/2 and p38MAPK pathways. ERK1/2 directly
interacts with IKK and to promote IKK phospho-
rylation. p38MAPK has no direct interaction with
IKK. It activates NF-kB by other means. There is no
solid evidence yet though on how p38MAPK may
promote NF-kB activity [46, 47]. The mechanism
of interaction between the p38MAPK and NF-«B
pathways is yet to be fully defined. A related study
simply stated that the MKK3/6-p38MAPK pathway
also mediates NTHi-induced NF-kB activation by an
NF-kB nuclear translocation-independent mechanism
[48].

Refering to pathways in other non-neural cells,
ERK1/2 might be activated by phosphorylated FAK
through Rac (a small G-protein in the Rho family)/Pak
(p-21 activated kinase)/Raf-1 (Rapidly accelerated
fibrosarcoma-1)/MEK1/2 pathways [49-51]. Through
the tyrosine phosphorylation of BPIX (Pak interacting
exchange factor-f8), FAK activated Rac in fibroblasts
[49]. Rac facilitates the assembly of a MAPK sig-
naling complex required for ERK activation [50]. By
phosphorylating Raf-1 on serine 338 (S338), Pak par-
ticipates in Raf-1 activation [51]. Activated Raf-1
activates ERK1/2 viaMEK1/2 [52]. As for the pathway
of FAK activating p38MAPK, we assume it is possible
that via the Ras/Raf/MEKK/MEK3/6 pathway, FAK
activates p38MAPK, just like the pathway obtained in
osteogenic precursor cells [53].

It should be noted that, although FAK regu-
lates NF-kB activity through ERK1/2 and p38MAPK
pathways, inhibition of ERKI1/2 and p38MAPK
expression cannot completely inhibit NF-kB activity
(Figs. 5 and 6). This suggests that, in AB-induced
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Fig. 8. Diagram of FAK, ERK1/2, p38MAPK, and NF-kB path-
ways relevant to this study. Fibrillar AR phosphorylates FAK and
paxillin through integrin 3 subunit. Phosphorylated FAK promotes
phosphorylation of ERK1/2 and p38MAPK. ERK1/2 direct affects
on IKK, thereby mediating NF-kB activity via IkB. p38MAPK indi-
rectly activates NF-kB activity. Activated NF-«kB transfers into the
nucleus and promotes apoptosis related genes expression, such as
Samd-7, COX-2, etc., and upregulates pro-apoptotic Bax expres-
sion and downregulates anti-apoptotic protein Bcl-2 expression. As
a result, differentiated PC12 cells are in apoptosis.

apoptosis of differentiated PC12 cells, additional
pathway(s) exist to activate NF-«B. Similarly, inhi-
bition of NF-kB expression cannot also completely
inhibit the apoptosis induced by AP (Fig. 3E, F),
indicating there are other pathway(s) to induce
cell apoptosis besides NF-kB. In addition to the
FAK/MAPK/NF-kB pathway, there are at least two
pathways at work in A3-induced apoptosis. One is the
PP2A/ASK1/p38MAPK/p53/Bax pathway [54, 55]
and the other is the Ca?t/GSK-3B/p-tau pathway
[7, 56].

In summary, the results of the present study link
up the pathways between FAK phosphorylation and
NF-kB activation in AB-induced apoptosis of differ-
entiated PC12 cells (Fig. 8). In this pathway, fibrillar
A phosphorylates FAK and paxillin through integrin
B subunit. Phosphorylated FAK promotes phospho-
rylation of ERK1/2 and p38MAPK. ERK1/2 directly
interacts with IKK, thereby mediating NF-kB activity
via IkB. Phosphorylated p38MAPK activates NF-«kB
by other mean(s). The details of how p38MAPK reg-
ulate NF-kB activity require further study.
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