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ER-mitochondria contacts and cholesterol
metabolism are disrupted by disease-associated
tau protein
Leonora Szabo1,2, Nadia Cummins3 , Paolo Paganetti4,5 , Alex Odermatt6 ,

Andreas Papassotiropoulos1,7 , Celeste Karch8, Jürgen Götz3 , Anne Eckert1,2 &

Amandine Grimm1,2,7,*

Abstract

Abnormal tau protein impairs mitochondrial function, including
transport, dynamics, and bioenergetics. Mitochondria interact with
the endoplasmic reticulum (ER) via mitochondria-associated ER
membranes (MAMs), which coordinate and modulate many cellular
functions, including mitochondrial cholesterol metabolism. Here,
we show that abnormal tau loosens the association between
the ER and mitochondria in vivo and in vitro. Especially, ER-
mitochondria interactions via vesicle-associated membrane
protein-associated protein (VAPB)—protein tyrosine phosphatase-
interacting protein 51 (PTPIP51) are decreased in the presence of
abnormal tau. Disruption of MAMs in cells with abnormal tau alters
the levels of mitochondrial cholesterol and pregnenolone, indicat-
ing that conversion of cholesterol into pregnenolone is impaired.
Opposite effects are observed in the absence of tau. Besides,
targeted metabolomics reveals overall alterations in cholesterol-
related metabolites by tau. The inhibition of GSK3β decreases
abnormal tau hyperphosphorylation and increases VAPB–PTPIP51
interactions, restoring mitochondrial cholesterol and pregnenolone
levels. This study is the first to highlight a link between tau-induced
impairments in the ER-mitochondria interaction and cholesterol
metabolism.
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Introduction

Tauopathies comprise a group of familial and sporadic neurodegen-

erative diseases, including frontotemporal lobar degeneration

(FTLD) and Alzheimer’s disease (AD; Ballatore et al, 2007). They

are characterized by an aberrant intracellular accumulation of neu-

rofibrillary tangles (NFTs) composed of hyperphosphorylated tau

protein (Spillantini & Goedert, 1998). In familial cases of FTLD,

mutations such as P301L have been identified in the tau (MAPT)

gene (Hutton et al, 1998; Poorkaj et al, 1998; Spillantini et al, 1998).

These render tau more susceptible to hyperphosphorylation, favor

dissociation from microtubules, and further convey a greater pro-

pensity in promoting NFT aggregation (von Bergen et al, 2001), sim-

ilarly to what is observed in AD where no MAPT mutations have

been identified (Götz & Ittner, 2008).

Although compelling evidence has related abnormal tau to

neurodegeneration and clinical deficits, the mechanisms underlying

tau-induced neuronal dysfunction and loss are still not entirely

understood. Nonetheless, numerous studies highlight the dysfunc-

tion of mitochondria in tauopathies, and malfunctioning mitochon-

dria are already present at early disease stages, possibly occurring

even before the onset of cognitive impairments (Schmitt et al, 2012;

Wu et al, 2019). In this regard, we recently reviewed the impact of

abnormal tau on mitochondria. Remarkably, aberrantly hyperpho-

sphorylated tau appears to compromise almost every aspect of mito-

chondrial function (Szabo et al, 2020). In particular, previous

findings of our groups demonstrated that abnormal tau disturbs

mitochondrial bioenergetics and dynamics both in vitro and in vivo

(David et al, 2005; Rhein et al, 2009; DuBoff et al, 2012; Schulz

et al, 2012; Grimm et al, 2015). More recently, we reported that

abnormal tau also impairs mitochondrial neurosteroidogenesis

(Grimm et al, 2019). In fact, steroids can be synthesized de novo in
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the brain and are hence termed neurosteroids. For that, cholesterol

is imported into mitochondria and subsequently converted into

pregnenolone, the precursor of all neurosteroids (Porcu et al, 2016).

Pregnenolone and the downstream neuroactive steroids play impor-

tant functions in the nervous system, including in neuroprotection,

neuroplasticity, and memory processes (Lin et al, 2022). We showed

previously that pregnenolone synthesis is decreased in cells bearing

the P301Ltau mutation, but the underlying causes remained

unknown (Grimm et al, 2019).

Strikingly, all the abovementioned alterations observed in mito-

chondrial functions are processes that are also regulated at the inter-

face between mitochondria and the endoplasmic reticulum (ER).

Indeed, mitochondria are closely connected to the ER via

mitochondria-associated ER membranes (MAMs), allowing them to

communicate physically and biochemically (Csord�as et al, 2006).

Accordingly, MAM cross talk is involved in numerous fundamental

metabolic processes (Hayashi et al, 2009), including cholesterol

metabolism, calcium homeostasis, phospholipid metabolism, the

transfer of lipids between these two organelles, and the regulation

of mitochondrial bioenergetics and dynamics (Rusinol et al, 1994;

Vance, 2003; Csord�as et al, 2010; Volgyi et al, 2015). Besides, multi-

ple tethering protein complexes have been revealed to be enriched

at MAMs in order to maintain stable contact sites (Wilson &

Metzakopian, 2021).

Over the last years, potential disturbances of MAMs have drawn

great attention, particularly in connection to neurodegenerative dis-

eases (Paillusson et al, 2016). For instance, several amyloid-β (Aβ)-
related AD models are showing a structurally and functionally

altered ER-mitochondria coupling (Area-Gomez & Schon, 2016;

Fernandes et al, 2021). In contrast, the impact of tau on the ER-

mitochondria axis has so far received limited attention.

Therefore, in the present study, we investigated the impact of

disease-associated tau on MAMs in vitro and in vivo, with a specific

focus on cholesterol homeostasis. We report that abnormal tau

(mutation and depletion of tau) modifies the mitochondrial network

morphology, disrupts the ER-mitochondria interaction, and impairs

the intracellular cholesterol homeostasis with a defective cholesterol

import into mitochondria. Moreover, we demonstrate that both an

artificial MAM tethering (by knocking down mitofusin 2 [MFN2])

and glycogen synthase kinase-3β (GSK3β) inhibition increase the

ER-mitochondria association and thereby rescue the abnormal tau-

induced defects in intramitochondrial cholesterol metabolism.

Results

P301L-tau modifies mitochondrial network morphology and
disrupts the ER-mitochondria association in vivo and in vitro

By crossing P301L-tau transgenic pR5 mice with the mitochondrial

reporter strain mitoCFP, we first studied the impact of P301L-tau on

mitochondrial network morphology and the ER-mitochondria asso-

ciation in neurons specifically in mitoCFP+/P301L+ mice, using

mitoCFP+/P301L� mice as a control (see Fig 1A and Materials and

Methods). P301L+ mice show a pronounced pathology in several

brain areas, including the amygdala and hippocampus. In the amyg-

dala, we observed a significant increase in mitochondrial length,

while in the hippocampus we observed an additional increase in

two other indicators of mitochondrial elongation, the form factor

and area-weighted form factor in mitoCFP+/P301L+ mice compared

with mitoCFP+/P301L� mice (Figs 1B–E and EV1A–E).
To evaluate the ER-mitochondria association in neurons, we

performed a colocalization analysis between the mitoCFP signal

(mitochondria) and the ER marker calnexin in both brain areas

(Figs 1F–I and EV1F). We observed a decreased colocalization in

mitoCFP+/P301L+ mice compared with mitoCFP+/P301L� mice in

both brain areas, indicating a decreased proximity between the

ER and mitochondria in animals expressing abnormal tau (Fig 1G

and I).

We next confirmed these data in vitro. A significant increase in

mitochondrial length, form factor, and area-weighted form factor

was observed in SH-SY5Y cells transfected with green fluorescent

protein (GFP)-tagged P301L-tau when compared to GFP-only trans-

fected cells (wild-type WT-GFP; Figs 2A and B, and EV1G and H,

Movies EV1–EV3). No difference was observed between the WT-

GFP cells and wild-type tau-GFP (wtTau-GFP)-transfected cells

(Figs 2A and B, and EV1G and H). Nonetheless, both wtTau-GFP

and P301L-GFP-transfected cells presented a perinuclear clustering

of mitochondria (Fig 2A and C), suggesting that tau overexpression

affects mitochondrial distribution and the P301L mutation affects in

addition mitochondrial morphology. To visualize and quantify the

ER-mitochondria interaction, we next performed a proximity liga-

tion assay (PLA) between proteins of the outer mitochondrial mem-

brane and the ER membrane at the MAM interface (Fig 2D–I; Tubbs
& Rieusset, 2016). Three different pairs of antibodies targeting MAM

tethers were used: IP3R (inositol triphosphate receptor, ER mem-

brane) together with VDAC (voltage-dependent anion channel, mito-

chondrial membrane), IP3R with GRP75 (glucose-regulated protein

75, mitochondrial membrane), and VAPB (vesicle-associated mem-

brane protein-associated protein, ER membrane) with PTPIP51 (pro-

tein tyrosine phosphatase-interacting protein 51, mitochondrial

membrane; Fig 2D–F). A significant decrease in the number of con-

tact points between the ER and mitochondria was detected for the

three pairs in P301L cells, with the greatest difference observed for

the VAPB–PTPIP51 pair when compared to WT cells (Fig 2G–I).
Interestingly, a decrease in the number of ER-mitochondria contacts

was also observed in wtTau compared with WT cells, but only with

the VAPB–PTPIP51 pair (Fig 2I).

To assess whether tau itself influences mitochondrial network

morphology and ER-mitochondria association, we next compared

CRISPR Cas9-generated tau knockout SH-SY5Y cells (Tau KO) with

WT cells expressing endogenous tau. Strikingly, a decrease in mito-

chondrial length, form factor, and area-weighted form factor was

detected in Tau KO cells when compared to WT cells (Figs 2J and K,

and EV1I and J, Movies EV4 and EV5), but no difference was

observed in the mitochondrial distribution (Fig 2L). Also, different

from what we had observed in tau-transfected cells, a significant

increase in the number of ER-mitochondria contact points was

detected in Tau KO with the three pairs of antibodies, and again, the

greatest difference was observed with the VAPB–PTPIP51 pair

(Fig 2M–R).
To validate our key data in cells expressing endogenous levels of

P301L-tau, we used human induced pluripotent stem cells (iPSCs)

derived from a patient bearing the P301L-tau mutation (iPSC-P301L)

as well as CRISPR/Cas9-corrected wild-type isogenic control cells

(iPSC-WT; Fig 2S–W). Intriguingly, a decrease in mitochondrial
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length, form factor, and area-weighted form factor was detected in

iPSC-P301L when compared to iPSC-WT cells (Figs 2S and T, and

EV1K and L; Movies EV6 and EV7). As observed in P301L-

transfected SH-SY5Y, iPSC-P301L presented a perinuclear clustering

of mitochondria compared with iPSC-WT (Fig 2S and U). Besides, a

significant decrease in the number of ER-mitochondria contact

points was detected in iPSC-P301L with the VAPB–PTPIP51 anti-

body pair (Fig 2V and W).

Taken together, these data demonstrate, on the one hand, that

mitochondrial elongation is increased in P301L-transfected cells,

paralleled with a perinuclear mitochondrial clustering and a

decrease in the ER-mitochondria association. On the other hand,

mitochondrial elongations are decreased in the absence of tau, while

the ER-mitochondria association is increased. Data obtained in

iPSCs suggest that it is the P301L overexpression in SH-SY5Y cells

(mimicking abnormal tau accumulation in tauopathy) that would be

responsible for mitochondrial elongation, while the P301L mutation

per se (in iPSC-P301L) induces mitochondrial fragmentation and dis-

ruption of the ER-mitochondria association.

P301L-tau affects intracellular cholesterol metabolism

To better understand the effects of P301L-tau on the ER-

mitochondria association, we next assessed the expression level of

genes involved in mitochondrial dynamics, ER-mitochondria tether-

ing, as well as calcium and cholesterol homeostasis at the MAMs

(Fig 3A). Strikingly, opposing effects were again observed between

P301L cells and Tau KO cells regarding the expression of most of

the genes investigated by us, with some genes being downregulated

in P301L cells while upregulated in Tau KO cells, and vice versa,

when compared to WT cells (Fig 3B; Table EV1).

Given that genes involved in ER-mitochondria tethering were

either up or downregulated in P301L cells, the disruption of the ER-

mitochondria association observed in these cells could not be solely

Figure 1. Abnormal tau disturbs mitochondrial network morphology and disrupts the ER-mitochondria association in pR5 mice.

A MitoCFP mice, expressing Cyan Fluorescent Protein (CFP) in neuronal mitochondria, crossed with P301L-tau mutant pR5 mice present with abnormal tau hyperpho-
sphorylation (AT180 staining in red) in neurons of the amygdala and the hippocampus (CA1). P301L-tau can be found in the same neurons as those expressing
mitoCFP (in green). Nuclei are labeled with DAPI (in blue). Scale bars amygdala left panel (×10): 500 μm, right panel (×63): 50 μm; Scale bars hippocampus: left panel
(×10): 500 μm, right panel (×63): 50 μm.

B–E (B, D) Representative microscopy images of the mitochondrial network morphology in neurons of the amygdala (B) and the CA1 region of the hippocampus (D) in
mitoCFP+/P301L� mice and mitoCFP+/P301L+ mice. MitoCFP signal is displayed in gray on the images. Cropped images, see Fig EV1A for whole images. Gray scale
bars: 5 μm. (C, E) Mitochondrial length in neurons of the amygdala (C) and in Ca1 (E) of mitoCFP+/P301L� and mitoCFP+/P301L+ mice.

F–I (F, H) Representative microscopy images of the endoplasmic reticulum stained with calnexin (in red) and mitochondria (mitoCFP) in neurons of the amygdala (F)
and Ca1 (H) in mitoCFP+/P301L� and mitoCFP+/P301L+ mice. Cropped images, see Fig EV1F for whole images. White scale bars: 5 μm. (G, I) Colocalization analysis
between calnexin and mitoCFP in neurons of the amygdala (G) and Ca1 (I) of mitoCFP+/P301L� and mitoCFP+/P301L+ mice. The Manders’ overlap coefficients M2 is
represented on the graphs, as it indicates the proportion of overlaps between the mitoCFP signal (channel 2) and calnexin signal (channel 1) relative to the total
pixel intensity of channel 2 (i.e., only in neurons, as mitoCFP is expressed only in these cells).

Data information: Values represent the mean� SEM of n= 11 MitoCFP+/P301L� mice and n = 13 MitoCFP+/P301L+ mice. Each gray open circle represents the mean of 6
technical replicates (data from 6 images) per animal. *P< 0.05, **P< 0.01, Student unpaired t-test.
Source data are available online for this figure.
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explained by changes in mRNA levels of related genes, and probably

involved other mechanisms. Therefore, guided by a previous study

showing that phosphorylated tau can interact with VDAC in human

and mouse brains (Manczak & Reddy, 2012), we performed a PLA

between VDAC and phospho-tau (T231). We observed numerous

contact points in the P301L cells compared with WT cells (Fig EV2A

and B), suggesting that phospho-tau interacts directly with VDAC,

which may disturb the ER-mitochondria associations.

Among the genes that were the most dysregulated in P301L cells

were those involved in cholesterol metabolism and transport at the

MAMs (Fig 3B). Previous studies had shown an accumulation of

cholesterol in neurons affected by tau (Distl et al, 2001; Glöckner &

Ohm, 2014). Interestingly, an important MAM function is the regula-

tion of cholesterol homeostasis (Martin et al, 2014). We therefore

assessed the impact of abnormal tau and tau knockout on choles-

terol metabolism. To do so, we used a targeted metabolomics

approach to compare the profile of cholesterol-related metabolites in

WT, P301L, and tau KO cells. Among 55 metabolites assessed, 17

were above the limit of detection of the assay and were analyzed in

three independent cell cultures per group (Dataset EV1). Principal

component analysis (PCA) revealed distinct alterations in

cholesterol-related metabolite levels in P301L and Tau KO cells ver-

sus WT cells (Fig 3C). Especially, a statistically significant difference

was detected between the three cell lines regarding the levels of the

Figure 2.
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oxysterols 4-beta-Hydroxy-cholesterol (4b-OHC) and cholestenone,

and the secondary bile acids glycochenodeoxycholic acid (GCDCA)

and taurochenodeoxycholic acid (TCDCA; Fig EV2C–E). The partial

least squares-discriminant analysis (PLS-DA) reveals the main

metabolites driving the differences between groups (Fig 3D). Over-

all, cholesterol-related metabolites were decreased in P301L cells

and increased in Tau KO cells when compared to WT cells (Fig 3E).

Interestingly, the cholesterol level seemed to be increased in P301L

cells and decreased in Tau KO cells, although this difference was

not statistically significant (Fig EV2D and E) due to the low repli-

cate number (N= 3/group). We therefore aimed to validate these

data with a higher sample number using a (fluorescence-based)

cholesterol quantitation assay. In line with previous findings

(Glöckner & Ohm, 2014), we observed a significant increase in the

total cholesterol amount in P301L cells compared with WT cells

(Fig 3G). Of note, total cholesterol was also increased in Tau KO

cells. This may be because the cholesterol-related metabolites were

increased in these cells and the cholesterol quantitation assay used

by us cannot discriminate between free cholesterol and other

oxysterol metabolites. Microscopic analysis of Filipin III staining

(cholesterol dye) revealed an increased fluorescence intensity in

P301L cells compared with WT cells (Fig 3H), indicating cholesterol

accumulation in the presence of abnormal tau. Moreover, Filipin III

fluorescence intensity positively correlated with P301L-tau expres-

sion (GFP-tagged P301L-tau, Fig 3I), arguing for an impact of abnor-

mal tau on cellular cholesterol homeostasis. In line with this

finding, total cholesterol levels were increased in brain lysates

of pR5 mice compared with nontransgenic littermate controls

(Fig 3J).

Targeted metabolomics data revealed that the secondary bile

acids GCDCA and TCDCA were decreased in P301L cells and

increased in Tau KO cells when compared to WT cells (Figs 3E and

EV2D). Interestingly, the conversion of cholesterol into secondary

bile acids requires enzymatic steps taking place first in the ER and

then in mitochondria (Fig 3F; Monte et al, 2009). Alterations in sec-

ondary bile acid levels might therefore be linked to defects in the

cholesterol transfer from the ER to mitochondria. Indeed, MAMs

seem to be involved in cholesterol transport to mitochondria (Mar-

tin et al, 2014). When assessing mitochondrial cholesterol levels,

we observed a significant decrease in P301L cells and brain lysates

from pR5 mice (Fig 3K and L) and an increase in Tau KO cells com-

pared with WT cells (Fig 3K). In the brain, cholesterol is the precur-

sor for the biogenesis of neurosteroids, with the first step of

steroidogenesis being the conversion of cholesterol to pregnenolone

in mitochondria (Fig 3F). Therefore, we measured the amount of

pregnenolone (as a readout of intramitochondrial cholesterol

metabolism) that can be easily quantified by enzyme immunoassay.

We observed a significant decrease in pregnenolone levels in P301L

cells compared with WT cells (Fig 3M). Again, these data were

recapitulated in our in vivo model (Fig 3N). On the contrary, preg-

nenolone levels were increased in Tau KO cells when compared to

WT cells (Fig 3M).

◀ Figure 2. Effects of tau on mitochondrial network morphology and the ER-mitochondria association.

A Representative microscopy images (z-projections) of the mitochondrial network stained with TOMM20 in SH-SY5Y cells stably expressing a green fluorescent pro-
tein (GFP)-tagged wild-type form of tau protein (wtTau-GFP), a GFP-tagged P301L mutant form of tau protein (P301L-GFP) or cell expression the GFP only (control
cells=WT-GFP). GFP signal is displayed in gray on the images, TOMM20 signal is in red, and the nuclei are delimited by white dotted lines. See Movies EV1–EV3
for the three-dimensional reconstruction of mitochondrial network of the WT-GFP, wtTau-GFP and P301L-GFP expressing cells.

B, C Mitochondrial length (B) and percentage of mitochondria in the perinuclear area (C) in WT-GFP, wtTau-GFP, and P301L-GFP expressing cells. On average 1,000–
2,500 mitochondrial organelles were analyzed per group (n= 20–25 images per group, 3 independent experiments).

D–F Visualization of the IP3R–VDAC (D), IP3R–GRP75 (E), and VAPB–PTPIP51 (F) interactions by in situ proximity ligation assay (PLA) WT-GFP, wtTau-GFP, and P301L-
GFP expressing cells. Interactions between the two targeted proteins are depicted in red (63X magnification) and cell surfaces are delimited by a white line.

G–I Quantitative analysis of the PLA signal represented as number of contact points between IP3RVDAC (G), IP3R–GRP75 (H), and VAPB–PTPIP51 (I) per cell in
percentage of the WT-GFP cells. In total, 60–75 cells were analyzed per group (5 independent experiments).

J Representative microscopy images (z-projections) of the mitochondrial network stained with TOMM20 in wild-type (WT) SH-SY5Y cells and tau knockout (Tau KO)
SH-SY5Y cells. TOMM20 signal is in red on the images, cell surfaces are delimited by white lines, and nuclei are delimited by white dotted lines. See Movies EV4
and EV5 for the three-dimensional reconstruction of mitochondrial network of the WT and Tau KO cells.

K, L Mitochondrial length (K) and percentage of mitochondria in the perinuclear area (L) in WT cells and Tau KO cells. On average 1,000–2,500 mitochondrial
organelles were analyzed per group (n = 20–25 images per group, 3 independent experiments).

M–O Quantitative analysis of the PLA signal represented as number of contact points between IP3R–VDAC (M), IP3R–GRP75 (N), and VAPB–PTPIP51 (O) per cell in
percentage of the WT cells. In total, 60–75 cells were analyzed per group (3 independent experiments).

P–R Visualization of the IP3R–VDAC (P), IP3R–GRP75 (Q), and VAPB–PTPIP51 (R) interactions by in situ PLA in WT and Tau KO cells. Interactions between the two
targeted proteins are depicted in red (63× magnification) and cell surfaces are delimited by a white line.

S Representative microscopy images (z-projections) of the mitochondrial network stained with TOMM20 in patient-derived induced pluripotent stem cells (iPSC)
bearing a P301L tau mutation (iPSC-P301L) and the corresponding isogenic wild-type cells (iPSC-WT). TOMM20 signal is in red on the images, cell surfaces are
delimited by white lines, and nuclei are delimited by white dotted lines. See Movies EV6 and EV7 for the three-dimensional reconstruction of mitochondrial net-
work of the iPSC-WT and iPSC-P301L.

T, U Mitochondrial length (T) and percentage of mitochondria in the perinuclear area (U) in iPSC-WT cells and iPSC-P301L. On average 1,000–2,500 mitochondrial
organelles were analyzed per group (n = 51 cells per group, 3 independent experiments).

V Visualization of the VAPB–PTPIP51 interactions by in situ PLA in iPSC-WT cells and iPSC-P301L. Interactions between the two targeted proteins are depicted in red
(63× magnification) and cell surfaces are delimited by a white line.

W Quantitative analysis of the PLA signal represented as number of contact points between VAPB–PTPIP51 per cell in percentage of the iPSC-WT cells. In total, 45
cells were analyzed per group (3 independent experiments).

Data information: Data are presented as mean� SEM. White scale bars: 20 μm. B, C, G–I *P< 0.05, **P< 0.01, ***P< 0.001; One-way ANOVA + Tukey’s post hoc test. K–
O, T–U, W *P< 0.05, ***P< 0.001; Student unpaired t-test. GRP75: glucose-regulated protein 75; IP3R: inositol trisphosphate receptor; PTPIP51: protein tyrosine
phosphatase-interacting protein 51; TOMM20: translocase of the outer mitochondrial membrane complex subunit 20; VAPB: vesicle-associated membrane protein-
associated protein B; VDAC: voltage-dependent anion channel.
Source data are available online for this figure.
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Figure 3.
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To validate our findings, key experiments were performed in

iPSC-P301L versus iPSC-WT (Fig 3O–Q). Total cholesterol, mito-

chondrial cholesterol, and pregnenolone were all decreased in iPSC-

P301L when compared to iPSC-WT. These data confirm that P301L-

tau impairs cholesterol transport to mitochondria and its conversion

to pregnenolone. Cholesterol accumulation in P301L SH-SY5Y cells

could rather be due to P301L overexpression, which mimics abnor-

mal tau accumulation in tauopathy. Besides, data obtained in Tau

KO cells suggest that tau may per se play a role in cholesterol

homeostasis and transfer to mitochondria.

P301L-tau impairs intracellular cholesterol distribution

To confirm our data on the altered mitochondrial cholesterol levels

in P301L cells, we performed a deep colocalization analysis between

Filipin III staining and mitochondrial staining (TOMM20: translo-

case of the outer mitochondrial membrane complex subunit 20)

using the Manders’ overlap coefficients M1 and M2 (see also Mate-

rials and Methods). A significant decrease in the overlap between

cholesterol staining and TOMM20 was observed in SH-SY5Y P301L

cells (Fig 4A–C), confirming decreased cholesterol in mitochondria.

◀ Figure 3. Abnormal tau impairs intracellular cholesterol metabolism.

A Schematic representation of the mitochondria-associated endoplasmic reticulum (ER) membranes (MAMs) showing the proteins of interest in our study. Two
important MAM functions are depicted: the transfer of calcium from the ER to mitochondria via IP3R and VDAC, as well as cholesterol transfer from the ER to mito-
chondria for conversion into pregnenolone.

B Study of the impact of tau on the mRNA level of MAM proteins using quantitative real-time PCR analysis of gene expression. The heat map depicts the fold
changes in mRNA expression in P301L-transfected SH-SY5Y cells and in tau knockout (Tau KO) SH-SY5Y cells as percentage of the WT cells. Red colors represent an
upregulation of gene expression, while blue colors represent a downregulation. The corresponding values can be found in Table EV1. *P< 0.05, **P< 0.01, ***P<
0.001; Student unpaired t-test P301L versus WT, or Tau KO versus WT, n = 6–12 replicates/group (3 independent experiments).

C Principal component analysis of cholesterol-related metabolites in wild-type (WT, in blue), Tau KO (in green), and P301L-expressing SH-SY5Y cells (in red): scores
plot between the selected principal component 1 and 2. Each colored dot represents one sample (3 independent cell cultures per group).

D Important features identified by partial least squares-discriminant analysis (PLS-DA). The colored boxes on the right indicate the relative concentrations of the
corresponding metabolite in WT, Tau KO, and P301L cells. Dots represent the variable importance in projection (VIP) score for each metabolite identified by PLS-DA.

E Clustering result of cholesterol metabolites shown as heat map (distance measure using Euclidean, and clustering algorithm using ward.D).
F Simplified representation of cholesterol metabolic pathways highlighted in the present study. Enzymes written in violet are located in the ER, while those in green

are located in mitochondria.
G Quantification of total cholesterol levels in cell lysates from WT, P301L, and Tau KO cells.
H Mean fluorescence intensity (MFI) of the Filipin III (cholesterol) staining in WT and P301L cells. Data are presented as mean� SEM of n= 70–90 cells per group (3

independent experiments).
I Correlation between Filipin III fluorescence intensity (in ordinate) and GFP fluorescence intensity (in abscissa) in GFP-tagged P301L cells. Each dot represents one

P301L cell. Simple linear regression, Pearson R squared= 0.459, P< 0.01.
J Quantification of total cholesterol levels in brain preparations from wild-type (WT) and pR5 (P301L) mice.
K–N Mitochondrial cholesterol levels (K, L) and pregnenolone levels (M, N) in WT, P301L and Tau KO cells (K, M) and in brain preparations from WT and pR5 mice (L, N).
O–Q Quantification of total cholesterol levels (O), mitochondrial cholesterol levels (P) and pregnenolone levels (Q) in patient-derived induced pluripotent stem cells

(iPSC) bearing a P301L tau mutation (iPSC-P301L) and the corresponding isogenic wild-type cells (iPSC-WT). (C–E) Graphs were generated on Metaboanalyst.ca.

Data information: (G, K, M) Data are presented as mean� SEM of n= 12–18 replicates per group (4 independent experiments) in percentage of the WT cells. *P< 0.05,
***P< 0.001; One-way ANOVA + Tukey’s post hoc test. (J, L, N) Data are presented as mean� SEM of n= 6 WT and n = 5 pR5 mice with 2 technical replicates per animal.
*P< 0.05, **P< 0.01, Student unpaired t-test. (O–Q) Data are presented as mean� SEM of n = 27 replicates/group (O), n= 9 replicates/group (P) and n= 18 replicates/
group (Q). *P< 0.05, ***P< 0.001, Student unpaired t-test. Abbreviations (A, B): ATAD3, ATPase family AAA domain-containing protein 3; BAP31, b-cell receptor-associated
protein 31; CALNX, calnexin; CypD, cyclophilin D; DRP1, dynamin-related protein 1; ER, endoplasmic reticulum; FACL4, fatty-acid-coenzyme A ligase, Long-Chain 4; FIS1,
fission protein 1; GRP75, glucose-regulated protein 75; IP3R, inositol trisphosphate receptor; MFN1, mitofusin 1; MFN2, mitofusin 2; OPA1, optic atrophy 1; P450scc, cho-
lesterol side-chain cleavage cytochrome P450; PACS2, phosphofurin acidic cluster sorting protein 2; PTPIP51, protein tyrosine phosphatase-interacting protein 51; SOAT1,
sterol o-acyltransferase 1; StAR, steroidogenic acute regulator protein; TSPO, translocator protein; VAPB, vesicle-associated membrane protein-associated protein B; VDAC,
voltage-dependent anion channel; σ1R, sigma 1 receptor. Abbreviations (D–F): 24/25-EC: 24,25-Epoxycholesterol; 24-DHLan: 24,25-Dihydro-lanosterol; 24S-OHC: 24S-
Hydroxy-cholesterol; 4b-OHC: 4-beta-Hydroxy-cholesterol; 5a6a-EC: 5-alpha,6-alpha-Epoxycholesterol; 5b6b-EC: 5-beta,6-beta-Epoxycholesterol; 7DC: 7-
Dehydrocholesterol; 7a-OHC: 7-alpha-Hydroxy-cholesterol; 7b-OHC: 7-beta-Hydroxy-cholesterol; 7KC: 7-Ketocholesterol; C4(7a): 7-alpha-Hydroxy-cholestenone; Chol.:
Cholesterol; Cnone: Cholestenone; Cyp11A1: Cytochrome P450 Family 11 Subfamily A Member 1; Cyp27A1: Cytochrome P450 Family 27 Subfamily A Member 1; Cyp3A4:
Cytochrome P450 Family 3 Subfamily A Member 4; Cyp7A1: Cytochrome P450 Family 7 Subfamily A Member 1; Dhcr7: 7-dehydrocholesterol reductase; GCDCA: Glycoche-
nodeoxycholic acid; HSD3B7: 3 beta-hydroxysteroid dehydrogenase type 7; Lan: Lanosterol; TCDCA: Taurochenodeoxycholic acid; THC: 5-alpha,6-beta-
Dihydroxycholestanol.
Source data are available online for this figure.

▸Figure 4. Abnormal tau impairs intracellular cholesterol distribution.

A–R (A, D, G, J, M, P) Representative microscopy images (z-projections) of co-staining with Filipin III (cholesterol) in green and (A) TOMM20 (mitochondria), (D) ER-RFP
(endoplasmic reticulum), (G) GM130 (Golgi apparatus), (J) EEA1 (endosomes), (M) LipidSpot (lipid droplets), or (P) M6PR (lysosomes) in red with xy- and xz-axis
orthogonal views framing the corresponding image. (B–C, E–F, H–I, K–L, N–O, Q–R) Manders’ coefficients M1 representing the proportion of Filipin III overlapping
with (B) TOMM20, (E) ER-RFP, (H) GM130, (K) EEA1, (N) LipidSpot or (Q) M6PR, and M2 representing the proportion of (C) TOMM20, (F) ER-RFP, (I) GM130, (L) EEA1,
(O) LipidSpot or (R) M6PR overlapping with Filipin III in wild-type (WT) versus P301L cells.

Data information: Data are presented as mean� SEM (n = 40–90 images per group, 3–4 independent experiments). *P< 0.05, **P< 0.01, ***P< 0.001; Student unpaired
t-test. White scale bars: 10 μm. EEA1, early endosome antigen 1; ER-RFP, endoplasmic reticulum red fluorescent protein; GM130, Golgi matrix protein 130; M6DR,
mannose-6-phosphate receptor; TOMM20, translocase of the outer mitochondrial membrane complex subunit 20.
Source data are available online for this figure.

� 2023 The Authors EMBO reports e57499 | 2023 7 of 26

Leonora Szabo et al EMBO reports

 14693178, 0, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

br.202357499 by Schw
eizerische A

kadem
ie D

er, W
iley O

nline L
ibrary on [05/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Figure 4.

8 of 26 EMBO reports e57499 | 2023 � 2023 The Authors

EMBO reports Leonora Szabo et al

 14693178, 0, D
ow

nloaded from
 https://w

w
w

.em
bopress.org/doi/10.15252/em

br.202357499 by Schw
eizerische A

kadem
ie D

er, W
iley O

nline L
ibrary on [05/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Conversely, an increased overlap between Filipin III and TOMM20

was observed in Tau KO cells compared with WT cells (Fig EV3A–C).
Because the ER-mitochondria interaction, a coupling that medi-

ates cholesterol transfer to mitochondria, is disrupted in P301L cells,

we next analyzed the colocalization between the Filipin III staining

and the ER (using an ER-red fluorescent protein as ER marker).

Strikingly, P301L cells presented a higher overlapping coefficient

than WT cells, indicating a higher cholesterol amount in the ER

compared with WT cells (Fig 4D–F).
Using the same approach as above, we also verified whether cho-

lesterol was accumulating in other cellular compartments. No differ-

ences were detected between P301L and WT cells regarding the

colocalization between the cholesterol staining and Golgi apparatus

(GM130: Golgi matrix protein 130) or the endosomes (EEA1: Early

Endosome Antigen 1; Fig 4G–L). A lower overlapping coefficient

was measured between the cholesterol staining and the lipid droplet

staining (LipidSpot) in P301L cells, suggesting that cholesterol is not

accumulating in lipid droplets (Fig 4M–O). Finally, the overlapping

coefficient measured between cholesterol staining and the lysosome

staining (M6PR: mannose-6-phosphate receptor) was increased only

in the Filipin III channel (coefficient M1) but not in the M6PR chan-

nel (coefficient M2; Fig 4P–R). This suggests that a higher propor-

tion of cholesterol locates to lysosomes in P301L cells when

compared to WT cells.

Taken together, these data indicate that cholesterol accumulates

in abnormal tau-bearing neurons. This accumulation appears to

result from reduced mitochondrial cholesterol in the presence of

abnormal tau, which leads to a decrease in pregnenolone synthesis

and accumulation of cholesterol in the ER and lysosomes. We pro-

pose that this defect in cholesterol transport to mitochondria is due,

at least in part, to the P301L-induced disruption of the ER-

mitochondria association.

An increase in the ER-mitochondria association restores
mitochondrial cholesterol transfer in disease-associated
tau-bearing cells

To verify our latest assumption, we asked whether an artificial

increase in the ER-mitochondria association would influence the

transfer of cholesterol from the ER to mitochondria in P301L cells.

To do so, we used a siRNA-mediated knockdown (KD) of mitofusin

2 (MFN2; Filadi et al, 2015). The number of contact points between

the MAM tethers VAPB and PTPIP51 was significantly increased in

MFN2 siRNA-transfected WT and P301L cells compared with P301L

and WT cells transfected with the control (Ctrl) siRNA (Fig 5A and

B). Of note, a similar increase in VAPB–PTPIP51 contacts was

observed in MFN2 KD Tau KO cells (Fig EV3D and E).

Regarding the overlap between the Filipin III staining and

TOMM20, we observed a significant increase in MFN2 KD cells (WT

and P301L) compared with Ctrl siRNA-transfected cells (Fig 5C, E

and F). The colocalization between the Filipin III staining and ER-

RFP was significantly decreased only in MFN2 KD P301L cells

(Fig 5D, G and H). Given that MFN2 is involved in mitochondrial

fusion, we also assessed the impact of the MFN2 KD on mitochon-

drial network morphology. As expected, a significant decrease in

mitochondrial length, form factor, and area-weighted form factor

was measured in P301L cells+MFN2 siRNA versus P301L cells+ Ctrl

siRNA (Figs 5I and EV3F and G), indicating a decrease in mitochon-

drial elongation. Only the form factor was significantly decreased in

MFN2 KD WT cells compared with Ctrl siRNA-transfected cells

(Fig EV3F and G). In addition, we observed a slight but significant

increase in pregnenolone in P301L cells +MFN2 siRNA (Fig 5J), indi-

cating that the increase of ER-mitochondria association via MFN2 KD

can partially restore pregnenolone synthesis in P301L cells. No signif-

icant difference between MFN2 siRNA and Ctrl siRNA-transfected

WT cells was observed regarding pregnenolone level.

GSK3β inhibition restores ER-mitochondria interactions and
intramitochondrial cholesterol metabolism in P301L-tau
expressing cells

Glycogen synthase kinase-3β (GSK3β) is one of the key enzymes

involved in abnormal tau hyperphosphorylation (Grimm, 2021).

GSK3β activation has also been shown to disrupt the binding of

VAPB to PTPIP51, reducing the ER-mitochondria coupling in a

model of amyotrophic lateral sclerosis and frontotemporal dementia

(ALS/FTD; Stoica et al, 2014). Therefore, we next assessed whether

GSK3β inhibition would increase the ER-mitochondria interaction

▸Figure 5. Increase of ER-mitochondria association counterbalances the effects of abnormal tau on mitochondrial cholesterol transfer.

A Visualization of the VAPB–PTPIP51 interactions by in situ proximity ligation assays (PLAs) in wild-type (WT) cells and P301L cells transfected with the control (Ctrl)
siRNA, as well as in MFN2 siRNA-transfected cells. Interactions between the two targeted proteins are depicted in red (63× magnification) and cell surfaces are
delimited by a white line. White scale bars: 20 μm.

B Quantitative analysis of the PLA signal represented as number of contact points between VAPB–PTPIP51 per cell in percentage of the WT cells. In total, 60 cells
were analyzed per group (4 independent experiments).

C, D Representative microscopy images (z-projections) of co-staining with Filipin III in green and (C) TOMM20 (mitochondria) or (D) ER-RFP (endoplasmic reticulum) in
red with xy- and xz-axis orthogonal views framing the corresponding image. White scale bars: 10 μm.

E–H Manders’ coefficient M1 representing the proportion of Filipin III overlapping with (E) TOMM20 or (G) ER-RFP, and M2 representing the proportion of (F) TOMM20
or (H) ER-RFP, overlapping with Filipin III. In total, 20–60 cells were analyzed per group (4 independent experiments).

I Mitochondrial length in percentage of the WT cells. On average 500–1,500 mitochondrial organelles were analyzed per group (n = 15–20 images per group, 2
independent experiments);

J Quantification of pregnenolone levels in Ctrl siRNA-transfected WT cells and P301L cells as well as in MFN2 siRNA-transfected WT and P301L cells. Data are
presented as mean� SEM of n = 12–16 replicates per group (4 independent experiments) in percentage of the WT cells.

Data information: (B, E–J) Data are presented as mean� SEM. *P< 0.05, **P< 0.01, ***P< 0.001; One-way ANOVA + Tukey’s post hoc test. ER-RFP, endoplasmic reticulum
red fluorescent protein; PTPIP51, protein tyrosine phosphatase-interacting protein 51; TOMM20, translocase of the outer mitochondrial membrane complex subunit 20;
VAPB, vesicle-associated membrane protein-associated protein B.
Source data are available online for this figure.
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and restore the transfer of cholesterol from the ER to mitochondria

that is disrupted by abnormal tau.

GSK3β inhibition (using CHIR99021) significantly decreased tau

phosphorylation at serine 202/threonine 205 (AT8 epitope) and

threonine 231 (AT180 epitope) in P301L cells (Fig 6A–D). In paral-

lel, CHIR99021 treatment normalized the number of contacts

between VAPB and PTPIP51 in P301L cells to those observed in the

WT cells (Fig 6E and F). Intriguingly, the number of VAPB–PTPIP51
contacts was decreased in CHIR99021-treated WT cells when com-

pared to untreated cells (Fig 6E and F). The same observation was

made in Tau KO cells, which showed a decreased VAPB–PTPIP51
association after CHIR99021 treatment (Fig EV3H and I). This sug-

gests that distinct pathways may influence the ER-mitochondria

association when abnormal tau is overexpressed in cells, or when

tau is expressed at endogenous levels, or completely ablated.

Similar to the effect of MFN2 KD, GSK3β inhibition also normal-

ized cholesterol levels in mitochondria and the ER in P301L cells to

those found in WT cells (Fig 6G–L). No effects of CHIR99021 were

observed in WT cells with regard to cholesterol localization in the

ER and mitochondria (Fig 6G–L).
Regarding mitochondrial network morphology, we only observed

a trend to a decrease in mitochondrial length, form factor, and area-

weighted form factor between CHIR-treated P301L cells and vehicle-

treated P301L (Figs 6M and EV3J and K). Of note, we also did not

detect a significant difference between WT cells and CHIR-treated

P301L cells on parameters of the mitochondrial network morphol-

ogy, indicating that GSK3β inhibition slightly alleviated the impact

of abnormal tau on mitochondrial dynamics. GSK3β inhibition

showed no effect on mitochondrial morphology in WT cells

(Figs 6M and EV3J and K).

Nevertheless, treatment with CHIR99021 significantly increased

pregnenolone levels in P301L cells compared with vehicle-treated

P301L cells (Fig 6N). Again, no effect was observed in CHIR99021-

treated WT cells. Targeted metabolomics revealed an overall

increase in cholesterol-related metabolites after treatment of P301L

cells with CHIR99021 (Fig EV3L), in particular a significant increase

in the level of the secondary bile acids GCDCA and TCDCA

(Fig EV3M and N). This suggests that GSK3β inhibition can, at least

partially, restore cholesterol metabolism in the P301L cells.

Finally, we asked whether CHIR99021 would improve the viabil-

ity of P301L cells. Indeed, P301L cells present a decreased cell via-

bility (�30%) compared with WT cells (Fig 6O). CHIR99021

increased the viability of P301L cells (+35%) and, to a lower extent,

of WT cells (+7%).

Together, these data revealed that GSK3β inhibition decreased

abnormal tau phosphorylation and increased ER-mitochondria inter-

action in P301L cells, thereby restoring the transfer of cholesterol

between both organelles and thus pregnenolone synthesis. The

increase of P301L cell viability, observed after GSK3β inhibition,

might therefore be due, in part, to a reduction in tau phosphoryla-

tion or an increase of pregnenolone that has neuroprotective proper-

ties, or a combination of both mechanisms.

Discussion

Our previous studies had shown that P301L-tau impairs mitochon-

dria bioenergetics, dynamics, and mitophagy in vitro and in vivo.

Specifically, P301L-tau inhibits mitochondrial complex I activity,

decreases mitochondrial respiration, and reduces adenosine triphos-

phate (ATP) levels and the mitochondrial membrane potential,

while the production of reactive oxygen species (ROS) is increased

(David et al, 2005; Rhein et al, 2009; Schulz et al, 2012; Grimm

et al, 2015). P301L-tau also inhibits mitophagy by sequestering the

key mitophagy protein Parkin in the cytosol (Cummins et al, 2018).

Moreover, disease-associated tau increases actin stabilization, lead-

ing to dynamin-related protein 1 (DRP1) mislocalization, which pro-

motes excessive mitochondrial elongation (DuBoff et al, 2012), and

further clusters mitochondria around the nucleus (Schulz

et al, 2012). In the present study, we showed that neuronal mito-

chondria are indeed more elongated in the amygdala and hippocam-

pus (Ca1) of pR5 mice compared with WT littermates. This

▸Figure 6. GSK3β inhibition restores ER-mitochondria interactions and intramitochondrial cholesterol metabolism disrupted by abnormal tau.

A–D (A, C) Representative microscopy images (z-projections) of tau phosphorylation using (A) AT8 and (C) AT180 antibodies (in red) in GFP-tagged P301L cells (GFP signal
in gray) treated for 24 h with CHIR99021 (CHIR; right) and untreated cells (left). White scale bars: 25 μm. (B, D) Quantification of (B) AT8 and (D) AT180 staining fluo-
rescence intensity. Data are presented as mean� SEM of n = 50–60 cells per group (4 independent experiments). ***P< 0.001; Student unpaired t-test.

E Visualization of the VAPB–PTPIP51 interactions by in situ proximity ligation assay (PLA) in untreated wild-type (WT) cells and P301L cells as well as in CHIR-treated
cells. Interactions between the two targeted proteins are depicted in red (63X magnification) and cell surfaces are delimited by a white line. White scale bars: 20 μ
m.

F Quantitative analysis of the PLA signal represented as number of contact points between VAPB–PTPIP51 per cell in percentage of the WT cells. In total, 60 cells
were analyzed per group (4 independent experiments).

G, H Representative microscopy images (z-projections) of co-staining with Filipin III in green and (G) TOMM20 (mitochondria) or (H) ER-RFP (endoplasmic reticulum) in
red with xy- and xz-axis orthogonal views framing the corresponding image. White scale bars: 10 μm.

I–L Manders’ coefficients M1 representing the proportion of Filipin III overlapping with (I) TOMM20 or (K) ER-RFP, and M2 representing the proportion of (J) TOMM20
or (L) ER-RFP, overlapping with Filipin III in untreated WT cells and P301L cells as well as in CHIR-treated cells. In total, 35–75 cells were analyzed per group (4
independent experiments).

M Mitochondrial length in percentage of the WT cells. On average 500–1,500 mitochondrial organelles were analyzed per group (n= 15–20 images per group, 2
independent experiments).

N Quantification of pregnenolone levels in WT cells and P301L cells as well as in CHIR-treated cells. Data are presented as mean� SEM of n= 16–20 replicates per
group (4 independent experiments) in percentage of the WT cells.

O Assessment of cell viability in WT cells and P301L cells as well as in CHIR-treated cells.

Data information: Data are presented as mean� SEM of n= 50 replicates per group (5 independent experiments) in percentage of the WT cells. (F, I–O) * P< 0.05, ** P<
0.01, ***P< 0.001; One-way ANOVA + Tukey’s post hoc test. ER-RFP, endoplasmic reticulum red fluorescent protein; PTPIP51, protein tyrosine phosphatase-interacting
protein 51; TOMM20, translocase of the outer mitochondrial membrane complex subunit 20; VAPB, vesicle-associated membrane protein-associated protein B.
Source data are available online for this figure.
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observation was also demonstrated in vitro, with P301L-

overexpressing cells showing an increase in mitochondrial length

and a perinuclear clustering of mitochondria. On the contrary, Tau

KO cells and iPSC-P301L showed a more fragmented mitochondrial

network, suggesting that the absence of tau or the presence of path-

ological tau at endogenous levels differently impacts mitochondrial

shape. Indeed, P301L-tau overexpression rather mimics the accumu-

lation of pathological tau, which may lead to the disruption of the

physical association of mitochondria and the mitochondrial fusion

protein dynamin-related protein 1 (DRP1), leading to mitochondrial

elongation, as previously described (DuBoff et al, 2012).

Because abnormal tau impacts mitochondrial dynamics by

disturbing mitochondrial shaping proteins (DuBoff et al, 2012; Li

et al, 2016), and as these proteins are also involved in the ER-

mitochondria coupling, we decided to investigate the impact of

disease-associated tau on the MAMs. Indeed, increasing evidence

shows the involvement of MAMs in different human pathologies,

including neurodegenerative disorders (Pinton, 2018). To date, Aβ
has received the bulk of attention regarding MAMs dysfunction in

AD (Area-Gomez et al, 2018), while studies focusing on tau are still

scarce. In the present study, we demonstrate that abnormal tau

interferes with ER-mitochondria associations, leading to a decreased

transfer of cholesterol from the ER to mitochondria, and a decrease

in pregnenolone production.

Regarding the effects of abnormal tau on the MAMs, our findings

differ from previous studies, which may be due to differences in the

experimental model and the way how the ER-mitochondria contact

points were quantified. For example, by using electron microscopy,

Perreault et al (2009) showed an increase in the ER-mitochondria

association in the spinal cord of JNPL3 mice expressing the same

(P301L) mutation but under the control of the mouse prion pro-

moter, that is expressed in glia and neurons, with the mice develop-

ing a very pronounced early motor phenotype. In contrast, we used

a colocalization analysis that focused on the hippocampus and

amygdala which are two brain regions heavily affected in pR5 mice

that express the P301L mutation under the control of the murine

Thy1 promoter and develop more subtle age-related cognitive

impairments. Likewise, Cieri et al (2018) showed that truncated tau

(2N4RΔC20) increases short ER-mitochondria interactions coupled

with calcium dyshomeostasis. They used a split-GFP-based sensor

(SPLICS) expressed in Hela cells to assess the ER-mitochondria

interactions in the short (8–10 nm) and long (40–50 nm) range,

while we applied a PLA approach (detecting protein–protein interac-

tion at distances < 40 nm) in SH-SY5Y cells. Apart from differences

in the technical approach, these findings suggest also that the effects

of tau on the MAMs may differ depending on the tissue that is being

investigated (hippocampus/amygdala versus spinal cord).

In support of our findings, by using PLAs with a total of three dif-

ferent pairs of proteins involved in the ER-mitochondria interaction

(IP3R–VDAC, IP3R–GRP75, and VAPB–PTPIP51), we revealed that

the ER-mitochondria association is strongly decreased in P301L-

expressing cells compared with control cells, at least via these

markers. Of note, alterations in mitochondrial distribution and ER-

mitochondria contacts were also observed in wtTau cells, albeit to a

lesser extent. As observed in previous studies, the effects of elevated

tau levels are exacerbated in the presence of FTD-associated tau

mutations (Cummins et al, 2018; Evans et al, 2021). That tau has a

direct impact on MAMs is supported by our finding, as we observed

the exact opposite effect in Tau KO cells. Besides, data obtained in

patient-derived iPSCs bearing the P301L-tau mutation, hence expres-

sing endogenous levels of tau, suggested that the disruption of the

ER-mitochondria contacts is due to the P301L mutation and not to

P301L-tau overexpression. Finally, the artificial tethering of the

MAMs under MFN2 KD conditions completely restored the number

of ER-mitochondria contact points in P301L cells to a level found in

control cells, indicating that it is indeed possible to modulate the

impact of tau on the MAMs.

Because cholesterol is enriched at the ER-mitochondria contact

sites, MAMs have been suggested to be important hubs for choles-

terol synthesis and metabolism (Hayashi et al, 2009). Besides, the

transfer of cholesterol from the ER to mitochondria is important for

the synthesis of cholesterol-derived metabolites, including steroids

and secondary bile acids (Martin et al, 2014). We therefore assessed

whether tau had an impact on cholesterol homeostasis and transport

from the ER to mitochondria. Targeted metabolomics data obtained

in Tau KO cells revealed that the absence of tau deeply affects cho-

lesterol levels and metabolism, suggesting that tau per se influences

cellular cholesterol homeostasis. In P301L cells, cholesterol seems

to accumulate, and cholesterol-related metabolites were overall

reduced. Especially, the secondary bile acids GCDCA and TCDCA,

whose synthesis requires enzymatic steps first in the ER and then in

mitochondria, were significantly decreased in P301L cells compared

with WT cells. Accordingly, levels of pregnenolone levels, whose

synthesis requires the transfer of cholesterol within mitochondria,

were also decreased in P301L cells and pR5 mice. These new data

support those obtained in a previous study in which we reported

that P301L-tau affects pregnenolone level by impacting its synthesis

(Grimm et al, 2019). Indeed, the downstream conversion of preg-

nenolone was blocked by the addition of trilostane and abiraterone,

which inhibits the conversion of pregnenolone into progesterone or

dehydroepiandrosterone, respectively. Therefore, compared with

the wild-type cells, the decrease in pregnenolone level measured in

P301L cells was due to a decrease in pregnenolone synthesis and

not a rapid conversion to other steroids. In line, lower neurosteroid

levels were observed in the brains of demented patients (postmor-

tem analysis). Namely, reduced levels of pregnenolone, as well as

other neurosteroids, were found in the hippocampus, amygdala,

and frontal cortex, which were negatively correlated with the occur-

rence of NFTs (Weill-Engerer et al, 2002; Schumacher et al, 2003).

Interestingly, impairments in neuronal cholesterol homeostasis have

been demonstrated in different tauopathies, as evidenced by an

accumulation of cholesterol in neurons bearing tau aggregates (Distl

et al, 2001, 2003; Glöckner & Ohm, 2014). Of note, this effect was

independent of the apolipoprotein E (APOE) gene, which encodes a

cholesterol transporter protein, and is the strongest genetic risk fac-

tor for AD (Glöckner & Ohm, 2014). Interestingly, NFTs similar to

those seen in AD are also observed in Niemann–Pick type C (NPC)

disease, an inherited neurovisceral storage disorder characterized

by the impairment of intracellular transport of cholesterol, and its

trapping in the lysosomal compartment (Distl et al, 2003). Our study

shows an accumulation of cholesterol in pR5 brains and P301L cells,

as well as an accumulation of cholesterol in lysosomes and in the

ER, while mitochondrial cholesterol levels were decreased com-

pared with control cells. In fact, recent findings have connected cho-

lesterol metabolism to tau pathology. Van der Kant and colleagues

have shown that different drugs inhibiting cholesterol synthesis
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reduced tau phosphorylation in iPSC-derived AD neurons (van der

Kant et al, 2019). A link between membrane cholesterol levels and

tau seeding has also been established. On the one hand, high levels

of cholesterol at the plasma membrane seem to act as a barrier to

tau entry and aggregation into cells, whereas reduced or missorted

cholesterol (e.g., lysosome accumulation) seem to increase tau

entering the cytosol and permit seeded aggregation (Tuck et al

2022).

Mitochondria-associated ER membranes appear to be involved in

steroidogenesis (Hayashi et al, 2009; Martin et al, 2014). Indeed, the

number of ER-mitochondria contact points was increased in

response to hormone (human choriogonadotropin, hCG) treatment

in mouse tumor Leydig cells, in parallel with an increase in proges-

terone levels (Issop et al, 2015). The steroidogenic acute regulatory

protein (StAR) was shown to interact with VDAC at the MAMs to

foster cholesterol into the adrenal and gonadal mitochondria to initi-

ate steroidogenesis (Prasad et al, 2015). Interestingly, tau was also

shown to interact with VDAC in the brains of AD patients and AD

transgenic mice, causing mitochondrial dysfunction (Manczak &

Reddy, 2012). Given that we also observed an interaction between

abnormal tau and VDAC in our cellular model, we hypothesize that

tau disturbs the binding of StAR to VDAC, leading to decreased

steroidogenesis.

We tested whether artificially increasing the ER-mitochondria

interaction (using MFN2 siRNA) in P301L-tau expressing cells could

restore cholesterol transfer and steroidogenesis to the level of the

control cells (Fig 4). By doing this, we could decrease the choles-

terol level in the ER and increase it in mitochondria, but this was

only paralleled with a slight improvement of pregnenolone synthesis

in mutant tau cells. Besides, no increase in pregnenolone levels was

observed in MFN2 siRNA-transfected WT cells. These data indicate

that increasing ER-mitochondria contacts improves cholesterol

transport in the presence of abnormal tau but the increase is not suf-

ficient to restore pregnenolone levels. Of note, MFN2 is also

involved in mitochondrial fusion and knocking down MFN2 leads to

mitochondrial fragmentation. We previously showed that MFN2 KD

disturbs the circadian variations of mitochondrial fusion/fission and

circadian variations of pregnenolone synthesis, without affecting

pregnenolone level per se (Witzig et al, 2020). These data suggested

that it is the dynamic process of mitochondrial fusion that plays a

role in mitochondrial steroidogenesis. In line, others have shown

that MFN2 KD impairs mitochondrial fusion and steroid synthesis

(with progesterone P4 level used as readout of steroid synthesis)

upon cAMP stimulation, but not under basal (unstimulated) condi-

tion (Duarte et al, 2012).

Based on these observations, we decided to target both MAM

tethering and tau hyperphosphorylation by pharmacologically inhi-

biting GSK3β. Of note, this enzyme is not only involved in abnormal

tau phosphorylation but has also been linked to MAM function

(Stoica et al, 2014; Gomez et al, 2015). Indeed, Stoica et al (2014)

have shown that GSK3β regulates the VAPB–PTPIP51 interaction in

a model of ALS/FTD. In their study, TDP-43, a protein involved in

the pathophysiology of this disease, activated GSK3β, which

disrupted the VAPB–PTPIP51 interaction.

Intriguingly, in our study, GSK3β inhibition induced a reduction

of the VAPB–PTPIP51 contact points in WT and Tau KO cells. Con-

sidering that GSK3β regulates numerous targets other than tau or

the VAPB–PTPIP51 interaction via phosphorylation, CHIR-mediated

GSK3β inhibition may thus affect also several other cellular pro-

cesses. For instance, GSK3β lies downstream of various major signal

transduction pathways, including insulin, Wnt, Hedgehog, and

Notch signaling and hence modulates the function of proteins

involved in glycogen metabolism, transcriptional regulation, cellular

transport, cell cycle, pluripotency, and cell fate (Kaidanovich-Beilin

& Woodgett, 2011; Woodgett, 2013). Regarding the canonical Wnt/

β-catenin signaling pathway, GSK3β as a central component controls

the phosphorylation of β-catenin and consequently enhances its

proteasome-dependent degradation. Accordingly, GSK3β inhibition

might consecutively impact processes that are essential for cell pro-

liferation, polarity, division, and movement (Patel & Woodgett, 2017;

Law & Zheng, 2022). Moreover, a growing body of evidence indi-

cates the participation of GSK3β in regulating apoptosis. In general,

it is perceived that an increased GSK3β activity promotes apoptosis

in a wide range of conditions, while GSK3β inhibition attenuates or

prevents apoptosis (Jope & Johnson, 2004; Manji et al, 2009).

Intriguingly, GSK3β has been linked to neuronal survival and it has

been shown that an enhanced GSK3β activity is associated with neu-

ronal apoptosis. Conversely, the inactivation of GSK3β stimulates

neuroprotection, and hence, GSK3β activity appears to correlate

inversely with neuronal viability (Kaytor & Orr, 2002). Interestingly,

the inhibition of GSK3β was demonstrated to support various

aspects related to mitochondrial function, thereby positively amelio-

rating mitochondrial impairments and thus activity (Yang et al,

2017). Several studies have shown that inhibition of GSK3β (using

LiCl in a millimolar concentration range) reduced mitochondrial

fusion (Chou et al, 2012; Wu et al, 2013; Huang et al, 2015). In our

study, GSK3β inhibition did not induce significant changes in mito-

chondrial morphology. Here, we used the GSK3β inhibitor

CHIR99021 at 100 nM, which might explain why we do not see a

clear effect of mitochondrial morphology. Our data also showed that

GSK3β inhibition increases the level of cholesterol metabolites and

restores the level of cholesterol in the ER in P301L cells. However,

pregnenolone level was not fully restored in P301L cells. To our

knowledge, it is still unknown whether and how GSK3β influences

cholesterol homeostasis and steroidogenesis. Therefore, this impor-

tant point deserves to be investigated in future studies.

It was recently shown that tau accumulation also activates

GSK3β, leading to a vicious cycle between tau hyperphosphorylation

and GSK3β activation (Zhou et al, 2022). This might explain why

we find an increased ER-mitochondria association, an increased

cholesterol transfer from the ER to mitochondria, and an increase in

pregnenolone synthesis only in GSK3β-inhibited P301L cells but not

WT cells. P301L-tau is overexpressed in our P301L SH-SY5Y cells,

which would activate GSK3β, leading to a decrease in the ER-

mitochondria association, which is restored after GSK3β inhibition.

In healthy conditions (WT cells), GSK3β inactivation might act

on other pathways, like those mentioned above, leading to a

decreased ER-mitochondria association. This assumption needs to

be investigated in more detail in further studies. Overall, these find-

ings emphasize the therapeutic potential of GSK3β inhibition in

tauopathies.

Based on the recent findings showing that tau accumulation acti-

vates GSK3β (Zhou et al, 2022) and factoring in the data presented

here, we propose a model in which abnormal tau activates GSK3β,
leading to the disruption of VAPB–PTPIP51 association and the loos-

ening of the ER-mitochondria associations (Fig 7). As a direct
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consequence, the cholesterol transfer between the two organelles is

decreased and the mitochondrial cholesterol metabolism (including

pregnenolone and secondary bile acid synthesis) is reduced. GSK3β
inhibition reduces tau phosphorylation and increases the number

of ER-mitochondria contact points (VAPB–PTPIP51 interaction),

paralleled by an increased cholesterol transfer from the ER to mito-

chondria, increased pregnenolone synthesis, and an improvement

of cell viability (Figs 6 and 7). Other aspects of MAM’s function,

such as the effect on calcium homeostasis, require attention in

future experiments as GSK3β seems also to play a role in the cal-

cium exchange between the ER and mitochondria (Gomez

et al, 2015). Importantly, pregnenolone is one of the most abun-

dant neurosteroids in the brain, as well as the precursor of all

neurosteroids (Lin et al, 2022). It has been shown to play a role in

important brain functions, ranging from neurotransmission, inflam-

mation, and myelinization to neuroplasticity, learning, and memory

(Lin et al, 2022; Ram�ırez et al, 2022). Therefore, alterations in preg-

nenolone levels caused by abnormal tau may be involved more

generally in neuronal and phenotypic impairments observed in AD-

related tauopathy.

In summary, our findings describe a novel pathogenic mecha-

nism for disease-associated tau, by which tau impairs steroidogene-

sis via disruption of ER-mitochondria associations. Given that

MAMs have been presented as a therapeutic target in neurodegener-

ative disorders, our findings extend this notion to tauopathies.

Limitations of the study

There are noteworthy limitations of the study. First, we focused

on P301L-tau, mainly because mice bearing this mutation present

NFTs similar to those observed in the brain of AD patients. Future

work will focus on assessing whether the features we observed

are also present for other tau mutations. Additionally, although

SH-SY5Y cells are human neuron-like cells, studies on advanced

cellular models like human iPSCs-derived neurons will allow for a

more relevant translation to the human brain physiology. It would

also be pertinent to confirm our findings in brain samples from

patients with tauopathies. Besides, neurons are not the only cell-

type synthetizing neurosteroids, as glial cells also have this abil-

ity. Because tau was recently shown to accumulate in hilar astro-

cytes of the dentate gyrus of AD patients (Richetin et al, 2020),

this cell type deserves future attention regarding MAM function,

cholesterol homeostasis and steroidogenesis. The effects of tau on

cholesterol metabolism also deserve to be studied in more depth.

Indeed, as already mentioned, a study highlighted cholesterol

metabolism as a druggable axis reducing aberrant tau phosphory-

lation (van der Kant et al, 2019). The interrelationship between

cholesterol and tau still needs to be unraveled. Finally, more stud-

ies must be done to understand the role of GSK3β in the ER-

mitochondria interaction in healthy and pathological (presence of

abnormal tau) conditions.

Figure 7. Abnormal tau protein loosens endoplasmic reticulum (ER)–mitochondria associations and impairs cholesterol transfer to mitochondria.

Based on the data obtained in this study and incorporating findings from others, we propose the following model:
A P301L-tau activates GSK3β, which is involved in abnormal tau hyperphosphorylation. GSK3β activation disrupts the binding of VAPB to PTPIP51, reducing ER-

mitochondria associations and cholesterol transfer between the two organelles. The decrease of mitochondrial cholesterol levels then leads to a reduction of pregnen-
olone synthesis.

B Inhibition of GSK3β with CHIR decreases abnormal tau hyperphosphorylation and restores the binding of VAPB to PTPIP51 in the presence of mutant tau. The increase
of ER-mitochondria associations allows the transfer of cholesterol between the two organelles and its conversion to pregnenolone.

CHIR, CHIR99021 (GSK3β inhibitor); ER, endoplasmic reticulum; GSK3β, glycogen synthase kinase 3β; PTPIP51, protein tyrosine phosphatase-interacting protein 51; VAPB,
vesicle-associated membrane protein-associated protein B. Created with BioRender.com
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Materials and Methods

Reagents and Tools table

Reagent/resource
Reference or
source Identifier or catalog number

Experimental models

Human: wild-type (WT), wild-type tau (wtTau) and P301L-Tau-transfected SH-SY5Y
neuroblastoma cells

The Götz
Laboratory

Human: Tau knockout SH-SY5Y neuroblastoma cells and corresponding wild-type cells The Paganetti
Laboratory

Sola et al (2020)

Human: Induced pluripotent stem cells (iPSC) from a patient bearing a P301Ltau mutation and the
corresponding CRISPR/Cas9-edited isogenic wild-type control iPSCs

The Karch
Laboratory

F0510.2, F0510.2Δ2 (Karch
et al, 2019)

Experimental models: organisms/strains

Mouse: pR5 (P301L) The Götz
Laboratory

Götz et al (2001)

Mouse: mitoCFP Jackson
Laboratories, USA

B6.Cg-Tg(Thy1-CFP/COX8A)
C1Lich/J (Misgeld et al, 2007)

Mouse: mitoCFP+/P301L+ (mitoCFP x pR5) The Götz
Laboratory

Antibodies

Anti-AT180 Thermofisher MN1040

Anti-AT8 Thermofisher MN1020

Anti-calnexin Abcam ab22595

Anti-EEA1 Alexa Fluor® 647 Abcam ab196186

Anti-GFP Abcam ab13970

Anti-GM130 Alexa Fluor® 647 Abcam ab195303

Anti-GRP75 Santa Cruz
Biotechnology

sc-133137

Anti-IP3R1 Merck Millipore # 07-1213

Anti-M6PR (cation independent) Alexa Fluor® 647 Abcam ab198324

Anti-PTPIP51 Proteintech 16850215

Anti-Tau (phospho T231) Abcam ab151559

Anti-TOMM20 Alexa fluor® 555 Abcam ab221292

Anti-β-tubulin, class III, Alexa Fluor® 488 mouse BD
Pharmingen™

# 560381

Anti-VAPB Proteintech 16827845

Anti-VDAC1 Abcam ab14734

Donkey anti-rabbit Alexa fluor® 647 Abcam ab150075

Goat anti-rabbit Alexa fluor® 488 Thermofisher A11034

Goat anti-mouse Alexa fluor® 568 Thermofisher A11031

Goat anti-mouse Alexa fluor® 488 Thermofisher A11029

Chemicals, peptides, and recombinant proteins

CHIR 99021 MedChemExpress HY-10182

DAPI Merck 10236276001

Formaldehyde Sigma-Aldrich F8775

Glycine Sigma-Aldrich G8898

LipidSpot™ 610 Lipid Droplet Stain Biotium BIO70069-T

Rat tail Collagen I coated German glass coverslips Neuvitro
Corporation

GG-18-15-Collagen

Triton X-100 Sigma-Aldrich T8787
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Reagents and Tools table (continued)

Reagent/resource
Reference or
source Identifier or catalog number

Xfect transfection reagent (Standard) Takara 631317

Xfect transfection reagent (RNA) Takara 631450

NaCl Merk 1.06404.1000

Na2HPO4 Fluka 71629

KH2PO4 Sigma-Aldrich P-5655

KCl Sigma-Aldrich P9541

Glucose Sigma-Aldrich G-5146

Saccharose Eurobio 18363

Mannitol Sigma-Aldrich 114125

Hepes GibcoBRL 11344-033

EDTA Sigma-Aldrich E6758

BSA Sigma-Aldrich A9647

DTT Calbiochem 233155

MTT Sigma-Aldrich M2128

DMSO Sigma-Aldrich 276855

PFA Sigma-Aldrich P6148

Chemicals, enzymes, and other reagents

DMEM Invitrogen D6429

Fetal bovine serum (FBS) Corning 35-079-CV

Horse serum (HS) Bioconcept 2-05F00-1

Penicillin/Streptomycin Bioconcept 4-01F00-5

GlutaMax Thermo Fisher
Scientific

35050087

Blasticidin InvivoGen Ant-bl-1

Opti-MEM™ Reduced Serum Medium Thermo Fisher
Scientific

31985070

5x Roche complete protease inhibitor Sigma-Aldrich 11697498001

T150 flasks TPP 90151

PBS Dominique
Dutscher

X0520-500

Collagen I, Rat Tail, 100mg Corning 354236

Cellartis DEF-CS 500 Culture System Takara Bio Y30010

Cellartis DEF-CS 500 COAT-1 Takara Bio Y30012

Cellartis DEF-CS additives GF-1, GF-2, GF-3 Takara Bio Y30016

TripLE™ Select Enzyme Thermo Fisher
Scientific

12605010

Vectashield H-1000 mounting medium Vector H-1000

Critical commercial assays Thermo Fisher
Scientific

Amplex® Red Cholesterol Assay Kit Invitrogen A12216

Pregnenolone EIA DRG EIA-4170

Duolink® In Situ Red Starter Kit Mouse/Rabbit (proximity ligation assay) Sigma-Aldrich DUO92101

Duolink® In Situ Detection Reagents Far Red Sigma-Aldrich DUO92013

Cholesterol Assay Kit (Cell-Based) Abcam ab133116

Xfect transfection reagent (Standard) Takara 631317

Xfect transfection reagent (RNA) Takara 631450
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Reagents and Tools table (continued)

Reagent/resource
Reference or
source Identifier or catalog number

RNeasy Mini Kit (250) Qiagen 74106

GoScript™ Reverse Transcription Mix, Oligo(dT) Promega A2791

GoTaq® Probe qPCR Master Mix Promega A6102

MycoAlert® PLUS Mycoplasma Detection Kit Lonza LT07-701

Oligonucleotides

AllStars Negative Control siRNA Qiagen Cat. #SI03650318/Prod.
#1027417

Hs_MFN2_5 FlexiTube siRNA Qiagen SI04188835

Hs_MFN2_8 FlexiTube siRNA Qiagen SI04375406

Primers and Probes for RT–qPCR (see corresponding table) Microsynth AG Custom-made

Recombinant DNA

ER-RFP Addgene 62236

Software and algorithms

Prism version 9.2.0 GraphPad https://www.graphpad.com/
scientific-software/prism/

Fiji (Fiji is just ImageJ) NIH https://imagej.net/software/fiji/

JACoP (Just Another Colocalization Plugin) NIH https://imagej.nih.gov/ij/plugins/
track/jacop.html

Huygens Deconvolution Software Scientific Volume
Imaging

https://svi.nl/Huygens-Software

MetaboAnalyst 5.0 MetaboAnalyst https://www.metaboanalyst.ca/
home.xhtml

BioRender BioRender.com

Methods and Protocols

Mice
All animal experiments were conducted with mice under the guide-

lines of the Australian Code of Practice for the Care and Use of Ani-

mals for Scientific Purposes and approved by the University of

Queensland Animal Ethics Committee (QBI/412/14/NHMRC; QBI/

554/17). Male and female transgenic mice and wild-type littermates

were housed in standard conditions (mice were maintained on a

12 h light/dark cycle), in group cages (housed 3–5 mice per cage)

with ad libitum access to food and water.

pR5 mice express 2N4R tau with the P301L mutation under the

control of the mThy.1.2 promoter (Götz et al, 2001). Neurofibrillary

tangles (NFT) formation is initiated in the amygdala and also found

in the hippocampus (Götz & Ittner, 2008; Fig 1A).

MitoCFP mice express Cyan Fluorescent Protein (CFP) under the

control of the mouse Thy1 promoter. CFP is specifically localized to

the mitochondria by a human cytochrome c oxidase, subunit 8A

(ubiquitous), targeting signal fused to the N terminus (Misgeld

et al, 2007). MitoCFP mice were crossed with pR5 mice, and the

genotype of MitoCFP+/P301L+ animals was verified. These mice

present abnormal tau hyperphosphorylation in the same neurons as

those expressing the mitoCFP, especially in the amygdala and the

hippocampus by 12–14months of age (Fig 1A). Therefore, this

unique mouse model allows studying the impact of P301L-mutant

tau on mitochondrial network morphology and the ER-mitochondria

association in neurons specifically.

The mice were sacrificed between 12.5 and 14months of age,

when tau pathology is well present in the Ca1 region of the hippo-

campus and the amygdala (Fig 1A). The mice were anesthetized

and transcardially perfused with PBS. Brains were either snap fro-

zen in liquid nitrogen for biochemical studies or immersion fixed in

4% paraformaldehyde for immunostaining. The number of animals

used for brain immunostaining was N= 12 MitoCFP+/P301L� and

N= 13 MitoCFP+/P301L+. The number of animals used for biochem-

ical analysis was N= 6 wild-type (WT) and N= 5 pR5 (P301L+).

SH-SY5Y cell culture
Human SH-SY5Y cells were grown in DMEM containing 10% heat-

inactivated fetal bovine serum (FBS), 5% heat-inactivated horse

serum, 1% penicillin/streptomycin, and 1% GlutaMax. The cells

were kept in culture in 10 cm2 dishes, split twice a week, and plated

when they reached around 80% confluence.

P301L-expressing SH-SY5Y human neuroblastoma cells were

generated using lentiviral gene transfer (Krupka et al, 2010). To the

culture medium, 4.5 μg/ml blasticidin was added to select cell

clones stably expressing the full-length human hTau40 bearing the

P301L mutation and a green fluorescent protein (GFP) tag, or cells

expressing wild-type tau (full-length human hTau40, wtTau), or

cells expressing the GFP-vector only (vector cells). Of note, this spe-

cific cellular model stably expressing wild-type tau (wtTau cells) or

P301L-tau (P301L cells) was used to avoid artifacts due to a tran-

sient protein expression which can be a cellular stress affecting

mitochondrial network morphology.
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Tau knockout (Tau KO) SH-SY5Y cells were generated by disrup-

tion of the MAPT gene encoding for tau by the CRISPR-Cas9

method, using the gRNAs 232 targeted exon 2 containing the initiat-

ing ATG (ENST00000344290.9) as previously described (Sola

et al, 2020). Tau KO cells were characterized, and the absence of

tau was confirmed by fluorescent confocal microscopy and immune

protein blotting (Sola et al, 2020).

All cell lines were regularly tested for Mycoplasma contamina-

tion using the MycoAlert® PLUS Mycoplasma Detection Kit.

Human iPSCs culture
Human mutant (MAPT P301L/WT) and CRISPR/Cas9-edited, iso-

genic control (MAPT WT/WT-iso) iPSCs were kindly provided by

Dr. Celeste Karch and the Tau Consortium Stem Cell Group (Karch

et al, 2019). The iPSCs were maintained under feeder-free condi-

tions and cultured on Cellartis DEF-CS COAT-1-coated plates in the

Cellartis DEF-CS basal medium, containing the Cellartis DEF-CS

additives GF-1 (1:333) and GF-2 (1:1,000). The iPSCs were kept in a

humidified incubator at 37°C and 5% CO2 with medium replace-

ment every day and passaged twice a week using TrypLE Select, as

described in the manufacturer’s protocol (Takara). To minimize cell

death while passaging or plating, additionally, the Cellartis DEF-CS

additive GF-3 was added (1:1,000) to the medium. For mitochondria

isolation, as well as pregnenolone and cholesterol level determina-

tion, iPSCs were plated each into two wells of a Cellartis DEF-CS

COAT-1-coated 6-well cell culture plate. After reaching 90%

confluency, iPSCs were washed once with PBS and detached using

TrypLE Select. Then, the samples were centrifuged for 5 min at 4°C
at 600 rpm, followed by aspiration of the supernatant. Subsequently,

the cell pellets were resuspended in PBS, centrifuged again for 5min

at 4°C at 600 rpm, followed by aspiration of the supernatant, and

successive freezing of the cell pellet. Each cell pellet contained

between 7 and 8 × 106 cells.

Mouse brain lysates
After removing the cerebellum, mouse brain hemispheres were

crushed in 250 μl of ice-cold buffer (138mM NaCl, 5.4mM KCl,

0.17mM Na2HPO4, 0.22mM KH2PO4, 5.5mM glucose, 58.4mM

saccharose, 5× Roche complete protease inhibitor) with a glass

homogenizer (5 strokes, 400 rpm). After this homogenization step,

75 μl of the preparation was transferred in a 500-μl Eppendorf tube
for analysis of the brain lysates (i.e., for cholesterol and pregneno-

lone quantification) and sonicated (2 s). The rest of the preparation

was kept for mitochondrial isolation.

After the determination of protein concentration, brain lysates

were normalized on 5mg/ml of protein using PBS before measure-

ment of the pregnenolone concentration and on 0.1mg/ml for cho-

lesterol content determination using the reaction buffer from the

Amplex® Red Cholesterol Assay Kit.

Mitochondrial isolation
SH-SH5Y cells were plated in T150 flasks at a density of 2 × 106 cells

per flask and allowed to grow for 48 h. After washing with PBS, cells

were mechanically detached using a cell scrapper and put in 1ml of

mitochondria isolation buffer (MIB: 210mM mannitol, 70mM

sucrose, 10mM Hepes, 1 mM EDTA, 0.45% BSA, 0.5 mM DTT, and

5× Roche complete protease inhibitor). Mouse brain lysates and

iPSC pellets were also put in 750 μl of MIB. Cells and brain lysates

were homogenized with a glass homogenizer (10–15 strokes, 400

rpm), transferred in 2ml tubes, and centrifuged at 1,450 g for 7min

at 4°C to remove nuclei and tissue particles. Supernatants were

transferred in new 2ml tubes, while the homogenization/centrifuga-

tion steps were repeated on pellets (in 1ml MIB). Combined super-

natants were again centrifuged at 1,450 g for 3min at 4°C. The

resulting supernatant fractions were centrifuged at 10,000 g for 5

min at 4°C to pellet mitochondria. The resulting pellets were resus-

pended in 1ml of MIB and centrifuged at 1,450 g for 3 min at 4°C to

remove debris. The mitochondria-enriched supernatants were

centrifuged at 10,000 g for 5 min at 4°C to obtain the mitochondrial

fraction. This fraction was resuspended in 80 μl of PBS, followed by

determination of the protein content. Isolated mitochondria were

normalized on 0.03mg/ml of protein before cholesterol content

determination using the reaction buffer from the Amplex® Red Cho-

lesterol Assay Kit.

Cholesterol level
SH-SY5Y cells were plated in DMEM +1% penicillin/streptomycin

+1% GlutaMax +10% FBS +5% HS in 6 cm dishes at a density of

3 × 105 cells per dish. After 48 h growing, cells were washed with

PBS, harvested in 250 μl PBS using a cell scrapper, and lysed by son-

ication (2 s). After the determination of protein concentration, cell

lysates were normalized on 0.1mg/ml. Determination of cholesterol

concentration was performed in SH-SY5Y cell lysates, iPSC lysates,

and mouse brain lysates, as well as on isolated mitochondria. Deter-

mination of cholesterol concentration was performed using the

Amplex® Red Cholesterol Assay Kit according to the instructions of

the manufacturer. Briefly, 50 μl of cholesterol standard or the diluted

samples (brain/cell lysates, isolated mitochondria) was pipetted into

separate wells of a 96-well microplate. The reaction was initiated by

adding 50 μL of a mix containing the 300 μM Amplex® Red reagent,

2 U/ml HRP, and 2 U/ml cholesterol oxidase to each well. Plates

were incubated at 37°C for 15min, and the fluorescence intensity

was measured (excitation: 530 nm—emission: 590 nm) using Cyta-

tion 3 Cell Imaging Multi-Mode reader (BioTek, Luzern, Switzer-

land). Background fluorescence (from no-cholesterol wells) was

subtracted, and cholesterol concentration was calculated using the

cholesterol standard curve.

Pregnenolone quantification
SH-SY5Y cells were plated in DMEM +1% penicillin/streptomycin

+1% GlutaMax +10% FBS +5% HS in 6 cm dishes at a density of

3 × 105 cells per dish. After 48 h growing, cells were washed with

PBS, harvested in 250 μl PBS using a cell scrapper, and lysed by son-

ication (2 s). Pregnenolone concentration was quantified in from

SH-SY5Y cell lysates, iPSC lysates, and mouse brain lysates with a

pregnenolone direct ELISA according to instructions of the manufac-

turer. Briefly, 50 μl of samples or pregnenolone standard was

pipetted in the 96-well ELISA plates. After adding 100 μl of the

pregnenolone-HRP conjugate solution, plates were incubated on a

shaker (200 rpm) for 1 h at room temperature. Wells were washed

three times with 300 μl of wash buffer, before adding 150 μl of TMB

substrates. After 15-min incubation, 50 μl of stop solution was

added and absorbance was read at 450 nm using a Cytation 3 Cell

Imaging Multi-Mode reader (BioTek, Luzern, Switzerland). Pregnen-

olone concentration was calculated using the pregnenolone standard

curve.
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Targeted metabolomics on cholesterol-related metabolites
Targeted metabolomics was performed by Biocrates Life Science

(Innsbruck, Austria). Cells were plated in DMEM +1% penicillin/

streptomycin +1% GlutaMax +10% FBS in 10 cm dishes until they

reached 80% confluency. The cell medium was then removed, and

cells were washed with cooled 0.9% NaCl solution. After removal, 1–
1.5 ml of 0.9% NaCl solution was added to the plate and cells were

quickly detached with a cell scrapper. The cell suspension was then

transferred into a 2-ml Eppendorf tube. A small aliquot was kept for

cell counting and protein determination, and cells were centrifuged at

500 g for 5min at 4°C. The supernatant was removed, and the cell pel-

let was rapidly frozen in liquid nitrogen and stored at �80°C until

shipment to Biocrates. The number of cells per sample was between 1

and 3 × 106 cells. For measurement of metabolite concentrations, 50 μ
l extraction buffer was added to each sample, which was then

vortexed and sonicated twice for 3 min on ice followed by freezing in

liquid nitrogen for 30 s. After a third round of sonication, samples

were centrifuged, and the supernatant was collected for analysis.

Biocrates’ commercially available MxP® Quant 500 kit was used

for the quantification of several endogenous metabolites of various

biochemical classes, including cholesteryl esters and bile acids. With

this kit, lipids and hexoses were measured by flow injection

analysis-tandem mass spectrometry (FIA-MS/MS) using a triple

quadrupole mass spectrometer with an electrospray ionization

(ESI) source, and small molecules are measured by liquid

chromatography–tandem mass spectrometry (LC–MS/MS) also using

triple quadrupole mass spectrometry. The experimental metabolo-

mics measurement technique is described in detail by patents

EP1897014B1 and EP1875401B1. Briefly, a 96-well-based sample

preparation device is used to quantitatively analyze the metabolite

profile in the samples. This device includes prepipetted internal stan-

dards, and a predefined sample amount is added to the device. Next,

a phenyl isothiocyanate (PITC) solution is added to derivatize some

of the analytes (e.g., amino acids), and after the derivatization, the

target analytes are extracted with an organic solvent, followed by a

dilution step. The obtained extracts are then analyzed by FIA-MS/

MS and LC–MS/MS methods using multiple reaction monitoring

(MRM) to detect the analytes. Concentrations are calculated using

appropriate mass spectrometry software (Sciex Analyst®), and data

are imported into Biocrates’ MetIDQ™ software for further analysis.

Free oxysterols were extracted from samples with methanol

using Biocrates kit filter plate loaded with an internal standard mix-

ture beforehand: The metabolites were determined by UHPLD-MS/

MS with multiple reaction monitoring (MRM) in positive mode

using SCIEX API 5500 QTRAP® (AB SCIEX, Darmstadt, Germany)

instrument with electrospray ionization (ESI). Metabolite concentra-

tions were then normalized on the protein content of each sample,

and data analysis was performed using MetaboAnalyst 5.0. In total,

55 cholesterol-related metabolites were assessed in SH-SY5Y cell

lysates, including 19 oxysterols, 22 cholesteryl esters, and 14 bile

acids (Dataset EV1). Only 17 metabolites were found above the limit

of detection (LOD) of the assay. Variables with missing values (<

LOD) were excluded LOD.

Total RNA isolation, cDNA synthesis, and quantitative real-time
PCR
To characterize the ER-mitochondria interaction, the expression

levels of genes coding for proteins enriched at MAMs were

investigated. The different cell lines were seeded in 6-well plates at

a density of 150,000 cells per well. After 48 h, the cells were washed

once with PBS, lysed with RLT buffer, and subsequently homoge-

nized for at least 30 s at 400min�1 using the rotor-stator homoge-

nizer Potter S (B. Braun Biotech). Total RNA was isolated from

homogenized cell lysates using the RNeasy Mini Kit according to the

manufacturer’s instructions. RNA concentrations were assessed

with a Nanodrop 1000 spectrophotometer (Thermo Scientific). To

synthesize cDNA, the volume containing 1 μg of RNA was reversely

transcribed with the GoScript™ Reverse Transcription Mix, Oligo

(dT) as described by the manufacturer. After reverse transcription,

all cDNA samples were diluted 1:5 in nuclease-free water. For the

amplification of cDNA samples, the GoTaq® Probe qPCR Master Mix

was used with the addition of 500 nM CXR reference dye. Along

with the GoTaq® Probe qPCR Master Mix, each reaction contained

250 nM hydrolysis probe, 900 nM forward and reverse primer (see

Table 1 below), which were combined in 17 μl, as well as 3 μl
diluted cDNA template. Afterward, the plate was centrifuged briefly

with an MPS 1000 Mini plate spinner (Labnet). Quantitative real-

time PCR reactions were performed in technical duplicate using the

StepOnePlus™ Real-Time PCR System (Applied Biosystems) under

the following conditions: for 2min at 95°C, for 3 s at 95°C followed

by 30 s at 60°C, for a total of 40 cycles. The final quantification of

relative fold gene expression was calculated based on the 2�ΔΔCt

method with GAPDH as an endogenous reference.

In situ proximity ligation assay
To visualize and quantify the impact of tau on the ER-mitochondria

interaction, the in situ proximity ligation assay (PLA) technology was

used, allowing the detection of protein interactions with high specific-

ity and sensitivity (Tubbs & Rieusset, 2016). The different SH-SY5Y

cell lines were seeded on precoated collagen coverslips in 12-well

plates at a density of 100,000 cells per well and the iPSCs on Cellartis

DEF-CS COAT-1-coated coverslips in 12-well plates at a density of

150,000 cells per well. Fixation of cells was carried out 24-h post-

seeding for standard PLAs, 24-h post-treatment for PLAs with GSK3β
inhibition, or 48-h post-transfection for PLAs with siRNA transfec-

tions. For that, cells were first washed with PBS and then fixed in

10% formaldehyde for 10min at room temperature. To stop the reac-

tion, 1M glycine in PBS was added as a quenching agent. Afterward,

the cells were washed with PBS and incubated for 15min at room

temperature with 100mM glycine in PBS. To permeabilize cells, they

were first washed with PBS and then incubated with 0.1% Triton X-

100 in PBS for 15min at room temperature under agitation. Blocking

was conducted with the Duolink® Blocking Solution, provided by the

manufacturer, for 1 h at 37°C in a humidity chamber. The cells were

then incubated overnight in a humidity chamber at 4°C with two pri-

mary antibodies raised in different species. The following primary

antibodies were used for SH-SY5Y cell lines: anti-IP3R1 (rabbit) 1/150,

anti-VDAC1 (mouse) 1/20, anti-GRP75 (mouse) 1/20, anti-VAPB

(mouse) 1/200, anti-PTPIP51 (rabbit) 1/50, and anti-Tau (phospho

T231; rabbit) 1/50 and the following for iPSCs: anti-VAPB (mouse) 1/

150, anti-PTPIP51 (rabbit) 1/25. The next day, the PLA was conducted

according to the Duolink® PLA fluorescence protocol using the

Duolink® In Situ Red Starter Kit Mouse/Rabbit for standard PLAs and

PLAs after GSK3β inhibition. For PLAs after siRNA transfection and

PLAs using iPSCs, the Duolink® In Situ Detection Reagents Far Red

were applied. Briefly, cells were incubated in a humidity chamber for
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1 h at 37°C with PLA probes, then for 30min at 37°C to perform the

ligation, and lastly for 100min at 37°C for the amplification step of the

signals. To visualize the cell shape of the WT and Tau KO cells, addi-

tionally, a counterstaining step was included with the conjugated

Alexa Fluor® 488 mouse anti-β-tubulin, class III antibody 1/100. More-

over, for PLAs after MFN2 siRNA transfection and using iPSCs, the

conjugated Alexa Fluor® 555 rabbit anti-TOMM20 antibody 1/250 (for

SH-SY5Y cell lines) and 1/150 (for iPSCs) was used as a positive con-

trol for the confirmation of transfection by assessing mitochondrial

morphology (MFN2 siRNA transfection PLAs), as MFN2 KD induces

mitochondrial fragmentation. For both counterstainings, the cells were

incubated in a humidity chamber for 2 h at room temperature. Follow-

ing the final washing steps, the coverslips were mounted on glass

slides with the Vectashield H-1,000 mounting medium and sealed with

nail polish.

Table 1. List of PCR primers used in this study.

Genes
Primers/
Probes Sequences

ATAD3A Forward
Reverse
Probe

50-GAGCCACCGAGAAGATAAG-30

50-GACCAGCATGAACTTGTTG-30

50-FAM-CCACACTGAACGCCTTCCTG-MGB-
Q530-30

BAP31 Forward
Reverse
Probe

50-CTCCTAAAAGATGGCAGAAGA-30

50-GGCATCGATGACCAACAG-30

50-FAM-TTTCAAGTCCCGGCTGGT-MGB-Q530-30

CANX Forward
Reverse
Probe

50-AGCCTCTCATTGTTCAGTATG-30

50-GATCCAGGTTGAGTTCTGG-30

50-FAM-TTCACATAGGCACCACCACA-MGB-
Q530-30

CYPD Forward
Reverse
Probe

50-GACAGTTGTTTAGAGGCTCTTG-30

50-CAGCCAATGCTTGATCATATTC-30

50-FAM-CCATCCTTGAGCTCTGCGGT-MGB-
Q530-30

DRP1 Forward
Reverse
Probe

50-TCACGAGACAAGTCTTCTAAAG-30

50-CCTCCAGATGCAACCTTG-30

50-FAM-TCAGCCTCAGCAGAAGCAGC-MGB-
Q530-30

FACL4 Forward
Reverse
Probe

50-CTGCAAATGCCATGAAATTG-30

50-GCTCCTTCCTTTTCAGTTTG-30

50-FAM-CAAACCAGTTTCAGGGGTCC-MGB-
Q530-30

FIS1 Forward
Reverse
Probe

50-GCTCAAGGAATACGAGAAGG-30

50-AGTCCATCTTTCTTCATGGC-30

50-FAM-AGCCGCTCCAGTTCCTTGG-MGB-
Q530-30

GAPDH Forward
Reverse
Probe

50-CATGGTTTACATGTTCCAATATGA-30

50-GGATCTCGCTCCTGGAAG-30

50-FAM-CATGGCACCGTCAAGGCTG-MGB-
Q530-30

GRP75 Forward
Reverse
Probe

50-GGCGGGATTATGCATCAG-30

50-CTCCAGCACCTTTGCTTG-30

50-FAM-ACCTTCCATAACTGCCACGC-MGB-
Q530-30

GRP78 Forward
Reverse
Probe

50-CGAGAACACGGTCTTTGA-30

50-GGGTAACCTTCTTTCCCAAA-30

50-FAM-CCAAGCGGCTCATCGGC-MGB-Q530-30

IP3R Forward
Reverse
Probe

50-CTTGGCAGCAGAGGTAGA-30

50-CCATCTTTTCTTGGGCATTC-30

50-FAM-ACCTACTTCGAGAGGCGTCC-MGB-
Q530-30

MFN1 Forward
Reverse
Probe

50-CAGTCACCAAGTAAAACAACAAA-30

50-GGGTAATCTAGCAATTTCTTCTTC-30

50-FAM-TGCTCGCCTGTGCCAAC-MGB-Q530-30

MFN2 Forward
Reverse
Probe

50-CAGGATTCAGAAAGCCCAG-30

50-GATGCACTCCTCAAATCTCC-30

50-FAMCGCTCTCGCAGAAGGCTT--MGB-Q530-
30

OPA1 Forward
Reverse
Probe

50-CCAGGTGTGATTAATACTGTGA-30

50-CCATCTTGAATACACAGTATGATG-30

50-FAM-AGGCATGGCTCCTGACACAA-MGB-
Q530-30

PACS2 Forward
Reverse
Probe

50-GCCAAGTCCACGGATAAC-30

50-CTTCCCCACGTCAAAGTC-30

50-FAM-TCCTCGTCCAAGTCCTGCC-MGB-
Q530-30

Table 1 (continued)

Genes
Primers/
Probes Sequences

PERK Forward
Reverse
Probe

50-GTGCATATAGTGGAAAGGTGAG-30

50-ACCGAAGTTCAAAGTGGC-30

50-FAM-TCATTGCCACTGCGAGGTCC-MGB-
Q530-30

PTPIP51 Forward
Reverse
Probe

50-GGGTATATATTTCCAAGTGCTACA-30

50-GTCCTTCTGGATAGCCAAATC-30

50-FAM-CCTTCGTGACATCTGGCAGC-MGB-
Q530-30

SIGMA1R Forward
Reverse
Probe

50-TCTCGGATACCATCATCTCTG-30

50-AAGGGTCCTGGGTAGAAG-30

50-FAM-TTGGTGGTGCCCTCTCTCCA-MGB-
Q530-30

SOAT Forward
Reverse
Probe

50-ACAGGATGTTCTATAAGGATTGG-30

50-ACCAGAGAAAGTCCTTGTAAG-30

50-FAM-AGCCAGTCATGGACCACCACATTCC-
MGB-Q530-30

StAR Forward
Reverse
Probe

50-CATCGACCTCAAGGGGTG-30

50-CAGGTGGTTGGCAAAATCC-30

50-FAM-CCAAGAGCATCATCAACCAGGTCCT-
MGB-Q530-30

TSPO Forward
Reverse
Probe

50-CACTCAACTACTGCGTATG-30

50-CGGGCACTCACTCTG-30

50-FAM-ACAACCATGGCTGGCGT-MGB-Q530-30

VAPB Forward
Reverse
Probe

50-GCCTCAATTAATGTATCTGGAAGA-30

50-GGGCTAATGCTGAAATGGG-30

50-FAM-TCTTCCTCATCCGCAGTCCA-MGB-
Q530-30

VDAC Forward
Reverse
Probe

50-CGGAATAGCAGCCAAGTATC-30

50-GTCAGTTTAATACCTGGCTTTAGA-30

50-FAM-TGACCCTGACGCCTGCTTCTCG-MGB-
Q530-30

ATAD3, ATPase family AAA domain-containing protein 3; BAP31, b-cell
receptor-associated protein 31; CALNX, calnexin; CypD, cyclophilin D; DRP1,
dynamin-related protein 1; ER, endoplasmic reticulum; FACL4, fatty-acid-
coenzyme A ligase, Long-Chain 4; FIS1, fission protein 1; GRP75, glucose-
regulated protein 75; IP3R, inositol trisphosphate receptor; MFN1, mitofusin
1; MFN2, mitofusin 2; OPA1, optic atrophy 1; P450scc, cholesterol side-chain
cleavage cytochrome P450; PACS2, phosphofurin acidic cluster sorting protein
2; PTPIP51, protein tyrosine phosphatase-interacting protein 51; σ1R, sigma 1
receptor; SOAT1, sterol o-acyltransferase 1; StAR, steroidogenic acute regula-
tor protein; TSPO, translocator protein; VAPB, vesicle-associated membrane
protein-associated protein B; VDAC, voltage-dependent anion channel.
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Cholesterol and organelles staining
Cells were plated in 12-well plates containing coverslips coated with

collagen (0.05mg/ml) at a density of 100,000 cells per well. After

48-h plating, cells were washed with PBS and fixed with Cell-Based

Assay Fixative Solution (Cholesterol Assay Kit [Cell-Based] for 10

min). Cells were then washed 3 times for 5min with Cholesterol

Detection Wash Buffer and incubated with Filipin III (1/100) or anti-

bodies targeting different organelles (mitochondria: TOMM20 Alexa

fluor® 555 dilution 1/250, lysosomes: M6PR [cation independent]

Alexa Fluor® 647 dilution 1/50, early endosomes: EEA1 Alexa

Fluor® 647 dilution 1/100, Golgi apparatus: GM130 Alexa Fluor®

647 dilution 1/50) in Cholesterol Detection Assay Buffer in the dark

for 4 h at room temperature.

For staining of lipid droplets, the LipidSpot™ 610 Lipid Droplet

Stain (1/1,000) was used instead of an antibody. For ER staining,

cells were transfected with an ER-RFP DNA plasmid using the Xfect

transfection reagent. Filipin staining was performed 48 h after

transfection.

Staining was followed by two washes of 5min each with Choles-

terol Detection Wash Buffer, and coverslips were mounted on slides

with the Vectashield H-1000 mounting medium and sealed with nail

polish.

Phospho-Tau staining in cells
Cells were plated in 12-well plates containing coverslips coated with

collagen (0.05mg/ml) at a density of 100,000 cells per well. After

48-h plating, cells were washed with PBS and fixed with a solution

of 4% paraformaldehyde for 10min. Cells were then washed three

times for 5 min with PBS and incubated with 0.15% TritonX100 for

10min. After three washings, cells were incubated with the mouse

anti-phospho-tau antibodies AT180 or AT8 overnight at 4°C. Cells
were washed three times for 5min with PBS and incubated with a

goat anti-mouse Alexa fluor® 568 secondary antibody for 1 h at

room temperature. After three final washes with PBS, coverslips

were mounted on slides with the Vectashield H-1000 mounting

medium and sealed with nail polish.

Staining of mouse brain sections
Mouse brains were cut in a Vibratome (30-μm brain sections) in ice-

cold PBS and stored in cryoprotective solution (defrost conditions).

Brain sections were washed three times for 10min with PBS to

remove the cryoprotectant. Sections were permeabilized with 0.2%

Triton in PBS for 1 h, washed three times for 10min, and blocked

with 5% BSA for 1 h. Primary antibodies were diluted in PBS (anti-

GFP (chicken) 1/500, anti-AT180 (mouse) 1/500, anti-calnexin (rab-

bit) 1/300) and incubated overnight at 4°C. After 3 washes of 10

min with PBS, brain sections were incubated with secondary anti-

bodies (anti-chicken 488, anti-mouse 568, anti-rabbit 647) diluted 1/

500 in PBS at room temperature for 1 h. Sections were then incu-

bated for 5 min with DAPI (1/1,000 in PBS), washed once for 3 min,

and mount onto superfrost plus slide. Sections were dried until

almost translucent, mounted in Vectashield mounting medium (H-

1000), and sealed with nail polish.

Transfection of siRNA
To modulate the interaction of MAMs in our cell models, the effect

of siRNA-mediated knockdown of mitofusin 2 (MFN2) expression

was investigated. The different cell lines were seeded 24 h prior to

transfection on either precoated collagen coverslips in 12-well plates

at a density of 100,000 cells per well (for microscopy experiments)

or on 10 cm2 dishes at a density of 750,000 cells per dish (for assess-

ment of pregnenolone level). On the following day, shortly before

transfection, the medium was exchanged with Opti-MEM™ Reduced

Serum Medium containing 5% FBS. Transfection of cells with

siRNAs was conducted with the Xfect™ RNA Transfection Reagent

according to the manufacturer’s protocol. For MFN2 knockdown a

1:1 mix of Hs_MFN2_5 FlexiTube siRNA and Hs_MFN8 FlexiTube

siRNA was used, while for control transfection the AllStars Negative

Control FlexiTube siRNA. The target sequence of Hs_MFN2_5 Flexi-

Tube siRNA consisted of CTGCACCGCCACATAGAGGAA and for

Hs_MFN8 FlexiTube siRNA of AAGACTATAAGCTGCGAATTA. For

transfections in 12-well format, 50 pmol of total siRNA was diluted

in Xfect Reaction Buffer and mixed by vortexing. For transfections

in a 10-cm dish format, 500 pmol of total siRNA was used. Next, the

Xfect RNA Transfection Polymer was diluted in Xfect Reaction

Buffer, vortexed well, and added to the diluted siRNA, followed by

vortexing for at least 10 s. The samples were incubated for 10min at

room temperature to allow nanoparticle complexes to form. After-

ward, the entire volume of nanoparticle complex solution was

pipetted drop-wise to the cells. All siRNAs were diluted to a final

concentration of 45 nM. The cells were incubated with the transfec-

tion complexes for 4 h at 37°C in a humidified 5% CO2 incubator.

Subsequently, the transfection complexes were removed and fresh

medium was added. Experiments with transfected cells were

performed 48-h post-transfection. Of note, MFN2 expression was

assessed by RT–qPCR and a decreased expression of 90% was mea-

sured (Fig EV3O).

Treatment with GSK3β inhibitor
As a further approach to influence the ER-mitochondria association,

the impact of the GSK3β inhibitor CHIR 99021 was examined on our

cellular models. Stock solutions of CHIR 99021 were prepared in

DMSO with a concentration of 10mM. The different cell lines were

seeded on either precoated collagen coverslips in 12-well plates at a

density of 100,000 cells per well (for microscopy experiments) or in

10 cm2 dishes at a density of 750,000 cells per dish. On the next day,

the cells were treated with either DMEM supplemented with 1% P/S

(vehicle control condition) or with a final concentration of 100 nM

CHIR99021. All experiments were performed after 24 h of treatment.

Cell viability assay
Cell viability was investigated using a 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyl-tetrazolium bromide (MTT) cell proliferation assay.

After treatment, the cells were incubated with MTT in DMEM for 3

h. MTT is reduced to a violet formazan derivative by mitochondrial

enzymatic activity. At the end of the reaction, the cells were

dissolved in DMSO 100%. MTT absorbance was measured at 595

nm using the multimode plate reader Cytation 3.

Image acquisition
Image acquisition of brain sections was performed using a Zeiss

LSM710 confocal microscope running the Zen Black software

(2012). Single optical sections were obtained using a 63× 1.4 NA oil

objective with the following parameters: 1,024 × 1,024 pixel resolu-

tion, zoom 2.5, scan speed 7, line scan average of 2, and scan mode

bidirectional. All acquisition settings were kept constant during
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imaging. DAPI signal was detected using a blue laser diode (Ex: 405

nm), with 5% transmission, gain 550. Green fluorescent protein

(GFP) signal was detected using an argon laser (Ex 488 nm) with

10% transmission, gain 600. Alexa Fluor® 568 signal was detected

using a 561 nm laser with 15% transmission, gain 650. Alexa Fluor®

647 signal was detected using a 633 nm laser with 20% transmis-

sion, gain 650. Images were collected on two independent occasions

for brain section (= 1 animal), with at least three fields of view on

each brain section. Representative examples were used for figure

preparation with the aid of Fiji.

For colocalization experiments between Filipin III (cholesterol)

and intracellular organelles, images were acquired using an Applied

Precision Widefield DeltaVision Core microscope fitted with an

Olympus Plan Apo N 60× oil 1.25 NA lens (with extra 1.6 magnifica-

tion lens) and a CoolSnap HQ2 camera (Photometrics) and fluores-

cence optics. The software used was Software: SoftWorx (version

4.1.2). Datasets of 1,024 × 1,024 pixels with up to 20 z-sections

spaced by 200 nm were collected. Images were acquired with an

LED-transmitted light source (solid-state light). All acquisition set-

tings were kept constant during imaging.

Filipin III was detected using a DAPI filter set (Ex 390/18 nm, Em

435/48 nm), exposure time 1 s with 100% transmission. TOMM20

Alexa fluor® 555 and ER-RFP were detected using a TRITC filter set

(Ex 542/27 nm, Em 597/45 nm), exposure time 100ms with 100%

transmission. M6PR Alexa Fluor® 647, EEA1 Alexa Fluor® 647,

GM130 Alexa Fluor® 647, and LipidSpot were detected using a Cy5

filter set (Ex 632/22 nm, Em 679/34 nm), exposure time 2 s with

100% transmission. Following the acquisition, images were decon-

volved using Huygens Deconvolution Software and processed.

Images were collected on three independent occasions for each con-

dition, with at least 10 (and typically 15) fields of view on each

occasion. Representative examples were used for figure preparation

with the aid of Fiji.

For the PLA experiments, the acquisition of confocal images

was conducted using an inverted confocal microscope (Leica

Microsystems TCS SPE DMI4000) attached to an external light

source for enhanced fluorescence imaging (Leica EL6000) with the

Leica Application Suite Advanced Fluorescence (Leica LAS AF)

software. Images were taken using a HCX PL APO oil objective

with a magnification of 63× 1.10–0.60 and by applying Type F

immersion oil (Leica Microsystems). Pinhole settings were chosen

in such a way that axially each cell was entirely present within

the confocal volume. To obtain the images the following parame-

ters were set: 1024 × 1024 pixel resolution, scan speed 400 Hz,

scan mode bidirectional, zoom 2, and frame average 4. Z-stacks

were obtained with 10 steps and a z-step size of 0.29 μm. During

imaging, the acquisition settings were all kept constant. Green

fluorescent protein (GFP) and β-tubulin Alexa Fluor® 488 signals

were detected using a 488 nm laser with 30% transmission, gain

700, and an emission bandwidth of 496–537 nm. TOMM20 Alexa

Fluor® 555 signal was detected using a 532 nm laser with 30%

transmission, gain 700, and an emission bandwidth of 555–600
nm. PLA signal in red was detected using a 532 nm laser with

30% transmission, gain 600, and an emission bandwidth of 594–
753 nm. PLA signal in deep red was detected using a 635 nm laser

with 30% transmission, gain 700, and an emission bandwidth of

640–800 nm. Images were collected on at least three independent

occasions for each condition, with typically 15 fields of view each

time. Representative examples were used for figure preparation

with the aid of Fiji.

All data were acquired within the dynamic range of the camera,

and all quantitation was performed on the raw images. Images

presented in the figures of the present manuscript have been adjusted

to aid clarity, with all comparable images treated identically.

Mitochondrial morphology analysis
The analysis of mitochondrial morphology was conducted blinded

and performed with an automated image processing and morphom-

etry macro in Fiji as previously described (Merrill et al, 2017).

Briefly, images were background-subtracted (rolling ball radius= 50

pixels) and uneven labeling of mitochondria was improved through

local contrast enhancement using contrast-limited adaptive histo-

gram equalization (“CLAHE”). To segment mitochondria, the

“Tubeness” filter was applied. After setting an automated threshold,

the “Analyze Particles” plugin was used to determine the area and

perimeter of individual mitochondria, and the “Skeletonize” func-

tion was used to measure mitochondrial length. The average metrics

obtained reflect:

The mitochondrial elongation or form factor (FF): the form factor

value describes the particle’s shape complexity of the mitochondria,

as the inverse of the circularity.

Form factor ¼ n�1 ∑
n perimeter2

4πarea

Area-weighted form factor (AWFF): a variant of form factor with

a bias toward larger mitochondria or mitochondrial networks.

AWFF provides more realistic results in cases where highly elon-

gated mitochondria are overlapping.

Area weighted form factor ¼ n�1 ∑
n perimeter2

4π

Mitochondrial length: the length reports the mitochondrial length

or elongation in pixels, after the mitochondria are reduced to a

single-pixel-wide shape (“Skeletonize” function on ImageJ).

Length ¼ n�1 ∑
n

areaskeleton

Colocalization analysis
Colocalization analysis was conducted blinded and performed

with the JACoP plugin in Fiji as previously described (Bolte &

Cordeli�ERes, 2006). A Costes randomization was performed on 16-

bit images with 200 randomized rounds and a bin width of 0.001.

Colocalization data are represented using the Manders’ overlap coef-

ficient, with M1 being defined as the ratio of the “summed intensi-

ties of pixels from the image in the first channel for which the

intensity in the second channel is above zero” to the “total intensity

in the first channel.” M2 is defined conversely. M1 and M2 are good

indicators of the proportion of the signal in the first channel coinci-

dent with a signal in the second channel over its total intensity.

Image analysis: analysis of PLA signals
The analysis of PLA signals was conducted blinded and performed

using the Fiji software. For all channels, the z-projection of z-stacks

was generated using the maximum intensity projection type. To
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quantify the PLA signals per cell, first, a region of interest (ROI) was

drawn around the cell to obtain the cell shape by means of its GFP

(Vector and P301L) or β-tubulin (WT and Tau KO) signal. Then, the

background of the PLA signal image was subtracted using a rolling

ball radius of two pixels and additional noise was removed from the

image by applying the “despeckle” command. Subsequently, the

image was thresholded with the otsu algorithm. Next, the image

with the selected ROI was analyzed using the “analyze particles”

command, limited to the threshold. Lastly, based on the measured

parameters, the contact points per cell were calculated according to

the equation below.

Contact Points

Cell
¼ Count

ROI
¼ Count

Total Area
%Area � 100

Statistical analysis
GraphPad Prism (version 9.3.0) was used for statistical analysis and

data presentation. Gaussian distribution of data was assessed using

the D’Agostino-Pearson normality test. Student’s t-test was used to

compare two different conditions, and one-way ANOVA with

Tukey’s multiple comparisons test was used to compare more than

two different conditions. P-values < 0.05 were considered as statisti-

cally significant. Statistical parameters can be found in the figure

legends.

The analysis of targeted-metabolomic data was performed using

MetaboAnalyst 5.0. Data normalization was performed using the

Autoscaling option (mean-centered and divided by standard devia-

tion of each variable) to make features more comparable. One-way

ANOVA was performed for univariate statistics, followed by post

hoc Fisher’s least significant difference method (Fisher’s LSD) to

provide a preliminary overview about features that are significant in

discriminating the conditions WT vs P301L vs Tau KO. Principal

component analysis (PCA) was performed to determine the direc-

tions that best explain the variance in our data set without referring

to class labels. Partial least squares-discriminant analysis (PLS-DA)

was used to measure the variable importance in projection (VIP)

score, which identifies important features driving the difference

between data sets. Hierarchical cluster analysis (shown as heat

map) was performed using the Euclidean distance and Ward’s

linkage.

Data availability

The corresponding raw images presented in this study are available

on BioImage Archive S-BSST1053 (https://www.ebi.ac.uk/biostudies/

studies/S-BSST1053).

Expanded View for this article is available online.
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