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BV-2 Microglial Cells Overexpressing C9orf72 Hexanucleotide Repeat Expansion Produce DPR Proteins and Show Normal Functionality but No RNA Foci
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Hexanucleotide repeat expansion (HRE) in the chromosome 9 open-reading frame 72 (C9orf72) gene is the most common genetic cause underpinning frontotemporal lobar degeneration (FTLD) and amyotrophic lateral sclerosis (ALS). It leads to the accumulation of toxic RNA foci and various dipeptide repeat (DPR) proteins into cells. These C9orf72 HRE-specific hallmarks are abundant in neurons. So far, the role of microglia, the immune cells of the brain, in C9orf72 HRE-associated FTLD/ALS is unclear. In this study, we overexpressed C9orf72 HRE of a pathological length in the BV-2 microglial cell line and used biochemical methods and fluorescence imaging to investigate its effects on their phenotype, viability, and functionality. We found that BV-2 cells expressing the C9orf72 HRE presented strong expression of specific DPR proteins but no sense RNA foci. Transiently increased levels of cytoplasmic TAR DNA-binding protein 43 (TDP-43), slightly altered levels of p62 and lysosome-associated membrane protein (LAMP) 2A, and reduced levels of polyubiquitinylated proteins, but no signs of cell death were detected in HRE overexpressing cells. Overexpression of the C9orf72 HRE did not affect BV-2 cell phagocytic activity or response to an inflammatory stimulus, nor did it shift their RNA profile toward disease-associated microglia. These findings suggest that DPR proteins do not affect microglial cell viability or functionality in BV-2 cells. However, additional studies in other models are required to further elucidate the role of C9orf72 HRE in microglia.
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INTRODUCTION

Microglia are resident immune cells in the brain that perform vital functions during brain development, homeostasis, and aging. These include migration, phagocytosis of cell debris, pathogens, or excess or non-functional synapses, as well as sensing environmental stimuli and switching their phenotype and function accordingly (1). Defects in microglial function and chronic changes in their physiology have been associated with a variety of developmental and neurodegenerative diseases, but the exact role of microglia in the pathogenesis of frontotemporal lobar degeneration (FTLD) and amyotrophic lateral sclerosis (ALS) is not known (2–5).

FTLD and ALS are neurodegenerative disorders within the same disease spectrum and with overlapping pathological features and genetic background. However, the clinical phenotypes and the pattern of atrophy of these diseases differ remarkably (6–10). A GGGGCC hexanucleotide repeat expansion (HRE) in the intronic region of the chromosome 9 open-reading frame 72 (C9orf72) gene is the most common genetic cause underpinning both FTLD, ALS, and combined FTLD-ALS (11–14). This repeat expansion leads to reduced mRNA and protein levels of all human C9orf72 isoforms (C9orf72 haploinsufficiency), suggesting a loss-of-function mechanism (15). Furthermore, RNA-binding proteins (RBPs) bind to the expanded repeat-containing RNA, forming RNA foci in the nucleus and sometimes in the cytosol (16–22). The sequestration of the RBPs and inhibition of their normal function might contribute to neuronal loss (18, 23). The expanded repeat-containing RNA can also be translated into dipeptide repeat (DPR) proteins via repeat-associated non-AUG translation. Because the transcription of the expanded repeat sequence takes place in both sense and antisense direction, five different DPR protein species can be generated (poly-GA, poly-GR, poly-GP, poly-PA, poly-PR) (15, 24–29). These DPR proteins can lead to cell toxicity through different pathways such as perturbation in RNA processing, proteasomal inhibition, and induction of apoptosis (30–34). Formation of the RNA foci and generation of the DPR proteins represent the gain-of-toxic-function mechanisms involved in the C9orf72 HRE-associated disease pathogenesis. In addition to these specific pathological hallmarks present only in the C9orf72 HRE carriers, inclusions of accumulated Sequestosome 1/p62 and TAR DNA-binding protein (TDP)-43 have been detected in FTLD and ALS patients, including C9orf72 HRE carriers (35–41). C9orf72 HRE-derived pathological hallmarks and their potential downstream effects have been mostly described in neuronal cells, but so far, only a few studies have included other cell types, such as glial cells (16, 17, 20, 21, 42). Because glial cells have been pinpointed as potential contributors to neurodegenerative diseases, elucidating their role in C9orf72 HRE-associated FTLD and ALS is necessary.

Here, we have investigated the effects of the C9orf72 HRE on microglial cells by introducing the C9orf72 HRE into mouse BV-2 cells and assessing the presence of the C9orf72 HRE-associated pathological hallmarks and microglial cell functionality. Our results suggest that microglial cells harboring the C9orf72 HRE present specific HRE-associated pathological hallmarks but remain functional.



MATERIALS AND METHODS


BV-2 and N2a Cell Cultures

Mouse BV-2 cells (43) were cultured in RPMI-1640 medium (R7509, Sigma-Aldrich) supplemented with 2.4 mM L-glutamine (17-605E; Gibco), 10% (v/v) fetal bovine serum (10270-106; Gibco), and 1.2% (v/v) penicillin/streptomycin (15140-122; Gibco). BV-2 cells were scraped off gently from cell culture plates (168381; Thermo Scientific) and collected by centrifugation at room temperature (RT) for 3 min at 800 × g. Cell pellets were resuspended in cell culture medium and plated for maintenance or experiments on cell culture plates or poly-L-lysine (P6282; Sigma-Aldrich) coated glass coverslips. Mouse Neuro-2a (N2a) neuroblastoma cells (ATCC CCL-131; ATCC) were maintained in Dulbecco's Modified Eagle's Medium (BE12-614F; Lonza) containing 2.4 mM L-glutamine, 10% (v/v) fetal bovine serum, and 1.2% (v/v) penicillin/streptomycin. N2a cells were washed once with warm Dulbecco's phosphate-buffered saline (DPBS, 17-512F; Lonza) and incubated in 0.25% trypsin solution (in DPBS, 15090-046; Gibco) for 3–5 min at +37°C. Next, the cell suspension was diluted in the culture medium and centrifuged for 3 min at 800 × g. The supernatant was discarded, and the cells were resuspended in the culture medium and plated for experiments on poly-D-lysine (P6407, Sigma-Aldrich) coated coverslips or on cell culture plates for maintenance.



Transfections and Treatments

Control (2R) and GGGGCC hexanucleotide repeat expansion-containing plasmid (66R) (44) were maxiprepped using NEB Stable Component E. coli (C3040H, New England Biolabs) and purified using QIAfilter Plasmid Maxi Kit (12262, Qiagen). BV-2 cells were transfected with either 2R or 66R plasmids using Magnetofection (GL00250; OZ Biosciences) according to manufacturers' instructions. For cell viability assay and to transfect N2a cells, Viromer Yellow transfection reagent (VY-01LB-01; Lipocalyx, Halle, Germany) was used according to the instructions provided by the manufacturer. For microscopy-based approaches, 2R or 66R plasmids were used in combination with a pLVX-IRES-ZsGreen1 vector (pLVX plasmid, 632187; Clontech Laboratories) to detect transfected cells based on Zoanthus sp. green fluorescent protein (ZsGreen) 1 fluorescence. In some experiments, BV-2 cells were treated for 24 h with 200 ng/mL lipopolysaccharide (L5543; Sigma-Aldrich) and 20 ng/mL interferon-γ (14777; Sigma-Aldrich) in DPBS. Cells treated with equal volumes of DPBS were used as vehicle controls.



Protein Extraction and Western Blotting

Twenty-four or 48 h after transfection, cells were washed twice with cold DPBS (D8537; Sigma-Aldrich) and scraped in lysis buffer (10 mM Tris–HCl, 2 mM EDTA, 1% SDS) supplemented with 1:100 protease and 1:100 phosphatase inhibitors (1862209 and 1862495; Thermo Scientific). Before protein concentration measurement, samples were sonicated (2 cycles, each cycle 10 s, 30 s between cycles, high setting; Bioruptor Next Gen, Diagenode) and boiled at +85°C for 7 min. Protein concentrations were measured using bicinchoninic acid assay (23225; Thermo Scientific) and plate reader (Infinite M200; Tecan Group Ltd.). Samples and molecular weight marker (26616; Thermo Scientific) were supplied with 20% (v/v) 2-mercaptoethanol and 1× NuPAGE LDS sample buffer (NP0007; Invitrogen), heated for 7 min at +85°C, and loaded on 4–12% Bis-Tris gels (NP0335; Invitrogen) for sodium dodecyl sulfate–polyacrylamide gel electrophoresis (80 V for 15 min, then 110 V for 1 h 15 min). Proteins were transferred on 0.2 μm polyvinylidene fluoride membranes (1704157; Bio-Rad) using Trans-Blot Turbo Transfer System (Bio-Rad, 25 V, 1.0 A, 30 min). Blocking was done with either 5% (w/v) milk powder or 5% (w/v) BSA (A9647; Sigma-Aldrich) diluted in 1× TBST (139.97 mM NaCl, 24.94 mM Tris, 0.5% (v/v) Tween 20; pH 7.4) for 1 h at RT according to the recommendations of primary antibody manufacturers. Blots were incubated overnight at +4°C with the following primary antibodies diluted in 1× TBST: anti-C9orf72 (1:500, 22637-1-AP; Proteintech), anti-caspase 3 (1:1,000, 9662; Cell Signaling Technology), anti-poly-GA (1:10,000, MABN889; EMD Millipore), anti-poly-GP (1:2,000, ABN455; EMD Millipore), anti-poly-GR (1:5,000, MABN778; EMD Millipore), anti-LAMP2A (1:1,000, ab18528; Abcam), anti-LC3B (1:3,000, ab51520; Abcam), anti-phospho-TDP-43 (1:1,500, TIP-PTD-P02; CosmoBio), anti-TDP-43 (1:1,000, 10782-2-AP; Proteintech), anti-p62 (1:1,000, 51142; CST), anti-polyubiquitinylated proteins (FK1, 1:1,000, BML-PW8805-0500; Enzo Life Sciences), anti-Hsp70 (1:5,000, ADI-SPA-810; Enzo Life Sciences), and anti-β-actin (1:1,000, ab8226; Abcam). Afterward, the blots were incubated with species-specific horseradish peroxidase-linked secondary antibodies (1:5,000, NA935, NA934V, or NA931V; GE Healthcare) for 1 h at RT, and for 5 min with suitable enhanced chemiluminescence substrate solutions (RPN2236 or RPN2235; GE Healthcare). The chemiluminescence signal was detected using ChemiDoc MP Imaging System (Bio-Rad). For each sample, bands of interest were quantified using Image Lab (6.0.0; Bio-Rad) and normalized to the β-actin signal in the same samples. Data are shown as percentage of 2R (mean value of each experiment set to 100%).



Fluorescence in situ Hybridization (FISH) and Immunocytochemistry

Cells were fixed with 4% (v/v) formaldehyde (28908; Thermo Scientific) in DPBS for 20 min at RT, washed two times with DPBS, and stored at +4°C. FISH was performed as described in Chew et al. (44) using fluorescently labeled locked nucleic acids, TYE 563-(CCCCGG)3, to detect the sense foci. TYE 563-(CAG)6 was used as a negative control probe (Exiqon). For immunocytochemistry, cells were permeabilized using 0.1% (v/v) Triton X-100 in DPBS for 10 min at RT on a rocker and washed three times with DPBS. For blocking, cells were incubated in blocking solution (0.015% (v/v) goat immunoglobulin G isotype control (02-6202; Invitrogen) in DPBS) for 30–50 min at RT on a rocker. Primary and secondary antibodies were diluted in blocking solution and incubated with the cells either at RT for 1.5 h or overnight at +4°C followed by washing three times with DPBS. Immunocytochemistry was performed using the following primary antibodies: anti-poly-GA (1:500, MABN889; EMD Millipore), anti-poly-GP (1:500, ABN455; EMD Millipore), anti-poly-GR (1:500, MABN778; EMD Millipore), anti-p62 (1:200, sc-48402; Santa Cruz Biotechnology), anti-LAMP2A (1:200, ab18528; Abcam), and anti-TDP-43 (1:500, 10782-2-AP; Proteintech). The following fluorescently labeled species-specific secondary antibodies were used in 1:500 dilutions: Alexa Fluor 568 (A-11004; Invitrogen), Alexa Fluor 594 (A-11007; Invitrogen), and Alexa Fluor 647 (A-21244; Invitrogen). To stain the cell nuclei, cells were either incubated with 4′,6-diamidino-2-phenylindole (DAPI, D9542; Sigma-Aldrich) 1:5,000 in DPBS for 5 min at RT on a rocker and washed three times with DPBS and mounted (345789; Calbiochem) or directly mounted in DAPI-containing mounting medium (H-1800; Vector Laboratories). Confocal images were acquired with LSM800 confocal microscope (Zeiss). In independent experiments, sample and control slides were imaged with the same microscopy settings.



RNA Extraction, cDNA Synthesis, and RT-qPCR

BV-2 cells were transfected with either 2R or 66R plasmid as described previously. Twenty-four or 48 h after transfection, cells were washed twice with ice-cold DPBS and scraped in 200 μL ice-cold DPBS. Samples were stored at −80°C until total RNA was extracted (11828665001; Roche Molecular Systems). RNA concentrations were measured using NanoDrop One (Thermo Scientific). Per sample, 1 μg of RNA was reverse transcribed into cDNA using random hexamer primers (04897030001; Roche Molecular Systems). Real-time quantitative PCR was performed using SYBR Green I (04707516001; Roche Molecular Systems) and LightCycler 480 II (Roche Molecular Systems).

Primer pairs and annealing temperatures are listed in Supplementary Table 1. Samples were run in duplicates. Thermal cycler conditions were set as follows: 5 min +95°C pre-incubation followed by 45 cycles of 1) 10 s +95°C denaturation, 2) 15 s annealing, and 3) 20 s +72°C elongation. Expression values of genes of interest were calculated using the ΔΔCT method and normalized to expression levels of β-actin. For each time point and experiment, mean expression values of 2R samples were set to 100%. Expression values of 66R samples were normalized to mean expression values of 2R samples for each experiment separately. Amplification specificity was checked using melting curves (LightCycler 480 software 1.5.1.62 SP3; Roche Molecular Systems). All the primer pairs used here gave only one peak in the melting curves.



TDP-43 Translocation Analysis

BV-2 cells were co-transfected with either 2R or 66R plasmids in combination with pLVX plasmid, fixed 24 or 48 h after transfection, and double-stained with anti-poly-GA (and goat anti-mouse Alexa Fluor 568) and anti-TDP-43 (and goat anti-rabbit Alexa Fluor 647) antibodies as described previously. Confocal microscopy images were acquired from three (24 h) and two (48 h) independent cell culture experiments using laser-scanning microscopy (LSM800; Zeiss). An automated segmentation technique was developed in MATLAB to annotate cell nuclei and cell bodies in images. The images included four channels: AF647 (for goat anti-rabbit Alexa Fluor 647), AF568 (for goat anti-mouse Alexa Fluor 568), ZsGreen1, and DAPI. The ZsGreen1 and DAPI channels marked cell bodies and cell nuclei, respectively. An iterative 2D median filtering, 10 iterations with a window size of 7 × 7 pixels, was applied on the images of ZsGreen1 and DAPI channels to smooth cell bodies and cell nuclei for the segmentation. A preliminary segmentation of cell nuclei was acquired by thresholding the DAPI channel for intensity values above 20, image intensities ranged from 0 to 255, and subsequently, the connected component analysis was applied. Components with an area smaller than 5,000 pixels (21.125 μm2) were discarded. Holes in segmented components were filled using morphological operations. The preliminary segmentation of cell nuclei contained under-segmentation errors, which were eliminated using the watershed transform. The location of markers was determined using the regional minima of the Euclidean distance transform of the preliminary segmentation of cell nuclei. The same procedure was applied to segment cell bodies from the ZsGreen1 channel. The threshold, at which the preliminary segmentation of cell bodies was acquired, was set to 1 because only the background was equal to zero in this channel. Components of an area smaller than 3,000 pixels (12.675 μm2) were discarded, and holes were filled using morphological operations. The individual cell nuclei were assigned as markers for a marker-based watershed segmentation, addressing under-segmentation error in cell bodies. Cells with cell body average intensity value below 6 were eliminated from the final segmentation. This threshold was set based on the average intensity of all cell bodies. In addition, apoptotic cells were eliminated from the segmentation. Apoptotic cells were defined as cells in which the spatial distribution of the intensity values of the cell body is heterogeneous, i.e., a concentration of high-intensity values within the cell body of an area smaller than the nucleus. For each cell, the final segmentation for the area of cell body, the area of a nucleus, the sum intensities of cell body in AF647 channel, and the sum of the intensities of a nucleus in the AF647 channel were quantified. An exemplary picture of the segmentation toolbox is shown in Supplementary Figure 1. The source code is freely available at https://github.com/AndreaBehan/FMIS-software.

For TDP-43 translocation analysis, four stages of intracellular TDP-43 distribution were defined depending on the ratio of nuclear to cytoplasmic TDP-43 signal (see Figure 4): none (TDP-43 signal—if any—is only present in the nucleus, and cytoplasmic signal is below threshold of cytoplasmic background control); mild (cytoplasmic TDP-43 signal is above the threshold of the cytoplasmic background control but below nuclear TDP-43 signal, which is above the threshold of the nuclear background control); moderate (nuclear TDP-43 signal is above the threshold of nuclear background control, and the cytoplasmic TDP-43 signal, which is above the threshold of the cytoplasmic background control signal, is above the nuclear TDP-43 signal); severe (nuclear TDP-43 signal is below the threshold of nuclear background control, and the cytoplasmic TDP-43 signal is above the threshold of the cytoplasmic background control). TDP-43 signal intensities were measured as SUM intensities of AF647 channel within the nucleus or cytoplasm (nuclear signal subtracted from whole cell-signal) as described previously and normalized to the nuclear or cytoplasmic area. Nuclear and cytoplasmic background control values were obtained by calculating AF647 SUM intensity in the nucleus (DAPI positive area) and cytoplasm (ZsGreen1 positive, DAPI negative area) of ZsGreen1-positive 2R or 66R cells immunostained without primary antibody. Cells were excluded from the analysis if located on edges of the images or if cell compartments were not well-recognized by the program.



p62 and LAMP2A Single-Cell Analysis

BV-2 cells were co-transfected with either 2R or 66R plasmids in combination with pLVX plasmid, fixed 24 or 48 h after transfection, and stained with anti-p62 or anti-LAMP2A antibodies followed by goat anti-mouse Alexa Fluor 568. Images were acquired from three (LAMP2A) and two (p62) independent cell culture experiments using laser-scanning confocal microscopy (LSM800; Zeiss). Fluorescence intensities of Alexa Fluor 568 were quantified in ZsGreen1-positive cells using ImageJ (Rasband, W.S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 1997-2018). SUM intensity values were normalized to cell areas. For each experiment, average area-normalized SUM intensity values of negative control pictures (cells stained without primary antibody) were subtracted from area-normalized SUM intensity values of samples.



Nitrite Assay and TNFα, IL-1β, and IL-6 ELISA

BV-2 cells were treated 24 h post-transfection with LPS/IFNγ as described previously. After the 24-h treatment, the culture medium was collected, centrifuged at 10,000 × g for 10 min at +4°C, and supernatants were stored at −20°C until analysis. Nitrite levels (as an indication of nitric oxide production) of three technical replicates per each biological replicate were measured via Griess reaction (G-7921; Invitrogen). To calculate the nitrite concentration for each biological replicate, means of their corresponding technical replicates were used. Extracellular tumor necrosis factor alpha (TNFα) (88-7324-22; Invitrogen), interleukin (IL)-1β (88-7013-22; Invitrogen), and IL-6 (88-7064-22; Invitrogen) concentrations were measured using ELISA according to kit instructions. For ELISA, no technical replicates were used. Absorbance was measured using a plate reader (Infinite M200, Tecan Group Ltd.). Data are shown as concentrations obtained from the standard curve. Data were obtained from three independent experiments, each including three biological replicates.



Phagocytosis Assay

BV-2 cells were transfected as described previously. Six hours before starting the phagocytosis assay, 12,000 cells per well on 96-well plates were plated in BV-2 cell medium. pH-sensitive red fluorescent bioparticles (P35364; Invitrogen) were added to the cells 24 or 48 h after transfection. Cells without particles were used for background subtraction in the red channel. Untransfected cells were used for background subtraction in the green channel (ZsGreen1). Microscopy images were acquired with 10 × objective from brightfield, green, and red fluorescent channels (300 ms acquisition time) every 15 min using IncuCyte S3 (Essen BioScience). Three (48 h samples) or four (24 h samples) independent experiments were conducted. Per experiment, four images per well of three technical replicates per biological replicate were acquired. For analysis, the IncuCyte software (v2019B) was used. For the green and red channels, Top-Hat segmentation (radius 100 μm, two GCU/RCU thresholds) and an area filter of 70 μm2 for the green channel were used. To estimate the phagocytic capacity of only transfected cells, the size of the red fluorescent area within the green fluorescent area was calculated and normalized to total green fluorescent area for each image. Absolute values were calculated for each biological replicate and pooled from three to four independent experiments.



Cell Viability Assay

To measure cell viability 24 h after transfection, BV-2 cells were scraped, centrifuged at 800 × g for 3 min, resuspended in cell culture medium, and diluted in an equal volume of 0.4% trypan blue (T10282; Invitrogen). The numbers of trypan blue–positive cells and the total number of cells were counted using a hemocytometer (DHC-B01; NanoEnTek). The average number of trypan blue–positive cells was normalized to total cell number from eight technical replicates of two biological replicates per experiment. To measure cell viability 48 h after transfection, the BV-2 cell medium was replaced 2 and 24 h after transfection. Cells were maintained for an additional 24 h at +37°C and 5% CO2. To take both attached and floating cells (which may represent either activated or dead cells) into account, BV-2 cells were scraped in their conditioned medium, diluted in additional BV-2 medium (in total 3 mL per well), and stained and counted as described previously.



Statistical Analyses and Data Presentation

Shapiro–Wilk test was used to test if data points were normally distributed. To test for equality of variances, Levene's test was used. To test for significance between two independent groups, two-tailed independent samples t-test (for normally distributed data and equal variances) or Mann–Whitney U-test was performed. In groups not following Gaussian distribution, significance between more than two independent groups was tested by Kruskal–Wallis test followed by Dunn's multiple comparison test. To assess statistical independence between categorical variables, Fisher's exact test was used. Kruskal–Wallis test was performed using GraphPad Prism software (version 8.2.0 for Windows; GraphPad Software, San Diego, California USA). For all other tests, SPSS version 25.0.0.1 (IBM, Armonk, NY, USA) was used. P-values are indicated above the compared groups. P < 0.05 were considered statistically significant. Graphs were drawn using the GraphPad Prism software (version 8.2.0 for Windows). The number of biological replicates per experiment and the number of independent experiments are indicated in each figure legend. The replicates were considered as biological replicates when cells of the same passage were plated and individually transfected or treated in separate wells. Cells cultured and treated within the same well were considered technical replicates. Microscopy images shown in the article were processed using Zen software (Zeiss, version 2.3, blue edition; Carl Zeiss Microscopy GmbH). Images were scaled using GIMP (version 2.10.).




RESULTS


BV-2 Cells Expressing the C9orf72 HRE Show Strong Expression of Different Dipeptide Repeat (DPR) Proteins but Not Sense RNA Foci

To assess whether microglial cells harboring the C9orf72 HRE show RNA foci or DPR proteins, BV-2 cells were transiently transfected with plasmids encoding the GGGGCC-motif 66 times (66R) or 2 times (2R; control). These plasmids have been previously used to overexpress the GGGGCC-motif in vitro in U251 glial fibrillary acidic protein–positive glioma cells (45) or in vivo in mouse brain via intraventricular adeno-associated virus (AAV)–mediated delivery (44). In the latter study, the 66R expression led to the generation of sense RNA foci and expression of different DPR proteins (poly-GA, poly-GP, and poly-GR) in the CNS, neurodegeneration in specific brain areas, as well as behavioral deficits similar to the patients carrying the C9orf72 HRE (44).

In this study, we used transfection of N2a neuroblastoma cells, a neuronal cell line, as a positive control to detect sense RNA foci. We found that overexpression of the 66R but not 2R in N2a cells led to the formation of sense RNA foci (Figures 1A,C), as detected by FISH and TYE 563-(CCCCGG)3 probe targeted against the expanded GGGGCC repeats. Notably, FISH with the TYE 563-(CAG)6 negative control probe showed no signal in 66R-transfected N2a cells, demonstrating the specificity of the TYE 563-(CCCCGG)3 probe against the expanded GGGGCC repeats (Figure 1B). In contrast to the N2a cells, however, 66R-transfected BV-2 cells did not show sense RNA foci 24 or 48 h after transfection using the TYE 563-(CCCCGG)3 probe (Figures 1D,E).


[image: Figure 1]
FIGURE 1. BV-2 cells harboring the C9orf72 hexanucleotide repeat expansion do not form intranuclear sense RNA foci. Cells were transiently co-transfected with 2R or 66R in combination with a plasmid coding for ZsGreen1 (green). Nuclei were stained with DAPI (blue). Sense RNA foci were detected via FISH using TYE 563-(CCCCGG)3 LNA probes (red) in N2a cells transfected with 66R plasmid (A) but not in N2a cells transfected with 2R plasmid (C). No fluorescent signal was detectable when using TYE 563-(CAG)6 negative control probes, demonstrating the specificity of TYE 563-(CCCCGG)3 probes (B). Sense RNA foci were not detected in BV-2 cells transfected with 66R plasmid 24 or 48 h after transfection (D,E). Representative images from three (D) and two (E) independent cell culture experiments are shown. Scale bar = 10 μm (A–E); scale bar = 2 μm (A, right picture). DAPI, 4′,6-diamidino-2-phenylindole; FISH, fluorescence in situ hybridization; LNA, locked nucleic acid; ZsGreen1, Zoanthus sp. green fluorescent protein 1.


Next, we investigated whether the 66R-overexpressing BV-2 cells display DPR proteins. Immunocytochemistry (ICC) and Western blotting (WB) showed that poly-GA and poly-GP proteins were present in BV-2 cells 24 and 48 h after transfection with the 66R plasmids (Figures 2A,B). No signal was detectable in BV-2 cells transfected with the 2R control plasmid or in 66R-expressing BV-2 cells incubated without the primary antibodies, indicating the specificity of the signal (Supplementary Figures 2, 3). Whereas, the poly-GA immunoreactivity was distributed throughout the whole cell body (cytoplasm and nuclei), the poly-GP signal was restricted to nuclei. No aggregates or inclusions of DPR proteins were detected (Figure 2A). In the WB analysis, the DPR protein-specific bands were detected at abundant levels at the molecular weights between 25 and 35 kDa in 66R-expressing BV-2 cells (Figure 2B). No high molecular weight bands specific to 66R-expressing cells were observed (Supplementary Figure 4). No poly-GR immunoreactivity was detected using WB or ICC (Figures 1A,B). Similar to the BV-2 cells, we have also observed poly-GA and poly-GP, but not poly-GR, DPR proteins in N2a cells transfected with 66R by WB and ICC (unpublished data), confirming that these are the main DPR protein species produced at detectable levels from the 66R construct. These results altogether show that BV-2 cells harboring the C9orf72 repeat expansion produce soluble poly-GA and poly-GP but not poly-GR DPR proteins or sense RNA foci.


[image: Figure 2]
FIGURE 2. Specific DPR proteins are abundantly expressed in BV-2 cells harboring the C9orf72 hexanucleotide repeat expansion. Poly-GA, poly-GP, and poly-GR levels were assessed 24 and 48 h after transient transfection of BV-2 cells with either 66R plasmid or control plasmid (2R) with (ICC) or without (WB) a plasmid coding for ZsGreen1 (ICC, green). (A) Representative microscopy images from two (24 h) or three (48 h) independent experiments of BV-2 cells overexpressing 66R plasmids and stained for poly-GA, poly-GR, or poly-GP (red). Nuclei were stained with DAPI (blue). Scale bar = 10 μm. Negative control images of 2R-transfected BV-2 cells and primary antibody control stainings are presented in Supplementary Figures 2, 3. (B) Representative Western Blot images of four independent experiments are shown, indicating high levels of poly-GA and poly-GP, but not poly-GR in BV-2 cells. DAPI, 4′,6-diamidino-2-phenylindole; DPR, dipeptide repeat; ICC, immunocytochemistry; kDa, kilodalton; WB, Western blotting; ZsGreen1, Zoanthus sp. green fluorescent protein 1.




BV-2 Cells Expressing the C9orf72 HRE Show a Transient Cytoplasmic Translocation and Increased Levels of TDP-43

TDP-43 is an RNA-binding protein, which shuttles between nucleus and cytosol (46). Hyperphosphorylation of TDP-43 and accumulation of cytoplasmic TDP-43 have been observed in the CNS of patients with FTLD and ALS, including C9orf72 HRE carriers (40, 47–49). These features have been described in glial cells of C9orf72 HRE carriers to some extent as well, but without further differentiation of the subtype, i.e., astrocytes, oligodendrocytes, or microglia (40, 48). Phosphorylation, total levels, and subcellular distribution of TDP-43 were examined in BV-2 cells 24 and 48 h after transfection with 2R or 66R plasmid to assess whether the expression of the C9orf72 HRE leads to TDP-43 pathology in microglial cells (Figures 3, 4). To assess TDP-43 localization in the cytoplasm and nucleus of 2R- and 66R-transfected BV-2 cells, co-transfection of 2R or 66R with a ZsGreen1-encoding plasmid was conducted. According to ICC, 24 h after transfection 94% and 48 h after transfection 88% of cells expressing ZsGreen1 were also positive for poly-GA. No cross-reactivity between poly-GA and TDP-43 secondary antibodies was observed (Supplementary Figure 5). To assess the degree of TDP-43 translocation from nucleus to cytoplasm, four different TDP-43 distribution types were categorized depending on the ratio of nuclear to cytoplasmic TDP-43 levels (Figures 4A,B).
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FIGURE 3. The levels of TDP-43 and phosphorylated TDP-43 are not altered in BV-2 cells harboring the C9orf72 hexanucleotide repeat expansion. TDP-43 phosphorylation (p-TDP-43) at site S409/S410 was assessed 24 and 48 h after transfection of BV-2 cells with either 66R plasmid or control plasmid (2R). (A) Representative Western blot images of four independent experiments are shown. Quantification shows mean ± SD of p-TDP-43 levels normalized to total TDP-43 levels (B) and total TDP-43 levels normalized to those of β-actin (C) from four independent experiments each with two to three biological replicates. For each experiment and time point, 2R was set as 100%. Two-tailed independent samples t-test (B,C) was performed. n = 11, df = 20 (24 h); n = 12, df = 22 (48 h). df, degrees of freedom; kDa, kilodalton; TDP-43, TAR DNA-binding protein 43.
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FIGURE 4. TDP-43 subcellular localization is transiently altered in BV-2 cells harboring the C9orf72 hexanucleotide repeat expansion. TDP-43 translocation from the nucleus (n) to the cytoplasm (c) was quantified based on Alexa Fluor 647 intensity (secondary antibody against TDP-43) using fluorescence microscopy and categorized into different stages (A,B) in BV-2 cells harvested 24 h (C,E) or 48 h (D,F) after transfection with either 2R or 66R plasmids in combination with a plasmid coding for ZsGreen1. Nuclear and cytoplasmic background (BG) intensity values were obtained from ZsGreen1-positive 2R or 66R cells immunostained without primary antibody. TDP-43 translocation is shown as absolute cell counts (C,D); total cell number analyzed for 24 h/48 h 2R = 232/115, 66R = 244/124. SUM intensity of Alexa Fluor 647 in the whole cell was normalized to whole cell area (E,F). Data are shown as median ± interquartile range (E,F). Data are shown from two (48 h) or three (24 h) independent cell culture experiments. Fisher's exact test (C) and Mann–Whitney U-test (E,F) were used to test for statistical significance. BG, background; DAPI, 4′,6-diamidino-2-phenylindole; TDP-43, TAR DNA-binding protein 43; ZsGreen1, Zoanthus sp. green fluorescent protein.


No difference in TDP-43 phosphorylation or total TDP-43 levels between 2R- and 66R-expressing BV-2 cells could be detected in either time point (Figure 3; Supplementary Figure 6). Twenty-four hours after transfection, BV-2 cells expressing the 66R plasmid displayed a significantly decreased number of cells with TDP-43 localized in the nucleus only (no cytoplasmic translocation) and an increased number of cells with mild TDP-43 cytoplasmic translocation as compared with 2R cells (Figure 4C). Forty-eight hours after transfection, both 2R- and 66R-expressing cells showed a similar mild TDP-43 cytoplasmic translocation, and there were no differences between the cells in TDP-43 subcellular localization (Figure 4D). In addition, the total TDP-43 levels in ZsGreen1-positive cells were quantified. Twenty-four hours after transfection, 66R-expressing cells showed higher TDP-43 levels within the whole cell body as compared with 2R-expressing cells (Figure 4E). Forty-eight hours after transfection, no difference in total TDP-43 levels between 2R- and 66R-expressing cells could be detected (Figure 4F). Together, these data suggest that a transient cytoplasmic translocation and upregulation of TDP-43 levels takes place in BV-2 cells after introducing the C9orf72 HRE.



Expression of the C9orf72 HRE Reduces Levels of Polyubiquitinylated Proteins

Protein homeostasis is ensured at the cellular level through the function of the ubiquitin–proteasome system (UPS) and chaperone proteins, such as heat shock proteins (Hsps). Hsps facilitate the correct folding of proteins and can direct misfolded proteins to degradation through the UPS or autophagy. Inefficient clearance of misfolded proteins is associated with neurodegeneration (50). To assess whether expression of the C9orf72 HRE leads to changes in the UPS or Hsps in microglial cells, levels of polyubiquitinylated proteins Hsp25 and Hsp70 were examined using WB. Twenty-four and 48 h after transfection, 66R-expressing BV-2 cells showed lower levels of polyubiquitinylated proteins as compared with 2R-expressing cells (Figures 5A,B; Supplementary Figures 7A,B). Hsp25 was not present in the BV-2 cells at detectable levels (data not shown). No difference in levels of Hsp70 could be detected between 2R- and 66R-expressing cells neither 24 nor 48 h after transfection (Figures 5A,B; Supplementary Figures 7C,D). These results suggest that expression of the C9orf72 HRE might affect the UPS function without altering Hsp levels.
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FIGURE 5. BV-2 cells expressing the C9orf72 hexanucleotide repeat expansion show lower levels of polyubiquitinylated proteins but equal levels of Hsp70. Representative blot images (A) and corresponding quantifications (B) from four independent cell culture experiments. Protein samples were harvested from BV-2 cells expressing the 2R or 66R plasmid for 24 and 48 h. Polyubiquitinated proteins and Hsp70 levels were normalized to those of β-actin. 2R was set as 100% for each time point and experiment. Data are shown as mean ± SD. Two-tailed independent samples t-test was used; n = 11, df = 20 (24 h) (for polyubiquitinated proteins, 24 h: n = 9/10 (2R/66R), no equal variances were assumed, df = 10,923); n = 12, df = 22 (48 h). df, degrees of freedom; kDa, kilodalton; Hsp70, heat shock protein 70.




Expression of the C9orf72 HRE Does Not Influence Viability of BV-2 Cells

Caspase 3 cleavage from the full-length protein (proenzyme) into the active form and loss of plasma membrane integrity are considered common signs of cell death (51). To elucidate whether BV-2 cells expressing 66R undergo caspase 3–dependent apoptosis or necrosis, caspase 3 cleavage was assessed using WB and plasma membrane integrity loss using trypan blue staining. Twenty-four and 48 h after transfection, BV-2 cells showed no caspase 3 cleavage products (Figure 6A). Moreover, no difference in plasma membrane integrity (Figures 6B,C) could be detected when comparing 2R- with 66R-expressing BV-2 cells. These findings indicate that BV-2 cells harboring the C9orf72 HRE do not undergo apoptosis or necrosis even though they abundantly express DPR proteins.
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FIGURE 6. Cell viability is not affected in BV-2 cells harboring the C9orf72 hexanucleotide repeat expansion. Caspase 3 cleavage (A) was assessed 24 and 48 h after transfection with 66R or control (2R) plasmids by Western blotting. Cleaved caspase 3 fragments would appear at 17 and 19 kDa. Representative blot images from four independent experiments are shown. Plasma membrane integrity was measured 24 h (B) and 48 h (C) after transfection of BV-2 cells with 66R or control (2R) plasmids by counting number of trypan blue–positive cells and normalization to the total cell number. Data are presented as median ± interquartile range (B) and mean ± SD (C) of the percentage of trypan blue–positive cells normalized to total cell number from three independent experiments each with two biological replicates. Mann–Whitney U-test (B) and two-tailed independent samples t-test (C) were performed; n = 6, df = 10. df, degrees of freedom; kDa, kilodalton.




Expression of the C9orf72 HRE Slightly Alters p62 and LAMP2A Levels but Not Phagocytosis in BV-2 Cells

Whereas, autophagy is the process through which intracellular components (ranging from proteins to cell organelles) are degraded, phagocytosis refers to the ingestion and digestion of extracellular cell debris and pathogens. Both pathways share a common set of signaling molecules (such as reactive oxygen species, redox equivalents) and proteins. These proteins include the lysosomal lysosome-associated membrane proteins (LAMP)-1 and−2, which fuse with vesicles formed during phagocytosis/autophagy to provide an acidic environment for proteolytic degradation. Whereas, this step occurs later in the cascade, two other key proteins are involved in the induction of autophagy. During the formation of a double-membrane vesicle, also called the phagophore, microtubule-associated protein 1 light chain 3 beta (LC3B) I is lipidated and incorporated into the phagophore membrane. The lipidated form of LC3BI is termed LC3BII, and the conversion of LC3BI to LC3BII marks the initiation of autophagy. The cargo to be degraded is targeted to the phagophore via adaptor molecules (52). Degradation of one of these adaptor proteins, p62, is used as another marker for autophagy. Also, it has been proposed that the C9orf72 proteins are involved in the initial phase of autophagy (53, 54).

Because C9orf72 HRE carriers show accumulation of p62 in the brain, which might indicate compromised autophagy (40), we investigated whether the levels of proteins involved in autophagy/phagocytosis are altered upon C9orf72 HRE expression. To assess autophagy in BV-2 cells, p62 levels (normalized to β-actin), LC3BI and LC3BII levels (normalized to β-actin), and LC3BI to LC3BII conversion were measured via WB. Twenty-four and 48 h after transfection, no differences in p62, LC3BI, or LC3BII levels or LC3B conversion could be detected between the 66R- and 2R-expressing BV-2 cells (Figure 7; Supplementary Figure 8). Also, no alterations in C9orf72 (55 kDa) and LAMP-2A levels were detected 24 or 48 h after transfection by WB (Figure 7; Supplementary Figure 8). To quantify p62 and LAMP2A levels at a single-cell level, co-transfection of 2R or 66R with a ZsGreen1-encoding plasmid was conducted, and p62 and LAMP2A levels were measured in ZsGreen1-positive cells using ICC and confocal microscopy. Whereas, the 66R-transfected cells showed mildly increased levels of p62 at 24 h after transfection, the levels were lower at 48 h after transfection as compared with 2R cells (Figure 8). No difference in the LAMP2A levels between the 2R- and 66R-transfected cells could be detected 24 h after transfection. However, 48 h after transfection, 66R-transfected cells showed slightly higher levels of LAMP2A compared with 2R-transfected cells (Figure 8).
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FIGURE 7. BV-2 cells expressing the C9orf72 hexanucleotide repeat expansion do not show altered basal autophagy. Representative blot images (A,B) and corresponding quantifications (C) from four independent cell culture experiments. Protein samples were harvested from BV-2 cells expressing the 2R or 66R plasmid for 24 and 48 h. P62, LAMP2A, LC3BI, LC3BII, and C9orf72 levels were normalized to those of β-actin and additionally LC3BII levels to those of LC3BI. 2R was set as 100% for each time point and experiment. Data are shown as median ± interquartile range (LC3BII/LC3BI, 48 h) or as mean ± SD. To compare LC3B conversion between 2R and 66R 48 h after transfection, Mann–Whitney U-test was used. Otherwise, two-tailed independent samples t-test was used; n = 11, df = 20 (24 h); n = 12, df = 22 (48 h)—for C9orf72 data, no equal variances were assumed, df = 11.355 (24 h), df = 16.021 (48 h). df, degrees of freedom; kDa, kilodalton; LAMP2A, lysosome-associated membrane protein 2 a; LC3B, microtubule-associated protein 1 light chain 3 beta.
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FIGURE 8. BV-2 cells expressing the C9orf72 hexanucleotide repeat expansion show altered levels of p62 and LAMP2A. Representative microscopy images (A,B) and corresponding quantifications (C) from two (p62) and three (LAMP2A) independent cell culture experiments. P62 and LAMP2A (red) levels were quantified on the basis of Alexa Fluor 568 intensity (secondary antibody) using fluorescence microscopy. Data were normalized to cell area. BV-2 cells were harvested 24 h (A,C) or 48 h (B,C) after transfection with either 2R or 66R plasmids in combination with a plasmid coding for ZsGreen1. Only ZsGreen1 (green) positive cells were analyzed. Scale bar = 10 μm. Data are shown as median ± interquartile range. Mann–Whitney U-test was performed; for p62: n = 115/144 (2R/66R; 24 h), n = 63/68 (2R/66R; 48 h); for LAMP2A: n = 636/585 (2R/66R; 24 h), n = 113/102 (2R/66R; 48 h). LAMP2A, lysosome-associated membrane protein 2 a; ZsGreen1, Zoanthus sp. green fluorescent protein.


Next, we assessed whether phagocytosis, one of the key functions of microglial cells, is affected upon expression of the C9orf72 HRE. We used co-transfection of 2R or 66R and ZsGreen1 plasmids and live cell imaging to measure phagocytosis in transfected cells (see section Phagocytosis Assay; Figure 9C). Twenty-four and forty eight hour after transfection, no difference in the phagocytic activity of BV-2 cells expressing 66R could be detected as compared with 2R-expressing cells at any time point measured (Figures 9A,B). These results show that expression of the C9orf72 HRE in BV-2 microglial cells does not change their phagocytic capability.
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FIGURE 9. Phagocytosis is not affected in BV-2 cells expressing the C9orf72 hexanucleotide repeat expansion. Phagocytosis was measured 24 h (A) and 48 h (B) after the transfection of BV-2 cells with 2R or 66R in combination with a ZsGreen1-encoding plasmid. BV-2 cells were incubated with pHrodo Red Zymosan Bioparticle Conjugates (red), and phagocytosis was monitored over a 3-h timescale. (C) Representative microscopy images of 66R-transfected BV-2 cells expressing ZsGreen 1 (green) and ingesting pHrodo particles (red) are indicated by arrowheads. The area of red fluorescence within the green fluorescence area (overlap area) was normalized to the total size of the green fluorescent area. The time course is shown as mean ratio ± SD. Three (B) and four (A) independent cell culture experiments each with three biological replicates were performed. To test for statistical differences between 2R- and 66R-transfected cells for each time point, two-tailed independent samples t-test (for normally distributed data) or Mann–Whitney U-test was used, n = 12 (per treatment, 24 h), df = 22; n = 9 (48 h, time points 0–2 h), df = 16; n = 6 (48 h, time points 2.25–2.75 h), df = 10. No significant differences (P-value below 0.05) could be detected between 2R and 66R samples at any time point. df, degrees of freedom; ZsGreen1, Zoanthus sp. green fluorescent protein.




Response to LPS/IFNγ Treatment Is Not Affected by the Expression of the C9orf72 HRE in BV-2 Cells

One of the key functions of microglia is the ability to react to environmental stimuli. In vitro experiments have shown that lipopolysaccharide (LPS) and interferon (IFN) γ cause increased production and secretion of tumor necrosis factor alpha (TNFα), interleukin (IL) 1β and 6, and nitric oxide (NO) by microglia (55–57). To assess whether the expression of the C9orf72 HRE influences the response of microglia to LPS and IFNγ, BV-2 cells were treated concomitantly with both at 24 h after transfection for 24 h. Extracellular levels of TNFα, IL-6, IL-1β, and NO (measured indirectly as nitrite) were elevated in both 2R- and 66R-expressing BV-2 cell media upon treatment. However, no difference in the levels of NO, TNFα, IL-1β, or IL-6 after the LPS/IFNγ treatment could be detected between 2R- and 66R-transfected BV-2 cells. In addition, no differences in NO and IL-6 levels in the media of 66R cells compared with and 2R cells could be detected in vehicle-treated cells (Figures 10A–D). These results indicate that expression of the C9orf72 HRE does not lead to activation of BV-2 cells nor does it impair their ability to respond to LPS and IFNγ treatment and subsequent production of inflammatory modulators.
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FIGURE 10. BV-2 cells expressing the C9orf72 hexanucleotide repeat expansion do not show altered response to an inflammatory stimulus by LPS and IFNγ. BV-2 cells were transfected with 2R or 66R plasmids and treated 24 h after transfection with 200 ng/mL LPS and 20 ng/mL IFNγ or vehicle (DPBS) for 24 h. Nitric oxide (NO) levels from the media were measured using Griess reaction. TNFα, IL-1β, and IL-6 concentrations from medium samples were measured by ELISA. Data points are shown as absolute values without normalization from three independent experiments, including three biological replicates per experiment. Data are shown as median ± interquartile range (A,B,D) and multiplicity-adjusted P-values (A,B) or as mean ± SD (C). To test for statistical significance, Kruskal–Wallis test followed by Dunn's multiple comparison test (A,B), two-tailed independent samples t-test (C), or Mann–Whitney U-test (D) were performed. For each time point and treatment: n = 9, df = 32 (A,B); n = 9, df = 16 (C,D). df, degrees of freedom; DPBS, Dulbecco's phosphate-buffered saline; IFN, interferon; IL-1β, interleukin 1β; IL-6, interleukin 6; LPS, lipopolysaccharide; n.d., not detectable; NO, nitric oxide; TNF, tumor necrosis factor.




Expression of the C9orf72 HRE Does Not Trigger Disease-Associated Microglia RNA Signature in BV-2 Cells

Previous studies have described a subgroup of microglia termed disease-associated microglia (DAM) based on their characteristic RNA profile in the brain of, e.g., Alzheimer's disease model mice and patients. DAM derive from homeostatic microglia through two stages. The first stage is considered independent of triggering receptor expressed on myeloid cells 2 (Trem2), whereas the second stage is Trem2 dependent. Each stage is characterized by a specific mRNA profile, where homeostatic microglial genes are downregulated, but genes involved in phagocytosis, lipid metabolism, and lysosomal pathways are upregulated. Whereas, some subgroups of DAM are considered functionally compromised and eventually neurotoxic, others might be even neuroprotective (58–62).

To assess whether expression of the C9orf72 HRE shifts BV-2 cells toward the DAM phenotype, mRNA expression levels of four DAM markers were examined. Whereas, TYRO protein tyrosine kinase binding protein (Tyrobp) expression is known to be elevated during stage 1, expression of Trem2, C-type lectin domain family 7, member a (Clec7a), and cystatin F (leukocystatin; Cst7) is increased during stage 2 (59). We found that 24 h after transfection, no changes in the mRNA profiles of these markers between 2R- and 66R-expressing BV-2 cells could be detected (Figures 9A–D). However, 48 h after transfection, 66R-expressing BV-2 cells showed slightly decreased expression of Cst7 (Figure 11B), but no changes in the expression of Trem2, Tyrobp, and Clec7a compared with 2R-expressing cells could be detected (Figures 11A,C,D). These data suggest that the expression of the C9orf72 HRE does not switch BV-2 cells to the DAM phenotype.
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FIGURE 11. BV-2 cells expressing the C9orf72 hexanucleotide repeat expansion do not show major changes in the expression of disease-associated microglia marker genes. BV-2 cells were transfected with 2R or 66R plasmids, and RNA samples were collected 24 or 48 h after transfection. (A–D) Data are shown as mean values ± SD from three independent cell culture experiments. mRNA levels were normalized to those of β-actin. 2R was set as 100% for each time point and experiment. To test for statistical significance, two-tailed independent samples t-test was performed, no equal variances were assumed for 48 h (A,C,D); n = 7 (66R, 48 h) and otherwise n = 9; df (24 h) = 16, df (48 h, A) = 7.988, df (48 h, B) = 14, df (48 h, C) = 6.453, df (48 h, D) = 6.732. Clec7a, C-type lectin domain family 7, member a; Cst7, cystatin F; df, degrees of freedom; Trem2, triggering receptor expressed on myeloid cells 2; Tyrobp, TYRO protein tyrosine kinase binding protein.





DISCUSSION

To date, most of the mechanistic studies related to the C9orf72 HRE have concentrated on neurons, but there is no information on how the C9orf72 HRE influences the phenotype or function of microglia. In this study, we aimed to address these knowledge gaps by investigating the effects of the C9orf72 HRE on mouse BV-2 microglial cells. We tested whether the microglial cells expressing 66 GGGGCC repeats (66R) (44) show C9orf72 HRE-derived pathological hallmarks and cellular downstream effects similarly to as previously reported in neurons, and whether the HRE affects microglial-specific functions.

In human post-mortem brains and brains of the 66R-expressing mice, sense and/or antisense RNA foci and DPR protein inclusions have been detected in neurons (11, 13, 16, 21, 33, 44). Here, we observed that BV-2 cells expressing the C9orf72 HRE did not present detectable sense RNA foci, even though the expression of the HRE in neuronal N2a cells led to abundant formation of sense RNA foci. The RNA foci have been shown to sequester different RBPs in neurons, and this has been suggested to lead to deleterious effects as the sequestered RBPs can no longer mediate their normal functions (18, 23). The underlying reason for the absence of sense RNA foci in BV-2 cells harboring the C9orf72 HRE is not clear but might be related to a potentially differential expression of RBPs in neuronal and microglial cells. Alternatively, microglial cells may be more effective in clearing the aggregated RNAs containing the expanded repeats or sequestered RBPs from the RNA foci compared with neuronal cells. Future investigations will confirm whether, e.g., human microglia show a similar phenotype or whether the lack of sense RNA foci is a specific feature of BV-2 cells expressing the C9orf72 HRE.

Despite the lack of sense RNA foci, poly-GA and poly-GP DPR proteins were detectable at high levels already 24 h after introducing the C9orf72 HRE to BV-2 cells. Neither poly-GA nor poly-GP formed cytoplasmic or nuclear inclusions or high molecular weight species, suggesting that they are present in soluble forms in BV-2 cells. Notably, the same 66R construct as used in the present study to deliver the C9orf72 HRE led to intracellular poly-GA and poly-GP inclusions as well as soluble poly-GP when expressed in mouse neurons in vivo (44). In secondary cell lines, such as human embryonic kidney (HEK)293T cells and U251 cells, the here used 66R plasmid led to DPR protein-specific signals at or below 20 kDa (45). Because the expression of individual DPR proteins in HEK293T cells results in poly-GA and poly-GP inclusions (63), secondary cell line–specific metabolic differences or disparate length of the expanded repeat expressed might underlie the absence of inclusions in our model.

Cytoplasmic poly-GA proteins have been shown to impair the translocation of TDP-43 from the cytoplasm into the nucleus (64). Hence, C9orf72 HRE-associated TDP-43 pathology might at least partially result from the presence of DPR proteins. TDP-43 pathology has been reported in vivo in neurons expressing 66R (44). Here, we detected a transient increase in the ratio of cytoplasmic to nuclear TDP-43 in BV-2 cells expressing C9orf72 HRE. This transient increase coincided with increased total TDP-43 levels on the single cell level. However, there were no differences in TDP-43 phosphorylation in BV-2 cells harboring the C9orf72 HRE compared with the control cells. Furthermore, we did not detect intracellular inclusions or high molecular weight forms of aggregated TDP-43 in BV-2 cells upon the expression of C9orf72 HRE. The lack of a strong TDP-43 translocation phenotype in this study might be due to the short expression time of the HRE. It has been shown in some C9orf72 HRE carriers and animal models that DPR protein pathology might also occur without TDP-43 pathology. This might either be due to the fact that DPR protein pathology precedes the TDP-43 pathology or that another independent trigger, such as cellular stress, is required for the TDP-43 pathology to develop (65–67). Indeed, some previous studies have suggested that the formation of phosphorylated TDP-43 inclusions is preceded by the presence of RNA foci and DPR protein inclusions (67–69). Thus, the lack of phosphorylated TDP-43 inclusions in our study might be due to the fact that the BV-2 cells did not harbor RNA foci or DPR protein aggregates. Experiments in other model systems, including patient-derived microglia, might shed further light on the relationship between the RNA foci, DPR proteins, and TDP-43 pathology.

Induced pluripotent stem cell–derived motor and cortical neurons of C9orf72 HRE carriers show increased caspase 3 activation and loss of plasma membrane integrity (70). However, fibroblasts from C9orf72 HRE carriers did not show caspase 3 activation or plasma membrane integrity loss when cultured in vitro (71). On the other hand, expression of poly-GA proteins (50 × poly-GA) by transient transfection in HEK293T cells or virus-mediated transduction in primary mouse neurons caused caspase 3 activation as well as plasma membrane integrity loss (33). In our model, BV-2 cells did not show signs of cell death 24 or 48 h after transfection with the C9orf72 HRE-containing plasmid, even though DPR proteins (including poly-GA proteins) were already expressed at these time points. This indicates that the susceptibility to C9orf72 HRE-derived toxicity might be cell type dependent. In addition, the toxicity of the DPR proteins might be associated with their high molecular weight, aggregated species, which were not detected in the present study in BV-2 cells.

DPR proteins, such as poly-GA, have previously been shown to inhibit proteasomal activity (33, 72, 73). Here, lower levels of polyubiquitinylated proteins were observed in BV-2 cells expressing the C9orf72 HRE. However, further studies are warranted on the underlying mechanisms of this finding to clarify whether it results from inhibition or enhanced activation of the UPS. Also, it needs to be further elucidated whether this finding in C9orf72 HRE-expressing BV-2 cells represents a protective mechanism to prevent the TDP-43 and DPR proteins from aggregating. The function of molecular chaperones, such as Hsps, is also intimately linked to the regulation of cellular proteostasis. Members of the HSP70 family have been found to be transcriptionally upregulated in the frontal cortex and cerebellum of C9orf72 HRE-ALS and C9orf72 HRE-ALS/FTLD cases as compared with sporadic and control subjects (74, 75). In our study, no changes in Hsp70 levels could be detected, suggesting that the observed upregulation in the human CNS might represent alterations taking place in the later rather than the acute stages of disease. Altogether, our results imply that expression of the C9orf72 HRE may influence cellular proteostasis through affecting the function of the UPS but not the levels of the Hsps in BV-2 microglial cells.

In previous studies, microglia of C9orf72 HRE-cases have shown enlarged lysosomes as compared with sporadic ALS cases in post-mortem spinal cord at autopsy (75, 76). This suggests that the lysosomal pathway of microglia might be affected by the C9orf72 HRE. Here, analyses at single cell level indicated that expression of the C9orf72 HRE caused a slight increase in the LAMP2A levels at 48 h after the transfection. Also, transiently elevated p62 levels at 24 h were detected but these decreased at the 48-h time point. No changes in the levels of these proteins were detected in the WB analyses. These changes, together with the other present data, do not suggest major alterations in the autophagosomal and lysosomal pathways and they were not associated with functional impairment of the BV-2 microglial cells, e.g., in terms of their phagocytic capacity.

In a previous study, the expression of poly-GA in HeLa cells was reported to reduce the translocation of p65, a transcription factor and a subunit of nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB), from the cytoplasm to the nucleus upon TNFα stimulation. Furthermore, it prevented the shuttling of cytoplasmic TDP-43 into the nucleus, indicating that poly-GA impairs nucleocytoplasmic transport mechanisms (64). Here, expression of the C9orf72 HRE did not alter the response of the BV-2 cells to LPS/IFNγ, as demonstrated by similar levels of NO, IL-6, IL-1β, and TNFα in C9orf72 HRE-expressing and control cells, suggesting unaltered NFκB signaling and nucleocytoplasmic transport. Furthermore, these results indicate that expression of the C9orf72 HRE does not lead to impaired activation of the BV-2 cells in response to inflammatory stimuli.

Finally, we hypothesized that the expression of C9orf72 HRE might lead to a DAM phenotype in BV-2 cells. DAM derive from homeostatic microglia via two stages, the first stage being independent of and the second dependent on Trem2, and each stage is characterized by a specific mRNA profile (58–62). In a previous study, single-cell RNA sequencing from the spinal cords of mSOD1 (G93A) ALS model mice revealed the presence of DAM (59). However, it is not known whether DAM occur and play a role in C9orf72 HRE-associated ALS or FTLD. In our BV-2 cell model expressing C9orf72 HRE, there were no alterations in the transcript levels of specific DAM marker genes. We only detected a mild decrease in Cst7 mRNA levels in C9orf72 HRE-expressing cells 48 h after transfection. A strong downregulation of Cst7 expression has previously been reported to lead to increased phagocytic activity of mouse microglia (77). Thus, our finding of only slightly decreased Cst7 expression is in line with the unaltered phagocytic activity in the BV-2 cells expressing the C9orf72 HRE. Taken together, acute expression of the C9orf72 HRE does not appear to lead to dramatic changes in the phenotype or functionality of BV-2 cells.

One limitation of this study is the use of transient transfection. Because of this, it has to be taken into consideration that the untransfected cells might affect the outcome on protein and RNA levels assessed from the total cell lysates. Even though changes in polyubiquitinylated proteins were detectable via WB, moderate changes in TDP-43, p62, and LAMP2A could be observed only using microscopy. This suggests that also other mild changes might be detectable only by single cell–based analyses, especially in model systems using transient transfection. However, so far, no C9orf72 HRE-expressing stable microglial cell lines are commercially available, and subcloning of the HRE into another plasmid, which encodes a suitable selection marker, has proven to be challenging. Because human microglia of post-mortem CNS of C9orf72 HRE carriers present sense and antisense RNA foci to a much lower extent compared with neurons (17), it could be considered that microglia harbor the C9orf72 HRE or present HRE-derived pathological hallmarks less frequently than neurons. Indeed, only approximately 13% of microglia showed RNA foci in post-mortem brains of C9orf72 expansion carriers with FTLD (17). Therefore, our transient in vitro model with cells exhibiting and not exhibiting the HRE resembles examination of whole brain lysates in bulk. Despite the lack of sense RNA foci, poly-GA and poly-GP DPRs were expressed at high levels in our BV-2 cell model. Interestingly, it has been demonstrated that the DPRs may be secreted and taken up by other cells, indicating cell-to-cell spreading of the DPRs (78, 79). Moreover, a recent study showed that cell-to-cell transmission of poly-GA inhibited proteasome function and led to TDP-43 accumulation in neighboring neurons (73). Therefore, the overexpression of C9orf72 HRE in transiently transfected BV-2 cells might in fact influence also the adjacent untransfected cells. Another potential limitation of the experiments in the present study is that the BV-2 cells expressing the C9orf72 HRE were examined in isolation as single cell type cultures. Microglia are known to surveil their surroundings and readily respond to environmental cues. Moreover, it has been shown that microglia isolated from the brain alter their gene expression and thus may present with an altered phenotype as compared with the microglia in their in vivo brain environment (80). For example, in human post-mortem brains of C9orf72 HRE carriers, microglia show an activated phenotype and enlarged lysosomes (47, 76, 81). Thus, the lack of a strong functional change in our study might derive from the lack of interactions with other cell types, including neurons. Therefore, in our upcoming studies, we aim to investigate the BV-2 cells harboring the C9orf72 HRE in co-cultures with neurons and assess whether the neuronal environment alters any of the outcomes investigated in the present study. These studies will also allow investigation of potential non-cell autonomous effects of the microglia. Finally, in general, mouse microglia, especially secondary cell lines, may not fully recapitulate the features of human microglia and, therefore, future investigations in human microglia models are as well needed.

Nevertheless, to our knowledge, we are the first to introduce the C9orf72 HRE into microglia-like cells and characterize the C9orf72 HRE-derived pathological hallmarks and their effects on microglial phenotype and functionality. Our data in this acute microglial cell model of C9orf72 HRE suggest that the C9orf72 HRE-associated gain-of-toxic-function mechanisms do not affect microglial phenotype or functionality in terms of cell death, phagocytic activity, and inflammatory response despite moderate alterations in the levels of specific proteins involved in these microglial functions. Moreover, acute expression of the C9orf72 HRE in BV-2 cells does not induce their phenotypic change to DAM-like cells. In the future, induced pluripotent stem cell- or blood monocyte–derived microglial cells from carriers of the C9orf72 HRE may provide useful model systems to investigate the effects of the C9orf72 HRE on human microglial cell physiology. In these models, both C9orf72 HRE-associated loss-of-function (C9orf72 haploinsufficiency) and gain-of-toxic-function mechanisms can be studied concomitantly. As mounting evidence on altered innate immune system and potential glial cell involvement in different neurodegenerative diseases are emerging, it is important to provide insights into their contribution also in the context of C9orf72 HRE-associated ALS and FTLD pathogenesis, a topic that is currently not well-understood. These investigations may reveal potential new biomarker or therapeutic candidate targets for further translation into clinical settings in the future.
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