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Alzheimer's disease (AD) is a neurodegenerative disorder 

induced by Amyloid β (Aβ) resulting in tau hyper-
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phosphorylation which is associated with neuronal apoptosis. 

Because no therapeutic targets for AD have been identified yet, I 

investigated relationship of cyclin-dependent kinases (CDKs) with 

tau phosphorylation in Aβ-induced neuronal apoptosis. In the 

present study, Aβ induced apoptosis in a time-dependent manner. 

Aβ increased the calcium influx which was dependent on the L-

type calcium channel. I showed that the Aβ increased ROS 

(Reactive oxygen species) generation was blocked by EGTA 

(extracellular calcium chelator) but not by BAPTA-AM 

(intracellular calcium chelator) indicating that Aβ-induced calcium 

influx up-regulates ROS. The Aβ-induced ROS increased the 

HIF-1α expression which was blocked by N-acetyl-L-cysteine 

(NAC, ROS scavenger). Through HIF-1α siRNA transfection, I 

determined that Aβ stimulates mTORC1 phosphorylation through 

PI3K/AKT signaling. Moreover, my results show that Aβ-induced 

mTOR activation inhibits autophagy, while Aβ-activated mTOR 

increases cyclinD1/CDK4 and cyclinE/CDK2 expression. 

Interestingly, Aβ-inhibited autophagy up-regulated cyclinD1/CDK4 

and cyclinE/CDK2 which were blocked by Trehalose (an autophagy 

inducer). These results suggest that Aβ-induced mTOR activation 
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up-regulates the expression of cyclins and CDKs while the 

accumulation of cyclins and CDKs is attributed to Aβ-inhibited 

autophagy. CDKs were directly bound to tau, and leaded to 

phosphorylating tau which was blocked by Flavopiridol (CDK 

inhibitor). Phosphorylation of tau induced detachment from 

microtubule leading microtubule destabilization-mediated neuronal 

apoptosis which was blocked by Paclitaxel (microtubule stabilizer). 

In conclusion, Aβ-induced mTOR activation through HIF1α up-

regulated the cyclinD1/CDK4 and cyclinE/CDK2 levels which were 

essential for tau hyper-phosphorylation leading to neuronal 

apoptosis. 
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INTRODUCTION 

 

Alzheimer’s disease (AD) is a common aging-associated 

disease caused by Amyloid β (Aβ). Two histopathological 

hallmarks are generally found in most AD patients: senile plaque 

and neurofibrillary tangle (NFT) [1]. Senile plaque is an 

extracellular accumulation of Aβ which is composed of soluble 

oligomer Aβ, and NFT is an aggregate of hyper-phosphorylated 

tau. A representative symptom of AD is memory loss which is 

caused by tauopathy [1]. Earlier reports have shown that Aβ 

induce tauopathy leads to both apoptosis and attenuation of synaptic 

plasticity [2]. Tau, one of the microtubule associated proteins 

(MAPs), stabilizes the microtubule which is a main component in 

the axons of neurons and has a role in maintaining the shape of cell 

and transporting substances [3, 4]. In AD, however, tau is 

abnormally hyper-phosphorylated and detached from the 

microtubule which leads to microtubule destabilization [2]. The 

increased, detached soluble tau undergoes conformational changes 

and forms paired helical filaments (PHF) which are believed to be 
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toxic to cells [5, 6]. Previous research suggests tauopathy is 

induced by specific phosphorylation sites in tau such as threonine 

212 and serine 396 [7]. Because tau hyper-phosphorylation has a 

critical role in AD pathogenesis, researchers recently have focused 

on elucidating the exact mechanism of Aβ-induced tau hyper-

phosphorylation which is critical in finding potential therapeutic 

targets of tauopathy in AD.  

Previous studies have discovered many candidate molecules that 

phosphorylate tau including mammalian target of rapamycin 

(mTOR), glycogen synthase kinase 3β (GSK3β), and cyclin 

dependent kinase 5 (CDK5) [8-10]. AD patients are classified into 

two groups: mild and severe cognitive impairment. mTOR is hyper-

phosphorylated in both stages which is believed to have a critical 

role in AD pathogenesis more so than the rest of the candidate 

molecules [11, 12]. Moreover, recent reports have suggested that 

mTOR inhibition can ameliorate AD symptoms [13]. mTOR is a 

nutrient sensing serine/threonine protein kinase which has a central 

role in cell growth, metabolism, and protein synthesis ultimately 

inducing cell proliferation [14]. Interestingly, healthy neurons are 

not believed to proceed the G1/S phase and do not replicate DNA 
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[15]. However, cell cycle regulatory proteins are accumulated in 

AD patients which is called cell cycle re-entry, and these proteins 

are involved in AD pathogenesis [16]. In fact, the accumulation of 

cell cycle regulatory proteins in neurons is associated with 

physiological functions beyond cell cycle regulation which could be 

involved in microtubule-mediated mechanisms of neuroplasticity 

[17]. Although Aβ is known to accumulate cell cycle regulatory 

proteins through ROS–mediated signaling, the mechanism between 

Aβ and the accumulation of cell cycle regulatory proteins is poorly 

understood [18]. Therefore, further research on how cell cycle 

affects Aβ-induced neuronal apoptosis could potentially place cell 

cycle regulatory proteins at the center of AD pathogenesis. 

Autophagy regulation is also another major role of mTOR. 

Autophagy, meaning “ self eating ” , is a recycle protein in 

starvation stress or degrades pathogenic proteins to survive [14, 

19]. Recent reports have shown that hyper-activated mTOR in AD 

patients accelerates apoptosis by inhibiting autophagy [20, 21]. As 

the accumulation of cell cycle regulatory proteins is toxic to 

neuronal cells and toxic molecules are degraded by autophagy for 

cell survival, I investigated the roles and interplay of mTOR, cell 
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cycle re-entry, and autophagy in the tauopathy of AD.  

In the present study, I used SK-N-MC (human neuroblastoma) 

and mouse hippocampal primary neurons to investigate Aβ-

induced apoptosis. Neuroblastoma is well stabilized and widely used 

as a neuronal disease model. Moreover, neuroblastoma has been 

used as an AD in vitro model to investigate the Aβ-induced cell 

signaling pathway. Thus, I used SK-N-MC to investigate the Aβ-

induced apoptosis signaling pathway. As hippocampus is known as 

earliest AD attenuated compartment of brain, I used hippocampal 

primary neurons to confirm the effects of Aβ found in SK-N-MC 

and to compare the effects whether they are the same in 

neuroblastoma and normal neuronal cells. In the present study, I 

investigated relationship of CDKs with tau phosphorylation in Aβ-

induced neuronal apoptosis 
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MATERIALS AND METHODS 

 

Material 

The neuroblastoma cell line SK-N-MC was obtained by Korean 

Cell Line Bank (Seoul, Korea). Fetal bovine serum (FBS) was 

purchased from Bio Whittaker (Walkersville, MD, USA). The 

antibodies of Caspase 3, HIF1α, p-AKT (Ser 308), AKT, mTOR, 

eIF4E, CyclinD1, CyclinE, CDK 4, CDK 2, tau, p-tau (Thr 212), p-

tau (Ser 396), α tubulin, and β actin were purchased from Santa 

Cruz Biotechnology (Santa Cruz, CA, USA). Horseradish peroxidase 

(HRP)-conjugated IgG was obtained from Jackson Immunoresearch 

(West Groove, PA, USA). The antibodies of p-mTOR (Ser 2448),  

p-mTOR (Ser 2481), p-Raptor (Ser 792), Raptor, Rictor, p-

p70S6K1 (Thr 389), p70S6K1, p-4EBP1 (Thr37/46), 4EBP1 were 

acquired from Cell Signaling Technology (Beverly, MA, USA). The 

antibodies of LC3 and p62 were obtained from Novus Biologicals 

(Littleton, CO, USA) and the HRP-conjugated goat anti-rabbit IgG 

was purchased from Santa Cruz Biotechnology. Small interfering 

RNA (siRNA) for HIF1α was purchased from Cosmo Genetech 
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(Seoul, Korea). EGTA, BAPTA-AM, Ionomycin, Nifedipine, NAC, 

PF4708671, Cycloheximide, LY244002, Rapamycin, Trehalose, 

Flavopiridol, Paclitaxel was purchased from Sigma Chemical 

Company (St. Louis, MO, USA). AKT inhibitor was purchased from 

Calbiochem (La Jolla, CA, USA). 

 

Cell Culture 

 The SK-N-MC were cultured with Dulbecco Modified Eagle 

Medium (DMEM; Thermo Fisher). Cells were grown in 10% FBS 

with a 1% antibiotics mixture. Cells were cultured in 35, 60, or 100 

mm diameter culture dishes, or in 6- or 12-well plates in an 

incubator kept at 37°C with 5% CO2. The medium was changed to 

serum-free medium. After 24 h of incubation in serum-free 

medium, cells were washed twice with phosphate buffered solution 

(PBS), and placed in serum-free medium.  

 

Primary Culture of Hippocampal Neurons from mice 

Hippocampal primary neurons were isolated from prenatal mice 
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(18-19 days) to confirm the effect of Aβ in neurons. Isolation was 

performed as described [52]. Briefly, hippocampus was isolated 

from the prenatal mice (18-19 days) and gently mince the 

hippocampus by using sterile scalpel. Minced hippocampus was 

treated with trypsin (0.025%) and dissociated by triturated. 2.5×

106 cells were plated at poly-D-lysine coated 35 mm dish in 

Neurobasal Plating Media (Neurobasal Media containing B27 

Supplement [1ml/50ml], 0.5mM Glutamine Solution, 25 μM 

Glutamate, 0.5 % antibiotics, 1mM HEPES, 10 % Heat Inactivated 

Donor Horse Serum) and placed in an incubator kept at 37°C with 

5% CO2. After 24 hours of growth media is changed to Neurobasal 

Feeding Media (Neurobasal Media containing B27 Supplement 

[1ml/50ml], 0.5mM Glutamine Solution, 0.5% antibiotics, 1 mM 

HEPES. To avoid glial cell contamination cytosine arabinoside 

(AraC) was treated early time points in the culture. NeuN was 

purchased from Abcam (Cambridge, England) and used for staining 

neurons’ nuclear. 

 

Preparation of Aβ 
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The β-Amyloid [1-42] (Human) peptide was purchased from 

Invitrogen Corporation (Camarillo, CA, USA). Peptide was dissolved 

at a concentration of 1mg/mL in 100% HFIP (1,1,1,3,3,3,-

hexafluoro-2-propanol [Sigma Chemical Company (St. Louis, MO, 

USA)]). Then incubated at Room Temperature for 1 hour with 

occasional vortexing. The sonicated for 10 minutes in a water bath 

sonciator. After sonication, it was freeze-dried for 3 hours. When 

the film is formed it was diluted with 100% DMSO (1 mM), and 

resuspended. To oligomerize Aβ, it was diluted with PBS (100 μ

M), and incubated for 24 hours in 4°C. 

 

Real time polymerase chain reaction (Real time-PCR) 

 The SK-N-MCs were maintained in serum-free DMEM with Aβ 

for 24 h. After refresh the culture media with PBS and the total 

RNA was extracted from the cells using MiniBEST Universal RNA 

Extraction Kit (TaKaRa, Otsu, Shinga, Japan). Reverse transcription 

was carried out using 1 μg of RNA using a MaximeTM RT-PCR 

PreMix kit (Intron Biotechnology, Seongnam, Korea) with the 

oligo(dT18) primers. Reverse transcription was performed in 45°C 
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for 60 minute to cDNA synthesis and 95°C for 5 minute RTase 

inactivation step. Two microliter of the reverse transcription (RT) 

products was then amplified using QuantiSpeed SYBR Kits (PKT). 

Real-time quantification of RNA targets was performed in a Rotor-

Gene 6000 real-time thermal cycling system (Corbett Research; 

NSW, Australia). The primers used are described in the Table S1. 

The reaction mixture (10 ml) contained 50 ng of total RNA, 0.5 mM 

of each primer, and appropriate amounts of enzymes and 

fluorescent dyes as recommended by the supplier. The Real-time 

PCR were performed as follows: 15 minutes at 95°C for DNA 

polymerase activation; 15 seconds at 95°C for denaturing; and 40 

cycles of 15 seconds at 94°C, 30 seconds at 54°C, and 30 

seconds at 72°C. Data was collected during the extension step (30 

seconds at 72C) and analysis was performed using the software 

provided. Following real-time PCR, melting curve analysis was 

performed to verify the specificity and identity of the PCR products.  

 

Western blot analysis. 

Harvested cells were washed once with cold PBS prior to 
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incubation in lysis buffer [1mM EDTA, 1mM EGTA, 20mM Tris (pH 

7.5), 1% Triton X-100, 1mg/mL aprotinin, and 1mM 

phenylmethylsulfonylfluoride (PMSF)] for 30 min on ice. The 

lysates were then cleared by centrifugation (15000 rpm at 4°C for 

30 min). The BCA method was used to determine protein 

concentration. Samples containing 10 ug of protein were prepared 

for 10% sodium dodecyl sulfate polyacryl-amide gel 

electrophoresis (SDS-PAGE) and then transferred to a 

polyvinylidene fluoride (PVDF) membrane. Protein-containing 

membranes were washed tris-buffered saline containing 0.1% 

Tween-20 (TBST) solution [10mM Tris-HCL (pH 7.6), 150 mM 

NaCl, and 0.1% Tween-20] blocked with 5% bovine serum albumin 

(BSA) for 30 min. Blocked membranes were washed with TBST for 

3 times every 10 min, and incubated with primary antibody 

overnight at 4°C. The membranes were then washed and incubated 

with HRP-conjugated secondary antibody at RT for 2 hours. The 

western blotting bands were visualized by using chemiluminescence 

(Amersham Pharmacia Biotech, Little Chalfont, United Kingdom). 

Densitometric analysis was carried out by using Image J software. 

Each of protein phosphorylation and expression was normalized by 
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β-actin. 

 

Transfection of small interfering RNA 

Prior to Aβ treatment, siRNAs specific for HIF-1α, or 

nontargeting (NT) were transfected to cell for 24 h with 

hyperfectamine (QIAGEN, Valencia, CA, USA) according to the 

manufacturer's instructions. The concentration of each transfected 

siRNA was 25 nM. The NT siRNA was used as the negative control. 

The siRNA sequences are described in Table S2. 

 

Trypan blue exclusion test for measuring cell viability 

Cells were incubated with a 0.05 % Trypsin and 0.5mM EDTA 

solution. Detached cells were treated with soybean trypsin inhibitor 

(0.05 mg/mL) to quench trypsin. To exclude dead cells, 0.4 % 

trypan blue was added to the cell suspension. Subsequently, 

unstained live cells were counted by using a Petroff-Hausser 

counting chamber. To calculate the cell viability, use the formula as 

follows. Cell viability = {1- (number of trypan blue-stained cell ÷ 

number of total cells) × 100}. 
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MTT (3-(4,5,Dimethyl thiazolyl-2)-2,5-diphenyl 

tetrazolium bromide) assay 

The cells were cultured in a 96-well plate. Prior to harvesting, 

each well was treated with 100 pg/mL of MTT reagent (Sigma-

Aldrich) for 4 hours. Harvested cells were washed with PBS and 

incubated with 150μl of DMSO (Sigma-Aldrich) for 20 min. 

Absorbance at 540 nm was measured by using an enzyme-linked 

immunosorbent assay-plate reader. 

 

Immunofluorescence staining 

Cells were fixed with 4.0% paraformaldehyde (Sigma-Aldrich) 

for 10 min, followed by permeabilization with 0.1% Triton X-100 

(Sigma-Aldrich) in PBS followed by washing with PBS. Cells were 

incubated with 1% normal goat serum (NGS) to decrease non-

specific binding of antibody, and then incubated with 1:100 dilution 

of primary antibody for overnight in 4︒C. Next, the cells were 

incubated for 2 hours in RT with either fluorescein isothiocyanate 

(FITC) conjugated anti-rabbit and anti-mouse IgG antibody or 
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Alexa Fluor®  goat anti-rabbit IgG double-stained with PI 

(Invitrogen, Carlsbad, CA, USA) in PBS containing 1%. Images 

were obtained by using a FluoView™ 300 fluorescence microscope 

(Olympus, Tokyo, Japan). Three independent experiments were 

performed and 60 cells (20 cells per experiment) were used for 

statistical analysis. 

 

Measurment of [Ca2+] 

The changes in [Ca2+]i were observed using Fluo 3-AM 

dissolved in DMSO. The cells in confocal dishes were washed once 

with a PBS, incubated in PBS containing 3 μM Fluo 3-AM with 5% 

CO2 at 37°C for 40 minutes, washed once with the PBS and 

scanned every second using confocal microscopy (X400) (Fluo 

View 300). The fluorescence was excited at 488 nm and the 

emitted light was read at 515 nm. In order to verify the assay, 

ionomycin was applied to the cells as a positive control. All of the 

analysis of [Ca2+]i were processed at a single cell level are 

expressed as the relative fluorescence intensity (RFI). 

 

Measurements of intracellular ROS levels 
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CM-H2DCFDA (DCF-DA), which functions as a H2O2
- sensitive 

fluorophore, was used to detect the intracellualar H2O2. The cells 

were plated on 12 well dish and confocal dishes. The cells were 

then incubated in the dark with 10 μM DCF-DA for 1 hour at 

37°C conditions. The cells were imaged using laser confocal 

microscopy (X400) (Fluo View 300) with an excitation wavelength 

of 448 nm and an emission wavelength of 515 nm. The intracellular 

H2O2 level was quantified by treating the cells with DCF-DA, then 

washing them twice in cold PBS. The 100 μl cell suspension was 

loaded into a 96-well plate and assessed using a luminometer 

(Victor3, Perkin-Elmer) and a fluorescent plate reader at an 

excitation and emission wavelength of 485 and 535 nm, 

respectively. Normalization was confirmed by dividing total number 

of the cells. 

 

Co-immunoprecipitation 

The complex formation between proteins analyzed by 

immunoprecipitation and Western blot. Cells were lysed with the 

co-immunoprecipitation buffer (1% Triton X-100 in 50mM Tris-

HCl [pH 7.4] containing 150 mM NaCl, 5 mM EDTA, 2 mM NA3VO4, 
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2.5 mM Na4PO7, 100 mM NaF, 200 nM microcystin lysin-arginine, 

and protease inhibitor). Cell lysates (300 μg) were mixed with 10 

μg of anti-tau antibody. The samples were incubated for 4h, and 

Protein A/G PLUS-agarose immunoprecipitation reagent (Pierce; 

Rockford, IL, USA) was added. The samples were incubated for an 

additional 12 h. The beads were washed three times with the co-

immunoprecipitation buffer, and the bound proteins were released 

from the beads by boiling in sodium dodecylsulfate-polyacrylamide 

gel electrophoresis (SDS-PAGE) sample buffer for 7 min. Samples 

were analyzed by western blot antibodies. 

 

AnnexinV/PI double staining 

Neuronal apoptosis was detected with an Annexin V and 

propidium iodide (PI) staining kit (BD Biosciences) according to the 

manufacturer’s instructions. Briefly, the cells were detached with 

0.05% trypsin/EDTA and 1 × 105
 cells were suspended with 

Annexin V binding buffer. The cells were then stained with Annexin 

V and PI and incubated for 20 min at room temperature in the dark. 

The sample was read by flow cytometry and analyzed using CXP 

software (Beckman Coulter, Brea, CA). Samples were gated to 
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exclude debris (forward light scatter [FSC] area versus side 

scatter area), and then any cell doublets were excluded using FSC 

area versus FSC width analysis. 

 

Statistical analysis 

Results are expressed as mean value ± standard error of mean 

(SE). All experiments were analyzed by ANOVA, and some 

experiments which needed to compare with 3 groups were 

examined by comparing the treatment means to the control using a 

BonferroniDunn test. A result with a p value of < 0.05 was 

considered statistically significant. 
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RESULTS 

 

Effect of Amyloid β on mTORC1 phosphorylation 

Aβ induced caspase 3 cleavage in a time-dependent manner 

(Fig. 1a). To evaluate the Aβ-induced apoptosis in SK-N-MC, 

the cells were exposed to various concentrations (0-20 μM) of A

β. In the MTT assay, cell viability decreased by 36% compared to 

the control for 5 μM of Aβ (Fig. 1b). Cell viability was also 

measured with the trypan blue exclusion assay. Cell viability 

decreased by 34% when the cells were treated with 5 μM of Aβ 

(Fig. 1c). Thus, I used 5 μM of Aβ for 48 h to evaluate Aβ-

induced neuronal apoptosis. I found that Aβ-induced ROS 

increased up to 87 % at 3 h and highly maintained until 48 h and it 

was confirmed by immuno-staining (Fig. 2a and 2b). The 

extracellular Ca2+ influx in response to Aβ was examined to 

determine whether Aβ-induced ROS involves an increase in Ca2+. 

As shown in the Fig. 2c, Aβ induced a calcium influx, which was 

blocked by Nifedipine (an L-type Calcium channel blocker), 

suggesting that the Ca2+ influx is highly dependent on the L-type 
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calcium channel. Aβ-induced ROS was blocked by pretreatment 

with EGTA (extracellular calcium chelator) but not with BAPTA-

AM (intracellular calcium chelator) indicating that Aβ-induced 

ROS is dependent on extracellular calcium influx (Fig. 2d).  
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Fig. 1 Aβ stimulate neuronal apoptosis in SK-N-MC. (a) SK-N-MCs were 

exposed to Aβ (5 μM) for 0-48 hours, after which caspase 3 were detected by 

Western blot. Data are reported as a mean ±SE of three independent experiments. 

* indicates p<0.05 versus 0 h. (b) Aβ was treated in a dose-dependent manner 

for 48 h and MTT assay reduction was detected at an absorbance of 545 nm using 

a microplate reader. Data are reported as a mean ±SE of three independent 

experiments. * indicates p<0.05 versus 0 h. (c) Aβ was treated in a dose-

dependent manner for 48 h and the cell viability were directly counted using a 

counting chamber by trypan blue exclusion assay as described in Material and 

Methods. Data are reported as a mean ±SE of three independent experiments. * 

indicates p<0.05 versus 0 h. 
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Fig. 2 Aβ up-regulates ROS through Ca2+ dysregulation. (a) After treatment of A

β (5 μM) in a time-dependent manner, I incubated 1 hour with H2DCF-DA to 

detect ROS and it was measured by using luminometer. Data are reported as a 

mean ±SE of three independent experiments. * indicates p<0.05 versus 0 h. (b) 

ROS was examined by confocal microscopy using immunofluorescence staining of 

H2DCF-DA after treatment of Aβ (5 μM) for 48 hours. Scale bars= 200 μm 

(magnification, × 200). Each result is representative of three independent 

experiments. (c) SK-N-MCs were loaded with 2 μM Fluo 3-AM for 40 mins and 
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treated with Aβ (5 μM), and SK-N-MCs were pretreated with Nifedipine (10 μ

M) for 30 mins and the Aβ-induced Ca2+ was then measured. In order to validate 

this assay, ionomycin was treated to the cells as positive control. The changes in 

[Ca2+]i were observed using confocal microscopy and are expressed as the 

relative fluorescence intensity. Scale bars= 100 μm (magnification, × 400). Each 

result is representative of three independent experiments. (d) SK-N-MCs were 

pretreated with EGTA (1 mM) and BAPTA-AM (10 μM) for 30 mins prior to Aβ 

(5 μM) treatment. Then the cells were loaded with H2DCF-DA for 1 h and 

measured ROS by using luminometer. Data are reported as a mean ±SE of three 

independent experiments. * indicates p<0.05 versus control and ** indicates p<0.05 

versus Aβ. 
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I detected HIF1α, as it is a marker of ROS. In addition, I detected 

mTOR phosphorylation in a time-dependent manner. The HIF1α 

level started to increase 6 h after Aβ treatment while mTOR 

phosphorylation at Ser 2448 dramatically increased at 12 h of Aβ 

treatment, but not at Ser 2481 (Fig. 3a). Furthermore, mTOR was 

more likely to bind raptor instead of rictor when Aβ was treated, 

suggesting that Aβ is related to mTORC1 phosphorylation rather 

than mTORC2 (Fig. 3b). Pretreatment with N-acetyl-L-cysteine 

(NAC, ROS scavengers) blocked the Aβ-induced HIF1α level. 

Moreover NAC blocked phosphorylation of mTOR (Ser 2448) and 

raptor (Fig. 3c). Thus, I determined whether there is association 

between HIF1α and the phosphorylation of mTORC1. Aβ-induced 

mTORC1 phosphorylation was critically blocked by HIF1α 

transfection (Fig. 4a). However, Aβ-induced HIF1α decreased in 

a relatively small scale by Rapamycin (inhibitor of mTOR) 

suggesting that HIF1α is an up-stream molecule of mTOR (Fig. 

4b). Moreover, HIF1α siRNA transfection also blocked the Aβ-

induced AKT phosphorylation (Fig. 3d). Inhibition of PI3K and AKT 

blocked phosphorylation of mTORC1 and raptor suggesting that Aβ

-induced HIF1α expression regulate mTORC1 phosphorylation 
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through PI3K/AKT pathway (Fig. 3e). Furthermore, I observed Aβ

-induced mTORC1 phosphorylation in SK-N-MC and hippocampal 

primary neurons by immuno-staining (Fig. 3f and 3g). Taken 

altogether, my findings indicate that Aβ-induced HIF1α 

expression regulates mTORC1 phosphorylation through PI3K/AKT 

signaling. 
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Fig. 3 Aβ-induced ROS increased mTORC1 phosphorylation through HIF1α-

mediated PI3K/AKT signaling. (a) SK-N-MCs were exposed to Aβ (5 μM) for 

0-48 hours, after which HIF1α and mTOR phosphorylation (Ser 2448, Ser 2481) 

were detected by western blot. Data are reported as a mean ±SE of three 

independent experiments. * indicates p<0.05 versus 0 h. (b) mTOR was 

immunoprecipitated with an anti-mTOR antibody and raptor and rictor were 
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detected using anti-raptor, anti-rictor antibodies. Data are reported as a mean ±

SE of three independent experiments. * indicates p<0.05 versus control. (c) SK-

N-MCs were pretreated with NAC (5 mM) for 30 min and then exposed to Aβ (5 

μM) for 24 h and detected HIF1α, p-mTOR (Ser 2448, Ser 2481), p-raptor by 

western blot. Data are reported as a mean ±SE of three independent experiments. 

* indicates p<0.05 versus control and ** indicates p<0.05 versus Aβ. (d) SK-N-

MCs were transfected with HIF1α siRNA or NT siRNA for 24 h and incubated 

with Aβ (5 μM) for 24 h and detected AKT phosphorylation. Data are reported 

as a mean ±SE of three independent experiments. * indicates p<0.05 versus 

control and ** indicates p<0.05 versus control Aβ+NT siRNA. (e) SK-N-MCs 

were exposed to LY294002 (20 μM) and AKT inhibitor (20 μM) for 30 min prior 

to Aβ (5 μM) treatment for 24 h and phosphorylation of mTOR (Ser 2448) and 

raptor was dectected by western blot. Data are reported as a mean ±SE of three 

independent experiments. * indicates p<0.05 versus control and ** indicates p<0.05 

versus Aβ. (f) Phosphorylation of mTOR (Ser 2448) was determined by confocal 

microscopy using immunofluorescence staining in SK-N-MCs. Scale bars= 100 μ

m (magnification, × 400). Each result is representative of three independent 

experiments. (g) Phosphorylation of mTOR (Ser 2448) was determined by 

confocal microscopy using immunofluorescence staining in hippocampal primary 

neurons. Scale bars= 100 μm (magnification, × 400). Each result is 

representative of three independent experiments. 
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Fig. 4 Aβ-induced HIF1α is upstream molecule of mTOR. (a) SK-N-MCs were 

transfected with HIF1α siRNA or NT siRNA for 24 h and incubated with Aβ for 

24 h and detected mTOR and raptor phosphorylation. Data are reported as a mean 

±SE of three independent experiments. * indicates p<0.05 versus control and ** 

indicates p<0.05 versus control Aβ+NT siRNA. (b) SK-N-MCs were pretreated 

Rapamycin for 30 mins prior to Aβ treatment and detected HIF1α by western 

blot. Data are reported as a mean ±SE of three independent experiments. * 

indicates p<0.05 versus control and ** indicates p<0.05 versus Aβ. 
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Aβ-induced mTORC1 phosphorylation up-regulates 

cyclinD1/CDK4 and cyclinE/CDK2 levels 

I investigated how Aβ-induced mTORC1 phosphorylation affects 

neuronal cells. I confirmed that Aβ induce 4EBP1 and p70S6K1 

phosphorylation which was blocked by Rapamycin (inhibitor of 

mTOR) (Fig. 5a). As 4EBP1 and p70S6k1 are known to regulate 

cell cycle regulatory proteins by regulating initiation and elongation 

step of translation [22], I determined whether Aβ induces the 

expression of cyclins and cyclin dependent kinases (CDKs) through 

4EBP1/p70S6K1 pathway. Aβ-induced 4EBP1 phosphorylation 

increased the detachment of 4EBP1 and eIF4E which was blocked 

by Rapamycin (Fig. 5b). In addition, Aβ induced the expression of 

cyclinD1/CDK4 and cyclinE/CDK2 which was blocked by 

pretreatment with PF4708671 (a p70S6K1 inhibitor) (Fig. 5c). Aβ

-induced cyclinD1/CDK4 and cyclinE/CDK2 were also blocked by 

cycloheximide (a translation inhibitor) (Fig. 5d). These results 

indicate that Aβ-induced mTORC1 up-regulates cyclinD1/CDK4 

and cyclinE/CDK2 through 4EBP1/p70S6K1 signaling. 
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Fig. 5 Aβ-induced mTORC1 phosphorylation up-regulates expression of 

cyclinD1/CDK4 and cyclinE/CDK2. (a) SK-N-MCs were pretreated with 

Rapamycin (10 nM) prior to Aβ (5 μM) treatment for 48 h and detected 

phosphorylation of 4EBP1 and p70S6K1 by Western blot. Data are reported as a 

mean ±SE of three independent experiments. * indicates p<0.05 versus control 

and ** indicates p<0.05 versus Aβ. (b) SK-N-MCs were treated Aβ (5 μM) for 

24 h. eIF4E was immune-precipitated with an anti-eIF4E antibody and 4EBP1 

was detected using anti-4EBP1 antibody. Data are reported as a mean ±SE of 

three independent experiments. * indicates p<0.05 versus control and ** indicates 

p<0.05 versus Aβ. (c) SK-N-MCs were pretreated with PF4708671 for 30 mins 

prior to Aβ (5 μM) 48 h incubation. Expression of cyclinD1/CDK4 and 

cyclinE/CDK2 were detected by western blot. Data are reported as a mean ±SE of 

three independent experiments. * indicates p<0.05 versus control and ** indicates 

p<0.05 versus Aβ. (d) SK-N-MCs were pretreated with Cycloheximide (4 μM) 

prior to Aβ (5 μM) 48 h incubation. Expression of cyclinD1/CDK4 and 

cyclinE/CDK2 was determined by western blot. Data are reported as a mean ±SE 

of three independent experiments. * indicates p<0.05 versus control and ** 

indicates p<0.05 versus Aβ. 
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As another major role of mTORC1 is known to be inhibition of 

autophagy, I determined whether there is any association between 

autophagy and cell cycle regulatory proteins. Aβ reduced LC3 II 

conversion and p62 degradation which was blocked by Rapamycin in 

SK-N-MC (Fig. 6a). I confirmed that LC3 punta formation was 

inhibited through Aβ-induced mTORC1 signaling by immuno-

staining (Fig. 6b). Interestingly, the induction of autophagy with 

Trehalose (a mTOR independent autophagy inducer) led to a 

reduction of cyclins and CDKs in SK-N-MC and primary neurons 

(Fig. 6c). As I showed that Aβ-induced mTORC1 inhibits 

autophagy and up-regulates the expression of cyclins and CDKs, I 

confirmed that the Aβ-induced cyclinD1/CDK4 and cyclinE/CDK2 

levels were significantly blocked by Rapamycin in SK-N-MC and 

primary neurons (Fig. 6d).  
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Fig. 6 Aβ-induced mTORC1 phosphorylation inhibits autophagy leading 

acceleration of cyclinD1/CDK4 and cyclinE/CDK2 accumulation. (a) SK-N-MCs 

were pretreated with Rapamycin (10 nM) prior to Aβ (5 μM) treatment for 48 h, 

after which LC3 and p62 was detected by western blot. Data are reported as a 

mean ±SE of three independent experiments. * indicates p<0.05 versus control 

and ** indicates p<0.05 versus Aβ. (b) Changes of LC3 punta in SK-N-MCs were 

determined by confocal microscopy using immunofluorescence staining. Scale 

bars= 50 μm (magnification, × 600). Each result is representative of three 
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independent experiments. (c) SK-N-MCs and hippocampal primary neurons were 

pretreated with Trehalose (10 μM) to induce autophagy prior to Aβ (5 μM) 

treatment for 48 h and determined expression of cyclinD1/CDK4 and cyclinE/CDK2 

by performing Western blot. Data are reported as a mean ±SE of three 

independent experiments. * indicates p<0.05 versus control and ** indicates p<0.05 

versus Aβ. (d) SK-N-MC and hippocampal primary neurons were pretreated with 

Rapamycin (10 nM) prior to Aβ (5 μM) treatment for 48 h and detected 

cyclinD1/CDK4 and cyclinE/CDK2 by western blot. Data are reported as a mean ±

SE of three independent experiments. * indicates p<0.05 versus control and ** 

indicates p<0.05 versus Aβ. 

  

LC3 β-actin LC3 - Ⅰ (17 kDa) LC3 - Ⅱ (14 kDa) p62 β-actin d 
Cyclin D1 CDK 4 Cyclin E CDK 2 β-actin β-actin 

a b 
Control Aβ Aβ + Rapamycin c 

Cyclin D1 CDK 4 Cyclin E CDK 2 β-actin β-actin Rapamycin SK-N-MC Primary Neuron SK-N-MC Primary Neuron * * ** ** * * * ** ** ** * * * * ** ** ** ** * * * * ** ** ** ** * ** * * * * ** ** ** ** 43 kDa 43 kDa 62 kDa 43 kDa 43 kDa 35 kDa 48 kDa 30 kDa 34 kDa 43 kDa 43 kDa 35 kDa 48 kDa 30 kDa 34 kDa 



    

- 33 - 

 

Aβ-induced cyclinD1/CDK4 and cyclinE/CDK2 levels 

lead to tau hyper-phosphorylation-mediated 

apoptosis 

To determine whether the increased levels of CDKs have a role in 

the phosphorylation of tau, I examined the interaction between 

CDKs and tau. The results show that CDKs were bound to tau (Fig. 

7a). In addition, the interaction of CDKs and tau was confirmed by 

observing the co-localization between CDKs and tau in primary 

neurons (Fig. 7b). Aβ phosphorylated tau gradually in a time-

dependent manner (Fig. 7c). Furthermore, the Aβ-induced 

phosphorylation of tau was blocked by pretreatment with 

Flavopiridol (a CDK inhibitor) in SK-N-MC and primary neurons 

(Fig. 7d and 7e). These findings suggest that the Aβ-induced 

cyclins and CDKs phosphorylate tau directly. Moreover, to confirm 

the role of CDKs in Aβ-induced tauopathy, tau detachment from 

tubulins was investigated with immuno-precipitation. The Aβ 

induced detachment of tau from tubulins was recovered by 

Flavopiridol (Fig. 7f). As tau detachment from microtubule can 

occur microtubule destabilization-mediated apoptosis, I used 
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paclitaxel to stabilize the microtubule. Although paclitaxel reduced 

20% of cell viability itself in every concentration, pretreatment of 

paclitaxel rescued cells from Aβ-induced neuronal apoptosis 

suggesting that microtubule destabilizatioin have a critical role in A

β-induced neuronal apoptosis (Fig. 7g). As tau proteins aggregate 

with each other after detachment from microtubules, I investigated 

whether autophagy has any association with aggregated tau. 

Interestingly, induction of autophagy reduced Aβ-induced tau 

phosphorylation but not the total level of tau suggesting that 

autophagy degrades cyclinD1/CDK4 and cyclinE/CDK2 but not tau 

itself (Fig. 8a). Moreover, Aβ-induced tau aggregation did not co-

localized with LC3 punta although autophagy was induced by 

Trehalose (Fig. 8b). These results suggest that Aβ-induced levels 

of cyclins and CDKs have a critical role in tauopathy which leads to 

neuronal apoptosis.  
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Fig. 7 Aβ-increased cyclins/CDKs phosphorylate tau leading neuronal apoptosis. 

(a) Tau was immunoprecipitated with an anti-tau antibody in SK-N-MC and 

CDK4 and CDK2 were detected using anti-CDK4 and anti-CDK2 antibodies. n=3. 

(b) Co-localization of tau and CDK4, CDK2 were determined by confocal 

microscopy using immunofluorescence staining in hippocampal neurons. Scale 

bars= 50 μm (magnification, × 600). Each result is representative of three 

independent experiments. (c) SK-N-MCs were exposed to Aβ (5 μM) for 0-48 

hours, after which p-tau (Thr 212) and p-tau (Ser 396) were detected by 

western blot. Data are reported as a mean ±SE of three independent experiments. 

* indicates p<0.05 versus 0 h. (d-e) SK-N-MCs and hippocampal primary 

neurons were pretreated with Flavopiridol (1 nM) for 30 mins and exposed to Aβ 

(5 μM) for 48 h. p-tau (Thr 212), p-tau (Ser 396), and tau were detected by 

Western Blot. Data are reported as a mean ±SE of three independent experiments. 

* indicates p<0.05 versus control and ** indicates p<0.05 versus Aβ. (f) SK-N-

MCs were pretreated with Flavopiridol (1 nM) for 30 minutes and incubated in the 

presence of Aβ (5 μM) for 48 hours and then harvested. Tau was 

immunoprecipitated with an anti-tau antibody, and co-immunoprecipitated α-

tubulin was detected by western blot. Data are reported as a mean ±SE of three 

independent experiments. * indicates p<0.05 versus control and ** indicates p<0.05 

versus Aβ. (g) SK-N-MCs were pretreated with Paclitaxel for 30 mins in a 

dose-dependent manner prior to Aβ treatment and MTT assay reduction was 

detected at an absorbance of 545 nm using a microplate reader. Data are reported 

as a mean ±SE of three independent experiments. * indicates p<0.05 versus 

control and ** indicates p<0.05 versus Aβ. 
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Fig. 8 Induction of autophagy did not degrade Aβ-induced aggregated tau. (a) 

SK-N-MCs were pretreated with Trehalose for 30 min prior to Aβ treatment and 

detected p-tau (Thr 212) and p-tau (Ser 396) and tau by western blot. Data are 

reported as a mean ±SE of three independent experiments. * indicates p<0.05 

versus control and ** indicates p<0.05 versus Aβ. (b) Co-localization of LC3 

punta and aggregated tau was determined by confocal microscopy using 

immunofluorescence staining. Scale bars= 100 μm (magnification, × 400). Each 

result is representative of three independent experiments. 
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I confirmed the role of mTOR, autophagy, and increased levels of cyclins and 

CDKs in Aβ-induced neuronal apoptosis. As shown in Fig. 9a, Aβ-induced 

caspase 3 cleavage was blocked by pretreatment with Rapamycin, Trehalose, and 

Flavopiridol in SK-N-MC. Moreover, Rapamycin, Trehalose, and Flavopiridol 

reduced Aβ-induced neuronal apoptosis in both the trypan blue exclusion assay 

and MTT assay (Fig. 9b and 9c). I also confirmed that Rapamycin rescued cells 

from Aβ-induced neuronal apoptosis by using AnnexinV/PI double staining (Fig. 

9d). Aβ-induced cleaved caspase 3 was blocked by Rapamycin also in primary 

neurons (Fig. 9e). I confirmed the same effect of Rapamycin in Aβ-induced 

neuronal apoptosis in primary neurons by performing the trypan blue exclusion 

assay (Fig. 9f). 
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Fig. 9 Inhibition of mTOR can rescue from Aβ-induced neuronal apoptosis. (a) 

SK-N-MCs were pretreated with Flavopiridol (1 nM), Trehalose (10 μM), and 

Rapamycin (10 nM) for 30 mins prior to Aβ (5 μM) treatment. Caspase 3 

cleavage was detected by Western blot. Data are reported as a mean ±SE of three 

independent experiments. * indicates p<0.05 versus control and ** indicates p<0.05 

versus Aβ. (b) MTT assay reduction was detected at an absorbance of 545 nm 

using a microplate reader. Data are reported as a mean ±SE of three independent 

experiments. * indicates p<0.05 versus control and ** indicates p<0.05 versus Aβ. 

(c) SK-N-MC viability were directly counted using a counting chamber by trypan 

blue exclusion assay as described in Material and Methods. Data are reported as a 

mean ±SE of three independent experiments. * indicates p<0.05 versus control 

and ** indicates p<0.05 versus Aβ. (d) Rapamycin (10 nM) pretreated prior to Aβ 

(5 μM) for 48 h in SK-N-MC was double-stained with AnnexinV/PI and 

detected with flow cytometry as mentioned in Material and Methods. Data are 

reported as a mean ±SE of three independent experiments. (e) Rapamyicin (10 

nM) was pretreated for 30 mins prior to Aβ (5 μM) treatment for 48 h in 

hippocampal primary neurons and detected cleaved caspase 3 by western blot. 

Data are reported as a mean ±SE of three independent experiments. * indicates 

p<0.05 versus control and ** indicates p<0.05 versus Aβ. (f) Rapamycin (10 nM) 

was pretreated prior to Aβ (5 μM) tr eatment for 48 h in hippocampal primary 

neurons. The cells viability were directly counted using a counting chamber by 

trypan blue exclusion assay. Data are reported as a mean ±SE of three 

independent experiments. * indicates p<0.05 versus control and ** indicates p<0.05 

versus Aβ. 
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DISSCUSSION 

 

In the present study, I showed that Aβ-induced mTORC1 

activation increases the cyclinD1/CDK4 and cyclinE/CDK2 levels 

which led to the tau hyper-phosphorylation-mediated neuronal 

apoptosis. Fibril, oligomer, and monomer Aβ are found in AD 

patients. Oligomer Aβ, rather than fibril and monomer Aβ, is 

known to be very toxic and to have a critical role in AD 

pathogenesis [23, 24]. Many reports have suggested that Aβ 

induces intrinsic and extrinsic apoptosis in neuronal cells [25, 26]. 

Indeed, I showed that Aβ induces neuronal apoptosis in SK-N-MC 

and primary neurons. These previous studies and my results 

suggest that the inhibition of Aβ-induced apoptosis could be a 

potential therapeutic target of AD. Although mTOR is hyper-

activated in both mild and severe AD patients and Rapamycin has 

been shown to ameliorate the symptoms in AD models, a detailed 

mechanism of how Aβ up-regulates mTOR activation and its 

pathogenesis is poorly understood. Thus, I investigated the 
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mechanism of Aβ-induced mTOR activation and its role in AD 

pathogenesis. I showed that Aβ-induced calcium influx via the L-

type calcium channel is an essential factor for ROS generation in 

neuronal cells. Many previous reports support my findings of Aβ-

induced Ca2+ dysregulation is mediated by the L-type channel [27, 

28]. Aβ-induced intracellular Ca2+ level is related to mitochondrial 

damage and overproduction of free radicals. Increased cytosolic 

concentration of Ca2+ could increase mitochondrial ROS in various 

way such as by stimulating the TCA cycle and oxidative-

phosphorylation or by blocking the respiratory chain at complex III 

in the mitochondria [29, 30].  

Oxidative stress influences multiple systems of the body and can 

lead to some of the most devastating consequences in the nervous 

system through apoptosis. Aβ-induced ROS affects many 

molecules and disrupts the structure of DNA which leads to 

apoptosis. In my results, however, ROS was increased at 3 h, while 

apoptosis was increased at 48 h. Although ROS can directly 

influence neuronal apoptosis, I suggest there is another pathway for 

ROS-mediated apoptosis through Aβ. One of the responsive 

molecule in ROS is HIF1α which is a transcription factor regulating 
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growth factors such as TNF-α, TGF-β3 and VEGF [31]. In 

present study, Aβ-induced HIF1α activate mTORC1 through 

PI3K/AKT. As PI3K/AKT signaling is regulated through growth 

factors and its receptors, I strongly suggest Aβ-induced HIF1α 

expression can activate mTORC1 through PI3K/AKT signaling. 

Indeed, earlier reports have shown that Aβ-induced ROS activated 

mTORC1 through PI3K/AKT signaling in neuronal cells [32]. 

Meanwhile, mTORC1 activation can also increase HIF1α 

expression [33]. As HIF1α and mTORC1 phosphorylation up-

regulate each other in my result, I suggest that HIF1α up-

regulates mTORC1 activity, and this could increase the HIF1α 

expression as positive feedback. Although further studies on the 

detailed mechanisms of how HIF1α induces mTORC1 activation are 

needed, the present study showed that Aβ-induced HIF1α has a 

key role in mTORC1 activation. Some of the major downstream 

signaling of mTORC1 are 4EBP1, eIF4E, and p70S6K1 which 

regulate cell cycle by activating the eIF4 complex and S6 protein. In 

AD, activation of mTORC1 signaling can promote entering into the 

cell cycle which can be harmful to neurons and result in neuronal 

apoptosis rather than replication [18, 34]. In fact, studies have 
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suggested that neurons are constantly struggling to keep their cell 

cycle in check and negligence in this surveillance often leads to cell 

cycle re-entry that causes neuronal apoptosis [35]. My results 

showed that Aβ-activated mTORC1 up-regulated the 

cyclinD1/CDK4 and cyclinE/CDK2 levels through 4EBP1/p70S6K1 

signaling. These findings suggest that Aβ-induced ROS up-

regulates the cyclinD1/CDK4 and cyclinE/CDK2 levels through HIF1

α-mediated mTORC1 activation. Regulation of autophagy is 

another role of mTORC1. In AD patients, autophagy is inhibited 

through mTORC1 activation by phosphorylation of ULK-1 which is 

involved in forming autophagosome [36, 37]. Moreover, autophagy 

degrades proteins selectively through autophagic adaptor proteins 

[38, 39]. In fact, my results show that autophagy degrades 

cyclinD1/CDK4 and cyclinE/CDK2 but not total level of tau 

suggesting that autophagy degrades cyclin/CDK complexes 

selectively in neuronal cells. I showed for the first time that 

mTORC1 regulates the cyclinD1/CDK4 and cyclinE/CDK2 levels 

through not only regulation of translation but also through 

degradation by autophagy. As the accumulation of cyclin/CDK 

complexes is pathologic in neuronal cells, Aβ-inhibited autophagy 
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could accelerate apoptosis by not degrading the cyclin/CDK 

complexes.  

Next, I investigated how the accumulation of cyclinD1/CDK4 and 

cyclinE/CDK2 affects AD pathogenesis. In neurons, it has been 

reported that cell cycle regulatory transcription factor E2F-1 

contributes to neuronal apoptosis [40], and activation of 

cyclinD1/CDK4 and cyclinE/CDK2 increases the E2F-1 activity in 

AD [18]. Interestingly, I found that cyclinD1/CDK4 and 

cyclinE/CDK2 up-regulation stimulated tau hyper-phosphorylation 

which is critical in AD pathogenesis. Although there have been 

several reports on the role of CDK5, activated by binding p35, in 

tau hyper-phosphorylation, the role of CDK5 in AD is still 

controversial [41]. Recent research suggest that cyclinD1 and 

cyclinE can inhibit CDK 5 activity by competing with p35 by binding 

to CDK5 [41]. Moreover, Tandon et al. showed that CDK5 and its 

activators were not increased in both familial and sporadic AD 

patients [42]. Indeed, I found out that Aβ does not increase mRNA 

expression of CDK5 and its regulators, p35 and p39 (Fig. 11). 

These findings and my results showing that Aβ induces the 

cyclinD1 and cyclinE levels suggest that the major factor of tau 
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phosphorylation could be CDK4 and CDK2 rather than CDK5 in my 

AD in vitro model. Schmetsdorf et al. discovered that the tau 

protein has several motifs which can interact with cell cycle 

regulatory proteins including cyclinD1/CDK4 and cyclinE/CDK2 in 

terminally differentiated neuronal cells [43]. In fact, my results 

show that CDK4 and CDK2 bind to tau and phosphorylate directly. 

My finding suggests that tauophathy is the one of the way how cell 

cycle re-entry inducing neuronal apoptosis. Indeed CDKs led to 

detachment of tau from tubulins. Tau detachment from tubulins will 

stimulate microtubule destabilization which interferes with vesicle 

transportation and cell signaling which leads to neuronal apoptosis 

[2, 44]. In addition, microtubule destabilization in neuronal axons 

attenuates synaptic plasticity and could also lead to neuronal 

apoptosis by disturbing the signal transduction between neighboring 

cells followed by AD-related clinical symptoms such as cognitive 

impairment and memory loss [45-47]. I demonstrated the critical 

role of Aβ-induced microtubule destabilization in neuronal 

apoptosis by using paclitaxel. Michaelis et al. have shown the 

protective role of taxol in Aβ-mediated toxicity [48]. Although 

taxol may prevent Aβ-induced microtubule destabilization, 
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inhibition of mTOR might be better for medication since inhibition of 

mTOR prevents the progress of AD pathogenesis by inhibiting tau 

hyper-phosphorylation leading neuronal apoptosis. Meanwhile, tau 

aggregation has been well recognized as another factor of causing 

neuronal apoptosis in AD [44]. Several reports have suggested that 

if Aβ-induced tau aggregates are removed from the cells by 

autophagy, neuronal cells could be rescued from apoptosis [49-51]. 

However, my results showed that autophagy induction did not affect 

the degradation of total level of tau but blocked the phosphorylation 

of tau. These findings suggest a possibility that the induction of 

autophagy prevents Aβ-induced tauopathy by blocking tau 

phosphorylation through the degradation of cyclins and CDKs rather 

than degrading tau aggregates themselves. The character of this 

phenomenon could lead to diagnosis of AD and could constitute a 

mechanism to target during pharmaceutical treatment. 
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Fig. 10 Aβ do not increase CDK5, p35, p39 mRNA expression. SK-N-MCs were 

treated with Aβ and mRNA was extracted from the cells. mRNA of CDK5, p35, 

and p39 was quantified by using real-time PCR. Data are reported as a mean ±SE 

of three independent experiments. NS indicates non-significant effect. 

 

 

CONCLUSION 

 

In conclusion, Aβ-induced ROS regulates mTORC1 activation 

through HIF1α expression which accumulates cyclinD1/CDK4 and 

cyclinE/CDK2 leading tau hyper-phosphorylation-mediated 

neuronal apoptosis (Fig. 10). My findings suggested renewed 

insight on the molecular mechanisms is responsible for neuronal 

degeneration reported in AD. Thus, a novel therapeutic approach 

that focuses on mTORC1 and the CDK cascade-related pathways 

could offer exciting prospects in the medication for AD.  



    

- 49 - 

 

 

Fig. 11 Summary of the effect of Aβ on neuronal apoptosis. 
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Table 1. Sequences of primers used for real-time PCR  

Gene Identification Sequence (5’-3’) Size 

(bp) 

Accession 

Numbers 

CDK5 Sense TGAAGCCCCAGAACCTGCTA 243 

 

AY049778.1 

Antisense CATCATTGCCGGGAAAAAGA 

p35 Sense GCGTCATGGCTCAAGGATTC 233 BC020580.2 

Antisense GTTCCCCAAAGTGGGAGGTC 

p39 Sense ACCCCTCTCCCCTGATCAAA 155 NM_003936.4 

Antisense GCATGCAACACGTTGGAAAA 

 

 

Table 2. Sequences of siRNAs used for gene silencing 

Target gene Sequence 5’-3’ 

HIF1α  GCCGCUCAAUUUAUGAAUATT 

UAUUCAUAAAUUGAGCGGCTT 

GCCUCUUUGACAAACUUAATT 

UUAAGUUUGUCAAAGAGGCTT 

CCACCACUGAUGAAUUAAATT 

UUUAAUUCAUCAGUGGUGGTT 

GCUGGAGACACAAUCAUAUTT 

AUAUGAUUGUGUCUCCAGCTT 

Non-targeting UUCUCCGAACGUGUCACGUTT 

ACGUGACACGUUCGGAGAATT 
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아밀로이드 베타에 의한 mTORC1 

활성이 cyclin/CDK 매개 신경세포 

자멸사에 미치는 영향 

 

서울대학교 대학원 

수의학과 수의생명과학 전공  

이 기 훈 

지도교수 한 호 재 

 

알츠하이머 질병은 아밀로이드 베타가 신경세포 자멸사를 초래하여 기

억력과 학습 능력 감퇴를 일으키는 신경퇴행성 질환이다. 최근 연구에서 

아밀로이드 베타가 cyclin과 CDK를 증가시키며 이것이 신경세포 자멸

사를 유도한다는 것이 밝혀졌다. 하지만 아직까지 아밀로이드 베타가 어

떠한 신호 전달과정을 통해 cyclin과 CDK를 증가시키며 이것이 어떤 

기작으로 신경세포 자멸사를 유도하는지 명확하게 알려져 있지 않다. 따

라서, 이 연구는 (1) 아밀로이드 베타가 cyclin과 CDK를 증가시키는 

신호 전달 기전 및 (2) 증가된 cyclin과 CDK에 의한 신경세포의 자멸
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사 기전을 규명하고자 하였다. 연구에는 SK-N-MC 세포와 초대배양 

뉴런, western Blotting, co-immunoprecipitation, siRNA transfection, 

confocal microscopy, trypan blue exclusion assay, MTT assay 와 

flow cytometer를 사용하였다. 그 결과는 아래와 같다. 

아밀로이드 베타를 SK-N-MC에 처리하면, 세포 내 활성 산소가 시

간 의존적으로 증가하며, 활성 산소 marker인 HIF-1α의 단백질 발현

이 증가되었다. 아밀로이드 베타 처리시 증가하였던 mTOR 인산화는 

HIF-1α siRNA를 전 처리하였을 때 감소되었다. 이는 HIF-1α가 

mTOR를 조절하는 중요한 단백질임을 의미한다. 아밀로이드 베타에 의

한 mTOR 인산화는 cyclinD1/CDK4 및 cyclinE/CDK2 단백질 발현을 

증가시켰다. 증가한 CyclinD1/CDK4와 cyclinE/CDK2는 tau 단백질과 

결합하였다. 아밀로이드 베타 처리시 시간에 따라 tau 단백질의 인산화

가 증가되었으며, Flavopiridol (CDK 억제제)을 전 처리하였을 때 tau 

단백질의 인산화가 차단되었다. 이는 CDK4와 CDK2가 tau 단백질에 

직접적으로 결합하여 인산화를 유도했음을 의미한다. 그리고 Paclitaxel 

(미세소관 안정제)을 전 처리하여 인산화된 tau 단백질이 미세소관을 불

안정화 시켜 신경세포 자멸사를 유도한다는 것을 확인 할 수 있었다. 그 

결과 tau 단백질의 인산화가 신경세포 자멸사를 유도한다는 것을 밝힐 

수 있었다. 결론적으로 아밀로이드 베타는 활성산소를 증가시켜 HIF-

1α 단백질 발현을 통해 mTOR를 활성화시켰고, 이는 cyclinD1/CDK4 
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및 cyclinE/CDK2의 발현을 증가시켜 tau 인산화 매개 신경세포 자멸사

에 기여함을 밝혔다. 따라서, mTOR는 아밀로이드 베타에 의한 신경세

포 자멸사에 이르는 기전에서 핵심적인 역할을 하며, 향후 알츠하이머 

질환의 치료를 위한 표적 단백질로서의 기여 할 수 있다고 여겨진다. 

                                                                     

주요어: 아밀로이드 베타 (Aβ); 활성산소; HIF1α; mTOR; CyclinD1; 

Cyclin E; CDK4; CDK2; Tau 

학번: 2014-21928  
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