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Abstract
Author Manuscript

Mitochondrial dysfunction and tau aggregation occur in Alzheimer’s disease (AD) and exposing
cells or rodents to mitochondrial toxins alters their tau. To further explore how mitochondria
influence tau, we measured tau oligomer levels in human neuronal SH-SY5Y cells with different
mitochondrial DNA (mtDNA) manipulations. Specifically, we analyzed cells undergoing ethidium
bromide-induced acute mtDNA depletion, ρ0 cells with chronic mtDNA depletion, and
cytoplasmic hybrid (cybrid) cell lines containing mtDNA from AD subjects. We found cytochrome
oxidase activity was particularly sensitive to acute mtDNA depletion, evidence of metabolic reprogramming in the ρ0 cells, and a relatively reduced mtDNA content in cybrids generated
through AD subject mitochondrial transfer. In each case tau oligomer levels increased, and acutely
depleted and AD cybrid cells also showed a monomer to oligomer shift. We conclude a cell’s
mtDNA affects tau oligomerization. Overlapping tau changes across three mtDNA-manipulated
models establishes the reproducibility of the phenomenon, and its presence in AD cybrids supports
its AD-relevance.
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Introduction
Alzheimer’s disease (AD) brains contain tau-derived neurofibrillary tangles (NFTs) and
perturbed mitochondria [1, 2], and tau-mitochondria relationships exist.
Hyperphosphorylated, caspase cleaved, or N-terminal fragment tau associate with
mitochondria and impair their physiology [3–6]. Reciprocally, mitochondrial uncoupling or
respiratory chain inhibition increases tau phosphorylation, alters tau mRNA splicing, and
promotes tau aggregation [7–13].
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While current data do not implicate a role for exogenous mitochondrial toxins in AD, data
from cytoplasmic hybrid (cybrid) studies indicate mitochondrial DNA (mtDNA) does
contribute to altered AD mitochondrial function [2, 14]. This raises the question of whether
mtDNA-dependent mitochondrial parameters affect tau biology, as mtDNA-determined
mitochondrial function is arguably more relevant to AD than exogenous toxin-driven
mitochondrial dysfunction.
To address this question, we assessed the status of tau oligomers in human neuronal SHSY5Y cells that modeled different mtDNA manipulations. Specifically, we analyzed cells
undergoing ethidium bromide (EtBr)-induced acute mtDNA depletion, ρ0 cells with chronic
mtDNA depletion, and cybrid cell lines containing mtDNA from AD subjects. Our focus
was on tau oligomerization instead of phosphorylation because SH-SY5Y tau is extensively
phosphorylated at baseline, tau oligomerization is an intermediate step in the tangle
deposition pathway, and tau oligomers may themselves interact with mitochondria [15, 16].
To provide insight into functional overlap and differences across the models we further
characterized select mitochondria-relevant endpoints.
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Materials and Methods
ρ0 Cell Line, Cybrid Cell Lines, and Human Autopsy Brains
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These studies used the mtDNA-depleted, human neuronal SH-SY5Y ρ0 cell line originally
created by Miller et al. and further modified as described in Swerdlow et al. [17, 18]. The
cybrid cell lines used in these studies were generated by transferring platelet mitochondria to
SH-SY5Y ρ0 cells as previously described [18]. The platelet donors included human
subjects diagnosed with AD or designated as cognitively normal (CN). All subjects were
members of the University of Kansas Alzheimer’s Disease Research Center (KU ADRC)
clinical cohort and AD or CN status was verified through longitudinal clinical and
neuropsychological evaluations. The AD subjects met current McKhann et al. criteria [19].
The cybrid lines used in this study were generated by the KU ADRC Mitochondrial
Genomics and Metabolism Core and include 11 cybrid lines created through AD subject
platelet mitochondria transfer (“AD cybrids”), and 11 cybrid lines created through CN
subject platelet mitochondria transfer (“CN cybrids”). The mean age of the AD mtDNA
donors was 74±2.0, and for the CN mtDNA donors it was 71±2.2. Seven AD and 5 CN
mtDNA donors were male.
The KU ADRC Neuropathology Core provided frozen frontal cortex obtained from rapid
autopsies of 8 AD and 7 CN KU ADRC clinical cohort decedents. The mean age of the AD
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brain donors was 79±3.3, and for the CN brain donors it was 79±3.5. Five AD and 5 CN
brain donors were male.
All human subjects who donated mtDNA to create cybrid lines provided informed consent.
KU ADRC clinical cohort participants with AD are required to have a study partner and
informed consent was further obtained from each subject’s study partner. For subjects who
donated brains, a separate informed consent was obtained from the donor prior to death and
from the donor’s study partner. All human participation protocols and consents were
approved by the University of Kansas Institutional Review Board.
Cell Culture
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Native human neuronal SH-SY5Y (ρ+) cells, EtBr-treated SH-SY5Y cells, and ρ0 SHSY5Y cells were grown in 25mM glucose Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, 100 μg/mL
sodium pyruvate, and 50 μg/mL uridine. For acute mtDNA depletion, EtBr (Millipore) was
added to the cell culture medium at a concentration of 3 μg/mL. The EtBr-containing
medium was made fresh just prior to treatment and changed daily. Cells were cultured in the
presence of EtBr for 1, 3, or 7 days. Cybrid cell lines were cultured in 5 mM glucose
DMEM supplemented with 10% FBS and 1% penicillin/streptomycin, and the medium was
changed daily.
Cell Differentiation
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We used a staurosporine protocol to differentiate SH-SY5Y cells [20]. Briefly, cells were
cultured in media containing 6 nM staurosporine for 7 days. EtBr treatment occurred during
differentiation, with the 3-day EtBr treatment beginning at differentiation day 4 and the 1day EtBr treatment beginning at differentiation day 6.
Western Blot Immunochemistry
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For whole cell lysate collection cells were seeded at similar confluency in 6-well dishes
(Corning Costar #3516). The following day media was aspirated, cells were washed with
phosphate buffered saline (PBS), and 150 μL radioimmunoprecipitation assay (RIPA) lysis
buffer was added to each well. The RIPA lysis buffer contained 10 mM tris-Cl (pH 8.0), 1
mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, and
140 mM NaCl. Thermo Halt Protease and Phosphatase inhibitor cocktail (Thermo
#1861284) was added just prior to use. Cells were lysed on ice via scraping and lysates were
incubated on ice for 20 minutes. Lysates were then centrifuged at 8,000×g for 10 minutes.
Protein levels were quantified using a BCA assay (Pierce #23225). Samples were boiled at
95°C for 10 minutes in Laemmli buffer. Protein lysates were separated via sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) at a constant voltage in tris/
glycine/SDS running buffer (BioRad #1610772). For most targets, pre-cast 4–15% Criterion
gels were used. 25 μg protein was loaded per sample.
Protein was transferred to 0.45 μM polyvinylidene difluoride (PVDF) membranes (GE
Amersham Hybond #10600023) in tris/glycine transfer buffer (BioRad #1610771)
containing 20% methanol, at a constant current of 400 amps for 1 hour. Membranes were
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blocked for 1 hour at room temperature in 5% dry milk in tris buffered saline with Tween-20
(TBST) or 5% bovine serum albumin (BSA) (Boston BioProducts P-753) in TBST.
Membranes were incubated overnight at 4°C in primary antibody diluted with 5% dry milk
in TBST or 5% BSA in TBST. Membranes were incubated in secondary antibody for 1 hour
at room temperature. Western blots were visualized using Supersignal West Femto
Maximum Sensitivity Substrate (Thermo #34096) on a BioRad Chemidoc XRS+ imager.
Table 1 lists the antibodies used in these studies.
Dot Blot Immunochemistry
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Cells were grown to 95% confluency in 6-well dishes. Media was aspirated and cells were
washed in PBS. Cells were lysed in NP40 buffer: 1% IGEPAL (NP40), 50 mM tris-HCl pH
8.0, 150 mM NaCl, and Halt protease and phosphatase inhibitor cocktail. The protein
extracts were incubated on ice for 20 minutes, then centrifuged at 8,000×g for 10 minutes.
Protein concentration was quantified via BCA assay. Lysates were diluted with water to a
concentration of 0.5 μg/μL.
Brain tissue from the KU ADRC brain bank was lysed in a buffer containing 120 mM NaCl,
50 mM tris pH 8.0, and Halt protease and phosphatase inhibitor cocktail. 1 mL of ice-cold
buffer was used per ~250 mg brain tissue. Samples were lysed by 10 strokes in a glass
Dounce homogenizer. The samples were then centrifuged at 17,000×g for 20 minutes at 4°C
and the resulting supernatant containing soluble protein was collected and used for dot blots.
Prior to loading on a dot blot, protein was quantified via BCA assay and samples were
diluted with water to a concentration of 0.5 μg/μL.

Author Manuscript
Author Manuscript

Our dot blot analysis used the TOC1 antibody (Table 1), which binds a unique tau
conformation associated with soluble tau dimers and slightly larger oligomers [21, 22]; this
study collectively refers to these soluble dimers and larger oligomers as tau oligomers.
TOC1’s recognition of a specific conformational epitope necessitates the use of nondenaturing assays such as dot blots. Samples were loaded on 0.45 μm nitrocellulose
membranes (GE #10600002), with 2 μg of protein lysate loaded per sample. Lysates were
dotted onto the membrane 0.5 μL at a time, allowing samples to dry completely between
applications. The blot was blocked in 5% milk in TBST for 1 hour at room temperature.
Blots were incubated with primary antibody overnight at 4°C. Blots were incubated in
secondary antibody for 1 hour at room temperature. The dot blots were visualized using
SuperSignal West Pico Plus Chemiluminescent Subtrate (Thermo #34580) on a BioRad
Chemidoc XRS+ imager. TOC1 density values were normalized to total protein measured by
Amido Black, or to a density reading obtained with the Tau12 antibody. The Tau12 antibody
recognizes a linear epitope in the amino terminus of tau (amino acids 9–18) and detects both
monomer and oligomer tau [23].
DNA Analyses
Cells were plated in 6 well dishes. Prior to harvest the medium was aspirated and cells were
washed with PBS. Genomic DNA preparation was performed as described previously [24].
The DNA was then quantified and diluted to a concentration of 5 ng/μL.
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To quantify mtDNA:nuclear DNA ratios via quantitative PCR (qPCR), 2 μL of 5 ng/μL DNA
was used per qPCR reaction for a total of 10 ng of DNA per reaction. mtDNA levels were
measured using primers directed against MT-ND1 (forward primer: 5`-CCA CCT CTA GCC
TAG CCG TTT-3`; reverse primer: 5`-TGT TTG GGC TAC TGC TCG C-3`). Nuclear DNA
levels were measured using primers directed against β2M (forward primer: 5`-TGC TGT
CTC CAT GTT TGA TGT ATC-3`; reverse primer: 5`-TCT CTG CTC CCC ACC TCT
AAG T-3`). Cycling parameters were chosen based on the manufacturer’s recommendations
provided with the Powerup SYBR Green Master Mix (Applied Biosystems #A25742). qPCR
reactions were run on an Applied Biosystems Quantstudio 7 Flex using a 384 well plate
(Applied Biosystems #4309849) or an Applied Biosystems StepOne Plus Real Time PCR
system using a 96 well plate (Applied Biosystems #4346906). Relative fold change was
calculated using the ΔΔCt method with β2M serving as the reference gene. We also
performed a previously described assay that determines D-loop cycle thresholds [25].
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RNA Analyses
Cells were seeded in 6-well dishes and grown to 95% confluency. Prior to RNA extraction
the medium was aspirated, and cells were washed with sterile PBS. Cells were solubilized in
500 μL Trizol reagent (Ambion #15596018) and processed as described previously [26]. 1
μg of RNA was loaded for reverse transcription reactions, and cDNA generation was
performed according to the manufacturer’s instructions using 5x iScript reverse transcription
supermix (BioRad #1708840).
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For Taqman-based qPCR, 2 μL of cDNA was used per reaction. We used Taqman primers to
MAPT (Hs00902194_m1), COX4I1 (Hs00971639_m1), NDUFB8 (Hs00428204_m1), and
18s (Hs03003631_g1). Negative control reactions lacking complementary DNA (cDNA)
were included on each plate. qPCR was run on an Applied Biosystems Quantstudio 7 Flex or
Applied Biosystems StepOne Plus Real Time PCR system. Cycling parameters were chosen
based on the manufacturer’s recommendations provided with the Taqman Universal Master
Mix II with UNG (Applied Biosystems #4440038). Relative fold change was calculated
using the ΔΔCt method with 18S serving as the reference gene.
Vmax Assays
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To determine cytochrome c oxidase (COX) Vmax activities cells were grown to 95%
confluency in T75 flasks. After removing the medium and washing with calcium and
magnesium free Hank’s buffered salt solution (HBSS) (Gibco #14025–092), cells were
gently scraped in 8 mL of HBSS and the cell suspension was counted. The cells were
pelleted and resuspended in HBSS at a concentration of 30 million cells per mL. 950 μL 100
mM PBS, pH 7.4 and 20 μL of 10 mg/mL β-maltoside (Sigma #D4641) were added to
cuvettes and warmed to 30°C before taking a blank reading. 30 μL of cell suspension was
added to the cuvette, mixed well, and incubated at 30°C for 2 minutes. Reduced cytochrome
c (Sigma #C7752) was then added to the cuvette using a Hamilton syringe and mixed well.
The absorbance was read at 550 nm at 6 second intervals for 2 minutes. Potassium
ferricyanide crystals (Sigma #702587) were added and the absorbance at 550 nm was
recorded. To measure each sample’s total protein, 5 μL of cell suspension was measured via
BCA assay. The COX activity in sec−1 was calculated by subtracting the blank from the
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absorbance readings, then calculating the log of the absorbance readings and creating a
scatter plot with “Time” as the X axis and “Log (Abs)” as the Y axis. The absolute value of
the slope represented the COX Vmax activity, which was normalized to total protein.
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Citrate synthase activity was measured using the same samples. 936 μL of 100 mM tris pH
8.0, 4 μL of 10% Triton X-100 (Sigma #1002841029), and 10 μL of 10 mM 5,5’dithiobis-(2-nitrobenzoic acid) (DTNB) (Sigma #D8130) were mixed in a cuvette and
warmed to 30°C. A blank reading of this mixture was taken. 30 μL of cell suspension was
added to the cuvette and incubated at 30°C for 2 minutes. 10 μL of 50 mM oxaloacetate
(Sigma #07753), made fresh in 10 mM tris-HCl pH 8.0, and 10 μL of 5 mM acetyl-CoA
(Sigma #A2181) were added to the cuvette and the reaction was mixed well. The absorbance
was read at 412 nm at 6 second intervals for 2 minutes. To calculate CS activity, we plotted
“Time” as the X-axis and “Absorbance minus blank” on the Y-axis. The slope of this line
was multiplied by 60 to get the rate/minute, and then divided by 0.0136 (a constant that
considers the extinction coefficient of the DTNB colorimetric reagent at 412 nm and the
optical path length of the cuvette). The resulting value represented the CS Vmax activity of
the sample in nmol/minute. We normalized CS Vmax activity to total protein.
To determine the complex I Vmax activity, cells were grown to 95% confluency in T180
flasks. After removing the medium and washing with PBS, cells were gently scraped in 8
mL of PBS. Enriched mitochondrial extracts were then prepared and assayed for complex I
activity as described previously [27]. On the day of the assay mitochondrial pellets were
thawed on ice and protein was quantified via BCA assay. 75 μg of the enriched
mitochondrial fraction was loaded per reaction.
Respiration and Glycolysis Flux Analyses
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We used a Seahorse XF96 Analyzer to determine cell respiration (oxygen consumption rate,
OCR) and glycolysis (extracellular acidification rate, ECAR) fluxes. The day before the
assay 40,000 cells were seeded per well in a Seahorse XF96 cell culture plate in 100 μL
complete medium. The next day, assay medium containing 25 mM glucose, 2 mM
glutamine, and 1 mM pyruvate was prepared. The cells were washed twice in assay medium
and brought to a final volume of 180 μL. Plates were degassed at 37°C in a non-CO2
incubator for 45 minutes. Mitochondrial inhibitors were diluted in 3 mL of assay medium to
the following concentrations (10x): oligomycin (Sigma #75351) 10 μM, FCCP (Sigma
#C2920) 0.25 μM, and rotenone (Sigma #R8875) and antimycin A (Sigma #A8674) each to
5 μM. The experiment was run on the Seahorse XF96 analyzer using an extracellular flux
assay kit and following the mitochondrial stress test protocol. Results were normalized to
protein concentration determined via DC protein assay (BioRad).
Cell Cycling, Morphology, and Viability
Cell growth was measured using fluorescent activated cell sorting. Two million cells per
sample were pelleted and resuspended in 1 mL of 0.9% NaCl in water. Cells were then fixed
in cold 90% ethanol for 30 minutes. To prepare a working propidium iodide (Sigma #P4864)
solution, a 500 μg/mL stock was diluted 1:10 in PBS. Cells were resuspended in 1 mL of the
propidium iodide working solution. 100 μL of 1 mg/mL RNase A (DNase-free) (Thermo
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#EN0531) was added and samples were incubated at 37°C for 30 minutes. Samples were
then analyzed using flow cytometry. To assess cellular morphology, cells were seeded in 96
well plates, fixed with 1% paraformaldehyde for 15 minutes, and grayscale images were
taken using a Cytation imaging reader (BioTek) with a 20x objective. Cell viability was
determined by monitoring the conversion of 3-(4,5-dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) to formazan as previously described [28].
Statistical Analyses
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Statistical analyses were conducted using GraphPad Prism. Individual cybrid cell line and
brain tissue values each represent the average of three independent measurements. For
experiments using SH-SY5Y ρ+ and SH-SY5Y ρ0 cells, twelve independent measurements
were performed for each assay except for the respiration and glycolysis flux assays, where
sixteen independent measurements were performed. For experiments in the staurosporinedifferentiated SH-SY5Y cells, six independent measurements were performed. Data were
summarized by means and standard errors (standard error of the mean; SEM). BrownForsythe and Welch one-way ANOVA tests were used to compare groups of three or more
(comparing mtDNA content among ρ+, EtBr-treated, and ρ0 cells; comparing oxygen
consumption data). Welch’s t-test was used for two-group comparisons. P values less than
0.05 were considered statistically significant.

Results
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We used the TOC1 antibody [21] to measure tau oligomer levels in human neuronal SHSY5Y cells treated with EtBr. EtBr, a cationic DNA intercalator, can inhibit mtDNA
replication at concentrations that do not prevent nuclear DNA replication [29]. We found 1,
3, and 7-day exposures to 3 μg/mL EtBr respectively removed approximately 50%, 75%, and
95% of the SH-SY5Y ρ+ cell mtDNA. By comparison SH-SY5Y ρ0 cells originally
generated through a much longer EtBr exposure, which model stable mtDNA depletion
following the removal of EtBr, contained no or essentially no mtDNA (>99.9% reduction)
(Figure 1a). Western blots revealed a concomitant progressive reduction of mtDNA-encoded
mtCO2 protein that was almost complete by EtBr day 7, as well as profound reductions of
the nuclear-encoded NDUFB8 respiratory chain protein that exceeded those of the nuclearencoded COX4I1 protein. ρ0 cells showed a pattern that reflected the 7-day EtBr-treated
cells, as they contained no detectable mtCO2 or NDUFB8 protein, but only slightly less
COX4I1 protein than the parent ρ+ line (Figure 1b). COX4I1 mRNA levels were
comparable in ρ+, EtBr-treated, and ρ0 cells. NDUFB8 mRNA levels did not change with
the acute EtBr exposures but were slightly lower in the ρ0 cells (Figure 1C). By MTT assay
the acutely mtDNA-depleted cells appeared viable throughout and grossly showed at most
subtle morphologic changes (Figure 1d and Figure 1e). The ρ0 cells continued to grow and
divide, although their cell cycle rate was slightly reduced as compared to the parent SHSY5Y line (Figure 1f).
From a functional perspective the 1, 3, and 7-day EtBr exposures progressively decreased
COX Vmax activities by 50%, 76%, and 100% and the complex I Vmax activities by 36%,
62%, and 91%. The CS Vmax did not change during this time. After 3 days of EtBr the
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relative decline in COX activity exceeded the relative decline in complex I activity
(p=0.004), and we again saw this relationship after 7 days of EtBr (p=<0.0001) (Figure 2a).
Oxygen consumption also progressively declined over the course of the EtBr treatment.
Although after 7 days of EtBr the acutely manipulated cells and ρ0 cells both showed
virtually no mitochondrial oxygen consumption, the ECAR was lower in the ρ0 cells than it
was in the 7-day EtBr treated cells (p=0.0002) (Figure 2b). Figure 2c graphically
summarizes metabolic flux patterns in the acute and chronic mtDNA-depleted groups and
indicates energy needs or metabolism fundamentally differ between the chronic and acute
models.
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Tau mRNA levels were comparable across the ρ+, EtBr-treatment, and ρ0 groups (data not
shown). Tau oligomers were unchanged after 1 day of EtBr but rose after 3 and 7 days of the
treatment. TOC1 immunoreactivity increased regardless of whether the values were
normalized to total protein or total tau (Figure 3a). Increased oligomer to total tau ratios
indicates that in addition to containing more tau oligomers, cells undergoing acute mtDNA
depletion shift their monomer to oligomer balance in ways that favor the oligomer forms.
Relative to ρ+ cell lysates, ρ0 cell lysates showed increased tau oligomers when normalized
to total protein, but not when normalized to total tau. This suggests with chronic, total
mtDNA depletion the monomer to oligomer equilibrium reverts to that of the ρ+ state
(Figure 3b).
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A range of kinases and phosphatases regulate tau phosphorylation. For cells undergoing
acute mtDNA depletion one of these, the GSK3β kinase, exhibited increased levels of serine
9 phosphorylation (Figure 4a). Absolute levels of tau serine 199 varied during acute mtDNA
depletion and increased in ρ0 cells (Figure 4b), but total tau levels also changed, and the
ratio of serine 199-phosphorylated to total tau remained constant (Figure 4c).
To independently assess whether mtDNA can impact tau biology, we used the TOC1
antibody to measure tau oligomer levels in cybrid cell lines generated from AD and agematched CN subjects. Normalizing each line’s TOC1 dot blot density to its dot blot total
protein density revealed a 3.6-fold increase in the AD cybrid line mean (p=0.02), and
normalizing each line’s TOC1 dot blot density to its Tau12 total tau density showed a 5.7fold mean increase (p=0.04) (Figure 5a). This pattern reflects that of acutely mtDNAdepleted cells and indicates in addition to containing more tau oligomers, AD cybrid cells
shift their monomer to oligomer balance to favor the oligomer forms. Protein lysates derived
from AD and control autopsy brains showed similar relationships, but with a more robust
14.2-fold increase in the AD brain tau oligomer to total protein ratio, and a more robust 9.3fold increase in the tau oligomer to total tau ratio (Figure 5b).
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Because our EtBr treatment and ρ0 models emphasize mtDNA depletion, we quantified
cybrid line mtDNA levels using primers complementary to mtDNA ND1 and nuclear DNA
β2M sequences. Relative to the CN group, cybrid lines containing mtDNA from AD
subjects displayed a modest but significant 9% reduction in their mean mtDNA content
(Figure 6). We also determined mtDNA D-loop cycle thresholds, which estimates mtDNA
synthesis rates [25], but on this measure group levels were comparable (data not shown).
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We measured tau oligomer levels in differentiated SH-SY5Y cells undergoing acute mtDNA
depletion. Tyrosine hydroxylase protein, a marker of differentiation, increased in
staurosporine-treated SH-SY5Y cells (Figure 7a). EtBr reduced the differentiated cell
mtDNA content, by 40% after 1 day of treatment and by 70% after 3 days (Figure 7b).
Reminiscent of the undifferentiated cells, tau oligomers increased in the mtDNA-depleted
cells and we observed a monomer to oligomer shift (Figure 7b–d).

Discussion
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Mitochondria influence tau biology [7–13]. Here we build on previous reports by
experimentally showing mtDNA-induced mitochondrial dysfunction can both increase tau
oligomer levels and shift the oligomer-monomer equilibrium towards the oligomer state. We
also saw elevated tau oligomers and a pro-oligomer shift in cybrid lines containing AD
subject mtDNA, which supports the observation’s potential AD-relevance.
We specifically considered how acute and chronic mtDNA depletion affects tau biology. Few
mtDNA editing options exist [30], and what to edit for a study of this nature is unclear. On
the other hand, cationic DNA intercalators such as EtBr accomplish rapid mtDNA depletion
while ρ0 cells model chronic depletion. A study from Nagy et al., which reported tanglecontaining neurons lack mtCO2 protein, also informed our decision to evaluate the impact of
mtDNA depletion [31].
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The observed direct correlation between mtDNA content and cell respiration rates seems
straightforward, as does the observed direct correlation between mtDNA content and
mtDNA-encoded mtCO2 protein levels. How mtDNA depletion impacts nuclear encoded
respiratory chain subunits is more complex. Our data certainly suggest mtDNA depletion
affects nuclear-encoded subunit translation or protein degradation more than transcription or
mRNA degradation. A loss of mtDNA-encoded proteins could perturb respiratory chain
stoichiometry and induce an unfolded protein response that degrades nuclear-encoded
subunits [32], or it could trigger an adaptive integrated stress response (ISR) [33].
Regardless, it is unclear why NDUFB8 protein was more sensitive than COX4I1 protein to
acute and chronic mtDNA depletion.
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Based on this and the fact that complex I contains more mtDNA-encoded respiratory chain
subunits than COX, it seems counterintuitive that COX activity in our study was more
sensitive to mtDNA depletion than complex I activity. Our Vmax data therefore suggest
mtDNA-encoded proteins are more critical to COX function than complex I function.
Consistent with this, other studies report COX activity is particularly linked to mtDNA copy
number [34, 35].
Because mtDNA only encodes respiratory chain proteins we suspect mtDNA copy numberrelated factors perturbed the respiratory chain, which initiated an indeterminately long string
of events that eventually affected tau. It is likely one or more of these events were
mitochondria non-autonomous, as the oligomer to total tau ratio increased in the acute but
not the chronic mtDNA depletion model. Important differences exist between these models;
at EtBr day 7 acutely depleted cells show reduced oxygen but preserved glycolysis fluxes,
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while both fluxes are reduced in ρ0 cells. This indicates mtDNA depletion eventually leads
to an adaptative metabolic reprogramming.
Our cybrid analysis independently establishes a role for mtDNA in tau biology and does so
within a clearly AD-relatable context. Cybrid lines generated via transfer of AD subject
mtDNA to ρ0 cells stably model at least some characteristics of AD mitochondria [2, 14,
36]. While the mtDNA in AD cybrids presumably facilitates their ex vivo modelling of AD
mitochondria, the responsible mtDNA characteristics are unclear. Because the mtDNA in
our AD cybrids derives from platelets we suspect inherited variants are critical.
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Multiple studies report AD brains contain less mtDNA than CN brains, or at least less PCRamplifiable mtDNA [37–43]. Blood cells from AD subjects may also contain reduced
mtDNA copy numbers [41]. Our novel finding that AD cybrids collectively contain less
mtDNA than age-matched CN cybrids suggests reduced AD mtDNA levels are determined
at least partly by mtDNA itself, and are not entirely attributable to nuclear factors, classic
AD histopathology phenomena, or neurodegeneration artifact. If correct, the responsible
mtDNA signatures presumably reside within the mtDNA control region that initiates
mtDNA replication. The mtDNA control region shows high inter-individual variability,
varies among mtDNA haplogroups with different AD odds ratios, and in AD brains
accumulates somatic mutations whose burden inversely relates to mtDNA copy number [44–
51].

Author Manuscript

We cannot establish whether reduced AD cybrid mtDNA drives AD cybrid tau changes, or
simply serves as a marker of other responsible mtDNA features. Certainly the 9% reduction
in the mean AD cybrid mtDNA copy level is much smaller than our EtBr-induced acute
reduction, or its complete absence from ρ0 cells. Also, the pattern of tau changes in the
acutely mtDNA-depleted cells more closely reflected the cybrid pattern of tau changes, even
though the cybrids arguably model chronic mtDNA effects more closely than acute mtDNA
effects.
SH-SY5Y neuronal cells express human tau at easily detectable levels but their tau biology
differs from human brain tau biology. Most SH-SY5Y tau exists as the 03NR fetal isoform,
while the adult human brain expresses six isoforms at relatively equal concentrations [15].
SH-SY5Y tau is also phosphorylated at many of the same sites as tau from AD brains [15].
We therefore narrowly conclude mtDNA-determined mitochondrial function can alter tau
homeostasis, and this phenomenon applies in an ex vivo model of AD mitochondrial
dysfunction.
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We saw changes in the state of at least one kinase that phosphorylates tau during acute
mtDNA depletion conditions, and tau phosphorylation at serine 199 changed under acute
and chronic mtDNA depletion conditions. Total tau levels also changed, however, and
proportionally tracked the phosphorylation changes so that the tau serine 199
phosphorylated to unphosphorylated ratio remained constant. We cannot say whether
changes in tau phosphorylation affected tau oligomerization in our models. Multiple
limitations apply to our models, for example SH-SY5Y cells are tumor cells whose tau
protein is heavily phosphorylated at baseline. SH-SY5Y ρ0 cells do not differentiate well

J Alzheimers Dis. Author manuscript; available in PMC 2021 March 16.

Weidling et al.

Page 11

Author Manuscript

and we did not extend our analysis to differentiated cybrid lines, but reminiscent of
undifferentiated SH-SY5Y cells undergoing mtDNA depletion, differentiated cells also
exhibited a clear increase in tau oligomers and a monomer to oligomer shift.
Prior studies from our group and others found evidence of increased cytosolic and
mitochondrial oxidative stress in AD cybrid cell lines [36, 52, 53]. We also previously
reported AD cybrid cell lines decrease their NAD+/NADH ratio [54]. We did not determine
whether oxidative stress or redox shifts contributed to the observed mtDNA-dependent tau
oligomer increase; the exact biophysical drivers in this case remain unclear.
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Parker et al. first identified reduced AD subject COX activity in 1990 and other reports
followed [2, 55–62]. Investigators subsequently applied a cybrid approach to address the
origin of this deficit [36]. Multiple studies concluded mtDNA does contribute, but the
responsible mtDNA signature remains unclear [2, 14, 63, 64]. Data we now present
potentially inform this question. Mitochondrial DNA copy numbers are reduced in AD
cybrids, and COX activity appears particularly sensitive to mtDNA copy number. This
suggests mtDNA control region variants that affect mtDNA replication could account, at
least in part, for low AD COX activity. Overall, we conclude mtDNA influences
mitochondrial function, which in turn can influence tau biology in ways that cause tau
tangles to accumulate in the aging brain and to a greater extent in AD.
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Figure 1. Extent of acute and chronic mtDNA depletion and its effects on respiratory chain
protein and mRNA levels.

Author Manuscript

(A) 1, 3, and 7-day EtBr treatment reduced SH-SY5Y mtDNA levels by approximately 50%,
75%, and 95%. ρ0 cells displayed >99.9% relative mtDNA depletion. (B) Representative
western blots labeled with antibodies recognizing the mtDNA-encoded mtCO2, nuclearencoded COX4I1, and nuclear-encoded NDUFB8 proteins. Actin is included as a loading
control. (C) COX4I1 and NDUFB8 mRNA levels were unaffected by the acute EtBr
treatment, although the NDUFB8 mRNA level was slightly reduced in ρ0 cells. (D) By MTT
assay the acutely mtDNA-depleted cells appeared viable throughout. (E) The acutely
mtDNA-depleted cells grossly showed at most subtle morphologic changes. (F) The ρ0 cell
cycle rate was slightly reduced as compared to the parent SH-SY5Y line. **p<0.01,
***p<0.001, and ****p<0.0001. Error bars represent SEM.
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Figure 2. Effect of mtDNA depletion on mitochondrial enzyme Vmax activities and energy
metabolism fluxes.
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(A) A progressive decline in complex I and COX activities accompanied the progressive
EtBr-induced mtDNA depletion, although after 3 and 7 days of EtBr COX activity fell to a
greater extent than complex I activity. CS activity did not decline during this period. (B) SHSY5Y oxygen consumption rates also tracked mtDNA depletion, and as was the case with
the ρ0 cells the mitochondrial OCR was essentially undetectable by EtBr exposure day 7.
The EtBr-treated cell ECAR fell initially but recovered, and the EtBr exposure day 7 ECAR
exceeded the ρ0 cell ECAR. n=16 per group. (C) Metabolic flux rates for the different
groups; the EtBr day 7 cells and ρ0 cells both showed no or essentially no mitochondrial
oxygen consumption, but the ρ0 cells uniquely lowered their glycolysis flux. *p<0.05,
**p<0.01, ***p<0.001, and ****p<0.0001. Error bars represent SEM.
J Alzheimers Dis. Author manuscript; available in PMC 2021 March 16.

Weidling et al.

Page 17

Author Manuscript
Author Manuscript
Author Manuscript
Figure 3. Acute and chronic mtDNA depletion alters TOC1 staining.
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(A) Representative dot blots of EtBr-treated SH-SY5Y lysates labeled with the TOC1
antibody, the Tau12 antibody, or Amido Black. Each day’s EtBR-treated samples were
compared to control samples simultaneously prepared on that specific day. Densitometry
analysis reveals no change in TOC1 staining after the 1-day EtBr treatment but following 3
and 7 days TOC1 staining increases whether normalized to total protein or total tau. (B)
Representative dot blots of SH-SY5Y ρ+ and ρ0 lysates labeled with the TOC1 antibody, the
Tau12 antibody, or Amido Black. Densitometry analysis reveals a significant increase in
TOC1 staining in ρ0 cells relative to ρ+ cells when normalized to total protein, but not to
total tau. **p<0.01, and ****p<0.0001. Error bars represent SEM.
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Figure 4. Tau phosphorylation in acutely and chronically mtDNA-depleted cells.
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(A) The GSK3β kinase serine 9 phosphorylation level and the serine 9 phosphorylated to
unphosphorylated ratio increased in cells undergoing acute but not chronic mtDNA
depletion. (B) Tau serine 199 phosphorylation levels varied during acute mtDNA depletion
and increased in ρ0 cells. (C) Serine 199 phosphorylated to total tau ratios remained
constant. *p<0.05, ***p<0.001, and ****p<0.0001. Error bars represent SEM.
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Figure 5. TOC1 staining in AD cybrids and AD brains.
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(A) Normalized to total protein or total tau protein AD cybrids show more TOC1 staining
than age-matched CN cybrids. The dot blots shown are actual representative data from a
single experiment. Each datapoint in the graph represents the mean value from three
independent measurements. n=11 per group. (B) Normalized to total protein or total tau
protein AD brains show more TOC1 staining than age-matched brains from CN subjects.
The dot blots shown are actual representative data from a single experiment. Each datapoint
in the graph represents the mean value from three independent measurements. n=8 AD and 7
CN brains. *p<0.05, **p<0.01.
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Figure 6. Cybrid cell line relative mtDNA content.

AD cybrids maintain less mtDNA than CN cybrids; the AD cybrid mtDNA mean was 9%
lower than the CN cybrid mean. Each datapoint in the graph represents the mean value from
three independent measurements. n=11 per group. *p<0.05.
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Figure 7. Acute mtDNA depletion alters TOC1 staining in differentiated SH-SY5Y cells.
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(A) Tyrosine hydroxylase protein, a marker of differentiation, increased in staurosporinetreated SH-SY5Y cells. (B) The amount of mtDNA progressively declined in EtBr-treated
differentiated cells. (C) Dot blots of differentiated SH-SY5Y cell lysates labeled with the
TOC1 antibody, the Tau12 antibody, or Amido Black. Each day’s EtBR-treated samples
were compared to control samples simultaneously prepared on that specific day. (D)
Densitometry analysis reveals after 1 and 3 days of EtBr, TOC1 staining increases when
normalized to total protein. (E) Densitometry analysis reveals after 1 and 3 days of EtBr,
TOC1 staining increases when normalized to total tau protein, indicative of a monomer to
oligomer shift. n=6 per group. *p<0.05, **p<0.01. Error bars represent SEM.
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Antibodies.
Antibody

Dilution

Source

Tau Oligomeric Complex I (TOC1)

1:10,000

Dr. Nicholas Kanaan

Tau12

1:10,000

Dr. T. Chris Gamblin

MtCO2

1:2,000

Abcam (ab79393)

COX4I1

1:5,000

Cell Signaling (CST4850)

NDUFB8

1:1,000

Abcam (ab110242)

β-Actin

1:4,000

Cell Signaling (CST3700)

GSK3β

1:1,000

Cell Signaling (CST9315)

GSK3βser9

1:1,000

Cell Signaling (CST5558)

Tau serine 199 phosphorylation

1:10,000

Abcam (ab81268)
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1:500

Abcam (ab137869)

HRP Conjugated Goat anti-Mouse IgG

Tyrosine Hydroxylase

1:4,000

Invitrogen #A28177

HRP Conjugated Goat anti-Rabbit IgG

1:4,000

Invitrogen #A27036

HRP Conjugated Goat anti-Mouse IgM

1:4,000

Invitrogen #PA84383
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