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Inhibition of Ras farnesylation in acute has been found to upregulate the α7 nicotinic acetylcholine receptor (α7nAChR) activity. This study was carried out to investigate the effect of chronic administration for 7 days of farnesyl transferase inhibitor lonafarnib (50 mg/kg, intraperitoneally injected) to male mice on the expression and activity of α7nAChR in hippocampal CA1 pyramidal cells. Herein, we show that lonafarnib dose dependently enhances the amplitude of ACh-evoked inward currents (IACh), owning to the increased α7nAChR expression and membrane trafficking. Lonafarnib inhibited phosphorylation of c-Jun and JNK, which was related to DNA methylation. In addition, reduced DNA methyltransferase 1 (DNMT1) expression was observed in lonafarnib-treated mice, which was reversed by JNK activator. Lonafarnib-upregulated expression of α7nAChR was mimicked by DNMT inhibitor, and repressed by JNK activator. However, only inhibited DNA methylation did not affect IACh, and the JNK activator partially decreased the lonafarnib-upregulated IACh. On the other hand, lonafarnib also increased the membrane expression of α7nAChR, which was partially inhibited by JNK activator or CaMKII inhibitor, without changes in the α7nAChR phosphorylation. CaMKII inhibitor had no effect on the expression of α7nAChR. Lonafarnib-enhanced spatial memory of mice was also partially blocked by JNK activator or CaMKII inhibitor. These results suggest that Ras inhibition increases α7nAChR expression through depressed DNA methylation of CHRNA7 via Ras-c-Jun-JNK pathway, increases the membrane expression of α7nAChR resulting in part from the enhanced CaMKII pathway and total expression of this receptor, and consequently enhances the spatial memory.
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INTRODUCTION
Statins as inhibitors of de novo cholesterol biosynthesis can also prevent the production of isoprenoids (Mans et al., 2010), including farnesyl-pyrophosphate (FPP) and geranylgeranyl-pyrophosphate (GGPP). Evidence has indicated that the statins can increase the expression of α7 nicotinic acetylcholine receptor (α7nAChR) in neuroblastoma cells (Roensch et al., 2007), SH-SY5Y cells, and PC12 cells (Xiu et al., 2005). Our previous studies have established that statins can enhance the α7nAChR expression under chronic administration (Chen et al., 2016a) through reducing FPP.
α7nAChR is a ligand-gated ion channel and widely distributed in the central nervous system (e.g., the cerebral cortex and hippocampus). Especially, α7nAChR is highly expressed in the cognition-relevant regions, including the CA1, CA3, dentate gyrus of the hippocampus, and layers I and VI of the cortex; thus, it plays an important role in the memory formation (Hogg et al., 2003; Gotti et al., 2006). More recently, α7nAChR has been found to have a high expression in the interneurons of cortical and pyramidal cells in the hippocampus (Deardorff et al., 2015). α7nAChR can regulate the plasticity of neural circuit, neuronal diﬀerentiation, proliferation, apoptosis, and clearance of aged neurons (Orr-Urtreger et al., 2000). α7nAChR dysfunction plays an important role in the pathogenesis of Alzheimer’s disease (AD). Studies have shown that the α7nAChR expression in the brain changes with age. Interestingly, α7nAChR expression substantially decreases in AD patients (Lykhmus et al., 2015). The disordered expression of CHRNA7, the gene encoding α7nAChR, is associated with neuropsychiatric disorders (Gyure et al., 2001; Deutsch et al., 2016). Previous study reported that the cognitive deficits deteriorated in the APP-α7 KO animals when α7nAChR was absent, and the decreased α7nAChRs expression was associated with synaptic damage in AD patients (Pchitskaya et al., 2018); upregulation of α7nAChR expression was able to improve the cognitive deficits (Ma and Qian, 2019).
DNA methylation is an important epigenetic control over different functional genes of the genome (Razin and Cedar, 1991). Canastar et al. (2012) first reported that DNA methylation in the promoter of CHRNA7 was related to the CHRNA7 mRNA expression in human cells from various tissue types. They found that SH-EP1 cells with high methylation had no CHRNA7 expression, and the treatment with methylation inhibitor, that is, 5-aza-2-deoxycytidine, reversed the CHRNA7 gene silencing in SH-EP1 cells; another methylation inhibitor, that is, zebularine, increased the CHRNA7 mRNA expression in SH-EP1 and HeLa cells. An inverse correlation between DNA methylation and CHRNA7 expression has also been reported in human temporal cortical tissues (Dyrvig et al., 2019). This indicates that DNA methylation is crucial for the transcriptional regulation of human CHRNA7 gene.
DNA methylation is catalyzed by methyltransferases, which are responsible for the formation of 5-methylcytosine (5-mC) from cytosine in the 5′-CpG-3′ dinucleotide (Nowak et al., 2017; Dan et al., 2019). It is catalyzed by DNA methyltransferases (DNMT) and can lead to the mitotic propagation of the modified sequence, resulting in the binding of regulatory proteins such as transcription factors (Calvanese et al., 2009). In mammalian cells, DNMT includes two important classes, DNMT1 and DNMT3 (DNMT3A, DNMT3B, and DNMT3L) (Calvanese et al., 2009; Ions et al., 2013). Different from DNMT3 (Kaneda et al., 2004; Dodge et al., 2005; Drini et al., 2011), DNMT1 is the main type of mammalian DNMT and responsible to maintain the methylation patterns in daughter cells. DNMT1 can be found in almost all somatic cells, but it is highly expressed in proliferating cells (Gruenbaum et al., 1982; Flynn et al., 1996). DNMT3A and -3B are involved in the de novo methylation, and highly expressed in embryonic stem cells and early embryos (Kaneda et al., 2004; Dodge et al., 2005); DNMT3L lacks the methyltransferase catalytic domain (Aapola et al., 2001) and is thought to facilitate the action of others (Jia et al., 2007). Rouleau et al. (1995) and MacLeod et al. (1995) found, in Y1 cells derived from a naturally occurring adrenocortical tumor in LAF1 mice, Ras-activator protein 1 (AP-1) (c-Jun) pathway could regulate the activity of DNMT, then influencing DNA methylation (Rouleau et al., 1995). AP-1 is a transcription factor composed of homo- and/or heterodimers of Jun and Fos proteins (Li et al., 2019). The phosphorylation of AP-1 can induce their activation, and then they have transcriptional activity into the nucleus, and c-Jun is activated through phosphorylation by the c-Jun N-terminal kinase (JNK) (Gupta et al., 1996; Kallunki et al., 1996). A recent study reported that hyperactivated Ras can mediate the elevation of phosphorylated-JNK in imaginal discs (Ray and Lakhotia, 2019).
The FPP and GGPP are lipid attachments for the small GTPase (i.e., Ras, Rho, and Rab) superfamily, regulating their prenylation to lead the activation (McTaggart, 2006). The Ras superfamily (e.g., H-Ras, K-Ras, and N-Ras) is a group of representative farnesylated proteins (Kho et al., 2004; McTaggart, 2006), and its functional activity requires farnesylation in the case of FPP, which is catalyzed by the rate-limiting enzyme farnesyl transferase (FTase). Numerous studies have revealed the involvement of Ras signaling pathway in the synaptic plasticity and memory formation (Manabe et al., 2000; Ye and Carew, 2010). Mans’s study and our previous study have reported that reducing FPP (but not GGPP) could upregulate the α7nAChR-dependent long-term potentiation (LTP) (Mans et al., 2010; Chen et al., 2016a) and learning memory, and acute inhibition of Ras farnesylation also could enhance the α7nAChR activity (Chen et al., 2018).
In this study, the FTase inhibitor (FTI) lonafarnib was used to inhibit Ras activation by blocking its farnesylation, and the effects of chronic administration of lonafarnib on the activity and expression of α7nAChR in hippocampal CA1 pyramidal cells were investigated. Our results indicated that chronic Ras inhibition by lonafarnib enhanced α7nAChR expression through inhibiting DNA methylation of CHRNA7, which was due to the reduction of DNMT1 via Ras-c-Jun-JNK pathway; and increased the membrane expression of α7nAChR, which was mediated in part by CaMKII pathway and enhanced total expression of this receptor, and consequently enhanced the spatial memory of mice.
MATERIALS AND METHODS
Experimental Animals
The present study was approved by the Animal Care and Ethical Committee of Nantong University and Nanjing Medical University. All animal-handling procedures followed the guidelines of Institute for Laboratory Animal Research of the Nantong University and Nanjing Medical University. The procedures involving animals and their care were conducted in conformity with the ARRIVE guidelines of Laboratory Animal Care (Kilkenny et al., 2012). Postnatal 28- to 32-day male mice (C57BL/6J mice, SLAC Laboratory Animal Co., Ltd. Shanghai, China) were maintained in a constant environmental condition (temperature, 23 ± 2°C; humidity, 55 ± 5%; 12:12 h light/dark cycle) in the Animal Research Center of Nantong University and Nanjing Medical University. Animals were given ad libitum access to food and water.
Drug Administration
Ftase inhibitor lonafarnib was purchased from MedChem Express (MCE, NJ, United States). For in vivo experiment, lonafarnib was dissolved in DMSO, which then diluted in saline containing 20% (2-hydroxypropyl)-beta-cyclodextrin (Chaponis et al., 2011). Lonafarnib was intraperitoneally injected at different doses of 10, 30, 50, and 80 mg/kg (Chen et al., 2016b) for 7 days. Control mice were intraperitoneally treated with an equal volume of vehicle.
Trans, trans-farnesol (FOH, 96%), and geranylgeraniol (GGOH, 85%) were purchased from Sigma (St. Louis, MO, United States). For in vivo experiment, FOH was mixed with 5% Tween 80 to produce an emulsion 30 min prior to lonafarnib administration, and then intraperitoneally injected at 50 mg/kg once daily (de Oliveira Junior et al., 2013). Control mice were intraperitoneally treated with an equal volume of vehicle.
The α7nAChR agonist acetylcholine (ACh) and α7nAChR antagonist methyl lycaconitine (MLA) were purchased from Sigma. The drugs were dissolved in DMSO and diluted by ACSF to a final 0.1% concentration of DMSO, and applied in patch-clamp recording.
CaMKII inhibitor KN93 and DNMT inhibitor RG108 were purchased from MCE. They were dissolved in DMSO, diluted with normal saline, and then injected intracerebroventricularly. Control mice were treated with an equal volume of vehicle. JNK activator anisomycin was purchased from MCE and was dissolved in HCl (1 M), and the concentration was diluted with normal saline to 22 μg/μl; the pH value was adjusted to 7.4 with NaOH (5 M). The vehicle was 1 M HC1 in saline, which was adjusted to pH 7.4 with NaOH.
For repeated intracerebroventricular (i.c.v.) injection of KN-93 (1 μg/5 μl/mouse) and RG108 (20 nmol/5 μl/mouse) (Dong et al., 2019) and anisomycin (110 μg/5 μl/mouse) (Kameyama et al., 1986; Stennett et al., 1989; Robinson and Franklin, 2007), a 28-G stainless steel guide cannula (Plastics One, Roanoke, VA) was implanted into the right lateral ventricle (0.3 mm posterior, 1.0 mm lateral, and 2.5 mm ventral to bregma) and anchored to the skull with three stainless steel screws and dental cement (Wang et al., 2015).
Electrophysiological Analysis
Preparation of Hippocampal Slices
Slice preparation and whole cell patch clamping were performed as previously described (Chen et al., 2018). The mice were anesthetized with isoflurane and sacrificed. Then, the skulls were removed rapidly and sliced with a vibrating microtome (Microslicer DTK 1500, Dousaka EM Co, Kyoto, Japan) in ice-cold cutting solution (in mM: 94 sucrose, 30 NaCl, 4.5 KCl,1 MgCl2, 26 NaHCO3, 1.2 NaH2PO4, and 10 D-glucose). The solution was oxygenated with a gas mixture (95% O2/5% CO2), and the pH value was adjusted to 7.4. The hippocampal slices were then incubated in artificial cerebrospinal fluid (ACSF) containing different concentrations of compounds (in mM: 126 NaCl, 1 CaCl2, 2.5 KCl, 1 MgCl2, 26 NaHCO3, 1.25 KH2PO4, and 20 D-glucose, pH 7.4), which was oxygenated with a gas mixture (95% O2/5% CO2) at 32–34°C using an in-line heating device (Warner Instruments, Hamden, CT).
Whole Cell Patch-Clamp Recording
After 1-h recovery in the incubating ACSF, the brain slices were transferred to a recording chamber for whole cell patch-clamp recording. During this process, the slice was continually perfused with oxygenated ACSF. To block muscarinic acetylcholine receptors, atropine (0.5 μM) was added to the external solution. In addition, 10 μM bicuculline, 20 μM AP-5, 10 μM NBQX, and 0.1 μM TTX were applied extracellularly. The patch-clamp recording was performed in pyramidal cells of the hippocampal CA1 region using IR-DIC optics (BX51WI with a ×20 water immersion objective lens, Olympus). Access resistance was monitored continuously during the recording, and the obtained data were discarded if the access resistance fluctuated more than 20%. The glass pipette (4–5 MΩ resistance) was filled with an internal solution (in mM: 120 Cs-gluconate, 2 NaCl, 4 MgCl2, 4 Na2-ATP, 10 HEPES, and 10 EGTA) at pH 7.2. The holding potential was −70 mV. The a7nAChR-activated current (ACh-evoked inward currents, IACh) was induced by adding ACh (0.1–5 mM) via a rapid drug delivery system to make sure of the direct application of ACh on the recorded neurons (Colon-Saez and Yakel, 2011; Li et al., 2013). IACh was recorded using an EPC-10 amplifier (HEKA Elektronik, Lambrecht/Pfalz, Germany) and analyzed using pCLAMP 10 software (Molecular Devices), Origin (OriginLab Corp., Northampton, MA, USA), and Sigmaplot10, including peak currents, decay kinetics, and curve fitting. Concerning the varying cell or membrane size, we use the current density, current intensity (pA)/membrane capacitance (pF), to represent the amplitude of IACh. IACh (pA/pF) recording from different groups was normalized to IACh (pA/pF) evoked by 5 mM ACh in control to produce dose–response curve. The data were fitted to logistic equation in which I = Imax/[1+(EC50/C)n], with n being Hill coefficient and EC50 being the concentration producing 50% maximal response. α7nAChRs desensitization was calculated by the half-time of desensitization that was required for 50% decay of peak IACh amplitude (Gay et al., 2008).
Slice Biotinylation and Cell Surface Protein Extraction
Hippocampal slices were placed on a six-well plate and washed with frozen ACSF for 5 min. Then, the hippocampal slices were incubated with ACSF containing EZ-link Sulfo-NHS-SS-Biotin (0.5 mg/ml, Pierce, Northumberland, United Kingdom) for 25 min at 4°C. These slices were washed with ACSF containing 50 mM NH4Cl thrice (5 min for each) at 4°C to remove excess biotin. After biotinylation, the hippocampal CA1 region was isolated and homogenized with lysis buffer (50 mM Tris–HCl [pH 7.4], 150 mM NaCl, 1.5 mM MgCl2, 1 mM EGTA, 0.5 mM DTT, 50 mM NaF, 2 mM sodium pyruvate, 25% glycerol, 1% triton X-100, 0.5% sodium deoxycholate, and 1% protease inhibitor cocktail, Sigma). The supernatant was centrifuged at 20,000×g for 20 min at 4°C. The resultant supernatant was collected, and the protein concentration was determined by Bradford protein assay. The biotinylated proteins (50 mg) were incubated with streptavidin-coated magnetic beads (30 ml) for 45 min at room temperature. The streptavidin beads containing biotinylated proteins were washed thrice with lysis buffer containing 0.1% SDS and separated with a magnet. The biotinylated proteins were eluted in a sample buffer (62.5 mM Tris–HCl, 2% SDS, 5% glycerol, 5% 2-mercaptoethanol) at 100°C for 5 min. The protein lysates were denatured with the same method. Then, the protein lysates (cytoplasmic proteins) and biotinylated proteins (cell surface proteins) were stored at −20°C until analysis.
Immunoprecipitation and Western Blotting
Animals were anesthetized, and the brain was harvested, followed by the separation of the hippocampus. The hippocampal tissues or brain slices were homogenized in the lysis buffer containing 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 5 mM EDTA, 10 mM NaF, 1 mM sodium orthovanadate, 1% Triton X-100, 0.5% sodium deoxycholate, 1 mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (Complete; Roche, Mannheim, Germany), followed by incubation for 30 min at 4°C. After cracking with the ultrasonic pulverizer, the samples were centrifuged at 12,000 rpm for 15 min at 4°C, and the supernatant was harvested. The protein concentration was determined with BCA Protein Assay Kit (Pierce Biotechnology Inc., Rockford, IL, United States). Then, equal amount of proteins was mixed with loading buffer and heated in boiling water for 5 min.
For immunoprecipitation assays, total proteins (500 μg) were incubated with rabbit anti-α7nAChR antibody (1:1,000; Chemicon, CA, United States) overnight at 4°C. Then, 40 μg of protein A/G agarose gel (GE Healthcare, Sweden) was added, followed by incubation at 4°C for 1 h. The obtained immunocomplexes were centrifuged at 4°C for 5 min at 1,000 g and washed four times with homogenization buffer (Contreras-Vallejos et al., 2014). The supernatants were collected and subjected to Western blotting.
Equal amount of protein (20 μg) was separated by SDS-polyacrylamide gel electrophoresis (SDS–PAGE), and then transferred onto polyvinylidene fluoride (PVDF) membrane, which was subsequently incubated with blocking solution (5% nonfat milk) for 60 min at room temperature. After washing thrice, the membrane was incubated overnight at 4°C with following antibodies: rabbit polyclonal anti-α7nAChR (1:1,000; Abcam, Cambridge, United Kingdom), DNMT1 (1:1,000; Abcam, Cambridge, MA, USA), DNMT3A (1:1,000; Abcam), DNMT3B (1:1,000; Abcam), anti-phospho-c-Jun (1:1,000; Millipore, MA, United States), anti-phospho-JNK (1:1,000; Millipore, MA, United States), anti-phospho-Ser (1:1,000; Santa Cruz, CA, United States), anti-phospho-Thr (1:1,000; Santa Cruz, CA, United States), anti-phospho-PKA (1:1,000; Millipore, MA, United States), anti-phospho-PKC (1:1,000; Abcam, Cambridge, United Kingdom), and anti-phospho-CaMKII (1:1,000; Cell Signaling Technology, MA, United States). After washing, the membrane was incubated with HRP-labeled secondary antibodies at room temperature for 1–2 h, and visualization was done with the ECL Detection Kit (Millipore, MA, USA). The blots were stripped by incubation in stripping buffer (Restore, Pierce) for 5 min, blocked with 5% nonfat milk at room temperature for 60 min, and then incubated with anti-c-Jun, anti-JNK (1:1,000; Millipore), anti-PKC (1:1,000; Abcam), anti-PKA (1:1,000; Millipore), and anti-CaMKII (1:1,000; Abcam). Internal control was GAPDH or β-actin (1:2000; Cell Signaling Technology). The biotinylated membrane surface a7nAChR protein was normalized by surface GluR2 protein (John et al., 2015; Chen et al., 2018). We used two methods of exposure, traditional darkroom exposure or using the exposure machine, for α7nAChR and phospho-CaMKII/CaMKII, and the traditional one seemed more suitable. ImageJ (NIH Image, Bethesda, MD, USA) was used to determine the protein expression which was normalized to the expression of internal control.
Reverse Transcription–Polymerase Chain Reaction (RT-PCR)
Real-time RT–PCR was performed as described previously (Albers et al., 2014). Total RNA was isolated from the hippocampus with TRIzol reagent (Invitrogen, Camarillo, CA) and reverse-transcribed into cDNA using a Prime Script RT Reagent Kit (Takara, China) for quantitative PCR (ABI Step One Plus, Foster City, CA) in the presence of fluorescent dye (SYBR Green I; Takara, China). The relative expression of genes was determined using the 2−ΔΔct method with GAPDH as an internal control. The primers used for PCR were as follows: DNMT1, 5′-CGT​TGT​GGT​GGA​TGA​CAA​GA-3′ and 5′-GAA​CCA​GGA​CAG​TGG​CTC​T-3′; DNMT3A; 5′-GTG​CAG​AAA​CAT​CGA​GGA​CA-3′ and 5′-ATG​CCT​CCA​ATG​AAG​AGT​GG-3′; DNMT3B, 5′-ACA​ACC​GTC​CAT​TCT​TCT​GG-3′ and 5′-GTG​AGC​AGC​AGA​CAC​CTT​GA-3′ (Miozzo et al., 2018); α7nAChR, 5′-CAC​ATT​CCA​CAC​CAA​CGT​CTT-3′ and 5′-AAA​AGG​GAA​CCA​GCG​TAC​ATC-3′ (Albers et al., 2014); α4nAChR, 5′-CAG​CTT​CCA​GTG​TCA​GAC​CA-3′ and 5′-TGG​AAG​ATG​TGG​GTG​ACT​GA-3′ (Ghedini et al., 2012); β2nAChR, 5′-GAG​GTG​AAG​CAC​TTC​CCA​TTT-3′ and 5′-GCC​ACA​TCG​CTT​TTG​AGC​AC-3′ (Albers et al., 2014); and GAPDH, 5′-TGG​GTG​TGA​ACC​ACG​AG-3′ and 5′-AAG​TTG​TCA​TGG​ATG​ACC​TT-3′.
Morris Water Maze (MWM)
Morris water maze test was conducted for 8 consecutive days to detect the spatial cognitive function of mice (Tong et al., 2012). Morris water maze consists of a circular pool (made of black plastic and 120 cm in diameter) that is artificially divided into four quadrants and marked on the wall with entry points for each quadrant. The water temperature was maintained at 23 ± 2°C, and an appropriate amount of white food additives was added into the water. Swim paths were analyzed using a computer system with a video camera (AXIS-90 Target/2; Neuroscience). During the experiment, the reference outside the maze should remain unchanged, and the indoor environment should be kept quiet to avoid interfering with the experiment. In the first two days of training (visible platform test), a cylindrical dark-colored platform (7 cm in diameter) was placed 0.5 cm above the surface of water. During training days 3–7 (hidden platform test), the acquisition testing phase, the platform was submerged 1 cm below the water surface. Mice were given 90 s in the pool to search the platform. Latency to reach the visible or the hidden platform, and the swim distance were measured. During the training, if the mouse failed to find the platform within 90 s, it would be guided to the platform, and the trial was terminated. Each mouse started from one of the four quadrants randomly, with its head toward the wall. Four trials were conducted every day with an interval of 30 min. On day 8, the retention of spatial reference memory was recorded by a probe trial with the platform being removed from the pool, and the percent time spent in each quadrant was assessed.
Data and Statistical Analysis
All statistical analyses were performed with GraphPad Prism 8. Data are presented as mean ± s. e.m unless stated otherwise. Differences among means were analyzed using Student’s t-test and analyses of variance (ANOVA) with or without repeated measures, followed by post hoc analysis. P- and F-values of ANOVAs are given in the results or figure legends section. Differences at P < 0.05 were considered statistically significant. Repeats for experiments and statistical tests carried out are indicated in the figure legends and in the main text, respectively.
RESULTS
Effects of Lonafarnib on α7nAChR Activity in Hippocampal CA1 Pyramidal Cells
To investigate the effect of lonafarnib on the α7nAChR activity, the ACh-evoked inward current (IACh) was recorded in mouse brain slices after 7 days of lonafarnib treatment at different doses of 10, 30, 50, and 80 mg/kg (Chen et al., 2016b). IACh of hippocampal CA1 pyramidal cells was examined by whole cell patch-clamp recording. Compared with control mice, the administration of lonafarnib increased the amplitude of IACh (pA/pF) in a dose-dependent manner (F4,35 = 7.393, P = 0.0002, one-way ANOVA; Figure 1A). According to this result, the influence of lonafarnib (50 mg/kg) treatment for 7 days on the sensitivity of α7nAChR to agonists was further investigated. ACh dose–response curves were delineated to evaluate the response of α7nAChR to different concentrations of ACh (Figure 1B). As shown in the dose–response curves, a concentration-dependent increase of IACh amplitude was observed in both groups (F5,70 = 83.94, P < 0.0001, repeated measure ANOVA). Lonafarnib significantly increased the IACh amplitude compared to control mice (F1,14 = 23.28, P = 0.0003, repeated measure ANOVA; Figure 1B). In addition, EC50 and Hill coefficient were comparable between Lonafarnib-treated mice (EC50 = 407.4 μM; Hill coefficient = 1.864) and control mice (EC50 = 430.7 μM; Hill coefficient = 2.021). Lonafarnib had no influence on the desensitization half-time (ms) of IACh (t-test as t 14) = 0.7632, P = 0.4580; Figure 1C). Then, lonafarnib at 50 mg/kg and ACh at 3 mM were used in the following experiments. In addition, α7nAChR antagonist MLA (10 μM) was also used to confirm that the recorded current and upregulation by lonafarnib were attributed to α7nAChR, but not other cholinergic receptor. As shown in Figure 1D, IACh was sensitive to MLA (vs. control mice or lonafarnib-treated mice: P < 0.0001, n = 8, two-way ANOVA with Tukey’s test; Figure 1D) in 5 min in both groups. However, mice treated with FOH had no influence in the currents (vs control mice: P = 0.9998, or lonafarnib-treated mice: P = 0.9742, n = 8, two-way ANOVA, followed by Tukey’s multiple comparison test; Figure 1D). These results showed that lonafarnib (50 mg/kg) treatment for 7 days potentiated the a7nAChR activity, without changing the agonist sensitivity and the kinetics of desensitization.
[image: Figure1]FIGURE1 | Administration of lonafarnib enhances a7nAChR activity in hippocampal CA1 pyramidal cells. (A) Evoked IACh by ACh (3 mM) in the slices of control mice treated with vehicle and mice treated with lonafarnib at 10, 30, 50, and 80 mg/kg for 7 days. Dose–response curves were constructed by the amplitude of IACh (the value of current density as pA/pF) (means ± SEM) that expressed as percent of control with vehicle (100% VS control). **P < 0.01 vs. slices of control mice (10 mg/kg: P = 0.9999, 30 mg/kg: P = 0.9998; 50 mg/kg: P = 0.0062; 80 mg/kg: P = 0.0032, n = 8, one-way ANOVA, followed by Dunnett’s multiple comparison test). (B) The CA1 pyramidal cells were subjected to consecutive 1 s applications of 0.1, 0.4, 0.8, 1, 3, and 5 mM ACh in control and lonafarnib-treated mice (50 mg/kg). Dose–response curves were constructed by the amplitude of IACh (means ± SEM) that were normalized by a control value evoked by ACh (5 mM). Representative traces of IACh evoked by 3 mM ACh. *P < 0.05, **P < 0.01 vs. slices of control mice (1 mM: P = 0.0298, 3 mM: P = 0.0043, 5 mM: P = 0.0025, n = 8, repeated-measure ANOVA, followed by Sidak’s multiple comparison test). (C) Influence of lonafarnib administration (50 mg/kg) on the desensitization half-time of a7nAChR. (D) Sensitivity of evoked IACh to farnesol (FOH) that converts farnesyl-pyrophosphate and a7nAChR antagonist MLA. Mean percent reduction in the amplitude of IACh evoked by ACh (3 mM) following application of MLA (10 μM) in slices from control and lonafarnib-treated mice. Amplitude of IACh were normalized by the value of control group with vehicle. **P < 0.01 vs. slices of control mice; ##P < 0.01 vs. slices of lonafarnib-treated mice (two-way ANOVA, followed by Tukey’s multiple comparison test).
Influence of Lonafarnib on the Expression of Hippocampal nAChR
Among the various forms of nAChRs, only two subtypes are highly expressed in the central nervous system, α7-subunit containing homomer (α7nAChR) and α4β2 heteromer (α4β2nAChR) (Ma and Qian, 2019). To investigate the effect of lonafarnib (50 mg/kg) on the expression of α7nAChR and α4β2nAChR, RT-PCR and Western blotting were employed to detect the mRNA and protein expression, respectively. Our results showed the mRNA expression of α4/β2nAChR was similar between lonafarnib-treated mice and control mice (P > 0.9999, n = 8, two-way ANOVA, followed by Tukey’s multiple comparison test; Figure 2A). By contrast, α7nAChR mRNA expression (P = 0.0019, n = 8; two-way ANOVA, followed by Tukey’s multiple comparisons test; Figure 2B) and α7nAChR protein expression (P < 0.0011, n = 8; Figure 2C) in the lonafarnib-treated mice increased significantly as compared to control mice. Moreover, the enhanced mRNA and protein expression of α7nAChR were not affected by FOH (50 mg/kg) (mRNA: P = 0.9991, n = 8; protein: P = 0.6837, n = 8) or GGOH (50 mg/kg) (mRNA: P > 0.9999, n = 8; protein: P = 0.9789, n = 8), which can be metabolized into FPP or GGPP (Chen et al., 2016a). These results indicated that the lonafarnib-induced upregulation of α7nAChR expression may be connected to gene transcription, for not only the a7 protein increased but also the a7 mRNA (Xiu et al., 2005). Lonafarnib could completely inhibit the farnesylation of Ras because of no influence of FOH or GGOH.
[image: Figure 2]FIGURE 2 | Lonafarnib administration increases the expression of hippocampal α7nAChR, but not α4/β2nAChR. (A) Levels of α4/β2nAChR mRNA in the hippocampus of control mice and lonafarnib-treated mice administrated with vehicle, FOH, or GGOH. (B) Level of α7nAChR mRNA in the hippocampus of control mice and lonafarnib-treated mice treated with vehicle, FOH, or GGOH. **P < 0.01 vs. control mice (two-way ANOVA, followed by Tukey’s multiple comparison test). (C) Level of α7nAChR protein in the hippocampus. **P < 0.01 vs. control mice (two-way ANOVA, followed by Tukey’s multiple comparison test). CO: control mice, LO: lonafarnib-treated mice. The expression of mRNA and protein were normalized by the values of control group with vehicle.
Effect of Lonafarnib on DNA Methylation of CHRNA7
Studies have reported the correlation between CHRNA7 (a gene encoding α7nAChR) mRNA and DNA methylation in the promoter of CHRNA7 in various types of tissue (Razin and Cedar, 1977; Razin and Shemer, 1999; Canastar et al., 2012; Dyrvig et al., 2019). Activation of c-Jun has been reported to result in hyper-induction of DNMT promoter, then influencing DNA methylation (Rouleau et al., 1995). To explore the mechanism underlying the lonafarnib-induced enhancement of α7nAChR expression, the c-Jun-JNK pathway was examined, and the expression of DNMT was detected in the presence of lonafarnib treatment.
Our results showed significantly decreased phosphorylation of c-Jun (phospho-c-Jun) and JNK (phospho-JNK) in the lonafarnib-treated mice as compared to control mice (phospho-c-Jun: t-test as t 14) = 2.910, P = 0.0114; phospho-JNK: t-test as t 14) = 2.960, P = 0.0103; Figures 3A,B). Meanwhile, the protein and mRNA expression of DNMT1, DNMT3A, and DNMT3B were detected. Results showed lonafarnib reduced the mRNA (P = 0.0023, n = 8, two-way ANOVA, followed by Tukey’s multiple comparison test; Figure 3C) and protein (P = 0.0020, n = 8, Figure 3D) expression of DNMT1, which both could be reversed by anisomycin, an activator of JNK (mRNA: P = 0.0078, n = 8; protein: P = 0.0004, n = 8; Figures 3C,D). However, the mRNA (DNMT3A: P = 0.7928, n = 8; DNMT3B: P = 0.9092, n = 8) and protein (DNMT3A: P = 0.9570, n = 8; DNMT3B: P = 0.4325, n = 8) expressions of DNMT3A and DNMT3B remained unchanged. Few studies have reported the methylation of CHRNA7 promoter in mice, and we predicted the presence of CpG island in the CHRNA7 gene promoter by using MethPrimer. As shown in Figure 3E, two CpG islands were found in the promoter region of CHRNA7 at 1843–2,257 bp and 2,314–2,430 bp, the GC content is more than 50%, and observed CpG to expected CpG dinucleotide ratio (ObsCpG/ExpCpG) was more than 0.60. In addition, previous study has demonstrated the CHRNA7 proximal promoter CpG island in human cells, including SH-EP1, HeLa, SH-SY5Y, and SK-N-BE cells (Canastar et al., 2012). These findings indicated the possibility of the regulation by DNA methylation in the CHRNA7 promoter in mice, and lonafarnib might decrease DNA methylation through reducing the expression of DNMT1, which was regulated by the c-Jun-JNK pathway.
[image: Figure 3]FIGURE 3 | Lonafarnib administration downregulates the phosphorylation of C-Jun and JNK pathway and, in this way, decreases DNMT1 in the hippocampus. (A and B) Levels of phospho-Jun and phospho-JNK in control and lonafarnib-treated mice, *P < 0.05 vs. control mice (t-test). (C) Levels of DNMT1/3A/3B mRNA in the hippocampus of control mice and lonafarnib-treated mice treated with vehicle or anisomycin. **P < 0.01 vs. control mice; ##P < 0.01 vs. lonafarnib-treated mice (two-way ANOVA, followed by Tukey’s multiple comparison test). (D) Levels of DNMT1/3A/3B proteins in the hippocampus of control mice and lonafarnib-treated mice treated with vehicle or anisomycin, **P < 0.01 vs. control mice; ##P < 0.01 vs. lonafarnib-treated mice (two-way ANOVA, followed by Tukey’s multiple comparison test). (E) Prediction of CpG island in the promoter region of CHRNA7 gene. The expression of mRNA and protein were normalized by the values of control group with vehicle.
The Role of DNA Methylation Alteration in the Lonafarnib Induced Upregulation of α7nAChR, and the Alteration of Membrane Expression and Phosphorylation of α7nAChR in Lonafarnib-Treated Mice
To explore the role of DNA methylation in the lonafarnib-induced upregulation of α7nAChR expression and activity, mice were treated with JNK activator anisomycin and DNMT inhibitor RG108. Interestingly, results showed RG108 inhibited the DNA methylation in control mice, which mimicked the effect of lonafarnib and could induce an increase of α7nAChR expression (P < 0.0001, n = 8, two-way ANOVA, followed by Tukey’s multiple comparison test; Figure 4A); however, RG108 slightly upregulated IACh as compared to control mice, with no significant difference (P = 0.5197, n = 8, two-way ANOVA, followed by Tukey’s multiple comparison test; Figure 4B). Anisomycin significantly inhibited lonafarnib-induced increase of α7nAChR expression (P = 0.0001, n = 8, Figure 4A) and induced a smaller inhibition of IACh in lonafarnib-treated mice (P = 0.0266, n = 8, Figure 4B). The different effects of DNA methylation inhibitor and lonafarnib on the expression and activity of α7nAChR suggest other mechanisms underlying the lonafarnib-induced upregulation of α7nAChR activity. As a membrane receptor, the functional expression of α7nAChR is affected by its membrane expression and phosphorylation (Cho et al., 2005; Gillentine et al., 2017). Then, whether lonafarnib also affected the membrane trafficking and phosphorylation of α7nAChR and their relationships with the increased α7nAChR expression were further explored. Results showed lonafarnib significantly upregulated the membrane expression of α7nAChR (P < 0.0001, n = 8, vs control mice, two-way ANOVA, followed by Tukey’s multiple comparison test; Figure 4C), which was partially inhibited by anisomycin (P = 0.0141, n = 8, vs lonafarnib-treated mice, Figure 4C). In control mice, DNMT inhibitor RG108 had no significant effect on the membrane expression (P = 0.9548, n = 8, vs control mice, Figure 4C). However, phosphorylation of α7nAChR remained unchanged in the control and lonafarnib-treated mice (P = 0.7695 n = 8, two-way ANOVA, followed by Tukey’s multiple comparison test; Figure 4D).
[image: Figure 4]FIGURE 4 | Role of DNA methylation in the lonafarnib affected activity, total expression, membrane expression, and phosphorylation of a7nAChR. (A) Levels of a7nAChR total proteins in the hippocampus of control and lonafarnib-treated mice treated with vehicle, DNMT inhibitor RG108 or anisomycin. **P < 0.01 vs. control mice, ##P < 0.01 vs. lonafarnib-treated mice (two-way ANOVA, followed by Tukey’s multiple comparison test). (B) Evoked IACh by ACh (3 mM) in the slices of control and lonafarnib-treated mice treated with vehicle, RG108, or anisomycin, **P < 0.01 vs. control mice; #P < 0.05 vs. lonafarnib-treated mice (two-way ANOVA, followed by Tukey’s multiple comparison test). (C) Levels of biotinylated a7nAChR (membrane surface) protein in the hippocampus of control and lonafarnib-treated mice treated with vehicle, RG108, or anisomycin. Surface a7nAChR was normalized by surface GluR2 protein, which was again normalized by vehicle-treated control group. **P < 0.01 vs. control mice; #P < 0.05 vs. lonafarnib-treated mice (two-way ANOVA, followed by Tukey’s multiple comparison test). (D) Levels of phospho-a7nAChR in the hippocampus of control and lonafarnib-treated mice treated with vehicle, RG108, or anisomycin. The expression of protein and the amplitude of evoked IACh were normalized by the values of control group with vehicle.
Pathways Related to the Upregulated Membrane Expression in Lonafarnib-Treated Mice
A large body of evidence indicates that the activation of small GTPases may alter their interactions with intracellular molecules to regulate downstream effectors including PKC, PKA, and CaMKII (McTaggart, 2006). The membrane trafficking of α7nAChR is regulated by PKC and CaMKII signaling pathways (Komal et al., 2015), and the phosphorylation of α7nAChR is modulated by PKA and PKC (Huganir and Greengard, 1990; Moss et al., 1996). Our previous study showed that acute perfusion with statins and FTI-277 could upregulate the membrane trafficking of α7nAChR through CaMKII or PKC pathway (Chen et al., 2018). Therefore, we further explore whether chronic administration with lonafarnib also affected these pathways to upregulate the membrane expression of α7nAChR. The effects of lonafarnib, RG108, and anisomycin on the phosphorylation of PKCε (phospho-PKCε), CaMKII (phospho-CaMKII), and PKA (phospho-PKA) were examined. Notably, lonafarnib elevated the expression of phospho-CaMKII (P < 0.001, n = 8, two-way ANOVA, followed by Tukey’s multiple comparison test; Figure 5C), but not phospho-PKCε (P = 0.8099, n = 8, two-way ANOVA, followed by Tukey’s multiple comparison test; Figure 5A) or phospho-PKA (P = 0.9615, n = 8, two-way ANOVA, followed by Tukey’s multiple comparison test; Figure 5B). Neither RG108 in control mice nor anisomycin in lonafarnib-treated mice had influence on the expression of phospho-CaMKII (RG108: P = 0.9597, n = 8; anisomycin: P = 0.7383, n = 8), phospho-PKCε (RG108: P = 0.9366, n = 8; anisomycin: P = 0.9885, n = 8), or phospho-PKA (RG108: P = 0.7382, n = 8; anisomycin: P = 0.9998, n = 8 Figures 5A–C). Furthermore, lonafarnib-induced increase of membrane expression could be partially inhibited by KN93, an inhibitor of CaMKII pathway (P = 0.0119, n = 8, two-way ANOVA, followed by Tukey’s multiple comparison test; Figure 5D). However, the increased total expression in lonafarnib-treated mice was not altered by KN93 (P = 0.7528, n = 8, two-way ANOVA, followed by Tukey’s multiple comparison test; Figure 5E). These results indicated that lonafarnib stimulated membrane trafficking of α7nAChR partially through CaMKII pathway, but not PKC or PKA pathway, and the DNA methylation had no influence in the pathways. Besides, upregulated CaMKII pathway had no effect on the total expression of α7nAChR.
[image: Figure 5]FIGURE 5 | Lonafarnib administration affects CaMKII signaling pathways, partially modulating the membrane expression of a7nAChR. (A and B) Levels of phospho-PKC and phospho-PKA in the hippocampus of control and lonafarnib-treated mice treated with vehicle, RG108, or anisomycin. (C) Levels of phospho-CaMKII in the hippocampus of control and lonafarnib-treated mice treated with vehicle, RG108, or anisomycin. **P < 0.01 vs. control mice (two-way ANOVA, followed by Tukey’s multiple comparison test). (D) Levels of biotinylated a7nAChR (membrane) protein in the hippocampus of control and lonafarnib-treated mice treated with vehicle or CaMKII pathway blocker KN93. Surface a7nAChR was normalized by surface GluR2 protein, which was again normalized by vehicle-treated control group. **P < 0.01 vs. control mice; #P < 0.05 vs. lonafarnib-treated mice (two-way ANOVA, followed by Tukey’s multiple comparison test). (E) Levels of a7nAChR total proteins in the hippocampus of control and lonafarnib-treated mice treated with vehicle and KN93, and total a7nAChR was normalized by GAPDH, which was again normalized by vehicle-treated group. **P < 0.01 vs. control mice (two-way ANOVA, followed by Tukey’s multiple comparison test). The expression of protein was normalized by the values of control group with vehicle.
The Influence of Lonafarnib in the Spatial Memory
Then, we carried out behavior test by Morris water maze to examine the influence of lonafarnib in the spatial memory, and the involvement of α7nAChR. In the MWM test, the latency in visible platform can reflect the search behavior or visual acuity; latency in hidden platform is used to judge the spatial learning and memory. As shown in Figure 6A (upper), the latency to reach the visible platform was affected by training days (F1,28 = 182.0, P < 0.0001, repeated measure ANOVA; Figure 6A); however, there is no difference between four groups (F3,28 = 0.2525, P = 0.8589). The escape latency to reach the hidden platform was progressively decreased with training days in four groups (F4,112 = 211.2, p < 0.0001). Repeated measures ANOVA revealed a difference between four groups in the latency to reach the hidden platform (F3,28 = 3.390, P = 0.0317, followed by Tukey's multiple comparison test), and the latency of lonafarnib-treated mice was reduced compared with control mice (P = 0.0358). Mice treated with lonafarnib take less time to reach the hidden platform on days 5–6 after training than the control mice (day 5: P = 0.0078; day 6: P = 0.0306). Compared with lonafarnib-treated mice, mice treated by lonafarnib + KN93 showed reversed effect on the time to reach the hidden platform at day 6 (P = 0.014, n = 8), and mice with lonafarnib + anisomycin treatment presented increased time to reach hidden platform at day 5 (P = 0.0256, n = 8). KN93 and anisomycin treatment seemed to have a tendency to reverse the reduced latency in lonafarnib-treated mice; however, no overall significant difference was found in the lonafarnib + KN93-treated mice (P = 0.2806, n = 8) or + anisomycin mice (P = 0.4503, n = 8) compared with lonafarnib-treated mice. There was no significant difference in swimming speed during the training days (visible and hidden) between four groups (F6,168 = 0.2207, P = 0.9445, repeated measures ANOVA; Figure. 6A, bottom). A probe trial was performed at 24 h after the hidden platform test, in which the swimming time spent in four quadrants (platform, opposite, right, and left adjacent quadrants) was measured to estimate the memory trace strength. The swimming time spent in the target quadrant was longer than that in other quadrants in control mice (F3,28 = 6.846, P = 0.0033, repeated measures ANOVA, followed by Dunnett's multiple comparisons test; PQ VS R-AQ: P = 0.0151; VS OQ: P = 0.0196; VS L-AQ: P = 0.0101; n = 8; Figure 6B). Notably, lonafarnib-treated mice showed more swim time in platform quadrant than in control mice (P = 0.0087, n = 8, one-way ANOVA, followed by Tukey’s multiple comparison test). The enhancement of swim time in platform quadrant in lonafarnib-treated mice was blocked by the KN93 treatment (P = 0.0208, n = 8) and anisomycin treatment (P = 0.0124, n = 8). The results indicate the due spatial memory improvement in lonafarnib-treated mice, which is partially influenced when using KN93 or anisomycin to inhibit the activation of α7nAChR.
[image: Figure 6]FIGURE 6 | Lonafarnib treatment improves spatial learning memory. (A) Latency (sec) to reach visible platform and hidden platform of Morris water maze in control mice (control), lonafarnib-treated mice (lonafarnib), lonafarnib + KN93-treated mice (lonafarnib + KN93), and lonafarnib + anisomycin-treated mice (lonafarnib + anisomycin). Tracings of typical swim patterns in hidden platform task (upper panels). Black circles indicate the position of platform. *P < 0.05, and **P < 0.01 vs. control mice, #P < 0.05 vs. Lonafarnib + anisomycin-treated mice, $P < 0.05 vs. lonafarnib + KN93-treated mice (repeated-measure ANOVA, followed by Tukey’s multiple comparison test). (B) Percentage of swim time (%) in quadrants of platform (PQ), opposite (OQ) and right/left adjacent (R-AQ, L-AQ) in Morris water maze. Tracings of typical swim patterns in probe task (upper panels). **P < 0.01 and *P < 0.05 vs. swim time in PQ (comparison within group, repeated-measure ANOVA, followed by Dunnett’s multiple comparison test), ##P < 0.01 vs. control mice, +P < 0.05 vs. lonafarnib + KN93-treated mice or + anisomycin-treated mice (one-way ANOVA, followed by Tukey’s multiple comparison test).
[image: Figure 7]FIGURE 7 | The hypothesis of molecular mechanism underlying the lonafarnib-upregulated α7nAChR. ↑: increase; ↓: decrease; dotted line meant hypothesis need to be confirmed.
DISCUSSION
To our knowledge, the present study, for the first time, provided evidence that Ras inhibition by lonafarnib could enhance the total expression of α7nAChR through inhibiting DNA methylation of CHRNA7 promoter by decreasing DNMT1, and increase the membrane trafficking of α7nAChR which was mediated in part by CaMKII pathway and the enhanced total expression, leading to an upregulation of α7nAChR activity in hippocampal CA1 pyramidal cells, and consequently improved the spatial memory of mice.
Homomeric α7 and heterometric α4β2 receptors are most abundant in the nervous system; each subtype has its unique activation, agonist selectivity, channel conductance, and desensitization properties (Houchat et al., 2020). Activation of α4β2nAChRs triggers slowly decaying nicotinic currents (Matsubayashi et al., 2004), while α7 subtype is distinguished by its rapid desensitization (Couturier et al., 1990; Seguela et al., 1993). In addition, a7nAChRs can be fully activated by agonists such as choline, nicotine, and ACh, and inhibited reversibly by MLA and irreversibly by α-bungarotoxin (α-BGT). For α4β2nAChRs, they are activated by ACh and nicotine, but not by choline, inhibited by dihydro-berythroidine (DHβE), but not by a-BGT or MLA (Alkondon and Albuquerque, 2001). As previous study has reported in hippocampal neurons (Alkondon and Albuquerque, 1993), based upon the decay kinetics of the currents elicited by 3 mM ACh, the neurons were shown to exhibit different current types; among them, type IA currents (rapidly decaying currents) were the most frequent and were found in 83% of the neurons tested, mediated by α7nAChR, and completely inhibited by MLA or α-BGT, or κ-BGT alone. 10% of the neurons had mixed responses (named type IB), which were mediated by α7nAChR and α4β2nAChR, partially blocked by MLA or DHβE alone, completely blocked by combination of the two agents. α4β2nAChR mediated (type II) currents shown in 5% of neurons, which could be inhibited by DHβE, but not α-BGT. This classification was very similar to that found in nigral neurons as previously described (Matsubayashi et al., 2004). In our experiments, when analyzing the currents mediated by α7nAChR, we chose IACh with typical fast desensitization, and then the chosen ones were also confirmed by the complete inhibition of MLA. The electrophysiological analysis revealed that lonafarnib treatment for 7 days increased the maximal α7nAChR response, without altering the half-time (ms) of α7nAChR desensitization, EC50, and Hill coefficient of the dose–response curve. These findings suggest that lonafarnib treatment enhances the activity of α7nAChR, but not the affinity of α7nAChR. FOH had no effect on the lonafarnib-upregulated IACh, which indicates that when the rate-limiting enzyme FTase is inhibited by lonafarnib, supplement of FPP fails to rescue the activation of Ras. This finding was also confirmed by the receptor expression detection. Our results showed lonafarnib treatment for 7 days significantly increased the expression of mRNA and protein of α7nAChR, but failed to affect the expression of α4β2nAChR. Consistent with the electrophysiological results, FOH had no influence on the lonafarnib-induced increase of α7nAChR expression.
In the mammalian genome, DNA methylation is an epigenetic mechanism which can regulate gene expression by recruiting proteins involved in gene repression or by inhibiting the binding of transcription factor(s) to DNA (Moore et al., 2013). A link between promoter DNA methylation and tissue-specific transcription of CHRNA7 has been reported by Canastar et al. (2012). They found that CHRNA7 expression was silenced in the SH-EP1 cells with a region corresponding high methylation level. However, in the SH-SY5Y and HeLa cells with demethylated regions, the expression of CHRNA7 was significantly higher, suggesting the crucial role of DNA methylation in the transcriptional regulation of human CHRNA7 gene. Moreover, Dyrvig et al. (2019) found that DNA methylation at three promoter regions was involved in the regulation of CHRNA7 transcription. In our study, a significant reduction of DNMT1 was observed in the lonafarnib-treated mice. RG108, an inhibitor of DNMT, could mimic the effect of lonafarnib on the α7nAChR expression. This finding reveals that lonafarnib-induced enhancement of α7nAChR expression is related to the downregulation of DNA methylation through reducing DNMT1. Patra (2008) reported that Ras could regulate DNMT1 and DNA-methylation, which also interacted with many proteins during cell cycle progression. A 106-bp sequence (at -1744 to -1,650) of DNMT gene bearing three AP-l sites was responsible for the induction of DNMT promoter activity (Rouleau et al., 1995). In Y1 cells, the activation of DNMT promoter is controlled by the Ras-AP-1 (c-Jun) signaling pathway (MacLeod et al., 1995; Rouleau et al., 1995). Expression of a down-modulator of Ras activity, or a trans-dominant negative mutant of Jun in Y1 cells, decreases the mRNA expression, enzymatic activity, and DNA-methylation of DNMT. In our study, lonafarnib-induced Ras inactivation reduced the phosphorylation of both c-Jun and JNK, and decreased the DNMT1 expression; furthermore, the reduced DNMT1 expression could be rescued by anisomycin, an activator of JNK. Our results suggest that lonafarnib inhibits Ras activation to decrease DNMT1 expression via c-Jun-JNK pathway, which consequently reduces DNA-methylation, resulting in the increase of α7nAChR expression. However, other mechanisms may be also involved in the effect of lonafarnib on the DNA methylation, since the link between DNA methylation and histone markers has been reported (Ooi et al., 2007; Kelly et al., 2010), and inhibition of histone deacetylases (HDACs) induces global DNA hypomethylation (Arzenani et al., 2011). A recent study also showed treatment with HDAC inhibitor Valproate immediately induced effective demethylation and significantly increased the CHRNA7 promoter gene expression in HeLa cells (Dyrvig et al., 2019). In our previous study, results showed simvastatin could reduce FPP to upregulate the histone acetylation (Chen et al., 2016b). Cellular histone acetylation is maintained by the histone acetyltransferases (HAT) and HDAC (Kramer et al., 2001), and inhibition of HDAC may enhance the histone acetylation. However, little is known about the relationship between Ras signaling and HDAC, which may need further investigation.
Our results showed anisomycin, an activator of JNK, significantly reduced lonafarnib-upregulated expression of α7nAChR, but partially inhibited the current of α7nAChR increased by lonafarnib. Similarly, DNMT inhibitor RG108 increased the expression of α7nAChR, but slightly elevated IACh with no significance. These results remind that other mechanisms may be also involved in the lonafarnib-upregulated activity of α7nAChR besides the increased expression of α7nAChR. As an integral membrane receptor, α7nAChR must be folded and assembled in the endoplasmic reticulum (ER), followed by membrane trafficking of assembled receptors (Gillentine et al., 2017). In this way, the membrane expression of α7nAChR may reflect the activity of α7nAChR (Drisdel et al., 2004; Ma and Qian, 2019). Phosphorylation at serine/threonine also modulates α7nAChRs activity (Huganir and Greengard, 1990). Cho et al. (2005) reported that the amount of functional cell surface α7nAChR was controlled indirectly via processes involving phosphorylation. However, in our study, results showed lonafarnib upregulated the membrane expression of α7nAChR, but had no effect on the phosphorylation of α7nAChR. A large body of evidence indicates that activation of small GTPases may alter their interactions with intracellular molecules to regulate downstream effectors including PKC, PKA, and CaMKII (McTaggart, 2006). Although studies have reported the role of PKC, PKA, and CaMKII in the membrane trafficking and phosphorylation of α7nAChR (Moss et al., 1996; Kanno et al., 2012a; Kanno et al., 2012b), our results showed chronic lonafarnib treatment enhanced the phosphorylation of CaMKII, but not PKC or PKA, and lonafarnib upregulated membrane expression was partially inhibited by CaMKII inhibitor KN93. This was consistent with our previous finding that FTase inhibitor (FTI-277) acute incubation for 4 h increased the membrane trafficking of α7nAChR through CaMKII pathway but not PKC or PKA. Interestingly, chronic lonafarnib treatment induced enhancement of membrane trafficking of α7nAChR was also partially reduced by JNK activator anisomycin, which decreased lonafarnib-upregulated α7nAChR expression. This indicates the involvement of increased total expression in the enhanced membrane trafficking in the lonafarnib-treated mice. It has been revealed that long-term treatment with neuregulin may enhance the expression and function of α7nAChR in the hippocampal cells (Liu et al., 2001; Kawai et al., 2002). The normal translocation of α7nAChR from intracellular pools to the surface is clearly an important but not well-defined process (Dineley and Patrick, 2000). Cho et al. (2005) reported that brief exposure of rat hippocampal interneurons to genistein potentiated α7nAChR responses, which was related to the enhanced expression of surface α7 subunits, resulting from the increased expression of α7nAChRs. However, in other cases, they thought that in chromaffin cells, when the total expression was enhanced, most upregulated nAChRs were stored in an intracellular pool, while surface receptors might actually be depressed (Peng et al., 1997; Warpman et al., 1998; Ridley et al., 2001; Sala et al., 2008). Based on our findings, lonafarnib enhanced the total expression of α7nAChR through reducing DNA methylation of CHRNA7 promoter via c-Jun-JNK pathway, and this increased expression was attributed to the enhanced membrane trafficking of the receptor, which was also regulated by the CaMKII pathway. The mechanism underlying the interaction between lonafarnib-enhanced α7nAChR expression and activity is not completely understood and worth further exploring.
α7nAChR is highly expressed in the cognition-relevant regions, playing a crucial role in memory formation (Hogg et al., 2003; Gotti et al., 2006). Cholinesterase inhibitors (ChEIs), which can recover the level of acetylcholine (activator of α7nAChR) in the central nervous system in AD brain, is one of the two types of medications for AD treatment approved by the Food and Drug Administration (Uddin et al., 2020). From our previous study, statins could significantly enhance the spatial cognitive performance as assessed by Morris water maze and Y-maze in adult mice through reducing FPP (Chen et al., 2016a). And the enhancement resulted from statins in synaptic plasticity assessed by LTP, a cellular model of learning and memory (Bliss and Collingridge, 1993), could be mimicked by FTI-277 (Mans et al., 2012). In our study, we due found an enhancement of lonafarnib treatment in the spatial memory as tested by Morris water maze. In the hidden platform test, the latency was significantly changed by lonafarnib treatment, especially on days 5 and 6. This enhancement was decreased to certain extent by KN93 or anisomycin, and mice treated by lonafarnib + KN93 showed an inverse of latency on day 6, and those treated by lonafarnib + anisomycin showed an inverse on day 5; however, both two groups had no significance in latency with lonafarnib-treated mice overall. In the probe trial, lonafarnib-treated mice exhibited an obvious increase in the time spent in platform quadrant than control mice, which was partially inhibited by KN93 or anisomycin. From the results of MWM, we can see that KN93 or anisomycin could not completely block the improvement in the spatial memory induced by lonafarnib. There may be other mechanisms involved in the benefit of spatial memory resulted from lonafarnib treatment. Foregoing results showed that affecting Ras-c-Jun-JNK or CaMKII pathway in part altered α7nAChR activity, which might explain the incomplete inhibition of the two drugs. Moreover, FTI-277 treatment enhanced the activity of NMDA receptor (Chen et al., 2016b), which played a crucial role in the learning and memory. In this way, inhibition of α7nAChR might not totally inverse the enhancement of spatial memory resulted from lonafarnib.
However, these evidences observed in our study do provide a support to the memory benefits of lonafarnib through the activation of α7nAChR, which also can predict the feasibility of Ras inhibitors in the anti-dementia treatment in AD patients.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was reviewed and approved by Nantong University, Nanjing Medical University.
AUTHOR CONTRIBUTIONS
TC performed the electrophysiology recordings, a part of Western Blotting and PCR, all statistical analysis and wrote the manuscript, CC carried out a part of Western Blotting and PCR, LW, and SL carried out the animal care. LC was responsible for the experimental design and manuscript drafting.
FUNDING
This study was supported by the National Natural Science Foundation of China (Grant number 81901098), Natural Science Foundation of Jiangsu province (Grant number BK20190923), and Science and technology Project of Nantong City (Grant numbers JC2018009 and JC2019026).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.589780/full#supplementary-material.
ABBREVIATIONS
FPP, farnesyl-pyrophosphate; GGPP, geranylgeranyl-pyrophosphate; α7nAChR, α7 nicotinic acetylcholine receptor; AD, Alzheimer’s disease; 5-mC, 5-methylcytosine; DNMT, DNA methyltransferases; AP-1, Activator protein 1; JNK, c-Jun N-terminal kinase; FTase, Farnesyl transferase; LTP, long-term potentiation; FTI, FTase inhibitor; FOH, Farnesol; GGOH, Geranylgeraniol; ACh, Acetylcholine; MLA, Methyl lycaconitine; ACSF, Artificial cerebrospinal fluid; IACh, ACh-evoked inward currents; HDACs Histone deacetylases; HAT, Histone acetyltransferases; MWM, Morris water maze; ChEIs, Cholinesterase inhibitors.
REFERENCES
 Aapola, U., Lyle, R., Krohn, K., Antonarakis, S. E., and Peterson, P. (2001). Isolation and initial characterization of the mouse Dnmt3l gene. Cytogenet. Genome Res . 92, 122–126. doi:10.1159/000056881
 Albers, K. M., Zhang, X. L., Diges, C. M., Schwartz, E. S., Yang, C. I., Davis, B. M., et al. (2014). Artemin growth factor increases nicotinic cholinergic receptor subunit expression and activity in nociceptive sensory neurons. Mol. Pain . 10, 31. doi:10.1186/1744-8069-10-31
 Alkondon, M., and Albuquerque, E. X. (1993). Diversity of nicotinic acetylcholine receptors in rat hippocampal neurons. I. Pharmacological and functional evidence for distinct structural subtypes. J. Pharmacol. Exp. Therapeut . 265, 1455–1473.
 Alkondon, M., and Albuquerque, E. X. (2001). Nicotinic acetylcholine receptor α7 and α4β2 subtypes differentially control GABAergic input to CA1 neurons in rat Hippocampus. J. Neurophysiol . 86, 3043–3055. doi:10.1152/jn.2001.86.6.3043
 Arzenani, M. K., Zade, A. E., Ming, Y., Vijverberg, S. J. H., Zhang, Z., Khan, Z., et al. (2011). Genomic DNA hypomethylation by histone deacetylase inhibition implicates DNMT1 nuclear dynamics. Mol. Cell Biol . 31, 4119–4128. doi:10.1128/mcb.01304-10
 Bliss, T. V. P., and Collingridge, G. L. (1993). A synaptic model of memory: long-term potentiation in the hippocampus. Nature . 361, 31–39. doi:10.1038/361031a0
 Calvanese, V., Lara, E., Kahn, A., and Fraga, M. F. (2009). The role of epigenetics in aging and age-related diseases. Ageing Res. Rev . 8, 268–276. doi:10.1016/j.arr.2009.03.004
 Canastar, A., Logel, J., Graw, S., Finlay-Schultz, J., Osborne, C., Palionyte, M., et al. (2012). Promoter methylation and tissue-specific transcription of the α7 nicotinic receptor gene, CHRNA7, J. Mol. Neurosci . 47, 389–400. doi:10.1007/s12031-011-9663-7
 Chaponis, D., Barnes, J. W., Dellagatta, J. L., Kesari, S., Fast, E., Sauvageot, C., et al. (2011). Lonafarnib (SCH66336) improves the activity of temozolomide and radiation for orthotopic malignant gliomas. J. Neuro Oncol . 104, 179–189. doi:10.1007/s11060-010-0502-4
 Chen, T., Wang, C., Sha, S., Zhou, L., Chen, L., and Chen, L. (2016a). Simvastatin enhances spatial memory and long-term potentiation in hippocampal CA1 via upregulation of α7 nicotinic acetylcholine receptor. Mol. Neurobiol . 53, 4060–4072. doi:10.1007/s12035-015-9344-6
 Chen, T., Wang, Y., Zhang, T., Zhang, B., Chen, L., Zhao, L., et al. (2018). Simvastatin enhances activity and trafficking of alpha7 nicotinic acetylcholine receptor in hippocampal neurons through PKC and CaMKII signaling pathways. Front. Pharmacol . 9, 362. doi:10.3389/fphar.2018.00362
 Chen, T., Zhang, B., Li, G., Chen, L., and Chen, L. (2016b). Simvastatin enhances NMDA receptor GluN2B expression and phosphorylation of GluN2B and GluN2A through increased histone acetylation and Src signaling in hippocampal CA1 neurons. Neuropharmacology 107, 411–421. doi:10.1016/j.neuropharm.2016.03.028
 Cho, C.-H., Song, W., Leitzell, K., Teo, E., Meleth, A. D., Quick, M. W., et al. (2005). Rapid upregulation of 7 nicotinic acetylcholine receptors by tyrosine dephosphorylation. J. Neurosci . 25, 3712–3723. doi:10.1523/jneurosci.5389-03.2005
 Colón-Sáez, J. O., and Yakel, J. L. (2011). The α7 nicotinic acetylcholine receptor function in hippocampal neurons is regulated by the lipid composition of the plasma membrane. J. Physiol . 589, 3163–3174. doi:10.1113/jphysiol.2011.209494
 Contreras-Vallejos, E., Utreras, E., Bórquez, D. A., Prochazkova, M., Terse, A., Jaffe, H., et al. (2014). Searching for novel Cdk5 substrates in brain by comparative phosphoproteomics of wild type and Cdk5−/− mice. PloS One 9, e90363. doi:10.1371/journal.pone.0090363
 Couturier, S., Bertrand, D., Matter, J.-M., Hernandez, M.-C., Bertrand, S., Millar, N., et al. (1990). A neuronal nicotinic acetylcholine receptor subunit (α7) is developmentally regulated and forms a homo-oligomeric channel blocked by α-BTX. Neuron . 5, 847–856. doi:10.1016/0896-6273(90)90344-f
 Dan, H., Zhang, S., Zhou, Y., and Guan, Q. (2019). DNA methyltransferase inhibitors: catalysts for antitumour immune responses. Ott . Vol. 12, 10903–10916. doi:10.2147/ott.s217767
 de Oliveira Júnior, W. M., Benedito, R. B., Pereira, W. B., De Arruda Torres, P., Ramos, C. A. F., Costa, J. P., et al. (2013). Farnesol: antinociceptive effect and histopathological analysis of the striatum and hippocampus of mice. Fundam. Clin. Pharmacol . 27, 419–426. doi:10.1111/j.1472-8206.2012.01030.x
 Deardorff, W. J., Shobassy, A., and Grossberg, G. T. (2015). Safety and clinical effects of EVP-6124 in subjects with Alzheimer's disease currently or previously receiving an acetylcholinesterase inhibitor medication. Expert Rev. Neurother . 15, 7–17. doi:10.1586/14737175.2015.995639
 Deutsch, S. I., Burket, J. A., Benson, A. D., and Urbano, M. R. (2016). The 15q13.3 deletion syndrome: deficient α7-containing nicotinic acetylcholine receptor-mediated neurotransmission in the pathogenesis of neurodevelopmental disorders. Prog. Neuro Psychopharmacol. Biol. Psychiatr . 64, 109–117. doi:10.1016/j.pnpbp.2015.08.001
 Dineley, K. T., and Patrick, J. W. (2000). Amino acid determinants of α7 nicotinic acetylcholine receptor surface expression. J. Biol. Chem . 275, 13974–13985. doi:10.1074/jbc.275.18.13974
 Dodge, J. E., Okano, M., Dick, F., Tsujimoto, N., Chen, T., Wang, S., et al. (2005). Inactivation ofDnmt3bin mouse embryonic fibroblasts results in DNA hypomethylation, chromosomal instability, and spontaneous immortalization. J. Biol. Chem . 280, 17986–17991. doi:10.1074/jbc.m413246200
 Dong, E., Locci, V., Gatta, E., Grayson, D. R., and Guidotti, A. (2019). N-Phthalyl-l-Tryptophan (RG108), like clozapine (CLO), induces chromatin remodeling in brains of prenatally stressed mice. Mol. Pharmacol . 95, 62–69. doi:10.1124/mol.118.113415
 Drini, M., Wong, N. C., Scott, H. S., Craig, J. M., Dobrovic, A., Hewitt, C. A., et al. (2011). Investigating the potential role of genetic and epigenetic variation of DNA methyltransferase genes in hyperplastic polyposis syndrome. PloS One 6, e16831. doi:10.1371/journal.pone.0016831
 Drisdel, R. C., Manzana, E., and Green, W. N. (2004). The role of palmitoylation in functional expression of nicotinic 7 receptors. J. Neurosci . 24, 10502–10510. doi:10.1523/jneurosci.3315-04.2004
 Dyrvig, M., Mikkelsen, J. D., and Lichota, J. (2019). DNA methylation regulates CHRNA7 transcription and can be modulated by valproate. Neurosci. Lett . 704, 145–152. doi:10.1016/j.neulet.2019.04.015
 Flynn, J., Glickman, J. F., and Reich, N. O. (1996). Murine DNA cytosine-C5Methyltransferase: pre-steady- and steady-state kinetic analysis with regulatory DNA sequences†. Biochemistry 35, 7308–7315. doi:10.1021/bi9600512
 Gay, E. A., Giniatullin, R., Skorinkin, A., and Yakel, J. L. (2008). Aromatic residues at position 55 of rat α7 nicotinic acetylcholine receptors are critical for maintaining rapid desensitization. J Physiol . 586, 1105–1115. doi:10.1113/jphysiol.2007.149492
 Ghedini, P. C., Avellar, M. C. W., De Lima, T. C. M., Lima-Landman, M. T. R., Lapa, A. J., and Souccar, C. (2012). Quantitative changes of nicotinic receptors in the hippocampus of dystrophin-deficient mice. Brain Res . 1483, 96–104. doi:10.1016/j.brainres.2012.09.021
 Gillentine, M. A., Yin, J., Bajic, A., Zhang, P., Cummock, S., Kim, J. J., et al. (2017). Functional consequences of CHRNA7 copy-number alterations in induced pluripotent stem cells and neural progenitor cells. Am. J. Hum. Genet . 101, 874–887. doi:10.1016/j.ajhg.2017.09.024
 Gotti, C., Riganti, L., Vailati, S., and Clementi, F. (2006). Brain neuronal nicotinic receptors as new targets for drug discovery. Cpd . 12, 407–428. doi:10.2174/138161206775474486
 Gruenbaum, Y., Cedar, H., and Razin, A. (1982). Substrate and sequence specificity of a eukaryotic DNA methylase. Nature 295, 620–622. doi:10.1038/295620a0
 Gupta, S., Barrett, T., Whitmarsh, A. J., Cavanagh, J., Sluss, H. K., Dérijard, B., et al. (1996). Selective interaction of JNK protein kinase isoforms with transcription factors. EMBO J . 15, 2760–2770. doi:10.1002/j.1460-2075.1996.tb00636.x
 Gyure, K. A., Durham, R., Stewart, W. F., Smialek, J. E., and Troncoso, J. C. (2001). Intraneuronal abeta-amyloid precedes development of amyloid plaques in Down syndrome. Arch. Pathol. Lab Med . 125, 489–492.
 Hogg, R. C., Raggenbass, M., and Bertrand, D. (2003). Nicotinic acetylcholine receptors: from structure to brain function. Rev. Physiol. Biochem. Pharmacol . 147, 1–46. doi:10.1007/s10254-003-0005-1
 Houchat, J. N., Cartereau, A., Le Mauff, A., Taillebois, E., and Thany, S. H. (2020). An overview on the effect of neonicotinoid insecticides on mammalian cholinergic functions through the activation of neuronal nicotinic acetylcholine receptors. Int. J. Environ. Res. Publ. Health . 17. doi:10.3390/ijerph17093222
 Huganir, R. L., and Greengardt, P. (1990). Regulation of neurotransmitter receptor desensitization by protein phosphorylation. Neuron . 5, 555–567. doi:10.1016/0896-6273(90)90211-w
 Ions, L. J., Wakeling, L. A., Bosomworth, H. J., Hardyman, J. E., Escolme, S. M., Swan, D. C., et al. (2013). Effects of Sirt1 on DNA methylation and expression of genes affected by dietary restriction. Age 35, 1835–1849. doi:10.1007/s11357-012-9485-8
 Jia, D., Jurkowska, R. Z., Zhang, X., Jeltsch, A., and Cheng, X. (2007). Structure of Dnmt3a bound to Dnmt3L suggests a model for de novo DNA methylation. Nature 449, 248–251. doi:10.1038/nature06146
 John, D., Shelukhina, I., Yanagawa, Y., Deuchars, J., and Henderson, Z. (2015). Functional alpha7 nicotinic receptors are expressed on immature granule cells of the postnatal dentate gyrus. Brain Res . 1601, 15–30. doi:10.1016/j.brainres.2014.12.041
 Kallunki, T., Deng, T., Hibi, M., and Karin, M. (1996). c-Jun can recruit JNK to phosphorylate dimerization partners via specific docking interactions. Cell 87, 929–939. doi:10.1016/s0092-8674(00)81999-6
 Kameyama, T., Nabeshima, T., and Kozawa, T. (1986). The antagonistic effects of naloxone on cycloheximide and anisomicin-induced amnesia. Pharmacol. Biochem. Behav . 25, 567–572. doi:10.1016/0091-3057(86)90142-5
 Kaneda, M., Okano, M., Hata, K., Sado, T., Tsujimoto, N., Li, E., et al. (2004). Essential role for de novo DNA methyltransferase Dnmt3a in paternal and maternal imprinting. Nature 429, 900–903. doi:10.1038/nature02633
 Kanno, T., Shimizu, T., Tanaka, A., Nishimoto, T., and Nishizaki, T. (2012a). Free fatty acid derivative HUHS2002 potentiates α7 ACh receptor responses through indirect activation of CaMKII. Lipids 47, 865–871. doi:10.1007/s11745-012-3701-2
 Kanno, T., Tanaka, A., and Nishizaki, T. (2012b). Linoleic acid derivative DCP-LA stimulates vesicular transport of a7 ACh receptors towards surface membrane. Cell. Physiol. Biochem . 30, 75–82. doi:10.1159/000339049
 Kawai, H., Zago, W., and Berg, D. K. (2002). Nicotinic α7 receptor clusters on hippocampal GABAergic neurons: regulation by synaptic activity and neurotrophins. J. Neurosci . 22, 7903–7912. doi:10.1523/jneurosci.22-18-07903.2002
 Kelly, T. K., Miranda, T. B., Liang, G., Berman, B. P., Lin, J. C., Tanay, A., et al. (2010). H2A.Z maintenance during mitosis reveals nucleosome shifting on mitotically silenced genes. Mol. Cell . 39, 901–911. doi:10.1016/j.molcel.2010.08.026
 Kho, Y., Kim, S. C., Jiang, C., Barma, D., Kwon, S. W., Cheng, J., et al. (2004). A tagging-via-substrate technology for detection and proteomics of farnesylated proteins. Proc. Natl. Acad. Sci. Unit. States Am . 101, 12479–12484. doi:10.1073/pnas.0403413101
 Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M., and Altman, D. G. (2012). Improving bioscience research reporting: the ARRIVE guidelines for reporting animal research. Osteoarthritis Cartilage 20, 256–260. doi:10.1016/j.joca.2012.02.010
 Komal, P., Estakhr, J., Kamran, M., Renda, A., and Nashmi, R. (2015). cAMP-dependent protein kinase inhibits α7 nicotinic receptor activity in layer 1 cortical interneurons through activation of D1/D5 dopamine receptors. J. Physiol . 593, 3513–3532. doi:10.1113/jp270469
 Krämer, O. H., Göttlicher, M., and Heinzel, T. (2001). Histone deacetylase as a therapeutic target. Trends in Endocrinology & Metabolism 12, 294–300. doi:10.1016/s1043-2760(01)00438-6
 Li, L., Liu, C., Mao, W., Tumen, B., and Li, P. (2019). Taurochenodeoxycholic acid inhibited AP-1 activation via stimulating glucocorticoid receptor. Molecules 24. doi:10.3390/molecules24244513
 Li, L., Qu, W., Zhou, L., Lu, Z., Jie, P., Chen, L., et al. (2013). Activation of transient receptor potential vanilloid 4 increases NMDA-activated current in hippocampal pyramidal neurons. Front. Cell. Neurosci . 7, 17. doi:10.3389/fncel.2013.00017
 Liu, Y., Ford, B., Mann, M. A., and Fischbach, G. D. (2001). Neuregulins increase α7 nicotinic acetylcholine receptors and enhance excitatory synaptic transmission in GABAergic interneurons of the Hippocampus. J. Neurosci . 21, 5660–5669. doi:10.1523/jneurosci.21-15-05660.2001
 Lykhmus, O., Voytenko, L., Koval, L., Mykhalskiy, S., Kholin, V., Peschana, K., et al. (2015). α7 nicotinic acetylcholine receptor-specific antibody induces inflammation and amyloid β42 accumulation in the mouse brain to impair memory. PloS One 10, e0122706. doi:10.1371/journal.pone.0122706
 Ma, K.-G., and Qian, Y.-H. (2019). Alpha 7 nicotinic acetylcholine receptor and its effects on Alzheimer's disease. Neuropeptides 73, 96–106. doi:10.1016/j.npep.2018.12.003
 Macleod, A., Rouleau, J., and Szyf, M. (1995). Regulation of DNA methylation by the Ras signaling pathway. J. Biol. Chem . 270, 11327–11337. doi:10.1074/jbc.270.19.11327
 Manabe, T., Aiba, A., Yamada, A., Ichise, T., Sakagami, H., Kondo, H., et al. (2000). Regulation of long-term potentiation by H-Ras through NMDA receptor phosphorylation. J. Neurosci . 20, 2504–2511. doi:10.1523/jneurosci.20-07-02504.2000
 Mans, R. A., Chowdhury, N., Cao, D., Mcmahon, L. L., and Li, L. (2010). Simvastatin enhances hippocampal long-term potentiation in C57BL/6 mice. Neuroscience 166, 435–444. doi:10.1016/j.neuroscience.2009.12.062
 Mans, R. A., Mcmahon, L. L., and Li, L. (2012). Simvastatin-mediated enhancement of long-term potentiation is driven by farnesyl-pyrophosphate depletion and inhibition of farnesylation. Neuroscience 202, 1–9. doi:10.1016/j.neuroscience.2011.12.007
 Matsubayashi, H., Amano, T., Seki, T., Sasa, M., Sasa, M., and Sakai, N. (2004). Postsynaptic α4β2 and α7 type nicotinic acetylcholine receptors contribute to the local and endogenous acetylcholine-mediated synaptic transmissions in nigral dopaminergic neurons. Brain Res . 1005, 1–8. doi:10.1016/j.molbrainres.2004.06.040
 Mctaggart, S. J. (2006). Isoprenylated proteins. Cell. Mol. Life Sci . 63, 255–267. doi:10.1007/s00018-005-5298-6
 Miozzo, F., Arnould, H., De Thonel, A., Schang, A.-L., Sabéran-Djoneidi, D., Baudry, A., et al. (2018). Alcohol exposure promotes DNA methyltransferase DNMT3A upregulation through reactive oxygen species-dependent mechanisms. Cell Stress and Chaperones . 23, 115–126. doi:10.1007/s12192-017-0829-2
 Moore, L. D., Le, T., and Fan, G. (2013). DNA methylation and its basic function. Neuropsychopharmacol . 38, 23–38. doi:10.1038/npp.2012.112
 Moss, S. J., Mcdonald, B. J., Rudhard, Y., and Schoepfer, R. (1996). Phosphorylation of the predicted major intracellular domains of the rat and chick neuronal nicotinic acetylcholine receptor α7 Subunit by cAMP-dependent protein kinase. Neuropharmacology 35, 1023–1028. doi:10.1016/s0028-3908(96)00083-4
 Nowak, E. M., Poczęta, M., Bieg, D., and Bednarek, I. (2017). DNA methyltransferase inhibitors influence on the DIRAS3 and STAT3 expression and in vitro migration of ovarian and breast cancer cells. Ginekol. Pol . 88, 543–551. doi:10.5603/gp.a2017.0099
 Ooi, S. K. T., Qiu, C., Bernstein, E., Li, K., Jia, D., Yang, Z., et al. (2007). DNMT3L connects unmethylated lysine 4 of histone H3 to de novo methylation of DNA. Nature 448, 714–717. doi:10.1038/nature05987
 Orr-Urtreger, A., Broide, R. S., Kasten, M. R., Dang, H., Dani, J. A., Beaudet, A. L., et al. (2000). Mice homozygous for the L250T mutation in the alpha7 nicotinic acetylcholine receptor show increased neuronal apoptosis and die within 1 day of birth. J. Neurochem . 74, 2154–2166. doi:10.1046/j.1471-4159.2000.0742154.x
 Patra, S. K. (2008). Ras regulation of DNA-methylation and cancer. Exp. Cell Res . 314, 1193–1201. doi:10.1016/j.yexcr.2008.01.012
 Pchitskaya, E., Popugaeva, E., and Bezprozvanny, I. (2018). Calcium signaling and molecular mechanisms underlying neurodegenerative diseases. Cell Calcium 70, 87–94. doi:10.1016/j.ceca.2017.06.008
 Peng, X., Gerzanich, V., Anand, R., Wang, F., and Lindstrom, J. (1997). Chronic nicotine treatment up-regulates α3 and α7 acetylcholine receptor subtypes expressed by the human neuroblastoma cell line SH-SY5Y. Mol. Pharmacol . 51, 776–784. doi:10.1124/mol.51.5.776
 Ray, M., and Lakhotia, S. C. (2019). Activated Ras/JNK driven Dilp8 in imaginal discs adversely affects organismal homeostasis during early pupal stage in Drosophila, a new checkpoint for development. Dev. Dynam . 248, 1211–1231. doi:10.1002/dvdy.102
 Razin, A., and Cedar, H. (1977). Distribution of 5-methylcytosine in chromatin. Proc. Natl. Acad. Sci. Unit. States Am . 74, 2725–2728. doi:10.1073/pnas.74.7.2725
 Razin, A., and Cedar, H. (1991). DNA methylation and gene expression. Microbiol. Rev . 55, 451–458. doi:10.1128/mmbr.55.3.451-458.1991
 Razin, A., and Shemer, R. (1999). Epigenetic control of gene expression. Results Probl. Cell Differ . 25, 189–204. doi:10.1007/978-3-540-69111-2_9
 Ridley, D. L., Rogers, A., and Wonnacott, S. (2001). Differential effects of chronic drug treatment on α3* and α7 nicotinic receptor binding sites, in hippocampal neurones and SH-SY5Y cells. Br. J. Pharmacol . 133, 1286–1295. doi:10.1038/sj.bjp.0704207
 Robinson, M. J. F., and Franklin, K. B. J. (2007). Effects of anisomycin on consolidation and reconsolidation of a morphine-conditioned place preference. Behav. Brain Res . 178, 146–153. doi:10.1016/j.bbr.2006.12.013
 Roensch, J., Crisby, M., Nordberg, A., Xiao, Y., Zhang, L., and Guan, Z. (2007). Effects of statins on α7 nicotinic receptor, cholinesterase and α-form of secreted amyloid precursor peptide in SH-SY5Y cells. Neurochem. Int . 50, 800–806. doi:10.1016/j.neuint.2007.02.001
 Rouleau, J., Macleod, A. R., and Szyf, M. (1995). Regulation of the DNA methyltransferase by the Ras-AP-1 signaling pathway. J. Biol. Chem . 270, 1595–1601. doi:10.1074/jbc.270.4.1595
 Sala, F., Nistri, A., and Criado, M. (2008). Nicotinic acetylcholine receptors of adrenal chromaffin cells. Acta Physiol . 192, 203–212. doi:10.1111/j.1748-1716.2007.01804.x
 Seguela, P., Wadiche, J., Dineley-Miller, K., Dani, J., and Patrick, J. (1993). Molecular cloning, functional properties, and distribution of rat brain alpha 7: a nicotinic cation channel highly permeable to calcium. J. Neurosci . 13, 596–604. doi:10.1523/jneurosci.13-02-00596.1993
 Stennett, R., Katz, M., Jackson-Lewis, V., Fahn, S., and Lud Cadet, J. (1989). The protein synthesis inhibitor, anisomycin, causes exacerbation of the iminodipropionitrile-induced spasmodic dyskinetic syndrome in rats. Pharmacol. Biochem. Behav . 32, 1003–1008. doi:10.1016/0091-3057(89)90073-7
 Tong, X.-K., Lecrux, C., Hamel, E., and Hamel, E. (2012). Age-dependent rescue by simvastatin of Alzheimer's disease cerebrovascular and memory deficits. J. Neurosci . 32, 4705–4715. doi:10.1523/jneurosci.0169-12.2012
 Uddin, M. S., Al Mamun, A., Kabir, M. T., Ashraf, G. M., Bin-Jumah, M. N., and Abdel-Daim, M. M. (2020). Multi-target drug candidates for multifactorial Alzheimer's disease: AChE and NMDAR as molecular targets. Mol. Neurobiol . 12, 33–39. doi:10.1007/s12035-020-02116-9
 Wang, C., Chen, T., Li, G., Zhou, L., Sha, S., and Chen, L. (2015). Simvastatin prevents β-amyloid25-35-impaired neurogenesis in hippocampal dentate gyrus through α7nAChR-dependent cascading PI3K-Akt and increasing BDNF via reduction of farnesyl pyrophosphate. Neuropharmacology 97, 122–132. doi:10.1016/j.neuropharm.2015.05.020
 Warpman, U., Friberg, L., Gillespie, A., Hellström-Lindahl, E., Zhang, X., and Nordberg, A. (1998). Regulation of nicotinic receptor subtypes following chronic nicotinic agonist exposure in M10 and SH-SY5Y neuroblastoma cells. J. Neurochem . 70, 2028–2037. doi:10.1046/j.1471-4159.1998.70052028.x
 Xiu, J., Nordberg, A., Shan, K.-R., Yu, W.-F., Olsson, J. M., Nordman, T., et al. (2005). Lovastatin stimulates up-regulation of α7 nicotinic receptors in cultured neurons without cholesterol dependency, a mechanism involving production of the α-form of secreted amyloid precursor protein. J. Neurosci. Res . 82, 531–541. doi:10.1002/jnr.20658
 Ye, X., and Carew, T. J. (2010). Small G protein signaling in neuronal plasticity and memory formation: the specific role of ras family proteins. Neuron . 68, 340–361. doi:10.1016/j.neuron.2010.09.013
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Chen, Cai, Wang, Li and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-11-589780-g005.gif





OPS/images/fphar-11-589780-g006.gif





OPS/images/fphar-11-589780-g003.gif





OPS/images/fphar-11-589780-g004.gif





OPS/images/fphar-11-589780-g007.gif
A
- Ty
T
prlemiont i
e
i 1
s s (o it






OPS/xhtml/nav.xhtml
Contents

		Cover

		Farnesyl Transferase Inhibitor Lonafarnib Enhances α7nAChR Expression Through Inhibiting DNA Methylation of CHRNA7 and Increases α7nAChR Membrane Trafficking		Introduction

		Materials and Methods		Experimental Animals

		Drug Administration

		Electrophysiological Analysis

		Slice Biotinylation and Cell Surface Protein Extraction

		Immunoprecipitation and Western Blotting

		Reverse Transcription–Polymerase Chain Reaction (RT-PCR)

		Morris Water Maze (MWM)

		Data and Statistical Analysis





		Results		Effects of Lonafarnib on α7nAChR Activity in Hippocampal CA1 Pyramidal Cells

		Influence of Lonafarnib on the Expression of Hippocampal nAChR

		Effect of Lonafarnib on DNA Methylation of CHRNA7

		The Role of DNA Methylation Alteration in the Lonafarnib Induced Upregulation of α7nAChR, and the Alteration of Membrane Expression and Phosphorylation of α7nAChR in Lonafarnib-Treated Mice

		Pathways Related to the Upregulated Membrane Expression in Lonafarnib-Treated Mice

		The Influence of Lonafarnib in the Spatial Memory





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		SUPPLEMENTARY MATERIAL

		Abbreviations

		References









OPS/images/fphar-11-589780-g001.gif
e (ma)

Normalized Iyc (pA/PF) >

Lonsar )

Ach






OPS/images/fphar-11-589780-g002.gif









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Materials





