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Abstract

:

Alzheimer’s disease (AD) is a devastating neurodegenerative disease with limited treatment options and no cure. Beta-amyloid (Aβ) is a hallmark of AD that has potent neurotoxicity in neural stem cells (NSCs). Dual specificity phosphatase 6 (DUSP6) is a member of the mitogen-activated protein kinases (MAPKs), which is involved in regulating various physiological and pathological processes. Whether DUSP6 has a protective effect on Aβ-induced NSC injury remains to be explored. C17.2 neural stem cells were transfected with DUSP6-overexpressed plasmid. NSCs with or without DUSP6 overexpression were administrated with Aβ25–35 at various concentrations (i.e., 0, 2.5, 5 μM). DUSP6 expression after Aβ treatment was detected by Real-Time Polymerase Chain Reaction (RT-PCR) and Western blot and cell vitality was examined by the CCK8 assay. The oxidative stress (intracellular reactive oxygen species (ROS) and malondialdehyde (MDA)), endoplasmic reticulum stress (ER calcium level) and mitochondrial dysfunction (cytochrome c homeostasis) were tested. The expression of p-ERK1/2 and ERK1/2 were assayed by Western blot. Our results showed that Aβ decreased the expression of DUSP6 in a dose-dependent manner. The overexpression of DUSP6 increased the cell vitality of NSCs after Aβ treatment. Oxidative stress, ER stress, and mitochondrial dysfunction induced by Aβ could be restored by DUSP6 overexpression. Additionally, the Aβ-induced ERK1/2 activation was reversed. In summary, DUSP6 might have a neuroprotective effect on Aβ-induced cytotoxicity, probably via ERK1/2 activation.
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1. Introduction


Alzheimer’s disease (AD) is the most prevalent cause of dementia and affects 1 in 10 people over 65 years of age [1]. Currently, there are no known drugs that are able to stop the progressive cognitive decline associated with AD. Additionally, no new drugs have been approved by the Food and Drug Administration (FDA) since 2003 [2]. However, neural stem cell (NSC) therapy brings new hope to AD treatment. Adult neurogenesis is a process that generates new neural cells, which could be a promising therapeutic approach for neurodegenerative disease [3]. However, NSCs are susceptible to physiological or pathological microenvironment change [4].



One of the hallmarks of AD is the extracellular accumulation of beta-amyloid (Aβ), which has potent neurotoxicity on the central nervous system [5]. Therefore, it is crucial to prevent NSCs from this neurotoxicity. Multiple studies have shown ways to protect NSCs against Aβ, like mitochondrial protein (sirtuin3) [6] and natural herbs (incensole acetate) [7]. Our previous study demonstrated that dual specificity phosphatase 6 (DUSP6), a member of the dual specificity protein phosphatase subfamily, had a protective property against glutamate-induced cytotoxicity in mouse hippocampal neurons [8]. However, there is no evidence concerning the effects of DUSP6 in Aβ-induced cytotoxicity. Interestingly, the protein level of DUSP6 was found to be decreased in AD brain lysates and DUSP6 knockdown increased the level of phospho-ERK to promote high levels of tau phosphorylation [9,10]. Prior results indicate that DUSP6 could be a treatment target for AD.



The occurrence of AD is a multifactorial pathological process with many risk factors involved [11]. Aβ aggregation induces oxidative stress, and increased reactive oxygen species (ROS) facilitate Aβ generation, which consequently exacerbates cell damage [12]. Mitochondrial dysfunction plays a vital role in the pathological process of AD due to the high energy demand of the central nervous system [13]. Additionally, AD is associated with endoplasmic reticulum stress, which is thought to trigger cell death under Aβ exposure [14]. In the present study, we investigate the role of DUSP6 in Aβ-induced cytotoxicity in NSCs and the underlying molecular mechanisms involving oxidative stress, mitochondrial dysfunction, and reticulum stress.




2. Results


2.1. β-amyloid Treatment Reduced DUSP6 Expression at Different Concentrations


To explore the effect of Aβ-induced cytotoxicity in NSCs, DUSP6 mRNA was measured by RT-PCR after being treated with Aβ25–35 (0, 2.5, 5 μM) for 24 h. As shown in Figure 1A, DUSP6 mRNA was significantly reduced after Aβ25–35 treatment at concentrations of both 2.5 and 5 μM (p < 0.01, n = 3). Consistently, DUSP6 protein expression detected by Western blot assay showed a decrease in the Aβ25–35-treated group (5 μM) (p < 0.01, n = 3) (Figure 1B), indicating that DUSP6 might play an important role in Aβ-induced cytotoxicity in NSCs.




2.2. DUSP6 Prevented the beta-amyloid25–35-Induced Decrease in Neural Stem Cell Viability


To further determine the role of DUSP6 in Aβ-induced cytotoxicity, DUSP6 overexpression plasmid was constructed and transfected into NSCs. Figure 2A shows that DUSP6 mRNA was overexpressed after being transfected with DUSP6 overexpression plasmid pcDNA-DUSP6 for 24 h (p < 0.001, n = 3). In contrast, pcDNA3.0 empty vector transfection showed no effect on DUSP6 expression in NSCs (p > 0.05).



The non-transfected NSCs and DUSP6 plasmid-transfected NSCs were exposed to 5 μM Aβ25–35 for 24 h. Non-transfected cells were regarded as a control, and cell viability was considered to be 100%. Cell viability assessed by CCK8 assay showed a significant decrease in the Aβ-treated group (p < 0.01, n = 3) (Figure 2B). However, there was no significant change in the vitality of Aβ-treated NSCs after DUSP6 transfection (p > 0.05). Hence, our results indicate that DUSP6 could potentially prevent the effect of Aβ25–35 on the viability of NSCs.




2.3. DUSP6 Restored Reduced Intracellular Reactive Oxigen Species and Malondialdehyde Level in Neural Stem Cells After beta amyloid25–35 Treatment


Some prior literature reported that oxidative stress plays a vital role in AD [15]. In the present study, we showed that both intracellular ROS and lipid peroxidation marker malondialdehyde (MDA) levels were increased after Aβ25–35 treatment (Figure 3A, B) (p < 0.05, n = 3). Notably, there was no difference between levels of intracellular ROS and MDA in the DUSP6-overexpressed group compared with that in the control group (p > 0.05). We observed a distinction between the Aβ25–35-exposed group and the DUSP6-transfected group (p < 0.05, n = 3), suggesting that the effect of Aβ on intracellular ROS and MDA levels could be abrogated by DUSP6.




2.4. DUSP6 Reversed Aβ-Induced Effect on ER Calcium and Mitochondrial Cytochrome c Homeostasis in Neural Stem Cells


Since Ca2+ can be released from the endoplasmic reticulum (ER) during stress [16], we assessed the content both in the ER and cytosol to determine the effect of Aβ25–35 on NSCs after DUSP6 overexpression. As shown in Figure 4A,B, the levels of Ca2+ decreased significantly in the ER (p < 0.05, n = 3) while they increased in the cytosol after Aβ treatment (p < 0.01, n = 3). Notably, the effect of Aβ on ER stress and cytosol Ca2+ homeostasis was reversed by DUSP6 (p > 0.05).



Alteration in mitochondria-released cytochrome c is an indicator of cell death [17]. Hence, in this study, ELISA (Enzyme-Linked Immunosorbent Assay) was performed to detect cytochrome c in NSCs. Our results showed that while cytochrome c was reduced after Aβ25–35 treatment (p < 0.01, n = 3) (Figure 4C), this effect could be reversed by DUSP6 (p > 0.05, n = 3).




2.5. DUSP6 Regulated ERK1/2 Activation in Aβ25–35-Exposed Neural Stem Cells


Previous studies have reported that DUSP6 inactivated ERK1/2 [18]. Therefore, we assessed the expression of ERK1/2 activation by Western blot analysis after Aβ25–35 exposure with or without DUSP6 overexpression. We found that the ratio of p-ERK/ERK was significantly up-regulated in Aβ25–35-exposed NSCs when compared with the control group. After DUSP6 transfection, p-ERK/ERK was significantly down-regulated when compared with that in Aβ25–35 treated group (p < 0.01, n = 3) (Figure 5). There was no significant change between the control and DUSP6-overexpressed groups (p > 0.05). This suggests that DUSP6 might protect NSCs from Aβ25–35 induced cytotoxicity by modulating ERK1/2 signaling.





3. Discussion


Currently, there are two main types of Food and Drug Administration (FDA)-approved drugs available for the treatment of AD: cholinesterase inhibitors and N-Methyl-D-aspartate receptor (NMDAR) antagonists [19]. However, these drugs are not able to halt the progression of AD [20]. Immunotherapy targeting Aβ or senile plaques have also been unsuccessful in reversing the cognitive function of AD patients. Instead of cleaning Aβ, generating neural cells may be a new approach to AD treatment [21].



There are several types of stem cells being considered as a therapeutic strategy for AD, such as mesenchymal stem cells (MSCs), NSCs, induced pluripotent stem cells (iPSCs), etc. [22]. Among them, autogenous neural stem cells are most useful, given their ethical, moral, and safety advantages [21]. Adult neurogenesis is a process by which new neurons are generated throughout life [23]. The adult-born neurons affect brain function; thus, their dysfunction correlates with AD progression [24]. However, NSCs are vulnerable to microenvironmental changes in the brain. Our previous research demonstrated that magnesium elevation promotes neural differentiation and suppresses glial differentiation in neural stem cells [25]. Additionally, NSCs are sensitive to neurotoxicity [7].



In the present study, we showed that Aβ25–35 decreased the mRNA and protein expression of DUSP6 in C17.2 NSCs (Figure 1). Overexpression of DUSP6 restored cell vitality (Figure 2), oxidative stress (Figure 3), ER stress, and mitochondrial function (Figure 4), which were triggered by Aβ25–35 exposure. The Aβ25–35-induced ERK1/2 activation was also reversed by DUSP6 transfection (Figure 5). Collectively, DUSP6 may have a neuroprotective effect on Aβ25–35-induced cytotoxicity in NSCs via ERK inactivation.



AD is characterized by two main pathological markers: senile plaques and neurofibrillary tangles [26]. The senile plaques are formed of Aβ, which is a protein with potent neurotoxicity to neural cells, especially NSCs [27]. Among the different kinds of Aβ generated during AD pathogenesis, Aβ1–42 is the most toxic, while Aβ1–40 has the largest amount [20]. Aβ25–35, a synthetic peptide based on Aβ1–40 and Aβ1–42, was reported to have the physical and biological properties of Aβ without the need of aging before usage [28]. Our previous research demonstrated that Aβ25–35 was capable of inducing autophagy in HT22 hippocampus cells, which involved the PI3K/AKT/mTOR/p70S6K pathway [29]. Hence, Aβ25–35 was used in this study even though Aβ1–42 might be more commonly used.



Recently, Aβ1–42 was reported to affect the fate determination of NSCs [30]. It is assumed that Aβ drives neural stem proliferation and neural differentiation of human NSCs at low concentrations but is neurotoxic at high concentrations (i.e., 1 μM) [31]. The mechanism could be related to the increased GSK3β, induced by Aβ1–42. The Aβ25–35 concentrations used in the present study were 2.5 μM and 5 μM, which are much higher than 1 μM. This might be why cytotoxicity was observed.



It is very important to not only understand the mechanism of Aβ cytotoxicity but to find ways to protect NSCs from such cytotoxicity. According to previous literature, natural herbs such as incensole acetate have a neuroprotective effect on NSCs [7]. However, it would be more impactful to have autogenous biomolecules that can protect NSCs against Aβ.



DUSP6 (MKP3, or Pyst1), a member of the mitogen-activated protein kinases (MAPKs), is involved in regulating various physiological and pathological processes [32]. Prior studies have shown the role of DUSP6 in cell growth, inflammation, proliferation, and stress responses [32]. In this study, we demonstrated that DUSP6 protected HT22 hippocampus cells and primary neurons from glutamate-induced cytotoxicity [8]. However, it is still uncertain as to whether DUSP6 has a protective effect on Aβ-induced NSCs.



DUSP6 is tightly regulated by stress at both transcriptional and post-transcriptional levels. Previous observations indicate that Aβ increases ERK phosphorylation [33], inducing CDK5 activation [34], which in turn causes neurodegeneration [35]. Furthermore, it has been shown that DUSP6 knockdown increases tau phosphorylation and decreases cell viability via ERK phosphorylation [9]. In fact, DUSP6 seems to be one of the downstream targets of miR-125b, which is increased in AD and the overexpression impairs learning and memory formation [9]. Of note, DUSP6 is down-regulated in post-mortem samples of AD and can directly dephosphorylate and inactivate ERK [36,37]. Moreover, the pattern of DUSP6 expression in vivo indicates a strong expression in CA1, which is one of the first areas affected in AD [38].



There are other dual-specificity phosphatases that have been reported to be involved in AD. For example, DUSP26 has been reported to stimulate Aβ42 generation by promoting amyloid precursor protein axonal transport [39]. Sanchez-Mut et al. demonstrated that DUSP22 was reduced in AD patient sand mediated tau phosphorylation and CREB activation [40].



In the present study, we found that DUSP6 had a protective effect on Aβ-induced NSC injury, including oxidative stress, ER stress, and mitochondrial dysfunction. In this study, we examined ERK1/2 activation because DUSP6 has been reported to interact specifically with ERK1/2 at dual threonine and tyrosine residues [18]. The threonine-x-tyrosine TEY motifs of these residues lead to inactivation of ERK1/2, which has been demonstrated in both yeast and human cells [18].



The mechanism of interaction between DUSP6 and ERK1/2 is still unclear. Previous studies have suggested that DUSP6 overexpression de-phosphorylated ERK1/2 by blocking the MEK1-mediated GAL4-ELK1 activation [32]. DUSP6 was reported to interact with an apoptosis and autophagy-related protein BAG3. BAG3 encodes a multifunctional protein containing a BAG domain, which binds to heat shock protein (Hsp) 70. This might explain the protective effect of DUSP6 on mitochondrial function [41]. One of the main downstream targets of ERK signaling is E twenty-six (Ets) 2. Ets2 is a transcription factor that can bind to the DUSP6 promoter, which causes the up-regulation of DUSP6 [42]. An experiment on Ets2 transgenic mice showed that Ets2 also interacted with p53 promoter region, which is vital in the process of apoptosis [43]. This may be an explanation for the role of DUSP6 in Aβ-induced apoptosis. The mechanism of how Aβ interacts with ERK1/2 also remains to be explored. One possible way that Aβ interacts with ERK1/2 would be through receptors on the cell surface. It has been demonstrated that Aβ1–42 bound to the formyl peptide receptor (FPR) on the cell membrane, enhancing the G protein-coupled receptor kinase 2 (GRK2) expression and leading to the phosphorylation of ERK1/2 at early stages [44].



In this study, we did not use specific ERK activators to mimic the Aβ effect. Additionally, it would be beneficial if DUSP6 microRNA could be adopted to downregulate DUSP6 and further explore the mechanism. We are planning to construct a DUSP6-deficient mouse model to hybridize a APP/PS1 mouse in order to further explore its effect.



In this study, we showed that DUSP6 protected NSCs against Aβ25–35-induced neurotoxicity, probably via ERK1/2 inactivation.




4. Materials and Methods


4.1. Cell Culture and Treatment


The C17.2 neural stem cell line has been widely used as an in vitro model for neurodegenerative diseases because of its capacity for self-renewal and differentiation [45]. In this study, the murine C17.2 cell line was adopted as a replacement. A C17.2 cell line (Sigma-Aldrich, St. Louis, MO, USA) was cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% (v/v) fetal bovine serum, 5% (v/v) horse serum, 1% glutamine, 100 ng/mL streptomycin, and 100 units/mL penicillin [46]. All reagents were purchased from Gibco Thermo Fisher Scientific Inc. (Waltham, MA, USA).



The day before Aβ25–35 treatment, cells were seeded onto a 35-mm dish at a density of 2 × 10−5 cells per well. Different concentrations of Aβ25–35 (2.5 and 5 μM) were added to the NSCs for 24 h.




4.2. CCK-8 Assay for Cell Viability


The effects of Aβ25–35 on NSCs viability were detected by CCK-8 assay (Dojin Laboratories, Kumamoto, Kyushu, Japan). according to the method we previously published [47]. Briefly, NSCs were cultured on a 96-well plate at a density of 1 × 104/well for 24 h and administrated with Aβ25–35 for another 24 h. Then, the absorbance values were measured at 450 nm by a multifunctional microplate reader (SpectraMax M5, Sunnyvale, CA, USA) after being incubated at 37 °C for 2 h.




4.3. Cell Transfection


One day before transfection, NSCs were seeded onto a 35-mm dish at a density of 2 × 105 cells per well. DUSP6 (NM_001946) overexpression plasmid was constructed and transfected as we described previously [8]. Primers used by us were as follows: 5′-cgcggatccgccaccATGATAGATACGCTCAGACCCGTGC-3′ and 5′-ccgctcgagTCACGTAGACTGCAGGGAGTCCACC-3′. Plasmids were transfected using Lipofectamine 2000 according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA).




4.4. Quantitative Real-Time PCR (RT-PCR)


NSCs were seeded onto six-well plates and received the indicated treatment. After Aβ25–35 treatment for 24 h, total RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. The primer sequences for DUSP6 and Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) were as follows: DUSP6-F: 5′-GAGGGTAGCATAGGAATAGG-3′, DUSP6-R: 5′-TCTCTTTGGCTCCACTATAC-3′, GAPDH-F: 5′-GGCCTCCAAGGAGTAAGAAA-3′, and GAPDH-R: 5′GCCCCTCCTGTTATTATGG-3′. Reverse transcription and RT-PCR were performed in accordance with the protocol recommended by the manufacturers of SYBR Green qPCR SuperMix (Invitrogen). The relative expression of mRNA was assessed by the comparative 2−∆∆CT method. GAPDH was used as an internal standard.




4.5. Measurement of Oxidative Stress


Intracellular reactive oxygen species was measured using fluorescent probe 2,7-dichlorofluorescein diacetate (DCFH-DA) [48]. Another indicator of oxidative stress, MDA, was detected with commercial kits as described previously [49].




4.6. Detection of Ca2+ Levels


Ca2+ levels were measured by Ca2+ imaging using the fluorescent probe Fura-2/AM (Thermo Fisher Scientific Inc.) as a routine procedure. Briefly, cells were washed twice and incubated with Fura-2/AM (10 μM) for 30 min. The fluorescence was measured using a microplate reader with an excitation filter of 340 nm and an emission filter of 380 nm.




4.7. Enzyme-Linked Immunosorbent Assay (ELISA)


Cytochrome c of the mitochondria was measured using the cytochrome c ELISA kit (Thermo Fisher Scientific Inc.) as described previously. In brief, after being incubated on ice for 1 h, cell lysates of NSCs were homogenized in a buffer and centrifuged for 5 min (700 g). Then, mitochondrial fraction was collected from supernatants after being re-centrifuged for another 1 h at 8500 ×g. Lastly, the absorbance of the samples was detected with a multifunctional microplate reader at 450 nm (SpectraMax M5, Sunnyvale, CA, USA).




4.8. Western Blot Analysis


Western blotting and semi-quantitative analyses were performed following previously described procedures [25]. In brief, proteins of NSCs were extracted with lysis buffer for 30 min, followed by centrifugation at 14,000 rpm for 15 min at 4 °C to obtain the supernatant for Western blot analysis. Primary antibodies and dilution rates used are as follows: p-ERK1/2 (1:1000, Cell Signaling Technology, Danvers, MA, USA), ERK1/2 (1:1000, Cell Signaling Technology (Danvers, MA, USA)), DUSP6 (1:500, Abcam, Cambridge, MA, USA). Secondary antibodies were purchased from Cell Signaling Technology Inc. Horseradish peroxidase-conjugated secondary antibodies were used, and the bands were fixed and visualized by an ECL advanced kit. GAPDH was utilized as an internal control for protein loading and transfer efficiency. Western blot assay results reported here are representative of at least three experiments. The quantification of protein expression was analyzed by Image J (National Institutes of Health, Bethesda, MD, USA).




4.9. Statistical Analysis


SPSS 16.0 for Windows (SPSS Inc., Chicago, IL, USA) was used to carry out the statistical analyses. Other statistical tests were conducted using one-way analysis of variance (ANOVA) and Student’s t-test for comparisons between groups. The data were expressed as the mean ± SE, and differences were considered statistically significant at p < 0.05.
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Figure 1. Beta amyloid (Aβ)25–35 treatment reduced dual specificity phosphatase 6 (DUSP6) expression at different concentrations. (A) After treated with Aβ25–35 (0, 2.5, 5 μM) for 24 h, DUSP6 mRNA in neural stem cells (NSCs) was measured by RT-PCR; (B) DUSP6 protein was collected for Western blot assay. **: p < 0.01, ***: p < 0.001 vs. 0 μM. n = 3. GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase. 
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Figure 2. DUSP6 prevented the Aβ-triggered decrease in NSC viability. (A) DUSP6 mRNA was overexpressed after it was transfected with DUSP6-overexpressed plasmid pcDNA-DUSP6. pcDNA3.0 empty vector transfection showed no effect on DUSP6 expression in NSCs; (B) NSCs were either pre-transfected with DUSP6 overexpression plasmid or not transfected. Both groups were treated with 5 μM Aβ25–35 for 24 h. Cell viability assessed by CCK8 assay showed no significant change in Aβ-treated NSC vitality after DUSP6 transfection. N.S.: p > 0.05, **: p < 0.01, ***: p < 0.001 vs. control. *: p < 0.05 vs. Aβ-treated group. n = 3. N.S.: Not significant. 
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Figure 3. DUSP6 reduced Aβ-induced oxidative stress in NSCs. NSCs were either transfected with DUSP6 overexpression plasmid or not transfected. Both groups were treated with 5 μM Aβ25–35 for 24 h and then admitted to intracellular reactive oxygen species (ROS) (A) and lipid peroxidation marker malondialdehyde (MDA) assay (B). The values were normalized to the control group. N.S.: p > 0.05, *: p < 0.05, **: p < 0.01 vs. control. *: p < 0.05 vs. Aβ25–35 treated group. n = 3. 
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Figure 4. DUSP6 reversed Aβ-induced effect on ER Ca2+ level and mitochondrial cytochrome c homeostasis in NSCs. NSCs were either pre-transfected with DUSP6 overexpression plasmid or not transfected. Both groups were treated with 5 μM Aβ25–35 for 24 h. (A) Endoplasmic reticulum (ER) calcium was detected by fluorescent probe Fura-2/AM; (B) Cytosolic Ca2+ content in NSCs was measured with Indo-1/AM. (C) An enzyme-linked immunosorbent assay (ELISA) kit was adopted for the assay of cytochrome c in NSCs’ mitochondria. N.S.: p > 0.05, *: p < 0.05, **: p < 0.01 vs. control. **: p < 0.01 vs. Aβ-treated group. n = 3. 
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Figure 5. The effect of Aβ25–35 and DUSP6 overexpression on ERK1/2 activation in NSCs. NSCs were transfected with the DUSP6 overexpression plasmid. After transfection for 24 h, each group of cells was treated with Aβ25–35 for 24 h and harvested for Western blotting. N.S.: p > 0.05, **: p < 0.01 vs. control. **: p < 0.01 vs. the Aβ-treated group. n = 3. 
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