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Abstract: Mutations in optineurin, a ubiquitin-binding adaptor protein, cause amyotrophic lateral
sclerosis (ALS), a fatal neurodegenerative disease of motor neurons linked to chronic inflammation
and protein aggregation. The majority of ALS patients, including those carrying the optineurin
mutations, exhibit cytoplasmic mislocalization, ubiquitination, and aggregation of nuclear TAR
DNA-binding protein 43 kDa (TDP-43). To address the crosstalk between optineurin and TDP-43,
we generated optineurin knockout (KO) neuronal and microglial cell lines using the CRISPR/Cas9
approach. Interestingly, we observed that loss of optineurin resulted in elevated TDP-43 protein
expression in microglial BV2 but not neuronal Neuro 2a and NSC-34 cell lines. No changes were
observed at the mRNA level, suggesting that this increase was post-translationally regulated. To con-
firm this observation in primary cells, we then used microglia and macrophages from an optineurin
loss-of-function mouse model that lacks the C-terminal ubiquitin-binding region (Optn*’T), mim-
icking optineurin truncations in ALS patients. As observed in the BV2 cells, we also found elevated

basal levels of TDP-43 protein in Optn47OT

microglia and bone marrow-derived macrophages. To test
if inflammation could further enhance TDP-43 accumulation in cells lacking functional optineurin,
we stimulated them with lipopolysaccharide (LPS), and we observed a significant increase in TDP-43
expression following LPS treatment of WT cells. However, this was absent in both BV2 Optn KO and
470T

primary Optn®"" microglia, which exhibited the same elevated TDP-43 levels as in basal conditions.

Furthermore, we did not observe nuclear TDP-43 depletion or cytoplasmic aggregate formation in

either Optn*70T 4701

microglia or LPS-treated WT or Optn**" microglia. Taken together, our results show
that optineurin deficiency and insufficiency post-translationally upregulate microglial TDP-43 protein
levels and that elevated TDP-43 levels in cells lacking functional optineurin could not be further

increased by an inflammatory stimulus, suggesting the presence of a plateau.

Keywords: optineurin; TDP-43; neurodegeneration; amyotrophic lateral sclerosis; neurodegeneration;
inflammation; autophagy

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive neurodegenerative disease
linked to mutations in >30 different genes or risk factors [1]. Despite wide genetic and
functional heterogeneity in ALS patients, chronic neuroinflammation and protein aggre-
gation are two key contributing factors in a rapid loss of motor neurons, paralysis, and
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consequently death. Although most ALS mutations do not directly target the immune
system, microglia, comprising the only resident immune cells of the central nervous system
(CNS), become chronically activated and contribute to an excitotoxic environment, neuronal
dysfunction, and finally, neuronal death [2-4]. In the affected neurons and glia of more
than 95% of ALS cases, wild type (WT) TAR DNA-binding protein 43 kDa (TDP-43) is
ubiquitinated, hyperphosphorylated, and mislocalized to the cytoplasm [5,6]. TDP-43 is a
DNA- and RNA-binding protein involved in multiple steps of RNA metabolism, including
mRNA processing, stability, and stress granule formation [7]. It is ubiquitously expressed
in a variety of tissues, including the CNS, and is predominantly located in the nucleus.
Due to its prion-like C’-terminal domain, TDP-43 is an aggregate-prone protein [8]. More-
over, it is present in motor neurons at a supersaturated state, meaning that it can easily
become insoluble [9]. However, the exact reasons for its cytoplasmic mislocalization and
aggregation in ALS are still unclear [10,11]. Failure in two main degradation pathways,
ubiquitin proteasomal system (UPS) and autophagy, has been investigated as a potential
mechanism of mislocalization and aggregation of TDP-43. An analysis of turnover of
various TDP-43 variants in cell lines has shown that TDP-43 is primarily degraded by UPS,
whereas degradation of aggregated TDP-43 requires autophagy [12,13]. Given that aging
is linked to a decline in both UPS and autophagy, this is one of the potential triggers for
mislocalization and accumulation of TDP-43 in ALS [13,14]. Another proposed triggering
factor for TDP-43 aggregation is inflammation. In line with this, lipopolysaccharide (LPS)
treatment induced TDP-43 aggregates in the spinal motor neurons of mice carrying the
human TDP-434315T mutation [15]. There are reports of TDP-43 aggregation in glia as well.
Notably, mislocalized and aggregated TDP-43 has been reported in in vitro LPS-treated
primary microglia and astrocytes from transgenic TDP-434315T mice and, to a lesser extent,
in WT LPS-treated microglia [16]. However, in comparison to the role of TDP-43 in neurons,
its role in glia is still unclear because very few reports have addressed the role of microglial
TDP-43 in disease pathogenesis.

Optineurin is a multifunctional adaptor protein whose mutations have been reported
in a small percentage of ALS cases [17,18]. Its C’-terminal ubiquitin-binding region is
truncated or mutated in the majority of ~40 known ALS-linked mutations, suggesting
that ubiquitin binding is necessary for its function. Through its ubiquitin-binding region,
optineurin binds to lysine 63 (K63) and methionine 1 (M1) poly-ubiquitin chains, thus facili-
tating the recruitment of regulatory proteins for several cellular processes, including signal
transduction for nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B) and
interferon regulatory factor 3 (IRF3) pathways, vesicle trafficking and /or autophagy [19,20].
Optineurin shares a high level of homology with NF-«B essential modulator (NEMO) in its
ubiquitin-binding region; therefore, the initial hypothesis was that it inhibits the NF-«B in-
flammatory pathway [20]. However, it has been shown in various myeloid cells, including
the primary murine microglia, that it is dispensable for NF-«kB activation and tumor necrosis
factor (TNF) production [21-23]. On the contrary, optineurin has been reported as a positive
regulator of the IRF3 pathway and interferon-f3 (IFN-f3) production [21-26]. Optineurin
was also proposed to regulate several membrane-associated trafficking events, including
autophagy, which is a key mechanism for lysosome-mediated degradation of ubiquiti-
nated aggregated proteins, damaged organelles, and intracellular pathogens [27-29]. Upon
binding the ubiquitinated cargo, optineurin bridges it to microtubule-associated protein
1A /1B-light chain-3 (LC3) on autophagosomal membranes, which presents the key event
in the autophagy elongation step and formation of autophagosomes. In addition to its
role in cargo selection, optineurin has been implicated in two other autophagy steps: the
recruitment of autophagy initiation machinery and autophagosome maturation important
for lysosome fusion, which is exerted through binding to ubiquitinated myosin VI [28,30].
Therefore, by regulating both inflammation and autophagy, optineurin could participate in
the crosstalk between immune signaling and protein clearance.

The autopsies of patients carrying the optineurin mutations have shown TDP-43 ag-
gregation and mislocalization in the spinal and bulbar motor neurons, but the putative
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direct mechanistic link between these proteins is still elusive [31,32]. It was recently shown
that optineurin deficient (Optn™~) mice, as well as ALS patients with homozygous Q398X
optineurin truncation, showed TDP-43 cytoplasmic inclusions and multivesicular body
protein 2B (CHMP2B) positive vacuoles in the spinal cord motor neurons. The authors
proposed that this may be caused by an autophagy block [33]. Similarly, upon overexpres-
sion of an aggregate-prone superoxide dismutase 1 (SOD1) G93C ALS patient mutation in
HelLa cells, optineurin actively participated in the degradation of SOD1 aggregates [27].
Degradation of TDP-43 aggregates in vitro requires autophagy, and optineurin is recruited
to TDP-43 in TDP-43 overexpressing cells [13,34]. Notably, the majority of results on the
mechanistic link between optineurin and autophagy were obtained on immortalized cell
lines rather than the relevant CNS cells [28,29,35], and few recent studies have been per-
formed in neurons or neuronal cell lines [33,36]. In this study, our main focus was on
microglia, in which TDP-43 has been shown to be regulated by inflammation [16]. To
this end, we have aimed to analyze how previously characterized optineurin truncation
(Optn*”°T) [22], which mimics ALS mutations found in patients, or complete optineurin
deficiency generated by the CRISPR/Cas-9 technology affects TDP-43 in primary microglia
and related microglial cell line (BV2), respectively.

2. Results
2.1. Optineurin Deficiency Led to an Increase of TDP-43 in BV2 Microglial Cell Line

To address the effects of optineurin deficiency on TDP-43 in various brain cell lines,
we first established BV2 Optn knockout (KO) microglial, N2A, and NSC-34 neuronal cell
lines using CRISPR/Cas9 technology. We confirmed that optineurin was successfully
knocked out (with >90% efficiency) in the BV2 microglial cell line (Figure 1A,B). Optineurin
was completely deleted in the motor neuron NSC-34 cell line (Figure 1E,F), while in the
neuroblastoma N2A cell line, deletion efficiency was around 70% (Figure 11,]). Optineurin
deletion did not affect cell morphology or proliferation of any of these cell lines (data not
shown). Upon deletion of optineurin, we compared TDP-43 protein levels and TARDBP
gene expression between different genotypes in microglial and neuronal cell lines. We
observed significantly higher TDP-43 protein levels in BV2 Optn KO cells compared to
BV2 WT cells (Figure 1A-C). Notably, the TARDBP mRNA levels were not altered in BV2
Optn KO cells (Figure 1D), suggesting that TDP-43 protein levels were post-translationally
regulated. In contrast to the microglial BV2 cell line, there was no significant difference
in TDP-43 protein or mRNA levels between WT and Optn KO motor neuron NSC-34
cell line (Figure 1E-H). Similarly, we did not observe any difference in TDP-43 protein or
mRNA levels in the WT and Optn KO neuroblastoma N2A cell line (Figure 11-L). Therefore,
optineurin deficiency led to the accumulation of TDP-43 protein expression levels in
microglial but not neuronal cell lines, and this effect was post-translationally regulated.

2.2. Optineurin Insufficiency Led to an Increase of TDP-43 and G3BP1 in Primary Microglia
and Macrophages

Because our experiments in the BV2 cell line suggested a role of optineurin in the accu-
mulation of TDP-43 protein in microglial cell lines, we next tested TDP-43 levels in primary
cells. Most ALS-linked mutations in optineurin are found in the C-terminal ubiquitin-
binding region, suggesting that the binding of ubiquitin is crucial for neuroprotection.
For this reason, we analyzed the TDP-43 protein levels in the primary neonatal microglia
derived from the homozygous Optn*”°T mice, which lack the C-terminal ubiquitin-binding
region. Similar to our observation in BV2 Optn KO microglial cell lines, we found approxi-
mately 2-fold higher TDP-43 protein levels in Optn*”’T microglia compared to WT microglia
(Figure 2A,B). In addition, we also did not detect the difference in TARDBP mRNA ex-
pression (Figure 2C). To see if the increased TDP-43 levels were elevated only in microglia
or other myeloid cells as well, we generated the primary macrophages from the bone-
marrow precursors from WT and Optn*”T mice. We found >2-fold higher TDP-43 protein
levels in Optn*”°T BMDMs, also without a change in TARDBP expression (Figure 2D-F),
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demonstrating that our findings in primary microglia were shared by other myeloid cells.
TDP-43 has been shown to positively regulate one of the key proteins in stress granule
formation- Ras-GAP SH3-domain-binding protein 1 (G3BP1) [37]. Given that TDP-43 pro-
tein levels in Optn*?T primary microglia were increased, we next determined whether this
impacted the G3BP1 protein levels. We observed more G3BP1 protein levels in Optn*/T
primary microglia compared to WT cells (Figure 2G,H). Overall, we showed that, similarly
to optineurin deficiency in BV2 cells, optineurin insufficiency led to an increased level of
TDP-43 and its target G3BP1 in microglia.
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Figure 1. Loss of optineurin leads to an accumulation of TAR DNA-binding protein 43 kDa (TDP-43)
protein in microglial but not in neuronal cell lines. (A) Western blotting for optineurin and TDP-43 in
WT and Optn knockout (KO) microglial cell lines. (B,C) Bar charts show the densitometric analysis
of optineurin and TDP-43 protein levels normalized to 3-tubulin in the BV2 cell line. (D) mRNA
for TARDBP in WT and Optn KO BV2 cell lines was assessed by RT-PCR, shown as a difference in
fold gene expression (2~22¢t) to GAPDH. (E) Western blotting for optineurin and TDP-43 in WT and
Optn KO NSC-34 neuronal cell lines. (F,G) Bar charts show the densitometric analysis of optineurin
and TDP-43 protein levels normalized to 3-tubulin in NSC-34. (H) mRNA for TARDBP in WT and
Optn KO NSC-34 cell lines was assessed by RT-PCR. (I) Western blotting for optineurin and TDP-43
in WT and Optn KO N2A neuronal cell lines. (J,K) Bar charts show the densitometric analysis of
optineurin and TDP-43 protein levels normalized to 3-tubulin in N2A. (L) mRNA for TARDBP in
WT and Optn KO N2A cell lines was assessed by RT-PCR. An average + SEM from 3 independent
experiments is shown. Statistical analysis was performed by Student’s {-test: ns, not significant,
**p <0.01, ** p < 0.001, *** p < 0.0001.
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Figure 2. Basal level of TDP-43 is elevated in primary microglia and macrophages carrying the
optineurin truncation (Optn*T) without changes in mRNA levels. (A) Western blotting for TDP-43
and optineurin in WT and Optn*”T primary microglia. (B) Bar charts show the densitometric analysis
of TDP-43 protein levels normalized to 3-tubulin in primary microglia. (C) mRNA for TARDBP in
WT and Optn*”%T microglia was assessed by RT-PCR. (D) Western blotting for TDP-43 and optineurin
in WT and Optn*”°T BMDMs. (E) Bar charts show the densitometric analysis of TDP-43 protein
levels normalized to -tubulin in BMDMSs. (C) mRNA for TARDBP in WT and Optr1470T BMDMs
was assessed by RT-PCR. (G) Western blotting for G3BP1 in WT and Opm47OT primary microglia.
(H) Bar charts show the densitometric analysis of G3BP1 protein levels normalized to 3-tubulin. An
average £+ SEM from 5 (F), 7 (B,H), 9 (C), and 10 (E) independent experiments is shown. Statistical
analysis was performed by Student’s t-test: ns, not significant, * p < 0.05, *** p < 0.001, **** p < 0.0001.

2.3. Block in Autophagy Is Not the Reason for Increased TDP-43 in BV2 Optn KO and Optn*/0T
Primary Microglia

To assess the potential mechanism for TDP-43 protein accumulation in the cells lacking
functional optineurin, we investigated the two main routes of protein degradation: UPS
and autophagy. Autophagy was particularly interesting because of the well-established
role of optineurin as an autophagy adaptor [28,29]. In vitro research in the HEK293 cell line
has shown that TDP-43 is primarily degraded by UPS, whereas degradation of aggregated
(overexpressed) TDP-43 requires autophagy [13]. To evaluate the degradation of TDP-43 in
microglia from optineurin deficient and insufficient cells, we blocked UPS by MG132 and
lysosomal degradation (the last step in autophagy cascade) by BafAl and subsequently
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assessed the TDP-43 protein levels by Western blotting. A short 4 h blockade of either UPS
or lysosomal degradation led to a small but significant accumulation of TDP-43 in BV2 WT
cells (Figure 3A,B), showing that perhaps 15-25% of TDP-43 was degraded through each
of these mechanisms. Simultaneous blockade of both mechanisms in BV2 WT cells did
not further increase the TDP-43 levels (Figure 3A,B), suggesting that there was crosstalk
between these two disposal systems, as previously observed [13]. No major turnover of
optineurin occurred in this time frame by UPS, whereas the turnover by autophagy was
small but significant (Supplementary Figure S1A). Of note, MG132 treatments of 8 h or
longer led to cell death in both WT and BV2 Optn KO cells. Therefore, we could not
analyze the protein turnover at later time points. In BV2 Optn KO cells, which contained a
higher level of TDP-43 than WT cells, the blockade of UPS, lysosomes, or both degradation
mechanisms together did not increase but rather decreased TDP-43 levels. Although this
may have suggested the potential higher toxicity was caused by these blocks in BV2 Optn
KO cells, upon evaluating caspase-3 cleavage, we did not see increased apoptosis in Optn
KO compared to WT cells (data not shown). Since this peculiarity in degradation could
be an artifact of some unknown genetic mutation in BV2 cells, we then tested the same
degradation pathways in primary cells. The degradation of TDP-43 by either UPS or
lysosomes in a 4 h period was negligible in WT microglia (Figure 3C,D), showing that
TDP-43 turnover was slower in these cells than in BV2 cells. The turnover of optineurin
in WT cells during the same period was also not substantial, without reaching statistical
significance by UPS and lysosomal blockade, and reached significantly higher levels only
with combined blockade of both mechanisms (Supplementary Figure S1B). Compared
to WT cells, Optn*”°T microglia showed the same negligible TDP-43 turnover by UPS as
observed in WT cells. Notably, the blockade of lysosomal degradation did not change
the TDP-43 levels in Optn*”°T microglia. The blockade of both degradation mechanisms
together caused an unexpected drop in TDP-43, similar to the finding in BV2 cells, which
we cannot explain at this moment, but as in BV2 cells, we could not detect increased
apoptosis in Op’cn470T cells (data not shown). In parallel, we also analyzed the LC3-I
to LC3-II conversion as an autophagosome flux marker. UPS blockade had no effect on
LC3-I to LC3-II conversion in any of the genotypes, as expected. In the WT microglia,
LC3-II substantially increased upon autophagy blockade (Figure 3E,F), demonstrating
active basal autophagy in these cells. Notably, the same increase was observed in Optn*/0T
microglia, demonstrating that optineurin insufficiency did not cause a block in basal
autophagy. Given the unexpected lack of autophagy block in optineurin deficiency or
insufficiency models of microglia, we also analyzed autophagy flux in primary BMDM.
We observed an increase in LC3-II upon blockade of lysosomal degradation in WT BMDM
cells (Supplementary Figure S1C,D). The same LC3-II level was observed in Optn*7T
BMDMs, thus showing that the basal autophagy flux was normal. To conclude, we found
that the elevated levels of TDP-43 in primary microglia of Optn*”°T mice could not be
explained by the presence of blockade in either autophagy or UPS. Moreover, by analyzing
LC3 conversion, we also did not detect a block in basal autophagy in primary microglia
or BMDMs.

2.4. LPS Increased TDP-43 in WT Cells, but Failed to Increase the Already Elevated TDP-43
Levels in Optineurin KO and Insufficient Cells

Microglia, as the only innate immune cells in the brain parenchyma, are crucial for
responding to different pathogen or damage-associated molecular patterns (PAMPs and
DAMPs), such as lipopolysaccharide (LPS). Moreover, TDP-43 protein levels are increased
in microglia upon LPS treatment [16]. Since we previously showed that optineurin is
important in microglial activation and function [21], we wanted to test how the lack of
optineurin affects TDP-43 protein levels upon inflammatory stimulation. BV2 WT and
Optn KO cell lines, as well as both WT and Optn*”’T primary microglia, were treated with
two different doses of LPS for 24 h, and TDP-43 protein levels were then determined by
Western blotting. Similar to the findings of Correia et al., who reported increased TDP-43



Int. J. Mol. Sci. 2022, 23, 6829

7 of 18

protein levels in microglia upon LPS treatment [16], we observed a dose-response increase
in TDP-43 levels in the BV2 WT cell line (Figure 4A,B). In contrast, the LPS treatment
in BV2 Optn KO cells did not cause any further increase in the already elevated TDP-43
levels found in those cells (Figure 4A,B). The same was true for primary microglia; WT
microglia had increased TDP-43 levels in a dose-dependent manner, whereas the TDP-43
levels in Optn*”°T microglia did not increase from their basal levels (Figure 4C,D). We
also analyzed the TARDBP mRNA levels and observed no biologically relevant changes in
expression between WT and Optn*”°T primary microglia (Figure 4E), suggesting that the
LPS-mediated increase was not transcriptionally regulated. Therefore, the TDP-43 levels
reached a plateau in the basal state in BV2 Optn KO and Optn*”T microglia, which could
not be further exceeded by LPS stimulation.
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Figure 3. TDP-43 protein accumulation in BV2 Optn KO and Optn*”°T primary microglia is not
caused by a block in autophagy or UPS. (A) Western blotting for TDP-43 and optineurin in WT
and Optn KO microglial cell lines treated with MG132 and BafA1 for 4 h. (B) Bar charts show the
densitometric analysis of TDP-43 protein levels normalized to -tubulin in microglial cells. An
average = SEM from 9 (without MG132) and 4 (with MG132) independent experiments are shown.
(C) Western blotting for TDP-43 and optineurin in WT and Optn*”’T primary microglia treated with
MG132 and BafAl for 4 h. (D) Bar charts show the densitometric analysis of TDP-43 protein levels
normalized to p-tubulin in primary microglia. An average £+ SEM from 9 (without MG132) and
4 (with MG132) independent experiments are shown. (E) Western blotting for LC3-I, LC3-II, and
optineurin in WT and Optn*”°T primary microglia treated with MG132 and BafAl1 for 4 h. (F) Bar
charts show the densitometric analysis of LC3-II protein levels normalized to 3-tubulin in primary
microglia. An average + SEM from 3 independent experiments is shown. Statistical analysis was
performed by Student’s t-test: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 4. TDP-43 in BV2 Optn KO and Optn*”°T microglia remains at the same elevated level as in the
basal state and does not increase with LPS treatment. (A) Western blotting for TDP-43 and optineurin
in WT and Optn KO BV2 cell line upon the indicated doses of LPS for 24 h. (B) Bar charts show the
densitometric analysis of TDP-43 protein levels normalized to 3-tubulin in WT and Optn KO BV2
cell lines. (C) Western blotting for TDP-43 and optineurin in WT and Optn*”°T primary microglia
upon LPS treatment for 24 h. (D) Bar charts show the densitometric analysis of TDP-43 protein levels
normalized to B-tubulin in WT and Optn*”’T primary microglia. (E) mRNA for TDP-43 in WT and
Optn*”9T primary microglia was assessed by RT-PCR 24 h upon LPS treatment. An average + SEM
from 5 independent experiments is shown. Statistical analysis was performed by Student’s t-test: ns,
not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.5. Increased TDP-43 Does Not Form Aggregates in Microglia

Since it was reported that upon LPS stimulation, both aggregation-prone mutant
and WT TDP-43 are depleted from the nucleus and form cytoplasmic aggregates in mi-
croglia [16], we assessed if the elevated levels of TDP-43 found in Op’cn47OT microglia
(Figure 2) and LPS-treated WT microglia (Figure 4) caused the redistribution of nuclear
TDP-43 to cytoplasm. LPS treatment caused a shape change to ameboid in both WT and
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Optn*”’T microglia, demonstrating an efficient activation in both genotypes (Figure 5A).
WT microglia in the basal state showed predominantly nuclear TDP-43 staining, with
only ~20% of TDP-43 present in the cytoplasm (Figure 5A; quantified in 5B) as previously
reported [6]. The elevated TDP-43 levels detected in Optn*”’T microglia did not result in
cytoplasmic TDP-43 accumulation (Figure 5A,B) or its nuclear depletion (Figure 5B,C). In
contrast to Correia et al., after 24 h of LPS treatment, we did not observe any cytoplasmic
aggregates in WT cells (Figure 5A), but rather found a small drop in the percent of cyto-
plasmic TDP-43 (Figure 5B), resulting in an increase in the nuclear to cytoplasmic ratio of
TDP-43 (Figure 5C). This suggested that the increased TDP-43 found in LPS-treated WT
cells (evaluated by immunoblotting in Figure 4) was predominantly nuclear. In comparison
to WT cells, LPS-treated Optn*”°T microglia showed a slightly smaller decrease in the
percentage of cytoplasmic TDP-43 and a smaller increase in nuclear to cytoplasmic ratio,
which did not reach a statistical significance (p = 0.093 and p = 0.055, respectively). The
latter perhaps suggests that the elevated TDP-43 levels in Optn*”?T microglia, which did
not increase upon LPS treatment (as shown in Figure 4), were even less responsive to cellu-
lar redistribution than in WT cells. Importantly, increased TDP-43 observed in Optn*”0T
microglia and LPS-treated WT cells did not cause cytoplasmic TDP-43 accumulation or
trigger aggregate formation.
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Figure 5. Cont.
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Figure 5. TDP-43 is predominantly nuclear with or without LPS treatment in both WT and Optn*70T

primary microglia. (A) Representative images of immunofluorescence staining for TDP-43 (red),
B-tubulin (green), and DAPI (blue) in WT and Optn47OT microglia in the basal state and stimulated
with 2 pg/mL of LPS for 24 h. (B) Graph shows percent of TDP-43 in the cytoplasm in the basal
state and upon LPS treatment. (C) Nuclear to cytoplasmic ratio of TDP-43 MFI is shown in WT
and Optn*”%T microglia. An average + SEM from 3 independent experiments is shown. Statistical
analysis was performed by Student’s t-test: * p < 0.05, ** p < 0.01. Scale bar = 20 pm.

3. Discussion

It has been previously shown that autopsy materials of ALS patients carrying optineurin
mutations have TDP-43 aggregates and CHMP2B positive autophagic vacuoles in spinal
and bulbar motor neurons [31,33]. Although ALS is primarily a disease of motor neu-
rons, it is now well established that microglia are critical triggers of neuropathology in
ALS [2,38,39]. To elucidate the potential mechanisms for TDP-43 aggregation and neu-
rodegeneration in ALS patients that carry optineurin mutations, we generated optineurin
targeting constructs and silenced this gene using a conventional CRISPR/Cas9 approach.
Importantly, we found that following gene expression silencing, the basal levels of TDP-43
protein expression were elevated in the microglia cell lines but, intriguingly, not in neuronal
N2A (neural crest-derived neuroblastoma) and NSC-34 (motor neuron-like) cell lines. This
was potentially a very interesting observation because cell-specific effects were previously
reported in conditional optineurin-deficient mice, whereby the lack of optineurin in oligo-
dendrocytes and microglia, but not neurons and astrocytes, led to a phenotype of axonal
dysmyelination [40]. Therefore, we followed up the TDP-43 phenotype of BV2 Optn KO
cells in primary microglia from our Optn*”°T mice model, which lacks the ubiquitin-binding
region, akin to the C-terminal truncations found in ALS patients carrying optineurin muta-
tions [22]. Similar to optineurin-deficient BV2 cells, primary Optn*°T microglia displayed
increased TDP-43 protein levels but not TARDBP mRNA. This demonstrated that optineurin
deficiency and insufficiency caused by impaired ubiquitin-binding had the same phenotype
of TDP-43 increase and that in microglia the expression of TDP-43 is post-translationally
affected by the presence of functional optineurin.

Genetic mutations in the components of UPS and autophagy degradation pathways
and age-associated decline in these systems have been investigated as potential mechanisms
that lead to TDP-43 aggregation [14,41]. Importantly, although all neuronal TDP-43 aggre-
gates are marked by lysine 48 (K48), a substantial proportion of them is simultaneously
marked by K63 and linear poly-ubiquitin chains, which can be recognized by optineurin
during the process of autophagy [42]. The roles of ALS-linked null optineurin mutations
or the mutations directly targeting the ubiquitin-binding region of optineurin, which rec-
ognizes K63 and linear poly-ubiquitin chains, have been reported during the autophagy
of cytosolic bacteria, protein aggregates, and damaged mitochondria [27-29,43]. For this
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reason, we assessed if the increased TDP-43 levels in BV2 KO cells and Optn*”°T primary

microglia were due to impaired autophagy. However, we found that microglial TDP-43
is not turned over by autophagy, suggesting that it is not present in insoluble aggregates,
which we subsequently confirmed by immunofluorescent microscopy. Indeed, despite
having increased TDP-43 levels, Optn*”%T primary microglia did not exhibit aggregates,
and TDP-43 was still predominantly nuclear. Moreover, after analyzing basal autophagy by
monitoring the LC3-I to LC3-II conversion, we saw active basal autophagy in microglia but
found that optineurin or its ubiquitin-binding function was dispensable for this process.
Notably, optineurin itself was also not substantially degraded via lysosomes, suggesting
that it did not act as an autophagy adaptor for the process of basal autophagy in microglia.
Surprised by this finding, we analyzed another myeloid cell type—macrophages—and
found that Optn*”"T BMDM also had increased TDP-43 levels but that their basal autophagy
flux was normal. These data are important because the role of optineurin in autophagy
has not been uniformly described in the current literature. For example, while ubiquitin-
binding optineurin mutations Optn*’8G and OptnP474N failed to clear the overexpressed
mutant TDP-43 in N2A neuronal cell line through autophagy, an ALS patient carrying
a heterozygous mutation Optn*’8G did not test positive for TDP-43-positive autophagic
vacuoles, unlike the patient carrying the homozygous Optn®¥*8X mutation who did [33,43].
Curiously, the most prevalent normal-tension glaucoma-associated optineurin E50K mu-
tation was reported to form insoluble TDP-43 protein aggregates and showed autophagy
inhibition [44], although the mechanism of action of glaucoma mutations is thought to be
gain-of-function, unlike the loss-of-function ALS mutations. Thus, our results reinforce the
conclusion that the role of optineurin in autophagy could differ in various cell types and
experimental systems.

Soluble TDP-43 has been shown to be degraded through UPS and has a long half-
life [12,13,45]. Curiously, it is still unclear if WT TDP-43 or ALS-linked patient mutations
have faster turnover since opposite results were reported in different experimental sys-
tems [12,45]. Here, we confirmed that TDP-43 also had a slow turnover in primary microglia,
showing that after 4 h of proteasomal blockade, there was <20% increase of TDP-43 in WT
cells, and perhaps even less in Optn*”?T, but we could not precisely determine the half-life
because higher incubation times with MG132 were toxic. We also did not observe cleavage
fragments of TDP-43 (data not shown). Therefore, although we still do not understand the
exact mechanism of TDP-43 increase in optineurin-deficient and -insufficient cells, we did
not see a significantly diminished degradation by UPS in those cells compared to WT cells.

Since there is evidence for both gain- and loss-of-function of TDP-43 in cellular and
animal ALS models, it is evident that TDP-43 optimally functions in a very narrow concen-
tration window [46]. Fittingly, its levels were reported to be tightly autoregulated through
a negative feedback mechanism [47,48]. Briefly, TDP-43 binds to 3'UTR of its own mRNA,
triggering its alternative splicing, destabilization, and degradation [48]. Because of such
autoregulation, heterozygous TDP-43* /~ mice have been reported to have TARDBP mRNA
and TDP-43 protein levels equal to WT mice [49], and overexpressed TDP-43 in SH-SY5Y
cells downregulated endogenous TDP-43 to reach the same total TDP-43 levels [12]. There-
fore, it was surprising to find approximately 2-fold elevated levels of TDP-43 in primary
microglia and macrophages. Notably, this increase was present in the absence of changes
in TARDBP mRNA expression levels, meaning that the elevated TDP-43 protein levels in
our models were post-translationally regulated. We also report an increase in one of the
TDP-43 targets-G3BP1, which is a key component of stress granules [37]. Future studies are
necessary to follow up on this finding and see if Optn*”°T primary microglia alterations
occur following stress response. In support of this possibility, it has recently been shown
that depletion of optineurin in neurons derived from induced pluripotent stem cells leads
to delayed stress granule clearance and an increased level of ubiquitinated TDP-43 in stress
granules [50].

Given that the common hallmarks of ALS are proteinopathy and chronic neuroinflam-
mation, several publications have looked for eventual direct links between TDP-43 and
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inflammation. Cytoplasmic TDP-43 mislocalization has been reported in the circulating
monocytes of ALS patients, although in the absence of aggregation or ubiquitination [51].
In contrast, primary mouse microglia exhibited increased TDP-43 levels, its cytoplasmic
mislocalization, and aggregate formation upon LPS treatment [16]. Similar to this ob-
servation, we found increased levels of TDP-43 upon LPS stimulation in BV2 cell lines
and primary microglia. However, in contrast to these findings, we could not trigger cy-
toplasmic mislocalization and/or aggregate formation. As a limitation of our study, we
also considered a potential problem with the detection of aggregates in our experimental
system since a recent publication reported that some antibodies do not stain the aggregates
in human cells [52]. To address this issue, we tested several antibodies and found that
only one worked for immunofluorescence in microglia. Nevertheless, we compared the
antibodies by Western blotting and observed the same pattern of TDP-43 expression by
both antibodies (data not shown). Thus, we cannot explain why LPS causes aggregation in
some cases but not in others. Nevertheless, there are other reports that have also observed
that TDP-43 has been difficult to aggregate, even in the presence of patient mutations [12].
This has been ascribed to autoregulation of TDP-43, which is thought to prevent proteotoxic
situations. Interestingly, in Optn*”?T primary microglia, LPS could not further increase
TDP-43 levels, and they remained at the same elevated level seen in basal conditions. We
hypothesize that this plateau is reached because TDP-43 optimally functions in a very
narrow concentration window and even if moderately overexpressed it can be very toxic to
cells, especially neurons. Our data suggest that this window may be wider in microglia
than in neurons and this is for certain an issue to be explored further.

In conclusion, our data suggest that optineurin deficiency and insufficiency post-
translationally upregulate microglial TDP-43 protein levels. We see this as approximately
2-fold elevated TDP-43 protein levels in both primary microglia with loss-of-function
optineurin mutation and in the BV2 cell line with optineurin deletion. This elevation
does not occur via autophagy blockade. Optineurin has previously been implicated in
autophagy of protein aggregates, but here we did not observe TDP-43 aggregation. In
optineurin deficient or insufficient cells, TDP-43 levels reach a plateau, which cannot be
further increased by inflammation. Further studies in in vivo models will demonstrate the
potential effects of elevated levels of TDP-43 in Optn*”?T microglia and/or macrophages.
Of note, we have previously shown that acute intraperitoneal LPS application in young
adult mice did not elicit differences in microglial activation between WT and Optn*7°T
microglia [21], but it remains to be seen if other (including chronic) stimuli could trigger
neuropathology.

4. Materials and Methods
4.1. Mice

C57BL/6 mice were obtained from Jackson and expanded in the animal facility at the
Medical School of the University of Rijeka. Generation of the optineurin truncated Optn*7T
mouse model has been previously described [22]. Mice used in this study were backcrossed
to C57BL/6 genetic background 11 times. For the generation of primary microglia, timed
pregnancies of both C57BL/6 (hereafter referred to as wild type, WT) and homozygous
Optn*”’T mice were set to obtain age-matched neonatal pups. The 3-months-old male
mice were used for generating primary bone marrow-derived macrophages (BMDMs).
Experimental procedures were performed according to the European Communities Council
Directive of 24 November 1986 (86/609/EEC). They were approved by the Ethics Commit-
tees of the Department of Biotechnology and Medical School of the University of Rijeka
and the Ministry of Agriculture of the Republic of Croatia.

4.2. Reagents

Antibody to the C-terminus of optineurin (#100000) was purchased from Cayman
Chemical (Michigan, MI, USA). The antibodies against TDP-43 N-terminus (#10782-2-
AP), TDP-43 C-terminus (#12892-1-AP), and G3BP1 (#66486-1-1G) were from Proteintech
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(Manchester, UK); anti-LC3 (#PM036) from MBL (Woburn, MA, USA), and anti-f3-tubulin
(#T8328) from Sigma-Aldrich (St. Louis, MO, USA). Secondary antibodies labeled with
horseradish peroxidase (HRP; anti-rabbit #111-035-144 and anti-mouse #115-035-174) were
purchased from Jackson (West Grove, PA, USA). Anti-rabbit Alexa Fluor 555 (#A32732)
and anti-mouse Alexa Fluor 488 (#A11029) secondary antibodies were from Invitrogen
(Carlsbad, CA, USA). Nitrocellulose membranes (#10600001) were from Cytiva (Marlbor-
ough, MA, US), protease and phosphatase inhibitor cocktails, Chemiluminescence Blotting
Substrate, and SYBR Green I Master Mix were from Roche (Basel, Switzerland). RNeasy
Mini Kit was from Qiagen (Hilden, Germany), and the High Capacity cDNA Reverse
Transcription Kit was from Applied Biosystems (Foster City, CA, USA). DNAse (#DN25),
poly-L-lysine (#P1274), LPS from E. coli O111:B4 (#L4391), Bafilomycin A1l (BafAl, #B81793),
and 4’,6-diamidino-2-phenylindole (DAPI) were from Sigma-Aldrich (St. Louis, MO, USA).
Puromycin (#0240.2) was purchased from Roth (Oberuzwil, Switzerland) and MG132
(#133407-82-6) from Calbiochem (Darmstadt, Germany). Lipofectamine 3000 was from
Invitrogen (Carlsbad, CA, USA), and Aqua-Poly/Mount mounting medium (#18606-20)
from Polysciences, Inc (Hirschberg an der Bergstrasse, Germany).

4.3. Establishing Optn KO Microglial and Neuronal Cell Lines

Optineurin (Optn) knockout (KO) microglial BV2, spinal motor neuron-like NSC-34,
and neuroblastoma Neuro2a (N2A) mouse cell lines (kind gift from Dr. J. Kriz) were gen-
erated by the CRISPR/Cas9 technology. To this end, the cell lines were transfected with
2 1entiCRISPR plasmids, encoding for optineurin-directed gRNA-guided Cas9 endonucle-
ase and puromycin N-acetyl-transferase (PAC) with Lipofectamine 3000 according to the
manufacturer’s instructions. The gRNAs were targeting the third exon, which contains
the translational initiation codon, and the following sequences were used: 1.-forward, 5'-
CACCGGCTGGGGTGAACCATATTGG-3' and, 1.-reverse, 5'-AAACCCAATATGGTTCACC
CCAGCC-3/, 2.-forward, 5'-CACCGCTGGGGTGAACCATATTGGA-3" and 2.-reverse, 5'-
AAACTCCAATATGGTTCACCCCAGC-3'. After 48 h, the transfection medium was re-
moved, replaced with a complete medium, and the selection based on puromycin resistance
was introduced. The concentration of puromycin was tested on non-transfected cells, and
the lowest concentration that killed 100% of cells was used (5 pg/mL for N2A and 2 pg/mL
for BV2 and NSC-34). The efficiency of optineurin deletion was subsequently checked by
Western blotting.

4.4. Primary Microglia and Bone Marrow-Derived Macrophages (BMDMs) Isolation
and Cultivation

Primary microglia were isolated from the brains of neonatal pups (0-3 days postna-
tally). To avoid contamination with peripheral macrophages, the meninges were carefully
removed from the brains under a dissection microscope. The olfactory bulb and cerebel-
lum were removed, and the remaining brain tissue was chopped into small pieces and
incubated with 0.125% trypsin for 15 min at 37 °C with 5% CO,. Trypsinization was
stopped by adding the Dulbecco’s Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 2 mM L-glutamine, and antibiotic/antimycotic solution
(10,000 U/mL Penicillin, 10 mg/mL Streptomycin, 25 pg/mL Amphotericin B) referred to
as complete DMEM, and tissue was triturated in the presence of 625 pug/mL of DNase 1.
The cell suspensions were then filtered through the 70 pm cell strainers and centrifuged at
500 rpm (110 g) for 5 min. The cell pellets were resuspended into complete DMEM, plated
onto a 0.1 mg/mL poly-L-lysine-coated flask, and cultured for 7-10 days, until complete
confluence. The medium was changed the following day and subsequently every 2-3 days.
Microglia were detached from the astrocyte layer by shaking for 16 h at 120 rpm and 4 h at
300 rpm and seeded onto poly-L-lysine-coated plates, and used for experiments 48 h after
seeding. To generate BMDMs, bone marrow was flushed from the femurs and tibias of
3-month-old WT and Optn*T mice and maintained in RPMI 1640 medium supplemented
with 10% FBS, 2 mM L-glutamine, antibiotic/antimycotic solution (10,000 U/mL Penicillin,
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10 mg/mL Streptomycin, 25 pg/mL Amphotericin B), and 10 mM HEPES referred to as
complete RMPI 1640. To differentiate BMDMSs, bone marrow was cultured for 5 days in
complete RPMI 1640 medium in the presence of 30% L929 cell line supernatant, which
produces macrophage colony-stimulating factor (M-CSF). Of note, the L929 cells were
cultured in the complete DMEM.

4.5. Cell Culture and Treatment

BV2 cell lines, NSC-34 lines, and primary microglia were maintained in complete
DMEM. N2A were cultured in complete Eagle’s minimum essential medium (EMEM) sup-
plemented with 10% FBS, 2 mM L-glutamine, 0.1 mM nonessential amino acids (NEAA),
1 M sodium pyruvate, and antibiotic/antimycotic solution (10,000 U/mL Penicillin, 10 mg/mL
Streptomycin, 25 pg/mL Amphotericin B). Cells were left untreated or stimulated with
0.3 pg/mL od 2 pg/mL LPS for 24 h. To determine the mechanism for TDP-43 degradation,
BV2 microglial cell line and primary microglia were treated with 1 uM MG132 and 50 nM
BafAl for 4 h or with their combination.

4.6. Protein Isolation and Western Blot Analysis

The cells were lysed in radioimmunoprecipitation (RIPA) lysis buffer (50 mM Tris,
150 mM NacCl, 0.5% sodium deoxycholate, and 1% Triton X-100) containing protease
and phosphatase inhibitors. After 30 min of incubation on ice, lysates were centrifuged
at 14,000 rpm for 10 min. Supernatants were collected and mixed with 4x Laemmli
buffer (50 mM Tris pH 6.8, 10% glycerol, 2% SDS, 2% 2-mercaptoethanol, and 0.04%
bromophenol blue) and heated for 10 min at 95 °C before separating on 12% or 15%
polyacrylamide gels (the latter were used only for LC3). All gels were transferred at
100 V to nitrocellulose membranes, with the exception of those that were later blotted
for LC3, which were transferred to polyvinylidene fluoride (PVDF) membranes. The
membranes were incubated for 1 h with the blocking buffer consisting of 3% bovine serum
albumin (BSA) and 0.1% Tween 20 in Tris-buffered saline and immunoblotted with the
indicated primary antibodies overnight at 4 °C. After washing 3 times with 0.1% Tween 20
in Tris-buffered saline, membranes were incubated with the indicated secondary antibodies,
washed again (as above), and developed with Chemiluminescence Blotting Substrate using
ChemiDoc imaging system (Bio-Rad, Hercules, CA, USA). Densitometric analyses were
performed using Image]J software version 1.53r 21 (National Institutes of Health, Bethesda,
MD, USA), and TDP-43, optineurin, LC3-1I, and G3BP1 protein levels were normalized to
loading control (3-tubulin).

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

Total RNA was isolated using RNeasy Mini Kit and then transcribed with the High Ca-
pacity cDNA Reverse Transcription Kit following the manufacturer’s instructions. RI-PCR
was performed with SYBR Green I Master Mix using LightCycler 480 (Roche). TARDBP gene
that encodes for TDP-43 protein and G3BP1 gene expression were normalized to the expres-
sion of the housekeeping gene, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and
shown as a difference in fold gene expression (2~*4¢) compared to WT untreated control.
The following primers were used: Gapdh-forward, 5'-GGTGCTGAGTATGTCGTGGA-3'; re-
verse, 5'-GTGGTTCACACCCATCACAA-3'; TARDBP-5'-CGAGTCCAGAAAACATCTGACC-
3"; reverse, 5'-ACACCSTCGCCCATCTATCAT-3'.

4.8. Immunofluorescence Analysis

The cells for immunofluorescence analyses were plated onto chamber slides (#177402;
LabTek), fixed in paraformaldehyde for 15 min (4% in phosphate-buffered saline (PBS)),
and subsequently permeabilized with 0.1% Triton X-100 in PBS for 15 min. The cells
were then incubated in a blocking buffer (0.5% BSA in PBS) for 1 h at room temperature
and immunostained with anti-TDP-43 and anti-3-tubulin primary antibodies (1:500) O/N
at 4°C. After rinsing three times with PBS, cells were incubated with Alexa Fluor 488-
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and Alexa Fluor 555-conjugated secondary antibodies (dilution 1:1000) for 1 h at room
temperature. The nuclei were stained with 0.5 ng/mL DAPI in PBS. The coverslips with the
stained cells were mounted on glass slides with the Aqua-Poly/Mount mounting medium.
Cells were imaged using 60X objective on an Olympus IX83 microscope (Tokyo, Japan). The
nuclear /cytoplasmic TDP-43 and percent (%) of TDP-43 in the cytoplasm were measured
using Fiji software. In brief, TDP-43 integrated density (IntDen), calculated as the product
of the area and mean fluorescence intensity (MFI), was measured in the whole cell and then
separately only in the nucleus; the nuclear IntDent was then subtracted from the whole
cell IntDen to get IntDent from the cytoplasm. MFI from the cytoplasm was measured
as IntDent divided by the area of the cytoplasm and put in the ratio with the MFI of the
nucleus. The cytoplasmic area was marked based on (3-tubulin staining and the nuclear
area by DAPL

4.9. Statistical Analysis

Statistical analysis was performed by Student’s ¢-test in GraphPad PrismSoftware 6
(San Diego, CA, USA). The values shown represent the means of at least three independent
experiments, and a p-Value of <0.05 was considered statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1jms23126829 /s1.
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