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Abstract

The neuropathological hallmarks of Alzheimer’s Disease are plaques and neurofibrillary tangles.
Yet, Alzheimer’s is a complex disease with many contributing factors, such as energy-metabolic
changes, which have been documented in autopsy brains from individuals with Alzheimer’s and
animal disease models alike. One conceivable explanation is that the interplay of age-related
extracellular and intracellular alterations pertaining to Alzheimer’s, such as cerebrovascular
changes, protein aggregates and inflammation, evoke a mitochondrial response. However, it is not
clear if and how mitochondria can contribute to Alzheimer’s pathophysiology. This study focuses
on one particular aspect of this question by investigating the functional interaction between

the microtubule-associated protein tau and the mitochondrial inner membrane fusion machinery,
which shows alterations in Alzheimer’s brains. OPAL is an essential inner membrane-fusion
protein regulated by the two membrane proteases OMAL and YME1L1. Assessment of OPA1
proteolysis—usually found in dividing mitochondria—and posttranslational tau modifications

in mouse and human neuroblastoma cells under different experimental conditions clarified

the relationship between these two pathways: OPA1 hydrolysis and phosphorylation or
dephosphorylation of tau may coincide, but are not causally related. OPA1 cleavage did not alter
tau’s phosphorylation pattern. Conversely, tau’s phosphorylation state did not induce nor correlate
with OPA1 proteolysis. These results irrefutably demonstrate that there is no direct functional
interaction between posttranslational tau modifications and the regulation of the OMA1-OPA1
pathway, which implies a common root cause modulating both pathways in Alzheimer’s.
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Introduction

The neuropathological hallmarks of Alzheimer’s Disease are plaques and neurofibrillary
tangles—abnormally folded amyloid-p deposits and tau protein aggregates in the atrophic
brain, which are believed to be causally related to neurodegenerative processes [1-9].
Apolipoprotein (APO) E4 on the other hand is a major risk factor for Alzheimer’s [10, 11].
Also mitochondria may contribute to Alzheimer’s pathophysiology [12-16]. For example,
damaged and dysfunctional mitochondria were recognized in electron micrographs of brain
specimens from deceased individuals with Alzheimer’s [17, 18]. Metabolic deficits are also
evident in the brains from individuals with Alzheimer’s [19-25].

Mitochondria form dynamic networks of interconnected tubules, whose morphology is
determined by balanced fission and fusion events. These events are intimately linked

to the energy metabolism as well as quality control measures, such as mitochondrial
autophagy (aka mitophagy) and apoptotic signaling. The dynamin-related GTPases DNM1L
(DRP1), MFN1, MFN2, and OPAL coordinate mitochondrial fission and fusion [26-28].

A number of studies described changes in these proteins alongside with mitochondrial
fragmentation and other functional deficits evoked by amyloid-p and tau [29-33]. Likewise,
APOE4 was associated with mitochondrial dysfunction [34-36]. Yet it is still not clear,
whether mitochondrial alterations are a cause for, the consequence of, or coincide with
neurodegeneration in Alzheimer’s.

The present study focuses on one particular aspect of the interrelationship between
mitochondria and Alzheimer’s by asking, is there a functional interaction between tau
(MAPT) and mitochondrial fusion? More specifically, OPA1-mediated mitochondrial inner
membrane fusion? OPA1 is an essential structural protein organizing the inner membranes
[37-39]. The protein is proteolytically deactivated when mitochondria divide. For this
reason, OPAL exists in two forms, membrane-anchored L-OPA1 and truncated S-OPAL.
Mitochondria fusion strictly depends on L-OPA1 [40, 41], which is hydrolyzed for
example in damaged organelles destined for mitophagy [42]. The i-AAA protease YME1L1
maintains stoichiometric ratios of the OPA1 isoforms contingent on energy levels [43, 44].
OMAL in contrast releases L-OPA1 under stress conditions into the intermembrane space.
OMAL’s activation and L-OPAL1 proteolysis, mitochondrial fragmentation, outer membrane
permeabilization, cytochrome c release, and cell death are all highly correlated events [45—
49].

Here, | addressed the question whether the regulation of the OMA1 protease and proteolysis
of OPAL show any direct functional cross-communication with posttranslational tau
modifications. This question was prompted by five observations. (1) Two independent
studies of the mitochondrial fission and fusion proteins in Alzheimer’s autopsy brains
reported reduced OPA1 protein levels, which implies increased proteolytic activity in these
specimens [30, 31]. (2) Cortical neurons from tau-knockout mice transfected with truncated
or pseudophosphorylated tau-GFP fusion proteins displayed fragmented mitochondria

and reduced OPAL levels [29]. (3) PHB2-deficient mice displayed an OMAZ1-dependent
tauopathy phenotype [50, 51]. The prohibitins PHB1 and PHB2 are scaffolding proteins
found in the mitochondrial inner membrane, where they are involved, among other things, in
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the coordination of OMAL [52, 53]. (4) Mutations in OPAI cause dominant optic atrophy,

a form of neurodegeneration that affects mainly the optic nerve in humans and in animal
disease models [54]. Intriguingly, optic nerve degeneration is also evident in individuals with
Alzheimer’s [55]. And (5) patient-derived induced pluripotent stem cells further revealed

an OPA1-dependent deficiency to differentiate specifically into GABAergic interneurons
[56]. GABAergic dysfunction and abnormalities also pertain to Alzheimer’s [57-61]. These
observations provided the rational for examining the relationship between tau and the
OMAL1-OPAL1 pathway by interrogating neuroblastoma cells with numerous stimuli and
assessing the impact on OPA1 and tau.

2. Material and methods

2.1 Chemicals

Carbonyl cyanide m-chlorophenyl hydrazine (CCCP) and okadaic acid were from Sigma
(Sigma-Aldrich, St. Louis, MO, USA). AZD1080, CHIR98014, cyclosporin A, GNE7915,
LRRK2in1, oligomycin, rotenone, SB216763, sorafenib, staurosporine, and valinomycin
were from Cayman Chemical Company (Ann Arbor, MI, USA). Tipranavir (#11285) was
obtained through the NIH’s HIV Reagent Program, which is supported by National Institute
of Allergy and Infectious Diseases. 10 mM stock solutions in dimethyl sulfoxide (DMSQO)
were prepared for all compounds with the exception of staurosporine (Img/ml in ethyl
acetate) and stored at —20°C until further use. Working dilutions were prepared fresh for
each experiment.

2.2 Cell culture

All cell lines were obtained from the cell culture core facility at UC Berkeley (CA, USA).
All cell culture reagents were from GIBCO (Invitrogen, Carlsbad, CA, USA). Neuro2A
mouse neuroblastoma cells and SH-SY5Y human neuroblastoma cells were grown under
standard conditions in DMEM/F12 supplemented with 10% (v/v) fetal bovine serum

(FBS), penicillin (100 units/ml) and streptomycin (100 pg/ml) at 37°C in a humidified
atmosphere with 5% CO,. Hek293T human embryonic kidney cells were grown in

DMEM supplemented with 10% fetal bovine serum (FBS), penicillin (100 units/ml) and
streptomycin (100 pg/ml). Unless stated otherwise, cells were treated with the denoted
compounds diluted in serum-free DMEM/F12 for 3 hours at 37°C in a humidified incubator
with 5% COs.

2.3 Gene silencing

Protein knockdown was accomplished by silencing gene expression with pooled siRNAs
targeting mouse Omal or mouse Opal. 50-60% confluent Neuro2A cells were transfected
with 300 ng Omal siRNA (#EMU088111, Sigma and #SC-151297, Santa Cruz
Biotechnology, Dallas, TX, USA), Opal siRNA (#EMUO010511, Sigma) or fluorescent
control siRNA (#S1C007, Sigma) using X-tremeGENE 360 transfection reagent (Roche
Diagnostics, Mannheim, Germany) at an siRNA-to-transfection reagent ratio of 1:5
following the manufacturer’s protocol. All cells were investigated 36 hours post transfection.
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2.4 Protein expression

Human OMAZ1-FLAG under the control of a CMV-promotor in a pcDNA3.1-vector was
from GenScript (Pissatthem, NJ, USA; clone ID: OHu74904). Hek293T cells and Neuro2A
cells were transfected with X-tremeGENE 360 with a plasmid-to-transfection reagent ratio
of 1:3 and 1:2, respectively. All cells were studied 24 hours post transfection.

2.5 Cell assays

OMAL protease activity was measured with a luciferase-based reporter protein stably
expressed in Neuro2A cells. The reporter is targeted to the mitochondrial inner membrane,
where it can be hydrolyzed by the OMAL protease thereby eliminating its luciferase activity
[62]. About 50,000 reporter cells per well of a 96-well half-area plate (Costar #3688,
Corning, New York, USA) were exposed for 30 minutes to serial dilutions of denoted
compounds in DMEM/F12, after which luciferase substrate was added and bioluminescence
measured with a Fluoroskan FL plate reader (ThermoFisher Scientific, Waltham, MA,
USA). Ay was measured with tetramethylrhodamine ethyl ester perchlorate (TMRE,
#87917, Sigma). 10,000 Neuro2A cells per well of a 96-well half-area plate were incubated
for 3 hours with 4 uM TMRE in DMEM/F12 without or with 30 uM of the denoted
compounds. Cells were washed twice in PBS and fluorescence was measured with the
Fluoroskan FL plate reader (543 nm excitation filter and a 580 nm emission filter). ATP
levels and cell viability were measured with the CellTiter-Glo assay (#G7570, Promega,
Madison, WI, USA) and the CellTiter-Fluor assay (#G6080, Promega), respectively. Briefly,
2,000 Neuro2A cells per well of a 96-well half-area plate were incubated for 3 hours

with 30 UM of the denoted compounds in DMEM/F12. Cell viability was determined first
by adding the CellTiter-Fluor assay reagents according to the manufactures protocol and
measuring fluorescence with aforementioned plate reader (405 nm excitation filter and 490
nm emission filter). ATP levels were measured thereafter by adding the CellTiter-Glo assay
reagents as specified by the manufacturer and measuring bioluminescence with the same
instrument.

2.6 Protein analysis

Whole cell extracts were prepared by harvesting cells in lysis buffer A (25 mM Tris-

HCI (pH 7.6), 150 mM NacCl, 0.1% NP-40, 0.1% sodium deoxycholate, 0.01% SDS)
supplemented with 1 x HALT protease inhibitor cocktail (ThermoFisher) and 1 x
phosphatase inhibitor cocktail 3 (Sigma). Whole cell lysates were cleared from debris

by centrifugation at 20,000 x g for 5 minutes at 4°C. The supernatant (about 30 pg

protein per lane) was separated under reducing conditions on 8% tris-glycine mini gels
(Invitrogen) following the manufacturer’s protocol, blotted onto PVDF membranes, and
labeled with antibodies following standard procedures. For a list of primary antibodies,
antibody concentrations and blocking conditions see Table 1. All tau phosphorylation sites
throughout the manuscript, in Table 1, and in the figures are referred to by their amino
acid position in the human 2N4R tau protein. Please see Figure S1A in the supplementary
material for the corresponding sites in the mouse protein. Alkaline-phosphatase-conjugated
secondary antibodies diluted 1:5,000 in 5% (w/v) dry milk powder in TBST (tris buffered
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saline with 0.1% Tween20) and 1-step NBT/BCIP substrate (ThermoFisher) were used for
protein detection.

2.7 Data analysis

Western blots were digitalized and images adjusted for brightness and contrast. Regions of
interest were defined manually and quantified by densitometry using NIH’s imageJ software
[63]. Statistical analyses were performed with GraphPad Prism 5.0c (GraphPad Software
Inc., San Diego, CA, USA). All results are represented as mean * standard deviation

(SD). Groups from at least 3 independent experiments were compared by Student’s t-test

or using a 1-way or 2-way analysis of variance (ANOVA) with Bonferroni’s multiple-

group comparison posttest as applicable. Differences between groups were considered to

be significant at p values of < 0.05. Dose-response relationships were plotted as semi-
logarithmic graphs and half maximal effective concentrations (ECsgg) were calculated using a
non-linear inhibitor regression model with variable Hill-slope.

3. Results

3.1 Establishing the experimental paradigm.

The first step was to establish an experimental framework for the analysis of the functional
interaction of the OMAL1-OPAL pathway and tau. The OMAL protease shows only little
activity under physiological conditions but is readily activated by cell stress and upon
apoptotic stimuli. Active OMAL rapidly cleaves L-OPA1 whereby S-OPAL1 is generated.
OMAL1 can be activated by dissipation of the mitochondrial membrane potential Ay with the
protonophore carbonyl cyanide m-chlorophenyl hydrazine (CCCP) [64, 65]. As illustrated in
Figure 1A, treatment of Neuro2A neuroblastoma cells with 1 pM CCCP for 30 minutes led
to loss of L-OPA1 isoforms in Western blots. Valinomycin is an alternative ionophore, which
activated OMAL in Neuro2A cells at concentrations above 0.1 uM (Figure 1B). CCCP’s half
maximal effective concentration (ECsgp) was determined in cellular OMAL protease assays
at about 0.2 uM (Figure 1C). Valinomycin’s ECsg in the OMAL protease assay was 22 nM
(Figure 1D).

Earlier studies have demonstrated dephosphorylation of tau proteins in rat brain cortical
slides treated with CCCP and in PC12 cells treated with the structurally related
protonophore FCCP [66, 67]. This could be replicated in Neuro2A cells incubated with 10
UM CCCP for 3 hours. CCCP thereby accelerated migration of tau in Western blots, which
led to a dose-dependent shift in the size of the detected tau species (Figure 1E, asterisk).
This antibody recognized tau isoforms of approximately 45-70 kDA and 90-130 kDa
irrespective of the phosphorylation state (Table 1; supplementary material, Figure S1). The
higher migrating proteins, however, were only detected in mouse Neuro2A neuroblastoma
cells but not in human SH-SY5Y neuroblastoma cells (supplementary material, Figure
S2). Increased electrophoretic mobility indicates the loss of posttranslational modifications,
which could be confirmed with a phospho-tau specific antibody (Figure 1F, asterisk).

This particular antibody is specific for tau phosphorylated at serine 199 and serine 202
(corresponding to mouse tau serine residues 188 and 191, see supplementary material,
Figure S1A).
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A time series to better understand the dynamics revealed significant tau dephosphorylation
after 3 hours of CCCP exposure (Figure 1G & H). Valinomycin had much slower

kinetics and tau alterations became only apparent after 6 hours of treatment. Discernable
OPAL cleavage on the other hand was already detectable within 30 minutes of CCCP or
valinomycin exposure. Note, 30 uM CCCP and 30 uM valinomycin in these experiments
were 30 to 300-times above the critical concentrations for OPAL proteolysis in Western
blots. Still, 3 hours of treatment with 30 uM CCCP or 30 uM valinomycin provided
practically a binary readout for tau alterations and was therefore defined as standard
paradigm for the following experiments.

3.2 CCCP but not valinomycin stimulated abundant tau dephosphorylation.

CCCP-induced tau dephosphorylation was not restricted to serines 199 and 202. Probing
the samples with different phospho-tau specific antibodies demonstrated loss of phosphates
also at threonine 231, serine 396 and serine 404 (Figure 2A; see also supplementary
material, Figure S2). Valinomycin, however, did not show such an effect. Dephosphorylation
of tau appeared to be somewhat specific because a pan-phosphoserine antibody did not
display any changes in the CCCP-treated samples (supplementary material, Figure S3). A
pan-phosphothreonine specific antibody at the same time indicated dephosphorylation of an
unidentified protein migrating just above 34 kDa. Valinomycin again had also no effect on
this unidentified protein. On the other hand, both CCCP and valinomycin induced OPA1
proteolysis as well as (autocatalytic) OMA1 degradation (Figure 2B). OPA1 is the main
substrate of the OMAL protease, which was reported to also cleave PGAMS5 [68], misrouted
PINK1 [69], and DELEL [70, 71]. With the available antibodies, however, and under the
herein defined experimental conditions no alterations in the other OMAL substrates were
noted (Figure 2B).

3.3 No functional interaction between OMA1/OPA1 and tau dephosphorylation.

Discordance between CCCP and valinomycin, inconsistencies in the timing, and differences
in the dosing implied proteolytic OPA1 regulation and tau dephosphorylation are unrelated
events. Previous studies suggested that CCCP-dependent tau dephosphorylation was
mediated by calcium signaling, because the chelating agent EGTA as well as cyclosporin

A, which can inhibit protein phosphatase 2B (calcineurin), mitigated CCCP’s effects on tau
[66]. Neuro2A cells cultured for 3 hours in the presence of 10 mM EGTA showed about
50% reduction in tau phosphorylation even in the absence of CCCP (Figure 3). The presence
of CCCP in this experiment did not significantly change levels of phosphorylated tau when
compared to cells treated with EGTA alone. 100 uM cyclosporin A for 3 hours appeared to
increase the levels of phosphorylated tau (though without reaching statistical significance),
while cyclosporin A could not prevent CCCP-dependent tau dephosphorylation in these
experiments (Figure 3B). EGTA and cyclosporin A did not alter the ratios of the OPAL
isoforms in the absence of CCCP nor prevented OPA1 cleavage in the presence of

CCCP (see Figure 3A). Together, these results separated tau dephosphorylation from OPA1
hydrolysis in Neuro2A cells.

This conclusion could be confirmed with additional bioactive compounds also in human
SH-SY5Y cells. Neuro2A cells (Figure 4A) and SH-SY5Y cells (Figure 4B) treated with
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30 uM oligomycin A for 3 hours showed some reduction in L-OPAL and no significant
changes in tau phosphorylation. 30 UM staurosporine and rotenone instead significantly
reduced tau phosphorylation but did not alter OPAL. Staurosporine most likely blocked
GSK3B and other kinases which phosphorylate tau [72, 73]. Follow-up experiments with 3
different GSK3B inhibitors demonstrated tau dephosphorylation after 3 hours of exposure
again without signs of OPA1 hydrolysis (Figure 4C). And 30 uM tipranavir as well as
sorafenib induced OPAL1 cleavage, while no effects on tau were noted. The HIV protease
inhibitor tipranavir had an ECs in the OMAL protease assay of 9.7 uM (Figure 4D) and the
kinase inhibitor sorafenib had an ECsgq of 11.3 pM (Figure 4E). No differences were noted
between Neuro2A and SH-SY5Y cells in their response to the different chemicals, which
further substantiated that tau and OMAZ1-OPA1 are unrelated pathways.

3.4 Mitochondrial membrane potential Ay not correlated with tau nor OPAL.

The protonophore CCCP disrupts the mitochondrial inner membrane potential Ay, which
powers the ATP synthase [74, 75]. To better understand the relationship of the inner
membrane potential with OPAL and tau, Ay was determined in Neuro2A cells under

the aforementioned experimental conditions. Relative Ay levels were measured with the
cationic fluorescent dye TMRE, which readily accumulates in active mitochondria [76,
77]. TMRE fluorescence was significantly reduced in Neuro2A cells treated with CCCP,
rotenone, and tipranavir (Figure 5A). Again, tau was dephosphorylated in cells treated with
CCCP, rotenone, and staurosporine (Figure 5B). And L-OPA1 was reduced in cells treated
with CCCP, valinomycin, tipranavir, and sorafenib, but not in cells treated with rotenone
or staurosporine (Figure 5C). Oligomycin showed some reduction of all three parameters
without reaching statistical significance. All bioactives, however, reduced cellular ATP
levels by 31.2% to 72.9% (Figure 5D), whereby cell viability was largely unaffected
(supplementary material, Figure S4).

Overall, there was no correlation between Ay and the phosphorylation state of tau. Notably,
there was also no correlation between Ay and OMAL activation. Rotenone lowered the
membrane potential without stimulating L-OPA1 hydrolysis, while valinomycin had no
effects on Ay under the outlined experimental conditions, but evoked OPAL cleavage. This
shows OMAL’s activity is not Ay-dependent.

3.5 No functional interaction between tau hyperphosphorylation and OMA1/OPAL.

The experiments so far demonstrated that OPA1 proteolysis, tau dephosphorylation and

the membrane potential Ay are not interrelated. Moreover, neither knockdown of OMA1

or OPAL altered tau in Neuro2A cells regardless of CCCP treatment (Figure 6). OMA1
overexpression in Hek293T and Neuro2A cells had also no influence on tau (supplementary
material, Figure S5).

A still open question was whether tau hyperphosphorylation would impact OMAL and
OPAL. Tau is mainly dephosphorylated by the protein phosphatase 2A [78], which can be
inhibited by okadaic acid [79]. Okadaic acid hence can enhance phosphorylation of tau

and other proteins [80-83]. 1 uM okadaic acid induced tau hyperphosphorylation also in
Neuro2a cells, which was distinguishable by a marked shift upwards in tau’s electrophoretic
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mobility (Figure 6G; see also supplementary material, Figure S6). Tau hyperphosphorylation
was consistent between all tested antibodies. CCCP had no impact on tau’s phosphorylation
pattern in cells simultaneously treated with okadaic acid and CCCP. Conversely, okadaic
acid did not change the ratios of the OPA1 isoforms nor inhibit L-OPA1 proteolysis

in CCCP-treated samples. These results clearly demonstrate hyperphosphorylated tau and
OPAZ1 are not functionally connected. In conclusion, there is no direct functional interaction
between posttranslational tau modifications and regulation of the OMA1-OPA1 pathway.

4. Discussion

The present study focused on a potential functional interaction of the mitochondrial fusion
protein OPA1 and the microtubule-associated protein tau. Neuroblastoma cells were cultured
under defined conditions that either triggered OPA1 proteolysis, tau phosphorylation/
dephosphorylation, or both. These experiments clearly demonstrated that posttranslational
tau modifications and the OMA1-OPA1 pathway are two independent mechanisms, which
are not causally connected. The 3-hour duration of the various interventions herein was
purposefully set fairly short to mitigate secondary effects due to slower processes, such

as mitophagy or apoptosis. The experiments were also designed in a straightforward

manner, assessing OPAL and tau directly, thus limiting the impact of confounding factors
and secondary effects. For example, the mitochondrial network morphology changes over
the course of the cell-cycle and with energy-metabolic demands [84], which makes its
evaluation as a marker rather complicated—even more so in malignant neuroblasts in the
context of neurodegeneration. (The cells of this study were not differentiated, for instance
by retinoic acid, to exhibit a more neuronal phenotype.) The dynamic mitochondrial network
can also adapt to various factors and numerous stressors by reorganizing its morphology.
18% of all approved cancer drugs activated OMAL in a high-throughput drug screening
campaign [62]. And almost 10% of a panel of genes encoding the mitochondrial proteome
altered the mitochondrial network morphology in an siRNA-screen [85]. Tau may be
modulated by an equally diverse set of factors and variables [86—88]. The plain and simple
experimental approach of this study thus might help tame at least some of the complexity.

On the other hand, the different modes of action and pleiotropic effects of the herein
investigated compounds do not lend themselves to an easy interpretation of the results.

For instance, GSK3B is among the tau-phosphorylating kinases and also involved in the
regulation of mitochondria [89-93]. Interestingly, OMAZ1’s proteasomal degradation appears
to be GSK3B-dependent, because the protease was stabilized (and OPAL1 cleavage restored)
in mesenchymal stem cells treated for 24 hours with 10 uM of the GSK3B-inhibitor
SB216763 [94]. Yet, three different GSK3B inhibitors showed no effects on OPA1 under
the experimental paradigm of this study (i.e. 30 uM for 3 hours), while leading to tau-
dephosphorylation. Another example is CCCP, which disrupts the inner membrane potential
by carrying protons across the membrane with a pH-independent maximum conductivity at
a concentration of about 10 pM [95]. Yet, 1 uM sufficed to convert all L-OPAL into S-OPA1
within short time. Also the potassium-ionophore valinomycin activated OMA1 without
changing Ay [96]. (Again, OMAL is unlikely to be regulated by the membrane potential
Ay.) However, 10 uM CCCP over an extended period of time were necessary to observe

an effect on tau, suggesting Ay could indeed be connected with tau. Such a connection
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could involve calcium ions, which are stored in electronegative mitochondria and which are
released upon loss of the membrane potential [97]. This would explain why valinomycin
had little effect on tau as well as the results obtained with EGTA. Yet, the calcineurin
inhibitor cyclosporin A failed in preventing CCCP-induced tau dephosphorylation, which
is at odds with previous reports [98, 99]. Alternative models for CCCP’s mechanism of
action may involve microtubules. For example, 60 uM FCCP (but not 1.8 uM valinomycin)
disassembled microtubules within 4 hours in HeLa and BHK21 cells [100]. And also
rotenone, a complex | inhibitor [101, 102], was found to destabilize microtubules [103-105].
To conclude, this study is not suited to elucidate the means that regulate tau or OMA1 (nor
was it designed to). Still, the data conclusively demonstrated that tau and the OMA1-OPA1
pathway are two independent mechanisms, which are not causally linked in neuroblasts.

A limitation of the present study is the focus on tau’s posttranslational modifications,
because proteotoxicity is another aspect likely tied to OMAZ1’s regulation. For instance,
OMAL and YME1L1 double-knockout yeast cells grew only under reduced temperatures
[106]. Mammalian cells challenged by heat stress showed OMA1-dependent OPAL
hydrolysis [107]. And knockdown of the m-AAA protease in fibroblasts resulted in

OMAL1 activation, which was rescued by chloramphenicol [108]. Chloramphenicol can
inhibit ribosomal translation, which together with the aforementioned experiments suggests
involvement of proteotoxicity in OMAZ1’s regulation. Certain tau species or conformers can
propagate from one cell to another and seed endogenous tau in a prion-like mechanism
[109]. There is the possibility that these tau aggregates and neurofibrillary tangles influence
OMAL’s activity, which is an area of ongoing research. An alternative possibility is that
the factors and/or conditions that lead to the formation of tau aggregates and neurofibrillary
tangles also impact the OMAL-OPAL pathway.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Damaged mitochondria a cause for, the consequence of, or coincide with
Alzheimer’s?

. OMAL1-dependent OPA1 proteolysis is a signature event of mitochondrial

damage.

. This study demonstrates OPAL cleavage does not cause tau
hyperphosphorylation.

. Furthermore, tau hyperphosphorylation does not activate OMAL.

. Concluding, tau and OPA1/OMA1 may act in parallel but are functionally
independent.
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Figure 1: CCCP induced OPAL proteolysis and tau dephosphorylation.
L-OPAL isoforms (accolades) were hydrolyzed in a dose-dependent

manner in Western

blots of Neuro2A cells treated with CCCP (A) and valinomycin (B). An engineered and
mitochondria-targeted luciferase functioning as artificial OMAL substrate was expressed in
Neuro2A cells to determine dose-response relationships of CCCP (C; ECgg: 198.0 nM)

and valinomycin (D; ECsq: 22.2 nM). Tau showed a CCCP-dependent electrophoretic
mobility shift in Western blots (E; asterisk), consistent with tau dephosphorylation with
increasing CCCP concentrations (F). OPAL cleavage and tau dephosphorylation had
different kinetics in CCCP-, and in valinomycin-treated Neuro2A cells (G), whereby CCCP,
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but not valinomycin, significantly reduced tau phosphorylation after 3 of treatment (H).

Scatter plot shows mean = SD; n(30 min) = 3; n(3 h) = 6; n(6 h) = 3; 2-way ANOVA: p<
0.001.
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Figure 2: Abundant CCCP-dependent tau dephosphorylation.
Western blots with 4 different phosphorylation site-specific antibodies consistently showed

tau dephosphorylation at all sites in CCCP-treated Neuro2A cells, which coincided with
tau’s increased electrophoretic mobility in these samples (A; asterisk); valinomycin had
no effects on tau’s posttranslational modifications or its migration (A). Both CCCP and
valinomycin stimulated proteolytic OPA1 hydrolysis and autocatalytic OMAL cleavage in
Neuro2A cells, but did not alter PINK1, DELE1 or PGAMS5 (B).
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Figure 3: Tau phosphorylation potentially calcium-dependent but independent from cyclosporin
A

EGTA and cyclosporin A treatment of Neuro2A cells had no influence on CCCP-dependent
OPAZ1 hydrolysis in Western blots (A). EGTA reduced tau phosphorylation irrespective of
the presence of CCCP, whereas CCCP significantly reduced tau phosphorylation in untreated
and cyclosporin A-treated cells, but not in EGTA-treated cells (B). Bar graph shows mean +
SD; n=3; 1-way ANOVA: p< 0.01 (**); p< 0.001 (***).
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Figure 4: Inconsistencies between OPA1 hydrolysis and tau dephosphorylation under different

experimental conditions.

Tau dephosphorylation could be experimentally uncoupled from proteolytic OPAL
hydrolysis by exposing Neuro2A cells (A) and SH-SY5Y cells (B) to different molecules,
whereby CCCP led to OPA1 hydrolysis and tau dephosphorylation in Western blots,

while staurosporine and rotenone only evoked tau dephosphorylation, and tipranavir and
sorafenib only induced OPA1 hydrolysis. The denoted GSK3B inhibitors impacted tau
phosphorylation in Neuro2A cells without changing OPA1’s cleavage pattern in Western
blots (C). The dose-response relationship of tipranavir (D; ECsq: 9.7 uM) and sorafenib (E;
ECsp: 11.3 uM) in Neuro2A cells expressing an engineered luciferase as artificial OMA1

substrate.
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Figure 5: Ay not correlated with tau phosphorylation nor OPA1 hydrolysis.
CCCP, rotenone, and tipranavir significantly reduced TMRE fluorescence, which can serve

as proxy for the mitochondrial inner membrane potential Ay (A). Densitometry of Western
blots revealed significant phospho-tau reduction in Neuro2A cells treated with CCCP,
staurosporine, and rotenone (B). L-OPA1 was significantly reduced in Western blots in
Neuro2A cells treated with CCCP, valinomycin, tipranavir, and sorafenib (C). All bioactives
significantly reduced ATP levels in the CellTiter-Glo assay, which measures ATP levels (D).
All bar graphs show means of 3 independent experiments = SD; 1-way ANOVA: p< 0.05
(*); p<0.01 (**); p<0.001 (***).
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Figure 6: OMAL1 and OPA1 knockdown did not alter tau’s phosphorylation and tau
hyperphosphorylation had no impact on OPA1 hydrolysis.

Western blots of Neuro2A cells indicated siRNA-mediated OMAL knockdown or OPA1
knockdown does not change tau’s phosphorylation (A). Densitometry of Western blots
showed significant OMA1 protein reduction in OMAL knockdown cells to 37.8% + 29.9
SD (B; t-test: p=0.03; n=3), which rescued L-OPAL in CCCP-treated cells (C; control:
8.4% + 2.7 SD; OMAL siRNA: 22.7% + 2.5 SD; t-test: p< 0.01; n=3). Only CCCP,

but not OMAL knockdown, resulted in significant changes in tau phosphorylation levels
(D). OPA1 siRNA significantly reduced OPA1 protein levels by 76.7% + 8.5 SD (E)
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without changing phospho-tau levels (F). Inhibiting phosphatases with okadaic acid (OA)
resulted in tau hyperphosphorylation and electrophoretic mobility shifts (G; asterisk).
CCCP-induced OPA1 proteolysis still occurred in OA-treated cells, but CCCP-dependent
tau dephosphorylation was blocked by OA. All bar graphs show means of 3 independent
experiments + SD; 2-way ANOVA: p<0.05 (*); p< 0.01 (**); p<0.001 (***).
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Table 1:
Primary antibodies.

Antibody Supplier (Catalog No.) Antigen Host (clone) Dilution (diluent)

B-Actin Proteintech (#66009-1-1g) human ACTB mouse (2D4H5) 1:1,000 (5% milk
powder)

DELE1 Novus Bio. (#NBP2-84765) human DELE1 (aa 164-213) rabbit (polyclonal) | 1:500 (5% milk
powder)

OMA1 Santa Cruz Biotech. human OMAL1 (aa 230-399) mouse (H-11) 1:250 (5% milk

(#sc-515788) powder)

OPAl BD Biosciences (#612606) human OPA1 (aa 708-830) mouse (18/0OPA-1) | 1:1,000 (5% milk
powder)

P-Tau S199/S202 ThermoFisher (#44-768G) human TAU phosphopeptide around | rabbit (polyclonal) | 1:1,000 (3% BSA)

aa 199-202
P-Tau S396 Novus Bio. (#NB100-82243) human TAU phosphopeptide around | rabbit (polyclonal) | 1:1,000 (3% BSA)

aa 396

P-Tau S396 (PHF13)

Santa Cruz Biotech.
(#sc-32275)

human PHF-Tau

mouse (PHF13)

1:250 (3% BSA)

P-Tau S404 Cell Signaling Tech. human tau phosphorylated at S404; rabbit (D2Z4G) 1:500 (3% BSA)
(#20194) S400 & S404; T403 & S404; S400,
T403 & S404
P-Tau T231 Novus Bio. (#NB100-82249) human tau phosphopeptide around rabbit (polyclonal) | 1:1,000 (3% BSA)
aa 231
PGAMS Proteintech (#28445-1-AP) human PGAMS isoform 2 rabbit (polyclonal) | 1:1,000 (5% milk
powder)
Phosphoserine Novus Bio. (#NB100-1953) phosphorylated serine residues rabbit (polyclonal) | 1:100 (3% BSA)
Phosphothreonine Novus Bio. (#NB110-96896) phosphorylated threonine residues rabbit (polyclonal) | 1:125 (3% BSA)
PINK1 Novus Bio. (#BC100-494) human PINK1 (aa 175-250) rabbit (polyclonal) | 1:1,000 (5% milk
powder)
Tau EMD Millipore phosphorylation-independent N- mouse (2A1-2E1) 1:1,000 (5% milk
(#MABN2472) terminal region powder)
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