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Abstract 

Background: Alzheimer’s disease (AD) is a neurodegenerative disorder that causes cognitive dysfunction. 

Previous studies have suggested that amyloid plaques, mainly comprising of amyloid-beta peptides, play a 

pivotal role in AD pathophysiology. This study focuses on the evaluation of the effects of amyloid precursor 

protein (APP) overexpression on NF-κB, Rho-GTPase and Bcl-2 mediated pro-apoptotic pathways in neuronal 

cells.  

Methods: A lentiviral transduction system was used to generate SH-SY5Y cells overexpressing APP. 

Immunoblotting was conducted to determine expression levels of NF-κB, Rho-GTPase, and Bcl-2 family 

proteins in the APP overexpressed cells. 

Results: In the NF-κB signaling pathway, APP-overexpressing SH-SY5Y cells showed that there was a 

reduction of p-NF-κB (p< 0.05) and IKKα. Subsequently, there was upregulation of protein expression of NF-

Κb, IKKβ and IκBα. On the other hand, protein expression of RhoC (p< 0.05) and Rac1/2/3 was upregulated 

as compared to the control group. Meanwhile, a decrease in RhoA, Cdc42 (p< 0.05) and p-Rac1/cdc42 protein 

levels was observed in the APP-overexpressed group. Lastly, in the pro-apoptotic pathway, the expression of 

Bcl-2, Bid, Bok and Puma (p< 0.05) was up regulated in the APP-overexpressed group. Downregulation of 

Bad and Bim expression was observed in the APP-overexpressed as compared to the control group, and Bax 

expression remained unchanged in the APP-overexpressed group. 

Conclusions: APP overexpression regulated signaling in the NF-κB, Rho-GTPase and Bcl-2 family pathways 

in neuronal cells, suggesting that these are involved in promoting neuronal survival and modulating synaptic 

plasticity in AD. However, further studies are essential to elucidate the APP-mediated mechanism of action. 
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Introduction 
Alzheimer’s disease (AD) is a neurodegenerative 

disease affecting the hippocampal and entorhinal 

cortical regions of the brain, with the progression 

of cognitive deterioration correlating with age (1). 

Apart from aging, biological factors such as 

genetic mutations and polymorphisms, atypical 

inflammatory or immune responses, oxidative 

stress, traumatic injury, drugs and hormone 

 

 

therapy have been implicated in the pathogenesis 

of AD. There are two main neurological features 

involving abnormal protein deposition in AD 

pathophysiology: hyperphosphorylated tau 

proteins and beta-amyloid (Aβ) peptide 

accumulation that result in neurofibrillary tangles 

and amyloid plaque formation (1, 2). Based on 

statistics from the Alzheimer’s Association, AD 
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prevalence is estimated to grow to 65 million by 

the year 2030. At present, there is no specific 

treatment to cure AD completely, and the 

available drugs such as donepezil and 

rivastigmine are for symptomatic relief. 

Therefore, the race to understand the complexity 

of AD pathogenesis amongst neurosurgeons and 

scientists aims to develop alternative therapies to 

improve AD patients’ and their caretakers’ quality 

of life. Numerous studies support that excessive 

neurotoxic Aβ peptides derived from amyloid 

precursor protein (APP) play an important role in 

the pathological event of AD, eventually leading 

to neuronal cell death and ultimately dementia (3).  

APP is a transmembrane protein that is 

processed by three enzymes, namely α-, β-, and γ-

secretase. APP undergoes proteolytic processing 

via two pathways; the amyloidogenic and non-

amyloidogenic pathways, of which the latter is 

more predominant in AD patients (4, 5). In the 

amyloidogenic pathway, β-secretase cleaves APP 

to soluble APP protein beta (sAPPβ) and leaves 

the 99-amino-acids C-terminal fragment (C99) 

within the membrane, which is consequently 

processed by γ-secretase to release Aβ and APP 

intracellular C-terminal domain (AICD) (6). On 

the other hand, in the non-amyloidogenic 

pathway, α-secretase cleaves APP to release 

soluble APP protein alpha (sAPPα) and C83, 

which are further processed by γ-secretase to 

produce soluble fragments p3 and AICD (7).  

As aforementioned, the pathways underlying 

the pathogenesis of AD is a subject of intensive 

study by the neuroscience community. Previous 

studies show that the transcriptional activity of 

Nuclear Factor Kappa Beta (NF-κB) is increased 

in a variety of tissues with aging, and is associated 

with numerous age-related degenerative diseases 

including AD (8). NF-κB represents a family of 

inducible transcription factors comprising of NF-

κB1 (p50), NF-κB2 (p52), RelA (p65), RelB and 

c-Rel (9). In unstimulated cells, NF-κB is 

sequestered in the cytoplasm by the inhibitor of 

NF-κB proteins (IκB), which are IκBα, IκBβ, 

IκBε, and Bcl-3 respectively (10). Upon 

activation, the NF-κB pathway is initiated by the 

signal-induced degradation of IκB proteins. This 

occurs primarily via the activation of a kinase 

called the IκB kinase (IKK) which is composed of 

a heterodimer of the catalytic subunits IKKα, 

IKKβ, and IKKγ (10). When activated, the IκB 

kinase phosphorylates two serine residues located 

in an IκB regulatory domain. This causes the IκB 

proteins to undergo ubiquitination, which is 

followed by proteasomal degradation. With the 

degradation of IκB, the NF-κB complex is then 

freed to enter the nucleus to regulate gene 

expression. The activation of these genes by NF-

κB then leads to the associated physiological 

response, for example, an inflammatory or 

immune response, a cell survival response, or 

cellular proliferation (11). Chen et al. showed that 

the NF-κB pathway is involved in the activation 

of β-secretase transcription that leads to enhanced 

production of Aβ which further promotes amyloid 

dysregulation in AD (12). In addition, 

transcription factors of the NF-κB pathway, 

including insulin-like growth factor (IGF-1), 

Forkhead transcription factors (FOXO), sirtuin 

(SIRT), and mammalian target of rapamycin 

(mTOR) play a critical role in regulating lifespan 

(13). Another component contributing to 

increased NF-κB activity associated with AD is 

the altered transcriptional phenotype which is a 

phenomenon in the aging cells. A specific 

senescence-associated secretory phenotype 

(SASP) elevates the expression of cytokines IL-6, 

IL-8, IL-7, increasing the risk of succumbing to 

age-related disorders (14). 

Recently, numerous researchers have proposed 

that Rho-GTPase pathway proteins may correlate 

with Aβ production and thereby contribute to the 

loss of actin polymerization and dendritic spines, 

which results in the alteration of neural 

connectivity (15, 16). Rho-GTPases are guanine 

nucleotide-binding proteins that act as mediators 

for many cellular activities that influence cell 

migration, motility, adhesion, apoptosis, polarity 

and differentiation (17). In response to external 

and internal signals, Rho-GTPases are able to 

control signal transduction by oscillating between 

the GDP-bound inactive state and GTP-bound 

active state(18). Once Rho-GTPases are activated, 

they react with a spectrum of effectors to 

stimulate downstream signaling pathways. 

Among the members of the Rho-GTPases family, 

Rho, Rac and Cdc42 are the most prominent 

subfamilies whereas the others remain poorly 
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understood (17). Over the years, studies have 

shown that Rho-GTPases contribute to various 

aspects of neuronal growth, including the 

formation of neurites, development and repair of 

dendritic spines, as well as axon pathfinding (18). 

The critical functions of Rho-GTPase family 

proteins in regulating nervous system 

development indicate that their dysregulation may 

be a causative factor in AD pathogenesis. 

Although the roles of Rho-GTPases in neural 

development have been well-documented, their 

contribution to neurodegeneration has been far 

less characterized. 

Previous studies also showed that the 

mechanism of neuronal cell death is likely 

mediated via the intrinsic mitochondrial pathway, 

which subsequently leads to apoptosis. This 

pathway can be activated by highly toxic 

intracellular conditions, including oxidative stress 

(19, 20). Thus, it is possible that APP, an 

oxidative stress-inducing agent, may increase 

intracellular calcium levels, in turn causing 

excitotoxicity (19). These events are possibly 

regulated by the Bcl-2 family proteins through 

elevating proteins with pro-apoptotic 

characteristics and suppressing the anti-apoptotic 

proteins (21, 22).  

Based on the literature, we surmise that AD is 

an aging-associated disease caused by the 

dysregulation of pathways involved in neuronal 

growth and development, eventually leading to 

neuronal cell death. Nevertheless, there are 

limited studies investigating the roles of APP in 

NF-κB, Rho-GTPase and Bcl-2 mediated pro-

apoptotic pathways in neuronal cells. Thus, the 

present study aimed to provide a fundamental 

evaluation of the above-mentioned pathways in 

mediating AD pathogenesis.  

 

Materials and Methods 
Cell Culture 

SH-SY5Y cell line was purchased from American 

Type Culture Collection (ATCC). The cell line 

was maintained in Dulbecco’s modified Eagle’s 

medium (Hyclone Laboratories, USA) 

supplemented with 10% foetal bovine serum 

(Biosera, South America) and 1% penicillin/ 

streptomycin (i-DNA Biotechnology, Singapore) 

at 37 oC with 5% CO2. 

Lentivirus production and transduction  

Lentiviral control and expression constructs 

targeting human APP were purchased from 

GeneCopoeia (USA). Briefly, high-titer 

lentiviruses were produced by co-transfection 

with packaging plasmids psPAX2 (Addgene 

plasmid #12260) and envelope plasmids pMD2.G 

(Addgene plasmid #12259) into HEK-293T using 

CalPhos Transfection Kits (Clontech, Mountain 

View, CA, USA). Supernatants containing 

lentiviruses were supplemented with polybrene 

(Sigma, USA) and used for the transduction of 

SH-SY5Y cells.  

Protein extraction and immunoblotting  

Protein lysates were extracted using ice-cold 

lysis buffer (1% NP-40, 1 mM DTT, 

supplemented with protease and phosphatase 

inhibitors in PBS). Total protein (50 μg) was 

subjected to SDS-PAGE followed by 

immunoblotting. Primary antibodies against APP 

(803001; 1:1000) and GAPDH (sc-365062; 

1:1,000) were obtained from Biolegend (San 

Diego, CA, USA) and Santa Cruz 

Biotechnology (Dallas, Texas, USA) 

respectively. NF-κB (#8242; 1:1000), p-NF-κB 

(#3033; 1:1000), IKKα (#2682; 1:1000), IKKβ 

(#2370; 1:1000), Iκ-B-α (#4814; 1:1000), RhoA 

(#2117; 1:1000), RhoC (#3430; 1:1000), 

Cdc42(#2466; 1:1000), Rac1/2/3 (#2465; 

1:1000), p-Rac1/cdc42 (#2461; 1:1000), Bad 

(#9239;1:1000), Bid (#2002;1:1000), Bim 

(#2819; 1:1000), Puma (#4976; 1:1000), Bok 

(#4521; 1:1000), Bax (#2772; 1:1000) and Bcl-2 

(#2870; 1:1000) were purchased from Cell 

Signaling Technology (Danvers, MA, USA). 

The protein expression level was then 

determined by densitometry with the aid of 

ImageLab™ 5.2.1 Software (Bio-rad 

Laboratories, USA). 

Statistical Analysis 

Immunoblot data were quantified by 

densitometry and presented in means ± standard 

deviation of at least two replicates. Statistical 

analysis was accomplished using Student’s t-

test in Microsoft Excel, with p-values less than 

0.05 considered as statistically significant.  
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Results 
In order to generate the AD-like in vitro model, 

SH-SY5Y cells were transduced with lentiviral-

constructs containing APP. Minimal 

morphological changes were observed in APP-

overexpressed compared to control cells (Fig 1A.).  

Next, the overexpression of APP was validated 

by immunoblotting. As shown in Fig 1B., there 

was an approximately 2-fold increment of APP 

levels as compared to control (p< 0.05). The 

validated protein lysates were subsequently 

subjected to evaluation of signaling pathways. 
 

 
Fig. 1. Amyloid precursor protein (APP) expression in SH-SY5Y cells following transduction. (A). Micrographs of SHSY5Y cells 

transduced with control and APP overexpression vector. Magnification, ×100. (B) APP expression validation in SH-SY5Y cells 

transduced with the control vector and APP by immunoblotting. (C) Fold change of protein expression in SH-SY5Y cells transduced 

with control vector and APP vector determined by densitometry. The bar chart shows the mean values of protein expression with ± 

standard deviation. * denotes that the P-value is less than 0.05 as compared to the control. 
 

To evaluate the effects of APP overexpression 

on proteins involved in the NF-κB pathway, 

immunoblotting was performed. Protein 

expression in the APP-overexpressed group was 

compared against control with GAPDH as the 

reference protein. Fig 2. demonstrates that the 

protein expression of p-NF-κB and IKKα were 

down-regulated in the APP-overexpressed group. 

However, only the down-regulation of p-NF-κB 

was statistically significant. Meanwhile, there was 

upregulation of protein expression of NF-κB, 

IKKβ and IκBα. However, these observations 

were not statistically significant.  

With reference to Figure 3, the expression of 

RhoC and Rac1/2/3 proteins showed up-

regulation when compared to the control group. 

However, only the increment of RhoC was 

statistically significant. On the other hand, 

reduction in the protein levels of RhoA, Cdc42 

and p-Rac1/cdc42 was observed in the APP-

overexpressed group. Reduction of Cdc42 was 

statistically significant.  

In the pro-apoptotic pathway, the APP-

overexpressed group was up-regulated in the 

expression of Bcl-2, Bid, Bok and Puma (Fig 4.). 

Meanwhile, down-regulation of Bad and Bim 

expression was observed in the APP-

overexpressed group as compared to the control 

group. However, only the change in Puma 

expression was statistically significant. In present 

study, the expression of Bax remained unchanged 

in the APP-overexpressed group. 
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Fig. 2. Effects of amyloid precursor protein (APP) overexpression on NF-κB signaling pathway in SH-SY5Y cells determined by 

(A) immunoblotting and (B) densitometry. Data is presented as mean ± standard deviations. * denotes that the p-value is less than 

0.05 as compared to the control. 
 

 
Fig. 3. Effects of amyloid precursor protein (APP) overexpression on the Rho-GTPase signaling pathway in SH-SY5Y cells 

determined by (A) immunoblotting and (B) densitometry. Data is presented as mean ± standard deviations. * denotes that the p-value 

is less than 0.05 as compared to the control. 

 
Fig. 4. Effects of amyloid precursor protein (APP) overexpression on pro-apoptotic proteins in SH-SY5Y cells determined by (A) 

immunoblotting and (B) densitometry. Data is presented as mean ± standard deviations. * denotes that the p-value is less than 0.05 as 

compared to the control. 
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Discussion 
In this study, the protein expression of NF-κB 

was not significantly upregulated, however, the 

activated NF-κB (p-NF-κB) was significantly 

down-regulated in the APP overexpressed group. 

A relevant study showed that inhibition of NF-

κB activation reduced the size and complexity of 

the neurite arbors of sensory neurons (23). In 

agreement with this finding, pharmacological 

inhibition of NF-κB phosphorylation affects the 

formation of memory in the crab (24). A recent 

study suggested that NF-κB and Cdh-1, a cell-

cycle regulator, are involved in the regenerative 

processes of post-mitotic neurons (25). However, 

the underlying molecular pathways that involve 

the stimulation of adult axoneogenesis are still 

poorly understood. Therefore, we postulate that 

the downregulation of p-NF-κB may be a 

contributing factor to AD pathophysiology. 

Inhibitory kappa-B-alpha (IκBα) protein is a 

member of the inhibitory NF-κB proteins (IκB), 

responsible for regulating the activity of p65 and 

other NF-κB proteins by sequestering the latter 

in the cytoplasm when in an inactive state (10, 

26). In accordance with previous findings, the 

up-regulation of IκBα expression was observed 

in this study and the outcome also explained the 

basis for p-NF-κB downregulation.  

We demonstrated that the expression of 

RhoA protein was down-regulated (not 

statistically significant) in APP-overexpressing 

SH-SY5Y cells. A similar phenomenon was also 

observed by Huesa et al., whereby the expression 

of RhoA was decreased in synapses and 

increased in the dystrophic neurites of AbetaPP 

mice (27). Moreover, total RhoA protein was 

decreased in the hippocampus of AD patients’ 

brains (27). Unlike RhoA, the function of RhoC 

in neural development still remains poorly 

understood. In cancer biology, RhoC is 

associated with cell proliferation and conversion 

of benign to malignant tumours (28), as it causes 

degradation and reconstruction of the 

extracellular matrix and remodeling of the 

cytoskeleton (29). Similarly, RhoC has been 

reported to regulate actin remodeling that is 

required for phagosome formation during FcγR-

mediated phagocytosis (30). In the present 

study, the expression of RhoC was increased  

 

significantly in the cells overexpressing APP. 

Perhaps the observation plays a role in 

enhancing or synergizing the effect of decreased 

RhoA expression, thereby stimulating axonal 

growth and neurite branching. As mentioned, 

RhoA activation has an inhibitory effect on 

neurite growth and branching, whilst Rac 

activation has the opposite effect (31). This 

observation correlated with the present study 

whereby Rac1/2/3 expression was slightly 

increased.  

Cdc42 and Rac function as regulatory 

molecules involved in cytoskeletal reformation, 

membrane trafficking, transcriptional regulation, 

cell growth and development (32). Based on the 

findings of several studies, up-regulated Cdc42 

promoted neurite formation in Drosophila and 

rat cortical neurons (33, 34). Moreover, it was 

observed that expression of a dominant negative 

Cdc42 caused defects in neurite outgrowth, 

whereas Cdc42 reconstitution resulted in actin 

polymerization (35, 36). Similar findings were 

proposed by a few research groups, stating that 

the expression of Cdc42 and its downstream 

effector, p21-activated kinase, declined after 

treating cells with oligomeric Aβ25–35 and 

Aβ1–42, respectively (37-39). Therefore, the 

down-regulation of p-Rac1/cdc42 and Cdc42, as 

observed in the present study, may cause the 

inhibition of neurite outgrowth and favor 

dystrophic neurite formation.  

In the present study, APP overexpression 

slightly upregulated Bok and Bid and 

significantly upregulated Puma, which in turn 

initiated the apoptotic pathway, particularly the 

intrinsic mitochondrial pathway. Based on the 

study by Certo et al., these activators first 

stimulate the pro-apoptotic pathway by 

contributing to mitochondrial outer membrane 

permeabilization (40). These proteins then 

recruit multimeric pores resulting in the opening 

of mitochondrial permeability transition pores 

followed by the release of cytochrome c into the 

cytoplasm (41-43). Consequently, cytochrome c 

serves as a scaffold to bind with apoptotic 

protease activating factor 1 and the subgroup 

family of cysteine proteases, caspase 9, to form a 

complex called apoptosome. This holoenzyme 
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then activates caspase 3, resulting in neuronal 

cell death (44, 45). As a result, APP 

overexpression which upregulated the pro-

apoptotic proteins would result in the activation 

of apoptosis in neuronal cells. 

In conclusion, the current study sheds light on 

the fundamental pathways involved in the 

pathogenesis of AD, and demonstrated that these 

pathways potentially promote neuronal survival 

and modulate synaptic plasticity during the early 

stages AD pathogenesis. Nevertheless, much 

remains to be discovered about the pathogenesis 

of AD, for example, neurite outgrowth and 

mechanisms which associate the functional 

interactions between Bcl-2 family proteins in 

apoptosis stimulation and the pro-survival 

pathway activation.  
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