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Editorial on the Research Topic
 Gene Silencing and Editing Strategies for Neurodegenerative Diseases


The discovery of the RNA interference (RNAi) mechanism and the development of gene editing techniques such as TALENs or CRISPR/Cas9 opened a new avenue for the treatment and understanding of neurodegenerative diseases. If the main goal and most straightforward rationale is to use these systems to develop therapeutic options for neurodegenerative diseases, it is also clear that RNAi and editing strategies are valuable for research, as tools for the understanding of the molecular mechanisms implicated in these diseases or, alternatively, to develop research models for their study.

Recent studies have demonstrated that several biological networks implicated in the modulation of gene expression at transcriptional, post-transcriptional and epigenetic levels, are tightly regulated by multiple long non-coding RNAs (lncRNAs), some of them specifically expressed in the central nervous system (CNS). These lncRNAs may have an important role in the pathophysiology of neurodegenerative diseases. So far, deregulation of most lncRNAs is widely associated to the progression of neurodegenerative disorders like Alzheimer's (AD), Parkinson's (PD), and Huntington's (HD) diseases, as well as Amyotrophic Lateral Sclerosis (ALS). Quan et al. comprehensively discuss several lncRNAs-associated regulatory mechanisms, which may be involved in the pathophysiology of the above-mentioned diseases. They conclude that additional investigation of lncRNAs rolls has the potential to achieve increasing insights about their functions and therefore to better engineer therapeutic strategies based on lncRNAs modulation.

SILENCING AND EDITING STRATEGIES AS THERAPEUTIC APPROACHES

Recently, the toxicity at the RNA level emerged as a new important player in the pathogenesis of HD and other Polyglutamine (polyQ) disorders. Several studies have demonstrated cell degeneration and dysfunction associated to the expression of untranslated transcripts with expanded CAG repeats. Therefore, the development of editing strategies provided the tools and opportunity to directly target the mutant gene, thus preventing the formation of toxic RNA and the consequent cascade of pathological events. In line with this idea, Dabrowska et al. developed a CRISPR/Cas9 strategy based in the precise excision of the CAG tract using derived fibroblasts from several HD patients. This strategy was successful in excising the repeats leading to a safe and specific abolition of huntingtin synthesis. These important results if translated to in vivo studies could become a therapeutic option in future clinical trials for HD patients.

Another gene silencing-based therapy is the use of antisense oligonucleotides delivered by calcium-phosphate-lipid nanoparticles. The goal is to lower mutant superoxide dismutase I (SOD1), that abnormally accumulates in ALS motor neurons. Thus, SOD1 lowering could be an effective therapeutic strategy. To circumvent the short half-life of ASOs and the fact that they cannot cross the blood-brain-barrier, Chen et al. propose calcium phosphate lipid coated nanoparticles-based delivery of ASOs targeting SOD1 in motor neurons, as an effective and safe delivery system to the CNS. The authors also report for the first time the distribution of nanoparticles in the brain and spinal cord of zebrafish, a powerful animal model to develop therapies for ALS and other neurological disorders.

SILENCING AND EDITING STRATEGIES AS RESEARCH TOOL

To Understand the Molecular Mechanisms Underlying Neuronal Events

Methamphetamine (METH) is a stimulant drug that induce toxicity in the CNS, especially in dopaminergic neurons. Du et al. explored the effect of METH in astrocyte-related neuroinflammation, using siRNAs to block the expression of Caspase-11 and toll-like receptor (TLR4) in primary cultures of mouse astrocytes. They found that siRNA inhibition of Caspase-11 reduce the expression of pro-inflammatory cytokines, whereas TLR4 inhibition decrease the METH-induced activation of NF-kB and Caspse-11. These results highlight the importance of both Caspase-11 and TLR4 in the neuroinflammation induced by METH.

Inflammation is induced upon cerebral ischemia, with an activation of microglia and their phenotype alteration to M1 or M2, depending on the microenvironment stimuli. The study by Cheon et al. use siRNA-based strategies to study the involvement of signal-regulating kinase 1 (ASK1) in microglia function and its alterations upon ischemic stroke. The results show that ASK1 inhibition suppressed the expression of M1-associated genes (pro-inflammatory mediators), whereas augmented M2-associated genes expression (anti-inflammatory mediators). The authors propose that ASK1 modulation might constitute a new strategy for repair, targeting the microglia phenotype after an ischemic stroke.

Cholesterol metabolism has been widely associated to several neurodegenerative diseases including Alzheimer's disease. Despite this, lipid modifications associated to the disease progression, as well as the link between altered cholesterol levels and AD still remains poorly understood. In Ayciriex et al. the authors promoted the silencing of the Cyp46a1 gene (which encodes the cholesterol 24-hydroxylase) in the mouse hippocampus and performed both targeted and non-targeted approaches by liquid chromatography coupled to high resolution mass spectroscopy to better understand lipid modifications associated to AD-like degeneration. The authors show that the cholesterol 24-hydroxylase silencing, key enzyme in cholesterol metabolism deregulates lipid homeostasis in brain, thus allowing dissecting the role of cholesterol metabolism in AD and other neurodegenerative diseases.

Mitochondrial dysfunction underlies the pathogenesis of several neurodegenerative diseases, including PD. Ye et al. use the RNAi pathway to inhibit peroxisome proliferator-activated receptor γ coactivator-1alpha (PGC-1α) in a PD cellular model. PGC-1α is implicated in the regulation of mitochondrial biogenesis and oxidative capacity. The use of siRNAs reducing the levels of PGC-1α led to a reduction of mitochondrial membrane potential, intracellular ATP content and intracellular H2O2 generation, thus establishing PGC-1α as an important modulator of mitochondria function.

In summary, all these studies highlight the importance of gene silencing strategies to achieve a better understanding of biological cellular mechanistic pathways.

To Develop Research Models

The development of research models is an essential tool for studying the molecular and cellular events underlying a pathogenesis and for testing new therapeutic approaches. Induced pluripotent stem cells (iPSCs), became one of the most popular research models, providing the opportunity to have customized models for diseases and patients. Szlachcic et al. developed a study aiming the development of HD iPS cells, where huntingtin was silenced by shRNAs. The authors achieved a stable silencing of huntingtin in different HD iPSc lines, remaining active until the differentiation in neural stem cells. The authors used the developed model to study the effect of huntingtin silencing in different signaling pathways, providing evidences for usefulness of the model to study the molecular processes underlying HD pathogenesis.

All these studies highlight that gene silencing and editing tools are powerful tools for research, allowing the development of advanced therapies based in gene and cell delivery, and importantly allowing the modulation of cellular pathways and functions as well as to develop new models to be used for research.
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Accumulating studies have revealed that the human genome encodes tens of thousands of long non-coding RNAs (lncRNAs), which participate in multiple biological networks modulating gene expression via transcriptional, post-transcriptional and epigenetic regulation. Strikingly, a large fraction of tissue-specific lncRNAs are expressed in the Central Nervous System (CNS) with precisely regulated temporal and spatial expression patterns. These brain-specific lncRNAs are also featured with the cell-type specificity, the highest signals of evolutionary conservation, and their preferential location adjacent to brain-expressed protein-coding genes. Mounting evidence has indicated dysregulation or mutations in lncRNA gene loci are associated with a variety of CNS-associated neurodegenerative disorders, such as Alzheimer’s, Parkinson’s, Huntington’s diseases, Amyotrophic Lateral Sclerosis and others. However, how lncRNAs contribute to these disorders remains to be further explored and studied. In this review article, we systematically and comprehensively summarize the current studies of lncRNAs, demonstrate the specificity of lncRNAs expressed in the brain, their functions during neural development and expression profiles in major cell types of the CNS, highlight the regulatory mechanisms of several studied lncRNAs that may play essential roles in the pathophysiology of neurodegenerative diseases, and discuss the current challenges and future perspectives of lncRNA studies involved in neurodegenerative and other diseases.
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INTRODUCTION

For decades, people have considered that “genes and gene-encoded proteins” play crucial roles in regulating diverse cellular processes. However, with the completion of the human genome project, it was observed that less than 5% of the genome is comprised of coding sequences, whereas the majority of human genes are non-protein-coding genes which basically include abundant pseudogenes and comparably numerous non-coding RNAs (ncRNAs; Lander et al., 2001; ENCODE Project Consortium, 2012; FANTOM Consortium and the RIKEN PMI and CLST (DGT), 2014). NcRNAs are broadly defined as all types of RNA that are not translated into proteins due to lack of open reading frames (ORFs). They are also considered to be generated from sections of pseudogenes, which are DNA copies of protein-coding genes with high sequence similarity but have lost at least some of the functions relative to their parental genes over the course of evolution (Milligan and Lipovich, 2014; Ji et al., 2015).

Generally, ncRNAs can be classified into small ncRNAs and long ncRNAs (lncRNAs) based on whether their transcripts are less or larger than 200 nucleotides as a cutoff value (Elling et al., 2016). Small ncRNAs are usually defined as regulatory RNAs with a length ranging from 18 to 35 nucleotides. According to their diverse regulatory functions, small ncRNAs can be divided into several species, including transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), piwi-interacting RNAs (piRNAs) and endogenous small interfering RNAs (siRNAs), as well as microRNAs (miRNAs; Lander et al., 2001; Costa, 2005; Grivna et al., 2006; Sosinska et al., 2015; Elling et al., 2016). For many short RNAs, their functions have been well-characterized in gene expression control. Apart from these, many of them have been shown to be involved in specific pathologies, including neurodegenerative diseases and cancers. An increasing number of studies have reported that short ncRNAs are involved in Alzheimer’s, Parkinson’s and Huntington’s diseases (AD, PD and HD; Lee et al., 2011; Gstir et al., 2014).

LncRNAs are the largest class of longer (≥200 nt) non-protein coding RNA and their gene number was recently estimated at approximately 9000 within the human genome according to the GENECODE project (ENCODE Project Consortium, 2012). Other lncRNA studies even suggested there are more than 50,000 in the human genome (Managadze et al., 2013). The discovery of large numbers of lncRNAs genes that are redefined as a gene into a transcriptional unit was initially described by the FANTOM Consortium on the mouse transcriptome study (Carninci et al., 2005). Later on, studies of metazoan lncRNA repertoires further demonstrated the ubiquity of lncRNAs, which are however relatively lower-expressed, more tissue-specific and with greater variability from one tissue to another in comparison to protein-coding genes (Derrien et al., 2012; Milligan and Lipovich, 2014). Roles performed by lncRNAs have been evidenced by their participation in multiple networks controlling gene expression in transcriptional, post-transcriptional or epigenetic levels (Batista and Chang, 2013; Kung et al., 2013; Qureshi and Mehler, 2013). However, the biological significance of the majority of lncRNAs is yet to be further elucidated.

It is well known that RNA biology is of foremost significance in the central neural system (CNS) since neural cells are highly transcriptionally active and exhibit a robust expression of ncRNAs (Cherubini et al., 2006; Kapranov et al., 2010; Qureshi and Mehler, 2012). Remarkably, the brain is the organ where a large proportion of tissue-specific lncRNAs are preferentially expressed in particular regions or different cell types (Mercer et al., 2008; Derrien et al., 2012). These lncRNAs in the CNS participate in many aspects of brain functions and their roles in the pathologies of brain-related neurodegenerative diseases have been intensively and comprehensively investigated (Qureshi and Mehler, 2012, 2013). In this review article, we systematically and comprehensively summarize the diverse mechanisms reported for lncRNAs, describe the specificity of lncRNAs expressed in the brain and their functions during neural development as well as their expression profile in major cell types of the CNS. Meanwhile, we present those intensively studied lncRNAs that may play essential roles in the pathophysiology of neurodegenerative diseases, and discuss current challenges and future perspectives of lncRNA studies that are involved in neurodegenerative and other diseases. Hopefully, this review will broaden insights for future research in the field of lncRNAs in the CNS and associated neurodegenerative diseases.

CHARACTERS AND FUNCTIONS OF LncRNAs

Basic Characters, Origins and Categories of LncRNAs

Studies by Derrien T and team (Derrien et al., 2012) aiming at analyzing of lncRNAs from GENCODE V7 catalog revealed that, lncRNAs are produced in a similar way as that of protein-coding genes, whereas they display a striking bias toward two-exon transcripts and they are predominately localized in the chromatin and nucleus, expressed at relatively low levels (Guttman et al., 2009; Quinn and Chang, 2016). In comparison to the protein-coding genes, lncRNAs are under secondary structure conservation, and therefore they are believed to have arisen from different evolutionary pathways (Ponting et al., 2009; Kaessmann, 2010). Yet, origins of lncRNAs are not well understood so far. Due to the fact that lncRNAs harbor low sequence conservations and rapid evolution among mammals, several evolutionary hypotheses could be proposed such as: (1) lncRNAs might be generated by the metamorphosis of protein-coding genes through a gene duplication process; (2) lncRNAs might have evolved from segmental or whole gene duplication of other ncRNA genes; (3) lncRNAs might have originated via de novo generation, such as alternations in genomes including chromosomal rearrangement, generation of splice sites and promoters might transform nonfunctional genomic sequences to functional lncRNAs; and (4) transposable elements (TEs) insertions might be another origin of lncRNAs (Ponting et al., 2009; Kaessmann, 2010; Kapusta et al., 2013; Kazemzadeh et al., 2015). However, it was observed that rarely or only a minority (~15%) of lncRNAs showed significant sequence similarity to other lncRNAs or protein-coding genes on positions other than the shared repetitive elements, suggesting that novel lncRNAs genes are basically originated rather from de novo non-exonic sequences and/or from TEs than duplication (Derrien et al., 2012; Kapusta et al., 2013).

LncRNAs and associated lncRNA transcripts have quite heterogeneousgenomic context, regulation, life cycles, mechanism of action and functional profiles. Broadly, lncRNAs can be classified based on their genomic localization and orientation relative to protein coding genes into several categories: (1) long intergenic noncoding RNAs (LincRNAs), consisting of separate transcript units that are located between but do not overlap with protein-coding genes; (2) intronic transcripts, that are located within intron regions of protein-coding genes (sense or antisense); (3) overlapping lncRNAs that are overlapping with other genes either divergently or convergently transcribed; and (4) bidirectional ncRNAs (BincRNAs) with transcripts that are transcribed from divergent bidirectional promoters (see Figure 1; Guttman et al., 2009; Li and Ramchandran, 2010; Mattick and Rinn, 2015). Despite the diversities of lncRNAs, they share some common features, including: (1) most lncRNAs are transcribed by RNA polymerase II, spliced and modified with a 5′-cap and a poly-A tail, which makes them undistinguishable from protein-coding mRNAs; (2) they are poorly conserved at the sequence level, have a relatively low expression level and display a much more cell-tissue-specific pattern; and (3) they are generally regulated by transcription factors (Xiong et al., 2016). In addition, another subgroup of lncRNAs, the circular RNAs (circRNAs) have recently come into focus with the discovery of their pervasiveness and evolutionary conservation in mammalian and human cells (Jeck and Sharpless, 2014). Most circRNAs are generated during splicing either by spliceosomal machinery or by ribozymes I and II which thus splice out non-coding sequences from exons (exonic circRNAs), introns (intronic circRNAs), or a combination of introns and exons (exon-intron circRNAs; Abdelmohsen et al., 2015). CircRNAs can be differentiated from their linear counterparts by their adoption of a circular form and their lack of 5′ and 3′ ends (Vicens and Westhof, 2014).


[image: image]

FIGURE 1. Diagrams show the classification of lncRNAs (in gray) according to their position relative to neighboring protein-coding genes (in green). Arrows indicate direction of transcription.



General Functions of LncRNAs

LncRNAs have been best described for their participation in regulating gene and genome activity at various levels (see Figure 2). LncRNAs can regulate the expression of nearby genes on the same allele in cis, or in trans to control genes at other genomic locations on different chromosomes, through which they can regulate gene expression at diverse levels, such as transcription, RNA processing and translation (Elling et al., 2016). The majority of lncRNAs are localized in the nucleus, in which they can fulfill their regulatory functions via acting as scaffolds for chromatin modifiers by interacting with chromatin-modifying complexes or as transcriptional co-regulators by binding to transcription factors (Rinn and Chang, 2012; Ulitsky and Bartel, 2013).
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FIGURE 2. Principle mechanisms of lncRNAs on regulation of gene and genome activity. (A) LncRNAs located in the nucleus are basically functioning in transcriptional regulation through interacting with chromatin-modifying complexes or transcription factors; (B) Cytoplasmic lncRNAs are generally acting as regulators on RNA processing, such as RNA editing, alternative splicing and miRNA-mediated mRNA expression.



The best-known case of lncRNA that regulates transcription mediated through chromatin modification is Xist, a 17 kb lincRNA generated from the inactive X-chromosome (Clemson et al., 1996). It mediates the silencing of the inactive X-chromosome in human female cells through recruiting Polycomb Repressive Complex 2 (PRC2) by the Repeat A motif (RepA) on Xist and thus initiating chromosome-wide silencing via catalyzing Lysine 27 trimethylation on histone H3 (H3K27; Pinter et al., 2012; Jiang et al., 2013; Bergmann and Spector, 2014). Hotair, a 2.2 kb conserved lncRNA transcribed from the human HOXC locus on chromosome 12, is involved in repressing transcription in trans across the HOXD locus. Hotair was shown to physically interact with PRC2 to ensure the PRC2 occupancy and histone H3 lysine-27 trimethylation of HOXD locus (Rinn et al., 2007). The lncRNA Braveheart, prominently expressed in the mouse heart, can interact with Suz12, a subunit of PRC2 (Klattenhoff et al., 2013). The lncRNA Fendrr (Fetal-lethal developmental regulatory RNA), that is also related to cardiac development and heart function, can bind to PRC2 and WDR5, a member of the MLL histone methyl-transferase complex (Grote and Herrmann, 2013; Grote et al., 2013).

There are also cases that many lncRNAs interact with transcription factors. The definitive endoderm-associated lncRNA1 (DEANR1) is crucial for human endoderm differentiation via interaction and upregulation of the endoderm factor FOXA2 (Jiang et al., 2015). The lnc-DC (Lnc dendritic cells) is a lncRNA exclusively expressed in human conventional dendritic cells. It was revealed that lnc-DC can bind to the transcription factor signal transducer and activator of transcription 3 (STAT3) directly in the cytoplasm and induce its phosphorylation on Tyrosine-75 by inhibiting its binding to and dephosphorylation by SHP1, thereby leading to the activation of STAT3 on dendritic cell differentiation (Wang et al., 2014). In addition, the lncRNA breast cancer anti-estrogen resistance 4 (BCAR4), functioning in breast cancer metastasis, was discovered to directly interact with Smad nuclear-interacting protein 1 (SNIP1) and Serine/threonine-protein phosphatase one regulatory subunit 10 (PPP1R10 or PNUTS), thus activating phosphor-GLI2 dependent gene expression (Xing et al., 2014).

Cytoplasmic lncRNAs are also acting as modulators on post-transcriptional regulation of genes through various mechanisms during RNA processing, such as mRNA editing, alternative splicing and others. The antisense intronic lncRNA prostate cancer antigen 3 (PCA3), acting as a dominant-negative oncogene, was demonstrated to interact with and down-regulate an as yet to be determined tumor suppressor gene PRUNE2, by the formation of PRUNE2/PCA3 double-stranded RNAs that allow the adenosine deaminase to edit RNAs via adenosine to inosine editing (A-to-I editing; Salameh et al., 2015). Non-coding RNA activated by DNA damage (NORAD) is an abundant and highly conserved human lncRNA that acts as a multivalent binding platform for RNA binding proteins in the PUMILIO family in order to maintain genomic stability (Lee et al., 2016). Furthermore, the lncRNA-asFGFR2 is an evolutionarily conserved nuclear antisense lncRNA that was generated from within the human FGFR2 locus. It was found to modulate the epithelial- specific alternative splicing of FGFR2 by recruiting PRC2 and histone demethylase KDM2a in PNT2 cells (Gonzalez et al., 2015).

Recent studies also revealed certain lncRNAs acting as “miRNA sponges” that they have the potential to sponge and compete with miRNA target genes for the binding of miRNA response elements (MREs) to relieve miRNA-mediated target mRNA repression (Ebert and Sharp, 2010). The circRNA ITCH (cir-ITCH) was newly discovered to be functionally sponging miR-7, miR-17 and miR-214 and inducing the expression level of ITCH, which induced the ubiquitination and degradation of phosphorylated Dvl2 and thereby the inhibition of the Wnt/β-catenin pathway (Li et al., 2016). The lncRNA urothelial carcinoma-associated 1 (UCA1) was shown to work as an endogenous sponge that can down-regulate miR-216b expression by directly binding to miR-216b (Wang et al., 2015). The lncRNA human ovarian cancer-specific transcript 2 (HOST2) was verified to be a molecular sponge that can modulate the availability of miR let-7b (a potent tumor suppressor) and inhibit miR let-7b functions, thus post-transcriptionally suppressing target gene expressions (Gao et al., 2015).

LncRNAs PLAY CRUCIAL ROLES IN THE CNS

General Features of LncRNAs in Brain

Based on studies from the GENCODE project in 2012 that 10,000–50,000 lncRNAs in the human genome have been annotated to date, it was remarkably revealed that approximately 40% of lncRNAs (which is about 4000–20,000 lncRNAs) are tissue-specifically expressed in the brain (Derrien et al., 2012). This number is strikingly large in comparison to the number of protein-coding genes in human genome which is approximately 20,000–25,000 in general (Briggs et al., 2015). These brain-specific lncRNAs display the highest signals of evolutionary conservation in comparison with those expressed in other tissues. Studies also found that brain-expressed lncRNAs are enriched in predicted, conserved RNA structures and thus are more likely to possess conserved functions (Ponjavic et al., 2009). In addition, brain-expressed lncRNAs show greater brain region, temporal and spatial specificity than mRNAs. Numerous transcriptome analysis have revealed that various lncRNAs are expressed differentially over time and/or in those brain regions, such as cortex, cerebellum and hippocampus during development and adulthood (Lipovich et al., 2014; Kadakkuzha et al., 2015). LncRNAs are also found to be expressed in a more cell-type-specific manner than protein-coding genes. The transcriptome studies on cortical pyramidal neurons have uncovered 806 of 5195 lncRNAs have differential expression across neuronal types, of which, 55% of lncRNAs are annotated as cell-type signature cluster, 32% of lncRNAs are related to cell-type independent clusters, while around 10% of lncRNAs are found in the mixed cell-type clusters, indicating their role on the specification and maintenance of cell identity (Molyneaux et al., 2015). Another feature of brain-specific lncRNAs is their preferential location adjacent to brain-expressed protein-coding genes that are active in transcriptional modulation or in the nervous system development (Ponjavic et al., 2009). Transcriptome sequencing analysis in the corticogenesis displayed that most lncRNAs overlap with neurogenic genes and share with them a similar expression pattern, indicating that lncRNAs regulate corticogenesis through the tuning of the expression of nearby cell fate determinants (Aprea et al., 2013). Considering the complexity and heterogeneity of the mammalian CNS, the brain would be considered as the largest repertoire of lncRNAs in comparison to other somatic tissues and the tissue and cell-type specificity of these lncRNAs make them greatly contribute to cell fate, lineage specification and maintenance of cell identity during the development of the mammalian brain (Hart and Goff, 2016).

Molecular Mechanisms of LncRNAs in CNS Development

The development of the CNS is a complicated and highly stereotyped process that requires elaborate spatiotemporal regulation of stem/progenitor cell proliferation and differentiation. LncRNAs have been demonstrated to play indispensable roles in CNS development from early neural differentiation to late-stage synaptogenesis (see Figure 3; Briggs et al., 2015).
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FIGURE 3. Cases of lncRNAs functioning in neuronal development. (A–F) LncRNAs function in early neural commitment through the recruitment of the transcriptional machinery to regulate neural-related gene expressions (Rmst, Tuna, Dali and Pnky). Evf2 is particularly acting in regulating GABAergic interneuron specification. LncND functions in regulating Notch signaling pathways via sequestering miR143-3p. (G–H) LncRNAs function in late developmental processes, such as neurite outgrowth and maturation mediated by BDNF-AS, synapse function by Malat1.



Accumulated studies have confirmed that dozens of lncRNAs are identified to be functional in establishing pluripotency or driving neural lineage entry in the widely used in vitro model systems—mouse embryonic stem cells (ESCs; Guttman et al., 2011; Ng et al., 2012). These lncRNAs are functional at various stages along the progression from pluripotent cells in the early embryo to the terminal cell types in the mature mammalian brain. The regulatory mechanisms are generally based on modulating these lncRNAs by canonical pluripotency transcription factors, which in turn perform their regulatory effects by directing transcription factors or chromatin remodeling complexes to specific lineage-specifying genes. For examples, the lncRNA Rhabdomyosarcoma 2-associated transcript (Rmst), specifically expressed in the brain and regulated by the transcription repressor REST, was found to modulate neural differentiation in vitro. It was shown that Rmst interacts with SOX2 to co-regulate a large pool of downstream genes (such as DLX1, HEY2 and SP8) implicated in neurogenesis. The absence of Rmst can block the exit from the ESC state and the initiation of neural differentiation (Ng et al., 2013). Tuna, is also a lncRNA that regulates neuronal gene expression in a similar mechanism as Rmst. Tuna interacts with three RNA-binding proteins (NCL, PTBP1 and hnRNP-K) and together target promoter regions of neural genes in differentiating mouse ESCs. The knockdown of Tuna or any of the three RNA-binding proteins can sufficiently suppress neural differentiation (Lin et al., 2014). This is also conserved from relatively related vertebrates, mice and zebrafish, indicating that the neural lineage commitment driven by lncRNAs displays the highly evolutionary conservation (Briggs et al., 2015). Furthermore, the lncRNA Dali, transcribed downstream of the transcription factor Pou3f3, was shown to drive the expression of an essential gene involved in neuronal differentiation in neuroblastoma cells. Dali can regulate transcription of the Pou3f3 locus locally and physically interact with Pou3f3 protein to regulate the expression of neural differentiation genes distally (Chalei et al., 2014). Paupar, a chromatin-associated intergenic lncRNA expressed in the CNS, is divergently transcribed from a locus upstream from the gene encoding the transcription factor Pax6. It was shown that the knockdown of Paupar destroys the normal cell cycle profile of neuroblastoma cells, thus enhancing neuronal differentiation. The function of Paupar is performed via locally interacting with and transcriptionally regulating Pax6, as well as via distally controlling neural gene expression on a large scale (such as SOX2, HES1 and EVF2), which in part requires physical association with Pax6 protein (Vance et al., 2014). Besides that, one of the latest studies has identified an lncRNA, termed LncND (Neurodevelopment) that harbors 16 miRNA response elements for miR-143-3p in primates. It performs its role in neuronal development by sequestering miR-143-3p, and in doing so, modulates Notch signaling pathways via regulating expression of Notch receptors, NOTCH-1 and NOTCH-2. Also, NOTCH-1 and NOTCH-2 show the same expression pattern as LncND in early neurogenesis process when Notch expression is indispensable. While, later in neural differentiation process, reduction of NOTCH expression is followed by LncND, leading to the release of miR-143-3p and the decrease of Notch signaling specifically in LncND-expressing cells (Rani et al., 2016). Interestingly, knocking down LncND in neuroblastoma cells can inhibit NOTCH-1 and NOTCH-2 and make cells differentiate to neurons, which show similar phenotypes as what can be observed by miR-143-3p overexpression. These findings suggested a role of LncND in miR-mediated regulation of Notch signaling to sustain the neural progenitor pool during cerebral cortex expansion in primates (Rani et al., 2016).

There are also several important lncRNAs being identified to control stem cell turnover and the specification of particular lineages in the embryonic mouse brain in vivo. For example, Evf2, the firstly identified nervous system-specific lncRNA, has been shown to have a significant regulatory role in neural development. Depletion in EVF2 can cause imbalance of the excitatory to inhibitory neurons in the postnatal hippocampus and dentate gyrus. This imbalance is caused by the failure of GABAergic interneuron specification (Bond et al., 2009). It was revealed that Evf2 recruits DLX and methyl CpG-binding protein (MECP2) to modulate the transcriptional activity of two transcription factors Dlx5/6 and the glutamate decarboxylase 67 (Gad67, which is required for the conversion of glutamate to GABA), and thereby regulates the gene expression of GABAergic interneurons in the developing mouse forebrain (Feng et al., 2006; Bond et al., 2009). Pnky is an evolutionally conserved and neural-specific lncRNA that modulates neurogenesis of neural stem cells (NSC) in the embryonic and postnatal brain. The Ramos AD group (Ramos et al., 2013) has unveiled that knockdown of Pnky can increase neuronal differentiation and deplete the NSC population in the embryotic mouse cortex. In addition, it was shown that Pnky interacts with PTBP1, a splicing regulator expressed in NSCs that represses the inclusion of neural exons in non-neural cells. Knockdown of PTBP1 also reinforce neurogenesis, indicating that Pnky and PTBP1 function similarly to modulate the alternative splicing of a group of transcripts that are involved with cellular phenotypes (Aprea and Calegari, 2015; Ramos et al., 2015). Together, these studies indicate that lncRNAs regulate cell-fate determination and progenitor cell turnover during neural development both in vitro and in vivo.

Another key process during CNS development is the late-stage synaptogenesis. Accordingly, several lncRNAs have been discovered to make great contributions to this process (Briggs et al., 2015). Malat1 is a well-known lncRNA that have been implicated in the regulation of neurite elaboration. Malat1 is expressed in multiple tissues but is highly abundant in neurons. It was revealed that Malat1 can actively recruit SR-family splicing proteins to transcription sites in order to regulate synaptogenesis-related gene expression. The knockdown of MALAT1 leads to a decreased level of synaptic density; while in contrast, overexpression can reciprocally increase synaptic density (Bernard et al., 2010). Primate-specific BC200 RNA (Brain cytoplasmic RNA, 200 nt) and its rodent counterpart BC1 are evolutionarily conserved lncRNAs that have been firstly identified to be expressed in both developing and adult nervous systems (Muslimov et al., 1997). Studies later reported that BC200/BC1 is functional in the neuronal excitation-repression equilibria via protein-synthesis-dependent implementation (Zhong et al., 2009). In addition, several antisense lncRNAs have been recently presented as core protein regulators, for example Brain-derived neurotrophic factor (BDNF), glial-derived neurotrophic factor (GDNF) and ephrin receptor B2 (EPHB2) that control neurite elaboration. The expression of BDNF is repressed by its antisense lncRNA BDNF-AS. The inhibition of BDNF-AS can release and induce the expression of BDNF by 2- to 7-folds, which is in line with the reduction of EZH2 recruitment and an alternation of the chromatin state at the BDNF locus. This correspondingly induces neuronal outgrowth, differentiation, survival and proliferation both in vitro and in vivo (Modarresi et al., 2012). These observations, along with the current understanding of lncRNA mechanisms of action, imply that lncRNAs have a critical role in regulating neural gene expression and brain development.

Expression Profiles of LncRNAs in Major Cell Types of the CNS

LncRNAs have been proposed to play diverse roles in the CNS, such as in neural differentiation, in synaptogenesis and others. As a result, the expression profiles of lncRNAs in the CNS were recently studied. The CNS has prominent cellular diversities owning hundreds of distinct cell types. In particular, neurons and neuroglia cells (mainly including astrocytes and oligodendrocytes) are the major cell types. A recent study has successfully isolated nuclear RNAs from different CNS cell types (neurons, astrocytes and oligodendrocytes) and compared both protein-coding and noncoding nuclear transcriptome profiles in these three cell types (Reddy et al., 2017). For non-coding transcriptome, it was revealed that approximately 300 transcripts at a level of >5 CPM (counts per million) can be observed in one of the three different cell types, and the majority is transcribed at the level of >1 CPM. Several other highly expressed transcripts are also found in all three cell types, such as Xist and its regulators Ftx and Jpx (Tian et al., 2010; Chureau et al., 2011; Reddy et al., 2017). Nevertheless, 169 lincRNAs were shown to have a >10-fold difference in one of the pairwise comparisons, such as Mirg and other adjacent maternally expressed lncRNAs (Meg3 and Rian) that are found to be highly enriched in neuronal nuclei. Mirg was found to be precisely localized within bright subnuclear puncta in neurons; the expression of Meg3 was shown as neuronal selective that it was enhanced in gray matter where neurons are found but depleted from white matter areas where only glia are found; and Rian was found to have similar expression pattern as Meg3 (Zhang et al., 2003; Balik et al., 2013; Reddy et al., 2017). In astrocytes, various transcripts were found but most of them do not possess known functions. Whereas, the lncRNA Rmst, a key co-regulator of neurogenesis with the SOX2 transcription factor, is an exception that it has been shown to be expressed robustly in the nuclei of astrocytes (Ng et al., 2013; Reddy et al., 2017). Meanwhile, it was shown that there are at least 16 lncRNAs with >5 CPM found in oligodendrocytes, such as Neat1 and DLeu2. Notably, although Neat1 was shown to have the highest expression level in oligodendrocytes, it was also present in astrocytes (Klein et al., 2010; Reddy et al., 2017). These data demonstrated different lncRNA expression patterns in three major cell types in the brain, providing a crucial clue for evaluating functions of various lncRNAs in the brain and CNS-associated disorders.

LncRNAs TIGHTLY ASSOCIATE WITH NEURODEGENERATIVE DISEASES

The importance of lncRNAs in the brain has been asserted by their association with various brain functions, including the maintenance of pluriotency, neuroectodermal differentiation, neuron-glial cell fate determination, synaptogenesis and so on (Roberts et al., 2014). Considering that, it is not surprising that dysregulation or mutation of lncRNAs is tightly related to various neurological disorders. Genome-wide association studies and comparative transcriptome analysis have implied that lncRNAs are involved in a variety of neurological disorders, such as psychiatric disorders, neurodegenerative diseases (like Alzheimer’s disease-AD, Parkinson disease-PD, Huntington disease-HD, Frontotemporal lobar degeneration-FTLD and Amyotrophic lateral sclerosis-ALS, etc.), and others. Similarly, as described above, lncRNAs contribute to these diseases in diverse ways, from the regulation of transcription to the modulation of RNA processing and translation (see Table 1). Here, we briefly exemplified several studied cases of lncRNAs that have been identified to be associated with neurodegenerative diseases.

TABLE 1. Cases of neurodegenerative diseases-associated lncRNAs.
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Huntingtin (HTT) is an essential gene for HD, a CAG trinucleotide repeat expansion in exon 1, and the main cause of HD. The HTT antisense (HTT-AS), a natural antisense transcript at the HD repeat locus containing the repeat tract, was identified and characterized with 5′ capped, poly A tailed, three exons maintained and alternatively being spliced into HTTAS-v1 (exons 1 and 3) and HTTAS-v2 (exons 2 and 3). Cell studies revealed that the overexpression of HTTAS-v1 specifically decreases endogenous HTT transcript levels, whereas the siRNA knockdown of HTTAS-v1 induces HTT transcript levels. What’s more, HTTAS-v1 expression was found to be downregulated in frontal cortex of HD patients, strongly suggesting the existence of a gene antisense to HTT acting as a regulator for its own expression and its contribution to the development of HD (Chung et al., 2011).

Beta-secretase 1 (BACE1) is the key enzyme that produces β-amyloid peptide (Aβ) which aggregates and forms into amyloid plaques as a main pathological hallmark of AD. Recent studies have identified a conserved noncoding antisense transcript of BACE1, BACE1-AS, that regulates BACE1 mRNA and subsequently BACE1 protein expression both in vivo and in vitro. Studies have highlighted that the knockdown of BACE1-AS can reduce BACE1 levels, as well as Aβ1–40 and Aβ1–42 production correspondingly. Exposure to various cell stressors (including Aβ1–42) that have been implicated in the pathogenesis of AD, was found to induce BACE1-AS levels. This induction is led by the formation of a RNA duplex with BACE1 mRNA, which in turn increases BACE1 mRNA stability and BACE1 protein, and consequently generates additional Aβ1–42 through a post-transcriptional free-forward mechanism (Faghihi et al., 2008). Furthermore, it was found that increased BACE1-AS levels exist in various brain regions in subjects with AD in comparison to control individuals, indicating the possibility of BACE1-AS being a potential biomarker of AD (Faghihi et al., 2008; Modarresi et al., 2011).

Recently, 17A was described as an antisense transcript of the human G-protein-coupled receptor 51 gene (GPR51, GABA B2 receptor) that is RNA polymerase III-dependent and embedded in the GPR5. In neuroblastoma cells, the stable expression of 17A can promote the synthesis of an alternative splicing isoform for GABA R2, resulting in the elimination of GABA B2 intracellular signaling and the enhancement of Aβ secretion and the ratio of Aβ42/Aβ40. Furthermore, 17A is expressed in the human brain and upregulated in cerebral tissues derived from AD patients, indicating its potential contribution to the development of AD (Massone et al., 2011).

NAT-Rad18, a natural antisense transcript against Rad18 (a gene encoding DNA repair protein), was investigated and considered to play potential roles in the DNA damage repair system in AD. RNA quantitative and immunohistochemistry analysis revealed that NAT-Rad18 is widely distributed in the adult rat brain, but with high levels in the cerebellum, brainstem and cortex where neurons are specifically expressed. Upon Aβ-induced apoptosis in cortical neurons, the expression of NAT-Rad18 was shown to be up-regulated, whereas Rad18 was post-transcriptionally down-regulated. This observation suggested NAT-Rad18 might reduce the ability of neurons and increase their apoptosis susceptibility via the post-transcriptional modulation of Rad18 to reduce their response to DNA damage stress (Parenti et al., 2007; Wu et al., 2013).

GDNFOS, transcribed from the opposite strand of GDNF, was demonstrated to be associated with neurodegenerative diseases, like AD. GDNFOS contains four exons that therefore are spliced into different isoforms, including GDNFOS1/2 acting as lncRNAs and GDNFOS3 encoding a protein of 105 amino acids (Airavaara et al., 2011). It was revealed that the mature GDNF peptide was reduced while the transcript GDNFOS1 upregulated in the postmortem middle temporal gyrus of patients suffering from AD when compared with those of normal controls, indicating the dysregulation of GDNF and GDNFOS might further implicate in other human brain diseases (Airavaara et al., 2011).

One brain-specific circRNA, ciRS-7 (circular RNA sponge for miR-7), also known as CDR1as, is transcribed antisense to the cerebellar degeneration-related protein 1 transcript (CDR1) that is highly expressed (even more than the sense transcript) in the mouse and human CNS. The ciRS-7 functions as a miR-7 sponge that strongly quenches miR-7 activity, thus causing induced levels of miR-7 targets. Recent studies also indicated an endogenous interaction between ciRS-7 and miR-7 based on the observation of the co-expression of ciRS-7 and miR-7 in the mouse brain (Hansen et al., 2013; Memczak et al., 2013). The ciRS-7 has been identified to be related to the sporadic AD, that dysregulation of ciRS-7 was evidenced in the hippocampal CA1 region of the sporadic AD (Lukiw, 2013). The ciRS-7 deficiency was expected to induce ambient miR-7 levels in AD-affected brain cells, which is probably responsible for down-regulating AD-associated targets, such as, the ubiquitin protein ligase A (UBE2A; Cogswell et al., 2008; Lukiw, 2013).

BC200 RNA is tightly related to AD development and its expression has been demonstrated to be substantially up-regulated in tested AD brain tissues (Brodmann’s area 9) in comparison to that in age-matched normal brain samples (Mus et al., 2007). Further analysis also demonstrated that the increase in levels of BC200 RNA only occurs in specific regions of the AD-brain and is accompanied by changes in BC200 RNA neuronal distribution, including dendritic mislocalization and gradual accumulation of BC200 RNA to the perikaryon (Mus et al., 2007). The role of BC200 RNA in regulating gene expression at translational level during the development of AD has been reported in many studies as being through mechanisms of interaction with many different proteins. It was shown that BC200 RNA interacts with the human synaptotagmin-binding cytoplasmic RNA interacting protein (SYNCRIP), a component of large mRNA transport granules in neurons and functioning in local protein synthesis at post-synaptic sites, through mediation by the N-terminal RNA recognition motifs and the central A-rich region of BC200 RNA (Duning et al., 2008). In addition, the polyA-binding protein (PABP1), a regulator of translation initiation, was also identified to bind to BC200 RNA mediated by its central A-rich region, leading to the hypothesis that BC200 RNA is associated with protein translation in neuronal dendrites (Muddashetty et al., 2002). The interactions between BC200 RNA and proteins involved in local protein synthesis in neurons indicated the important role of BC200 RNA in AD pathology.

The Uchl1-AS is a nuclear-enriched lncRNA that is transcribed antisense to the mouse ubiquitin carboxy-terminal hydrolase L1 (Uchl1). Uchl1 is a neuron-restricted protein acting as a de-ubiquitinating enzyme or a monoubiquitin stabilizer. UCHL1 gene mutations have been discovered to be related to familial PD, and the oxidative inactivation of Uchl1 protein has been reported in PD and AD brains (Choi et al., 2004; Barrachina et al., 2006). Uchl1-AS can increase the protein synthesis of UCHL1 at post-transcriptional level, which depends on the combined activities of two domains, the 5′ antisense region that provides specificity for the sense target gene and the embedded repetitive SINEB2 element (short interspersed nuclear element of B3 subclass) that confers the protein synthesis activation domain (Nishihara et al., 2006; Carrieri et al., 2012). In addition, the activity of Uchl1-AS is under the control of signaling pathways. Uchl1 mRNA is predominantly localized in the cytoplasm while Uchl1-AS is abundant in the nucleus of dopaminergic neurons. Intriguingly, the mTOR inhibitor-Rapamycin treatment resulted in the induction of Uchl1 protein by association of shuttling Uchl1-AS from the nucleus to the cytoplasm, indicating the interplay among Uchl1-ncRNA-mTOR might be crucial for the development of PD (Carrieri et al., 2012; Vučičevič et al., 2014).

C9ORF72, chromosome 9 ORF72, contains a hexanucleotide (GGGGCC, G4C2) repeat expansion in its non-coding region, which was found as the causative mutation for both ALS and FTLD (DeJesus-Hernandez et al., 2011). The C9ORF72 expansion mutation can be transcribed bidirectionally that produces unexpected proteins via repeat-associated non-ATG (RAN) translational mechanism. Recent discovery found that antisense C9ORF72 transcripts containing the G4C2 expansion are increased in ALS patients’ brains (Zu et al., 2013), indicating the vital role of antisense C9ORF72 transcripts on fundamental pathologies of ALS/FTLD.

In addition, the lncRNA nuclear-enriched abundant transcript 1–2 (NEAT1-2), containing nuclear bodies named as “paraspeckles”, has also been shown to be associated with ALS/FTLD. TAR DNA binding protein 43 (TDP-43) inclusions or that are fused in sarcoma/translocated in liposarcoma (FUS/TLS) are displayed and characterized as the major pathology of ALS/FTLD (Nishimoto et al., 2010). Studies revealed that TDP-43 and FUS/TLS are enriched in paraspeckles and bound to NEAT1-2 directly. Furthermore, the expression of NEAT1-2 was shown to be enriched and the specific assembly of NEAT1-2 as paraspeckles be formed in spinal motor neurons at an early stage of the ALS pathogenesis (Nishimoto et al., 2013; Lourenco et al., 2015). These suggested NEAT1-2 might be functional in modulation of ALS-associated RNA-binding proteins at the early stage of ALS.

CHALLENGES AND PERSPECTIVES

Along with intensive studies of lncRNAs, there are still challenges for our understanding of lncRNAs. On one side, most investigations of lncRNA are limited to single studies, and some of them are only an in vitro study. Kohtz (2014) has stated that the roles of lncRNAs in cell lines can be distinguished with the ones examined in animal models (in vivo). Taking Evf2 as an example, Evf2 cell line assays indicated the in trans mechanism of lncRNA functioning as activation enhancers, whereas the knockdown of Evf2 in Evf2TS/TS mice associated lncRNA with repression in cis (Feng et al., 2006; Bond et al., 2009). On the other side, some lncRNAs are only studied in mouse models with genomic deletions. With respect to the characters of lncRNAs that are located in the nucleus and chromatin-associated that might be cis-acting transcriptional regulators, or in cytoplasm that might be predicted to act in trans, the phenotypes produced by deletion of an entire genomic locus apparently cannot be equivalently the same as the loss of lncRNA per se or as the associated loss of other overlapping DNA regulatory elements (Bassett et al., 2014). In these cases, it will be difficult to distinguish from the effects caused by loss of a lncRNA transcript to the general effects caused by the loss of the genomic region itself (Kohtz, 2014; Aprea and Calegari, 2015). Considering these challenges, researchers have proposed the importance of optimizing currently employed techniques along with developing advanced ones as tools to help differentiating between the influences of lncRNAs when they act as molecular species compared to when they act as gene regulatory elements. For example, fluorescent in situ hybridization (FISH) has been widely applied for the analysis of lncRNA localization in tissues and subcellular levels (Chakraborty et al., 2012). Also, a series of interaction assays for the identification of protein or nucleic acids with lncRNAs are applied, such as protein-RNA (crosslinking immunoprecipitation, CLIP), RNA-RNA (crosslinking analysis of synthetic hybrids, CLASH) or RNA-DNA (capture hybridization analysis of RNA targets, CHART; Helwak et al., 2013; Huppertz et al., 2014; Vance and Ponting, 2014). Apart from these technical updates, the Clustered regularly interspersed palindromic repeats (CRISPR/Cas9) system, functioning as a mechanistic tool, is popularly used for targeted genome engineering (Cheng et al., 2013; Bassett et al., 2014). With regards to this, the landscape of lncRNAs with proven functions in various biological processes have been substantially increasing and this range is expected to be further expanding in the coming years.

The brain is the organ where more lncRNAs are abundantly expressed, comprising the highest proportion of brain-specific lncRNAs (Derrien et al., 2012). Although limited numbers of lncRNAs have been identified to be associated with the complexity of the brain functions, lncRNAs are involved in brain functions in both a normal and diseased state. It is implied that brain-specific lncRNAs may be innovatively evolved, involved in human brain development and related to neurodegenerative diseases (Vučičevič et al., 2014). Based on studies of lncRNAs functioning in brain development and pathophysiology of neurological disorders, the definition criteria include: (1) genetic variation in lncRNA genes leads to disease and influences susceptibility; (2) epigenetic deregulation of lncRNAs is associated with disease; (3) genomic context binds lncRNAs to disease-related genes and pathways; and (4) lncRNAs are interconnected with known pathogenic mechanisms (Qureshi and Mehler, 2013). However, it is worth noting that phenomena, like some lncRNAs either might show different expression levels in healthy brains compared to diseased brains, or they might interact with certain proteins that function in brain disorders, could be a result of multiple reasons that are not related to the disease or caused by unspecific side effects (Vučičevič et al., 2014). Apart from studies of lncRNA functions in cell lines that would reveal basic molecular mechanisms of lncRNAs, the generation of lncRNAs-knockdown or mutation in mouse models would be more effective to study the functional relevance of lncRNAs during brain development and in the physiological conditions of neurodegenerative disease.

In fact, as proposed by many studies, more and more attention has been given to lncRNAs as being disease biomarkers or potential targets for therapeutic strategies. Indeed, several commercial entities (e.g., OPKO-CURNA and RaNA therapeutics), which target lncRNAs have been developed to design and develop oligoneucleotide therapeutics for the treatment of CNS-related neurological disorders (Qureshi and Mehler, 2013). However, due to the large size of many lncRNAs, it became evident that the crossing of lncRNAs through the blood-brain barrier (BBB) will be a significant issue to be considered. Exosomes, 20–100 nm membrane nanovesicles of endocytic origin secreted by most cell types in vivo and in vitro, are shown to be natural carriers of functional RNAs (such as mRNA, miRNA, rRNA and lncRNAs) and proteins (Raposo et al., 1996; Valadi et al., 2007). Exosomes can also transfer these genetic materials between cells and subsequently modulate the functions of targeted cells. These characteristics indicate their important role in communications between cells, and therefore make them great potentials for therapeutic delivery (Kawikova and Askenase, 2015; Barile and Vassalli, 2017). Moreover, exosomes were found to have an impact on the pathophysiology of the brain due to the fact that they can also be released by CNS cells (Faure et al., 2006; Kawikova and Askenase, 2015). As suggested, utilization of exosomes as delivery cargo would be an efficient strategy for helping to bypass the BBB (Lakhal and Wood, 2011; Katakowski et al., 2013). Hereby, further investigation on the role of lncRNAs will provide a better understanding of how the brain functions and how diseases develop, and lead to greater insights into further therapeutic development for neurodegenerative diseases based on manipulations of lncRNA functions.
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Precise Excision of the CAG Tract from the Huntingtin Gene by Cas9 Nickases
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Huntington's disease (HD) is a progressive autosomal dominant neurodegenerative disorder caused by the expansion of CAG repeats in the first exon of the huntingtin gene (HTT). The accumulation of polyglutamine-rich huntingtin proteins affects various cellular functions and causes selective degeneration of neurons in the striatum. Therapeutic strategies used to date to silence the expression of mutant HTT include antisense oligonucleotides, RNA interference-based approaches and, recently, genome editing with the CRISPR/Cas9 system. Here, we demonstrate that the CAG repeat tract can be precisely excised from the HTT gene with the use of the paired Cas9 nickase strategy. As a model, we used HD patient-derived fibroblasts with varied numbers of CAG repeats. The repeat excision inactivated the HTT gene and abrogated huntingtin synthesis in a CAG repeat length-independent manner. Because Cas9 nickases are known to be safe and specific, our approach provides an attractive treatment tool for HD that can be extended to other polyQ disorders.

Keywords: genome editing, CRISPR/Cas9, neurodegenerative diseases, repeat expansion, engineered nucleases, Huntington's disease, nonsense-mediated decay

INTRODUCTION

Expansions of short tandem repeat sequences in functionally unrelated genes are causative factors of numerous human hereditary neurological diseases. Currently, there are nine known neurodegenerative disorders caused by the expansion of CAG repeats within the coding regions of associated genes. These disorders include Huntington's disease (HD) (Bates et al., 2015); spinocerebellar ataxia types 1, 2, 3, 6, 7, and 17 (SCA) (Paulson et al., 2017); spinal-bulbar muscular atrophy (SBMA) (Spada et al., 1991); and dentatorubral-pallidoluysian atrophy (DRPLA) (Koide et al., 1994). A positive correlation exists between the size of the expansion and the severity of symptoms, which usually appear during the 4th-5th decade of life and lead to patient's death (Duyao et al., 1993).

HD is caused by the expansion of CAG repeats in exon 1 of the HTT gene, which encodes huntingtin (HTT), a large protein of more than 3,000 amino acids (Saudou and Humbert, 2016). Expanded polyglutamine (polyQ) protein may form intracellular aggregates and affects numerous cellular activities inducing pathogenesis via a gain of toxic function. Despite many years of research on an effective treatment method, HD and other polyQ diseases are incurable, and only their symptoms can be controlled. Several different strategies have already been employed in cellular and animal models of polyQ diseases to achieve the desired therapeutic effects (Wild and Tabrizi, 2017). These strategies include the silencing of both HTT alleles in a non-allele-selective strategy and the targeting of single-nucleotide polymorphisms (SNPs) linked to repeat expansions. The repeat region itself may be targeted in an allele selective and non-selective manner (Fiszer et al., 2012; Keiser et al., 2016; Esteves et al., 2017). RNA interference and antisense oligonucleotide technologies, which have been used for many years in experimental therapy for polyQ diseases, are currently complemented with genome editing systems such as the CRISPR/Cas9 (Shin et al., 2016; Kolli et al., 2017; Merienne et al., 2017; Monteys et al., 2017; Yang et al., 2017).

Zinc finger nucleases (ZFNs) and transcription activator-like effector-based nucleases (TALENs) were the first tools that provided proof of principle for the idea of targeted inactivation of the expanded CAG repeats at a disease loci (Mittelman et al., 2009; Richard et al., 2014). In one of the first studies, preceding the CRISPR/Cas9 technology development, Isalan group used zinc finger proteins (ZFPs) to selectively bind and repress expanded CAG repeats in the R6/2 mouse model of HD (Garriga-Canut et al., 2012). In other approach expanded CAG repeat tracts were replaced with a normal CAG length by inducing homologous recombination in induced pluripotent stem cells (iPSCs) derived from HD patient fibroblasts (An et al., 2012). The efficiency of homologous recombination was further increased by using CRISPR/Cas9 (An et al., 2014).

The CRISPR-Cas9 system uses a small guide RNA (sgRNA) containing a 20 nt sequence complementary to the target DNA and Cas9 nuclease for site-specific cleavage of a genomic target containing a protospacer-adjacent motif (PAM) (Jinek et al., 2012). Double-strand breaks (DSBs) are repaired mainly by error-prone non-homologous end joining (NHEJ), resulting in mutations that may cause frame-shifts in open reading frames, premature translation termination and transcript degradation by nonsense-mediated decay (NMD). To increase specificity and reduce off-targeting, one of two cleavage domains in the Cas9 protein was mutated to act as a nickase (Cas9n) (Cho et al., 2014; Trevino and Zhang, 2014). Nickases generate single strand breaks (SSBs) that are repaired with high fidelity. Paired sgRNA/Cas9 nickases targeted to the opposite DNA strands enable genome editing via homology-directed repair (HDR) and have been shown to reduce off-targeting by 5- to 1.500-fold compared to wild-type Cas9 (wt Cas9) (Ran et al., 2013; Cho et al., 2014). Therefore, the paired Cas9 nickase strategy can be useful in applications that require precise genome editing such as gene and cell therapy.

To date, the CRISPR/Cas9 system has been used to selectively inactivate mutant HTT genes by using PAM sites generated by SNP alleles (Shin et al., 2016; Monteys et al., 2017). Although this strategy is very promising, it requires a comprehensive analysis of the HTT gene haplotype structure. In addition, the non-allele selective approach has been used to inactivate the HTT gene by using a pair of sgRNAs flanking CAG repeats and wt Cas9 in a transgenic mouse model of HD (Yang et al., 2017). Non-allele selective supression of HTT gene expression was achieved also by using CRISPR interference strategy (CRISPRi) in HEK293T cells (Heman-Ackah et al., 2016). In this approach nuclease null, dead Cas9 (dCas9) and sgRNAs targeting HTT transcription start site were used.

In this study, we examined paired Cas9 nickase strategy to inactivate the HTT gene by targeting sequences directly flanking the CAG repeat tract. We demonstrate that precise excision of the CAG repeats from the HTT gene results in the abrogation of protein synthesis in all investigated fibroblast cell lines derived from HD patients. Importantly, we also show that this specific and safe strategy leads to preservation of repeat-deficient transcript level, suggesting that the transcript may escape from NMD pathway.

MATERIALS AND METHODS

Cell Culture and Transfection

Fibroblasts (GM04208, 21/44 CAG in the HTT gene; GM04281, 17/68 CAG in the HTT gene; GM09197, 21/151 CAG in the HTT gene) were obtained from the Coriell Cell Repositories (Camden, New Jersey, USA) and grown in minimal essential medium (Lonza; Basel, Switzerland) supplemented with 10% fetal bovine serum (Sigma-Aldrich; St. Louis, MO, USA), antibiotics (Sigma-Aldrich, A5955) and non-essential amino acids (Sigma-Aldrich, M7145). HEK293T cells (16/17 CAG in the HTT gene) were grown in Dulbecco's modified Eagle's medium (Lonza; Basel, Switzerland) supplemented with 10% fetal bovine serum (Sigma-Aldrich), antibiotics (Sigma-Aldrich) and L-glutamine (Sigma-Aldrich). HEK293T transfections were performed using calcium phosphate method with 10 μg of plasmid DNA for 3 × 105 cells (Jordan et al., 1996). Fibroblasts were electroporated with the NeonTM Transfection System (Invitrogen, Carlsbad, CA, USA). Briefly, 1 × 106 to 5 × 105 cells were harvested, resuspended in PBS and electroporated with 10 μg of plasmid DNA (5 μg of each plasmid from a HTT_sgRNA/Cas9n pair) in 100 μl tips using the following parameters: 1.350 V, 30 ms, 1 pulse. Fibroblasts were sorted by flow cytometry (BD Biosciences, BD FACS AriaIII) 48 h post electroporation and collected for genomic DNA, RNA and protein extraction.

Plasmids

Guide RNA sequences for the CRISPR/Cas9 system were designed as described in Ran et al. with the use of CRISPOR software (http://crispor.tefor.net/crispor.py; Haeussler et al., 2016). Briefly, the top and bottom strand of 20-nt guide RNA were synthesized (IBB, Warsaw), annealed and ligated into the pair of FastDigest BsmBI (Thermo Fisher Scientific, Waltham, MA, USA) cut plasmids, namely, pSpCas9(BB)-2A-GFP (PX458) (Addgene, Cambridge, MA, USA) and its nickase version (D10A nickase mutant; pSpCas9n(BB)-2A-GFP (PX461)) from S. pyogenes (Ran et al., 2013). Ligated products were transformed into chemically competent E. coli GT116 cells (InvivoGen, San Diego, CA, USA), and the cells were plated onto ampicillin selection plates (100 μg/mL ampicillin) and incubated at 37°C overnight. Plasmid DNA was isolated using the Gene JET Plasmid Miniprep kit (Thermo Scientific) and verified with Sanger sequencing. For larger scale plasmid preparations, the Qiagen Midi kit was used (Qiagen, Hilden, Germany). The sgRNA oligonucleotide sequences are presented in Table S1.

DNA Extraction and Analysis of Genome Editing Efficiency

Genomic DNA from the HD fibroblast and HEK293T cell lines was extracted using the Cells and Tissue DNA Isolation Kit (Norgen, Biotek Corp., Schmon Pkwy, ON, Canada) according to manufacturer's instructions and quantified using a spectrophotometer/fluorometer (DeNovix, Wilmington, DE, USA). For the T7E1 mismatch analysis, genomic DNA was amplified using Phusion High-Fidelity PCR Master Mix (Thermo Fisher) with primers HD1F and HD1R spanning CAG repeats in exon 1 of the HTT gene. The two-step PCR amplification program was used as follows: an initial denaturation at 98°C for 3 min; 12 cycles at 98°C for 15 s, 72°C for 15 s; 21 cycles at 98°C for 15 s, 62°C for 15 s, and 72°C for 15 s; and a final elongation at 72°C for 5 min. PCR products were purified using the GeneJET PCR Purification Kit (Thermo Fisher). 400 ng of the purified PCR product was used in an annealing reaction and enzymatic digestion with the T7E1 enzyme (New England Biolabs, Ipswich, MA, USA). Cleavage products were separated in 1.3% agarose gels and detected using G-BOX. Band intensities were analyzed with GelPro software (Media Cybernetics, Rockville, MD, USA). Indel occurrence was estimated with an analysis of signal loss from the main PCR products. Briefly, the main band intensities from HTT_sgRNA-treated samples were compared to the same bands from control samples treated with the empty plasmid. Genes selected for off-target analysis were PCR-amplified with specific primer pairs (Table S1) using Phusion High-Fidelity PCR Master Mix (Thermo Fisher) and the following program: an initial denaturation at 95°C for 3 min; 30 cycles at 95°C for 15 s, 62°C for 15 s, and 72°C for 15 s; and a final elongation at 72°C for 5 min. T7E1 analysis was performed as described for the HTT gene.

RNA Isolation and Reverse Transcription-Polymerase Chain Reaction

Total RNA was isolated from fibroblast cells using the TRI Reagent (BioShop; Burlington, Canada) according to the manufacturer's instructions. The RNA concentration was measured using spectrophotometer (DeNovix). A total of 700 ng of RNA was reverse transcribed at 55°C using Superscript III (Life Technologies) and random hexamer primers (Promega; Madison, WI, USA). The quality of the reverse transcription (RT) reaction was assessed through polymerase chain reaction (PCR) amplification of the GAPDH gene. Complementary DNA (cDNA) was used for quantitative polymerase chain reaction (qPCR) using SsoAdvanced™ Universal SYBR® Green Supermix (BIO-RAD, Hercules, CA, USA) with denaturation at 95°C for 30 s followed by 40 cycles of denaturation at 95°C for 15 s and annealing at 60°C for 30 s. The melt curve protocol was subsequently performed for 5 s at 65°C followed by 5 s increments at 0.5°C from 65°C to 95°C with HTT- or GAPDH-specific primers (sequences are listed in Table S1) on the CFX Connect™ Real-Time PCR Detection System (BIO-RAD). In order to avoid generation of two PCR products with different number of CAG repeats (two alleles of HD), primers used in qRT-PCR (HD_F and HD_R) were design to cover the HTT region downstream the CAG repeat tract. Data preprocessing and normalization were performed using BIO-RAD CFX Manager software (BIO-RAD). To confirm that the HTT transcript from the Cas9n-treated fibroblasts did not contain CAG repeats, cDNA was amplified with cDNAF and cDNAR primers flanking the repeat tract.

Western Blot Analysis

A total of 30 μg of protein was resolved on a Tris-acetate SDS-polyacrylamide gel (3–8%, NuPAGETM, Invitrogen, Carlsbad, CA, USA) in Tris-Acetate SDS Running buffer (Novex, Carlsbad, CA, USA) at 170 V at 4°C. After electrophoresis, the proteins were wet-transferred overnight to a nitrocellulose membrane (Sigma–Aldrich). The primary antibodies, namely, anti-huntingtin (1:1000, MAB2166, Millipore, Burlington, MA, USA) and anti-plectin (1:1000, ab83497, Abcam, Cambridge, UK), and the secondary antibodies, namely, the anti-mouse HRP conjugate (1:2000, A9917, Sigma–Aldrich) and anti-rabbit HRP conjugate (1:2000, 711-035-152, Jackson ImmunoResearch, West Grove, PA, USA) were used in a TBS/0.1% Tween-20 buffer containing 2.5% non-fat milk. The immunoreaction was detected using Western Bright Quantum HRP Substrate (Advansta, Menlo Park, CA, USA). The protein bands were scanned directly from the membrane using a camera and quantified using Gel-Pro Analyzer (Media Cybernetics).

Sanger Sequencing

DNA obtained from cell cultures transfected with plasmids was sequenced using a forward primer (HD1F). PCR products from DNA treated with Cas9 nickase pairs were separated in 1% agarose gel. Bands were extracted using the GeneJET Gel Extraction Kit (Thermo Scientific) and sequenced with the same HD1F primer.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism v. 5.0 software. Data were analyzed using one-way ANOVA followed by Bonferroni's post hoc test (***P < 0.0001) with an arbitrary value of 1 assigned to the cells treated with the empty control plasmid.

RESULTS

Pre-screening of HTT_sgRNA Activity in HEK293T Cells

We designed 3 sgRNAs using S. pyogenes PAM sequences (NGG) located within the sequences flanking the CAG repeat tract in the HTT gene (HTT_sgRNA1, HTT_sgRNA3 and HTT_sgRNA4) and one sgRNA (HTT_sgRNA2) directly targeting the CAG repeats (Figure 1A). HTT_sgRNA2 was designed to use a non-canonical NAG PAM sequence that is known to be recognized by S. pyogenes Cas9 (Hsu et al., 2013; Zhang et al., 2014; Leenay et al., 2016). The first screening of the sgRNA activities was performed in easy-to-transfect HEK293T cells. The cells were transfected with plasmids expressing both the wt Cas9 protein and HTT_sgRNA (Figure 1B). The transfection efficiency, expressed as GFP-positive cells, was ~80% (data not shown), and genomic DNA was isolated 48 h post-transfection from unsorted cells. PCR amplification of the HTT gene region, including the CAG repeats, and subsequent T7E1 analysis resulted in the generation of multiple bands in both the treated and untreated control cells (Figure 1C). The HEK293T cells contain 16 and 17 CAG repeats in the two alleles of the HTT gene (Figure 1D). In addition, PCR products containing long stretches of repeated sequences may form various secondary structures (e.g., hairpins) in non-denaturing conditions (agarose gel electrophoresis) (Figure S1). Therefore, a determination of the exact indels frequency in this polymorphic, highly repetitive gene region was difficult using methods based on heteroduplex recognition by nucleases. However, Sanger sequencing (Figure 1D) and T7E1 analysis of the PCR products from a pool of transfected and non-transfected cells revealed that HTT_sgRNA1, HTT_sgRNA4 and HTT_sgRNA2 efficiently edited the HTT gene (~40, 38, and ~28% of indels, respectively) whereas HTT_sgRNA3 was the least active (~12%) (Figure 1C). This result was consistent with the fact that the sequence composition of sgRNA (GC:AT content) may influence the editing efficiency (Moreno-Mateos MA 2015). The GC content for HTT_sgRNAs ranges from 57% for the least active HTT_sgRNA3 to 81% for HTT_sgRNA4.
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FIGURE 1. Pre-screening of HTT_sgRNAs activity in HEK293T cells. (A) Polymorphic CAG repeats and the following CCG repeats are located in exon 1 of the HTT gene. sgRNA1, sgRNA3 and sgRNA4 were designed to target the 5′- and 3′-repeat flanking sequences, respectively. Appropriate PAM sequences are highlighted in green. SgRNA2 uses a non-canonical NAG PAM sequence and targets CAG repeats directly. (B) Illustration depicting the CRISPR/Cas9 expression plasmid used to co-express the SpCas9 protein together with the GFP reporter marker and sgRNA under the U6 promoter. NLS, nuclear localization signal. (C) Analysis of HTT_sgRNA and wt Cas9 activity in HEK293T cells by T7E1 mismatch assays. The signal intensities of the two main bands (marked with an asterisk) was measured. The loss of this signal in relation to the control (100%) was used to calculate the indel frequency (%) in the samples treated with T7E1 (+). The length of the main PCR product is ~ 305 bp. Additional, faster migrating bands in samples non treated with T7E1 enzyme are secondary structure forms of the main product and their contribution is significantly reduced after denaturation of a sample directly before gel electrophoresis (see Figure S1). (D) Sanger sequencing of the HTT gene fragment included the CAG repeat tract. HEK293T cells are heterozygous in this locus with two alleles containing 16 and 17 CAG repeats. After HTT gene editing with CRISPR/Cas9, the sequence trace after the break site comprised a mixture of signals derived from the unmodified and modified DNA.



Next, we analyzed the activities of the HTT_sgRNA pairs with the Cas9 nickase protein. HEK293T cells were transfected with a pair of plasmids encoding HTT_sgRNA1 and HTT_sgRNA2, HTT_sgRNA1 and HTT_sgRNA4, and HTT_sgRNA3 and HTT_sgRNA4. T7E1 analysis (Figure 2A) and Sanger sequencing (Figure 2B) confirmed that except for HTT_sgRNA1+2, the sgRNAs functioned in pairs and generated shorter bands corresponding to HTT amplicons with 107-bp and 125-bp deletions for HTT_sgRNA1+4 and HTT_sgRNA3+4 pairs, respectively. As a result of the CAG repeat excision and frameshift mutation premature-translation-termination codon, PTC (TGA) was generated in the 3' region of HTT exon 1 (e.g., at the 44th codon of the 50-codon exon 1 for Cas9n_sgRNA1+4-treated cells) (Figure S2).
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FIGURE 2. Excision of the CAG repeats from the HTT gene with paired Cas9 nickases. (A) DNA from HEK293T cells treated with Cas9 nickase and the HTT_sgRNA pairs was PCR amplified and subjected to T7E1 analysis. The length of the unmodified PCR fragment is 305 bp, whereas the edited products are shortened to < 200 bp (marked with an asterisk). (B) A representative Sanger sequencing electropherogram showing the deletion of 107 and 125 bp in HTT_sgRNA1+4- and HTT_sgRNA1+3-treated cells, respectively (marked with an arrow).



Analysis of Paired HTT_sgRNA/Cas9n Activity in Patient-Derived Fibroblasts

The most active pair of HTT_sgRNAs (sgRNA1 and sgRNA4) was electroporated into HD fibroblasts containing varied lengths of the CAG repeat tract: 21/44 CAGs, 17/68 CAGs and 21/151 CAGs. GFP-positive cells were sorted by FACS before DNA, RNA and protein isolation. We confirmed by PCR and Sanger sequencing of the PCR products that Cas9 nickase with the HTT_sgRNA1+4 pair efficiently excised the targeted region of HTT exon 1 in the patient-derived cell lines (Figure S3). The lengths of the excised DNA fragments were between 119 and 188 bp for both alleles of the GM04208 cell line, 107 and 260 bp for GM04281 and 119 and 509 for the GM09197 cell line. As expected, the HTT transcript also did not contain the targeted sequence, which was specifically excised from the DNA by the HTT_sgRNA1+4 Cas9 nickases (Figure 3A). A shorter, 545-bp PCR product was present in the three patients-derived cell lines; however, the editing efficiency was different, with the highest observed for the GM04281 cell line. Interestingly, the level of the HTT transcript did not change in the cells treated with paired nickases, suggesting that the transcript may have escaped the nonsense-mediated mRNA decay pathway (Figure 3B). Notably, the newly generated stop codon (UGA) was localized ~20 bp from the exon/exon junction and may have been occupied by the exon-exon junction complex (EJC) (Figure S2). Despite the presence of a shortened HTT transcript, the HTT protein level was efficiently reduced by 82% in the GM04281 cell line, 68% in the GM04208 cell line, and 71% in the GM09197 cell line (Figures 3C,D). This data accurately reflects the results of the RT-PCR analysis (Figure 3A) and indicates that the length of the CAG repeat tract does not influence the excision efficiency of Cas9n. The prematurely terminated translation product (43 amino-acid protein) was not detected with the use of the N-terminal huntingtin antibody by western blot (data not shown).
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FIGURE 3. Huntingtin inactivation via the Cas9 nickase pair in patient-derived fibroblasts. (A) RT-PCR analysis of the Cas9n/HTT_sgRNA1+4-edited (+) and non-edited (–) HTT gene product in the three human HD cell lines containing 21/44 (GM04208), 17/68 (GM04281) and 21/151 (GM09197) CAG repeats. As a result of repeat excision, shorter PCR products (~545 bp, marked with an asterisk) are present. (B) RT-qPCR analysis of the HTT mRNA levels in the human fibroblast cell lines transfected with the Cas9n/HTT_sgRNA1 and sgRNA4 plasmid pairs. All samples are normalized to human GAPDH, and the results are the mean (± SEM) relative to the cells transfected with the control Cas9n plasmid (one-way ANOVA followed by Bonferroni's post hoc test; the difference was non-significant). (C) Representative western blots showing the HTT protein levels in the control fibroblasts treated with the empty Cas9n plasmids, expressing only Cas9 protein and not sgRNA (C1 and C2) and in the Cas9n/HTT_sgRNA1+4-treated cells (P1 and P2). Plectin was used as the loading control. The lengths of the polyQ tracts in both alleles of the HTT protein in each cell line are marked with an arrow. (D) The quantification of the huntingtin levels in the three human HD cell lines transfected with the Cas9n/HTT_sgRNA1+4 plasmid pair relative to the plectin levels. The results indicate the mean (± SEM) relative to the cells transfected with the control Cas9n plasmid (n = 3; one way ANOVA followed by Bonferroni's post hoc test; ***p < 0.0001).



Assessment of Off-Target Effects

In silico analysis using the CRISPOR tool (Haeussler et al., 2016) predicted 13 exonic off-target sites for HTT_sgRNA1 (with score > 10.00), 18 sites for HTT_sgRNA3 and 196 for HTT_sgRNA4. Notably, more than 98% of the exonic HTT_sgRNA4 off-targets had 3 to 4 mismatches with the target sequence (Table S2). Specificity score that measures the uniqueness of a guide in the genome is low for HTT_sgRNAs, because target sequence is composed of repetitive sequences (6 for HTT_sgRNA1, 66 for HTT_sgRNA3 and 40 for HTT_sgRNA4). HTT_sgRNA2 with a non-canonical NAG PAM comprised a repeated sequence and theoretically targeted every CAG repeat tract longer than 7 units. Notably, these predictions generally applied to the wt CRISPR/Cas9 activity since Cas9 nickases cut only one DNA strand that is faithfully repaired by HDR. In addition, the maximal cleavage efficiency of paired Cas9 nickases has previously been observed at sites with the tail-to-tail orientation separated by 10–30 bp (Shen et al., 2014). Potential off-target activity for Cas9n/HTT_sgRNA1+4 pair was expected to be rare as similar sequences were unlikely to occur close together elsewhere in the genome. Nonetheless, the 4 selected off-target regions for each HTT_sgRNA were PCR-amplified and analyzed with T7E1 assays (Figure S4). The TEX13A and ZFHX3 genes and TJP2 and FBXW7 genes were tested for HTT_sgRNA1 and HTT_sgRNA4, respectively. We used DNA from HEK293T cells treated with plasmids expressing the HTT_sgRNA1+4 Cas9 nickase pair and wt Cas9/sgRNAs. Non-specific activity of the CRISPR/Cas9 system was not detected in any of the tested off-target sites.

DISCUSSION

To date, multiple therapeutic approaches have been described for the treatment of HD and other polyQ diseases' however, these approaches suffer from specific limitations that hinder their introduction to the clinic (reviewed in Keiser et al., 2016; Esteves et al., 2017; Wild and Tabrizi, 2017). In addition, the role of huntingtin in cell physiology and pathology is not fully understood (Saudou and Humbert, 2016), and therefore, strategies using selective silencing of the mutant allele alone and non-allele-selective silencing of both alleles are being developed in parallel. It has been shown using RNAi and antisense oligonucleotides that the knockdown of huntingtin, either the mutant or both mutant and normal is beneficial in mouse models of HD (Harper et al., 2005; Boudreau et al., 2009; Kordasiewicz et al., 2012). Recently, the CRISPR/Cas9 system was used to permanently inactivate the HTT gene, by using a pair of sgRNAs flanking the CAG/CTG repeats in a transgenic mouse model of HD (HD140Q knock-in) (Yang et al., 2017). Stereotactic injection of AAVs expressing sgRNAs and SpCas9 into the striata of adult mice resulted in the depletion of huntingtin aggregates in the brain, thereby alleviating motor deficits and neuropathological symptoms.

In our study, we present another repeat-depletion strategy to inactivate the HTT gene in which we further improve the approach by using a nickase version of Cas9 that is known to be more specific and safe than the wt Cas9. The efficiency of paired Cas9 nickase editing depends on the activity of two sgRNAs and the length of the target sequence between the two sgRNAs (Mali et al., 2013; Ran et al., 2013). We demonstrate that the pair of HTT_sgRNA/Cas9n is able to efficiently and specifically excise the repeat-containing fragment of exon 1 in three HD patient-derived cell lines differing in CAG repeat length. We show that the CAG repeat length did not influence the cutting efficiency and specificity, and the HTT protein level is reduced by ~70% in all tested models. Notably, in the case of the GM09197 cell line containing 151 CAG repeats in the mutant allele, the HTT_sgRNAs were separated by nearly 500 bp. We confirmed the specificity and safety of the paired nickase strategy by testing selected off-target loci with T7E1 mismatch detection assays.

The mechanism of this precise repeat excision and DNA repair (without scars), atypical for NHEJ is poorly known and needs further studies. However, it has been reported previously that DSBs generated by CRISPR/Cas9 near a long stretch of CTG/CAG repeats in myotonic dystrophy type 1 (DM1) locus can induce deletion of the entire repeat region (Van Agtmaal et al., 2017). Even single DSB in the region flanking the repeated sequence was sufficient to generate clean loss of repeats. Contraction of CAG/CTG repeats was also observed for ZFN and TALEN—treated human and yeast cells (Mittelman et al., 2009; Richard et al., 2014).

Interestingly, in our study the level of the shortened HTT transcript did not change, suggesting that the transcript may be NMD-resistant. The HTT gene contains 67 exons and has three isoforms of mRNA transcripts (Romo et al., 2017); the two predominant forms are 10,366 and of 13,711 bp (Lin et al., 1993). The longer transcript differs by an additional 3′ UTR sequence of 3,360 bp that affects mRNA localization, stability, and translation (Di Giammartino et al., 2011). A previous report showed that targeting the HTT exon 1-intron junction with CRISPR/Cas9 reduced the mRNA level by ~50% in BM-MSCs derived from the YAC128 mouse model (Kolli et al., 2017). In another study, a large deletion of approximately 44 kb of DNA using wt Cas9 and a pair of sgRNAs targeting the upstream promoter region and intron 3 resulted in the complete abrogation of mRNA and HTT protein synthesis (Shin et al., 2016). HTT mRNA resistance to NMD, observed in our study, may result from the specific localization of CRISPR/Cas9n-generated PTC in exon 1 of the multi-exonic HTT gene. In addition, a UGA stop codon is localized to position occupied by the EJC (~20–24 nt upstream of the exon/exon junction), which serves to orient the NMD machinery and may be masked during the “pioneer round” of translation (Popp and Maquat, 2016). A previous report showed that β-globin transcript containing PTCs in exon 1 of three-exonic gene is NMD–resistant; however, the influence of the nonsense codon localization within transcripts needs to be clarified (Thermann et al., 1998; Inácios et al., 2004; Peixeiro et al., 2011).

Genome editing with the use of a more universal CAG repeat-targeting strategy is still challenging due to the lack of specific PAM recognized by targeted nucleases, off-targeting induced by sgRNA comprising repeats and problems with the selective inactivation of mutant alleles alone. Similar problems have already been overcome by antisense and RNAi technologies (Hu et al., 2009; Yu et al., 2012; Fiszer et al., 2013). In our study CAG repeat targeting with Cas9n and HTT_sgRNA pair composed of sgRNA2 (non-canonical NAG PAM) and sgRNA1 was ineffective. However, the in-frame shortening of the CAG repeat tract with the use of genome editing tools would be the most desired and universal approach and is our goal for future studies.
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Amyotrophic Lateral Sclerosis (ALS) is a fatal neurodegenerative disease affecting the upper and lower motor neurons in the motor cortex and spinal cord. Abnormal accumulation of mutant superoxide dismutase I (SOD1) in motor neurons is a pathological hallmark of some forms of the disease. We have shown that the orderly progression of the disease may be explained by misfolded SOD1 cell-to-cell propagation, which is reliant upon its active endogenous synthesis. Reducing the levels of SOD1 is therefore a promising therapeutic approach. Antisense oligonucleotides (ASOs) can efficiently silence proteins with gain-of-function mutations. However, naked ASOs have a short circulation half-life and are unable to cross the blood brain barrier (BBB) warranting the use of a drug carrier for effective delivery. In this study, calcium phosphate lipid coated nanoparticles (CaP-lipid NPs) were developed for delivery of SOD1 ASO to motor neurons. The most promising nanoparticle formulation (Ca/P ratio of 100:1), had a uniform spherical core–shell morphology with an average size of 30 nm, and surface charge (ζ-potential) of −4.86 mV. The encapsulation efficiency of ASO was 48% and stability studies found the particle to be stable over a period of 20 days. In vitro experiments demonstrated that the negatively charged ASO-loaded CaP-lipid NPs could effectively deliver SOD1-targeted ASO into a mouse motor neuron-like cell line (NSC-34) through endocytosis and significantly down-regulated SOD1 expression in HEK293 cells. The CaP-lipid NPs exhibited a pH-dependant dissociation, suggesting that that the acidification of lysosomes is the likely mechanism responsible for facilitating intracellular ASO release. To demonstrate tissue specific delivery and localization of these NPs we performed in vivo microinjections into zebrafish. Successful delivery of these NPs was confirmed for the zebrafish brain, the blood stream, and the spinal cord. These results suggest that CaP-lipid NPs could be an effective and safe delivery system for the improved delivery of SOD1 ASOs to motor neurons. Further in vivo evaluation in transgenic mouse models of SOD1 ALS are therefore warranted.

Keywords: amyotrophic lateral sclerosis, motor neurone disease, drug delivery, calcium phosphate nanoparticle, antisense oligonucleotide, SOD1, therapeutic intervention, zebrafish

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is an incurable neurodegenerative disease that is associated with protein misfolding and aggregation. Accumulation of toxic proteinaceous aggregates in the upper and lower motor neurons of the motor cortex and spinal cord over time is associated with motor neuron death, leading to loss of muscle control, muscle atrophy, and invariably death (Brettschneider et al., 2014). The causes of most ALS cases remain undefined, however ~5–10% are inherited (Majoor-Krakauer et al., 2003). Mutations in genes known to cause ALS are growing and include, FUS/TLS, VAPB, TARDBP, OPTN, VCP, SQSTM1, UBQLN2, CCNF, PFN1, MATR3, and hexanucleotide repeat expansions in C9ORF72 (Renton et al., 2014). Due to its early discovery in 1993, the best-studied mutation associated with the familial form of ALS (fALS) is in the gene encoding copper/zinc superoxide dismutase (Cu/Zn SOD, SOD1) (Rosen et al., 1993).

SOD1 is a 32-kDa homodimeric metalloenzyme, found primarily in the nucleus, plasma membrane, and cytosol. It contains an active site that binds a catalytic copper ion and a structural zinc ion where it serves to catalyze the dismutation of superoxide radical to dioxygen and hydrogen peroxide (Perry et al., 2010). The correctly folded and active form of the SOD1 enzyme is obtained through several post-translational modifications such as the acquisition of zinc and copper ions, disulfide bond formation, and dimerization (Arnesano et al., 2004). However, mutations that lead to the dissociation of metal ions, and reduction of the intramolecular disulfide bond are known to decrease its conformational stability and promote misfolding. It is well accepted that mutations in SOD1 cause ALS through a toxic gain of function rather than a loss of its native function. Over 180 mutations in the SOD1 gene that impact upon its structural stability have now been identified (http://alsod.iop.kcl.ac.uk/Overview/gene.aspx?gene_id=SOD1).

A common pathological hallmark in SOD1-ALS cases is the abnormal accumulation of mutant SOD1 in motor neurons of the affected nervous tissues. Our group has recently reported that misfolded SOD1 is present in sporadic disease as well as SOD1-linked fALS, and can propagate cell-to-cell in a prion-like fashion potentially contributing to the orderly progression of the disease (Grad et al., 2014). In addition, we have shown that this cell-to-cell transmission of SOD1 protein aggregates is dependent on fluid-phase endocytosis pathways, primarily via stimulated macropinocytosis (Zeineddine et al., 2015), and relies on active SOD1 synthesis and its presence in a form readily incorporated into aggregates in recipient cells (Grad et al., 2014). Reducing the levels of monomeric and/or misfolded SOD1 is therefore a promising therapeutic target for familial and potentially some sporadic SOD1-related forms of ALS.

Considering the key role copper plays in regulating SOD1 protein stability and function and that low levels have been associated with SOD1 misfolding (Bourassa et al., 2014), a novel ALS treatment based on the concept of copper supplementation to motor neurons has recently been suggested. In the SOD1G93A transgenic mouse model of ALS, the administration of CuATSM, a compound capable of transporting copper into the brain, extended the lives of ALS rodents by 18 months (Soon et al., 2011). Furthermore, restoring copper homeostasis with CuATSM treatment was found to rescue neurons from their symptomatic stage. The effect of CuATSM in patients with familial SOD1-ALS is currently being examined in a Phase I clinical trial (NCT03136809). Another approach currently under clinical investigation involves intraventricular or intrathecal delivery of antisense oligonucleotide against SOD1 for patients with SOD1 fALS (Smith et al., 2006). In a Phase I, randomized, first-in-man study, Miller et al. reported a reduction of SOD1 concentrations in brain tissue, and that this correlates with reduced SOD1 in the CSF (Miller et al., 2013). Although these data strongly support use of SOD1 antisense oligonucleotide as a therapy, the route of administration is invasive by nature and poses a greater risk of post-surgery complications, particularly for repeat dosing.

Nanomedicine is a rapidly growing field that has produced several drug delivery vehicles, such as lipid and polymeric-based nanoparticles, able to deliver genes, and other therapeutics to tissues including the brain and spinal cord (Soppimath et al., 2001; Vieira and Gamarra, 2016). Mechanistically, a drug poorly distributed to the brain can be loaded on/into a nanocarrier system which interacts with the endothelial cells at the blood brain barrier (BBB) to produce higher drug concentrations in brain parenchyma. These nanocarriers can be further modified with targeting moieties to preferentially bind to putative receptors or transporters expressed at the BBB for enhanced CNS selectivity, permeability, and drug trafficking. For example, liposomes surface functionalized with apoE fragments, folate, transferrin or anti-transferrin receptor (anti-TfR) antibody have been shown to cross the BBB by transcytosis and deliver genes to the nervous system, including neurons, with little toxicity (Mc Carthy et al., 2015). In ALS, only one preclinical study has used nanoparticles (glutathione functionalized liposomes) to transport a drug across the BBB, and increase its availability in the CNS, but disappointingly failed to deliver cargo into neurons (Evans et al., 2014). Herein we report the manufacture and biophysical characterization of solid core calcium phosphate lipid nanoparticles (CaP-lipid NPs) that can encapsulate antisense oligonucleotide directed to SOD1 (Figure 1A). We also describe for the first time nanoparticle distribution in the brain, spinal cord, and blood circulation of zebrafish, a powerful experimental vertebrate model for studying ALS. We propose that CaP-lipid NPs can increase the successful delivery of oligonucleotide in ALS.
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FIGURE 1. Physical properties of SOD1-ASO-loaded CaP-lipid NPs with a Ca/P ratio 100:1. Schematic representation of SOD1-ASO loaded CaP-lipid NP formulation (A), particle size (d.nm) of SOD1-ASO loaded (black) and non-loaded (red) CaP-lipid NPs determined by DLS (B), zeta potential of SOD1-ASO CaP-lipid NP (C), transmission electron micrograph (TEM) of SOD1-ASO CaP-lipid NPs visualized by negative staining (D), pH-sensitivity as indicated by change in number size (d.nm) of CaP-lipid NPs in PBS at pH 7.4, 6.5, and 5.0 following incubation at 37°C for up to 4 h (E). **P < 0.01.



MATERIALS AND METHODS

Reagents and Chemicals

Cholesterol, dioleoylphosphatydic acid (DOPA), 1,2-dioleoyl-3-trimethylammonium-propane chloride salt (DOTAP), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissaminerhodamine B sulfonyl) (ammonium salt) (LissRdB-DSPE), and 1,2-distearoryl-sn-glycero-3-phosphoethanolamine-N-[methoxy-(polyethyleneglycol-2000) ammonium salt (DSPE-PEG) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). All other chemicals were obtained from Sigma-Aldrich (St. Louis, MO) without further purification. SOD1 antisense oligonucleotide (target sequence 5′-CCG TCG CCC TTC AGC ACG CA-3′) (Patent US 20120214865 A1) and a scrambled negative control oligonucleotide (target sequence 5'-GCC AGC CTA CGA CTC CGC TC-3′) were synthesized by GeneWorks. The scrambled control sequence was generated using an online tool provided by GenScript, USA (https://www.genscript.com/ssl-bin/app/scramble).

Preparation of Oligonucleotide-Loaded CaP Lipid Nanoparticles

Non-loaded or SOD1 antisense oligonucleotide (ASO)-loaded calcium phosphate lipid nanoparticles (CaP-lipid NPs) were prepared as described by Li et al. (Schneider et al., 2012) with minor modifications. The anionic lipid coating CaP core were firstly prepared by a water-in-oil micro-emulsion method. Briefly, 300 μL of 500 mM CaCl2 and 50 μL of 2 mg/mL SOD1 antisense oligonucleotide were added in 15 mL cyclohexane/Igepal CO-520 (70/30 v/v) solution to form a very well dispersed water-in-oil reverse micro-emulsion. To form the phosphate phase, 300 μL of 5 mM Na2HPO4 (pH = 9.0), 50 μL of 2 mg/mL SOD1 antisense oligonucleotide and 200 μL of 20 mg/mL dioleoylphosphatydicacid (DOPA) in chloroform were dispersed in another 15 mL cyclohexane/Igepal solution. Then, the phosphate phase was added to the calcium phase in a dropwise manner. The solution was stirred for 20 min to form the CaP cores encapsulating SOD1 ASO. The micro-emulsion was divided equally in to two 50 mL falcon tubes for the purpose of centrifugation. Absolute ethanol (15 mL) was added to each tube before centrifugation at 9,000 × g for 30 min in Heraeus Megafuge X3R (Thermo Scientific, USA). The pellet of CaP cores was washed and rinsed with ethanol 3 times centrifuging as above each time. The pellet was resuspended in 1 mL chloroform and stored in a small glass vial for subsequently lipid coating. The final CaP lipid-coated nanoparticles were prepared by the thin film hydration method. Briefly, to 500 μL of CaP cores, 50 μL 10 mM DOTAP/Cholesterol (1:1) and 50 μL 3 mM DSPE-PEG-2000 were added. For cellular uptake studies, LissRdB-DSPE (12.5 μL of a 16 mM stock solution) was also added. The solution was transferred to a round bottom flask and the chloroform was evaporated off using a rotary evaporator (Büchi, Switzerland). Tris-HCl buffer (1 mL; 5 mM; pH 7.4) was then added into the round bottom flask to rehydrate the lipid film, and the solution was gently sonicated for 5 min. The final CaP-lipid NPs were sterile filtered (0.22 μm) and stored at 4°C for subsequent characterization and biological evaluation.

Particle Characterization

Zeta (ζ) potential of CaP-lipid NPs was measured using a Malvern Zetasizer ZS (Malvern, CA), while size was determined by dynamic light scattering (DLS) using a Malvern Zetasizer APS instrument (Malvern, CA). NanoSight (LM14, NanoSight, UK) was used to calculate particle concentration. Specifically, particles were diluted to between 108–1010 particles/mL particles (~1:500 dilution of particles in Milli-Q water) before observing via conventional optical microscope equipped with a CCD camera at room temperature. The particle motion (20–100 particles per field of view) was recorded at 30 frames for 60 s. Particle concentration was then calculated via the NanoSight software (NTA 2.3, UK). To visualize the morphology of CaP-lipid NPs we used transmission electron microscopy (TEM). The nanoparticle suspension was dropped onto a 200 mesh carbon coated copper grid and stained with 1% phosphotungstic acid (PTA). The stained suspension was washed using Milli-Q water and dried at room temperature before observing on a transmission electron microscope (TEM; Gantan, Inc.). TEM was carried out using a JEOL 2010 instrument operating at 200 kV. Bright field images were captured with an objective aperture inserted to enhance diffraction contrast. Images were recorded using a Gatan Orius camera coupled to Gatan's Digital Micrograph software. Oligonucleotide loading was determined using the propidium iodide (PI) staining method whereby the final SOD1 ASO-loaded CaP-lipid NPs were dissolved in an equal volume of lysis buffer (2 mM EDTA and 0.05% Triton X-100 in pH 7.8 Tris buffer) and heated at 65°C for 20 min to release the entrapped SOD1 ASO for fluorometric measurement. To each 100 μL sample, PI (1 μL; 1 μg/μL) was added and fluorescence (RFLU) was measured using a FLUOstar plate reader (BMG Labtech, Germany) (Ex = 540 nm; Em = 620 nm). The amount of SOD1 ASO loaded into CaP-lipid NPs was then determined by interpolation of RFLU from a SOD1 ASO standard curve. The stability of SOD1-loaded CaP-lipid NPs was assessed via the change in particle size (number peak area) over time measured by DLS. Briefly, 100 μL SOD1 CaP-lipid NP suspension was incubated at 4°C under sterile conditions, and the peak area of particles measured at the following time points 0, 4, 8, 12, 16, 20, 24, and 28 days. For pH-responsive studies, the particles were diluted 10 times (v/v) in PBS (pH 7.4, 6.5, or 5), and incubated for 2 and 4 h at 37°C with constant shanking at 200 RPM. The change in particle size (number peak area) was recorded by DLS. The corresponding anti-dilution ability was also detected to ensure that the CaP-NPs retain their size upon dilution in complete DMEM media supplemented with 10% FCS.

Cell Lines and Culture Conditions

The mouse motor neuron-like cell line (NSC-34), a hybrid cell line produced by fusion of neuroblastoma with mouse motor neuron-enriched primary spinal cord cell (Cashman et al., 1992), was routinely cultured in DMEM/F12 supplemented with 10% (v/v) FBS. The human embryonic kidney (HEK293) cell line, which has been used extensively as an expression tool to study recombinant proteins, was cultured in the same media. Cells were maintained in an incubator at 37°C under a humidified atmosphere containing 5% (v/v) CO2. When 80% confluence was reached, cells were detached by incubation with 5 mM Trypsin-EDTA and harvested after centrifugation in a Heraeus Megafuge 1.0 (Thermo Scientific, USA) at 1,200 rpm for 5 min at RT. Cells were resuspended in media, and viable cells counted using a hemocytometer and trypan blue staining. Cells were confirmed free of Mycoplasma contamination.

In vitro Cellular Uptake

NSC-34 cells were seeded at 75,000 cells/cm2 into eight well-chamber slides, and incubated overnight at 37°C before the addition of sterile filtered (0.22 μm) non-loaded CaP-lipid NPs containing LissRdB-DSPE (1:5 or 1:10 v/v). Cells were then incubated for a further 30, 60, or 90 min at 37°C to measure cellular uptake over time. Media was removed and cells were washed in chilled 1 × PBS before being imaged using a Leica TCS SPII laser scanning confocal microscope (Heidelberg, Germany). Internalization was quantified by calculating the mean fluorescence per cell from five images per treatment using ImageJ (Schneider et al., 2012). This represents a minimum of 100 cells analyzed per treatment. To confirm the mechanism of particle uptake, LysoTracker Green DND-26 (Life Technologies, Mulgrave, VIC) was used to stain for acidic compartments, lysosomes and endosomes. NSC-34 cells were incubated at 37°C with Lysotracker Green DND-26 for 30 min, before the addition of LissRdB-DSPE CaP-lipid NPs and incubation for a further 30 min. Imaging of live cells was carried out as described above.

In vitro Transfection and Gene Silencing

HEK293 cells were seeded in 6-well plates at a density of 20 × 104 cells/well. After reaching 60% confluency, the cells were treated with SOD1-loaded CaP-lipid NPs, and incubated at 37°C for 72 h. Control treatments included non-loaded CaP-lipid NPs, SOD1 ASO or scrambled negative control with Lipofectamine® 2,000 Transfection Reagent (ThermoFisher Scientific, Rockford, IL, USA) and non-loaded CaP-lipid NPs with SOD1 ASO free in solution. Each treatment delivered an equivalent amount of ASO. Cells were washed twice with chilled PBS and harvested with 0.05% Trypsin-EDTA. Cell lysates were collected after adding RIPA lysis buffer (25 mM pH7.6 Tris-HCl, 150 mM NaCl, 1% Triton X-100, 1% Na-deoxycholate and 1% SDS) supplemented with HALT Protease Inhibitor Cocktail (1% protease inhibitor and 1% EDTA; ThermoFisher Scientific). The final protein extracts were obtained after centrifuging (12,000 × g, 5 min) the aspirated cell lysates. Total protein concentration in the lysate was determined by Bio-RAD Assay according to manufacturer's instructions using a protein assay kit (Micro BCA™ Protein Assay Kit, Pierce).

Total protein (15 μg) was loaded on a pre-cast sodium dodecyl sulfate polyacrylamide gel (Bio-Rad, Gladesville, NSW) and electrophoresed at 150 mV for 45 min. The proteins were transferred to a pure nitrocellulose blotting membrane at 1.0A and 25 V for 30 min using the Bio-Rad Trans-Blot Turbo system. The membrane was blocked with 5% skim milk in TBST on a horizontal shaker overnight at 4°C. The membrane was incubated with 1:1000 sheep polyclonal antibody to SOD1 (ab8866; Abcam, Melbourne, VIC) for 1 h at 37°C on an orbital shaker followed by incubation with HRP-conjugated donkey anti-sheep IgG secondary antibody (AB324P; Merck Millipore, Bayswater, VIC) for 1.5 h at room temperature on a horizontal shaker. Finally, SuperSignal West Pico Chemiluminescent Substrate (ThermoFisher Scientific) was added to the membrane and it was exposed using an Amersham 600RGB Imager (GE).

In vivo Delivery and Visualization of CaP Nanoparticles

Zebrafish (Danio rerio) at an age of 4–6 days post fertilization (dpf) were used for the injection studies. Experimental protocols were approved by Macquarie University Animal Ethics Committee (using zebrafish to understand how the central nervous system responds to neuronal stress and death caused by neurodegenerative diseases; protocol no. 2015/033). Zebrafish were maintained at 28°C in a 13 h light and 11 h dark cycle. Embryos were collected by natural spawning and raised at 28.5°C in E3 and PTU (1-phenyl-2-thiourea) solution according to standard protocols (Westerfield, 2000; Morsch et al., 2015). For in vivo studies, sterile filtered non ASO-loaded CaP-lipid NPs containing LissRdB-DSPE (stock, 1:5 or 1:10 v/v) were used for injections into the zebrafish. Borosilicate capillary glass needles with filament (WPI Inc.) were pulled to a resistance between 2 and 7 MΩ and filled with 4 μL of non-loaded CaP-lipid NPs containing LissRdB injection solution. A microinjection apparatus (WPI Inc.; Picospritzer II, General Valve Corporation) was used under control of a stereo dissection microscope (Leica, M165FC) to deliver the NPs into the area of interest (~1–2 nL per injection). To ensure precise injection anesthetized zebrafish were mounted into low-melting agarose (Fisher-Scientific) at a concentration of 1–1.5% according to established protocols (Morsch et al., 2017). Control injections were performed with the same dilution of free LissRdB and fish were imaged under the same imaging conditions. Imaging was performed at various time-points (immediately after injections, 2 and 24 h post injection) using a compound microscope (Leica DMI300b), a structured illumination microscope (Zeiss ApoTome), or a confocal microscope (Leica SP5) as described previously (Morsch et al., 2015). To confirm localization of NPs in the zebrafish spinal cord and brain, injections were performed into transgenic lines with fluorescent labeling of neurons [motor neurons: Tg(-3mnx1:TagBFP); pan-neuronal: Tg(isl1:GFP)] (Don et al., 2017). Localization in the brain and vasculature was confirmed with transgenic lines labeling CNS astrocytes [Tg(GFAP:EGFP)] or the entire vasculature [Tg(fli1a:EGFP)], respectively.

Statistical Analysis

Data are presented as the mean ± standard deviation based on triplicate values from two or more independent experiments (n > 6). Student's t-test or one-way analysis of variance (ANOVA) using a Tukey's multiple comparisons post-test were used to determine statistical significance (GraphPad Prism 6 software). P < 0.05 was considered statistically significant.

RESULTS

Preparation and Characterization of SOD1-ASO CaP-Lipid Nanoparticles

Previous studies have demonstrated that the stoichiometry of calcium to phosphate can influence the size, encapsulation efficiency, and polydispersity of CaP nanoparticles (Olton et al., 2007; Tang et al., 2015). In this study, the physical properties of SOD1-ASO CaP-lipid NPs were optimized through variation of the Ca/P ratio from 20:1 to 100:1, by changing either the concentration of CaCl2 or Na2HPO4. Particle size decreased with increasing concentration of CaCl2 (100–500 mM) (Table 1). Increasing the Ca/P ratio to 200:1 and 400:1, with the corresponding concentration of CaCl2 at 1000 and 2000 mM, respectively, lead to poor nanoparticle re-hydration (data not shown). An inverse trend in particle size was obtained when increasing the concentration of Na2HPO4 from 5 mM to 25 mM, whilst keeping the concentration of CaCl2 at 500 mM (Table 1). The encapsulation efficiency (EE) of ASO was also influenced by the concentration of CaCl2 and Na2HPO4. We used an encapsulation method for SOD1-ASO analogous to that reported by Tang et al. where half of the ASO was mixed with the calcium and the phosphate solutions to yield a significantly greater EE than if the ASO was loaded into the calcium or phosphate phases alone (Tang et al., 2015) (Figure S1). The EE decreased from 69.09 ± 2.7 to 47.87 ± 5.6% when increasing the Ca/P ratio from 20:1 to 100:1, respectively. However, the difference in EE between 50:1 and 100:1 Ca/P formulations was not significant as determined by one-way ANOVA (Table 1). Conversely, the EE of the SOD1-ASO CaP-NPs peaked at 47.87 ± 2.8% and displayed a declining trend as the content of Na2HPO4 increased, when the concentration of CaCl2 was fixed at 500 mM. The EE appeared to be independent of particle concentration. All ASO-loaded particles were slightly negatively charged, likely due to the anionic lipid DOPA in the inner lipid layer and the DSPE-PEG-2000 in the outer lipid layer which has a net negative charge at pH 7.4. Encapsulation of SOD1 ASO into CaP-lipid NPs with a Ca/P ratio of 100:1 significantly decreased the zeta potential from −03 ± 0.03 to −4.9 ± 0.1 mV. Free SOD1 ASO was −50.1 ± 1.8 mV (Figure S2). In light of the optimal particle size, concentration and charge that would be required for crossing the BBB in future studies, we chose the nanoparticle formulation with a Ca/P ratio of 100:1 for all subsequent experiments. Full physicochemical data of this formulation including size, zeta potential, and morphology using TEM is presented in Figures 1B–D.


Table 1. Particle size, Zeta (ζ)-potential, polydispersity index, and encapsulation effiency of SOD1 antisense oligonucleotide calcium phosphate-lipid nanoparticles (SOD1-ASO CaP-lipid NPs) prepared at different CaCl2, and Na2HPO4 concentrations.
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pH Sensitivity of CaP-ASO-Nanoparticles

The disassembly of CaP-lipid NPs at low pH allows for the release of the encapsulated ASO from acidic compartments into the cytoplasm. The lead CaP-lipid NP formulation (Ca/P ratio of 100:1) displayed pH-dependant dissolution after 4 h (Figure 1E). No significant difference in particle size was observed when the particles were incubated at 37°C in PBS at pH 7.4, and pH 6.5, however, particle size increased sharply to 84.8 nm 4 h post incubation at pH 5, indicating particle disassembly. The results suggest that CaP-lipid NPs exhibit good pH-responsive release of cargo under acidic conditions with sufficient incubation time. Stability studies found the particles to be stable in Tris buffer over a period of 20 days (Figure S3). With respect to the stability of particles upon dilution, which would occur if using a systemic route of administration, the CaP-lipid NPs exhibited a robust anti-dilution effect. No significant change in particle size was detected when CaP-lipid NPs were diluted 1:10 and 1:50 in complete DMEM supplemented with 10% FCS (Figure S4), indicating the as-prepared CaP-lipid NPs are likely to retain colloidal stability in circulation when delivered systemically in future in vivo studies.

CaP-Lipid Nanoparticle Uptake into NSC-34 Motor Neuron-Like Cells Is Time Dependent

It is well known that CaP NPs in the size range of 25–40 nm can be internalized by various cell lines (Li et al., 2012; Tang et al., 2015). Here we sought to determine if our CaP-lipid NPs could be internalized by motor neuron-like cells. Nanoparticles containing LissRdB-DSPE were added to the media of NSC-34 motor neuron-like cells at two dilutions (1:5 or 1:10, total particle concentration 2.69 × 1011.mL−1 and 1.35 × 1011.mL−1, respectively). The fluorescent properties of LissRdB-DSPE allowed us to monitor uptake of the nanoparticles in live cells. Following incubation for 30–60 min, confocal microscopy confirmed close association of our nanoparticles with NSC-34 cells (Figures 2A,C), indicating that nanoparticles were entering the cytoplasm, and accumulating in florescent foci, but were absent in the nucleus (Figure 2). There was minimal auto fluorescence from NSC-34 cells (Figure 2C, Figure S5), allowing us to easily distinguish, and quantify cellular uptake of fluorescent CaP-lipid NPs. After 30 min, a proportion of the CaP-lipid NP signal was co-localized to acidic compartments, late endosomes, and lysosomes (Figure S6). The uptake of nanoparticles was dependent upon time, with a significant increase in fluorescence after 90 min of incubation (Figures 2B,C).


[image: image]

FIGURE 2. Internalization of CaP-lipid NPs into NSC-34 cells and knockdown of SOD1 protein expression in HEK293 cells. The CaP nanoparticles contained LissRdB-DSPE (Ex = 560 nm; Em = 583 nm) in the outer lipid layer. NSC-34 cells were incubated at 37°C with LissRdB-DSPE CaP-lipid NPs diluted either 1:5 or 1:10 (v/v) for 30, 60 (A) and 90 min (B). Images were acquired with a 63 × objective (512 × 512 pixels; physical length 246.03 μm × 246.03 μm). Change in average cell fluorescence over 90 min incubation period (C). Red dotted line represents auto fluorescence of NSC-34 cells for comparison. ***P < 0.001 and #P < 0.05 signifies significant difference compared to respective 30 min data. HEK293 cells were treated with SOD1-ASO CaP-lipid NPs for 72 h at 37°C (Lane 3). Control treatments included non-loaded CaP-lipid NPs (Lane 2) and non-loaded CaP-lipid NPs with SOD1-ASO free in solution (Lane 1). Controls using Lipofectamine 2000 Transfection Reagent with SOD1-ASO or scrambled negative SOD1 oligonucleotide are not shown here. The change in SOD1 protein expression (16 kDa) was visualized sing SuperSignal West Pico Chemiluminescent Substrate and exposed using an Amersham 600RGB Imager (D).



ASO Delivered by CaP Nanoparticles Decreases SOD1 Levels in vitro

SOD1 ASO infused directly into brains via the lateral ventricle has been used in preclinical models, including rats, and Rhesus monkeys (Smith et al., 2006). It has also been shown to significantly reduce SOD1 levels in human fibroblasts after transfection (Smith et al., 2006). Here we compared the in vitro efficacy of SOD1 knockdown by free ASO to our SOD1-ASO-CaP-lipid NPs. Due to the ASO being directed toward human SOD1, our knockdown experiments were performed in the HEK293t cell line as they are human derived. Cells were incubated with either empty CaP-lipid NPs, empty CaP-lipid NPs + free (un-encapsulated) SOD1 ASO, or SOD1-ASO-CaP-lipid NPs. Compared to empty nanoparticles alone, there was a small decrease in SOD1 levels after incubation with free SOD1 ASO (Figure 2D). Incubation with SOD1 ASO encapsulated within CaP-lipid NPs resulted in an 8× reduction in SOD1 levels, compared with free SOD1 ASO (Figure 2D). While naked ASO can enter cells inefficiently and interact with mRNA after infusion into the CNS (Smith et al., 2006), our data shows a significantly increased SOD1 knockdown through our CaP-lipid NP drug delivery system.

In vivo Distribution of CaP-Lipid Nanoparticles in Zebrafish

To test the delivery of the nanoparticles in vivo we microinjected small volumes (1–2 nL) of empty CaP-lipid NPs into living zebrafish larvae. Our CaP-lipid NPs were able to diffuse throughout the brain, and spinal cord after direct injection. Injections into the brain, the bloodstream and the spinal cord resulted in characteristic accumulation of speckle-like structures (Figures 3, 4) compared to the free fluorescent reporter (Figure S7). Retro-orbital injections into the zebrafish eye (Pugach et al., 2009) or injections into the posterior cardinal vein, representing systemic routes of delivery, resulted in distinctive uptake of fluorescent NPs into the bloodstream within minutes after injection (Figures 3A–C). The particles were detectable with high fluorescence emission within the vasculature of the zebrafish 2 h post administration (Video S1). After injection into the zebrafish brain we observed rapid NP accumulation along the ventricle and throughout the whole brain (Figure 4B). Injections directly into the spinal cord of the living zebrafish showed accumulation of the CaP-lipid NPs around neurons and occasionally co-localized with neuronal labeling within 2 h of injection (Figure 4A). Altogether, our in vivo application via microinjections revealed an efficient delivery method for these nanoparticles in order to test their potential in disease modification in the future.


[image: image]

FIGURE 3. Visualization of CaP-lipid NPs after tail vein injection in transgenic zebrafish. Sterile filtered non ASO-loaded CaP-lipid NPs containing LissRdB-DSPE (stock, 1:5 or 1:10 v/v) was injected into the vein of zebrafish expressing a green fluorescent reporter in their vasculature (Tg(fli1a:EGFP)). Schematic illustration of the route of injection (A). Expression of EGFP in transgenic fish highlighting the blood vessels (B). Visualization of CaP-lipid NP in 6-day-old transgenic zebrafish 2 h after injection (C). Zoomed image of the treated zebrafish from area indicated by white box, showing distribution and accumulation of CaP-lipid NP in and around blood vessels (D). Overlay of transgenic EGFP expression and CaP-lipid NP distribution (E).




[image: image]

FIGURE 4. Visualization of CaP-lipid NPs and neurons in the spinal cord and brain of a 6-dpf zebrafish. Sterile filtered non ASO-loaded CaP-lipid NPs containing LissRdB-DSPE (red) were micro injected into the zebrafish spinal cord (A) and brain (B). (A) Visualization of CaP- lipid NPs containing LissRdB-DSPE (red; injections) within the spinal cord neurons (green; transgenic expression) of a 6-day-old transgenic zebrafish. Zoomed image of the treated zebrafish from area indicated by white box, showing distribution of the CaP-lipid NPs within GFP-expressing spinal cord neurons. (B) Expression of brain-injected CaP-lipid NPs (red) in a transgenic zebrafish expressing astrocyte-specific GFP [green; Tg(GFAP:GFP)] to highlight the brain-specific delivery of these particles. The bottom image overlays the bright-field channel for better visualization of the CNS. The schematic inserts in panels depict the orientation of the fish and outline the presented area.



DISCUSSION

Gene therapies (mostly antisense oligonucleotides; ASO) are in use for a range of disorders where increasing or decreasing the production of a specific gene is of therapeutic benefit. A number of gene therapies are already in clinical use for various cancers, Gaucher's disease and Rheumatoid Arthritis reviewed in Stein and Castanotto (2017). While there are no approved gene therapy products on the market for ALS, multiple oligonucleotide-based compounds are under development for the treatment of brain disorders by direct delivery inside the BBB. Notably, the first new central nervous system (CNS)-targeted oligonucleotide-based drug (nusinersen/Spinraza) was approved by the US Food and Drug Administration (FDA) in late 2016 for spinal muscular atrophy (SMA) in pediatric and adult patients and several compounds are beginning to be trialed in a range of other neurodegenerative diseases (O'Connor and Boulis, 2015; Khorkova and Wahlestedt, 2017). So far there have been three gene therapy clinical trials in ALS based on either expressing growth factors (VEGF and HGF) or ASOs to knockdown SOD1 reviewed in Scarrott et al. (2015). To date, clinical trials in ALS have identified that gene therapies are tolerable, and safe; however more work is needed to understand the specific advantages and disadvantages of the delivery methods. For example, while SOD1 ASOs hold great promise, they are unable to cross the BBB and as such rely on intraventricular or intrathecal infusion, an invasive surgical procedure whereby ASO is delivered directly to the CNS. Furthermore, initial clinical trials involving SOD1 ASO infusion did not reduce SOD1 levels in the CNS at the dose trialed in humans (Scarrott et al., 2015). In this study, we encapsulated SOD1 ASO in an optimized formulation of CaP-lipid NPs and examined their biophysical properties, effectiveness of ASO delivery in vitro and biodistribution in vivo.

The stoichiometry of calcium to phosphate has been reported to influence the size, encapsulation efficiency (EE), and polydispersity of CaP nanoparticles (Olton et al., 2007; Tang et al., 2015). In this study, the EE decreased as the ratio of Na2HPO4 increased. This is likely due to the fact that the ionic crosslinking of negatively charged phosphates of the ASO with positively charged Ca2+ ions would decrease if more [image: image] ions were present during the co-precipitation step (Truong-Le et al., 1999; Uskoković and Uskoković, 2011). In contrast, the size of the particles varied such that the largest particles were observed when prepared using the highest, and lowest ratios of Ca/P, a phenomenon similarly described by Tang et al. (2015). The smallest particles were made using a Ca/P ratio of 100:1. In general, for optimal cell uptake via receptor mediated endocytosis, particles should be smaller than the clatherin coated vesicle size (i.e., <200 nm) (Traub, 2009). Of particular interest here is that small particle size is always preferred for brain-drug delivery due to the rigorous restriction of the BBB (Silva et al., 2017). In addition, Lockman et al. highlights the importance of nanoparticle surface charge (ζ-potential) on the integrity, and crossing of the BBB, with neutral and anionic nanoparticles preferable over cationic particles as colloidal drug carriers to the brain (Lockman et al., 2004). Taken together, the properties of nanoparticle size, charge, encapsulation efficiency, and polydispersity index (PDI) led us to select the SOD1-ASO CaP-lipid NPs with Ca/P molar ratio of 100:1 (500 mM CaCl2 and 5 mM Na2HPO4) as our lead formulation.

Previous work has shown that CaP NPs in the size range of 25–40 nm can be efficiently internalized by various cell lines (Li et al., 2012; Tang et al., 2015). Our results suggest that our CaP-lipid NPs (31.0 ± 2.2 nm) are rapidly taken up by motor neuron-like NSC-34 cells in a time and concentration dependent manner. At least partial overlap with a lysotracker dye suggests trafficking of the CaP-lipid NPs to acidic compartments, likely late endosomes and lysosomes (Liu et al., 2014). Our optimized CaP-lipid NPs were stable in solutions of neutral pH for at least 20 days, but broke down at pH 5 in as little as 4 h. Once a CaP NP has dissolved it is thought that the released calcium and phosphate ions cause changes in osmotic pressure across the lysosomal membrane causing rupture of the vesicle (Neumann et al., 2009) and release of the ASO. This principle has for many years been used to transfect mammalian cells with plasmid DNA. In this study, the efficiency of ASO delivery in cell culture was increased through CaP-lipid NP encapsulation, and resulted in significant reduction in SOD1 protein expression. This is likely due to the pH sensitivity, lysosomal membrane rupture, and cytoplasmic delivery of ASO. Importantly, CaP transfection methods have been successfully used on primary neurons for decades (Dudek et al., 1997), suggesting that CaP-lipid NPs are a viable system for the delivery of DNA/RNA to neurons in the brain. CaP has primarily been used as a transfection agent because it is inexpensive and easy to use, biocompatible, bioactive, and can alter the osmotic properties of the lysosome. While there have been reports that transfection with CaP can cause large-scale lysosome rupture and subsequent necrosis (Liu et al., 2014), packaging CaP into nanoparticles suppresses this toxicity (Neumann et al., 2009), making it safe for intracellular delivery. Moreover, CaP NPs are thought to have a high loading capacity when compared to other inorganic particles, and provide several advantages over viral delivery systems, including low immunogenicity, and the ability to switch off or modify therapeutic dose.

Some genetic lesions associated with ALS result in toxic gain-of-function and have been the traditional targets for genetic therapeutic strategies (Foust et al., 2013). In particular, the largest known genetic causes of ALS, mutations in SOD1, and C9ORF72, are both thought to be gain of toxic function mechanisms, making genetic knockdown a relevant, and important avenue for research. Yet this strategy has achieved only modest outcomes to date in preclinical development. For example, knockdown of SOD1 using viral delivered shRNA in the SOD1G93A ALS mouse model found only 8% of neurons had been successfully targeted in 3 week old mice (Foust et al., 2013). Non-viral vectors are therefore gaining traction as alternative delivery systems due to their potential safety advantages, ease of manufacture, customization, BBB targeting potential, and ability to deliver all nucleic acid varieties [reviewed in Niidome and Huang (2002) and Pack et al. (2005)]. The BBB presents both a physical and electrostatic barrier to limit brain permeation of therapeutics. Previous work has demonstrated that nanoparticles can overcome the physical barrier and deliver genes to the nervous system including neurons, by utilizing transcytosis pathways when functionalized with various ligands including apoE fragments, folate, transferrin or anti-transferrin receptor (anti-TfR) antibodies (Mc Carthy et al., 2015). This surface functionalization could also be applied to CaP-lipid NPs and has been successfully demonstrated after i.v. administration in rodent models (Shi and Pardridge, 2000; Shi et al., 2001; da Cruz et al., 2005; Re et al., 2011; Qiao et al., 2012). In ALS preclinical models, the only nanoparticle so far used has been glutathione functionalized liposomes that targeted methylprednisolone (a glucocorticoid) across the BBB, and increased its availability in the CNS (Evans et al., 2014). Two of the main reasons for a lack of effective neuroprotective therapy for ALS can be attributed to a number of key challenges including ineffective targeting and delivery of therapeutic agents specifically to the diseased CNS site and/or cell type of interest (Scarrott et al., 2015). However, targeted delivery across the BBB and concomitant internalization by cells of the brain, in particular motor neurons using such nanotechnology has so far not been developed for ALS.

Zebrafish are emerging as a powerful model organism to study neurodegenerative diseases. This is primarily due to features such as experimentally feasible (short) developmental life time, external fertilization, well established methods of transgenesis, and importantly transparent bodies that allow imaging of the living nervous system (Westerfield, 2000; Morsch et al., 2017). In the context of ALS, zebrafish models have been used to study familial forms, and recapitulate some aspects of ALS pathology, including loss of motor neurons (Hogan et al., 2017), making them a useful system for gene therapy testing. In addition, the ability to generate compound transgenic zebrafish permits strategies to track and follow different cell types and different pathogenic proteins concomitantly, making them a valuable addition to current model systems for study of ALS. Previous work has shown the utility of the fluorescently labeled cell populations and simultaneous delivery of therapeutic cargo encapsulated in fluorescent nanoparticles (Fenaroli et al., 2014). The work presented here demonstrates that our CaP-lipid NPs circulate freely within the bloodstream following systemic delivery in an experimental zebrafish model and were detectable immediately after and up to 29 h post injection. This prolonged circulation time is owed to the hydrophilic nature of PEG within our formulation. PEGylation of particles is well known to create a protective water shell around the particle thereby protecting it against enzymatic degradation, decreasing clearance by the mononuclear phagocyte system and retarding renal clearance, increasing the residence time in the bloodstream (Suk et al., 2016). Finally, our CaP-lipid NPs were able to diffuse throughout the brain and spinal cord after direct injection, demonstrating the usefulness of zebrafish in the study of nanoparticle delivery of therapeutic cargo in ALS. It will be interesting to test the efficacy of our ASO encapsulated CaP-lipid NPs in zebrafish and mammalian models of SOD1 ALS in the future. Taken together, our data suggest that CaP-lipid NPs establish a useful tool to increase gene therapy delivery, and thus efficacy in ALS.
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Methamphetamine (METH) is an amphetamine-typed stimulant drug that is increasingly being abused worldwide. Previous studies have shown that METH toxicity is systemic, especially targeting dopaminergic neurons in the central nervous system (CNS). However, the role of neuroinflammation in METH neurotoxicity remains unclear. We hypothesized that Toll-like receptor 4 (TLR4) and Caspase-11 are involved in METH-induced astrocyte-related neuroinflammation. We tested our hypothesis by examining the changes of TLR4 and Caspase-11 protein expression in primary cultured C57BL/6 mouse astrocytes and in the midbrain and striatum of mice exposed to METH with western blot and double immunofluorescence labeling. We also determined the effects of blocking Caspase-11 expression with wedelolactone (a specific inhibitor of Caspase-11) or siRNA on METH-induced neuroinflammation in astrocytes. Furthermore, we determined the effects of blocking TLR4 expression with TAK-242 (a specific inhibitor of TLR4) or siRNA on METH-induced neuroinflammation in astrocytes. METH exposure increased Caspase-11 and TLR4 expression both in vitro and in vivo, with the effects in vitro being dose-dependent. Inhibition of Caspase-11 expression with either wedelolactone or siRNAs reduced the expression of inflammasome NLRP3 and pro-inflammatory cytokines. In addition, blocking TLR4 expression inhibited METH-induced activation of NF-κB and Caspase-11 in vitro and in vivo, suggesting that TLR4-Caspase-11 pathway is involved in METH-induced neuroinflammation. These results indicate that Caspase-11 and TLR4 play an important role in METH-induced neuroinflammation and may be potential gene targets for therapeutics in METH-caused neurotoxicity.
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BACKGROUND

Methamphetamine (METH) is one of the most widely abused drugs and the most commonly synthesized illegal drug worldwide (Kiyatkin and Sharma, 2009; Cai et al., 2016; Li et al., 2017). A major target of METH is the central nervous system (CNS), especially the central dopaminergic circuitries (Carmena et al., 2015; Huang et al., 2015; Chen et al., 2016; Mendieta et al., 2016). Previous studies have demonstrated that short-term exposure to METH can cause widespread brain damage and long-term exposure to METH can lead to CNS neurodegeneration (Wu et al., 2014; Andres et al., 2015). Accumulating evidence suggests that METH exposure can alter the functions of glial cells and activate astrocytes (Granado et al., 2011; Loftis and Janowsky, 2014; Fernandes et al., 2016; Bortell et al., 2017). Activated astrocytes play important roles in METH-induced neurotoxicity (Hebert and O’Callaghan, 2000; Abdul Muneer et al., 2011; Carmena et al., 2015). However, the underlying mechanisms of how astrocytes mediate METH-induced neurotoxicity remain to be elucidated.

Astrocytes represent the largest population of glial cells in the CNS and have a variety of functions, including maintenance of brain homeostasis, storage of energy substrates, and as a major component of the blood-brain barrier and the synapses (Liu et al., 2017; Singh and Abraham, 2017). Neuroinflammation is a process mediated by microglia, astrocytes, neurons, T cells, neutrophils, mast cells and inflammatory mediators released from these cells (Shabab et al., 2017). Astrocytes can mediate neuroinflammation by secreting specific signaling molecules, such as pro-inflammatory cytokines and anti-inflammatory cytokines, including interleukin (IL), interferon (IFN), chemokines and tumor necrosis factor (Whitney et al., 2009; Granado et al., 2011). Activation of microglia and astrocytes is initially a normal compensatory neuroinflammatory response to brain injury, but excessive neuroinflammation can lead to further brain damage (Whitney et al., 2009; Kempuraj et al., 2016; Pal et al., 2016).

Toll-like receptors (TLRs) are a class of immunological pattern recognition receptors (Krawczyk-Michalak et al., 2008; Shirjang et al., 2017). In mammals, 13 TLRs have been identified that can recognize different endogenous ligands or exogenous pathogens from protozoa, bacteria, fungi or viruses. Toll-like receptor 4 (TLR4) is one of the most widely studied receptors in the TLR family because it is the only one that can active both of the following two pathways: Myd88-dependent and non Myd88-dependent pathways (Billod et al., 2016). In the Myd88-dependent pathway, Myd88 induces the downstream tumor necrosis factor receptor-associated factor 6, interleukin-1 receptor-associated kinase (IRAK) activation and then induces NF-κB activation, thereby mediating inflammatory and pro-inflammatory cytokine production (Shen et al., 2016). In the non Myd88-dependent pathway, TLR4 triggers the activation of the TRIF-related adaptor molecule (TRAM), followed by the activation of interferon regulatory factor 3, which induces the production of IFN-γ. In the later inflammatory response process, TRAM can also activate NF-κB, inducing inflammatory factor expression and activation (Brempelis et al., 2017; Yan et al., 2017).

Caspase-11 is a member of the caspase family, which is a group of structurally related cysteine proteases (Roberts and Yilmaz, 2015). Caspase-11 plays an important role in apoptosis, inflammation and cell migration (Coutermarsh-Ott et al., 2016; Zanoni et al., 2016). In our previous study, we found that neuronal apoptosis in METH-treated rats was associated with Caspase-11 activation (Huang et al., 2015). Other studies have shown that Caspase-11 can be induced by lipopolysaccharides (LPS) secreted by gram-negative bacteria, leading to inflammation, and this reaction is closely related to the activation of Caspase-1 (Kayagaki et al., 2015). Caspase-1 and inflammasome adaptor protein apoptosis-associated speck-like protein containing CARD (ASC) together participate in the assembly of inflammasomes, and mediate the expression of downstream inflammatory factors. Previous studies have shown that the activation of inflammasome nucleotide-binding oligomerization domain-like receptor family pyrin domain containing 3 (NLRP3) is mediated by the activation of Caspase-1, which promotes the pro-inflammatory cytokine secretion (Meng et al., 2014; Zhu et al., 2016). Therefore, specific inhibition of inflammasome NLRP3 activation pathway maybe is a potential strategy to the therapeutic treatment of related diseases. Inflammatory cytokines and inflammation play an important role in many diseases. Our previous work and other studies have confirmed that METH induces dopamine neuronal damage through apoptosis, autophagy, oxidative stress and other mechanisms (Krasnova and Cadet, 2009; Abdul Muneer et al., 2011; Qiao et al., 2014; Wu et al., 2014). However, the role of glial cells and its possible molecular mechanisms in METH neurotoxicity are still unclear, which is important and warrants further study.

The objective of this study was to investigate the role of TLR4 and Caspase-11 in METH-induced neuroinflammation. To this end, we determined changes of TLR4 and Caspase-11 expression and the levels of inflammatory factors in primary cultured astrocytes, and the corpus striatum and midbrain of mice exposed to METH. We found that METH exposure increased Caspase-11 and TLR4 expression; inhibition of Caspase-11 or TLR4 reduced Caspase-1 and ASC activation and pro-inflammatory cytokine production in vitro and in vivo. Our results indicate that both TLR4 and Caspase-11 play a crucial role in METH-induced neuroinflammation and these proteins may be potential therapeutic targets for neuronal injury caused by METH.

MATERIALS AND METHODS

Materials

Cell culture reagents, including Dulbecco’s modified Eagle’s medium/F12 (DMEM/F12) medium, fetal bovine serum (FBS) and trypsin were purchased from Gibco (Carlsbad, CA, USA). METH (>99% purity) was obtained from the National Institutes for the Control of Pharmaceutical and Biological Products (Beijing, China). Anti-Myd88, anti-Caspase-1 and anti-rabbit and mouse IgG (H + L), F(ab’)2 fragment (Alexa Fluor 555 conjugate) were purchased from the Cell Signaling Technology (Boston, MA, USA). Anti-GFAP was purchased from Arigo Biolaboratories. Anti-NF-κB, anti-TLR4, anti-IL-1β, anti-TIRAP, anti-TRIF and anti-IL-18 were purchased from ABclonal Inc. (College Park, MD, USA). Anti-β-actin and goat anti-mouse and rabbit IgG (H + L)-HRP were purchased from Beijing Ray Antibody Biotech (Beijing, China). Anti-NLRP3, anti-Caspase-11 and anti-ASC were purchased from Bioss (Beijing, China). Fluorescein (FITC)-conjugated goat anti-mouse and rabbit IgG were purchased from DingGuo (Beijing, China). siRNAs for TLR4, Myd88, TRIF, TIRAP, Caspase-11 and NF-κB were purchased from the Shanghai GenePharma Company Limited (Shanghai, China). TAK-242 (C15H17ClFNO4S; a specific inhibitor of TLR4) was purchased from Sigma-Aldrich (St.Louis, MO, USA). Wedelolactone (Wed; a specific inhibitor of Caspase-11) was purchased from Aladdin (Shanghai, China). Super ECL Assay was purchased from KeyGEN Biotech (Nanjing, China). Other chemicals or reagents, unless specifically mentioned below, were purchased from Sigma-Aldrich (St. Louis, MO, USA).

Animal Protocol

Healthy adult male C57BL/6 mice (18–22 g, 6–8 weeks old) were purchased from Laboratory Animal Center of Southern Medical University (Guangzhou, China) and were singly housed in tub cages in a temperature-controlled (approximately 22°C) room with a 12 h light/dark cycle. Animal care and experimental procedures were approved by the Institutional Animal Care and Use Committee at the Southern Medical University and followed the latest NIH Guidelines for the Care and Use of Laboratory Animals (NIH in 2011). The animals were habituated to the animal facility for 1 week before use. The mice were divided randomly into four groups (n = 3/group): saline control group, METH subacute exposure group, TAK-242 exposure group and METH + TAK-242 exposure group. METH was dissolved in saline. The mice in the subacute exposure group received eight intraperitoneal (i.p.) injections of METH (15 mg/kg/injection) at 12 h intervals. This exposure paradigm was chosen based on our and other previous studies to mimic human METH abuse (Cadet et al., 2003; Krasnova and Cadet, 2009; Qiao et al., 2014; Xu et al., 2017). This exposure paradigm is relevant to human exposure because the measured concentrations of METH in the blood and brain (~0.1–1.1 μg/ml in blood and ~0.4–1.8 μg/g in brain; Table 1) of mice at 2 h after the last injection were in the range of reported blood concentrations in METH abusers (0.6–5 μg/ml [4–30 μM]; Winek et al., 2001; Huang et al., 2015). The saline control group (vehicle group) mice received a similar volume of physiological 0.9% saline via i.p. injections according to the same schedule as the subacute exposure group. TAK-242 was initially dissolved in DMSO, and then further diluted in saline. In the TAK-242 exposure group, TAK-242 was administered i.p. once per day for 5 days (3 mg/kg/injection; Fang et al., 2014). In the METH + TAK-242 exposure group, TAK-242 was given i.p. daily for 5 days, and beginning from the second day METH was given i.p. for eight injections at 12 h intervals. All animals survived throughout the study period. Mice were euthanized (CO2; followed by decapitation) at 2 h after the last injection. Brain samples were rapidly removed, and the midbrain and striatum were dissected on an ice-cold glass plate, rapidly frozen and stored at −80°C until analysis.

TABLE 1. Methamphetamine (METH) concentrations in the blood and brain of vehicle-treated and METH-exposed mice at 2 h after the last injection.
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METH Concentrations in Mice Brain and Blood

Blood and brain samples of vehicle-treated and METH-treated mice were collected at 2 h after the last injection. Brains were homogenated in PBS. Then, we measured METH concentrations using a previously reported LC-MS/MS (AB4000Q, USA) protocol and the concentrations were calculated based on a standard curve (Huang et al., 2015).

Cell Culture

Primary astrocytes were cultured in DMEM/F12 medium supplemented with 10% FBS, 50 units/ml penicillin G, and 50 mg/ml streptomycin sulfate at 37°C in a humidified atmosphere of 5% CO2. The cells were passaged every 6 days. Isolation and identification of mouse primary astrocytes were performed as previously described (Zhang et al., 2017a,b).

METH and Inhibitor Treatment

Once cells reached about 80% in 6-well plates, medium was changed to non-serum medium and cells were exposed to 0, 0.5, 1.0, 1.5, 2.0 or 2.5 mM METH in primary astrocytes for 24 h. This concentration range was selected based on the results of LC25 (data not shown), and this concentration is similar to the concentrations used in other studies (Huang et al., 2009; Cisneros and Ghorpade, 2014; Zhang et al., 2015; Cao et al., 2016). According to the western blot results, at the 2.0 mM METH treatment, the expressions of IL-1β and IL-18 were the highest. In the experiments with inhibitors, the cells were pre-cultured for 3 h with 100 nM TAK-242 or 30 μM wedelolactone and then incubated with 2.0 mM METH for 24 h. The concentrations of TAK-242 and wedelolactone were selected based on earlier studies (Ii et al., 2006; Matsunaga et al., 2011; Huang et al., 2015) and the results of LC25 (data not shown), and these concentrations had optimal inhibition effects in our experimental model.

siRNA and Transfection

Small interfering RNA (siRNA) was synthesized by GenePharma (Shanghai, China). The sequences of siRNA are shown in Table 2. Primary astrocytes were seeded onto a 6-well plate (4 × 105 cells/well). When cells reached 80% confluence, 5 μl Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) reagent and 20 μmol siRNA or siNC were added in opti-MEM medium (Gibco BRL, Paisley, UK). The mixed solution was incubated at room temperature for 20 min, and then siRNA mixture was added gently and slowly in each well, and then 1 ml complete medium was added in each well. After 6 h incubation, all supernatant was discarded and then 2 ml complete medium was added in each well.

TABLE 2. The sequences of small interfering RNAs (siRNAs) used in the present study.
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Western Blot Analysis

Primary cultured astrocytes and brain samples from mice exposed to vehicle or METH were lysed in ice-cold RIPA buffer with protease inhibitors. Protein concentrations were determined with the BCA-100 Protein Quantitative Analysis kit (Biocolors, Shanghai, China). Protein samples were separated by 10–15% sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) and transferred onto 0.22 μm polyvinylidenedifluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The membranes were incubated at room temperature for 2 h in 5% nonfat milk blocking buffer. After blocking, membranes were incubated with primary antibodies overnight at 4°C (1:500–1000). After the membranes were washed three times with TBST, they were incubated with an anti-rabbit or mouse IgG horseradish peroxidase (1:10,000) for 1 h at room temperature. The membranes were developed with Super ECL Western blotting detection reagents. The signal of band intensities was quantitated by Gel-Pro analyzer (Media Cybernetics, Inc., Rockville, MD, USA). Expression of the housekeeping gene β-actin was used as a reference control.

Double Immunofluorescence Labeling

To determine TLR4 and NF-κB expression levels in primary cultured astrocytes and mouse midbrain samples, we performed double immunofluorescence labeling on cells and frozen sections of adult mouse midbrains. For immunolabeling, all incubation solutions were prepared using PBS supplemented with 10% normal goat serum and 0.05% Triton X-100. These antibodies were used together with DAPI nuclear labeling. The frozen tissue sections were incubated with blocking buffer (10% BSA in PBS) for 30 min at room temperature, with the primary antibody (anti-GFAP dilution of 1:500, anti-TLR4 dilution of 1:100, or anti-NF-κB dilution of 1:100) overnight at 4°C, and then with the secondary antibody for 1 h at room temperature (FITC conjugated anti-mouse or rabbit IgG dilution of 1:50, Alexa Fluor 555 conjugated anti-mouse or rabbit IgG dilution of 1:200). Microphotographs were taken using fluorescence microscopy (A1+/A1R+; Nikon). All digital images were processed using the same settings to improve the contrast.

Immunohistochemistry

Brain tissue samples were fixed in 4% formalin, embedded in paraffin and sectioned at 3 μm thickness. Brain sections were treated with xylene to remove the paraffin and then were rehydrated. Prior to staining heat-induced antigen retrieval was performed by placing the slides into 0.01 M citrate buffer solution (pH6.0), and subjected to microwave heating three times for 5 min. Then the sections were incubated with 3% H2O2 for 10 min at room temperature and washed three times with PBS, followed by incubation with serum for 30 min. Samples were incubated with the indicated primary antibodies (e.g., anti-GFAP dilution of 1:500) overnight at 4°C. After washing with PBS, the slices were incubated with secondary antibodies for 0.5 h at 37°C. After staining with 3,3′-diaminobenzidine (DAB), the sections were observed under optical microscope.

Statistical Analysis

Data given in the text are expressed as mean ± standard deviation (SD) of at least three independent replicates. Data were analyzed with Student’s t-test, one-way analysis of variance (ANOVA), 2 × 2 factorial ANOVA or two-way ANOVA (as appropriate) followed by LSD post hoc analyses using SPSS 20.0 software (IBM Corporation, Armonk, NY, USA). The value of P < 0.05 was considered statistically significant.

RESULTS

Methamphetamine Increases the Expression of Proinflammatory Cytokines IL-1β and IL-18 in Astrocytes

To determine whether astrocytes are activated after METH exposure, a mouse model treated with METH (8 injections, 15 mg/kg/injection, at 12 h intervals) was used. Immunohistochemistry staining results showed the size of astrocyte cell body and the number of bulges were increased in the striatum and midbrain, suggesting that METH treatment activates astrocytes (Figure 1A). In order to further examine the inflammatory response of the mouse brain after the treatment of METH, we used the inflammatory indicators of IL-1β and IL-18. IL-1β and IL-18 are proinflammatory cytokines that play a major role in the inflammatory response in vivo. Western blot results revealed that the expressions of IL-1β (t(4) = 3.027, P = 0.0389) and IL-18 (t(4) = 2.799, P = 0.0489) were increased in the corpus striatum (Figures 1B–B2) of METH-exposed mice compared to the control group. The expressions of IL-1β (t(4) = 3.603, P = 0.0227) and IL-18 (t(4) = 6.825, P = 0.0024) were also increased in the midbrain (Figures 1C–C2). Furthermore, the morphology of primary cultured astrocytes was significantly changed after METH exposure. Specifically, vacuole-like secretory vesicles were observed in the cell body of METH-treated astrocytes (Figure 1D). IL-1β (F(1,17) = 1966, P < 0.0001) and IL-18 (F(1,17) = 5616, P < 0.0001) protein expression was also significantly increased in a dose-dependent manner in primary cultured astrocytes (Figures 1E,E1). Taken together, these data demonstrated that METH exposure activates astrocytes and induces the expression of proinflammatory factors in vivo and in vitro.
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FIGURE 1. Astrocytes are activated after Methamphetamine (METH) exposure in vitro and in vivo. Male C57BL/6 mice were divided randomly into control and experiment groups (n = 5). Animals were injected intraperitoneally with saline or METH (15 mg/kg/injection, 8 injections, at 12 h intervals). (A) Immunohistochemical staining of GFAP in the striatum and midbrain. Scale bar, 50 μm. Western blot (B,C) and quantitative analyses (B1–C2) were performed to determine IL-1β and IL-18 protein expression in the striatum and midbrain. Primary cultured astrocytes were exposed to 0.5, 1.0, 1.5, 2.0 and 2.5 mM METH for 24 h. (D) Morphological changes were observed. Western blot (E) and quantitative analyses (E1) were performed to determine IL-1β and IL-18 protein expression. β-actin was used as a loading control. Fold induction relative to vehicle-treated group is shown. *p < 0.05 vs. vehicle-treated group. Data were analyzed with Student’s t-test or one-way analyses of variance (ANOVA) followed by LSD post hoc analysis. Data are expressed as mean ± standard deviation (SD).



Caspase-11 Mediates IL-1β and IL-18 Expression in METH-Exposed Astrocytes

To assess the role of Caspase-11 in METH-caused neuroinflammation in astrocytes, primary cultured astrocytes were exposed to METH for 24 h with or without siCaspase-11. Western blot results showed that the expression level of Caspase-11 was increased by METH in a dose-dependent manner (Figure 2A). Caspase-11 protein level was 2.8-fold higher in the 2.0 mM METH-treated primary cultured astrocytes than in the control (group effect: F(1,17) = 20.62, P < 0.0001; METH 2.0 mM: t(3) = 7.916, P < 0.001; Figure 2A1). This increase was normalized after co-treatment with either one of the siCaspase-11 s (F(1,11) = 63.638, P < 0.001; mean difference of siRNA#1 = 1.7850, P < 0.001; mean difference of siRNA#2 = 1.3632, P < 0.001; Figures 2B,B1). These results suggest that both of the two siRNAs can effectively knockdown Caspase-11 expression.
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FIGURE 2. Caspase-11 mediates IL-1β and IL-18 expression in METH-exposed astrocytes. (A,A1) Primary cultured astrocytes were exposed to 0.5, 1.0, 1.5, 2.0 and 2.5 mM METH for 24 h. (B–B3) Primary cultured astrocytes were transfected with siRNAs targeting Caspase-11 or control siRNA for 24 h followed by METH (2 mM) treatment for 24 h. (C–C3) Primary cultured astrocytes were exposed to Wed (30 μM) for 2 h prior to METH (2 mM) treatment as indicated. Western blot (A–C) and quantitative analyses were performed to determine Caspase-11, IL-1β and IL-18 protein expression. All the experiments were repeated three times. Data are expressed as mean ± SD. *p < 0.05 vs. non-METH-treated group. #p < 0.05 vs. the scrambled + METH treated group. Data in (A) were analyzed with one-way ANOVA followed by LSD post hoc analyses; data in (B) were analyzed with two-way ANOVA followed by LSD post hoc analyses; data in (C) was analyzed with 2 × 2 factorial ANOVA followed by LSD post hoc analyses.



Next, we evaluated whether silencing of Caspase-11 can reduce the expression of METH-induced proinflammatory cytokines in astrocytes. Western blot results showed that IL-1β (F(1,11) = 63.068, P < 0.001; mean difference of siRNA#1 = 1.8308, P < 0.001; mean difference of siRNA#2 = 1.4752, P < 0.001; Figure 2B2) and IL-18 (F(1,11) = 90.282, P < 0.001; mean difference of siRNA#1 = 4.3131, P < 0.001; mean difference of siRNA#2 = 3.5472, P < 0.001; Figure 2B3) expression was significantly decreased after Caspase-11 knockdown in METH-treated primary cultured astrocytes. To confirm this result, we also used Wed, a specific inhibitor of Caspase-11, to block Caspase-11 expression and then examined the expression of IL-1β and IL-18. The expression of Caspase-11 was significantly decreased (F(1,11) = 33.394, P < 0.001). Consistent with the above-described results, Wed inhibited the expression of IL-1β (F(1,11) = 13.470, P < 0.001) and IL-18 (F(1,11) = 56.288, P < 0.001) induced by METH (Figures 2C–C3). These results suggest that METH exposure induces Caspase-11 protein expression and its activation is involved in METH-caused increased expression of IL-1β and IL-18.

Inflammasome NLRP3 Is Involved in Caspase-11 Mediated Neuroinflammation Signaling Pathways Caused by METH in Astrocytes

Previous studies demonstrated that Caspase-11 could mediate the expression of IL-1β and IL-18 via NLRP3/ASC/Caspase-1 signal axis (Zanoni et al., 2016). To examine whether the NLRP3/ASC/Caspase-1 complex is involved in Caspase-11- mediated METH-induced IL-1β and IL-18 expression, we determined the changes on NLRP3, ASC and Caspase-1 protein levels in METH-treated and untreated primary cultured astrocytes by Western blot analysis. The results showed that the expression level of NLRP3 was not changed significantly (F(1,17) = 2.753, P = 0.0699), but the expression levels of ASC (F(1,17) = 30.61, P < 0.0001) and Caspase-1 (F(1,17) = 13.05, P = 0.002) were increased in a dose-dependent manner (Figures 3A,A1).
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FIGURE 3. Inflammasomes are involved in Caspase-11-mediated IL-1β and IL-18 protein expression caused by METH in astrocytes. (A,A1) Primary cultured astrocytes were exposed to 0.5, 1.0, 1.5, 2.0 and 2.5 mM METH for 24 h. (B–B2) Cells were transfected with siRNAs targeting Caspase-11 or control siRNA for 24 h followed by METH (2 mM) treatment for 24 h. (C–C2) Cells were exposed to Wed (30 μM) for 2 h prior to METH (2 mM) treatment as indicated. (D–D3) Cells were transfected with siRNAs targeting apoptosis-associated speck-like protein containing CARD (ASC) or control siRNA for 24 h followed by METH (2 mM) treatment for 24 h. Western blot (A–D) and quantitative analyses were performed to determine Caspase-11, NLRP3, ASC, Caspase-1, IL-1β and IL-18 protein expression. All the experiments were repeated three times. Data are expressed as mean ± SD. *p < 0.05 vs. non-METH-treated group. #p < 0.05 vs. the scrambled + METH treated group. Data in (A) were analyzed with one-way ANOVA followed by LSD post hoc analyses; data in (B,D) were analyzed with two-way ANOVA followed by LSD post hoc analyses; data in (C) were analyzed with 2 × 2 factorial ANOVA followed by LSD post hoc analyses.



To further assess whether elevation of ASC and Caspase-1 is involved in Caspase-11-mediated induction of IL-1β and IL-18 by METH, we used siRNAs or specific inhibitor (Wed) to block Caspase-11 expression and then observed the expression changes on ASC and Caspase-1 before and after Caspase-11 silencing. Western blot results showed decreased expression of Caspase-1 and ASC after Caspase-11 expression knockdown (Caspase-1: F(1,11) = 69.870, P < 0.001; mean difference of siRNA#1 = 1.6883, P < 0.001; mean difference of siRNA#2 = 1.3302, P < 0.001; ASC: F(1,11) = 27.891, P < 0.001; mean difference of siRNA#1 = 0.8521, P < 0.001; mean difference of siRNA#2 = 0.5150, P < 0.001) or inhibitor (Caspase-1: F(1,11) = 72.187, P < 0.001; ASC: F(1,11) = 22.810, P = 0.001) in METH-treated primary cultured astrocytes (Figures 3B–B2,C–C3). In addition, we used siRNAs targeting ASC to silence ASC expression and then examined the effects on METH-caused neuroinflammation in primary cultured astrocytes. Western blot results showed that both of siRNAs could effectively knockdown ASC expression, with siRNA #1 being more effective (F(1,11) = 77.319, P < 0.001; mean difference of siRNA#1 = 2.4278, P < 0.001; mean difference of siRNA#2 = 1.2030, P = 0.001). The ASC silence significantly decreased the expression of IL-1β (F(1,11) = 36.266, P < 0.001; mean difference of siRNA#1 = 1.3684, P < 0.001; mean difference of siRNA#2 = 0.7536, P = 0.005) and IL-18 (F(1,11) = 48.380, P < 0.001; mean difference of siRNA#1 = 2.1178, P = 0.001; mean difference of siRNA#2 = 0.8849, P = 0.151; Figures 3D–D3). Taken together, these results suggest that Caspase-11 mediates METH-induced neuroinflammation through NLRP3/ASC/Caspase-1 signaling pathway in astrocytes.

TLR4 Is Necessary for METH-Induced IL-1β and IL-18 Expression in Astrocytes

TLR4, a receptor located in the cell membrane, is the first line of defense of innate immunity system. In the present study, we found that TLR4 protein expression was increased after treatment with METH in primary cultured astrocytes in a dose-dependent manner (F(1,17) = 12.41, P < 0.001; Figures 4A,A1). After silencing TLR4 with siRNA (F(1,11) = 20.278, P = 0.002), the METH-caused increased expression of IL-1β (F(1,11) = 1678.59, P < 0.001) and IL-18 (F(1,11) = 162.589, P < 0.001) was substantially ameliorated (Figures 4B–B3). To confirm these results, we also used a specific inhibitor of TLR4, bromomethyl acetate (TAK-242), to inhibit the expression of TLR4 and then examined the effect on expression of IL-1β and IL-18 in astrocytes. Western blot (Figures 4C,C1) and immunofluorescence staining (Figure 4D) results showed that TAK-242 pretreatment attenuated METH-induced TLR4 expression in primary cultured astrocytes (F(1,11) = 24.026, P < 0.001). Similar results were observed in the midbrain of METH-treated C57BL/6 mice with or without TAK-242 co-treatment (Figure 4E). Consistent with the results of silencing TLR4 expression by siRNA, we observed that inhibition of TLR4 expression by TAK-242 also reduced the expression of IL-1β (F(1,11) = 38.922, P < 0.001) and IL-18 (F(1,11) = 260.665, P < 0.001) induced by METH in astrocytes (Figures 4C2,C3). These results suggest that METH exposure induces TLR4 protein expression and this activation is involved in the METH-induced expression of IL-1β and IL-18 in astrocytes.
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FIGURE 4. Toll-like receptor 4 (TLR4) is necessary for METH-induced IL-1β and IL-18 expression in astrocytes. (A,A1) Primary cultured astrocytes were exposed to 0.5, 1.0, 1.5, 2.0 and 2.5 mM METH for 24 h. (B–B3) Cells were transfected with siRNAs targeting TLR4 or control siRNA for 24 h followed by METH (2 mM) treatment for 24 h. (C–C3,D) Cells were exposed to TAK-242 (100 nM) for 2 h prior to METH (2 mM) treatment. Western blot (A–C) and quantitative analyses were performed to determine TLR4, IL-1β and IL-18 protein expression. Immunolabeling and confocal imaging analysis (D) showed elevated TLR4 expression in the cells treated with METH compared with controls. (E) Male C57BL/6 mice were divided randomly into control, METH, TAK-242 and METH + TAK-242 groups (n = 3/group). TAK-242 was injected intraperitoneally with DMSO and saline (3 mg/kg/injection, five injections, at 24 h intervals). At the 2nd day, animals were injected intraperitoneally with saline or METH (15 mg/kg/injection, eight injections, at 12 h intervals). Midbrain tissues were harvested at 2 h after the last dosing. Immunolabeling and confocal imaging analysis showed elevated TLR4 expression in the midbrain of METH-exposed mice compared with controls. Yellow arrow refers to TLR4. Cell experiments were repeated three times. Data are expressed as mean ± SD. *p < 0.05 vs. non-METH-treated group. #p < 0.05 vs. the scrambled + METH treated group. Data in (A) were analyzed with one-way ANOVA followed by LSD post hoc analyses; data in (B,C) were analyzed with 2 × 2 factorial ANOVA followed by LSD post hoc analyses.



Caspase-11 Is Involved in TLR4-Mediated IL-1β and IL-18 Expression in METH-Exposed Astrocytes

According to the above-described results, both Caspase-11 and TLR4 mediate METH-induced expression of IL-1β and IL-18 in astrocytes, but the relation between Caspase-11 and TLR4 is still not clear. To address this, we determined the effect on TLR4 expression after blocking Caspase-11 expression by siRNAs or specific inhibitor targeting Caspase-11. Western blot results showed that blockade of Caspase-11 expression by siRNAs (F(1,11) = 12.158, P = 0.002; mean difference of siRNA#1 = −0.3007, P > 0.05; mean difference of siRNA#2 = −0.4628, P > 0.05) or Wed (F(1,11) = 2.185, P = 0.178) had no effects on TLR4 expression (Figures 5A,A1,B,B1), suggesting that TLR4 is not the downstream target of Caspase-11. Conversely, we found that METH-induced expression of Caspase-11 was significantly attenuated after TLR4 silencing by siRNAs (F(1,11) = 97.975, P < 0.001) or TAK-242 (F(1,11) = 12.284, P < 0.001; Figures 5C,C3,D,D3), which indicates that TLR4 can regulate Caspase-11 expression. Notably, we also observed that the expression of ASC and Caspase-1 were decreased significantly after blockade of TLR4 expression by siRNA (ASC: F(1,11) = 22.297, P = 0.001; Caspase-1: F(1,11) = 39.431, P < 0.001) or TAK-242 (ASC: F(1,11) = 25.985, P < 0.001; Caspase-1: F(1,11) = 98.882, P < 0.001; Figures 5C1,C2,D1,D2). These results indicate that TLR4 mediates METH-induced expression of IL-1β and IL-18 through Caspase-11/ASC/Caspase-1 signal axis in astrocytes.
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FIGURE 5. Caspase-11 is involved in TLR4-mediated IL-1β and IL-18 expression in METH-exposed astrocytes. Primary cultured astrocytes transfected with siRNAs targeting Caspase-11 (A,A1), TLR4 (C–C3) or control siRNA for 24 h followed by METH (2 mM) treatment for 24 h. Cells were exposed to Wed (30 μM) (B,B1) or TAK-242 (100 nM) (D–D3) for 2 h prior to METH (2 mM) treatment as indicated. Western blot (A–D) and quantitative analyses were performed to determine TLR4, Caspase-11, ASC and Caspase-1 protein expression. All the experiments were repeated three times. Data are expressed as mean ± SD. *p < 0.05 vs. non-METH-treated group. #p < 0.05 vs. the scrambled + METH treated group. Data in (A) were analyzed with two-way ANOVA followed by LSD post hoc analyses; data in (B–D) were analyzed with 2 × 2 factorial ANOVA followed by LSD post hoc analyses.



TLR4 Induces Translocation of NF-κB into the Nucleus, Leading to an Increase of Caspase-11 Transcription in METH-Exposed Astrocytes

We have demonstrated that TLR4 mediates METH-induced expression of IL-1β and IL-18 via Caspase-11-mediated Caspase-1-dependent pathway. The next question is to clarify how TLR4 regulates the expression of Caspase-11. Previous studies have shown that NF-κB, a well-known downstream target of TLR4, can bind to promoter of Caspase-11 and activate Caspase-11 expression (Dolunay et al., 2017). We hypothesized that TLR4 regulates the expression of Caspase-11 through NF-κB signaling axis. To test this hypothesis, we used siRNA targeting to NF-κB to silence the expression of NF-κB and then determined the effect on Caspase-11 expression in astrocytes after METH exposure. The results showed that siRNA can effectively knockdown METH-induced NF-κB expression (F(1,11) = 17.625, P = 0.003), and METH-induced expression of Caspase-11 was significantly decreased after silencing NF-κB (F(1,11) = 36.680, P < 0.001; Figures 6A–A2). This result suggests that NF-κB regulates METH-caused increased expression of Caspase-11. To further clarify the mechanisms of how TLR4 regulates the expression of Caspase-11 via NF-κB, we observed the location changes of NF-κB after METH exposure with or without TAK-242 pre-treatment. We extracted nucleus and cytoplasm proteins separately from METH-treated astrocytes with or without TAK-242 pre-treatment, and then measured NF-κB protein level in the nucleus and cytoplasm. Western blot results showed that METH exposure increased the expression of NF-κB both in the cytoplasm (F(1,11) = 23.819, P < 0.001) and nucleus (F(1,11) = 23.606, P < 0.001); and this effect was significantly mitigated by co-treatment with TAK-242 (Figures 6B,B1,C,C1). To confirm the results, we also performed the immunofluorescence staining. Results showed that METH exposure increased the expression of NF-κB, particularly in the nucleus, and this effect was significantly mitigated by pre-treatment with the TAK-242 (Figure 6D). Similar results were observed in the midbrain of METH-treated C57BL/6 mice with or without TAK-242 pre-treatment (Figure 6E). Taken together, these results suggest that TLR4 regulates the expression of Caspase-11 via NF-κB.
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FIGURE 6. TLR4 induces translocation of NF-κB into the nucleus, leading to an increase of Caspase-11 transcription in METH-exposed astrocytes. (A–A2) Primary cultured astrocytes were transfected with siRNAs targeting NF-κB or control siRNA for 24 h followed by METH (2 mM) treatment for 24 h. (B–D) Cells were exposed to TAK-242 (100 nM) for 2 h prior to METH (2 mM) treatment as indicated, nucleus proteins (C,C1) and cytoplasm (B,B1) proteins were extracted separately. Western blot (A–C) and quantitative analyses were performed to determine NF-κB, and Caspase-11 protein expression. H3 was used as the loading control of nucleus proteins. Immunolabeling and confocal imaging analysis (D) showed elevated NF-κB expression in the METH-treated cells compared with controls. (E) The animal exposure paradigms were the same as described in Figure 4. Immunolabeling and confocal imaging analysis showed elevated NF-κB expression in the midbrain of METH-exposed mice compared with controls. White arrow refers to NF-κB. Cell experiments were repeated three times. Data are expressed as mean ± SD. *p < 0.05 vs. non-METH-treated group. #p < 0.05 vs. the scrambled + METH treated group. Data were analyzed with 2 × 2 factorial ANOVA followed by LSD post hoc analyses.



TLR4 Mediates METH-Induced IL-1β and IL-18 Expression through Both Myd88-Dependent and Myd88-Independent Signaling Pathways

TLR4 regulates the NF-κB expression through two-independent signal axes: one is TRIF signaling axis and the other is TIRAP/Myd88/IRAK4 signal axis (Van Acker et al., 2014; Planès et al., 2016). To explore whether TLR4 regulates NF-κB expression through TIRAP/Myd88/IRAK4 axis and/or TRIF axis in METH-exposed astrocytes, we used siRNA and TAK-242 to silence TLR4 expression and then examined the protein levels of TIRAP, Myd88 and NF-κB. Western blot results showed that TRIF, Myd88 and NF-κB protein levels were significantly increased in METH-treated astrocytes compared with control cells and then significantly decreased after inhibiting TLR4 expression by siRNA (TIRAP: F(1,11) = 18.088, P = 0.003; Myd88: F(1,11) = 83.986, P < 0.001; NF-κB: F(1,11) = 116.232, P < 0.001) or TAK-242 (TIRAP: F(1,11) = 14.603, P < 0.001; Myd88: F(1,11) = 37.914, P < 0.001; NF-κB: F(1,11) = 59.806, P < 0.001; Figures 7A–A3,B–B3), suggesting that both TRIF axis and TIRAP/Myd88/IRAK4 axis were activated in METH-treated astrocytes.
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FIGURE 7. TLR4 mediates METH-induced IL-1β and IL-18 expression through both Myd88-dependent and Myd88-independent signaling pathways. Primary cultured astrocytes transfected with siRNAs targeting TLR4 (A–A3), TRIF (C–C6), Myd88 (D–D6) or control siRNA for 24 h followed by METH (2 mM) treatment for 24 h. Cells were exposed to TAK-242 (100 nM) (B–B3) for 2 h prior to METH (2 mM) treatment as indicated. Western blot (A–D) and quantitative analyses were performed to determine TLR4, TRIF, TIRAP, Myd88, NF-κB, Caspase-11 and/or IL-1β protein expression. All the experiments were repeated three times. Data are expressed as mean ± SD. *p < 0.05 vs. non-METH-treated group. #p < 0.05 vs. the scrambled + METH treated group. Data in (A,B) were analyzed with 2 × 2 factorial ANOVA followed by LSD post hoc analyses; data in (C,D) were analyzed with two-way ANOVA followed by LSD post hoc analyses.



To assess whether activated TRIF axis and TIRAP/Myd88/IRAK4 axis are involved in TLR4-mediated METH-induced expression of IL-1β and IL-18, we designed siRNAs targeting TRIF and Myd88, respectively, to inhibit their expression and block the two pathways. For TRIF axis, Western blot analysis showed that both of two siRNAs can effectively knockdown METH-induced TRIF expression (F(1,11) = 46.137, P < 0.001; mean difference of siRNA#1 = 0.9489, P < 0.001; mean difference of siRNA#2 = 1.3343, P < 0.001), and as we expected, silencing of TRIF expression had no effect on the expression of TLR4 (F(1,11) = 41.028, P < 0.001; mean difference of siRNA#1 = 0.1537, P > 0.05; mean difference of siRNA#2 = −0.6282, P = 0.716), TIRAP (F(1,11) = 9.750, P = 0.005; mean difference of siRNA#1 = 0.0093, P > 0.05; mean difference of siRNA#2 = −0.2144, P > 0.05), and Myd88 (F(1,11) = 17.865, P = 0.001; mean difference of siRNA#1 = −0.1990, P > 0.05; mean difference of siRNA#2 = −0.4939, P = 0.131), but significantly decreased the expression of Caspase-11 (F(1,11) = 27.421, P < 0.001; mean difference of siRNA#1 = 0.5428, P = 0.001; mean difference of siRNA#2 = 0.9130, P = < 0.001) and IL-1β (F(1,11) = 36.249, P < 0.001; mean difference of siRNA#1 = 0.8943, P < 0.001; mean difference of siRNA#2 = 1.064, P < 0.001; Figures 7C–C6). These results indicate that TRIF can regulate the expression of IL-1β through Caspase-11.

For TIRAP/Myd88/IRAK4 axis, the two Myd88 siRNAs can effectively knockdown METH-induced Myd88 expression (F(1,11) = 16.972, P = 0.001; mean difference of siRNA#1 = 0.6301, P = 0.012; mean difference of siRNA#2 = 0.7037, P = 0.006), as shown in Figures 7D–D6. Furthermore, we found that silencing Myd88 expression inhibited METH-induced expression of Caspase-11 (F(1,11) = 24.584, P < 0.001; mean difference of siRNA#1 = 0.8441, P = 0.002; mean difference of siRNA#2 = 0.4460, P = 0.048) and IL-1β (F(1,11) = 46.602, P < 0.001; mean difference of siRNA#1 = 0.6738, P = 0.001; mean difference of siRNA#2 = 1.1653, P < 0.001), while had no effect on the expression of TLR4 (F(1,11) = 31.889, P < 0.001; mean difference of siRNA#1 = 0.1242, P > 0.05; mean difference of siRNA#2 = −0.1581, P > 0.05), TRIAP (F(1,11) = 15.216, P = 0.001; mean difference of siRNA#1 = −0.032, P > 0.05; mean difference of siRNA#2 = 0.1140, P > 0.05) and TRIF (F(1,11) = 14.190, P = 0.001; mean difference of siRNA#1 = 0.9489, P < 0.001; mean difference of siRNA#2 = 1.3343, P < 0.001). These results indicate that the Myd88-dependent downstream signaling pathway of TLR4 might also be the pathway through which Caspase-11 mediates the expression of inflammatory factors. These results suggest that both TRIF axis and TIRAP/Myd88/IRAK4 axis can regulate Caspase-11 expression and lead to increased expression of IL-1β after METH exposure.

Silencing of TLR4 Expression Reduces METH-Induced IL-1β and IL-18 Expression in Vivo

To confirm the role of TLR4 in METH-induced IL-1β and IL-18 expression in vivo, TAK-242, a specific inhibitor of TLR4, was injected to the mice to inhibit TLR4 expression in the brain. After TAK-242 pre-treatment, mice were treated with saline or METH (n = 3/group). Western blot analysis showed METH exposure significantly induced TLR4 protein expression; and this effect was substantially attenuated by pre-treatment with TAK-242 in the striatum (F(1,11) = 8.407, P = 0.02) and midbrain (F(1,11) = 80.867, P < 0.001; Figures 8A,A1,B,B1). Previously, we demonstrated that IL-1β and IL-18 were regulated by TLR4 in vitro (Figures 4B,C). Next, we explored whether silencing TLR4 can decrease METH-induced neuroinflammation in the mouse striatum and midbrain. We measured IL-1β and IL-18 protein expression in each treatment group. We found that METH-induced expression of IL-1β (striatum: F(1,11) = 6.752, P = 0.032; midbrain: F(1,11) = 13.907, P = 0.006) and IL-18 (striatum: F(1,11) = 23.073, P = 0.001; midbrain: F(1,11) = 6.8389, P = 0.031) both were decreased after pre-treatment with TAK-242 (Figures 8A5,A6,B5,B6). These results were consistent with those in vitro. To further affirm the relationship of Caspase-11 and TLR4, NF-κB and ASC protein expression was measured with Western blot. Decreased expression after inhibiting TLR4 expression with TAK-242 was detected for NF-κB (striatum: F(1,11) = 7.736, P = 0.024; midbrain: F(1,11) = 47.831, P < 0.001), Caspase-11 (striatum: F(1,11) = 6.361, P = 0.036; midbrain: F(1,11) = 97.043, P < 0.001) and ASC (striatum: F(1,11) = 10.593, P = 0.012; midbrain: F(1,11) = 15.005, P = 0.005; Figures 8A2–A4,B2–B4). These results indicate that the Caspase-11 pathway is involved in TLR4-mediated METH-induced neuroinflammation in vivo.
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FIGURE 8. Silencing of TLR4 expression reduces METH-induced IL-1β and IL-18 expression in vivo. Mice were exposed to saline vehicle, METH, TAK-242, or METH + TAK-242 as described in the methods section and in Figure 4 legend. Striatum and midbrain tissues were harvested at 24 h after the last dosing. Western blot (A,B) and quantitative analyses (A1–A6,B1–B6) were performed to determine TLR4, NF-κB, Caspase-11, ASC, IL-18 and IL-1β protein expression. Data are expressed as mean ± SD. *p < 0.05 vs. non-METH-treated group. #p < 0.05 vs. METH-treated group. Data were analyzed with 2 × 2 factorial ANOVA followed by LSD post hoc analyses.



DISCUSSION

Recent studies have demonstrated that METH can stimulate glial cells in the CNS, suggesting that neurotoxicity of METH could be partially due to neuroinflammation response, which includes astrocyte activation (Cisneros and Ghorpade, 2014; Borgmann and Ghorpade, 2015). In the present study, we report that TLR4 expression is increased after METH exposure in vivo and in vitro. Furthermore, we for the first time demonstrate that Caspase-11 plays an important role in METH-induced astrocyte stimulation and the NLRP3 inflammasome promotes the pro-inflammatory cytokine expression.

As the most abundant cell type in the brain, the primary roles of astrocytes include the protection of neurons, participation in myelination, expression of glutamate transporters, involvement of glutamate transport in the CNS, and a part of inflammation effects (Loftis and Janowsky, 2014; Zhang et al., 2017a). The results of inflammatory response are generally harmful, including regulation of microglia activation and the expression of inflammatory factors that could directly damage the neurons. Activation of astrocytes has a dual effect. Astrocyte hyperplasia can beneficially provide nutritional support for neurons and maintain the steady balance of the surrounding environment (Loftis and Janowsky, 2014; Singh and Abraham, 2017). While the hyperactive astrocytes may cause neuroinflammation, leading to an increase release of pro-inflammatory cytokines. In this study, we found that 2.0 mM of METH could increase the secretion of pro-inflammatory cytokines in astrocytes, and upregulate the expression of pro-inflammatory cytokines in the midbrain and striatum of C57BL/6 mice. Studies have shown that METH-treated astrocytes can produce neuroinflammation, oxidative stress and excitotoxicity, as well as morphological changes of the blood-brain barrier (Cisneros and Ghorpade, 2014; Loftis and Janowsky, 2014). However, the relationship between METH-induced astrocyte activation and production of proinflammatory cytokines remains to be investigated.

TLR4 is one type of immune pattern recognition receptors, which are the first defense of the body’s immune response (Krawczyk-Michalak et al., 2008; Matsunaga et al., 2011; Fang et al., 2013; Shirjang et al., 2017). Studies have reported that heroin can induce the activation of TLR4 on the cell surface, which in turn mediates the occurrence of inflammatory responses (Theberge et al., 2013). Here, we demonstrate that METH exposure induces the expression of TLR4 and TLR4 promotes the expression of NF-κB through both the TRIF signaling axis (Myd88 independent pathway) and the TIRAP/Myd88/IRAK4 signaling axis (Myd88 dependent pathway), leading to increased nuclear transcription of inflammatory cytokines. Specifically, following METH exposure, the expression levels of TRIF (the key protein of the Myd88 independent pathway) and Myd88 (the key protein of the Myd88 dependent pathway) were both increased; and these effects were normalized or significantly attenuated after inhibiting TLR4 expression by siRNA or TAK-242. Of note, the expression of NF-κB was also increased by METH, and this effect was significantly attenuated after inhibiting TLR4 expression by siRNA or TAK-242. These results suggest that the activation of NF-κB by METH may be through the TLR4 pathway.

The present study revealed the important role of TLR4 in astrocytes in METH-induced neuroinflammation, but TLR4 is not unique to astrocytes in the brain. In this study, we determined the co-localization of TLR4 expression in different brain cell types. We observed that METH treatment induced the expression of TLR4 and co-localization of TLR4 with GFAP (marker of astrocytes) and Iba1 (marker of microglia). We also observed that part of the NeuN (marker of neurons) expression was co-localized with TLR4 (methods and results provided in the Supplementary Figure S1). Studies of other neurological disease models have shown that TLR4 plays an important role in the pathogenesis of a variety of neuro-inflammation and is expressed in microglia and neurons (Wang et al., 2014; Baek et al., 2017; Chen et al., 2017; Lawrimore and Crews, 2017; Rocha Sobrinho et al., 2017). Our results suggest that METH treatment could also induce TLR4 activation in microglia and neurons. The role of microglia in METH-induced neuro-inflammation and the interactions of astrocytes with microglia and neurons in METH neurotoxicity are a direction of future research.

Caspase-11 mediates non-classical inflammatory responses and increases the release of pro-inflammatory cytokines, which has been demonstrated in other immune cell models (Viganò and Mortellaro, 2013; Coutermarsh-Ott et al., 2016). While previous studies mainly focused on macrophages (Viganò and Mortellaro, 2013), in this study, we used primary cultured astrocytes to mimic the response of astrocytes in vivo and to reveal the regulatory mechanism of Caspase-11. Previous studies of Caspase-11 mainly demonstrated that it was stimulated by LPS or other extracellular stimuli, resulting in the occurrence of inflammatory response (Kayagaki et al., 2011, 2013, 2015; Shi et al., 2015). Our studies showed that METH could also cause inflammatory response through Caspase-11. The expression of Caspase-11 decreased after silencing of TLR4, while the expression of TLR4 had no change after Caspase-11 silencing. Besides, the expression of Caspase-11 decreased after silencing of Myd88 and TRIF, indicating that the expression of Caspase-11 is activated by both Myd88-dependent and independent pathways of TLR4.

There is also an interesting finding in this study that the NLRP3 inflammasome is involved in Caspase-11-mediated neuroinflammation caused by METH in astrocytes. Caspase-11-dependent NLRP3 inflammasome activation was also reported during gram-negative bacterial infection (Rathinam et al., 2012). This indicates that METH might cause neuroinflammation through Caspase-11-mediated non-classical inflammatory pathway. However, we found that METH could only increase ASC and Caspase-1 expression, while NLRP3 expression was not changed. This may be due to that fact that a higher proportion of Caspase-1 is involved in the composition of the inflammasome complex (Wang et al., 1998; Man et al., 2017) and METH may primarily activate Caspase-1, rather than increase the overall expression of inflammasome NLRP3 itself, thereby inducing an increase in downstream inflammatory factors. Of note, there is also a classical pathway in which the increased expression of inflammatory factors can be induced by Caspase-1 directly (Youm et al., 2013; Man et al., 2017). Further studies are needed to determine whether Caspase-11 plays a role in the non-inflammasome NLRP3 pathway in the METH-induced astrocyte activation.

CONCLUSION

In summary, the present study provides insights into the molecular mechanisms of TLR4 and Caspase-11-mediated METH-induced neuroinflammation in astrocytes. A schematic depicting the proposed mechanisms of METH-induced astrocyte neuroinflammation is provided in Figure 9. Specifically, METH can increase TLR4 and Caspase-11 expression in vitro and in vivo, and TLR4 plays an important role in astrocyte neuroinflammation induced by METH. The increased activation of the TLR4-regulated neuroinflammation is through both Myd88-dependent and independent pathways. As a transcription factor, NF-κB upregulates the expression of Caspase-11, resulting in upregulation of NLRP3 inflammasome, which mediates the increased expression levels of IL-1β and IL-18 after METH exposure. However, the underlying mechanisms of whether or not Caspase-11 could directly regulate pro-inflammatory cytokine expression need further research. Further studies are also needed to determine the exact mechanisms of neuronal apoptosis and autophagy regulated by astrocyte-related neuroinflammation in METH acute exposure models.


[image: image]

FIGURE 9. A schematic depicting the role of TLR4-NFkB-Caspase-11 signaling pathway in METH-induced astrocyte-related neuroinflammation. Briefly, TLR4 expression is increased following METH treatment. Increased TLR4 upregulates the expression of Myd88 and TRIF. The Myd88-dependent and Myd88-independent pathways upregulate the expression of transcription factor NF-κB. Then NF-κB elevates Caspase-11 expression, which mediates the inflammasome NLRP3 pathway by upregulating the expression of Caspase-1 and ASC. The increased NLRP3 inflammasomes induce the expression of pro-inflammatory cytokines IL-1β and IL-18.
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Inflammation is implicated in ischemic stroke and is involved in abnormal homeostasis. Activation of the immune system leads to breakdown of the blood–brain barrier and, thereby, infiltration of immune cells into the brain. Upon cerebral ischemia, infiltrated macrophages and microglia (resident CNS immune cell) are activated, change their phenotype to M1 or M2 based on the microenvironment, migrate toward damaged tissue, and are involved in repair or damage. Those of M1 phenotype release pro-inflammatory mediators, which are associated with tissue damage, while those of M2 phenotype release anti-inflammatory mediators, which are related to tissue recovery. Moreover, late inflammation continually stimulates immune cell infiltration and leads to brain infarction. Therefore, regulation of M1/M2 phenotypes under persistent inflammatory conditions after cerebral ischemia is important for brain repair. Herein, we focus on apoptosis signal-regulating kinase 1 (ASK1), which is involved in apoptotic cell death, brain infarction, and production of inflammatory mediators after cerebral ischemia. We hypothesized that ASK1 is involved in the polarization of M1/M2 phenotype and the function of microglia and macrophage during the late stage of ischemia/hypoxia. We investigated the effects of ASK1 in mice subjected to middle cerebral artery occlusion and on BV2 microglia and RAW264.7 macrophage cell lines subjected to oxygen-glucose deprivation. Our results showed that ASK1 silencing effectively reduced Iba-1 or CD11b-positive cells in ischemic areas, suppressed pro-inflammatory cytokines, and increased anti-inflammatory mediator levels at 7 days after cerebral ischemia. In cultured microglia and macrophages, ASK1 inhibition, induced by NQDI-1 drug, decreased the expression and release of M1-associated factors and increased those of M2-associated factors after hypoxia/reperfusion (H/R). At the gene level, ASK1 inhibition suppressed M1-associated genes and augmented M2-associated genes. In gap closure assay, ASK1 inhibition reduced the migration rate of microglia and macrophages after H/R. Taken together, our results provide new information that suggests ASK1 controls the polarization of M1/M2 and the function of microglia and macrophage under sustained-inflammatory conditions. Regulation of persistent inflammation via M1/M2 polarization by ASK1 is a novel strategy for repair after ischemic stroke.
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INTRODUCTION

Inflammation is a key contributor to the pathophysiology of ischemic stroke and is responsible for abnormal homeostasis (Amantea et al., 2009; Denes et al., 2010; Iadecola and Anrather, 2011). After ischemic insults, activation of the immune system causes leakiness of the blood–brain barrier (BBB), and immune cells such as macrophages, neutrophils and leukocytes, infiltrate the lesion area via the disrupted BBB (Amantea et al., 2009; Denes et al., 2010; Iadecola and Anrather, 2011). Recruitment of immune cells results in initiation of inflammatory processes in the brain parenchyma, which include both tissue damage and repair (Fu et al., 2015). Although inflammation is involved in all phases of ischemic cascade (Iadecola and Anrather, 2011), late inflammation in the brain, particularly after ischemic stroke, provokes persistent immune cell recruitment and eventually aggravates cerebral infarcts (Mena et al., 2004; Vogelgesang et al., 2014). Therefore, regulation of late inflammation in ischemic stroke is considered important to prevent development of subsequent brain damage.

Once activated, microglia and infiltrated macrophages are able to modify their morphology and function by switching between M1 and M2 phenotypes (Tugal et al., 2013; Sica et al., 2015). A classical (M1) polarized phenotype secretes Th1 cytokines and pro-inflammatory mediators, such as interleukin (IL)-6, IL-1β, and tumor necrosis factor (TNF)-α, which are involved in tissue damage and prolong the neuro-inflammatory response (Tugal et al., 2013; Sica et al., 2015; Qin et al., 2016). The alternative (M2) phenotype releases Th2 cytokines and anti-inflammatory mediators including transforming growth factor (TGF)-β, IL-4, IL-10, and arginase (arg-1), which are associated with prevention of inflammation, tissue repair, and neuro-protection (Tugal et al., 2013; Sica et al., 2015; Qin et al., 2016). Although little is known about the relationship between the chronic phase of cerebral ischemia and immune cell phenotype modulating the exaggerated inflammatory environment after ischemic stroke via regulation of M1/M2 polarization could be a therapeutic aim.

After I/R injury, the excessive accumulation of reactive oxygen species (ROS) in cells induces oxidative stress and subsequent damage (Cheon et al., 2013). ROS is a key player in the pathophysiology of cerebral ischemia and ASK1 is known as the initial responder of ROS (Kim et al., 2011; Cheon et al., 2016b). Also, ASK1 is activated by various stimuli, such as oxidative stress, calcium overload, and receptor-mediated inflammatory signals (Hayakawa et al., 2006; Takeda et al., 2008). After ischemic insult, ASK1 immediately promotes intracellular signaling and induces apoptotic cell death, and down-regulation of ASK1 diminishes cell death and cerebral infarct. Previous studies demonstrated that ASK1 is associated with brain edema (Kim et al., 2011; Song et al., 2015). In addition, in mammals, ASK1 has been shown to modify innate immunity and to be required for inflammatory response (Matsukawa et al., 2004; Hayakawa et al., 2006; Takeda et al., 2008). ASK1 deficiency leads to suppression of lipopolysaccharide (LPS)-induced inflammatory cytokine production, such as IL-6, IL-1β, and TNF-α in splenocytes and bone marrow-derived dendritic cells (BMDCs). Also, in an LPS-induced sepsis model, ASK1-deficient mice shows resistance against LPS injury (Matsukawa et al., 2004; Takeda et al., 2008). Further, in primary microglia cell culture, ASK1 is found to be closely related to TNF-α and iNOS production (Katome et al., 2013). Class A scavenger receptor suppresses M1 macrophages, thereby reducing IL-6, IL-1β, and TNF-α in accordance with the dampening of ASK1/p38/NF-κB pathway (Hu et al., 2011). In this study, we focused on ASK1 and we hypothesized that ASK1 is likely to affect inflammation via modulation of M1/M2 polarization after I/R injury. Therefore, we examined whether ASK1 could modulate polarization of microglia and macrophage in mice after ischemic injury and in cultured BV2 microglia and RAW264.7 macrophage cell lines after hypoxic injury.

MATERIALS AND METHODS

Mouse Focal Cerebral Ischemia Model

All animal experiments in this study were conducted in accordance by the Guide for the Care and Use of Laboratory Animal Care and were approved by Institutional Animal Care and Use Committee (IACUC) in Yonsei University. Mice were provided free access to chow and water under a 12-h dark and light cycle. A total of 52, adult male C57BL/6 mice aged 8–12 weeks (Orient, Seongnam, Korea) were used in this study. To mimic ischemic stroke, we utilized a middle cerebral occlusion (MCAO) model. Anesthesia was induced with 5% isoflurane and maintained with 2% isoflurane in mixed gas. Mice were placed onto a homeothermic blanket, and a longitudinal incision was made along the midline of the neck. MCA was occluded with a 6-0 blue nylon suture for 1 h and mice were reperfused for 7 days. At 7 days after MCAO, Zoletil mixture (30 mg/kg; active ingredient: Zolezepam and Tiletamin; Virbac Laboratories, Carros, France) was injected intraperitoneally. Mice were cardiac-perfused with saline, and brains were isolated for immunohistochemistry and ELISA assay. The mice were divided into three groups: normal group (control), ischemia/reperfusion (I/R) group, and ischemia/reperfusion + si-ASK1 treated (I/R+si-ASK1) group.

siRNA Experiment

ASK1-siRNA was purchased from Ambion [Austin, TX, United States; sense, 5′-GCUGGUAAUUUAUACACuGtt-3′; antisense, 5′-CAGUGUAUAAAUUACGAGCtt–3′; conc, 5 μM (178.5–192.3 nM/g)] (Cheon et al., 2016b; Cho et al., 2016). Based on a previous study, a 100-μl solution mixed with siPORTNeoFX (Ambion) and ASK1-siRNA was administrated into the left ventricle of the mice by an osmotic pump with a brain infusion kit (Alzet, Cupertino, CA, United States) for 3 days before MCAO. The osmotic pump was planted subcutaneously on the dorsal side, and brain infusion cannula connected to the osmotic pump was placed on the left ventricle (mediolateral 1.0 mm, anteroposterior 0.2 mm, dorsoventral 3.0 mm). The hole in the skull was made by using a drill (Cheon et al., 2016b; Cho et al., 2016).

BV2 Microglia and RAW 264.7 Macrophage Cell Cultures

Murine brain microglia (BV2 cell line) were cultured with RPMI 1640 (HycloneTM, GE Healthcare Life Sciences, Logan, UT, United States) containing 10% fetal bovine serum (FBS, GE Healthcare Life Sciences) and 1% penicillin-streptomycin solution (Thermo Scientific, Waltham, MA, United States). Murine macrophages (RAW 264.7cell line) were cultured with DMEM high glucose cultured media (HycloneTM, GE Healthcare Life Sciences) containing 10% FBS (GE Healthcare Life Sciences) and 1% penicillin-streptomycin solution (Thermo Scientific) at 37°C. The cultured cells were incubated in a humid atmosphere under the presence of 5% CO2 at 37°C.

Oxygen/Glucose Deprivation

To induce oxygen and glucose deprivation, microglia and macrophage cultures were transferred to an anaerobic chamber after being washed with phosphate buffer saline (PBS). Transferred cells were then cultured in deoxygenated glucose-free balanced solution (BSS0) containing 5.36 mM KCl, 0.81 mM NaH2PO4, 0.81 mM MgSO4, and116 mM NaCl, and incubated for 4 h in a 37°C anaerobic chamber. After 4 h, the cells were washed with PBS, the cultured media was changed, and cells were incubated for 24 h under the presence of 5% CO2 at 37°C. To inhibit ASK1, the ASK1 inhibitor NQDI-1 drug (600 nM, Tocris Bioscience, Bristol, United Kingdom) was used in this study and was applied 1 h before hypoxia and 4 h during hypoxia.

Immunofluorescence Staining

Mice were cardiac-perfused with 4% formaldehyde, and brains specimens were fixed with 4% formaldehyde for 24 h. Fixed brains were immersed in 30% sucrose for 2 days and then frozen with OCT compound (Sakura Finetek Japan Co., Ltd., Tokyo, Japan) at -70°C in a deep freezer. Frozen brain tissues were sectioned coronally with a cryotome with 20-μm thickness and onto coated slide glass. After drying the slide at room temperature, sections were treated with Trion-X 100 (0.3%) for permeability over 1 h and treated blocking solution [5% bovine serum albumin (BSA)] at room temperature for 1 h. After washing with PBS, primary antibodies such as anti-Iba-1 (Abcam, Cambridge, United Kingdom), anti-CD11b (Millipore, Bedford, MA, United States), anti-CD206 (Abcam), and anti-ASK1 (Santa Cruz Biotechnology, Santa Cruz, CA, United States) were incubated, respectively, overnight at 4°C. Secondary antibody conjugated FITC or Rhodamine (Jackson ImmunoResearch Laboratories, West Grove, PA, United States) was used and incubated for 1 h at room temperature after washing with PBS. Slides were mounted with Vectashield with DAPI (Vector Laboratories Inc., Burlingame, CA, United States). The specimens were observed by using an LSM 700 confocal microscope (Carl Zeiss, Thornwood, NY, United States) and microscope (Olympus, Tokyo, Japan). Immunoreactivities for CD11b, Iba-1, CD206, and ASK1 were measured using ImageJ (ImageJ, Bethesda, MD, United States) and Zen 2010 software (Carl Zeiss) by analyzing the mean intensities, which apply a manual threshold above the background intensity. The mean intensities were analyzed by average intensity, obtained from three slice of each mouse. Three fields of the cortex, striatum, and hippocampus were randomly chosen from each specimen.

Cresyl Violet Staining

Brains of mice were isolated and fixed with 4% formaldehyde and sectioned coronally with a cryotome at a thickness of 20-μm. Sectioned brains were stained with filtered cresyl violet acetate (0.5%) (Sigma–Aldrich, St. Louis, MO, United States), which was dissolved in 300 mL distilled water with 10% glacial acetic acid. Slides were incubated with cresyl violet solution for 3 min at room temperature and coverslipped with permanent mounting medium (Vector Laboratories), and then, samples were observed under a microscope (Olympus).

Enzyme-Linked Immunosorbent Assay (ELISA)

To evaluated cytokine levels from tissue, BV2 microglia cell line, BV2 microglial supernatants, RAW 264.7 macrophage cell line and RAW264.7 macrophage supernatants, ELISA assays were performed according to commercial protocols. Levels of pro-inflammatory cytokines, such as IL-1β, IL-6, and TNF-α, and anti-inflammatory cytokines including IL-10, were measured. Samples were analyzed by High Sensitivity mouse IL-1 beta/IL-1F2, IL-6, TNF-alpha, and IL-10 Quantikine ELISA kits (R&D systems, Minneapolis, MN, United States). Following the manufacturer’s instructions, reagents and standards in the ELISA kits were prepared, and prepared sample was added to each well with assay diluents and incubated. After washing with wash buffer for three times, samples were incubated with mouse IL-1β, IL-6, TNF-α, or IL-10 conjugates for 2 h at room temperature. After reactions completed, samples were read at a 450-nm wavelength by an ELISA reader.

Real-Time-PCR

To evaluate M1 and M2 phenotypes, BV2 microglia and RAW 264.7 macrophage cell lines were collected from which total RNA was extracted by using RNeasy® Mini Kit (QIAGEN, Austin, TX, United States). RNA concentration was assessed using NanoDrop® ND-1000 (Thermo Scientific, NanoDrop Technologies, Wilmington, DE, United States). Real-time PCR was performed using the one-step SYBR PrimeScript RT-PCR Kit II (Perfect Real Time) (Takara Bio Inc., JAPAN) on an ABI StepOne Plus. PCR was performed in a total reaction mixture volume of 20 μl, composed of One step SYBR RT-PCR Buffer, PrimeScript 1 step Enzyme Mix 2, ROX Reference Dye, each forward primer (100 nM), each reverse primer (100 nM), and sample RNA diluted in RNase Free dH2O. The RNA samples were used by 10-fold serial dilution. The primers were as follows: TNF-α: Forward (F) 5′-ACGGCATGGATCTCAAAGAC-3′, Reverse (R) 5′-AGATAGCAAATCGGCTGACG-3′, IL-1β: (F) 5′-TGTCTTGGCCGAGGACTAAGG-3′, (R) 5′-TGGGCTGGACTGTTTCTAATGC-3′, IL-6: (F) 5′-TCCAGTTGCCTTCTTGGGAC-3′, (R) 5′-GTGTAATTAAGCCTCCGACTTG-3′, iNOS: (F) 5′- CAGCTGGGCTGTACAAACCTT-3′, (R) 5′-CATTGGAAGTGAAGCGTTTCG-3′, Cxcl10: (F) 5′-GGATGGCTGTCCTAGCTCTG-3′, (R) 5′-TGAGCTAGGGAGGACAAGGA-3′, IL-10: (F) 5′-GCTCTTACTGACTGGCATGAG-3′, (R) 5′-CGCAGCTCTAGGAGCATGTG-3′, Ym-1: (F) 5′-GGGCATACCTTTATCCTGAG-3′, (R) 5′-CCACTGAAGTCATCCATGTC-3′, ASK1: (F) 5′-AGGACGGAGACTGTGAGGGT-3′, (R) 5′-GTCCTGCATAGACGATCCCAT-3′, GAPDH: (F) 5′-CCATTTGCAGTGGCAAAG-3′, (R) 5′-CACCCCATTTGATGTTAGTG-3′. The standard curve and melt curve analysis were used and cycling threshold (Ct) values were normalized to Ct values of housekeeping gene. The values were presented by relative quantity (RQ). The results were analyzed by StepOnesoftware v2.3.

Gap Closure Assay

Microglia or macrophages were seeded in 60-mm dishes 1 day prior to experimentation. A gap was made with a sterile, 1000-μl, blue pipette tip, and dishes were washed with DPBS to remove cell culture media and cell debris. Cultured cells underwent oxygen and glucose deprivation for 4 h and were transferred to normal culture media in a 37°C anaerobic chamber. Cells were incubated for 24 h in a 37°C anaerobic chamber, and images were obtained using inverted microscope with a digital camera (Leica, MC179, Wetzlar, Germany).

Flow Cytometry Analysis of BV2 Microglia and RAW 264.7 Macrophage Cell Lines

BV2 microglia and RAW264.7 macrophage cell line were collected and washed with DPBS. FACS buffer [Dulbecco’s Phosphate-Buffered Saline (PBS) with 2% Fetal Bovine Serum, 0.09% Sodium Azide] (BD PharmingenTM, BD Biosciences, San Hose, CA, United States) were added to cells and incubated for 10 min. Next, cells were centrifuged at 250 g for 3 min, and the pellet was resuspended with 500 μl of FACS buffer. Cells were blocked with mouse Fc blocking solution (1:50, BD Biosciences) for 10 min on ice and centrifuged at 250 g for 3 min at 4°C. Cells were then stained with the following antibodies: mouse anti-CD40-FITC (1:50 MACS Miltenyi Biotec, Bergisch Gladbach, Germany) and mouse anti-CD206-PE (1:50, BD PharmingenTM, BD biosciences) for 30 min on ice. Cell suspensions were then filtered through a cell strainer with a 40-μm nylon mesh. Cell fluorescence was acquired using flow cytometry with a LSR II analyzer (BD PharmingenTM, BD biosciences). Data were analyzed using FlowJo software, version10 (FLOWJO, LLC, Ashland, OR, United States).

TUNEL Assay

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was performed to evaluate DNA fragmentation. We used TUNEL assay kit, purchased from Roche Diagnostics (Indianapolis, IN, United States), and performed according to the manufacturer’s manual. Counterstaining was performed with propidium iodide (PI) (Sigma–Aldrich) and the number of TUNEL-positive cells was counted in three 100 μm × 100 μm squares of each specimen and expressed as the number of TUNEL-positive cells square millimeter.

Statistical Analysis

Data are presented as the mean ± standard deviation (SD). Statistical comparisons between the groups were assessed with non-parametric Mann–Whitney test (Prism version 5.0 software, GraphPad Software, San Diego, CA, United States). Statistical significance among groups was assigned to p-values less than 0.05.

RESULTS

Increase in Microglia/Infiltrated Macrophages Reduced in the Ischemic Cortex and Striatum after ASK1 Silencing

The previous study showed that siRNA for ASK1 significantly reduces ASK1 level (Kim et al., 2011; Cheon et al., 2016b). In this study, we followed this method and confirmed immunohistochemistry for ASK1 with/without administration of siRNA for ASK1 at 7 days after I/R. We observed that ischemia-induced ASK1 expression was efficiently reduced after ASK1 silencing (Supplementary Figure 1A). In addition, at 3 days after I/R, we performed real-time PCR for ASK1. Upregulated ASK1 transcripts after I/R significantly diminished after ASK1 silencing (Supplementary Figure 1B). Ischemic injury induces a functional change in the brain and leads to cell death, the morphological changes of which were observed. To observe cell morphology after cerebral ischemia, we performed cresyl violet staining 7 days after (I/R) (Figure 1A). As shown in Figure 1A, cell bodies observed in the cortex and striatum in the I/R group were smaller and thinner than those in the control group. After silencing ASK1, we observed comparatively rounder and healthier cell bodies, compared with those of the I/R group, at 7 days after I/R. To examine microglia and infiltrated macrophages, we used microglia and macrophage markers, such as Iba-1 and CD11b, respectively (Figure 1B). In the control group, Iba-1-positive and CD11b-positive cells were rarely observed in the cortex and striatum. However, Iba-1-positive and CD11b-positive cells were densely expressed in the I/R group. After silencing ASK1, Iba-1-positive and CD11b-positive cells decreased in the cortex and striatum, respectively, despite ischemic injury. The graphs for relative fluorescent intensity showed increased intensities for Iba-1 and CD11b were efficiently decreased after silencing ASK1, compared with the I/R group (Figures 1C,D). Therefore, our data showed that ASK1 silencing results in reduced microglia and macrophages in the ischemic cortex and striatum, respectively. Statistical parameters were shown in Supplementary Table 1.
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FIGURE 1. Decreased microglia and macrophage markers in the striatum and cortex, respectively, upon ASK1 silencing at 7 days after cerebral ischemia. (A) Cresyl violet staining for cell histology in the cortex and striatum shows that I/R-induced cell loss was not detected at 7 days in the I/R+si-ASK1 group. (B) Immunofluorescent staining for Iba-1 (green) and CD11b (red) in the cortex and striatum reveals that I/R-induced increase in Iba-1 or CD11b-positive cells were reduced in the I/R+si-ASK1 group at 7 days. (C) The graph shows the relative fluorescent intensities for Iba-1 and CD11b in the striatum (n = 4). (D) The graph indicates the relative fluorescent intensities for Iba-1 and CD11b in the cortex (n = 4). Values are means ± SD. Statistical comparisons between the groups were assessed with non-parametric Mann–Whitney test (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. I/R group). Statistical parameter (Supplementary Table 1). I/R, ischemia/reperfusion.



Enhanced Microglia/Infiltrated Macrophages Eliminated in Ischemic Hippocampus Tissue after ASK1 Silencing

In hippocampus specimens stained with cresyl violet, cells in CA1 and CA3 were easily observed as violet-stained intact cell bodies. However, I/R decreased violet-stained cells in the CA1 and CA3 regions after 7 days. In contrast, ASK1 silencing by genetic manipulation inhibited the reduction of violet-stained cells caused by I/R injury (Figure 2A). Also, we evaluated the expression of Iba-1 and CD11b in the hippocampus, via immunofluorescent staining at 7 days after I/R (Figure 2B). In the control group, CA1 and CA3 regions of the hippocampus displayed small amounts of Iba-1-positive and CD11b-positive cells. In the I/R group, Iba-1-positive cells and CD11b-positive cells were largely founded in the CA1 and CA3 regions of the hippocampus. On the contrary, ASK1-silenced brain tissue showed decreased levels of Iba-1 and CD11b expression in CA1 and CA3, respectively. The graphs for relative fluorescent intensity showed enhanced intensities for Iba-1 and CD11b were efficiently diminished after silencing ASK1, compared with the I/R group (Figures 2C,D). These results indicated that ASK1 silencing leads to suppressed activation of microglia and macrophages in the hippocampus. Statistical parameters were shown in Supplementary Table 1.
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FIGURE 2. Reduced microglia and macrophage markers in the hippocampus upon silence of ASK1 at 7 days after cerebral ischemia. (A) Cresyl violet staining for cell histology in the hippocampus shows that I/R-induced cell loss was not detected at 7 days in the I/R+si-ASK1 group. (B) Immunofluorescent staining for Iba-1 (green) and CD11b (red) in the hippocampus revealed that I/R-induced augmentation of Iba-1 or CD11b-positive cells was reduced in the I/R+si-ASK1 group at 7 days. (C) The graph shows the relative fluorescent intensities for Iba-1 and CD11b in the hippocampal CA1 region (n = 4). (D) The graph exhibits the relative fluorescent intensities for Iba-1 and CD11b in the hippocampal CA3 region (n = 4). Values are mean ± SD. Statistical comparisons between the groups were assessed with non-parametric Mann–Whitney test (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. I/R group). Statistical parameter (Supplementary Table 1). I/R, ischemia/reperfusion.



Silencing ASK1 Diminishes Pro-inflammatory and Increases Anti-inflammatory Mediators in Ischemic Brain Tissue

Several studies have demonstrated that microglia and macrophages can release pro-inflammatory mediators, such as IL-1β, IL-6, and TNF-α, under pathologic conditions. To investigate whether ASK1 silencing can reduce the release of pro-inflammatory cytokines, we assessed the expression there in the ischemic hemisphere at 7 days after I/R using ELISA (Figure 3). Our results showed that cerebral ischemia induced upregulation of IL-6, TNF-α, and IL-1β significantly, when compared with that of the control group. After silence of ASK1, increased levels of IL-6, TNF-α, and IL-1β were efficiently decreased in the ischemic hemisphere. Our ELISA data showed that ASK1 silencing reduces the expression of pro-inflammatory cytokines in the ischemic hemisphere (Figures 3A–C).
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FIGURE 3. Decreased pro-inflammatory and increased anti-inflammatory mediators in the ischemic brain by silencing of ASK1 at 7 days after cerebral ischemia. The levels of (A) IL-6, (B) TNF-α, and (C) IL-1β in the hemisphere were assessed by ELISA at 7 days after I/R. I/R-induced upregulation of (A) IL-6, (B) TNF-α, and (C) IL-1β was decreased in the I/R+si-ASK1 group at 7 days (n = 8). Immunofluorescent staining for CD206 was performed at 7 days after I/R (D,F). (D) The relative intensity graph indicates CD206-positive cells were increased in the striatum (E) and cortex (G), compared with other groups (n = 4–5). Values are mean ± SD. Statistical comparisons between the groups were assessed with non-parametric Mann–Whitney test (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. I/R group). Statistical parameter (Supplementary Table 1). I/R, ischemia/reperfusion.



In addition, to examine whether ASK1 silencing can increase anti-inflammatory mediators, we performed immunofluorescent staining for CD206 (Figure 3D). Our results showed that CD206-positive cells in the control group were not significantly different between those in the I/R group; however, ASK1 silencing increased CD206-positive cells in the striatum and cortex (Figures 3D–G). To determine the effect of ASK1 on the cell fate, we performed TUNEL assay to detect DNA fragmentation at 7 days after I/R (Supplementary Figure 1C). The images and graphs showed that increased the number of TUNEL-positive cells in the striatum and cortex after I/R was efficiently reduced after ASK1 silencing. Therefore, our data showed that ASK1 silencing suppresses M1 phenotype and increases M2 phenotype in ischemic brain and reduces apoptotic cell death. Statistical parameters were shown in Supplementary Table 1.

Inhibition of ASK1 Downregulates Pro-inflammatory Mediators, but Upregulates Anti-Inflammatory Mediators in Cultured BV2 Microglia Cell Line and Supernatants

To investigate the effects of ASK1 on function of microglia, we performed single cell line cultures with BV2 cells and ELISA assay of cells (Figures 4A–D) and supernatants (Figures 4E–H). We used NQDI-1 drug in vitro to exclude effects of genetic manipulation unlike in vivo experiments. To identify the release of inflammatory mediators from BV2 microglia cell line, we also assayed cytokine levels in BV2 microglial supernatants. Our quantitative analysis showed that hypoxia/reperfusion (H/R) upregulated M1 phenotypes, reflected as release of IL-6, TNF-α, and IL-1β, both in BV2 microglia cell line (Figures 4A–C) and in BV2 microglial supernatants (Figures 4E–G). After treatment with NQDI-1 drug, an ASK1 inhibitor, the upregulated M1 mediators were efficiently reduced despite H/R injury. Although H/R could not alter IL-10 levels in BV2 microglia cell line (Figure 4D), compared with the control, NQDI-1 drug treatment upregulated secretion of IL-10 after H/R injury both in BV2 microglia cell line (Figure 4D) and in BV2 microglial supernatants (Figure 4H). Therefore, the results indicated that inhibition of ASK1 suppresses M1 phenotype and activates the alternative M2 phenotype in BV2 microglia cell line after H/R injury. Statistical parameters were shown in Supplementary Table 2.
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FIGURE 4. Downregulated pro-inflammatory cytokines and upregulated anti-inflammatory cytokines after inhibition of ASK1 in cultured BV2 microglia cell line and supernatants. The levels of pro-inflammatory mediators, such as (A) IL-6, (B) TNF-α, and (C) IL-1β and the anti-inflammatory mediator (D) IL-10 were determined by ELISA in BV2 cell line after H/R (4 h/24 h). Increased (A) IL-6 (7 repeats), (B) TNF-α (8 repeats), and (C) IL-1β (8 repeats) levels after H/R were reduced and (D) IL-10 (4 repeats) levels were increased by inhibition of ASK1 in BV2 cell line. The levels of (E) IL-6, (F) TNF-α, and (G) IL-1β and the anti-inflammatory mediator (H) IL-10 were determined by ELISA in BV2 microglial supernatants after H/R (4 h/24 h). Upregulated levels of (E) IL-6 (9 repeats), (F) TNF-α (8 repeats), and (G) IL-1β (8 repeats) after H/R were decreased and downregulated levels of (H) IL-10 (5 repeats) were upregulated by inhibition of ASK1 in BV2 microglial supernatants. Values are mean ± SD. Statistical comparisons between the groups were assessed with non-parametric Mann–Whitney test (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. H/R). Statistical parameter (Supplementary Table 2). H/R, hypoxia/reperfusion.



Suppression of ASK1 Decreases Pro-inflammatory Mediators, but Increases Anti-Inflammatory Mediators in Cultured RAW 264.7 Macrophage Cell Line and Supernatants

To examine the effects of ASK1 on macrophage function, we performed single cell line cultures with RAW 264.7 cells and ELISA of cells and supernatants (Figure 5). Our results suggested that H/R injury triggered expression of M1-related mediators, such as IL-6, TNF-α, and IL-1β. However, suppression of ASK1 significantly decreased M1 phenotypes in RAW 264.7 cell line (Figures 5A–C) and in supernatants (Figures 5E–G). In addition, IL-10 levels were also increased after inhibition of ASK1 in spite of H/R injury, as compared with control and H/R injured macrophages, both in RAW 264.7 cell line (Figure 5D) and in supernatants (Figure 5H). Therefore, our data showed that inhibition of ASK1 reduces M1 phenotype and increases M2 phenotype in RAW 264.7 macrophage cell line. Statistical parameters were shown in Supplementary Table 2.
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FIGURE 5. Downregulated pro-inflammatory cytokines and upregulated anti-inflammatory cytokines after inhibition of ASK1 in cultured RAW264.7 macrophage cell line and supernatants. The levels of pro-inflammatory mediators such as (A) IL-6, (B) TNF-α, and (C) IL-1β and the anti-inflammatory mediator (D) IL-10 were determined by ELISA in RAW 264.7 cell line after H/R (4 h/24 h). Increased (A) IL-6 (6 repeats), (B) TNF-α (5 repeats), and (C) IL-1β (6 repeats) levels after H/R were decreased and (D) IL-10 (5 repeats) levels were increased by inhibition of ASK1 in RAW264.7 cell line. The levels of (E) IL-6, (F) TNF-α, and (G) IL-1β, and the anti-inflammatory mediator (H) IL-10 were determined by ELISA in RAW264.7 supernatants after H/R (4 h/24 h). Augmented (A) IL-6 (6 repeats), (B) TNF-α (6 repeats), and (C) IL-1β (6 repeats) levels after H/R were diminished and (D) IL-10 (6 repeats) levels were increased by inhibition of ASK1 in RAW264.7 supernatants. Values are mean ± SD. Statistical comparisons between the groups were assessed with non-parametric Mann–Whitney test (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. H/R). Statistical parameter (Supplementary Table 2). H/R, hypoxia/reperfusion.



Inhibition of ASK1 Induces Transcription of M2 Polarization in BV2 Microglia and RAW 264.7 Macrophage Cell Lines

Genetic expression of M1 and M2 markers was quantified by real-time PCR in BV2 microglia (Figure 6) and in RAW 264.7 macrophage cell lines (Figure 7). Similar to cytokine levels evaluated by ELISA, the mRNA levels of M1 polarization-related factors such as IL-1β, TNF-α, inducible nitric oxide (iNOS), and CXCL10 were all significantly increased in BV2 microglia cell line after H/R injury (Figures 6A–D), and those of M2 polarization-related factors such as IL-10 and Ym-1 showed no significant difference (Figures 6E,F). After treatment with NQDI-1 drug, mRNA levels of IL-1β, iNOS, TNF-α, and CXCL10 were all efficiently downregulated despite H/R injury (Figures 6A–D). The expression of M2-related factors including IL-10 and Ym-1 were remarkably higher in ASK1-inhibited BV2 microglia cell line (Figures 6E,F). Selected expression of M1 and M2 phenotypes was quantified by real-time PCR in RAW 264.7 macrophage cell line (Figure 7). As in the case of cytokine expression using ELISA, H/R induced mRNA levels of IL-1β, TNF-α, iNOS, and CXCL10 in macrophage cell line (Figures 7A–D). Treatment with NQDI-1 drug efficiently decreased mRNA levels of iNOS. Further, ASK1 inhibition induced anti-inflammatory IL-10 and Ym-1 mRNA levels, whereas H/R injury triggered M1-polarization (Figures 7E,F). Therefore, our data suggested that inhibition of ASK1 promotes BV2 microglia and RAW 264.7 macrophage cell lines toward M2 polarization after H/R injury. Statistical parameters were shown in Supplementary Table 3.
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FIGURE 6. Changes in M1 and M2 specific genes after inhibition of ASK1 in BV2 microglia cell line. The mRNA levels of M1 specific markers, such as (A) IL-1β (5 repeats), (B) iNOS (6 repeats), (C) TNF-α (5 repeats), and (D) CXCL10 (6 repeats), and M2 specific markers, such as (E) IL-10 (5 repeats), and (F) Ym-1 (4-5 repeats), were measured by real-time PCR in BV2 cell line after H/R (4 h/24 h). Increased mRNA levels of (A) IL-1β, (B) iNOS, (C) TNF-α, and (D) CXCL10 were downregulated, while (E) IL-10 and (F) Ym-1 levels were increased by inhibition of ASK1 in BV2 cell line. Values are mean ± SD. Statistical comparisons between the groups were assessed with non-parametric Mann–Whitney test (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. H/R group). Statistical parameter (Supplementary Table 3). H/R, hypoxia/reperfusion.
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FIGURE 7. Changes in M1 and M2 specific genes after inhibition of ASK1 in RAW264.7 macrophage cell line. The mRNA levels of M1 specific markers, such as (A) IL-1β (6 repeats), (B) iNOS (4–5 repeats), (C) TNF-α (4 repeats), and (D) CXCL10 (6 repeats), and M2 specific markers, such as (E) IL-10 (4 repeats) and (F) Ym-1 (5–6 repeats), were measured by real-time PCR in RAW264.7 cell line after H/R (4 h/24 h). The mRNA levels of (A) IL-1β, (B) iNOS, (C) TNF-α, and (D) CXCL10 were upregulated after H/R. The levels of iNOS were reduced, while (E) IL-10 and (F) Ym-1 levels were upregulated by inhibition of ASK1 in RAW264.7 cell line. Values are mean ± SD. Statistical comparisons between the groups were assessed with non-parametric Mann–Whitney test (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. H/R). Statistical parameter (Supplementary Table 3). H/R, hypoxia/reperfusion.



Inhibition of ASK1 Increases M2 Phenotype of Microglia and Macrophages

To confirm the expression of cell surface markers, we performed flow cytometry using BV2 microglia and RAW 264.7 macrophage cell lines. In this study, CD40 and CD206 were used as M1 and M2 markers, respectively (Figure 8). In BV2 cells, histograms showed that the expression of the M1 marker CD40 was highly present after H/R injury. However, NQDI-1 drug treatment reduced the expression of CD40-positive cells after H/R (Figure 8A). In the analysis of M2 phenotype, M2 marker (CD206-positive cells) was significantly increased on NQDI-1 drug treatment (Figure 8B). Moreover, in RAW 264.7 cells, histograms revealed higher counts of CD40-positive cells after H/R challenge, whereas inhibition of ASK1 decreased CD40-positive cell counts despite H/R injury (Figure 8C). In contrast, after suppression of ASK1 with NQDI-1 drug, the expression of CD206-positive cells was higher in the H/R stimulated RAW 264.7 cell line (Figure 8D). Statistical parameters were shown in Supplementary Table 3.
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FIGURE 8. Alteration of M1 and M2 surface markers after inhibition of ASK1 in BV2 microglia and RAW264.7 macrophages. Flow cytometry was performed for discrimination of (A) M1 (CD40) or (B) M2 (CD206) positive cell populations of BV2 cell line after H/R (4 h/24 h). The histogram of flow cytometry shows (C) M1 (CD40) and (D) M2 (CD206) positive cells in RAW 264.7 cell line after H/R (4 h/24 h). H/R, hypoxia/reperfusion.



Microglia and Macrophage Hyper-Activation Is Reduced after Inhibition of ASK1

To analyze cell migration, we performed gap closure assay in cultured BV2 microglia and RAW 264.7 macrophage cell lines (Figure 9). Before H/R injury, we made a gap with a pipette tip, and cell debris was washed away with DPBS. We observed BV2 microglia cell line under a microscope immediately after H/R injury and at 24 h after H/R injury (Figure 9A). H/R injury increased migration rates of BV2 microglia cell line. However, inhibition of ASK1 reduced migration rates (Figure 9B). The same methods were used in RAW 264.7 macrophage cell culture. We observed RAW 264.7 cell line under a microscope right after H/R injury and at 24 h after H/R injury (Figure 9C). A high rate of migration was exhibited in H/R-injured macrophages; however, NQDI-1 drug treatment retarded the migration rate. Therefore, ASK1 is associated with microglia and macrophage migration capacity and ASK1 inhibition delayed migration rate. Statistical parameters were shown in Supplementary Table 3.
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FIGURE 9. Function of BV2 microglia and RAW264.7 macrophages after inhibition of ASK1. (A,B) Gap closure assay was performed for BV2 and RAW264.7 cells (A) Images at 0 h after hypoxia and 24 h after hypoxia/reperfusion in BV2 cell line. (B) The graph represents that H/R-induced increases in migration rate were decreased by inhibition of ASK1 in BV2 cell line (4 repeats). (C) Images at 0 h after hypoxia and 24 h after hypoxia/reperfusion in RAW264.7 cell line. (D) The graph represents that H/R-induced increases in migration rate were reduced by inhibition of ASK1 in RAW264.7 cell line (4 repeats). Values are mean ± SD. Statistical comparisons between the groups were assessed with non-parametric Mann–Whitney test (∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001 vs. H/R). Statistical parameter (Supplementary Table 3). H/R, hypoxia/reperfusion.



DISCUSSION

In this study, we performed in vivo and in vitro ischemic stroke model to examine whether ASK1 modulates microglia/macrophage polarization and function. We proved that ASK1 controls polarization and function of microglia/macrophage after ischemic/hypoxic injury. In previous reports, ASK1 is one of the early responders to different types of stress in the intracellular system, including oxidative stress, calcium overload, and immune response (Hayakawa et al., 2006; Takeda et al., 2008). ASK1 governs activation of mitogen-activated protein kinase (MAP kinase), which is essential for cellular function (Shiizaki et al., 2013), and several studies support that ASK1 is closely related to cerebral ischemia (Kim et al., 2011; Cheon et al., 2016b). Under inflammatory conditions, ASK1 signaling is necessary for TLRs, which recognize LPS (Soga et al., 2012). ASK1 deficiency represents LPS resistance, and genetic deletion of ASK1 involves inhibition of pro-inflammatory mediator production (Matsukawa et al., 2004; Sumbayev, 2008; Takeda et al., 2008; Mnich et al., 2010). The ASK1/p38 signaling pathway via TLRs is critical for chemokine production and promotes inflammation and neurotoxicity after multiple sclerosis (Guo et al., 2010). In line with studies that have demonstrated that ASK1 inhibition attenuates pro-inflammatory cytokines in microglia, ASK1 was found to be associated with TNF-α and iNOS production in primary microglial cell culture, and M1 macrophage suppression by a Class A scavenger receptor resulted in reductions of IL-6, IL-1β, and TNF-α, decreasing ASK1/p38/NF-κB pathway signaling, under pathologic conditions (Hu et al., 2011; Katome et al., 2013; Song and Lee, 2015). Previous reports have shown that inhibition of ASK1 reduces M1 phenotype after injury and ASK1 also played a role in our results. The main findings of this study are (1) in the ipsilateral hemisphere, ASK1 silencing resulted in a reduction of ischemic-induced activation of microglia/infiltrated macrophages and increased M2 phenotype in the late phase of cerebral ischemia and (2) ASK1 inhibition polarized BV2 microglia and RAW 264.7 macrophage cell lines toward M2 phenotype after hypoxia/reperfusion injury. Our in vivo study revealed that cerebral ischemia promotes activation of microglia and infiltration of macrophages in brain regions. In the ipsilateral hemisphere, upregulation of pro-inflammatory cytokines, such as IL-6, TNF-α, and IL-1β, was observed. However, ASK1 silenced by siRNA downregulated activation of microglia/macrophage and pro-inflammatory cytokine levels and upregulated the anti-inflammatory mediators. Our in vitro study for M1/M2 polarization of microglia/macrophages revealed that hypoxic injury stimulates M1-related factors, while ASK1 inhibition by NQDI-1 drug suppressed M1-related factors and promoted M2-related factors in microglia and macrophage cell lines. In addition, inhibition of ASK1 retarded the migration rate of both microglia and macrophages in gap closure assay.

Inflammation has emerged as the key factor in progression of ischemic stroke, and the inflammatory mediators play an important role in enlargement of brain damage and neurological dysfunction (Matsukawa et al., 2004; Quan and Banks, 2007; Quan, 2008; Banks and Erickson, 2010; Fu et al., 2015; Anrather and Iadecola, 2016). At the onset of ischemic stroke, stagnant blood flow initiates an aberrant immune response that promotes infiltration of immune cells such as leukocytes and macrophages, via a disrupted BBB (Matsukawa et al., 2004; Quan and Banks, 2007; Quan, 2008; Banks and Erickson, 2010; Fu et al., 2015; Anrather and Iadecola, 2016). Under the altered environment, microglia are activated. Meanwhile, the morphology and activation of peripherally infiltrated macrophages in the brain changes depending on the extracellular stimuli (Durafourt et al., 2012; Hu et al., 2015; Orihuela et al., 2016), after which activated microglia migrate quickly toward lesion sites, and lead to cell accumulation by releasing inflammation-associated mediators (Danton and Dietrich, 2003). Based on the microenvironment, microglia/macrophage can switch between phenotypes M1 (classically activated) and M2 (alternative activated). Under M1 conditions stimulated by LPS or IFN-γ, M1 microglia/macrophage express pro-inflammatory mediators of IL-1β, IL-6, TNF-α, iNOS, and CXCL10 and the cell surface markers CD40, CD80, and CD86. Also, cytotoxic effects of the M1 phenotype can exacerbate tissue damage (Durafourt et al., 2012; Hu et al., 2015; Kapellos and Iqbal, 2016; Orihuela et al., 2016; Plastira et al., 2016). On the contrary, M2 microglia/macrophages exert anti-inflammatory responses by upregulating IL-10, arginase-1, Ym-1 (heparin-binding lectin), and mannose receptor CD206, which modulate tissue repair, regeneration, and remodeling (Durafourt et al., 2012; Barakat and Redzic, 2016; Orihuela et al., 2016). During the early stage after ischemic insult, expression of the pro-inflammatory cytokine TNF-α is increased in neurons. However, during the late phase of ischemic insult, it is augmented in microglia/macrophage and other immune cells, with microglia/macrophage being major sources of pro-inflammatory cytokine in ischemic lesions after ischemic stroke (Gregersen et al., 2000; Clausen et al., 2008). Late inflammation in the brain after ischemic stroke is represented by persistent immune cell infiltration and cerebral infarctions (Mena et al., 2004; Brea et al., 2009; Vogelgesang et al., 2014; Walter et al., 2015; Anrather and Iadecola, 2016). Several studies have reported that microglia/macrophage shift their phenotype from M2 to M1 after cerebral ischemia and M1 microglia/macrophage dominate the ischemic lesion in the brain, which exacerbate brain injury (Frieler et al., 2011; Hu et al., 2012). M1 polarized microglia/macrophage during chronic inflammation augment neuronal damage and block reestablishment of neuronal network, thereby retarding brain recovery (Hu et al., 2012). However, M2 polarized microglia/macrophage show improved phagocytic activity for clearance of necrotic debris and ameliorate production of inflammatory mediators (Hu et al., 2012). M2 phenotype modifies the extracellular matrix and promotes axonal regeneration and angiogenesis (Kigerl et al., 2009). In addition, after ischemic/hypoxic insult, M2 microglia/macrophage mediates clearance of ischemic tissue and blockade of brain injury, leading to neuronal survival (Hu et al., 2012). Therefore, anti-inflammatory M2 may have beneficial effects on ameliorating the development of brain damage. In the current study, cerebral ischemia augmented the recruitment of macrophage and microglia activation and migration, and led the brain toward M1 environment. However, ASK1 silencing by si-RNA/ASK1 inhibition by NQDI-1 drug diminished M1 phenotype-specific markers (secretion of pro-inflammatory mediators and downregulation of pro-inflammatory mediator genes) of macrophage/microglia and upregulated M2 specific markers (expression of anti-inflammatory mannose receptor and upregulation of anti-inflammatory mediator genes) in the later stages of the recovery period after ischemic/hypoxic injuries. To our knowledge, this is the first investigations of ASK1 in regards to M1/M2 polarization of microglia and macrophages in the late stage of ischemic stroke.

However, our limitations are as follows: first, it is not clarified which ASK1-downstream or -related signaling pathway affects M1/M2 phenotype. Although several molecules (JNK, p38, and Akt) are known to be involved in polarization (Zhang and Zhang, 2015; Vergadi et al., 2017; Zhong et al., 2017), we only proceeded to examine changes of M1/M2 phenotype by silencing/inhibiting ASK1 levels. Second, we focused on “classical” M1/M2 polarization in this study. However, Martinez et al. (2008) and Mantovani et al. (2004) review the subpopulation of polarization, such as M1, M2a, M2b, and M2c. Ransohoff (2016) raises some concerns on existence of M1/M2 polarization (Mantovani et al., 2004; Martinez et al., 2008). Third, the previous studies proved that ASK1 inhibitor NQDI-1 shows a possible therapeutic application as a protective drug in ischemic stroke (Song et al., 2015; Cheon et al., 2016a). However, it is not fully demonstrated its safety and application. If this limitation is resolved, it will be one of the candidates for use in ischemic stroke patients.

CONCLUSION

We showed that ASK1 mediates M1/M2 polarization and the functions of microglia and macrophages. Modulation of the late inflammatory environment by M1/M2 regulation of microglia and macrophage via ASK1 silencing after cerebral ischemia may be an attractive strategy for recovery from stroke.
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Impairment in cholesterol metabolism is associated with many neurodegenerative disorders including Alzheimer's disease (AD). However, the lipid alterations underlying neurodegeneration and the connection between altered cholesterol levels and AD remains not fully understood. We recently showed that cholesterol accumulation in hippocampal neurons, induced by silencing Cyp46a1 gene expression, leads to neurodegeneration with a progressive neuronal loss associated with AD-like phenotype in wild-type mice. We used a targeted and non-targeted lipidomics approach by liquid chromatography coupled to high-resolution mass spectrometry to further characterize lipid modifications associated to neurodegeneration and cholesterol accumulation induced by CYP46A1 inhibition. Hippocampus lipidome of normal mice was profiled 4 weeks after cholesterol accumulation due to Cyp46a1 gene expression down-regulation at the onset of neurodegeneration. We showed that major membrane lipids, sphingolipids and specific enzymes involved in phosphatidylcholine and sphingolipid metabolism, were rapidly increased in the hippocampus of AAV-shCYP46A1 injected mice. This lipid accumulation was associated with alterations in the lysosomal cargoe, accumulation of phagolysosomes and impairment of endosome-lysosome trafficking. Altogether, we demonstrated that inhibition of cholesterol 24-hydroxylase, key enzyme of cholesterol metabolism leads to a complex dysregulation of lipid homeostasis. Our results contribute to dissect the potential role of lipids in severe neurodegenerative diseases like AD.
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INTRODUCTION

Mammalian brain, most cholesterol-rich organ contains 10-fold more cholesterol than any other organ (Dietschy and Turley, 2004; Bjorkhem, 2006; Bjorkhem et al., 2010). The capacity of the brain to store such a large amount of cholesterol indicates that this sterol plays a central role in the development and function of the brain. About 70% of cholesterol is found in myelin. The remaining 30% of brain cholesterol is distributed between glial cells (20%) and neurons (10%) (Pfrieger, 2003; Bjorkhem and Meaney, 2004; Dietschy and Turley, 2004; Vance et al., 2005; Bjorkhem et al., 2010). Cholesterol is involved in the formation of axons and dendrites during development, neuronal repair and remodeling, formation of new synapses, learning, and memory (de Chaves et al., 1997; Xu et al., 1998; Mahley and Rall, 2000; Mauch et al., 2001). Brain cholesterol metabolism is tightly regulated. The cholesterol abundance in the central nervous system depends primarily on local synthesis and efflux. Cholesterol does not freely cross the intact blood-brain barrier (BBB) and nearly all cholesterol in the adult brain is formed by in situ synthesis (Turley et al., 1996; Vance et al., 2005; Bjorkhem et al., 2010). One of the mechanisms for cholesterol clearance from the brain is its conversion into an hydroxylated metabolite, the 24(S)-hydroxycholesterol (24-OHC), which is able to cross the BBB and enter the circulation to the liver to be further metabolized to bile acids (Lund et al., 2003; Bjorkhem, 2006; Russell et al., 2009). This conversion is catalyzed by an enzyme cytochrome P450, the cholesterol 24-hydroxylase, also called CYP46A1, mainly expressed by neuronal cells (Lutjohann et al., 1996; Lund et al., 1999). This conversion represents one of the most important mechanisms for cholesterol clearance from the brain (Bjorkhem, 2006; Russell et al., 2009).

Several clinical and biochemical studies have suggested that cholesterol imbalance in the brain may be associated to neurodegenerative disorders, such as Alzheimer's disease (AD), Niemann–Pick disease type C, Huntington's disease and Parkinson's disease (Puglielli et al., 2003; Wolozin, 2004; Valenza et al., 2005, 2010; Liu et al., 2010; Cheng et al., 2011; Meljon et al., 2013). In AD, cholesterol affects amyloid processing pathway (Aβ generation and aggregation). Aβ is produced by sequential cleavage of the amyloid precursor protein (APP) by β-secretase (BACE1) and γ-secretase. Cholesterol promotes the co-clustering of APP and BACE1 in lipid raft domains leading to Aβ production and accumulation (Marquer et al., 2011; Ayciriex et al., 2016). Cholesterol seems to play a pivotal role in the neurodegenerative process of AD.

We recently developed an in vivo model to study the consequences of neuronal cholesterol accumulation in normal mice (Djelti et al., 2015). We delivered a Cyp46a1 specific short-hairpin RNA (shCYP46A1) in C57Bl/6 mice hippocampus using stereotactic injection of an adeno-associated viral vector serotype 5 (AAV5). Efficient inhibition of Cyp46a1 gene expression in hippocampus of injected mice led to an accumulation of cholesterol in neurons 3 and 4 weeks after injection (Chali et al., 2015; Djelti et al., 2015). This cholesterol accumulation was accompanied by marked changes in endosomes, Aβ peptides production, tau phosphorylation and endoplasmic reticulum (ER) stress. This cascade of events finally triggered apoptotic cell death, 4 weeks after injection. These processes induced cognitive impairment and hippocampal atrophy, 12 weeks after injection. All these observations closely mimic the pathological hallmarks of AD. Down-regulation of Cyp46a1 gene expression in APP23 mice strongly aggravated the increase of Aβ peptides production, and induced phosphorylation of tau protein and neuronal death (Djelti et al., 2015). These results strongly suggest that accumulation of cholesterol plays a pivotal role in neurodegenerative process and AD.

Altered lipid homeostasis alteration in the brain could be a risk factor for the many types of neurodegenerative disorders, including Alzheimer's disease, Huntington's disease, and Parkinson's disease. These neurodegenerative disorders are marked by extensive neuronal apoptosis, gliosis (Han, 2005; Fan et al., 2013; Yadav and Tiwari, 2014). Several lipidomics studies have shown lipid homeostasis modifications in AD brain tissue (Han, 2005; Di Paolo and Kim, 2011; Chan et al., 2012; Panchal et al., 2014). Changes in cholesterol, sulfatide, ceramide, galactosylceramide, and plasmalogens are highlighted in brain of AD patients (Han et al., 2001, 2002; Cutler et al., 2004; Han, 2005). However, the connection between lipids alterations, cholesterol accumulation and neurodegenerative process in AD remains not fully understood.

In the present work, we investigated the consequences of Cyp46a1 gene expression inhibition and neuronal cholesterol accumulation on hippocampal lipidome, 4 weeks after AAV-shCYP46A1 injection a time corresponding to the onset of neuronal loss. First, the sterol and oxysterol contents were analyzed by a targeted approach combining ultra-performance liquid chromatography (UPLC) and high-resolution mass spectrometry (Ayciriex et al., 2012). Second, an untargeted lipidomics approach without a priori knowledge was performed using the same analytical platform to monitor lipid perturbations. Our data showed that Cyp46a1 gene silencing lead to a decrease of 24(S)-hydroxycholesterol, 25-hydroxycholesterol and to an increase of cholesterol content. The major membrane lipids, such as phosphatidylethanolamine (PE) and phosphatidylcholine (PC) were increased together with sphingolipids including sulfatides, ceramides (Cer), and glucosylceramides (GlcCer), and gangliosides GM1. Diacylglycerols (DAG) with long and unsaturated fatty acid moieties were also increased. Expression of genes encoding specific enzymes involved in phosphatidylcholine and sphingolipid metabolism was also increased in response to cholesterol overload induced by Cyp46a1 gene silencing. In parallel, we highlighted lysosomal dysfunction characterized by an increase of lysosomes number and the presence of phagolysosomes in the hippocampus of AAV-shCYP46A1 injected mice. Our results further contribute to understand the mechanisms of neurodegeneration mediated by cholesterol accumulation in neurons following impairment of Cyp46a1 gene expression.

MATERIALS AND METHODS

Chemicals and Reagents

Triethylamine, 4-(dimethylamino)phenyl isocyanate, formic acid and butylated hydroxytoluene (BHT) were obtained from Sigma-Aldrich (Saint-Quentin Fallavier, France). Hexane and dichloromethane were obtained from CarloErbaReactifs SDS (Val-de-Reuil, France). Acetonitrile, methanol, isopropanol were of LC-MS grade (J.T. Baker, Phillipsburg, NJ, USA). 24(R/S)-hydroxycholesterol d6 [26,26,26,27,27,27-hexadeuterocholest-5-ene-3ß,24-diol], cholesterol d7 [cholest-5-en-3ß-ol(d7)], 1,2-diheptadecanoyl-sn-glycero-3-phosphate, PA(17:0/17:0), 1,2-diheptadecanoyl-sn-glycero-3-phospho-L-serine, PS (17:0/17:0), 1,2-diheptadecanoyl-sn-glycero-3-phosphoethanolamine, PE(17:0/17:0), 1,2-diheptadecanoyl-sn-glycero-3-phosphocholine, PC(17:0/17:0), 1,2-diheptadecanoyl-sn-glycero-3-phospho-(1′-rac-glycerol), PG(17:0/17:0), 1,2-diheptadecanoyl-sn-glycerol, DG (17:0/17:0/0:0) and N-heptadecanoyl-D-erythro-sphingosine, Cer(d18:1(4E)/17:0) were obtained from Avanti Polar Lipids, Inc. (Alabaster, AL, USA).

AAV Plasmid Design and Vectors Production

The short-hairpin (sh) RNA, against the sequence specific of Cyp46a1 gene with the promoter U6, was amplified and cloned into AAV5 vector (Djelti et al., 2015). In parallel a scramble sequence that contained no similarity to the endogenous mRNA, was used as a negative control. AAV5 vector also contained eGFP reporter sequence under the control of the PGK promoter. AAV5 viral stocks were produced by transient transfection of 293T cells with the respective viral vector and the subsequent purification of the cell culture supernatant by a caesium-chloride ultracentrifugation gradient to yield titers of 4 to 9 × 1012 Vg/mL (Sevin et al., 2006). The vectors, used in this study, were named AAV-scramble (control) or AAV-shCYP46A1 (Supplementary Table S1).

Animals and Intracerebral Injections of AAVs

Twelve weeks-old female wild-type C57Bl/6 mice (Janvier, France) were housed in pathogen-free conditions with a 12 h light/dark cycle (average weight 20–25 g). These experiments were carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH publication no.85-24) and the European Committee Council Directive (86/89/EEC). The protocol for animal experiments was approved by the Committee on the Ethics of Animal Experiments of the Ministere de l'Enseignement Superieur et de la Recherche (Permit Number: B92-032-02).

Mice were anesthetized by intraperitoneal injection of ketamine (80 mg/kg) and xylazine (50 mg/kg) and placed on a stereotaxic frame (David Kopf Instruments, Tujunga, CA). All efforts were made to minimize suffering. The AAV5-vector was injected in one hippocampus (stratum lacunosum moleculare) with 2 μl of viral preparation (2 × 109 vg) using a 30-gauge needle attached to a 10-μL Hamilton syringe (Hamilton Medical, Reno, NV) at a rate of 0.2 μL/min. Stereotactic coordinates of injection sites from bregma were anterior-posterior: -2 mm; medial-lateral: −1.2 mm; dorsal-ventral: −2 mm. C57Bl/6 mice were sacrificed at 3 and 4 weeks after injection for gene expression, immunofluorescence, electron microscopy studies (n = 5 mice per vector, per time, per analysis). The lipid analyses were undertaken only at 4 weeks after injection, at the onset of neuronal loss. Anesthetized animals were transcardially perfused with PBS1X (Life technologies). Dissected hippocampi were frozen in liquid nitrogen and conserved at −80°C.

Gene Expression Analysis by qPCR

Dissected hippocampi were snap frozen in liquid nitrogen and ground into powder for total mRNA extration using the RNAble kit (Eurobio laboratories, Les Ulis France). Quantitative real-time PCR (qPCR) analysis was carried out using the ABI Prism® 7900HT sequence detection system (Applied Biosystems, Foster City, CA, USA) as described previously (Bieche et al., 2004). As an endogenous RNA control, transcripts of the TATA-box binding protein gene (TBP) were measured. Primers for TBP and the other gene were chosen with the assistance of the Oligo 5.0 computer program (National Biosciences, Plymouth, MN) (Supplementary Table S2). Target transcript levels (Ntarget) were normalized according to TBP content and then to a basal mRNA level following the equation Ntarget = 2.δCt, where δCt is the Ct value of the target gene after subtraction of Ct for the TBP gene.

Lipid Sample Preparation

Hippocampus tissues were homogenized in cold water containing 0.1% BHT with a Precellys®24-Dual (Precellys) during 15 s at 5,000 rpm. The brain tissue homogenization was performed in 2 mL tube prefilled with 1.4 mm ceramic beads. 5 μL of homogenate were used for protein estimation using the BCA Protein Assay Kit-Reducing Agent Compatible (Pierce). The rest of the homogenate were spiked with an internal standard mix composed of PA(17:0/17:0), PS(17:0/17:0), PE(17:0/17:0), PC(17:0/17:0), PG(17:0/17:0), DG(17:0/17:0/0:0), and Cer(d18:1(4E)/17:0)] at a concentration of 6.25 μM prior to lipid extraction. Lipids were extracted with hexane/methanol mixture (3:1, v/v) by mechanical shaking for 1 h, at room temperature in 13 × 100 mm glass tubes with PTFE-lined caps. The extracts were centrifuged at 2,500 rpm for 10 min to achieve phase separation. The organic phase (upper layer) was collected and washed with 600 μL water for 10 min on a mechanical shaker. The upper phases were pooled and divided into two fractions: one fraction for cholesterol and oxysterol analysis (fraction F1) and the other for global lipidomics analysis (fraction F2). All fractions were dried under nitrogen gas.

Cholesterol and Oxysterols Analysis

F1 was resuspended in 200 μL of methanol and spiked with 24(R/S)-hydroxycholesterol (d6) (20 ng) and cholesterol (d7) (20 ng) used as an internal standard for oxysterols and cholesterol quantification, respectively. Oxysterols and cholesterol were derivatized with 4-(dimethylamino)phenyl isocyanate and analyzed by UPLC-ESI-HRMS according to the procedure previously described in Ayciriex et al. (2012). Oxysterols and cholesterol contained in hippocampi was in the range of ng/mg and μg/mg of proteins, respectively.

Lipidomics Analysis of Mice Hippocampus by UPLC-ESI-QTOF-MSE

F2 was resuspended in 200 μL of acetonitrile/isopropanol mixture (1:1, v/v). Quality control (QC) samples were prepared by combining 20 μL of each lipid extracts. After evaporation, QC samples were reconstituted in a small volume of acetonitrile/isopropanol mixture and further diluted to one-third and one-sixth diluted QC samples. A 3 μL aliquot of QC and samples were injected into ACQUITY UPLC® system coupled to an ESI-QTOF-MS (SYNAPT® G2 High Definition MS™ mass spectrometer, Waters, UK). Lipids were separated on an ACQUITY UPLC® HSS T3 1.8 μm column (2.1 × 100 mm) thermostated at 50°C at a flow rate of 0.40 mL.min−1 with acetonitrile and water with 10 mM ammonium acetate (40:60, v/v) as eluent A and acetonitrile/isopropanol (10:90, v/v containing 10 mM ammonium acetate as eluent B (Castro-Perez et al., 2010). Data were collected separately both in positive (ESI+) and negative (ESI−) ion mode. ESI source parameters were as follows: source temperature 120°C, desolvation temperature 450°C, cone gas flow 20 L/h, desolvation gas flow 800 L/h, capillary voltage 2,400 V (ESI−), 3,000 V (ESI+), cone voltage 45 V (ESI−), and 30 V for (ESI+). The mass spectrometer was operated in the MSE mode of acquisition for both polarities. Two independent acquisitions functions are automatically created in MSE mode. The first function set at 5 eV collects data on unfragmented ions while the second function collects fragmentation data by using a collision energy ramp from 20 to 50 eV. In addition MS2 experiments were performed to confirm structural identification of ions of interest.

Centroided accurate mass spectra were acquired over the m/z range 50–1,000 with a scan time of 0.1 s and an interscan delay of 0.01 s using a target mass resolution of 21,500 (Full width at half maximum, FWHM as defined at m/z 500). Mass was corrected during acquisition using a 2 ng/μL solution of leucine enkephalin in acetonitrile/water (1:1, v/v) as an external reference (Lock-SprayTM), with an analyte-to-reference scan ratio of 20:1. Ten QC samples were injected at the beginning of the run in order to condition the column and also injected regularly throughout the analytical batch to ensure system stability and robustness of the method (Want et al., 2013). No major drift in signal response during the analytical run was observed. Each sample was injected in triplicate. In addition, to avoid any bias related to the order of injection, sample run order was set orthogonal to experimental design (Want et al., 2010).

Data Processing

Raw data files (.raw format) acquired on the UPLC-MSE platform were converted to NetCDF format (Waters Databridge software). Deconvolution of data was performed on XCMS online software with parameters settings suitable for high resolution UPLC-MS data acquired in centroid mode (Smith et al., 2006; Tautenhahn et al., 2012b). Subsequent to data pre-processing, a table listing peak intensity associated to a unique retention time and m/z as identifiers (tR_m/z data pairs) vs. samples, blank and QC, was generated in both ionization modes. After normalization of the variables to the total intensity and protein concentration, the final dataset was analyzed by multivariate data analysis. The discriminating lipid species identified after supervised analyses were quantified by normalizing the intensities of their peaks to the intensity of the peaks of the corresponding internal standards spiked into the sample prior to lipid extraction and expressed as pmol/mg proteins.

Multivariate Statistical Analysis

Data was pareto-scaled and subjected to principal component analysis (PCA) and orthogonal partial least square discriminant analysis (OPLS-DA) using SIMCA software (v. 13, MKS Umetrics AB, Sweden) (Wiklund et al., 2008).

Lipid Nomenclature

The abbreviations used were according to LipidMaps recommendations (Fahy et al., 2005, 2009). Glycerophospholipids and diacylglycerol were annotated as <lipid subclass>(<total fatty acyl chain length>: <total number of unsaturated bonds>). Sphingolipids were annotated as <lipid subclass>(<sphingoid base residue>/< fatty acyl residue>). Sulfoglycosphingolipids or sulfatides were annotated according to their common name described in Lipid Maps structure database. Lipid identification Lipid species annotation was performed through the online database LIPID MAPS (http://www.lipidmaps.org/) and METLIN Metabolite Database (metlin.scripps.edu) using 5 ppm of mass accuracy as a tolerance window (Sud et al., 2007; Tautenhahn et al., 2012a). Lipid species structure was confirmed by MSE fragmentation spectra analysis and selected MS2 experiments. MS2 data analysis highlights product ions, which are characteristic of lipid class and can serve to discriminate between database hits. The analytical reliability of each ion signal of interest was checked by calculating its relative standard deviation (% r.s.d.) in QC samples (Chan et al., 2011). Electron Microscopy 4 weeks after injection, C57Bl/6 mice were lethally anesthetized and perfused with 4% paraformaldehyde and 2.5% glutaraldehyde in phosphate buffer (PB) 0.12 M pH 7.4. Brains were post-fixed in 2.5% glutaraldehyde in PB. The eGFP fluorescent region from the hippocampus of C57Bl/6 mice injected with AAV−scramble or AAV-shCYP46A1 was excised under a fluorescence dissecting binocular microscope (Leica Z16 APO). Sections of 50 μm were cut with a vibratome and post-fixed in 1% osmium tetroxide for 30 min, rinsed in PB, dehydrated in a graded series of ethanol solutions (75, 80, 90, and 100%), infiltrated with EponTM812, placed in molds and the resin was cured at 60°C in a dry oven during 48 h. Hippocampal semi-thin sections, 0.5 μm thick, obtained with a Leica UC7 ultramicrotome, were stained with a 1% toluidine solution. Ultra-thin sections (90 nm) were cut, counterstained with uranyl acetate (2%) and Reynolds lead citrate (Reynolds, 1963) and observed with a Hitachi HT7700 electron microscope, operating at 80 kV. Pictures (2,048 × 2,048 pixels) were taken with an AMT41B (size of the pixel 7.4 × 7.4 μm).

Immunohistochemical Analysis

Brain tissue obtained at 4 weeks after AAV5-vector injection (scramble or shCYP46A1) was used for anatomical experiments (n = 5 mice from by vector). Animals were lethally anesthetized and perfused transcardially with PBS1X (Life technologies™, France). After a post-fixation in PBS1X, 4% paraformaldehyde in for 24 h, the brain was embedded in paraffin. Sections of 6 μm thickness were sequentially (i) deparaffined in xylene, (ii) rehydrated in ethanol, (iii) permeabilized in PBS1X, 0.1% triton X100, (iv) blocked in PBS1X, 0.1% triton X100, 5% normal goat serum and incubated at 4°C for 30 min, in PBS1X, 0.1% triton X100, 5% normal goat serum with an antibody against anti-LAMP1 coupled to biotin for 1 h (1/200, Abcys). Appropriate secondary antibodies were applied 1 h at room temperature. The slides were then mounted in Vectashield® mounting medium containing DAPI (Vectorlabs) and examined by fluorescence or confocal microscopy.

For fluorescence microscopy, images were taken with a Nikon microscope (Eclipse 800) and a digital QIMAGING camera (CCD QICAM cooled plus RGB filter pixel 4.65 × 4.65 μm). Control and test slices were processed the same day and under the same condition. Images were acquired by confocal microscopy using Zeiss LSM 510 Meta confocal laser microscope with a Plan apochromat 63x/1.4 numeric aperture oil immersion objective using the LSM 10v4.osp2. The number of LAMP-1 positive lysosomes in pyramidal neurons of CA3a region was measured in 60 cells per mouse (n = 5 mice per vector, six sections) using Image J software.

Electron Microscopy

Four weeks after injection, C57Bl/6 mice were lethally anesthetized and perfused with 4% paraformaldehyde and 2.5% glutaraldehyde in phosphate buffer (PB) 0.12 M pH 7.4. Brains were post-fixed in 2.5% glutaraldehyde in PB. The eGFP fluorescent region from the hippocampus of C57Bl/6 mice injected with AAV5-scramble or AAV5-shCYP46A1 was excised under a fluorescence dissecting binocular microscope (Leica Z16 APO). Sections of 50 μm were cut with a vibratome and post-fixed in 1% osmium tetroxide for 30 min, rinsed in PB, dehydrated in a graded series of ethanol solutions (75, 80, 90, and 100%), infiltrated with EponTM812, placed in molds and the resin was cured at 60°C in a dry oven during 48 h. Hippocampal semi-thin sections, 0.5 μm thick, obtained with a Leica UC7 ultramicrotome, were stained with a 1% toluidine solution. Ultra-thin sections (90 nm) were cut, counterstained with uranyl acetate (2%) and Reynolds lead citrate (Reynolds, 1963), and observed with a Hitachi HT7700 electron microscope, operating at 80 kV. Pictures (2,048 × 2,048 pixels) were taken with an AMT41B (size of the pixel 7.4 × 7.4 μm).

Statistical Analysis

Experimental values are presented as mean ± SEM. Statistical analysis was performed using GraphPad Prism software version 5.0 (San Diego, CA). The significance of cholesterol and oxysterols concentration was determined using Mann-Whitney test with Bonferroni correction. Unpaired t-test was performed for gene expression analysis. In all cases, *p < 0.05, **p < 0.01, and ***p < 0.001.

RESULTS

Effects of Cyp46a1 Silencing on the Hippocampus Steroidome

AAV-shCYP46A1 and AAV-scramble (control) vectors were injected in the stratum lacunosum moleculare region of the hippocampus of 12 weeks old C57Bl/6 mice (n = 5 mice per time per vector). The viral vectors were engineered to express the green fluorescent reporter protein (eGFP) to allow the detection of transduced cells. Three weeks after vector injection, eGFP expression was mainly detected in the neurons of CA3a region of the injected hippocampus (Djelti et al., 2015). Real-time qPCR experiments confirmed that the injection of AAV-shCYP46A1 induced 70% inhibition of Cyp46a1 gene expression, 3 and 4 weeks after injection (Djelti et al., 2015). Cholesterol-24(S)-hydroxylase encoded by Cyp46a1 gene converts the cholesterol into 24(S)-hydroxycholesterol and to a lesser extend into 25-hydroxycholesterol (Lund et al., 1999). The inhibition of Cyp46a1 gene expression leads to a decrease of 24(S)-hydroxycholesterol content by 57% and of 25-hydroxycholesterol content by 52%, 4 weeks after injection (Figure 1). As expected, 27-hydroxycholesterol content, which is not produced by cholesterol-24(S)-hydroxylase, was not modified. A 3-fold increase of cholesterol content was observed in the hippocampus of mice injected with AAV-shCYP46A1 after 4 weeks. No change in other sterols or oxidative product of cholesterol, such as desmosterol or 5α,6α-epoxycholesterol was observed (Supplementary Figure 1). These results indicate that the injection of AAV-shCYP46A1 induced a strong reduction of cholesterol-24(S)-hydroxylase activity leading to a decreased production of 24-(S) hydroxycholesterol and to an accumulation of cholesterol.
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FIGURE 1. Measurement of cholesterol and oxysterols content 4 weeks after hippocampal injection of AAV-shCYP46A1 vector. AAV-scramble (control) or AAV-shCYP46A1 vector was injected in the stratum lacunosum moleculare of hippocampus in C57BL/6 mice. Sterols were extracted, derivatized and analyzed by UPLC-ESI-Q-TOF in MS scan mode. Cholesterol, 24-, 25-, and 27-hydroxycholesterol contents were quantified and normalized to AAV-scramble content (n = 5 mice). Unpaired t-test was performed. * P < 0.05, **P < 0.01; ns, non-significant.



Cholesterol Accumulation Was Associated with an Increase in Phospholipids and Sphingolipid Species

Multivariate Data Analyses

To investigate the consequences of neuronal cholesterol accumulation on hippocampus lipidome, we performed an untargeted lipidomic analysis 4 weeks after AAV5-vector injection. The lipid contents of hippocampus tissue from control or AAV-shCYP46A1 mice, 4 weeks after injection, were analyzed by UPLC-ESI-MSE in negative and positive ion mode (Supplementary Figure 2). First, UPLC-MS data set obtained from ESI+ and ESI− were processed by XCMS software. This processing step generates a list of variables annotated with tR_m/z ions pairs. After data set normalization, the data analysis is followed by multivariate analysis to identify the most discriminating lipids between the two groups. To easily visualize any clustering between the different sample groups between AAV-scramble (control) and AAV-shCYP46A1 samples, an unsupervised analysis was performed. Indeed, the dimensionality of the listed variables was reduced by unsupervised PCA and a pareto scaling was applied to the data-sets obtained in positive and negative ionization modes. The two sample groups, AAV-scramble and AAV-shCYP46A1 exhibited a separation suggesting that cholesterol accumulation induced by Cyp46a1 gene silencing led to differences in hippocampus lipidome (Figures 2A,B). To identify the variables contributing to the separation between the two sample groups, a supervised OPLS-DA was performed. The score plot of OPLS method shows an excellent group separation between the two sample groups (Figures 2A,B). The corresponding S-plot allowed the selection of discriminating variables. Only variables that exhibit a correlation p (corr) higher than 0.7 or lower than −0.7, were explored.
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FIGURE 2. Multivariate data analysis of AAV-scramble and AAV-shCYP46A1 hippocampus lipid data. After extraction, the lipid content of AAV-scramble (control) and AAV-shCYP46A1 hippocampus 4 weeks after injection were analyzed by UPLC-ESI-MSE. (A) PCA, OPLS-DA scores plots and OPLS-DA loadings S-plot for ESI+ mode. For the PCA score plot, the principal component 1 (87%) and principal component 2 (5%) account for 92% of the variance. For the OPLS-DA score plot: one orthogonal and two predictive components, R2X(cum) = 0.837, R2Y(cum) = 0.947, Q2(cum) = 0.927 with a p-value, p = 7.27e-11. S-plot from OPLS-DA analysis emphasizes variables that strongly contributed to the class separation between the two groups. (B) PCA, OPLS-DA scores plots and OPLS-DA loadings S-plot for ESI- mode. For the PCA score plot, the principal component 1 (87%) and principal component 2 (4%) account for 91% of the variance. For the OPLS-DA score plot: one orthogonal and two predictive components, R2X(cum) = 0.757, R2Y(cum) = 0.953, Q2(cum) = 0.905 927 with a p-value, p = 1.14e-9. S-plot from OPLS-DA analysis emphasizes variables that strongly contributed to the class separation between the two groups. AAV-scramble and AAV-shCYP46A1 are represented by black and gray dots, respectively. Details of variables are shown in Tables 1, 2.



Lipid Annotation and Identification

The variables selected, characterized by tR_m/z ions pairs, were annotated using LipidMaps and Metlin online databases, according to the exact mass. Among 709 and 234 variables detected, respectively in ESI− and ESI+, 22 lipid species in total were annotated (Tables 1, 2). These 22 lipids species in AAV-shCYP46A1 hippocampus were increased compared to AAV-scramble. No decrease of any lipid species was observed. The untargeted analysis revealed an increase in glycerophospholipids (PE, PE-P, PC) and glycerolipids (DG) and sphingolipids (Cer, GlcCer, sulfatide) in AAV-shCYP46A1 injected hippocampus (Tables 1, 2). Confirmation of lipid identity was achieved by the analysis of the spectra acquired in MSE and MS2 modes.


Table 1. Discriminative lipid species whose detected levels in AAV-shCYP46A1 4 weeks after injection are higher than in the control (AAV-scramble) predicted by OPLS-DA obtained from positive ion mode data set.
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Table 2. Discriminative lipid species whose detected levels in AAV-shCYP46A1 4 weeks after injection are higher than in the control (AAV-scramble) predicted by OPLS-DA obtained from negative ion mode data set.
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The identities of the glycerophospholipids PC, PE, and PE-plasmalogens (PE-P) were confirmed by monitoring their respective characteristic polar head group ions: m/z 184.07 in ESI+ (phosphocholine), m/z 196.03 in ESI-(glycerol phosphoethanolamine with a water loss) (Tables 1, 2).

The fatty acyl chains detected in negative ion mode enable to determine the molecular species, e.g., m/z 253.2 (FA 16:1), 255.2 (FA 16:0), 281.2 (FA 18:1), 283.2 (FA 18:0), 303.23 (FA 20:4), 327.2 (FA 22:6) (Table 2). PE(P-18:0/18:1) upon collision-induced dissociation (CID) exhibits fragment-ions at m/z 392.2 and 339.2, corresponding to the fatty alcohol species C18:0 at sn-1 position and the fatty acyl moiety (FA 18:1) at sn-2 position of the glycerol backbone (Zemski Berry and Murphy, 2004).

Sphingolipids species were also subjected to the analysis of characteristic fragments upon MS/MS experiments (Table 2). In negative ion mode, the quasi-molecular ion Cer(d18:1/24:1) appears at [M-H]-m/z 646.61. Upon CID, Cer(d18:1/24:1) yield an ion at m/z 628.4, corresponding to loss of water, followed by loss of formaldehyde (HCHO) to give m/z 616.6, which dissociates to m/z 406.4 and 390.4 by loss of the fatty acyl moiety as ketene (loss of C22H43CH = C = O) (Supplementary Figure 3). The m/z 628.4 ion also gives m/z 237.2 and 263.2 (long-chain base moiety, LCB) by elimination of the fatty acyl moiety as an amide (loss of C17H33CONH2, 281 Da). GlcCer(d18:1/24:0) and GlcCer(d18:1/24:1) were observed at m/z 810.68 and 806.66, respectively, were identified similarly (Supplementary Figure 4; Hsu and Turk, 2002).

In ESI-, (3′-sulfo)Galβ-Cer(d18:1/18:0) or C18 sulfatide and (3′-sulfo)Galβ-Cer[d18:1/18:0(2OH)] or C18-OH sulfatide were observed as quasi-molecular ion [M-H]− whereas C24:1-OH sulfatide was detected as [M-H2O-H]− ion. Upon CID (MSE acquisition mode), m/z 97 and m/z 241 ions were observed corresponding to sulfate ion ([image: image]) and to 3-sulfogalactosyl moiety, respectively. The direct loss of the fatty acyl (FA 18:0) as a ketene from m/z 822.54 (C18-OH sulfatide) via the NH-CO bond cleavage results in m/z 540 (LCB moiety), which undergoes a water loss to yield m/z 522 ion. The FA moiety for C18 sulfatide, C18-OH sulfatide and C24:1-OH sulfatide were recorded at m/z 308.2, 324.2, and 388, respectively (Hsu and Turk, 2004).

Semi-quantitative ESI-HRMS analysis of the lipid molecular species in AAV-scramble and AAV-shCYP46A1 hippocampus tissues is presented in Figures 3A,B. Upon cholesterol accumulation, an increase of long-chain polyunsaturated fatty acids was observed. Phospholipids (PE, PE-P, PC) consisted mostly of long-chain fatty acid residues with 16 or 18 carbons and few very long-chain fatty acid residues (20 or 22 carbons) mainly with one unsaturation and in a less extend with 4 up to 6 double bonds (Figures 3A,B). AAV-shCYP46A1 injection induced an increase of DG species with medium chain length (36–38 carbons) and 4–5 double bonds (Figure 3A). An increase of GlcCer(d18:1/24:1), GlcCer(d18:1/24:0) and Cer(d18:1/24:1) were observed. For sulfatide species, an increase in C18 sulfatide, followed by C18-OH and C24:1-OH sulfatide were noticed (Figure 3B).
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FIGURE 3. Relative quantification of lipids in hippocampus of C57Bl/6 mice after injection of AA V5-scramble (control) and AA V5-shCYP46A1. (A,B) Rise of phosphatidylcholine (PC), diacylglycerol (DAG), ceramides (Cer), sulfatide, phosphatidylethanolamine plasmalogen (PE-P) and phosphatidylethanolamine (PE) in AAV-shCYP46A1 hippocampus compared to the control. The results are expressed as nmol per mg of proteins and as the mean ± SD (n = 5 mice per group). Measurements were performed in triplicate. Unpaired t-test was performed. *P < 0.05, **P < 0.01, and ***P < 0.001.



Cholesterol Accumulation Resulting to Cyp46a1 Gene Inhibition Leads to Increased PC Biosynthesis

We observed by an untargeted approach an increase of PC species in AAV-shCYP46A1 injected hippocampus. We were wondering if this increase of PC species was due to an activation of the biosynthetic pathway. PC is primarily synthetized by the citydine diphosphocholine (CDP) pathway (Kennedy pathway). After phosphorylation of choline into phosphocholine, choline cytidylyltransferase converts phosphocholine to CDP-choline in the presence of Cytidine Triphosphate (CTP) (Figure 4A). Phosphocholine moiety is then transferred to CDP-choline to diacylglycerol, producing PC (Fagone and Jackowski, 2013).
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FIGURE 4. De novo synthesis of phosphatidylcholine via the Kennedy pathway (A). Quantitative expression of spliced XBP1 form (B) and choline-phosphate cytidylyltransferase α (PCYT1A) (C) and choline-phosphate cytidylyltransferase β (PCYT1B) (D) genes after injection of AAV5-scramble and AAV-shCYP46A1 vectors in the hippocampus of C57BL/6 mice. Quantitative expression of murine spliced XBP1 (B), Pcyt1a (C) and Pcyt1b (D) genes were performed after 3 and 4 weeks post-injection (n = 5 mice per vector, per time). Expression data are normalized to the expression of AAV-scramble. Unpaired t-test was performed. *P < 0.05; **P < 0.01; ns, non-significant.



In vitro data show a relation between the expression of spliced XBP1 form and the choline phosphate cytidylyltransferase (Sriburi et al., 2004, 2007). Spliced XBP1 form is involved in ER stress previously described in our model (Djelti et al., 2015). Thus, we monitored the expression of gene encoding spliced XBP1 form and the two isoforms, α (Pcyt1a) and β (Pcyt1b) of the choline phosphate cytidylyltransferase by RT-qPCR (Figures 4B–D). We focus our attention on the mRNA expression of choline cytidyltransferase because it's the rate-limiting enzyme required for the synthesis of PC through the CDP-choline pathway (Pelech and Vance, 1984; Pelech et al., 1984). The expression of spliced XBP1 gene, was increased by 1.5-fold, at 3 and 4 weeks after injection of AAV-shCYP46A1 vector (Figure 4B). In parallel, a 1.5-fold increase of Pcyt1a gene expression was evidenced 4 weeks after injection (Figure 4C). No increase of Pcyt1b was observed 3 and 4 weeks after injection (Figure 4D). The increase of Pcyt1a gene expression suggests that the accumulation of cholesterol resulting of CYP46A1 inhibition induced the expression of spliced XBP1 form and the increase of PC biosynthesis, 4 weeks after injection.

Neuronal Cholesterol Accumulation Induced Imbalance in Sphingolipid Metabolism

Lipidomics analysis revealed an increase of ceramides and glucosylceramides species with long-chain fatty acids, namely Cer(d18:1/24:1), GlcCer(d18:1/24:0) and GlcCer(d18:1/24:1). No increase in sphingomyelin species was observed. To get further insight into the mechanism of ceramide increase, we investigated the expression of enzymes involved in ceramide metabolism. Ceramides are mostly generated by de novo synthesis from serine and palmitoyl-CoA. Ceramides are also produced by hydrolysis of sphingomyelin or by sphingosine from the salvage pathway (Figure 5A). The salvage pathway re-utilizes long chain sphingoid bases to form ceramide, through the action of ceramide synthase (Lass2) (Hannun and Obeid, 2008). LASS2 synthesizes ceramide species containing mainly long-chain fatty acyl moieties (22 up to 24 carbons), while synthesis of medium-chain ceramides (16 and 18 carbons) is relatively marginal (Laviad et al., 2008). We observed a tendency of the expression of Lass2 mRNA to be increased (1.6-fold) from 4 weeks after injection of AAV-shCYP46A1 (Figure 5B). Expression of Smpd1 and Smpd3 genes, coding, respectively for the acid sphingomyelinase and the neutral sphingomyelinase enzymes catalyzing the conversion of sphingomyelin into ceramide was then investigated. A 1.6-fold increase of Smpd1 gene expression was observed 4 weeks after injection (Figure 5C) while no change was observed in Smpd3 gene expression (Figure 5D). The increase of ceramides seems to result from the acid hydrolysis of sphingomyelin by the acid sphingomyelinase, SMPD1.
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FIGURE 5. Sphingolipid metabolism (A). Quantitative expression of ceramide synthase 2 (LASS2) (B), acid sphingomyelinase (SMPD1) (C) and neutral sphingomyelinase (SMPD3) (D) genes in C57BL/6 mice after cerebral injections of AAV-scramble and AAV-shCYP46A1 vectors. Quantitative expression of murine Lass2 (B), Smpd1 (C) and Smpd3 (D) genes were performed 3 and 4 weeks post-injection (n = 5 mice). Expression data are normalized to the expression of AAV5-scramble (control). Unpaired t-test was performed. *P < 0.05; ns, non-significant.



An increase in GlcCer species was also observed in AAV-CYP46A1 injected mice. We thus investigated the expression level of the enzymes involved in their synthesis. GlcCer is synthetized from ceramides (Figure 5A). A glucose residue is transferred to Cer by the UDP-glucose ceramide glucosyltransferase (UGCG) enzyme to form GlcCer. Addition of galactose to GlcCer results in the formation of lactosyl ceramide (LacCer), which is the precursor of the glycolipids also called gangliosides. Gangliosides are found on the surface of essentially all mammalian cells but are particularly abundant on neuronal cell surfaces like for instance GM1. Further addition of different sugars moieties (galactose, N-acetylgalactosamine, N-acetylglucosamine, sialic acid) in different configurations generates large numbers of gangliosides (Kolter et al., 2002; Yu et al., 2004). The biosynthetic pathway of the gangliosides is controlled by a few key glycosyltransferases and sialyltransferases. One of these reactions, is mediated by the transfer of sialic acid from CMP-sialic acid to galactose-containing substrates, to form GM1. As shown in Figure 6A, the expression of Ugcgc gene revealed no significant changes 3 or 4 weeks after injection of the AAV-shCYP46A1 vector. However, the expression of St3gal1 gene involved in conversion of lactosylceramide in gangliosides was increased 4 weeks after injection only (Figure 6B).
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FIGURE 6. Quantitative expression of UDP-glucose ceramide glucosyltransferase (UCGC) (A) and ST3 beta-galactoside alpha-2,3-sialyltransferase (ST3GAL1) (B) after hippocampal injections of AAV-scramble and AAV-shCYP46A1 vectors. Quantitative expression of murine Ucgc (A), St3gal1 (B) genes were performed 3 and 4 weeks post-injection (n = 5 mice). Expression data are normalized to the expression of AAV-scramble (control). Unpaired t-test was performed. *P < 0.05; ns, non-significant.



Increased Level of the Lysosomal Protein LAMP-1 and Accumulation of Phagolysosomes after Inhibition of Cyp46a1 Gene Expression

Late endosomal cholesterol accumulation leads to impaired intra-endosomal trafficking (Sobo et al., 2007). In our previous study, we found that endosomal trafficking was disturbed in CA3a pyramidal cells of mice injected with AAV-shCYP46A1 vector leading to enlarged endosomes (Djelti et al., 2015). To confirm that neuronal cholesterol accumulation in AAV-shCYP46A1 injected animals leads to impaired endosomal trafficking, we investigated lysosome number and morphology. First, we observed that the immunoreactivity of the lysosomal-associated membrane protein 1 (LAMP-1) was increased together with a 2.9 ± 0.42-fold increase in lysosome numbers in neurons of AAV-shCYP46A1 injected mice compared to the control (AAV-scramble) (Figures 7A,B). Ultrastructural analysis revealed abnormal lysosomes in CA3a neurons of mice injected with AAV-shCYP46A1, 4 weeks after injection (Figure 7C). In neurons of AAV-scramble injected mice, the arrows represent mitochondria (M), primary lysosomes (L1) and secondary lysosomes (L2) with normal morphology and homogenous with finely granular content (Figure 7C-left panel). In contrast, in neurons of AAV-shCYP46A1 injected mice, electron micrograph exhibits autophagolysosomes containing dark content with numerous electron-dense vesicles and mitochondria in the lumen (Figure 7C-right panel). Altogether, these observations suggest that cholesterol accumulation in neurons leads to an impairment of the endosomal-lysosomal membrane trafficking.
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FIGURE 7. Accumulation and ultrastructural modifications of lysosomes in CA3a neurons of AAV-shCYP46A1 injected mice. (A) Representative eGFP immunostaining (green) and LAMP-1 immunoreactivity (lysosomal cell, red) (scale bar: 50 μm) (B) Representative image by laser confocal microscopy showing increased puncta-like immunoreactivity of LAMP-1 (red) in CA3a neurons of the hippocampus of C57BL/6 mice 4 weeks after injection of AAV-shCYP46A1 vector compared to AAV-scramble. Nuclei are counterstained with DAPI (blue) (scale bar: 6 μm). (C) Quantification of the number of LAMP-1-positive lysosomes in CA3a pyramidal cells at 4 weeks after AAV5-shCYP injection normalized to values from AAV5-scramble injected mice (30 cells of 5 mice per vector per time; 2-tailed unpaired t-test was performed. ***P < 0.0001. (D) Electron micrographs showing abnormal lysosomes in CA3a neurons of C57BL/6 mice 4 weeks after injection of AAV-shCYP46A1 vector (scale bar: 1 μm). (M): mitochondria, (L1): primary lysosomes, (L2): secondary lysosomes.



DISCUSSION

Impairment in cholesterol metabolism is involved in many neurodegenerative diseases including AD (Anstey et al., 2008). However, the molecular mechanism that stands behind altered cholesterol levels and neurodegeneration remains incompletely understood. We established an in vivo mouse model to bring out the consequences of lipid perturbation associated with a specific cholesterol accumulation in neurons by down-regulating in vivo the cholesterol-24 hydroxylase coding gene (cyp46a1) expression using an AAV5-based RNA interference strategy (Djelti et al., 2015; Figure 8). The neuronal cholesterol-24 hydroxylase enzyme is involved in the cerebral clearance of cholesterol by catalyzing the conversion of cholesterol into 24(S)-hydroxycholesterol and, to a lesser extent, 25-hydroxycholesterol (Lund et al., 1999, 2003). The synthesis of 24(S)-hydroxycholesterol and its secretion from the brain represent the main mechanism of cholesterol turnover in this organ (Lund et al., 2003).
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FIGURE 8. Cholesterol overload in neurons induced by Cyp46a1 down-regulation in mice hippocampus disrupts lipid metabolism and lysosomal trafficking.



Our previous study showed that inhibition of cyp46a1 gene expression in wild-type mice lead to abnormal processing of APP with Aβ peptides accumulation and tau hyperphosphorylation, two hallmarks of AD, associated with ER stress and enlargement of the endosomal/lysosomal compartments. This cascade of events finally caused apoptotic neuronal death leading to cognitive impairment and hippocampal atrophy. These toxic consequences of cholesterol increase were strongly aggravated in APP23 mice (Djelti et al., 2015).

The aim of the present study was to characterize the detailed lipid perturbations associated with cholesterol accumulation induced by CYP46A1 inhibition in hippocampal neurons. Lipid modifications were analyzed 4 weeks after injection of an AAV5 vector expressing a short-hairpin (sh) RNA against cyp46a1 gene, a time where neuronal loss was shown to appear in this model (Djelti et al., 2015).

The delivery of Cyp46a1 sh-RNA in the stratum lacunosum moleculare region of C57Bl/6 mice hippocampus using AAV5 vector stereotactic injection leads to an efficient neuronal inhibition of Cyp46a1 gene expression in CA3a region in AAV-shCYP46A1 injected mice (Chali et al., 2015). This inhibition leads to a decrease of 24(S)-hydroxycholesterol and 25-hydroxycholesterol content, accompanied by an accumulation of cholesterol.

Previous studies have shown that the cholesterol 24-hydroxylase knock-out mice (Cyp46a1(−/−) exhibit 50% decrease in de novo cholesterol synthesis and a corresponding 50% decrease in cholesterol excretion from the brain without modification of the cholesterol content (Lund et al., 2003; Xie et al., 2003; Meljon et al., 2014). This shows that alterations of Cyp46a1 gene expression at an early developmental stage are compensated by homeostatic adaptation of cholesterol metabolism, and in particular cholesterol synthesis. In our in vivo model, the cholesterol synthesis was not modified. Indeed, we did not monitor any changes in cholesterol precursors content, such as cholestanol, desmosterol or 5α,6α-epoxycholesterol. Moreover, expression of genes coding the enzymes involved in the synthesis of cholesterol or its regulation (HMG-CoA reductase and Srebp-1) remained unchanged in the hippocampus of injected mice (Djelti et al., 2015). The 70% inhibition of Cyp46a1 gene expression by AAV-shCYP46A1 blocks the clearance of cholesterol leading to an accumulation of cholesterol with no effect on cholesterol biosynthesis (Djelti et al., 2015).

The lipid analysis carried out in the present study revealed an increase of brain structural glycerophospholipids (PC, PE, PE-P) and sphingolipids. PE, PE-P and PC species with medium-chain length fatty acyls were augmented in hippocampi with an accumulation of cholesterol as well as an increase of Pcyt1α expression, an enzyme involved in the rate-limiting step of PC biosynthesis. An in vitro study showed that free cholesterol accumulation in macrophages up-regulated PC synthesis (Sriburi et al., 2004, 2007). The increase of PC bulk is an adaptive response to prevent toxic effect of cholesterol excess by maintaining the ratio free cholesterol: PC in the membrane to a physiological level. Increase of PC was shown to be induced by ER stress. In our previous study, we showed in our model a rapid and major increase of ER stress (already present 3 weeks after injection) with phosphorylation of PERK and an increase of CHOP protein in response of neuronal accumulation of cholesterol.

Sphingolipids e.g., sphingomyelin, ceramides, sulfatides, gangliosides are enriched in the central nervous system. In addition to important structural role like membrane integrity, sphingolipids (ceramides or sphingosine-1-phosphate) in association with cholesterol function as second messengers to modulate a variety of signaling event. Perturbations in sphingolipid homeostasis and trafficking have been extensively documented in neurodegeneration disorders like Niemann-Pick type C or AD (He et al., 2010; Fan et al., 2013). The lipid profiling carried out in the present study also revealed that elevated species across multiple sphingolipid classes were increasing with cholesterol accumulation. Ceramides, glucosylceramides and sulfatides with medium or long-chain fatty acyls (C18; C24) were increased. Though, sphingomyelin content was not modified. Early reports show that ceramide levels are elevated at the earliest clinically recognizable stage of AD mediating oxidative stress-induced neuronal death (Cutler et al., 2004; He et al., 2010). Alterations of long-chain ceramides together with an increase of cholesterol were observed in brains of AD patients (Soreghan et al., 2003; Cutler et al., 2004; Han, 2005; Mattson et al., 2005).

Ceramide is generated either by the degradation of sphingomyelin via the action of sphingomyelinases or via de novo synthesis through the enzyme ceramide synthase, Lass2. Sphingomyelin degradation is achieved either by the acid sphingomyelinase, Smpd1 (lysosomal) or the neutral sphingomyelinase Smpd3 (membrane) to form ceramide. We observed that the expression of Smpd1 gene encoding acid sphingomyelinase was increased while the expression of Smpd3 gene encoding neutral sphingomyelinase and Lass2 gene encoding ceramide synthase were not modified. This observation is in a perfect agreement with a previous study showing that the expression of several genes involved in sphingomyelin metabolism, are increased in AD brain including acid sphingomyelinase (Katsel et al., 2007).

The excess of neuronal cholesterol after injection of AAV5-shCYP46A1 conduced to an increase in gangliosides GM1. A significant increase expression of gene encoding ST3 β-galactoside α-2,3-sialyltransferase 1, ST3GAL1 was observed. Interestingly, several strong indications point toward an important role of gangliosides in AD pathogenesis. Indeed, β-amyloid peptides interact with GM1, which is abundantly expressed in neural cell membranes and pile in lipid rafts to form amyloid fibrils (Yamamoto et al., 2008; Ariga et al., 2011; Matsuzaki, 2011; Yanagisawa, 2011). Some studies reported that the concentration and composition of gangliosides are altered in the brains of AD patients and in transgenic mouse models of AD (Chan et al., 2012). In our previous study, we showed that neuronal cholesterol accumulation was associated with the enlargement of the endosomal/lysosomal compartments disturbing the processing of APP and leading to the accumulation of Aβ peptides (Djelti et al., 2015). Various studies have documented abnormal endosomal morphology in the brain of individuals with AD. Enlarged early endosomes were formed in most pyramidal neurons in the brains of patients with sporadic AD (Cataldo et al., 2000). In vitro, after cholesterol loading treatment, primary culture neurons exhibited enlarged endosomes (Cossec et al., 2010). Increase in number of secondary lysosomes and changes in levels of lysosomal enzymes have previously been also associated with brain aging and age-related neurodegeneration (Lynch and Bi, 2003). It has been also shown that the lysosomal membrane protein LAMP-1 was upregulated at both the mRNA and protein level in the AD brain (Barrachina et al., 2006). Our experiment revealed that the lysosomes were abnormal, swelling and their numbers increased. These observations confirmed previous results showing modification of lysosome morphology induced by cholesterol excess (Barrachina et al., 2006). To summarize, we showed that in vivo cholesterol accumulation in hippocampal neurons following inhibition of CYP46A1 enzyme leads to major dysregulation of lipid homeostasis with combined accumulation of different lipid species from PC, PE, ceramides, sulfatides and gangliosides classes (Figure 8). Such modifications of the lipidome were also identified in cerebral tissues of AD patients (Han et al., 2001, 2002; Cutler et al., 2004; Han, 2005; Chan et al., 2012). Moreover, in vivo cholesterol accumulation in neurons induced a cascade of events with amyloid pathology, tau hyperphosphorylation and ER stress leading to neuronal dysfunction and cell death. In conclusion, lipidomics analysis combined with RNA interference-based strategy thus provides a powerful tool to further elucidate the specific roles of lipid intermediates in cell signaling and pathology of neurodegenerative diseases.

AUTHOR CONTRIBUTIONS

SAy, FD, SAl, MG, NA, PA, and NC conceived the experiments. FD performed AAV injections. SAy, AR, DD, MG, and NA performed MS experiments. FD, JV, and IB performed RT-PCR experiments. FD, SAl, and DL performed microscopy experiments. SAy, FD, SAl, NA, AR, and NC analyzed the data. SAy, FD, SAl, EH, NA, NC, and OL interpreted the experiments and wrote the paper.

ACKNOWLEDGMENTS

The post-doctoral position of SAy was funded by Agence Nationale de la Recherche (French-Canadian Cooperation-Project Cholesterol Alzheimer disease, 2010-MALZ-10303). The PhD position of FD was funded by the Ministère de l'Enseignement Supérieur et de la Recherche and the University Paris Descartes. The PhD position of MG was funded by Technologie Servier (Orléans, France). OL is indebted to Fondation pour la Recherche Médicale, Région-Île-de-France and Centre National de la Recherche Scientifique for their financial support.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: http://journal.frontiersin.org/article/10.3389/fnmol.2017.00211/full#supplementary-material

ABBREVIATIONS

AD, Alzheimer's disease; AAV5, Adenovirus associated vector serotype 5; 24-OHC, 24(S)-hydroxycholesterol; Cyp46a1, cholesterol-24(S)-hydroxylase gene; Aβ, amyloid peptide; APP, Amyloid precursor protein; BACE1, β-secretase; sh-CYP46A1, short hairpin RNAi CYP46A1; UPR, Unfolded Protein Response; UPLC, Ultra-performance liquid chromatography; PE, Phosphatidylethanolamine; PC, Phosphatidylcholine; Cer, Ceramide; GlcCer, Glucosylceramide; DG, Diacylglycerol; TBP, TATA-box binding protein gene; PCA, Principal Components Analysis; PLS-DA, Partial least square-Discriminant Analysis; OPLS-DA, Orthogonal Partial least square-Discriminant Analysis; QC, quality control; PCYT1α, choline cytilyltransferase α; PCYT1β, choline cytilyltransferase β; SMPD1, Sphingomyelin phosphodiesterase 1; SMPD3, Sphingomyelin phosphodiesterase 3; LASS2, ceramide synthase 2; ST3GAL1, ST3 β -galactoside α -2,3-sialyltransferase 1; UGCG, UDP-glucose ceramide glucosyltransferase; DAPI, 4′,6-diamidino-2-phenylindole; eGFP, enhanced green fluorescent protein; LAMP-1, lysosomal-associated membrane protein 1.

REFERENCES

 Anstey, K. J., Lipnicki, D. M., and Low, L. F. (2008). Cholesterol as a risk factor for dementia and cognitive decline: a systematic review of prospective studies with meta-analysis. Am. J. Geriatr. Psychiatry 16, 343–354. doi: 10.1097/01.JGP.0000310778.20870.ae

 Ariga, T., Wakade, C., and Yu, R. K. (2011). The pathological roles of ganglioside metabolism in Alzheimer's disease: effects of gangliosides on neurogenesis. Int. J. Alzheimers. Dis. 2011:193618. doi: 10.4061/2011/193618

 Ayciriex, S., Gerber, H., Osuna, G. M., Chami, M., Stahlberg, H., Shevchenko, A., et al. (2016). The lipidome associated with the gamma-secretase complex is required for its integrity and activity. Biochem. J. 473, 321–334. doi: 10.1042/BJ20150448

 Ayciriex, S., Regazzetti, A., Gaudin, M., Prost, E., Dargere, D., Massicot, F., et al. (2012). Development of a novel method for quantification of sterols and oxysterols by UPLC-ESI-HRMS: application to a neuroinflammation rat model. Anal. Bioanal. Chem. 404, 3049–3059. doi: 10.1007/s00216-012-6396-6

 Barrachina, M., Maes, T., Buesa, C., and Ferrer, I. (2006). Lysosome-associated membrane protein 1 (LAMP-1) in Alzheimer's disease. Neuropathol. Appl. Neurobiol. 32, 505–516. doi: 10.1111/j.1365-2990.2006.00756.x

 Bieche, I., Lerebours, F., Tozlu, S., Espie, M., Marty, M., and Lidereau, R. (2004). Molecular profiling of inflammatory breast cancer: identification of a poor-prognosis gene expression signature. Clin. Cancer Res. 10, 6789–6795. doi: 10.1158/1078-0432.CCR-04-0306

 Bjorkhem, I. (2006). Crossing the barrier: oxysterols as cholesterol transporters and metabolic modulators in the brain. J. Intern. Med. 260, 493–508. doi: 10.1111/j.1365-2796.2006.01725.x

 Bjorkhem, I., Leoni, V., and Meaney, S. (2010). Genetic connections between neurological disorders and cholesterol metabolism. J. Lipid Res. 51, 2489–2503. doi: 10.1194/jlr.R006338

 Bjorkhem, I., and Meaney, S. (2004). Brain cholesterol: long secret life behind a barrier. Arterioscler. Thromb. Vasc. Biol. 24, 806–815. doi: 10.1161/01.ATV.0000120374.59826.1b

 Castro-Perez, J. M., Kamphorst, J., DeGroot, J., Lafeber, F., Goshawk, J., Yu, K., et al. (2010). Comprehensive LC-MS E lipidomic analysis using a shotgun approach and its application to biomarker detection and identification in osteoarthritis patients. J. Proteome Res. 9, 2377–2389. doi: 10.1021/pr901094j

 Cataldo, A. M., Peterhoff, C. M., Troncoso, J. C., Gomez-Isla, T., Hyman, B. T., and Nixon, R. A. (2000). Endocytic pathway abnormalities precede amyloid beta deposition in sporadic Alzheimer's disease and Down syndrome: differential effects of APOE genotype and presenilin mutations. Am. J. Pathol. 157, 277–286. doi: 10.1016/S0002-9440(10)64538-5

 Chali, F., Djelti, F., Eugene, E., Valderrama, M., Marquer, C., Aubourg, P., et al. (2015). Inhibiting cholesterol degradation induces neuronal sclerosis and epileptic activity in mouse hippocampus. Eur. J. Neurosci. 41, 1345–1355. doi: 10.1111/ejn.12911

 Chan, E. C., Pasikanti, K. K., and Nicholson, J. K. (2011). Global urinary metabolic profiling procedures using gas chromatography-mass spectrometry. Nat. Protoc. 6, 1483–1499. doi: 10.1038/nprot.2011.375

 Chan, R. B., Oliveira, T. G., Cortes, E. P., Honig, L. S., Duff, K. E., Small, S. A., et al. (2012). Comparative lipidomic analysis of mouse and human brain with Alzheimer disease. J. Biol. Chem. 287, 2678–2688. doi: 10.1074/jbc.M111.274142

 Cheng, D., Jenner, A. M., Shui, G., Cheong, W. F., Mitchell, T. W., Nealon, J. R., et al. (2011). Lipid pathway alterations in Parkinson's disease primary visual cortex. PLoS ONE 6:e17299. doi: 10.1371/journal.pone.0017299

 Cossec, J. C., Marquer, C., Panchal, M., Lazar, A. N., Duyckaerts, C., and Potier, M. C. (2010). Cholesterol changes in Alzheimer's disease: methods of analysis and impact on the formation of enlarged endosomes. Biochim. Biophys. Acta 1801, 839–845. doi: 10.1016/j.bbalip.2010.03.010

 Cutler, R. G., Kelly, J., Storie, K., Pedersen, W. A., Tammara, A., Hatanpaa, K., et al. (2004). Involvement of oxidative stress-induced abnormalities in ceramide and cholesterol metabolism in brain aging and Alzheimer's disease. Proc. Natl. Acad. Sci. U.S.A. 101, 2070–2075. doi: 10.1073/pnas.0305799101

 de Chaves, E. I., Rusinol, A. E., Vance, D. E., Campenot, R. B., and Vance, J. E. (1997). Role of lipoproteins in the delivery of lipids to axons during axonal regeneration. J. Biol. Chem. 272, 30766–30773. doi: 10.1074/jbc.272.49.30766

 Dietschy, J. M., and Turley, S. D. (2004). Thematic review series: brain Lipids. Cholesterol metabolism in the central nervous system during early development and in the mature animal. J. Lipid Res. 45, 1375–1397. doi: 10.1194/jlr.R400004-JLR200

 Di Paolo, G., and Kim, T. W. (2011). Linking lipids to Alzheimer's disease: cholesterol and beyond. Nat. Rev. Neurosci. 12, 284–296. doi: 10.1038/nrn3012

 Djelti, F., Braudeau, J., Hudry, E., Dhenain, M., Varin, J., Bieche, I., et al. (2015). CYP46A1 inhibition, brain cholesterol accumulation and neurodegeneration pave the way for Alzheimer's disease. Brain 138, 2383–2398. doi: 10.1093/brain/awv166

 Fagone, P., and Jackowski, S. (2013). Phosphatidylcholine and the CDP-choline cycle. Biochim. Biophys. Acta 1831, 523–532. doi: 10.1016/j.bbalip.2012.09.009

 Fahy, E., Subramaniam, S., Brown, H. A., Glass, C. K., Merrill, A. H. Jr., Murphy, R. C., et al. (2005). A comprehensive classification system for lipids. J. Lipid Res. 46, 839–861. doi: 10.1194/jlr.E400004-JLR200

 Fahy, E., Subramaniam, S., Murphy, R. C., Nishijima, M., Raetz, C. R., Shimizu, T., et al. (2009). Update of the LIPID MAPS comprehensive classification system for lipids. J. Lipid Res. 50(Suppl.) S9–S14. doi: 10.1194/jlr.R800095-JLR200

 Fan, M., Sidhu, R., Fujiwara, H., Tortelli, B., Zhang, J., Davidson, C., et al. (2013). Identification of Niemann-Pick C1 disease biomarkers through sphingolipid profiling. J. Lipid Res. 54, 2800–2814. doi: 10.1194/jlr.M040618

 Han, X. (2005). Lipid alterations in the earliest clinically recognizable stage of Alzheimer's disease: implication of the role of lipids in the pathogenesis of Alzheimer's disease. Curr. Alzheimer Res. 2, 65–77. doi: 10.2174/1567205052772786

 Han, X., Holtzman, D. M., and McKeel, D. W. Jr. (2001). Plasmalogen deficiency in early Alzheimer's disease subjects and in animal models: molecular characterization using electrospray ionization mass spectrometry. J. Neurochem. 77, 1168–1180. doi: 10.1046/j.1471-4159.2001.00332.x

 Han, X., Holtzman, D. M., McKeel, D. W. Jr., Kelley, J., and Morris, J. C. (2002). Substantial sulfatide deficiency and ceramide elevation in very early Alzheimer's disease: potential role in disease pathogenesis. J. Neurochem. 82, 809–818. doi: 10.1046/j.1471-4159.2002.00997.x

 Hannun, Y. A., and Obeid, L. M. (2008). Principles of bioactive lipid signalling: lessons from sphingolipids. Nat. Rev. Mol. Cell Biol. 9, 139–150. doi: 10.1038/nrm2329

 He, X., Huang, Y., Li, B., Gong, C. X., and Schuchman, E. H. (2010). Deregulation of sphingolipid metabolism in Alzheimer's disease. Neurobiol. Aging 31, 398–408. doi: 10.1016/j.neurobiolaging.2008.05.010

 Hsu, F. F., and Turk, J. (2002). Characterization of ceramides by low energy collisional-activated dissociation tandem mass spectrometry with negative-ion electrospray ionization. J. Am. Soc. Mass Spectrom. 13, 558–570. doi: 10.1016/S1044-0305(02)00358-6

 Hsu, F. F., and Turk, J. (2004). Studies on sulfatides by quadrupole ion-trap mass spectrometry with electrospray ionization: structural characterization and the fragmentation processes that include an unusual internal galactose residue loss and the classical charge-remote fragmentation. J. Am. Soc. Mass Spectrom. 15, 536–546. doi: 10.1016/j.jasms.2003.12.007

 Katsel, P., Li, C., and Haroutunian, V. (2007). Gene expression alterations in the sphingolipid metabolism pathways during progression of dementia and Alzheimer's disease: a shift toward ceramide accumulation at the earliest recognizable stages of Alzheimer's disease? Neurochem. Res. 32, 845–856. doi: 10.1007/s11064-007-9297-x

 Kolter, T., Proia, R. L., and Sandhoff, K. (2002). Combinatorial ganglioside biosynthesis. J. Biol. Chem. 277, 25859–25862. doi: 10.1074/jbc.R200001200

 Laviad, E. L., Albee, L., Pankova-Kholmyansky, I., Epstein, S., Park, H., Merrill, A. H. Jr., et al. (2008). Characterization of ceramide synthase 2: tissue distribution, substrate specificity, and inhibition by sphingosine 1-phosphate. J. Biol. Chem. 283, 5677–5684. doi: 10.1074/jbc.M707386200

 Liu, J. P., Tang, Y., Zhou, S., Toh, B. H., McLean, C., and Li, H. (2010). Cholesterol involvement in the pathogenesis of neurodegenerative diseases. Mol. Cell. Neurosci. 43, 33–42. doi: 10.1016/j.mcn.2009.07.013

 Lund, E. G., Guileyardo, J. M., and Russell, D. W. (1999). cDNA cloning of cholesterol 24-hydroxylase, a mediator of cholesterol homeostasis in the brain. Proc. Natl. Acad. Sci. U.S.A. 96, 7238–7243. doi: 10.1073/pnas.96.13.7238

 Lund, E. G., Xie, C., Kotti, T., Turley, S. D., Dietschy, J. M., and Russell, D. W. (2003). Knockout of the cholesterol 24-hydroxylase gene in mice reveals a brain-specific mechanism of cholesterol turnover. J. Biol. Chem. 278, 22980–22988. doi: 10.1074/jbc.M303415200

 Lutjohann, D., Breuer, O., Ahlborg, G., Nennesmo, I., Siden, A., Diczfalusy, U., et al. (1996). Cholesterol homeostasis in human brain: evidence for an age-dependent flux of 24S-hydroxycholesterol from the brain into the circulation. Proc. Natl. Acad. Sci. U.S.A. 93, 9799–9804. doi: 10.1073/pnas.93.18.9799

 Lynch, G., and Bi, X. (2003). Lysosomes and brain aging in mammals. Neurochem. Res. 28, 1725–1734. doi: 10.1023/A:1026069223763

 Mahley, R. W., and Rall, S. C. Jr. (2000). Apolipoprotein E: far more than a lipid transport protein. Annu. Rev. Genomics Hum. Genet. 1, 507–537. doi: 10.1146/annurev.genom.1.1.507

 Marquer, C., Devauges, V., Cossec, J. C., Liot, G., Lecart, S., Saudou, F., et al. (2011). Local cholesterol increase triggers amyloid precursor protein-Bace1 clustering in lipid rafts and rapid endocytosis. FASEB J. 25, 1295–1305. doi: 10.1096/fj.10-168633

 Matsuzaki, K. (2011). Formation of toxic amyloid fibrils by amyloid beta-protein on ganglioside clusters. Int. J. Alzheimers. Dis. 2011:956104. doi: 10.4061/2011/956104

 Mattson, M. P., Cutler, R. G., and Jo, D. G. (2005). Alzheimer peptides perturb lipid-regulating enzymes. Nat. Cell Biol. 7, 1045–1047. doi: 10.1038/ncb1105-1045

 Mauch, D. H., Nagler, K., Schumacher, S., Goritz, C., Muller, E. C., Otto, A., et al. (2001). CNS synaptogenesis promoted by glia-derived cholesterol. Science 294, 1354–1357. doi: 10.1126/science.294.5545.1354

 Meljon, A., Wang, Y., and Griffiths, W. J. (2014). Oxysterols in the brain of the cholesterol 24-hydroxylase knockout mouse. Biochem. Biophys. Res. Commun. 446, 768–774. doi: 10.1016/j.bbrc.2014.01.153

 Meljon, A., Watson, G. L., Wang, Y., Shackleton, C. H., and Griffiths, W. J. (2013). Analysis by liquid chromatography-mass spectrometry of sterols and oxysterols in brain of the newborn Dhcr7Δ3−5/T93M mouse: A model of Smith-Lemli-Opitz syndrome. Biochem. Pharmacol. 86, 43–55. doi: 10.1016/j.bcp.2013.03.003

 Panchal, M., Gaudin, M., Lazar, A. N., Salvati, E., Rivals, I., Ayciriex, S., et al. (2014). Ceramides and sphingomyelinases in senile plaques. Neurobiol. Dis. 65, 193–201. doi: 10.1016/j.nbd.2014.01.010

 Pelech, S. L., Cook, H. W., Paddon, H. B., and Vance, D. E. (1984). Membrane-bound CTP: phosphocholine cytidylyltransferase regulates the rate of phosphatidylcholine synthesis in HeLa cells treated with unsaturated fatty acids. Biochim. Biophys. Acta 795, 433–440. doi: 10.1016/0005-2760(84)90169-3

 Pelech, S. L., and Vance, D. E. (1984). Regulation of phosphatidylcholine biosynthesis. Biochim. Biophys. Acta 779, 217–251. doi: 10.1016/0304-4157(84)90010-8

 Pfrieger, F. W. (2003). Cholesterol homeostasis and function in neurons of the central nervous system. Cell. Mol. Life Sci. 60, 1158–1171. doi: 10.1007/s00018-003-3018-7

 Puglielli, L., Tanzi, R. E., and Kovacs, D. M. (2003). Alzheimer's disease: the cholesterol connection. Nat. Neurosci. 6, 345–351. doi: 10.1038/nn0403-345

 Reynolds, E. S. (1963). The use of lead citrate at high pH as an electron-opaque stain in electron microscopy. J. Cell Biol. 17, 208–212. doi: 10.1083/jcb.17.1.208

 Russell, D. W., Halford, R. W., Ramirez, D. M., Shah, R., and Kotti, T. (2009). Cholesterol 24-hydroxylase: an enzyme of cholesterol turnover in the brain. Annu. Rev. Biochem. 78, 1017–1040. doi: 10.1146/annurev.biochem.78.072407.103859

 Sevin, C., Benraiss, A., Van Dam, D., Bonnin, D., Nagels, G., Verot, L., et al. (2006). Intracerebral adeno-associated virus-mediated gene transfer in rapidly progressive forms of metachromatic leukodystrophy. Hum. Mol. Genet. 15, 53–64. doi: 10.1093/hmg/ddi425

 Smith, C. A., Want, E. J., O'Maille, G., Abagyan, R., and Siuzdak, G. (2006). XCMS: processing mass spectrometry data for metabolite profiling using nonlinear peak alignment, matching, and identification. Anal. Chem. 78, 779–787. doi: 10.1021/ac051437y

 Sobo, K., Le Blanc, I., Luyet, P. P., Fivaz, M., Ferguson, C., Parton, R. G., et al. (2007). Late endosomal cholesterol accumulation leads to impaired intra-endosomal trafficking. PLoS ONE 2:e851. doi: 10.1371/journal.pone.0000851

 Soreghan, B., Thomas, S. N., and Yang, A. J. (2003). Aberrant sphingomyelin/ceramide metabolic-induced neuronal endosomal/lysosomal dysfunction: potential pathological consequences in age-related neurodegeneration. Adv. Drug Deliv. Rev. 55, 1515–1524. doi: 10.1016/j.addr.2003.07.007

 Sriburi, R., Bommiasamy, H., Buldak, G. L., Robbins, G. R., Frank, M., Jackowski, S., et al. (2007). Coordinate regulation of phospholipid biosynthesis and secretory pathway gene expression in XBP-1(S)-induced endoplasmic reticulum biogenesis. J. Biol. Chem. 282, 7024–7034. doi: 10.1074/jbc.M609490200

 Sriburi, R., Jackowski, S., Mori, K., and Brewer, J. W. (2004). XBP1: a link between the unfolded protein response, lipid biosynthesis, and biogenesis of the endoplasmic reticulum. J. Cell Biol. 167, 35–41. doi: 10.1083/jcb.200406136

 Sud, M., Fahy, E., Cotter, D., Brown, A., Dennis, E. A., Glass, C. K., et al. (2007). LMSD: LIPID MAPS structure database. Nucleic Acids Res. 35, D527–D532. doi: 10.1093/nar/gkl838

 Tautenhahn, R., Cho, K., Uritboonthai, W., Zhu, Z., Patti, G. J., and Siuzdak, G. (2012a). An accelerated workflow for untargeted metabolomics using the METLIN database. Nat. Biotechnol. 30, 826–828. doi: 10.1038/nbt.2348

 Tautenhahn, R., Patti, G. J., Rinehart, D., and Siuzdak, G. (2012b). XCMS Online: a web-based platform to process untargeted metabolomic data. Anal. Chem. 84, 5035–5039. doi: 10.1021/ac300698c

 Turley, S. D., Burns, D. K., Rosenfeld, C. R., and Dietschy, J. M. (1996). Brain does not utilize low density lipoprotein-cholesterol during fetal and neonatal development in the sheep. J. Lipid Res. 37, 1953–1961.

 Valenza, M., Leoni, V., Karasinska, J. M., Petricca, L., Fan, J., Carroll, J., et al. (2010). Cholesterol defect is marked across multiple rodent models of Huntington's disease and is manifest in astrocytes. J. Neurosci. 30, 10844–10850. doi: 10.1523/JNEUROSCI.0917-10.2010

 Valenza, M., Rigamonti, D., Goffredo, D., Zuccato, C., Fenu, S., Jamot, L., et al. (2005). Dysfunction of the cholesterol biosynthetic pathway in Huntington's disease. J. Neurosci. 25, 9932–9939. doi: 10.1523/JNEUROSCI.3355-05.2005

 Vance, J. E., Hayashi, H., and Karten, B. (2005). Cholesterol homeostasis in neurons and glial cells. Semin. Cell Dev. Biol. 16, 193–212. doi: 10.1016/j.semcdb.2005.01.005

 Want, E. J., Masson, P., Michopoulos, F., Wilson, I. D., Theodoridis, G., Plumb, R. S., et al. (2013). Global metabolic profiling of animal and human tissues via UPLC-MS. Nat. Protoc. 8, 17–32. doi: 10.1038/nprot.2012.135

 Want, E. J., Wilson, I. D., Gika, H., Theodoridis, G., Plumb, R. S., Shockcor, J., et al. (2010). Global metabolic profiling procedures for urine using UPLC-MS. Nat. Protoc. 5, 1005–1018. doi: 10.1038/nprot.2010.50

 Wiklund, S., Johansson, E., Sjostrom, L., Mellerowicz, E. J., Edlund, U., Shockcor, J. P., et al. (2008). Visualization of GC/TOF-MS-based metabolomics data for identification of biochemically interesting compounds using OPLS class models. Anal. Chem. 80, 115–122. doi: 10.1021/ac0713510

 Wolozin, B. (2004). Cholesterol and the biology of Alzheimer's disease. Neuron 41, 7–10. doi: 10.1016/S0896-6273(03)00840-7

 Xie, C., Lund, E. G., Turley, S. D., Russell, D. W., and Dietschy, J. M. (2003). Quantitation of two pathways for cholesterol excretion from the brain in normal mice and mice with neurodegeneration. J. Lipid Res. 44, 1780–1789. doi: 10.1194/jlr.M300164-JLR200

 Xu, G., Servatius, R. J., Shefer, S., Tint, G. S., O'Brien, W. T., Batta, A. K., et al. (1998). Relationship between abnormal cholesterol synthesis and retarded learning in rats. Metab. Clin. Exp. 47, 878–882. doi: 10.1016/S0026-0495(98)90130-5

 Yadav, R. S., and Tiwari, N. K. (2014). Lipid integration in neurodegeneration: an overview of Alzheimer's disease. Mol. Neurobiol. 50, 168–176. doi: 10.1007/s12035-014-8661-5

 Yamamoto, N., Matsubara, T., Sato, T., and Yanagisawa, K. (2008). Age-dependent high-density clustering of GM1 ganglioside at presynaptic neuritic terminals promotes amyloid beta-protein fibrillogenesis. Biochim. Biophys. Acta 1778, 2717–2726. doi: 10.1016/j.bbamem.2008.07.028

 Yanagisawa, K. (2011). Pathological significance of ganglioside clusters in Alzheimer's disease. J. Neurochem. 116, 806–812. doi: 10.1111/j.1471-4159.2010.07006.x

 Yu, R. K., Bieberich, E., Xia, T., and Zeng, G. (2004). Regulation of ganglioside biosynthesis in the nervous system. J. Lipid Res. 45, 783–793. doi: 10.1194/jlr.R300020-JLR200

 Zemski Berry, K. A., and Murphy, R. C. (2004). Electrospray ionization tandem mass spectrometry of glycerophosphoethanolamine plasmalogen phospholipids. J. Am. Soc. Mass Spectrom. 15, 1499–1508. doi: 10.1016/j.jasms.2004.07.009

Conflict of Interest Statement: 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 © 2017 Ayciriex, Djelti, Alves, Regazzetti, Gaudin, Varin, Langui, Bièche, Hudry, Dargère, Aubourg, Auzeil, Laprévote and Cartier. 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) or licensor 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.







	
	ORIGINAL RESEARCH
published: 29 May 2017
doi: 10.3389/fnmol.2017.00164





[image: image2]

Mitochondrial Effects of PGC-1alpha Silencing in MPP+ Treated Human SH-SY5Y Neuroblastoma Cells

Qinyong Ye1,2*, Chun Chen1, Erwang Si1, Yousheng Cai1, Juhua Wang1, Wanling Huang1, Dongzhu Li1, Yingqing Wang1 and Xiaochun Chen1,2


1Department of Neurology, Fujian Institute of Geriatrics, Fujian Medical University Union Hospital, Fuzhou, China

2Key Laboratory of Brain Aging and Neurodegenerative Diseases, Fujian Key Laboratory of Molecular Neurology, Fujian Medical University, Fuzhou, China

Edited by:
Clevio Nobrega, University of the Algarve, Portugal

Reviewed by:
Maciej Maurycy Lalowski, University of Helsinki, Finland
Liliana Simões Mendonça, University of Coimbra, Portugal

* Correspondence: Qinyong Ye, unionqyye@163.com

Received: 06 February 2017
 Accepted: 11 May 2017
 Published: 29 May 2017

Citation: Ye Q, Chen C, Si E, Cai Y, Wang J, Huang W, Li D, Wang Y and Chen X (2017) Mitochondrial Effects of PGC-1alpha Silencing in MPP+ Treated Human SH-SY5Y Neuroblastoma Cells. Front. Mol. Neurosci. 10:164. doi: 10.3389/fnmol.2017.00164



The dopaminergic neuron degeneration and loss that occurs in Parkinson’s disease (PD) has been tightly linked to mitochondrial dysfunction. Although the aged-related cause of the mitochondrial defect observed in PD patients remains unclear, nuclear genes are of potential importance to mitochondrial function. Human peroxisome proliferator-activated receptor γ coactivator-1alpha (PGC-1α) is a multi-functional transcription factor that tightly regulates mitochondrial biogenesis and oxidative capacity. The goal of the present study was to explore the potential pathogenic effects of interference by the PGC-1α gene on N-methyl-4-phenylpyridinium ion (MPP+)-induced SH-SY5Y cells. We utilized RNA interference (RNAi) technology to probe the pathogenic consequences of inhibiting PGC-1α in the SH-SY5Y cell line. Remarkably, a reduction in PGC-1α resulted in the reduction of mitochondrial membrane potential, intracellular ATP content and intracellular H2O2 generation, leading to the translocation of cytochrome c (cyt c) to the cytoplasm in the MPP+-induced PD cell model. The expression of related proteins in the signaling pathway (e.g., estrogen-related receptor α (ERRα), nuclear respiratory factor 1 (NRF-1), NRF-2 and Peroxisome proliferator-activated receptor γ (PPARγ)) also decreased. Our finding indicates that small interfering RNA (siRNA) interference targeting the PGC-1α gene could inhibit the function of mitochondria in several capacities and that the PGC-1α gene may modulate mitochondrial function by regulating the expression of ERRα, NRF-1, NRF-2 and PPARγ. Thus, PGC-1α can be considered a potential therapeutic target for PD.
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INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disorder that is characterized by the progressive loss of dopaminergic neurons and affects more than 1% of the population older than 60 years of age (Abou-Sleiman et al., 2006). Both clinical and experimental data have indicated that mitochondrial dysfunction is a common feature of PD that results in a decrease in complex I activity and the overproduction of oxygen radicals (Schapira et al., 1990; Greenamyre et al., 2001). Mitochondria may, therefore, be critical to understanding the etiology of both familial and sporadic PD (Moore et al., 2005; McInnes, 2013). Furthermore, the substantia nigra (SN) of PD patients exhibits a higher mutation rate in mitochondrial DNA than other regions of the brain.

Peroxisome proliferator-activated receptor γ (PPARγ) coactivator 1α (PGC-1α), together with PGC-1β and PGC-related co-activator (PRC), comprise a family of transcriptional co-activators (Scarpulla, 2008a). PGC-1α initiates a diverse set of metabolic programs through its interaction with a variety of transcription factors, including PPARγ (De Nuccio et al., 2011), nuclear respiratory factors 1 and 2 (NRF-1, NRF-2) and estrogen-related receptor α (ERRα; Lin et al., 2005). Additionally, NRF-1, NRF-2, ERRα and PPARγ are primarily responsible for regulating the expression of nuclear-encoded mitochondrial genes, including the components of complexes I-V, cytochrome c (cyt c) and mitochondrial transcription factor A (TFAM; Kelly and Scarpulla, 2004). Furthermore, those nuclear-encoded mitochondrial genes are regulating the energy metabolism of the brain. PGC-1α is, thus, believed to be a major regulator of mammalian mitochondrial biogenesis during physiological or pathological stress.

Recent studies have implicated impaired PGC-1α function in mitochondrial dysfunction in PD. The activation or overexpression of PGC-1α can protect neurons from the loss of mitochondria induced by mutant α-synuclein or mutant huntingtin (Htt; Wareski et al., 2009). Increased PGC-1α expression could improve dopaminergic neuronal viability and mitochondrial activity in in vivo and in vitro PD models (Mudò et al., 2012; Ferretta et al., 2014; Mäkelä et al., 2016). Our previous work has also suggested that the up-regulation of PGC-1α may have a significant impact on mitochondrial signal transduction by up-regulating the expression of ERRα, NRF-1, NRF-2 and PPARγ (Ye et al., 2016). Meanwhile, PD patients exhibit declining levels of cellular bioenergetic-related gene expression that closely corresponded to the level of PGC-1α (Zheng et al., 2010). However, in the absence of PGC-1α condition, the potential regulation of PGC-1α on mitochondria in in vitro PD models is still unclear. Therefore, the down-regulation effect of PGC-1α on related transcription cofactors and mitochondrial function was investigated in PD-liked pathological damage induced by N-methyl-4-phenylpyridinium ion (MPP+) in this study.

MATERIALS AND METHODS

Cell Culture

Human SH-SY5Y neuroblastoma cells were obtained from the Chinese Academy of Sciences Committee Type Culture Collection cell bank and were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM/F12, Hyclone, Logan, UT, USA) supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA), 100 U/ml penicillin (Hyclone, Logan, UT, USA) and 100 U/ml streptomycin (Hyclone, Logan, UT, USA; complete media, CM). The cell line was cultured in 100 mm tissue culture plates at 37°C in a humidified incubator (Model No. 3130, Forma Scientific, OH, USA) containing 5% CO2. When the cell density reached 80%–90%, the cells were harvested and dispersed. We replaced the culture medium every 2 days. The cells in CM were treated with 1 mM MPP+ (D048, Sigma-Aldrich, St. Louis, MO, USA) for 24 h (The antibodies and abbreviations lists see Supplement Materials 1, 2).

Viral Infection

Human SH-SY5Y neuroblastoma cells were infected through incubation in high titer Adenovirus-Green Fluorescent Protein (Ad-GFP) diluted in a small volume of DMEM/F12 at 37°C for 2 h with gentle swaying every 20 min. The infected cells were maintained for 24 h in fresh CM and were treated with 1 mM MPP+ for 24 h. Briefly, 5.0 × 103 cells/well in 100 ul of culture medium were seeded into a 96-well plate and incubated at 37°C in 5% CO2 for 24 h to allow cells to grow to 50%–60% confluency. The culture medium was replaced by 100 ul of serum-free medium. The different amount of viruses, 1.25 × 105 pfu/well, 2.5 × 105 pfu/well and 5 × 105 pfu/well, according to multiplicity of infection (MOI; 25, 50, 100) values were applied for infection. The plate was shaken one time every 20 min to increase infection efficiency. After 2 h incubation, the medium was replaced by 100 ul of 5% FBS DMEM/F12 medium. The expression of GFP was observed by fluorescence microscopy (Leica, Germany) 24 h after infection. The transfer efficiency of adenovirus to the SH-SY5Y cells was relatively high, and a MOI of 50 was found to be the most suitable. This MOI was predicted to infect 90%–100% of the SH-SY5Y cells. Then SH-SY5Y cells were also infected with adenovirus in 6-well plates. The number of cells per well was 1.0 × 105 cells/well in 2 ml of culture medium, and the corresponding amount of viruses was 5 × 106 pfu/well (MOI = 50). Adenoviral vector delivery of small interfering RNA (siRNA) targeting PGC-1α (GeneBank accession number: NM_013261) and nonsense control (Ad) were purchased from SBO Medical Biotechnology Co., Ltd (Shanghai, China). The sequences of siRNAs were as follows:
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3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) Assay to Evaluate Cell Survival

3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT; Solarbio, Beijing, China) is absorbed into cells and then converted to formazan by mitochondrial succinate dehydrogenase. The accumulation of formazan directly reflects the activity of mitochondria and indirectly reflects cell viability. Cells were plated at a density of 1 × 104 cells/well in 96-well plates and were cultured, differentiated and treated according to the above described methods. Twenty microliter of 0.5 mg/ml MTT was added to each well. After 4 h of incubation at 37°C, the initial 220 μl of solution was removed from each well, and then 100 μl of dimethyl sulfoxide (DMSO) was added to each well. Optical density (OD) was evaluated at 570 nm on an ELISA plate reader (Bio-Rad, Hercules, CA, USA) after the precipitate in the well was dissolved on a microplate mixer for 10 min. All results were normalized against the OD measured in a well under the same conditions without cell culture.

Detection of Tyrosine Hydroxylase (TH) in SH-SY5Y Cells by Immunocytochemistry

Human SH-SY5Y neuroblastoma cells were permeabilized and fixed with 0.5% Triton X-100 and 4% paraformaldehyde. Slides were blocked with 1% normal donkey serum (Merck, Darmstadt, Germany) in phosphate buffered saline (PBS) for 60 min at room temperature. Cells were washed with 0.1% bovine serum albumin (BSA, Beyotime Institute of Biotechnology, Shanghai, China) in PBS three times with gentle shaking, then incubated with the primary antibody Tyrosine Hydroxylase (TH; 1:100, Santa Cruz, CA, USA) diluted in 0.1% BSA/PBS at 4°C overnight. Labeled donkey anti-rabbit IgG (1:1000 Invitrogen, Paisley, UK) was used as the secondary antibody and was incubated in the dark for 2 h at room temperature. The samples were subjected to chromogenic diaminobenzidine (DAB) staining. In general, one drop of A, B, C reagents was respectively added into 1 ml of distilled water. The mixture was used for cell staining. The color development was monitored under the microscope at room temperature. The reaction stopped by adding distilled water when the ideal color was developed. Hematoxylin was used as a counterstain. The samples mounted by mounting medium were visualized by an inverted microscope under 200 times and 400 times magnification.

Western Blot Analysis

Human SH-SY5Y neuroblastoma cells, plated at a density of 1 × 105 cells per 6-well dish, were treated according to the aforementioned methods. The cells were washed with ice-cold PBS three times, then the PBS was removed, and the cells were harvested in RIPA Lysis Buffer [50 mM Tris pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM sodium orthovanadate, 50 mM sodium fluoride, 1 mM Ethylenediaminetetraacetic acid (EDTA)], and 0.5 mM phenylmethanesulfonylfluoride (PMSF; Beyotime Institute of Biotechnology, Shanghai, China). The lysates were incubated for 10 min on ice and centrifuged at 12,000× g for 10 min at 4°C. The supernatant containing the cell lysates was collected. The protein concentration was measured using BCA Protein Assay Kit (Beyotime Institute of Biotechnology, Shanghai, China). Thirty micrograms of proteins from total cell lysates were denatured by boiling in 1× SDS sample buffer (P0015, Beyotime Institute of Biotechnology, Shanghai, China). Thirty micrograms of denatured protein by boiling were loaded per lane and resolved by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for 90 min at 80 V. The separated proteins were transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore, Carrigtwohill, Ireland) for 2 h at 200 mA with Bradford reagent (Bio-Rad, Hercules, CA, USA). The membranes were blocked with 5% skim milk in 1× PBS containing 0.05% Tween 20 (PBST) for 4 h at room temperature. The following primary antibodies were incubated with: anti-PGC-1α (1:1500 EMD Millipore Billerica, MA, USA); anti-ERRα (1:2500 EMD Millipore Billerica, MA, USA); anti-NRF1 (1:800 Abcam Cambridge, MA, USA); anti-NRF2 (1:1000 Abcam Cambridge, MA, USA), anti-PPARγ (1:1000 Abcam Cambridge, MA, USA), anti-Actin (1:2000 Beyotime Company of Biotechnology Shanghai, China), anti-GAPDH (1:1000 Beyotime Company of Biotechnology Shanghai, China) in PBST at 4°C overnight, the membranes were washed three times in PBST for 10 min. Subsequently, the membranes were incubated for 1.5 h in PBST containing secondary antibody conjugated to horseradish peroxidase (HRP; anti-mouse IgG 1:2000 and anti-rabbit IgG 1:2000, Beyotime Institute of Biotechnology, Shanghai, China). The immunoreactive bands were visualized and quantified using the enhanced chemiluminescence (ECL) detection kit (Millipore, USA). Protein levels were normalized to the housekeeping protein β-actin or GAPDH to adjust for variability of protein loading and expressed as a percentage of the vehicle control (deemed to be 100%).

Quantitative Real-Time PCR Analysis

Total RNA from human SH-SY5Y neuroblastoma cells was isolated according to the manufacturer’s protocol using TRizol reagent (Invitrogen, Carlsbad, CA, USA). Total RNA purity and integrity was confirmed using an ND-1000 NanoDrop (NanoDrop Technologies, Wilmington, NC, USA) and 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). RNA (1 μg) was reverse-transcribed into cDNA in a total volume of 20 μl using the RevertAidTM First Strand cDNA Synthesis Kit (k1621, Fermentas, St. Leon-Rot, Germany). The cDNA (2 μl) was amplified using a sequence detection system (ABI Prism 7500) in a total volume of 20 μl containing 10 μl of Fast Start Universal SYBR Green Master Mix (ROX; Roche, Penzberg, Germany) and each primer at 0.3 μM. Quantitative real-time PCR was performed using the ABI prism 7500 HT sequence detection system (Applied Biosystems, Forster City, CA, USA) based on the 59-nuclease assay for the indicated genes and the housekeeping gene GAPDH. Relative quantification of mRNAs was calculated with the ∆∆Ct method. Relative expression was calculated using the ∆∆Ct method. The absolute value of the slope of ∆CT vs. a log input <0.1 was considered as a criterion for passing the validation experiment. PCR amplification was carried out on cDNA equivalent to 10 ng of starting mRNA with the following specific oligonucleotide primers:


PGC-1α (Forward, 5-acacagtcgcagtcacaacac-3

Reverse, 5-gcagttccagagagttccaca-3,)

GAPDH (Forward, 5-agaaggctggggctcatttg -3

Reverse, 5-aggggccatccacagtcttc-3).



The conditions for PCR were as follows: initial denaturation for 3 min followed by 40 cycles of two steps: 1st: 95°C for 1 min, 2nd: 72°C (annealing) for 1 min 30 s. Followed by a final incubation of 72°C for 10 min. The results are expressed as the average of triplicate samples from at least three independent experiments for both control and treated cells.

Mitochondrial Membrane Potential

Loss of mitochondrial membrane potential was assessed using Rhodamine 123 (Sigma, USA). Human SH-SY5Y neuroblastoma cells were seeded in 6-well plates at a concentration of 105 cells per well. After the cells were treated with viral infection and MPP+, the medium was removed, and the cells were washed three times with DMEM/F12. The cells were incubated with Rhodamine 123 (Rh123) at a final concentration of 10 μg/ml in FBS-free DMEM/F12 for 30 min at 37°C. The fluorescence signal was measured using a flow cytometer (FACScalibur, San Jose, CA, USA) with excitation and emission wavelengths set at 530 and 590 nm, respectively. For each analysis, 10,000 events were recorded. The value for each treatment group was converted to a percentage of the control value.

Intracellular ATP Measurement

ATP levels were assessed using a luciferin/luciferase-based ATP assay kit (no. 11699709001, Roche). Briefly, SH-SY5Y cells were treated with 1 mM MPP+ for 24 h. Cells were harvested, centrifuged and diluted to a concentration of 1 × 106 cells/ml. The cells were plated at 25 μl/well in black 96-well plates. An ATP standard was serially diluted in dilution buffer to the range of 10−6 to 10−12 M ATP. The same volume of cell lysis reagent was added to the samples, which were then incubated for 5 min at 25°C. Appropriate volumes of luciferase reagents were added to the samples and readings were recorded between 1 s and 10 s at an interval of 1 s using a multifunctional microplate reader (SpectraMax M3, Sunnyvale, CA, USA).

Intracellular H2O2 Measurement

Intracellular production of H2O2 was fluorometrically assayed according to the manufacturer’s instructions (Amplex® Red, Molecular Probes, A22188, Invitrogen, Eugene, OR, USA). The Amplex® Red reagent reacts with H2O2 in a 1:1 stoichiometry to produce the red-fluorescent oxidation product, resorufin. The resorufin was measured with excitation and emission wavelengths at 530 and 590 nm. SH-SY5Y cells in which the PGC-1α gene was silenced were treated with 1 mM MPP+ for 24 h. Cells were harvested, centrifuged, and diluted to a concentration of 1 × 106 cells/ml. An H2O2 standard curve was prepared, and the cells were plated on black 96-well plates to be tested. Cultures were exposed to a working solution containing 50 μM Amplex Red reagent and 0.1 U/ml HRP for 30 min and were assayed using a multifunctional microplate reader (SpectraMax M3, Sunnyvale, CA, USA) equipped for excitation at 540 nm and fluorescence emission at 590 nm.

Intracellular cyt c Measurement by ELISA

Mitochondria were extracted according to the Mitochondria Fractionation Kit (Active Motif, Cat.40015, Carlsbad, CA 92008, USA) instructions. A cyt c standard was serially diluted with dilution buffer to 5.0, 2.5, 1.25, 0.625, 0.31, 0.155, 0.078 and 0 ng/ml according to the instructions accompanying the cyt c Human ELISA Kit (Abcam, Cambridge, MA, USA). The sample and standard specimens were added to 96-well plates filled with equal volumes (100 μl/well), specimen diluent was added to the blank wells, and biotinylated antibody solution (50 μl/well) was incubated for 2 h in the dark at room temperature. Then, the enzyme conjugate working solution was added (100 μl/well) after washing the plates three times for 1 h in the dark at room temperature. Next, the reaction was terminated after the addition of chromogenic substrate for 25 min, and the results were read using a multifunctional microplate reader (SpectraMax M3, Sunnyvale, CA, USA) at OD 450.

Data Analysis

All quantitative data were collected from at least three independent experiments. The final data are expressed as the mean ± SEM, and analyzed using SPSS 17.0 statistical software (SPSS, Inc., Chicago, IL, USA) by means of one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison post hoc test. Real Time PCR data (Ct) were translated into the 2−∆∆Ct format for statistical analysis; differences between mean values were analyzed by one-way ANOVA, P < 0.05 and P < 0.01 were considered as significant.

RESULTS

Cell Viability after MPP+-Induced Toxicity in SH-SY5Y Cells

To establish an MPP+-induced cell model of PD for investigating the potential pathogenic effects of PGC-1α on PD, we first examined whether SH-SY5Y cell could be eligible for a dopaminergic neuronal-like cell model of PD by expressing TH. As shown in Figure 1A, the brown particles staining in cytoplasm of SH-SY5Y cells but not in nuclei suggested that SH-SY5Y cells could be used as a dopaminergic neuronal-like PD cell model due to their expression of TH. Next, to evaluate the viability of SH-SY5Y cells after exposure to oxidative injury, cells were treated with several concentrations of MPP+ (0 μM–2 mM) for 24 h. Cell viability was measured using the MTT assay. MPP+ significantly decreased MTT levels, indicating that cell loss is concentration-dependent. In addition, 1 mM MPP+ was selected as an optimal concentration when cell viability was decreased by 35.24% (P < 0.01; Figure 1B).
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FIGURE 1. Establishment of a dopaminergic neuronal-like Parkinson’s disease (PD) cell model. (A) SH-SY5Y cells showed distinct positive TH staining in the cytoplasm; (B) N-methyl-4-phenylpyridinium ion (MPP+; 0 μM–2 mM) treatment for 24 h. (*P < 0.05, **P < 0.01, vs. controls. n = 4 for cell viability; n = 5 for immunocytochemistry staining. Data were analyzed by analysis of variance (ANOVA), followed by Tukey’s LSD post hoc tests).



Selection of the Most Efficient siRNA Specific to PGC-1α

Real-time PCR and Western blot were used to detect the expression of PGC-1α mRNA and PGC-1α protein, respectively, in each group. In order to clarify the infection level of adenovirus to SH-SY5Y cells, SH-SY5Y cells were infected by adenovirus expressing GFP with MOI 25, 50 and 100. The expression level of GFP was observed under fluorescence microscope and the cells were counted (Figure 2A). The results showed that SH-SY5Y cells could be infected by adenovirus efficiently with MOI 50 and 100. However, SH-SY5Y cells infected with MOI 100 showed severe toxicity when comparing to those infected with MOI 50. Therefore, for follow-up experiments we chose MOI 50. The PGC-1α mRNA and protein levels of groups transfected with siRNA PGC-1, siRNA PGC-2, siRNA PGC-3 and siRNA PGC-4 were lower than those of the control group (P < 0.01), among which the PGC-1 group was the most marked: gene and protein expression levels were 30.74% (Figure 2B) and 15.56% (Figures 2C,D) of the wild type, respectively. There was no difference between the control group and the nonsense control group. This indicated that PGC-1 was the most efficient siRNA specific to PGC-1α in SH-SY5Y cells.
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FIGURE 2. Testing for most efficient infection multiple and silencing conditions of peroxisome proliferator-activated receptor γ coactivator-1alpha (PGC-1α) gene in SH-SY5Y cells. (A) On upper panel, fluorescent images from green fluorescent protein (GFP) of SH-SY5Y cells infected with adenovirus vectors (25 multiplicity of infection (MOI), 50 MOI, 100 MOI) for 24 h. On the lower panel, the bright-field images from the same fields as fluorescent ones. (B) The relative expression level of PGC-1α mRNA in different groups was assessed by real-time PCR after SH-SY5Y cells not transfected with any viral vector, SH-SY5Y infected with adenoviruses carrying nonsense control, small interfering RNA (siRNA) PGC-1, siRNA PGC-2, siRNA PGC-3 and siRNA PGC-4, respectively. (C) Representative image of PGC-1α in the different groups by western blot analysis. The groups: SH (control group, SH-SY5Y cells not transfected with any viral vector group), Ad (nonsense control group), siRNA PGC-1, siRNA PGC-2, siRNA PGC-3 and siRNA PGC-4. (D) Quantification of PGC-1α protein in the different groups by Image J. (*P < 0.01 vs. controls. n = 4 for fluorescent image; n = 5 for real-time PCR; n = 8 for western blots. Data were analyzed by ANOVA, followed by Tukey’s LSD post hoc tests).



The PGC-1α mRNA Expression Levels Upon siRNA Silencing

The real-time PCR showed that (Figure 3) the PGC-1α mRNA level was increased in MPP+ treated cells compared with the control group. Compared with the control viral (Ad) group, the expression of PGC-1α mRNA was decreased by 49.67% (P < 0.05) in the PGC-1α silencing group. In PD model groups, which further silenced the PGC-1α gene, PGC-1α mRNA expression decreased by 41.34% (P < 0.05) compared with the Ad+MPP+ groups.
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FIGURE 3. The effect of MPP+ and/or siRNA PGC-1 interference on PGC-1α mRNA expression. SH-SY5Y cells treated with MPP+ and/or siRNA PGC-1 interference were evaluated for PGC-1α mRNA. The assessed groups were: phosphate buffered saline (PBS; control group), MPP+ (1 mM MPP+ group), Ad+PBS (negative control group), Ad+MPP+ (negative control group with 1 mM MPP+), siRNA PGC-1+PBS (PGC-1α gene silencing), siRNA PGC-1+MPP+ (PGC-1α gene silencing with 1 mM MPP+). (*P < 0.05, siRNA PGC-1+PBS vs. Ad+PBS group; #P < 0.05, siRNA PGC-1+MPP+ vs. Ad+MPP+ group. n = 5 for real-time PCR analysis. Data were analyzed by ANOVA, followed by Tukey’s LSD post hoc tests).



The Protein Expression Levels of PGC-1α, PPARγ, NRF-1, ERRα and NRF-2 Upon PGC-1α Silencing

The immunoreactive bands specific to PGC-1α, NRF-1, PPARγ, ERRα, NRF-2, β-actin and GAPDH were present by Western blot (Figure 4A). Compared with the control group, PGC-1α protein expression in the MPP+ group was decreased by 23.41% (P < 0.05), while PGC-1α protein expression decreased by 57.31% (P < 0.01) when the PGC-1α gene was silenced. Compared with the nonsense control group, PGC-1α protein expression in the PGC-1α gene silencing groups decreased by 31.84% (P < 0.05). Further treated with MPP+ produced a more significant decrease in PGC-1α protein expression of 66.81% (P < 0.01), compared with Ad+MPP+ group (Figure 4B). As shown in Figure 4C, NRF-1 protein expression decreased by 38.25% (P < 0.05) following treatment with MPP+ when compared with the nonsense control group, while NRF-1 protein expression decreased by 65.81% (P < 0.05) in the PGC-1α gene silencing groups. Compared with the control viral (Ad) groups, NRF-1 protein expression decreased 32.35% (P < 0.05) when the PGC-1α gene was silenced. In the PD model groups, upon silencing the PGC-1α gene, NRF-1 protein expression decreased by 69.39% (P < 0.05), and compared with the Ad+MPP+ groups, NRF-1 protein expression decreased by 36.12% (P < 0.05) in the PGC-1α+MPP+ groups. At the same time (in Figure 4D), PPARγ protein expression in the MPP+ groups decreased by 21.69% (P < 0.05) compared with the control group, while PPARγ protein expression decreased more significantly, reaching 78.87% (P < 0.05) when the PGC-1α gene was silenced. In PD model groups, in which the PGC-1α gene was further silenced, PPARγ protein expression decreased by 75.32% (P < 0.05); compared with the control viral group, PPARγ protein expression in the PGC-1α gene silencing groups decreased by 50.87% (P < 0.05). As for ERRα protein (in Figure 4E), compared with the control group, ERRα protein expression decreased by 46.17% (P < 0.05) when treated with MPP+ only, while ERRα protein expression decreased by 40.74% (P < 0.01) in the PGC-1α gene silencing groups. Compared with the nonsense control group, ERRα protein expression decreased 15.10% (P < 0.05) when silencing the PGC-1α gene. In PD model groups, which further silenced the PGC-1α gene, ERRα protein expression decreased by 78.66% (P < 0.01); compared with the Ad+MPP+ groups, ERRα protein expression decreased by 36.12% (P < 0.05) in the siRNA PGC-1+MPP+ groups. As shown in Figure 4F, NRF-2 protein expression in the MPP+ groups decreased by 30.02% (P < 0.05) compared with the control group, while NRF-2 protein expression decreased by 73.31% (P < 0.01) when silencing the PGC-1α gene. Compared with the control viral (Ad) groups, NRF-2 protein expression decreased by 45.47% (P < 0.05) when silencing the PGC-1α gene. Compared with the only MPP+ group, which further silenced the PGC-1α gene, NRF-2 protein expression decreased by 55.20% (P < 0.05); compared with the control viral group, NRF-2 protein expression in the PGC-1α gene silencing groups decreased by 31.87% (P < 0.05).


[image: image]

FIGURE 4. The effects of silencing PGC-1α on the protein levels of its downstream molecules nuclear respiratory factor 1 (NRF-1), peroxisome proliferator-activated receptor γ (PPARγ), estrogen-related receptor α (ERRα), NRF-2 in SH-SY5Y cells treated with MPP+ and/or siRNA PGC-1 interference were evaluated for western blot. (A) Representative image of western blot analysis of NRF-1, PPARγ, ERRα and NRF-2. (B–F) Quantification of PGC-1α, NRF-1, PPARγ, ERRα, NRF-2 protein in different groups by normalizing to β-actin or GAPDH. The groups: PBS (control group), M (MPP+ 1 mM group), A (negative control group), P (PGC-1α gene silencing). (∆P < 0.05, MPP+ vs. PBS group; *P < 0.05, siRNA PGC-1+PBS vs. Ad+PBS group; #P < 0.05, siRNA PGC-1+MPP+ vs. Ad+MPP+ group; n = 10 for western blots. Data were analyzed by ANOVA, followed by Tukey’s LSD post hoc tests).



Effect of Silencing the PGC-1α Gene on Mitochondrial Function

PGC-1α expression is associated with mitochondrial respiration in regulation of energy metabolism and oxidative stress. To analyze the effects of silencing PGC-1α genes on the mitochondrial function of SH-SY5Y cells, we first evaluated whether silencing PGC-1α would affect the mitochondrial membrane potential (∆ψM) using Rh123 as an indicator, as well as cell viability (Figures 5, 6A). Upon MPP+ exposure, SH-SY5Y cells showed a statistically significant decrease in ∆ψM and cell viability when compared to the control. However, pre-treatment with PGC-1α silencing further decreased 41.19% (P < 0.01) of ∆ψM and 47.15% (P < 0.05) of cell viability when compared to SH-SY5Y cells treated with MPP+ alone, indicating that expression of PGC-1α rendered dysfuction of mitochondrial respiration induced by MPP+ through inhibiting mitochondrial complex I. We then asked whether knockdown of PGC-1α would result in further depletion of ATP upon MPP+ treatment. To this end, we measured ATP levels. As shown in Figure 6B, ATP generation in SH-SY5Y cells treated with MPP+ was decreased when compared to the control group. However, silencing the PGC-1α gene resulted in a further decrease (63.94%, P < 0.05) in ATP level when compared to SH-SY5Y cells treated with MPP+ alone. In agreement with the data from mitochondrial potential assay, decreases in ATP levels were correlated with the change in ∆ψM. In fact, decrease of ATP and change of mitochondrial ∆ψM can lead to an increase of reactive oxygen species (ROS). Given that mitochondria generate and accumulate the majority of ROS and H2O2 and that mitochondrial dysfunction causes an increase in radical production, we next assessed the effect of MPP+ on H2O2 production. As shown in Figure 6C, H2O2 was significantly increased (43.38%, P < 0.01) in SH-SY5Y cells exposed to MPP+. However, pre-treatment to silence the PGC-1α gene resulted in a more marked increase H2O2 level (93.44%, P < 0.01) compared to SH-SY5Y cells treated with MPP+ alone. In general, overloading of ROS causes cells undergoing apoptosis. We, therefore, detected changes in mitochondrial cyt c using ELISA (Figures 6D,E). Cyt c is an important component of the mitochondrial electron transport chain and is located in the mitochondria, but it can be released into the cytoplasm upon apoptosis. We found that the mitochondrial cyt c level was significantly decreased after SH-SY5Y cells were treated with MPP+, and it was reduced further (11.35%, P < 0.01) following PGC-1α gene silencing (Figure 6D). Correspondingly, the cyt c in the cytoplasm tended to increase (Figure 6E). In comparison with the control group, cyt c in the mitochondria decreased by 16.02% (P < 0.05) after cells were treated with MPP+ only. In PD model groups, compared with the control viral groups, the mitochondrial cyt c decreased by 16.22% (P < 0.05) in PGC-1α gene silencing groups, and the difference was statistically significant. Meanwhile, cyt c in the cytoplasm increased by 32.66% (P < 0.05). Thus, we can conclude that silencing the PGC-1α gene caused mitochondrial damage in the PD cell model and led to mitochondrial cyt c release into the cytoplasm.
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FIGURE 5. The effect of PGC1-α silencing on mitochondrial membrane potential upon MPP+ insult. SH-SY5Y cells treated with MPP+ and/or siRNA PGC-1 interference were evaluated for mitochondrial membrane potential. The assessed groups were: (A) negative control without Rh123; (B) PBS; (C) MPP+ 1 mM; (D) Ad+PBS; (E) Ad+MPP+ 1 mM; (F) siRNA PGC-1+PBS; and (G) siRNA PGC-1+MPP+ 1 mM. M1: negative control peak; M2: DCFH positive peak; mitochondrial membrane potential was determined by Rh123 fluorescence; n = 6 for fluorescence signal measurement.
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FIGURE 6. The effects of PGC-1α silencing in SH-SY5Y cells on cell viability, ATP level, H2O2 level and cytochrome c (cyt c) content upon MPP+ insult. SH-SY5Y cells treated with MPP+ and/or siRNA PGC-1 interference were evaluated for cell viability, ATP level, H2O2 level and cyt c content. The assessed groups were: PBS, control group; MPP+, MPP+ (1 mM); Ad+PBS, nonsense control+PBS; Ad+MPP+, nonsense control+1 mM MPP+; siRNA PGC-1+PBS, PGC-1α gene silencing, siRNA PGC-1+1 mM MPP+, PGC-1α gene silencing+1 mM MPP+. (A) 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) for cell viability. (B) Intracellular ATP content was assayed using the luciferase-luciferin reaction. (C) Intracellular H2O2 level was assayed using Amplex® Red reagent. (D) Changes in mitochondrial cyt c content. (E) Changes of cytoplasmic cyt c content. (∆P < 0.05, MPP+ vs. PBS group; *P < 0.05, siRNA PGC-1+PBS vs. Ad+PBS group; #P < 0.05, siRNA PGC-1+MPP+ vs. Ad+MPP+ group. n = 6 for MTT Assay; n = 5 for intracellular ATP measurement; n = 6 for fluorescence signal measurement by Amplex® Red reagent; n = 9 for mitochondrial cyt c measurement by ELISA; n = 5 for cytoplasmic cyt c measurement by ELISA. Data were analyzed by ANOVA, followed by Tukey’s LSD post hoc tests).



DISCUSSION

PD is a common neurodegenerative disease with clinical features including resting tremor, bradykinesia, rigidity and abnormal posture and gait. In recent decades, the incidence of PD among the aging population in China has increased. This progressive and highly disabling movement disorder has devastating long-term effects for patients, their families and society. For years, many resources have been devoted to exploring the pathogenetic mechanism of PD. More recently, mitochondrial dysfunction and oxidative stress have been widely believed to contribute to the occurrence and development of PD. In this in vitro study, we utilized the active ion form (MPP+) of the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) to establish a cell model of classic PD (Swerdlow et al., 1996). SH-SY5Y cells were fully exposed to a range of MPP+ concentrations, and their survival rate decreased in a dose-dependent manner. We found that at 1 mM, MPP+ reduced the cell population by nearly one third, and we chose this concentration for our model.

PGC-1α was recently identified as a multifunctional transcriptional coactivator that could regulate mitochondrial biogenesis, oxidative stress, cell metabolism and glucose metabolism through its interaction with relative nuclear receptors (NR). Studies have revealed possible connections between PGC-1α and several neurodegenerative diseases (Rona-Voros and Weydt, 2010; Tsunemi and La Spada, 2012), including Huntington’s disease (HD; Cui et al., 2006), amyotrophic lateral sclerosis (ALS; Zhao et al., 2011), Alzheimer’s disease (AD; Sheng et al., 2012) and PD (Shin et al., 2011). Because no effective inhibitor for PGC-1α exists, we designed an adenovirus vector-based siRNA to target the PGC-1α gene. Our study found that upon suppressing the PGC-1α gene, changes in cellular morphology changed were significantly observed when compared with the controlled groups with respect to PGC-1α knockout mice that have been shown to develop remarkable neuron degeneration in several brain regions, especially the striatum, which is accompanied by abnormal exercise behavior (Lin et al., 2005). Furthermore, with continued MPP+ treatment, more cells were lost, which strongly supports the conclusion that PGC-1α knockout mice are highly susceptible to oxidative stress and the neurotoxin MPTP (St-Pierre et al., 2006).

Cyt c is a water-soluble electron carrier located in the intermembrane space (IMS) of mitochondria. It transports electrons from cyt c oxidoreductase (complex III, or cytochrome bc1) to cyt c oxidase (COX, complex IV, or cytochrome a/a3; San Francisco et al., 2013) and can significantly suppress the generation of H2O2. Mature cyt c is localized to the lateral region of the inner mitochondrial membrane through strong electrostatic and hydrophobic interactions with cardiolipin (Hong et al., 2012). When it is released from the mitochondria into the cytoplasm, cyt c-mediated cell death pathways are activated (Bergstrom et al., 2013). In the cytoplasm, cyt c binds Apaf-1 to form the apoptosome and activate the caspase9 (Li et al., 1997), which functions as an upstream initiator of apoptosis. The caspase pathway may play an important role in the occurrence of PD (Jiang and Wang, 2004). Lin et al. (2005) found that the expression of cyt c in the hearts and brains of PGC-1α knockout mice was decreased compared to wild-type (WT) mice. In our study, mitochondrial cyt c in PGC-1α-silenced cells was also reduced compared to the control group. After MPP+ treatment, the level of mitochondrial cyt c decreased further. The level of cytoplasmic cyt c was correspondingly increased. This suggests that the downregulation of PGC-1α could lead to the partial release of cyt c from the mitochondria into the cytoplasm.

PGC-1α is another key transcription cofactor in the oxidative defense system. PGC-1α is co-induced with several ROS-detoxifying enzymes, including copper/zinc superoxide dismutase (SOD1), manganese SOD (SOD 2), catalase, and glutathione peroxidase1 (GPx1). In PGC-1α knockout mice, these enzymes were markedly decreased compared with WT mice (Lin et al., 2005). Thus, the decrease in ROS-detoxifying enzymes could be due to the down-regulation of PGC-1α, which would result in an increased ROS level and the release of cyt c by changing the permeability of the mitochondrial membrane and would eventually induce apoptosis. We also found that when the PGC-1α mRNA was down-regulated/silenced, the stability of mitochondria in both normal and disease model cells was compromised, as was their membrane potential. Because the major functions of mitochondria are mainly related to oxidative phosphorylation and ATP biogenesis, we examined changes in H2O2 and ATP production and found that the suppression of the PGC-1α gene in normal cells lead to an increase of H2O2 and a decrease of ATP. These trends were most obvious in the PD model, where apoptosis was observed. We, therefore, concluded that the down-regulation of PGC-1α might not only induce the decrease in mitochondrial membrane potential and ATP production as well as the accumulation of H2O2, but could also lead to excessive oxidative stress and the loss of dopamine neurons, eventually aggravating PD pathology.

To explore which co-factors are involved in mitochondrial signal transduction, we examined the protein levels of PGC-1α, ERRα, NRF-1, NRF-2, and PPARγ. We found that PGC-1α mRNA in SH-SY5Y cells was increased after MPP+ treatment, which could be a short-term stress reaction in response to MPP+. The protein levels of PGC-1α, ERRα, NRF-1, NRF-2, and PPARγ consistently decreased after MPP+ intervention, indicating that they were sensitive to MPP+ toxicity. In the PGC-1α down-regulation group, the levels of ERRα, NRF-1, NRF-2 and PPARγ protein decreased correspondingly.

Similar to PGC-1α, ERRα is mainly expressed in hypermetabolic tissues, including heart, kidney, intestine, skeletal muscle, brown adipose tissue and brain-especially in the hypothalamus (Giguère, 2008). It also regulates mitochondrial biogenesis and oxidative phosphorylation by activating transcription-related genes (Duellman et al., 2010). Cold, physical exercise and hunger stimulate the expression of the PGC-1α and ERRα genes (Cartoni et al., 2005). Both genes are able to regulate the expression of genes related to myocardial metabolism, further promoting the expression of transcription factors and genes that could trans-activate the oxidation of fatty acid. Study found that one surface of the PGC-1α protein reacts specifically with ERRα, and ERRα could in turn regulate the expression of PGC-1α by binding conserved elements in the PGC-1α promoter in cardiomyocytes, suggesting that the interaction between PGC-1α and ERRα is crucial and unique (Schreiber et al., 2003). ERRα exhibited the more obvious response to the suppression of the PGC-1α gene. Thus, we believe that PGC-1α/ERR may play a prominent role in the mitochondrial function of dopaminergic neurons in PD pathogenesis due to their physiological and structural features, although the exact mechanism must be elucidated in future studies.

Nuclear related factors, specifically NRF-1 and NRF-2, are the downstream targets of PGC-1α and key transcription factors involved in mitochondrial biogenesis. Thus far, PGC-1 is thought to be the primary regulator of NRFs (Virbasius and Scarpulla, 1994; Scarpulla, 2008a). Studies have found that both the gene activation and transcription of NRF-1 are induced by the phosphorylation and overexpression of PGC-1α, which in turn modulates the mitochondrial respiratory chain (Yan, 2009; Schilling and Kelly, 2011). The levels of NRF-1 and TFAM in the SN and the striatum decreased in the MPTP-induced PD mice model, whereas the overexpression of NRF-1 or TFAM reversed MPP+-induced mitochondrial dysfunction, including the activity of mitochondrial complex I, the mitochondrial membrane potential, and the levels of ATP and ROS (Piao et al., 2012). One study also showed that the mRNA levels of PGC-1α and NRF-1 in the SN and striatum were decreased in a PD mouse model, and there exists a positive correlation between the expression of PGC-1α and NRF-1 (Shin et al., 2011). The expression of NRF-1 and NRF-2 can be increased by PGC-1α in response to the oxidative stress induced by lipopolysaccharide (LPS; Suliman et al., 2004). Our results showed that NRF-1 protein expression was decreased in the PGC-1α silencing group and was accompanied by a decline in the PGC-1α level. Both proteins are significantly depressed by MPP+, demonstrating that PGC-1α could also positively regulate NRF-1. The pattern of NRF-2 distribution in the primate visual cortex is virtually identical to that of COX, and both proteins are extremely abundant in cells exhibiting high COX activity (Wong-Riley et al., 2005). Under physiological conditions, NRF-2 is retained in the cytoplasm by the inhibitory protein kelch-like ECH-associated protein 1 (Keap1). Oxidative stress activates NRF-2 and dissociates it from Keap1. NRF-2 translocates into the nucleus and binds to electrophile response element (EpRE) sites to trigger the expression of cytoprotective genes (Bryan et al., 2013). Studies have implicated the transactivational activity of NRF-2 in the expression of respiratory chain enzymes, especially that of some nuclear-encoded COX subunits and human COX VIaL (Ongwijitwat and Wong-Riley, 2004). Moreover, NRF-2 could regulate genes that encode the mitochondrial transcription factors A and B (TFAM, TFB1M and TFB2M). Thus, NRF-2 has the potential to connect the regulation of the nucleus and mitochondria through COX-related gene expression by these two genomes (Scarpulla, 2008b). In our study, NRF-2 protein expression was significantly decreased in the PGC-1α gene silencing group, further suggesting the involvement of NRF-2 in the regulation of PGC-1α by downstream members.

Of note, we previously found that expression of PGC-1α protects mitochondrial dysfunction via increasing mitochondrial membrane potential, reducing the release of mitochondrial cyt c, inhibiting H2O2 production, and promoting ATP level in SH-SY5Y cells after MPP+ insult, which is correlated with increase of protein levels of ERRα, PPARγ, NRF-1, and NRF-2 (Ye et al., 2016). Taken together, in agreement with our new data from silencing PGC-1α, our data indicate that ERRα, PPARγ, and NRF-1 along with PGC-1α may be involved in the mitochondria protection in MPP+-induced cell model of PD.

CONCLUSION

In summary, we found that after silencing the PGC-1α gene, SH-SY5Y cells showed increased susceptibility to MPP+ and alternation of mitochondrial function, including higher level of H2O2 and the release of cyt c into cytoplasm. Also, the expression of ERRα, NRF-1, NRF-2 and PPARγ were correspondingly decreased along with PGC-1α silencing. Especially, ERRα showed more correlation among those factors, providing new experimental evidence for understanding the pathogenesis of PD. In addition, studies have found that PGC-1α can be induced by calcium and cAMP signals in common pathways found in most tissues, indicating the possibility of developing a new drug to elevate PGC-1α levels in brain tissue.
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Huntington disease (HD) is an incurable neurodegenerative disorder caused by expansion of CAG repeats in huntingtin (HTT) gene, resulting in expanded polyglutamine tract in HTT protein. Although, HD has its common onset in adulthood, subtle symptoms in patients may occur decades before diagnosis, and molecular and cellular changes begin much earlier, even in cells that are not yet lineage committed such as stem cells. Studies in induced pluripotent stem cell (iPSC) HD models have demonstrated that multiple molecular processes are altered by the mutant HTT protein and suggested its silencing as a promising therapeutic strategy. Therefore, we aimed to generate HD iPS cells with stable silencing of HTT and further to investigate the effects of HTT knock-down on deregulations of signaling pathways e.g., p53 downregulation, present in cells already in pluripotent state. We designed a gene silencing strategy based on RNAi cassette in piggyBAC vector for constant shRNA expression. Using such system we delivered and tested several shRNA targeting huntingtin in mouse HD YAC128 iPSC and human HD109, HD71, and Control iPSC. The most effective shRNA (shHTT2) reagent stably silenced HTT in all HD iPS cells and remained active upon differentiation to neural stem cells (NSC). When investigating the effects of HTT silencing on signaling pathways, we found that in mouse HD iPSC lines expressing shRNA the level of mutant HTT inversely correlated with p53 levels, resulting in p53 level normalization upon silencing of mutant HTT. We also found that p53 deregulation continues into the NSC developmental stage and it was reversed upon HTT silencing. In addition, we observed subtle effects of silencing on proteins of Wnt/β-catenin and ERK1/2 signaling pathways. In summary, we successfully created the first mouse and human shRNA-expressing HD iPS cells with stable and continuous HTT silencing. Moreover, we demonstrated reversal of HD p53 phenotype in mouse HD iPSC, therefore, the stable knockdown of HTT is well-suited for investigation on HD cellular pathways, and is potentially useful as a stand-alone therapy or component of cell therapy. In addition, the total HTT knock-down in our human cells has further implications for mutant allele selective approach in iPSC.

Keywords: Huntington disease, iPS cells, NS cells, YAC128, shRNA, huntingtin, p53, juvenile HD

1. INTRODUCTION

Huntington disease (HD) is an incurable autosomal dominant neurodegenerative disorder caused by CAG repeat expansion in exon 1 of the huntingtin (HTT) gene (The-Huntington's-Disease-Collaborative-Research-Group, 1993). A prominent feature of HD is neuronal loss, with medium spiny neurons predominantly affected (Bates et al., 2015). Disease pathogenesis is primarily caused by the presence of mutant HTT that contains a polyQ stretch of over 40 glutamines, encoded by the CAG repeats; however, RNA toxicity might also be involved (Marti, 2016; Urbanek et al., 2016) The polyglutamine tract in the protein interferes with the physiological activity of the HTT protein, causing both loss of function and acquisition of new toxic functions (Bates et al., 2015). HTT is a multifunctional protein that is both essential in development and important for adult brain homeostasis (Wiatr et al., 2017). Mutant HTT alters multiple physiological pathways, including transcriptional regulation, signal transduction, apoptosis, intracellular vesicle trafficking, cytoskeleton assembly, and centrosome formation, making the disease pathology highly complex (Bates et al., 2015).

Despite such profound and widespread effects of mutant HTT on cellular function, disease onset usually occurs at age 30–50, and its average duration is 15–20 years (Bates et al., 2015). In rare cases of longer CAG tracts (70 or more CAG repeats), HD can develop early in life, with onset before age 20 or in childhood; such cases are called juvenile HD (Squitieri et al., 2006; Quigley, 2017). Interestingly, the process of neurodegeneration in distinct brain regions can be observed many years before the onset of motor symptoms (Tabrizi et al., 2013), even in typical HD. Although, traditionally considered a late-onset neurodegenerative disorder, a growing amount of compelling evidence has suggested that HD may be considered a neurodevelopmental disease (Wiatr et al., 2017). HTT is essential in development; lack of HTT expression results in embryonic lethality in mice at E6.5 (Duyao et al., 1995; Nasir et al., 1995; Zeitlin et al., 1995). Embryos of HdhQ111 mice, a model with mild HD features, exhibit an altered cell cycle and impaired differentiation of striatal neural progenitor cells, resulting in abnormal striatal development at E13.5–E18.5 (Molero et al., 2009). Moreover, cortical and striatal synaptic development is similarly disturbed in HD and conditional HTT knockout models (McKinstry et al., 2014). Another study has shown that the expression of mutant HTT only during mouse development is sufficient to induce HD-like phenotypes (Molero et al., 2016).

Recently, this new idea about a developmental role for mutant HTT has been strongly supported by a growing amount of research using new cellular models, including patient-derived induced pluripotent and neuronal stem cells (iPSCs and NSCs, respectively) (Mattis and Svendsen, 2015; Zhang et al., 2015; Wiatr et al., 2017). We previously demonstrated that similar molecular changes can be observed in the iPSC stage in both YAC128 mouse- and juvenile HD patient-derived cells (Szlachcic et al., 2015). The common alterations included decreased MAPK (mitogen-activated protein kinase) signaling activity and increased expression of the antioxidative protein SOD1 (superoxide dismutase 1). Finally, expression of p53 protein, which interacts with HTT and is involved in the above pathways, was decreased in both YAC128 mouse- and juvenile HD iPSCs. In addition, results from HD patient tissues and animal models demonstrate involvement of multiple signaling pathways, including the MAPK and p53 pathways, in HD pathogenesis (Bowles and Jones, 2014; Wiatr et al., 2017).

Gene silencing is one of the therapeutic strategies (Kordasiewicz et al., 2012; Miniarikova et al., 2016; Rué et al., 2016) which can potentially be used for neurodegenerative disease treatment such as cell therapy to correct patient cells or to determine how the level of mutant protein (e.g., HTT) interferes with the deregulated disease pathways. Therefore, our aim was to establish stable silencing of HTT in mouse and human HD iPS cells and subsequently to investigate the effects of HTT knock-down on deregulations of signaling pathways characteristic for HD. We designed a gene silencing strategy based on RNAi cassette in piggyBAC vector for constant shRNA expression. The HD lines with stable expression of anti HTT shRNA possess the same genetic background as the parental lines (i.e., they are isogenic) therefore another aim of isogenic line generation in the present work was the improved quality of comparison of HD phenotypes between genetically similar lines with and without stable HTT knockdown. For this we have selected the most effective HTT silencing reagents and investigated MAPK, Wnt, and p53 deregulations, which are important molecules affected in HD.

2. MATERIALS AND METHODS

This study was carried out in accordance with the recommendations of Local Ethical Commission for Animal Experiments in Poznan. The protocol was approved by the Local Ethical Commission for Animal Experiments in Poznan.

2.1. Mouse iPS Cells Culture

The HD YAC128 and WT iPSC lines were described previously (Szlachcic et al., 2015). These lines were reprogrammed using the piggyBac transposon system (Yusa et al., 2009, 2011) and were shown to be free of the reprogramming cassette after its seamless excision. Cells were cultured on gelatin-coated mitomycin C-inactivated mouse embryonic fibroblast (MEF) feeders in a medium consisting of Knockout Dulbeccos modified Eagle medium (DMEM), 15% KnockOut Serum Replacement (both Thermo Fisher Scientific, Waltham, MA), 2 mM L-Gln, 1x antibiotic antimycotic mixture, 1x MEM non-essential amino acids, 0.1 mM β-mercaptoethanol (all SigmaAldrich, St. Louis, MO), and 1,000 U/mL leukemia inhibitory factor (LIF, ORF Genetics, Kopavogur, Iceland). iPSCs were passaged with TrypLE Select (Thermo Fisher Scientific).

NSCs medium consisted of a 7:3 mixture of DMEM with Hams F12 Nutrient mix, 2% B27 supplement, 1x CTS GlutaMAX-I supplement, 1x penicillin-streptomycin (all Thermo Fisher Scientific), 5 μg/mL heparin (Sigma-Aldrich), 20 ng/mL basic fibroblast growth factor (bFGF), and 20 ng/mL epidermal growth factor (EGF; both ORF Genetics). Floating NSCs were derived from iPSCs by gentle dissociation of colonies with collagenase type IV (Thermo Fisher Scientific). The enzyme was aspirated while colonies were still attached to a plate followed by detachment with a cell scraper in DMEM/F12 plus 0.075% bovine serum albumin (BSA) Fraction V (both Thermo Fisher Scientific), and collection with a 5-mL pipette. Cell clumps were then centrifuged for 3 min at 1,300 rpm. Clumps were gently resuspended in NSC culture medium with the bFGF and EGF concentrations increased to 100 ng/mL, and the cells were seeded onto wells that had been precoated with polyHema (Santa Cruz Biotechnology, Dallas, TX, USA) to prevent adhesion. One near-confluent well of iPSCs was used for the induction of NSCs in two wells of a 6-well plate. The medium was changed every other day by allowing the spheres to settle to the bottom of a tube, after which the old medium was aspirated, and the spheres were gently resuspended in fresh medium and returned to the plates. NSCs were passaged every 4–6 days using a chopping method (Svendsen et al., 1998; Ebert et al., 2013). After 2–3 passages, bFGF and EGF concentrations were reduced to 20 ng/mL.

2.2. Human iPS Cells Culture

Human episomal HD and control iPSCs lines were previously acquired (Szlachcic et al., 2015) from public repository (NINDS Human Genetics Resource Center DNA and Cell Line Repository; https://catalog.coriell.org/1/ninds). For establishing the lines containing the stable expression of the reagents, we used HD lines with 71 CAG repeats (HD71; ND42228; derived from a 20-year-old patient), juvenile HD line with 109 CAG repeats (HD109; ND42224; derived from a 9-year-old patient), and a control line with 21 CAG repeats (ND42245). Human iPSCs were cultured in Essential 8 medium (Life Technologies) on human vitronectin-coated surfaces (VTN-N, Life Technologies) and were passaged using 0.5 mM EDTA in PBS.

2.3. Construct and Isogenic Line Derivation

Constructs (Figure 1A) composed of a U6 promoter, a miR-30 5′ flank (151 bp), an shRNA sequence, a miR-30 3′ flank (128 bp), a U6 terminator (TTTTTT), an EF1alpha promoter, an mOrange2 reporter gene, and an SV40 pA site were were synthesized by Genscript (Piscataway, NJ) and cloned into a pPB-HKS-neoL vector obtained, by removing the EGFP reporter gene, from a pPB-UbC.eGFP-neo plasmid (Yusa et al., 2009). The shRNA sequences (Figure 1B, Table S1) targeting human huntingtin (shHTT) and EGFP (control reagent, shCTRL) were designed using the RNAi Codex database (Olson et al., 2006) with a mir-30 loop between the passenger and guide strands. The allele-specific shCAG reagent targeting the CAG tract in mutant HTT was adapted from ref. (Fiszer et al., 2013), along with the miR-25 loop. To generate cell lines stably expressing the shRNA construct, 0.56 x 106 cells from two iPS lines derived from YAC128 animals were electroporated with 10 μg of the piggyBac transposase-encoding plasmid (hyPBase) (Yusa et al., 2011) and 2 μg of each shRNA plasmid in HEPES-buffered DMEM. Cells were seeded in K15 medium and selected on G418 (300 μg/mL) (Thermo Fisher Scientific) for 8 days. For derivation of clonal lines, after another 7 days without selection, colonies expressing the mOrange2 reporter gene were picked and expanded. In the case of human iPSCs, the cells were gently detached in clumps containing several cells. For each electroporation, 1/3 well of a confluent 6-well plate was used. The same plasmid concentration, electroporation, and selection protocols were used as for mouse cells. After the antibiotic selection all cells were mOrange2 positive and were passaged after reaching confluence. Material for protein expression analysis was collected after at least three passages.


[image: image]

FIGURE 1. The silencing cassette design and derivation of the iPSC lines. (A) Schematic of the psiOrange vector. The silencing cassette is inserted into the iPSC genome as a piggyBac (PB) transposon bordered by 5′ and 3′ PB arms. An shRNA is expressed under regulation of a U6 promoter and is flanked by pri-miR-30 5′ and 3′ sequences, which are 151 and 128 bp long, respectively. Additionally, the mOrange2 fluorescent reporter and NeoR resistance genes are included within the transposon. (B) Schematic of shRNA sequences. Effector guide strands are marked in red. (C) mOrange reporter expression is sustained in the mouse iPSC state and upon differentiation as embryonic bodies (EB) or neuroectoderm (N2B27 conditions). (D) mOrange reporter is expressed in human iPSCs with shRNA cassettes.



2.4. PCR Genotyping

For genotyping, DNA was isolated using a Spin Column Genomic DNA Kit (Bio Basic Inc., Markham, Canada), and GoTaq G2 polymerase (Promega GmbH, Mannheim, Germany) was used for PCR. Genotyping to confirm insertion of the shHTT and shGFP constructs was performed using multiplex PCR with a set of primers specific for the YAC128 transgene [intron 26–27 of human HTT; forward (F): 5′-CCTCTTATATATGGATGCTAATCTCATTC-3′ and reverse (R): 5′-AATACACAACACATGAGAGCATATAGAAC-3′] as the internal control, and primers specific for the construct. The forward, universal primer (U6: 5′-CGGCAGCACATATACTAGTCGA-3′) was designed to be in the U6 promotor-miR30 boundary, while the reverse primers were specific for each construct (shHTT: 5′-GCCTCTATATATTCTGGGCGCT-3′, shCTRL: 5′-GAAGTTCACCTTGATGCCGG-3′). The genotyping analyses were performed using Touchdown PCR with the following cycling conditions: 3 min at 94°C; 12 x (35 s at 94°C, [45 s at 64°C - 0.5°C/cycle], and 45 s at 72°C); 25 x (35 s at 94°C, 30 s at 58°C, and 45 s at 72°C); and finally, 2 min at 72°C. Genotyping for the CAG-composed shCAG construct was conducted using two pairs of primers in separate reactions: pair 1 with the universal U6 forward primer and the shCAG-specific reverse primer (A2_R: 5′-TGTGACAGGAAGCAGCTGC-3′); and pair 2 with the shCAG-specific forward primer (A2_F: 5′-CTGCTGCTGCTTTGCCTACT-3′) and the universal EF1a-promoter specific primer (EF1a: 5′-GGGGCGAGTCCTTTTGTATGA-3′). Standard PCR cycling was used for these reactions. Reaction products were separated on 1.3% agarose gels in TBE buffer and were visualized using ethidium bromide.

2.5. ERK Activation Assay

The ERK assay in iPSCs was performed as described previously (Szlachcic et al., 2015). Briefly, the day before the start of experiments, the medium was exchanged for serum-free medium without LIF, and the cells were starved for 24 h. Then, without changing the medium, 20 ng/mL bFGF was added, and the cells were incubated for 5, 10, or 30 min. After each incubation period, the medium was quickly discarded, and the cells were immediately lysed using a protein-lysis buffer. As NSC culture media containing bFGF and NSCs depend on the MAPK signaling pathway, the basal levels of pERK1/2 were measured in cell lysates taken directly from cultures.

2.6. Western Blotting

For protein isolation, the cells were washed using PBS, lysed in a protein-lysis buffer containing 60 mM Tris base, 2% SDS, 10% sucrose, 2 mM PMSF, and 1x Halt Phosphatase Inhibitor Cocktail (Thermo Scientific), and then homogenized. An aliquot of 20–30 μg of total protein per lane was dissolved in loading buffer containing 2-mercaptoethanol and was then boiled for 5 min. The proteins were separated using SDS-PAGE (5/10% stacking/resolving gels) and Laemmli buffer. For comparison of NS WT vs HD cell lines, we used 10% TGX Stain-free FastCast Acrylamide gels (Bio-Rad, Hercules, CA, USA). HTT was separated in 4% stacking/5% resolving gels using commercial XT Tricine running buffer (Bio-Rad). The proteins were semi-dry-transferred (Transblot Turbo, Bio-Rad) to nitrocellulose or PVDF (huntingtin) membranes and the blots were blocked using 5% nonfat milk in TBS-Tween. Blots were subsequently incubated overnight at 4°C with primary antibody diluted in TBS-Tween containing 5% milk or BSA. The antibodies used were purchased from Cell Signaling (Danvers, MA) unless otherwise stated and were as follows: rabbit anti-β-catenin (1:1,000, cat. 8480); rabbit anti-phospho-β-catenin (Ser33/37) (1:1,000, cat. 2009); rabbit anti-p44/42 MAPK (ERK1/2) (1:2,000, cat. 4695); rabbit anti-phospho-p44/42 MAPK (ERK1/2) (Thr202/Tyr204) (1:1,000, cat. 4370); mouse anti-p53 (1:1,000, cat. 2524); rabbit anti-p53 (DO-1, 1:600, Santa Cruz, sc-126); mouse anti-phospho-p53 (S15) (1:1,000, cat. 9284); mouse anti-OCT3/4 (1:1,000, Santa Cruz, sc-5279); mouse anti-nestin [Rat-401 (Hockfield and McKay, 1985), 1:100; DSHB, Iowa City, IA]; rabbit anti-PAX6 (1:1,000; Millipore, Billerica, MA; AB2237); rabbit anti-SOX1 (1:1,000, cat. 4194); mouse anti-TUBB3 [6G7 (Halfter et al., 2002), 1:100, DSHB]; anti-huntingtin antibodies: mouse MW1 (Ko et al., 2001) (1:1,000, DSHB), 4–19 (Macdonald et al., 2014) (1:1,000; CH00146, CHDI Foundation, Corriel Cell Repositories), 3–16 (1:1,000; Sigma-Aldrich; H7540), and MAB2166 (1:2,000, Millipore); and mouse anti-GAPDH (1:10,000, Millipore, MAB374). The blots were then incubated for 2 h at RT with HRP-conjugated secondary antibodies raised against rabbit or mouse antibodies (1:2,000–1:20,000 dilution, Jackson ImmunoResearch, West Grove, PA), and the labeled bands were detected using the ECL-based WesternBright Quantum (Advansta Inc., Menlo Park, CA) or homemade ECL reagent. Data was collected using ChemiDoc XRS+ System with Image Lab v5.2 Software (Bio-Rad). To avoid overexposure of any band, image acquisition times were set based on image histograms. Images were not processed before quantitation. All analyses were performed as three independent technical replicates. Data within a gel were normalized to GAPDH or total protein (WT vs, HD NSC analyses), and data between gels were normalized to the average of WT or isogenic shGFP samples.

2.7. Immunostaining

For immunostaining, the cells were cultured in 24-well dishes on gelatin- and feeder cell-coated coverslips. The cells were washed using PBS, fixed by incubation with 4% paraformaldehyde for 15 min at RT, washed, and permeabilized using 0.3% Triton in PBS for 10 min at RT. Blocking was performed in 3% BSA, 0.1% Tween-20 in PBS for 30 min at RT, and the primary-antibody incubation was conducted overnight at 4°C in an antibody dilution solution composed of 5% normal serum of secondary antibody species (Jackson Immunoresearch) and 0.1% Tween-20 in PBS. The primary antibodies used were as follows: anti-OCT3/4 (1:500, Santa Cruz, sc-5279), rabbit anti-nestin (1:400, Abcam, ab27952), mouse anti-nestin (1:50, DSHB, Rat-401), rabbit anti-PAX6 (1:50, Millipore, AB2237), rabbit anti-SOX1 (1:100, cat. 4194), and mouse anti-TUBB3 (Tuj1) (1:400, Millipore, MAB1637). After washing with PBS, the cells were incubated for 1 h at RT with a proper Cy3- or AlexaFluor488-conjugated secondary antibody (1:500, Jackson Immunoresearch) in the antibody dilution solution. A 5-min incubation in DAPI (1:10,000) dissolved in water was used for counterstaining. Additionally, the primary antibodies were omitted in the secondary antibody controls. The coverslips containing the cells were mounted on slides using anti-fade glycerol/propyl gallate mounting medium. The specimens were analyzed using a DMIL LED inverted fluorescence microscope (Leica Microsystems, Wetzlar, Germany) and Leica Application Suite Software. Confocal microscopy was performed using a Leica TCS SP5 microscope.

2.8. Statistics

Two-group comparisons of the gene expression data were conducted using the unpaired Students t-test. The data for ERK1/2 activation in iPSCs were subjected to a two-way ANOVA, followed by Bonferroni post-hoc tests. Pearsons simple correlation was used to determine relationships between mutant HTT and other analyzed protein expression levels. P-values of less than 0.05 were considered significant. Whiskers in box plots represent 5–95 percentile, while error bars on bar graphs are presented as SEM.

Full description of methods is provided in the Supplementary Materials online.

3. RESULTS

3.1. Generation of Mouse YAC128-HD-iPSCs and Human HD109, HD71, and Control iPS Isogenic Cell Lines with Stable Expression of shRNA Targeting Mutant HTT

Cell lines with continuous expression of RNAi constructs that effectively silence target genes can be used as tools in cell therapy and for the generation of shRNA isogenic lines to specifically assess the effect of mutant HTT on early HD phenotypes. We have assembled a silencing construct and stably integrated it into the iPSC genome; this construct is based on the piggyBac transposase system (Yusa et al., 2011) and contains anti-HTT or control shRNA in the mir-30 backbone (Paddison et al., 2004), and the gene encoding mOrange2 fluorescent protein (Shaner et al., 2008) as a reporter (Figure 1A). To establish mouse isogenic iPSC, we used our previously generated HD iPSC lines (Szlachcic et al., 2015) derived from YAC128 mice (Slow et al., 2003) and several shRNA silencing constructs. Using the constructs, we first evaluated the efficiency of 3 anti-HTT shRNAs (shHTT1-3) in iPSCs (see next section, Table S1). Then, we used the most effective reagent (shHTT2), as well as a reagent specifically targeting the CAG repeats (shCAG) (Fiszer et al., 2013) or targeting EGFP as a control (shCTRL), and we generated 12 isogenic iPSC lines expressing these shRNAs from two HD iPSC lines (two clones per line and reagent; Figure 1B, Table S1). The lines were genotyped for the presence of a proper shRNA construct (Figure S1). We also established human HD iPSCs expressing the sHTT2, shCAG, or shCTRL from HD109 (109 CAG repeats), HD71 (71 CAG repeats), and Control (21 CAG repeats) iPSC lines.

Floating neurospheres (non-adherent neural stem cells, NSCs) with and without the reagents were generated by iPSC differentiation and expressed characteristic cellular markers (Figures S2A–E). To investigate survival of cells containing reagents in the mouse brain, we injected the cells into the mouse striatum, and using the PACT method (Yang et al., 2014) we found that they survived for the 8-week test period (Figure S2F). The mOrange2 reporter exhibited a strong red fluorescent signal in pluripotent shRNA iPSCs, embryoid bodies and throughout adherent differentiation (Figures 1C,D). Summarizing, we have generated both mouse and human HD lines containing construct with several shRNA reagents targeting various parts of mRNA for human HTT able to differentiate to NSC and able to survive in mouse brain upon delivery by injection.

3.2. Continuously Expressed shRNA Reagents Can Efficiently Silence Mutant HTT in Mouse iPSCs and NSCs

We first evaluated efficiency of three anti-huntingtin shRNA reagents (shHTT1, shHTT2, and shHTT3) in mouse HD iPSCs without clonal selection. shHTT1 and shHTT3 reagents lowered levels of mutant huntingtin by 54 ± 8% (p = 0.0042) and 35 ± 7% (p = 0.004), respectively (Figure S3), as assessed by western blotting. The most efficient reagent, shHTT2, which lowered HTT expression up to 85% was used in further studies and derivation of clonal mouse HD iPSC lines. The lines containing shHTT2, shCAG, or shCTRL reagents were tested for the expression of mutant and normal HTT. Western blotting with polyQ-specific antibody revealed that HTT was effectively silenced in iPSC lines containing the shHTT2 reagent (−85 ± 3%, p = 0.0043; shHTT2 vs. shCTRL; Figures 2A,C). HTT was not silenced, and in some cases was upregulated, in lines containing stable expression of the shCAG reagent; however, the upregulation was non-significant (19.5 ± 13%, p = 0.2; shCAG vs. shCTRL). We also analyzed the effects of shRNA reagents on expression of wild-type mouse HTT. Its expression was reduced in shHTT2-iPSC lines (−53 ± 13%; p = 0.032) but was unchanged in shCAG-iPSC lines.
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FIGURE 2. Isogenic YAC128 iPSC and NSC lines with efficient shRNA-mediated silencing of mutant HTT. (A,B) Western blot analysis reveals efficient mutant HTT silencing in iPSC lines with shHTT2 but not shCAG reagent, compared to shCTRL lines. (C,D) Mutant HTT is continuously silenced by the shHTT2 reagent after iPSCs differentiating into the NSC state, as assessed by western blots. However, the shCAG reagent changes its mode of action, decreasing mutant HTT expression in NSCs. *p < 0.05, **p < 0.01, ***p < 0.001; N = 4 lines for each reagent for both iPSC and NSC analysis (the same lines were used); i1, i2 isogenic lines derived from separate parental lines 1 and 2. In (A, iPSCs) blots were cropped; full-length blots are presented in Figure S8.



Next, we assessed whether the effect of HTT silencing with shRNA reagents was preserved after differentiation from iPSCs into a neural lineage. Therefore, we differentiated iPSCs containing shHTT2 to the state of non-adherent NSCs in bFGF and EGF conditions (Figure S1). Similar to iPSCs, mutant HTT was also effectively silenced in shHTT-NSC lines but with a slightly lower efficiency (−62 ± 19%, p = 0.0005; shHTT vs. shCTRL; Figures 2B,D). Surprisingly, the shCAG reagent, which was previously ineffective in iPSCs, became effective in the NSC state and decreased mutant HTT protein levels by 40 ± 10% (p = 0.01; shCAG vs. shCTRL). Summarizing, we have selected a shHTT2 reagent which is suitable for continuous expression iPSC and evokes stable silencing of mutant HTT with high efficiency in mouse cells.

3.3. Stable Expression of shRNA Reagents Silenced Total HTT in Human HD Cells

Human HD109, HD71, and Control iPSC lines expressing the HTT targeting shHTT2 reagent revealed effective silencing of both mutant (HD109: −51 ± 22%, p = 0.059; HD71: −83 ± 21%, p < 0.01) and normal HTT (HD109: −62 ± 18% p < 0.05; HD71: −79 ± 4% p < 0.001; Control: −80 ± 17% p < 0.001; Figure 3). In addition we have also tested the total level of HTT mRNA and found its effective silencing (Figure S4). Similarly to mouse HD iPSCs, the shCAG reagent was ineffective in human iPSC lines. We have also noticed major differences in expression levels of mutant and normal HTT which seemed to be dependent on CAG length in human iPSC lines. The expression level of normal HTT and total HTT was most significantly decreased in HD109 (normal allele: −63 ± 17.5% p < 0.05 as normalized to a single allele; total HTT level: −72 ± 16%, p < 0.01; HD109 vs. Control) while the level of normal HTT have revealed the trend toward decreased HTT level in HD71 (normal allele: −39 ± 17% p = 0.0599 as normalized to a single allele; total HTT level: −25 ± 17% p = ns; HD71 vs. Control). Moreover, HD109 had lower protein expression level of both HTT alleles as compared to HD71 lines (mutant allele: −78 ± 21%, p < 0.01; normal allele: −40 ± 10% p < 0.05; total HTT: −62 ± 15% p < 0.05). Regardless of the basal level of the HTT, the level of both mutant and normal allele dropped to comparable levels after silencing with shHTT2 in all lines. Therefore, some border level of HTT protein remains after silencing by a given shRNA and is independent of the initial level of the HTT. The low level of the normal HTT in HD109 iPSC is distinct to the much higher normal mouse HTT level in mHD-YAC128 iPSC (Figure S5). In summary, the silencing of HTT in human cells was efficient with shHTT2 reagent however the experiments additionally revealed a general decrease in expression of both mutant and normal HTT in HD109 iPSC vs. Control iPSC.
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FIGURE 3. Huntingtin can be effectively and stably silenced with shRNAs in human HD and control lines Western blot analysis of mutant (MUT) and wild-type (WT) huntingtin protein expression in iPSC lines from patients with 109 CAGs (HD109) and 71 CAGs (HD71) and healthy controls (Control, 21 CAGs) with shRNA reagents reveal efficient silencing with the shHTT2 reagent. Despite differences in initial alleles expression levels between cell lines the reagent lowered both alleles to similar levels. *Statistically significant difference vs. isogenic shCTRL line; #Statistically significant difference vs. Control shCTRL line; * and #p < 0.05; ** and ##p < 0.01; ***p < 0.001. Note that the results for Control lines were normalized to reflect the level of one HTT allele (densitometry values of detected HTT level in control lines was divided by 2). For each patient, one cell line per each reagent was used (9 modified cell lines in total).



3.4. The Effects of HTT Silencing on Wnt and ERK Signaling in HD shRNA-iPS Cell Lines

We next asked whether downregulation of mutant HTT protein in shHTT2 iPSC lines would affect the pathways that were identified for HD and which were also affected in HD iPSC (Bowles and Jones, 2014; Szlachcic et al., 2015; Wiatr et al., 2017). Therefore, we examined β-catenin, phospho-β-catenin and phospho-ERK 1/2 by western blotting in HD YAC128 iPSC (Figure 4) and human HD109 and HD 71 iPSCs (Figure 5, Figure S5). In our previous study, we observed that more β-catenin protein is tagged for decay by Wnt-mediated phosphorylation at serines 33 and 37 in HD iPSCs (Szlachcic et al., 2015). The downregulation of mutant HTT did not affect this phenotype; however, the total β-catenin expression was increased (19 ± 6%, p = 0.0126) in mouse shHTT2-iPSC lines (Figures 4A,B). MAPK signaling is suppressed in HD YAC128 iPSCs, as indicated by the weaker ERK1/2 phosphorylation observed upon bFGF stimulation (Szlachcic et al., 2015). In the present study we observed an inconsistent response to HTT silencing (Figures 4C,D) showing no rescue (in isogenic lines derived from lines 1) or further decrease of ERK1/2 phosphorylation (in isogenic lines derived from line 2) after 30 min of bFGF stimulation (−87 ± 14%; shHTT2 vs. shCTRL Bonferroni post-hoc test p < 0.001).
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FIGURE 4. Effects of mutant HTT knockdown on MAPK and Wnt pathways in mouse iPSCs. (A,B) Western blot analysis of shHTT2 effects on the Wnt pathway revealed a significant increase in total β-catenin levels but not phospho-β-catenin (S33/37) levels. N = 4 lines for each reagent; (C,D) Isogenic lines (N = 2 for each reagent) originating from separate parental lines (1 and 2) show different responses to bFGF-induced activation of ERK1/2 phosphorylation (Thr202/Tyr204) after 30 min of stimulation. *p < 0.05, ***p < 0.001. In Panel (A) blots were cropped; full-length blots are presented in Figure S8.
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FIGURE 5. Effects of mutant HTT knockdown on Wnt pathway in human iPSCs. Western blot analysis of shHTT2 effects on the Wnt pathway revealed a significant increase in total β-catenin levels in HD109 and HD71 lines as compared to healthy Control lines, but no effects of shRNA reagents. Phospho-β-catenin (S33/37) did not differ between lines with different CAG numbers, however its level was affected by both effective shHTT2 and ineffective shCAG reagents in HD109 iPSCs only. *Statistically significant difference vs. isogenic shCTRL line; #Statistically significant difference vs. Ctrl shCTRL line; * and #p < 0.05; ##p < 0.01; ###p < 0.001. For each patient, one cell line per each reagent was used (9 modified cell lines in total).



In the case of Wnt in human cells (Figure 5) we observed a general increase in phospho-β-catenin in HD109 cells with HTT knockdown (+125 ± 44%; p < 0.05; shHTT2 vs shCTRL), while it was not changed in HD71 upon HTT knockdown. In HD109 and HD71 shCtrl lines total β-catenin level was increased as compared to Control shCtrl cells (+134 ± 40%, p < 0.05 and 174 ± 21%, p < 0.01, respectively). Silencing of HTT with shHTT2 in HD71 further increased the level of total β-catenin (39 ± 15%; p < 0.05; shHTT2 vs. shCTRL) but no significant increase was present in HD109 (42 ± 30%, not significant, shHTT2 vs. shCTRL). ERK1/2 phosphorylation was not affected in human HD109 and HD71 cells with shHTT vs shControl (Figure S6). In general we observed moderate effects of the HTT silencing on Wnt and Erk1/2 pathways in both mouse and human HD iPSC.

3.5. HTT Silencing Is Able to Reverse p53 Deregulation in Mouse Isogenic iPSCs and NSCs

Along with our previous data showing decreased levels of p53 expression in YAC128 iPSCs and human juvenile HD iPSCs (Szlachcic et al., 2015), we found a similar decrease in p53 expression in NSCs originating from YAC128 iPSCs (−52 ± 7%, p = 0.0006) (Figures 6A,B). Subsequently, we investigated the YAC128 iPSCs and NSCs with shHTT and shCAG reagents vs isogenic shCTRL lines. In Figures 6C,D, we show that shHTT2 is able to rescue the decrease in p53 protein expression and to drive p53 expression well above the levels seen with the shCTRL reagent in both iPSCs and NSCs (56 ± 11%, p = 0.0003 and 44 ± 19%, p = 0.053, respectively). Interestingly, the shCAG reagent did not rescue p53 expression in iPSCs or NSCs and led to further decreases in the p53 levels (Figures 6C,D). The pattern of p53 deregulation was followed by similar deregulation of phospho-p53 (S15) (Figure S7). The correlation study on isogenic lines expressing all anti-HTT reagents (shHTT1-3) or shCTRL reagents revealed that the levels of mutant HTT and p53 were inversely correlated in iPSCs (Pearson r = −0.6952; p = 0.0007; Figure 6E).
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FIGURE 6. p53 protein levels in iPSC and NSC states are dependent on mutant HTT levels. (A,B) The decreased p53 level is maintained in HD YAC128 NSCs after differentiation of iPSCs, as assessed by western blotting (N = 4 for WT and N = 5 for YAC128). The data was normalized to total protein visualized on blots using Bio-rads stain-free technology. Data from YAC128 iPS cells (X) was adapted from our previous work (Szlachcic et al., 2015) (N = 6 for WT, N = 5 for YAC128). shHTT iPSC (C) and NSC (D) lines show reversal of the p53 phenotype, whereas shCAG reagents further decrease the p53 expression level. N = 4 for each reagent in both iPSC and NSC. (E) Pearson correlation reveals an inverse correlation of mutant HTT and p53 expression levels (N = 11 for HTT reagents and N = 9 for control shCTRL reagent). In NSCs, the correlation is not significant **p < 0.01, ***p < 0.001. In Panel (A) and (C, iPSCs) blots were cropped; full-length blots are presented in Figure S8.



Although, p53 level was strongly decreased in human 109Q lines as compared to healthy control lines with shRNAs expression (−85 ± 15%, p < 0.001 between shCTRL lines), we found no effects of HTT silencing with shHTT2 reagent on the p53 expression level (Figure 7). In summary, we found the that the low level of p53 in mouse YAC128 iPSC and derived NSC was reversible after shHTT2, while the decreased level of p53 in human cells did not react to silencing.
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FIGURE 7. Non-allele selective silencing of HTT does not affect p53 expression level in human juvenile HD and control iPSCs. Western blot analysis of p53 expression in human HD109, HD71 and Control iPSCs with shHTT2, shCAG and shCTRL reagents. Although, in HD109 shCTRL line expression of p53 was significantly lower than in shCTRL HD71 (p = 0.0104) or Control line (p = 0.0045), shHTT reagent did not affect the phenotype in any of lines. *p < 0.05; **p < 0.01. For each patient, one cell line per each reagent was used (9 modified cell lines in total).



4. DISCUSSION

An experimental system in which the expression of a causative gene can be constantly depleted or eliminated should be considered for studying the pathogenesis of genetic neurodegenerative disorders and for therapeutic approaches. Therefore our aim was to generate HD iPSC lines with stable depletion of mutant HTT and to identify whether phenotypes characteristic for HD can be affected by HTT knockdown in HD iPSC. In addition, such approach allows for generation of cell lines with or without HTT silencing on the same, homogenous genetic background, i.e., isogenic lines. Use of isogenic lines reduces variability between compared cell lines that could mask discovery of relevant phenotypes.

One of the suitable strategies for genetic correction of HD cells is the constant expression of shRNA and gene silencing. We used a piggyBac transposase system (Yusa et al., 2011) and anti-HTT shRNA in the mir-30 backbone (Paddison et al., 2004) which provides additional possibility for future excision of the reagent if desired. Using the strategy (Figure 8), we derived isogenic mouse YAC128 HD and human HD iPSCs with continuous expression of shRNA targeting HTT. In the case of mouse iPSC, we tested 3 reagents targeting human HTT shHTT1-3 and a reagent targeting CAG repeats in mutant HTT (shCAG). The most potent anti-HTT reagent, shHTT2, was continuously effective in both mouse iPSC and NSC lines with approximately 85 and 62% silencing of the mutant human protein, respectively; the silencing was similar between isogenic lines with different reagents. However, the shHTT2 reagent also reduced by approximately 53% expression of wild-type mouse huntingtin, which is expressed in YAC128 mice from 2 alleles. The shHTT2 reagent was also further used to generate shRNA expressing human HD109, HD71 and Control iPSCs. In human lines the reagent was silencing both mutant and normal allele with similarly high efficiency (over 80% silencing in HD71 and Control iPSCs). We also observed lower levels of both normal and mutant HTT in HD109 cells; however after knockdown with shHTT2 reagent the expression level of each allele reached similar levels in all lines, irrespectively of their expression levels in isogenic lines without silencing. The factor interfering with the HTT protein and transcript level may be a transcript retention in the nuclear foci demonstrated for HD cells which may result in prevention of the effective transport and translation of both mutant and normal transcripts (Urbanek et al., 2016). This may result in knock down of normal and mutant HTT in stem cells and insufficiency of HTT during development in juvenile patients. Low level of normal huntingtin may also indicate that its silencing via non-allele specific strategies might be detrimental in the case of juvenile HD.
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FIGURE 8. Schematic illustration of the isogenic experimental system. Isogenic iPSC lines with HTT silencing by shHTT2 were derived from previously described HD-YAC128 iPSCs and human HD109, HD71, and Control iPSCs. Knockdown of HTT in both YAC128 iPSCs and NSCs resulted in rescue of p53 downregulation phenotype. iPSCs with HTT knockdown can be used for experimental cell therapy (mouse YAC128 iPSCs) or research on huntingtin developmental functions (human iPSCs). Gene expression changes are indicated by upward (upregulation) or downward arrows (downregulation).



The action of the shCAG reagent whose design was based on published allele-selective reagent revealed a dependency on cell type. In mouse iPSCs, the reagent increased mutant HTT expression, in mouse NSCs it induced a 40% silencing effect, while in human iPS cells it remained ineffective. In previous studies, the shCAG reagent was very effective at silencing HTT in fibroblasts (Fiszer et al., 2013); the observed differences in shCAG activity might result from differences in processing of the reagent in different cell types (Meijer et al., 2014; Tan et al., 2014). The described phenomena may depend on differences in the construct properties and the reagent delivery, e.g., our piggyBac construct vs. a lentiviral construct (Fiszer et al., 2013). Therefore, the shCAG reagent might be effective and should be examined in terminally differentiated neurons. Moreover, our results indicate the necessity of tailoring the therapeutic shRNA and delivery systems for disease-specific cell types, e.g., terminally differentiated neurons or astrocytes in the case of HD. In addition, the shCAG reagent demonstrates a new feature of our system namely as a reagent testing pipeline where the effects of reagents can be more precisely tested in consecutive cellular stages.

We have previously reported that YAC128 iPSCs exhibit phenotypes of early HD and share these phenotypes with human iPSCs from juvenile HD patients (Szlachcic et al., 2015). Among the changes, we identified decreased MAPK1 activation and p53 levels and increased β-catenin-p(33/37) levels. Using the established system for continuous silencing we have assessed whether the HD phenotypes demonstrated a dependency on the level of mutant HTT. In the case of the MAPK pathway and iPSCs, we observed minor changes in ERK1/2 activation depending on the iPSC line. In the case of mouse iPSC and Wnt pathway, the total β-catenin level had a slight dependency on the HTT level. Also in HD71 we have seen a greater total HTT level which may indicate recovery of Wnt signaling. In the case of HD109 we have demonstrated even higher phosphorylation of β-catenin, which may indicate an adverse effect on Wnt. We conclude that more human iPSC more HD iPS cell lines with mutant allele selective silencing originating from several patients are needed to investigate a fine relation of HTT expression and the pathways in iPSC. The differences in the phenotypes between HD109 and HD71 iPSC may be also attributed to number of CAG repeats in HTT but we can also not exclude the effect of the genetic background.

A large difference in p53 expression was found in the isogenic mouse iPSC and NSC. First, we demonstrated that p53 downregulation continued through to the NSC stage and the difference was similar to one previously seen by us for iPSC (Szlachcic et al., 2015). Moreover, shRNA isogenic cell lines at the iPSC and NSC stages demonstrated a clear dependency of p53 level on the mutant HTT level, although the effect was less prominent in NSCs. Interestingly, we observed recovery of decreased p53 expression with the shHTT2 reagent and a lack of recovery and a further decline in p53 expression with shCAG in both cell types. In the case of human HD109 iPS cells expressing the shHTT2 we did not observe the recovery of p53 level. Previously, p53 was shown to be involved in HD pathogenesis, with total levels in the brain increasing with HD severity and particularly being upregulated in late HD stages, in grade 3 and 4 patients (Bae et al., 2005). Although, p53 protein expression was upregulated in YAC128 mice, this upregulation was not observed in primary neuronal culture from E16.5 YAC128 mice unless cells were treated with the p53 activator camptothecin (Ehrnhoefer et al., 2013). Moreover, p53 phosphorylation and activation of the ATM DNA-damage-response pathway are downregulated in HD iPSCs (Tidball et al., 2015). Our results, together with the published data, may indicate that the gradient of p53 expression changes from downregulation in early HD stages (stem and NSCs) to upregulation in the adult brain during neurodegeneration. In general, it is well established that fine regulation of p53 expression in early developmental stages is essential to maintain the necessary balance between stem cell self-renewal and differentiation (Yang et al., 2014). In addition, high p53 expression levels may lead to terminal differentiation and growth arrest (Mendrysa et al., 2011). Decreased p53 levels in neurodegenerative diseases may lead to excessive NSC activation and insufficient differentiation potential, similar to what is observed in fragile X syndrome model (Li et al., 2016). NSCs from HD mouse models also show enhanced late-stage self-renewal, delayed cell cycle exit and impaired differentiation into striatal medium spiny neurons subtype (Molero et al., 2009; Molina-Calavita et al., 2014). Therefore, p53 may be a valid early therapeutic target in neurodegenerative diseases. Similar to p53 the Wnt is one of the major signaling pathways during development, it remains active in adult brain and is implicated in brain diseases (Noelanders and Vleminckx, 2017). In addition, the clear dependency of p53 on HTT expression in mouse cells and its downregulation in HD109 iPSCs implicates p53 in potential therapy in juvenile HD.

Sustained silencing of HTT via shRNA in iPSCs and NSCs, together with the observed p53 phenotype reversal, supports the idea of combining shRNA and autologous cell therapy. In therapeutic applications for HD, simple excision of the mutant allele via homologous recombination (An et al., 2012) or genome editing using, e.g., a CRISPR-Cas9 system, may be insufficient and could be accompanied by stable shRNA expression. An important reason for combining both approaches or even for selecting shRNA for cell therapy is evident from several demonstrations of neurodegeneration (including HTT aggregate formation) of healthy cells grafted into a brain undergoing neurodegeneration (Cicchetti et al., 2009, 2011, 2014; Jeon et al., 2016). One of the underlying mechanisms is the shuttling of HTT mRNA or HTT protein aggregates between cells, thus allowing them to spreading through the graft in a prion-like manner (Brundin et al., 2010; Herrera and Outeiro, 2012; Costanzo et al., 2013; Pecho-Vrieseling et al., 2014; Jeon et al., 2016; Zhang et al., 2016). Moreover, it is known that cells, including neurons and glia, can mediate exosomal and non-exosomal transfer of both proteins and RNAs (Vlassov et al., 2012; Frühbeis et al., 2013), including miRNAs (Wang et al., 2010; Hu et al., 2012) and synthetic mature shRNAs (Olson et al., 2012). Therefore, shRNA from grafted cells, if transferred via exosomes, may confer a therapeutic effect on host cells. Taken together, sustained expression of an HTT-silencing agent that also reverses the molecular phenotype has the capacity to protect grafts from non-cell-autonomous degeneration caused by surrounding HD-affected host cells.

To our knowledge, our human HD and Control iPSC lines with integrated shHTT2 are the first human iPSCs with stable huntingtin knock-down, and they can be helpful for in vitro research on huntingtin functions in human development.
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Regulatory functions  IncRNAs Targets Regulating Related pathologies In which regions/cells Diseases involved  References
Transcription HTT-AS HTT Downregulated  Regulates HTT expression Frontal cortex HD Chung et al. (2011)
Transcription C9ORF72 Yet to be determined Upregulated Containing the G4C expansion Frontal and motor cortex, ALS/FTLD Zuetd. (2013
hippocampus, spinal cord
neurons
Transcription NEAT1-2 TDP-43; FUS/TLS Upregulated Regulate the transcription or transcript Spinal motor neuron ALS/FTLD Nishimoto et al. 2013)
stability of INcRNAs
Transcription GDNFOS1 GDNF Upregulated Middle temporal gyrus AD Airavaara et al. (2011)
mRNA stability BACET-AS BACE1 Upregulated Induces AB40 and AB42 production Prefrontal cortex, striatum, AD Faghihi et al. (2008);
cerebellum, hippocampus Modarresi et al. (2011)
anterior & posterior,
Alternative splicing 17A GPR51 Upregulated Abolishes GABA B2 intracellular Cerebral Cortex AD Massone et al. (2011)
signaling and increase A secretion
Post-transcriptional NAT-Rad18 Rad18 Upregulated Affects abiity of neuron and their Cortical neuron AD Parenti et al. (2007);
apoptosis susceptibility Wu et al. (2013)
mIRNA sponge CIRS-7 UBE2A Upregulated Regulated AD-associated targets Hippocampal CA1 Sporadic AD Cogswell et al. (2008);
Hansen et a. (2013);
Lukiw 2013)
Translation BC200 SYNCRIP Upregulated Regulates dendritic mislocalization Brodmann’s area 9 AD Muddashetty et al. (2002);
Mus et al  (2007)
Duning et al. (2008)
Translation Uchi1-AS Uchlt Downregulated  Regulates protein synthesis of Uchl1 Dopaminergic neurons PD Carrieri et al. (2012)
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