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Abstract
Background  Alzheimer’s disease (AD) is the major age-related form of dementia in which dysfunctional ubiquitin-
proteasome system (UPS) and autophagy represent primary mechanisms leading to accumulation of misfolded 
proteins, dysfunction of astroglial cells, neuroinflammation and neurodegeneration. Alterations of the endoplasmic 
reticulum (ER)-mitochondria contact sites (MERCS), specifically the shortening of the distance between the organelles, 
was proposed as a key mechanism of cell dysfunction in AD. However, its link to the impairment of the proteolytic 
system in AD remains unexplored.

Methods  We used, as a model, hippocampal astrocytes from 3xTg-AD mice expressing either control plasmid or 
synthetic linkers stabilizing ER-mitochondrial interaction at 10 nm (10 nm-EML) or at 20 nm (20 nm-EML). Alternatively, 
astrocytes were treated with mitochondrial Ca2+ uptake inhibitor benzethonium chloride or activator amorolfine. We 
used Western blot to assess protein expression and specific enzymatic activity tests for the analysis of proteasomal, 
autophagic and lysosomal activities. Single cell fluorescent Ca2+ imaging, using 4mtD3cpv probe targeted to the 
mitochondrial matrix, was used to assess mitochondrial Ca2+ uptake.
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Background
Alzheimer’s disease (AD) is the main form of neuro-
degenerative disorder representing 70% of age-related 
dementias. The incidence of AD is constantly growing 
creating significant social and economic challenge for 
the society. AD has a complex yet long-lasting pathogen-
esis. Failure of numerous clinical trials, precluding the 
development of a disease-modifying therapy, suggests 
insufficient understanding of molecular mechanisms 
leading eventually to neurodegeneration. Although senile 
plaques and neurofibrillary tangles represent histological 
hallmarks of the AD brain, at the cellular level the pri-
mary mechanism driving the accumulation of misfolded 
and aggregated proteins is the disruption of protein 
homeostasis—specifically, impairments in proteasomal, 
autophagic, and lysosomal protein degradation path-
ways—resulting in the failure of protein clearance [1]. 
Furthermore, pathologic remodelling of constitutive pro-
teasome in immunoproteasome, triggered by interferon 
gamma (IFNγ), links protein dyshomeostasis with neuro-
inflammation, another key aspect of AD pathogenesis [2]. 
Due to its key role in AD-related proteinopathy, protein 
degradation machinery represents a promising target for 
the development of anti-AD therapy.

Astrocytes, main homeostatic cells in the CNS, have 
recently come to age as important players in AD patho-
genesis due to their ability to define neuronal susceptibil-
ity to stress and, thereby, the progression of the disease 
[3]. First of all, astrocytes express all components of 
amyloidogenic machinery and are able to produce and 
release β-amyloid (Aβ) peptides, building blocks of senile 
plaques [4–6]. Therefore, impairment of protein degra-
dation mechanisms in astrocytes, in parallel to neurons, 
may contribute to AD-related neuropathology [7–11]. 
Moreover, astrocytes produce and secrete numerous 
pro-neurogenic and neuroprotective factors promoting 

neuronal growth and functions [12–14]. Therefore, dys-
regulation of proteolytic mechanisms in AD astrocytes 
may compromise their secretome hence homeostatic 
and defensive functions towards neurons, contributing 
to neurodegeneration [15–17]. However, little is known 
about dysfunction of proteolytic mechanisms in AD 
astrocytes. Recently we reported that in hippocampal 
astrocytes from an AD mouse model, 3xTg-AD mice, the 
proteolytic system is dysregulated, which may contribute 
to the AD-related astrocytic protein dyshomeostasis and 
loss of homeostatic and protective functions [9].

The interaction sites between organelles, specifically 
between the endoplasmic reticulum (ER) and mitochon-
dria, represent an important hub for the coordination 
of fundamental cellular functions such as phospholipid 
and steroid biogenesis, mitochondrial bioenergetics, 
apoptosis, protein synthesis and autophagy [18, 19]. ER-
mitochondrial contact sites (MERCS) represent highly 
organized structures that host tethering proteins, and 
the proteins involved in the above-mentioned functions 
[20–27]. Transversal distance between the ER mem-
brane and the outer mitochondrial membrane (OMM) 
and the extension of their interface represent physi-
cal parameters, which define the efficiency of processes 
associated with MERCS [28–30]. Recently, we reported 
that a specific distance of about 20  nm is optimal for 
ER-mitochondrial Ca2+ transfer and, therefore, for 
mitochondrial bioenergetics and ATP production [31]. 
MERCS dysfunction emerges as a key factor in cellular 
pathophysiology associated with many (if not all) dis-
ease conditions including AD and other neurodegenera-
tive diseases [30, 32–34]. In AD, an increased interaction 
between the ER and mitochondria with a shortening of 
the transversal ER-mitochondria distance, has been con-
sistently suggested [20, 22–27]. Although in AD astro-
cytes the link between MERCS dysfunction and protein 

Results  Stabilization of MERCS at 20 nm (20 nm-MERCS), which promotes mitochondrial Ca2+ uptake, rescued 
protein ubiquitination, UPS composition and activity. Immunoproteasome components β2i and β5i, upregulated 
in AD astrocytes, and INFγ, a master-regulator of UPS remodelling in inflammatory conditions, were also rescued. 
Autophagic markers beclin 1, LC3II and p62, and lysosome-related marker cathepsin B, all upregulated in AD 
astrocytes, were significantly reduced, while autophagic flux was rescued, by stabilizing 20 nm-MERCS. Furthermore, 
stabilization of 20 nm-MERCS fully rescued previously reported deficit of mitochondrial Ca2+ uptake. Strikingly, 
application of a mitochondrial Ca2+ uptake positive modulator, amorolfine, partially rescued pathological remodelling 
of UPS and autophagy, suggesting that both mitochondrial Ca2+-related and Ca2+-unrelated mechanisms play a role 
in the beneficial effect of 20 nm-MERCS stabilization on protein dyshomeostasis.

Conclusions  Our results suggest that disruption of ER-mitochondrial interaction is a key factor for AD-related 
dysregulation of protein degradation and provide a proof that stabilization of MERCS at a defined distance and/or 
pharmacological rescue of mitochondrial Ca2+ uptake represent valuable strategies for the development of future 
anti-AD therapy.
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dyshomeostasis remains largely unexplored, recent 
reports from our group suggest that the shortening of 
the ER-OMM distance may be the leading factor for AD-
related astrocytic dysfunction.

First, in line with other reports, we showed that ER-
mitochondrial distance is reduced in AD hippocampal 
astrocytes [35]. Specifically, using a recently developed 
split-GFP contact site sensor (SPLICS-Short) [36, 37], 
we observed an enrichment of MERCS at the distance 
of 8–10  nm. This shortening of ER-mitochondria dis-
tance was accompanied with the impairment of both 
mitochondrial Ca2+ uptake and bioenergetics [35]. Next, 
using a number of cellular types, we showed that the sta-
bilization of ER-mitochondrial interaction at ≈ 10  nm, 
using synthetic linkers (ER-mitochondrial linkers, 
EMLs), inhibited both mitochondrial Ca2+ uptake and 
bioenergetics, while stabilizing the distance at ≈ 20  nm 
potentiated mitochondrial Ca2+ uptake, oxygen con-
sumption and ATP production, providing a mechanistic 
link between ER-mitochondrial distance and function 
[31]. Recently, we found that in immortalized hippocam-
pal astrocytes from 3xTg-AD mice, in line with previous 
reports from our and other groups, the proteolytic sys-
tem was strongly dysregulated, including accumulation 
of ubiquitinated proteins, reduction of 20 S proteasomal 
activity, IFNγ-dependent conversion of constitutive 
proteasome to immunoproteasome, and inhibition of 
autophagic and lysosomal activities [9].

Here we hypothesized that the stabilization of ER-
mitochondrial interaction at 20  nm, the distance pro-
moting Ca2+ transfer and bioenergetics [31], could be 
beneficial also for the mitigation of the dysfunction of 
astrocytic proteolytic machinery.

Methods
Cellular model
Generation of partially immortalized astrocytes from 
hippocampus of WT and 3xTg-AD mice (WT-iAstro 
and 3Tg-iAstro cells) has been described elsewhere 
[38]. Briefly, partially immortalized cell lines were gen-
erated from separate primary astrocyte cell cultures 
deriving from WT and AD mice. To achieve immor-
talization, primary astroglia cultures were depleted of 
microglial cells by magnetic-assisted cell sorting using 
anti-CD11b-conjugated microbeads to obtain a highly 
purified population of astrocytes. Cells were transduced 
with retrovirus expressing Simian Virus 40 large T anti-
gen (SVLT). Transformed cells were selected in G418, 
amplified, and stabilized for 12 passages prior to charac-
terization. No clonal selection was performed to main-
tain the natural heterogeneity of the cultures. Cells were 
grown in Dulbecco’s modified Eagle’s medium (DMEM; 
Sigma-Aldrich, Cat. D5671) containing 10% fetal bovine 
serum (Gibco, Cat. 10270) (FBS), 2 mM L-glutamine 

(Sigma-Aldrich), and 1% penicillin/streptomycin solution 
(Sigma-Aldrich). Cells were maintained at 37 °C in a 5% 
CO2 atmosphere. Cells were passaged weekly and used 
for experiments between passages 12 and 20 after estab-
lishment [38].

Plasmids
A 10  nm ER-mitochondrial linker (EML), which fixes 
the ER-OMM distance at 10–12  nm (denominated as 
10 nm-EML), was a kind gift from Dr. György Hajnóczky 
(Thomas Jefferson University) [28, 39]. Generation and 
validation of a 20 nm EML (20 nm-EML) was described 
elsewhere [31] (available from Addgene plasmids ID 
#231178 and #231181).

Enhanced blue fluorescent protein 2 (EBFP2)-express-
ing control and 10–20 nm-linker constructs (referred to 
as ER-BFP, 10 nm-BFP and 20 nm-BFP) were described 
elsewhere [31] and are available from Addgene (plasmids 
ID #231183, #231184, and #231185, respectively).

GFP-LC3-RFP probe was a kind gift from Dr. Noboru 
Mizushima [40] (Addgene plasmid ID #84573).

Cell transfection
For lysates preparation 1 × 106 cells/well (WT- or 3Tg-
iAstro) were resuspended in 5  ml of complete DMEM 
and 5 ml of the transfection mix and plated onto 10 cm2 
dishes. For Calcium imaging experiments 1 × 105 cells/
well were resuspended in 1 ml of complete DMEM and 
1 ml of the transfection mix and plated onto 24 mm cov-
erslips. For the transfection mix Lipofectamine 2000 
(Thermo Fisher Scientific, Cat. 11668-019) and plas-
mid, in ratio 1:1, were mixed in Opti-MEM (Gibco, Cat. 
11058-021); after 3 h, transfection medium was replaced 
with complete medium. After 48  h, experiments were 
performed. Routinely, 85–95% of transfection was 
achieved as detected using fluorescent microscopic 
analysis.

Cell treatment with both activator and inhibitor of 
mitochondria Ca2+ uniporter (MCU)
WT-iAstro and 3Tg-iAstro cells were plated, and 
after 24  h were treated with 10 µM of amorolfine (Cat. 
Y0001795, Sigma) or benzethonium (Cat. 53751, Sigma), 
MCU activator and inhibitor respectively. Experiments 
were performed 24 h late.

Preparation of cell lysates
After removing the medium and washing twice with 
ice-cold phosphate buffered saline (PBS), cells were har-
vested in PBS and centrifuged at 1600×g for 5 min. The 
pellet was resuspended with 100 µL lysis buffer contain-
ing 20 mM Tris, pH 7.4, 250 mM sucrose, 1 mM EDTA, 
and 5 mM β-mercaptoethanol, and passed through 
a 29-gauge needle at least ten times. Lysates were 
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centrifuged at 12,000×g for 15 min at 4 °C and the super-
natants were collected into a 1.5 ml tube and immediately 
stored at − 80 °C. The protein concentration was quanti-
fied through the Bradford method using bovine serum 
albumin (BSA) as standard.

Measurements of proteasome activities
Proteasome activities were evaluated in cell lysates 
through fluorometric assays, as previously reported [41], 
using the following synthetic substrates: Leu-Leu-Val-
Tyr-amino-4-methyl-coumarin (AMC) (Sigma-Aldrich, 
Cat. S6510) for chymotrypsin-like (ChT-L), activity, 
Leu-Ser-Thr-Arg-AMC (Sigma-Aldrich, Cat. B4636) 
for trypsin-like (T-L) activity, and Leu-Leu-Glu-AMC 
(Sigma-Aldrich, Cat. C0483) for peptidyl-glutamyl pep-
tide-hydrolyzing (PGPH) activity. Branched chain amino 
acid-preferring (BrAAP) activity was measured using 
Gly-Pro-Ala-Leu-Ala-AMC (Biomatik Corporation, 
Canada) substrate in the presence of aminopeptidase-
N (Sigma-Aldrich, Cat. A8200). The incubation mix-
ture contained the cell lysate (1 µg of total proteins), the 
appropriate substrate, and 50 mM Tris/HCl pH 8.0, up 
to a final volume of 100 µL. Incubation was performed 
at 37 °C, and after 60 min, the fluorescence of the AMC 
was recorded (AMC, λexc = 365  nm, λem = 449  nm) on a 
SpectraMax Gemini XPS microplate reader (Molecular 
Devices, Sunnyvale, CA, USA). In order to test the 26 S 
proteasome ChT-L, we used Suc-Leu-Leu-Val-Tyr-AMC 
as substrate and 50 mM Tris/HCl pH 8.0 buffer contain-
ing 10 mM MgCl2, 1 mM dithiothreitol, and 2 mM ATP. 
The effective 20 S proteasome contribution to short pep-
tide cleavage was evaluated with control experiments 
performed using specific proteasome inhibitors, Z-Gly-
Pro-Phe-Leu-CHO and lactacystin (5 µM in the reaction 
mixture).

Measurements of cathepsins activities
Cathepsin B and L proteolytic activities were measured 
following the protocol described by Tchoupè et al. [42] 
using the fluorogenic peptides Z-Arg-Arg-AMC (Sigma-
Aldrich, Cat. C5429) and Z-Phe-Arg-AMC (Sigma-
Aldrich, Cat. C9521), respectively, at a final concentration 
of 50 µM. The mixture, containing 1 µg of protein lysate, 
was incubated in 100 mM phosphate buffer pH 6.0, 1 
mM EDTA and 2 mM dithiothreitol for 1 h at 30 °C. Sub-
strate hydrolysis (AMC, λexc = 365  nm, λem = 449  nm) 
was detected on a SpectraMax Gemini XPS microplate 
reader. The effective cathepsins contribution to the pro-
teolysis was evaluated through control experiments 
performed using the specific inhibitors CA074Me and 
N-(1-naphthalenylsulfonyl)-Ile-Trp-aldehyde) for cathep-
sins B and L, respectively.

Western blotting analysis
Cell lysates (20 µg of total proteins) were mixed with the 
right amount of Laemmli Sample buffer 1x. The samples 
were resolved by 12% or 15% SDS/PAGE and electroblot-
ted onto PVDF membranes. Membranes with transferred 
proteins were incubated with the specific primary mono-
clonal antibody and successively with the proper per-
oxidase conjugated secondary antibody. Supplementary 
Table 1 provides detailed information about antibodies 
used in WB experiments. Clarity Western ECL Substrate 
was used (Biorad, Cat. 1705061). Detection step was 
performed on a Biorad ChemiDoc MP imaging system. 
Each gel was loaded with molecular weight markers in 
the range of 12 to 225 kDa (GE Healthcare). Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) was utilized 
as controls for equal protein loading: membranes were 
stripped and re-probed with anti-GAPDH monoclonal 
antibody. Stripping buffer contained 200 mM glycine, 
0.1% SDS, and 1% Tween 20. ChemiDoc-acquired immu-
noblot images were processed through Image J software 
(NIH, USA) to calculate the background mean value and 
its standard deviation. The background-free image was 
obtained subtracting the background intensity mean 
value from the original digital data. The integrated densi-
tometric value associated with each band was calculated 
as the sum of the density values over all the pixels belong-
ing to the selected band with a density value higher than 
the background standard deviation. For each band, den-
sitometric value was normalized to the relative GAPDH 
signal intensity. The ratios of band intensities were cal-
culated within the same Western blot. Calculations were 
carried out using the Matlab environment (The Math-
Works Inc., Natick, MA, USA). Uncropped membranes 
are presented in Supplementary Material.

Assessment of autophagic flux with GFP-LC3-RFP probe
Generation of stable WT-iAstro and Tg-iAstro cell lines 
expressing GFP-LC3-RFP probe
Retroviral particles expressing GFP-LC3-RFP probe were 
generated by transfecting 2 × 106 Phoenix-AMPHO cells 
(ATCC CRL-3213) with 6 µg pMRX-IP-GFP-LC3-RFP 
plasmid using 10 µL Lipofectamine 2000 (Thermo Fisher) 
in a mixture of 1 ml Opti-Mem and 6 ml complete cul-
ture medium. 72  h after transfection culture medium 
was filtered through 0.45  μm filter and concentrated by 
centrifugation at 5 × 104 xg using an Eppendorf CR30NX 
centrifuge and R25ST rotor. Viral effective titre was 
assessed by infecting WT-iAstro cells with serial dilu-
tions and the dilution which gave at least 85% transduced 
cells was used for the transduction of both WT-iAstro 
and Tg-iAstro cells plated at a density of 4 × 104 cells/well 
in a 12 well plate. After three passages transduced cells 
were used for experiments.
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Determination of autophagic flux using GFP-LC3-RFP probe
2 × 104 WT-iAstro or Tg-iAstro cells stably expressing 
GFP-LC3-RFP probe were plated on 13  mm coverslips 
(pretreated with 0.1  mg/ml Poly-L-lysine, Sigma) and 
transfected with either control plasmid (ER-BFP, both 
lines) or with plasmids expressing 10 nm-BFP or 20 nm-
BFP, respectively, and 48 h after transfection were treated 
either with vehicle (water, 0.1%) or with chloroquine 
(Sigma, 20 µM final concentration from 20 mM stock 
prepared in water) for 24  h. After that, cells were fixed 
in 4% paraformaldehyde, mounted on microscopy slides 
and analysed using a Leica DMi8 epifluorescent micro-
scope equipped with CoolLED pE4000 light source, HC 
PL FLUOTAR (340) 40x/1.30 OIL objective, and Hama-
matsu Flash 4.0 V3 camera. Images were acquired using 
LAS-X software. 10–15 fields were taken from each 
experiment, performed in triplicate. All cells in the field, 
expressing all three fluorescent proteins, BFP (control 
plasmid or linker), GFP-LC3 and RFP were counted and 
the percentage of cells presenting numerous GFP-LC3-
positive autophagosomes as compared with cells with 
diffuse cytosolic GFP localization was determined.

Real-time PCR
Total mRNA was extracted from 1.0 × 10^6 cells 48  h 
after transfection with control plasmid or linker con-
structs, using TRIzol Lysis Reagent (Invitrogen, Cat. 
15596026) according to manufacturer’s instruction. First 
strand of cDNA was synthesized from 0.5 to 1 µg of total 
RNA using SensiFAST cDNA synthesis kit (Meridian 
Bioscience, UK, Cat. BIO-65054). Real-Time PCR was 
performed using iTaq qPCR master mix according to 
manufacturer’s instructions (Bio-Rad, Cat. 1725124) on 
a SFX96 Real-time system (Bio-Rad). To normalize raw 
real time PCR data, S18 ribosomal subunit was used. 
Data are expressed as fold change compared with WT-
iAstro-ER-BFP. Sequences of oligonucleotide primers are 
present in Supplementary Table 2.

Mitochondrial Ca2+imaging
Mitochondrial Ca2+ dynamics were monitored by 4mtD-
3cpv sensor, a genetically encoded Ca2+ indicator targeted 
to the mitochondrial matrix [43]. After 48 h transfection, 
expression of 4mtD3cpv was checked and mitochondrial 
matrix calcium dynamics were monitored. Coverslips 
were washed using KRB solution (125 mM NaCl, 5 mM 
KCl, 1 mM Na3PO4, 1 mM MgSO4, 2 mM CaCl2, 5.5 
mM glucose, 20 mM HEPES, pH 7.4), transferred to an 
acquisition chamber, and mounted on the stage of a Leica 
DMI6000B epifluorescent microscope equipped with an 
S Fluor 40×/1.3 objective, a Polychrome V monochroma-
tor (Till Photonics, Munich, Germany), a Photometrics 
DV2 dual imager (Teledyne Photometrics, Tucson, US). 
Samples were illuminated at 420 nm and simultaneously 

acquired at 475  nm (donor, ECFP) and 530  nm (accep-
tor, circularly permuted (cp.) Venus) using a Hamamatsu 
cooled CCD camera. CpVenus/ECFP ratio was calculated 
online using MetaFluor software. After acquisition of 
basal Ca2+ levels (first 30 s of acquisition), the cells were 
stimulated with 100 µM ATP. Regions of interest (ROIs) 
were defined around individual mitochondria.

Statistical analysis
Biochemical data are expressed as mean values ± SEM of 
at least three independent experiments. Statistical analy-
sis was performed using the one-way ANOVA, followed 
by the Bonferroni test using the Prism software (Graph-
Pad Prism). The level of significance was set at p-val-
ues < 0.05 (*), < 0.01 (**) and < 0.01 (***).

Results
Experimental design and samples of the study
To investigate cause-effect relationship between ER-
mitochondrial distance and AD-related impairment of 
proteasomal and autophagic protein degradation we 
used a well characterized astrocytic cellular model of 
AD, partially immortalized hippocampal astrocytes from 
3xTg-AD mice, denominated as WT-iAstro and Tg-iAs-
tro cells [9, 13, 35, 38] (Fig. 1A). We exploited our recent 
discovery of the dependence of the ER-mitochondrial 
Ca2+ transfer efficiency on the physical distance between 
organelles: by overexpressing artificial tethers, we showed 
that at 10  nm distance (10  nm-EML) Ca2+ transfer and 
mitochondrial function was significantly inhibited, while 
at 20  nm distance (20  nm-EML, Fig.  1B) mitochondrial 
Ca2+ uptake and OxPhos were potentiated as compared 
with control plasmid [31]. We transiently transfected 
WT-iAstro either with control plasmid (ERmRFP) or 
with 10 nm-EML, while 3Tg-iAstro were transfected with 
either ERmRFP or with 20 nm-EML (Fig. 1C). 48 h after 
transfection cells were used for experiments.

20 nm-EML rescues 20 S proteasomal activity and 
accumulation of ubiquitinated proteins
First, we analysed protein ubiquitination and 20  S pro-
teasomal activity. We observed a markedly downregu-
lated 26  S chymotrypsin-like (26  S ChT-L) activity 
compared to control WT-iAstro expressing ER-mRFP 
(WT-ERmRFP). 3Tg-iAstro expressing 20 nm-EML (Tg-
20nmEML) showed a significantly increased 26 S ChT-L 
activity with respect to 3Tg-iAstro cells expressing con-
trol ER-mRFP construct (Tg-ERmRFP) (Fig.  2A). West-
ern blotting results showed that the intracellular levels 
of ubiquitin conjugates were significantly enhanced in 
WT-10nmEML astrocytes compared to WT-ERmRFP. 
As expected, accumulation of ubiquitinated substrates 
occurred in Tg-ERmRFP as a consequence of protea-
some inhibition. Interestingly, Ub-conjugated levels were 
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reduced in Tg-20nmEML astrocytes (Fig. 2B), confirming 
the impact of a proper ER-mitochondrial distance on the 
functionality of the 26 S proteasome and indicating that 
stabilization of ER-mitochondrial interaction at 20  nm 
can be a valuable strategy to rescue proteasome enzy-
matic functionality in the AD cellular phenotype.

In order to assess the functionality of the 20  S pro-
teasome, enzymatic assays using specific synthetic fluo-
rogenic substrates were performed. ChT-L and T-L 
activities of the 20 S proteasome, which are typically 
attributed to β5 and β2 catalytic subunit respectively [44], 

were significantly downregulated in WT-10nmEML cells 
compared to WT-ERmRFP cells. In contrast, both ChT-L 
and T-L were significantly increased in Tg-20nmEML 
cells compared to Tg-ERmRFP cells. The BrAAP activ-
ity was significantly reduced in WT transfected with the 
10-nm linker (WT-10nmEML), mimicking the AD con-
dition (Tg-ERmRFP), while BrAAP activity was rescued 
in Tg-20nmEML. No significant difference was observed 
in PGPH activity, which is constitutively attributed to the 
β1 subunit (Fig. 2C).

Fig. 1  Scheme depicting study design, ER-mitochondrial linkers and experimental conditions. (A) As a cellular astrocytic AD model, partially immortal-
ized hippocampal astrocytes from 3xTg-AD mice were used. (B) Linker constructs used in this study were composed of a fluorescent protein (mRFP or 
EBFP2, here depicted in red) flanked by flexible spacers (green) and by targeting sequences for the outer mitochondrial membrane (OMM) and the ER 
membrane (light blue helices) at the C- and N-terminal ends of the construct, respectively. To warrant stabilization of the ER-mitochondrial interaction at 
20 nm distance, rigid alpha-helical sequences were introduced between targeting sequences and fluorescent protein as described in [31] (violet helices). 
Control plasmid contained a fluorescent protein targeted to the outer surface of the OMM. (C) Scheme depicting experimental conditions tested in this 
work. WT-iAstro were transfected either with ER-mRFP control construct (light-blue contour) or with 10 nm-EML (blue contour) to mimic shortening of ER-
mitochondrial distance found in Tg-iAstro cells [13, 35]. To test if stabilization of ER-mitochondrial interaction at 20 nm would rescue AD-related astrocytic 
alterations, Tg-iAstro were transfected either with ER-mRFP (control, light-red contour) or with 20 nm-EML (violet contour)
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It is well known that a specialized form of proteasome 
named immunoproteasome is assembled in response to 
cellular stress. In the immunoproteasome the constitu-
tive catalytic subunits β1, β2 and β5 are replaced by the 
inducible subunits β1i, β2i and β5i providing altered 
peptide cleavage properties [45, 46]. To assess protea-
somal dynamic structure in altered and restored MERCS 

distances, the subunit compositions of astrocytes was 
analysed. In line with our recently published report [9], 
Western blotting showed that the expression level of the 
constitutive β2 and β5 subunits were markedly reduced 
in WT-10nmEML cells and in Tg-ERmRFP cells com-
pared with WT-ERmRFP cells. The expression of the 
20  nm linker in AD astrocytes (Tg-20nmEML) rescued 

Fig. 2  Rescue of UPS function by 20 nm-EML in AD astrocytes. WT-iAstro were transfected with ER-mRFP or 10 nm-EML; Tg-iAstro were transfected with 
ER-mRFP or 20 nm-EML. 26 S ChT-L proteasomal activity (panel A). Representative immunoblot of ubiquitin conjugates (panel B) and densitometry nor-
malized by GAPDH, expressed as arbitrary units (a.u., mean ± SEM, from three independent experiments). Panel (C) 20 S proteasomal activities measured 
through enzymatic fluorometric assays. ChT-L, T-L, BrAAP, and PGPH mean ± SEM activities are expressed as fluorescence units (f.u.) Data are from three 
independent subgroups of astrocytes at the same passage number are represented (*p < 0.05, **p < 0.01, *** p < 0.001, according to one-way ANOVA, 
followed by the Bonferroni test)
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the protein expression of both β2 and β5 in respect to Tg-
ERmRFP cells (Fig. 3A).

In line with our previous report, β2i and β5i expres-
sion levels were significantly higher in WT 10 nm-EML 
cells and in Tg-ERmRFP cells compared with WT-ERm-
RFP cells. Strikingly, transfection with the 20  nm linker 
rescued the protein expression of both β2i and β5i in 
Tg-20nmEML cells with respect to Tg-ERmRFP cells 
(Fig. 3A).

We also found that IFNγ, the major mediator of immu-
noproteasome induction [47, 48], was upregulated in 
WT-10nmEML, mimicking the AD phenotype and in 
agreement with the induction of the immunoprotea-
some upon shortening MERCS distanced. IFNγ levels 
were restored in Tg-20nmEML compared to Tg-ERmRFP 
cells (Fig.  3B). Altogether, these results indicated that 
stabilizing the distance between endoplasmic reticulum 
and mitochondria at 20 nm can partially restore both the 
structure and the functionality of UPS.

Modulation of INFγ and inducible proteasome by 
the stabilization of ER-mitochondrial interaction is 
transcriptionally regulated
Conversion of the constitutive proteasome to the immu-
noproteasome occurs under the transcriptional control 
of INFγ, which, in turn, is regulated at a transcriptional 
level [49]. Therefore, it was important to investigate 
if the upregulation of INFγ in 3Tg-iAstro and in WT-
10nmEML, and rescue of INFγ protein in Tg-20nmEML 
astrocytes was transcriptionally regulated. Figure  4A 
shows that in 3Tg-iAstro cells expressing control plasmid 
(Tg-ERmRFP), the level of INFγ transcript was increased 
by more than threefold compared to WT-ERmRFP 
astrocytes. WT-iAstro transduced with 10  nm-EML 
(WT-10nmEML) showed significant increase of INFγ 
transcript by 1.3-fold. Strikingly, 3Tg-iAstro transduced 
with 20  nm-EML (Tg-20nmEML) strongly reduced and 
fully rescued the transcription of INFγ RNA (Fig.  4A). 
The levels of the inducible β1i and β5i transcripts were 
also significantly higher in Tg-ERmRFP compared with 
WT-ERmRFP astrocytes and this increase was repro-
duced by expression of 10  nm-EML in WT-iAstro 
(Fig. 4B, D). The levels of β2i were not significantly dif-
ferent between WT-ERmRFP and Tg-ERmRFP due to 
high variability between samples. Strikingly, in line with 
Western blot results, 20 nm-EML expressed in 3Tg-iAs-
tro strongly reduced and rescued the mRNA levels of all 
three inducible subunits (Fig. 4B, C,D). Interestingly, we 
did not find linker-dependent changes, coherent with 
protein levels, in the expression of transcripts coding for 
constitutive proteasomal subunits β1, β2 and β5, suggest-
ing that their upregulation in Tg-iAstro occurs at a post-
transcriptional level (Supplementary Fig. 1A, B,C).

Rescue of autophagic and lysosomal degradation by 
20 nm-EML in AD astrocytes
MERCS regulate a variety of intracellular biological 
processes including autophagy [18, 50] and modifica-
tion of MERCS distances can affect the formation of the 
autophagosome [50, 51]. To examine the functionality of 
the autophagic pathway in altered or restored MERCS, 
we first detected the expression levels of autophagy 
markers such as beclin 1, LC3II and p62. As shown in 
Fig.  5, significantly increased expression levels of beclin 
1, LC3II and p62 proteins in WT-10nmEML cells com-
pared to WT-ERmRFP cells were observed, indicating 
a defective autophagic flux upon shortening of MERCS 
distances, recapitulating the same alterations previ-
ously observed in in 3Tg-iAstro [9]. Interestingly, higher 
levels of beclin 1, LC3II and p62 were detected in Tg-
20nmEML, suggesting a restored autophagic function 
upon reestablishing the optimal MERCS distance. Next, 
we examined the expression level and activity of both 
cathepsin B and L, which are key cysteine proteases 
responsible for protein turnover in the lysosomal cellular 
compartment [52]. In particular, cathepsin B has a role in 
the deposition of amyloid plaques [53], while cathepsin 
L has previously been shown to be involved in the pro-
teolytic processing of amyloid aggregates [54]. Signifi-
cantly increased expression levels (Fig.  6A) and activity 
(Fig. 6B) of cathepsin B were observed in WT-10nmEML 
as well as in Tg-ERmRFP cells compared to control cells. 
Moreover, cathepsin B activity and expression level sig-
nificantly decreased in Tg-20nmEML cells with respect 
to Tg-ERmRFP cells, indicating that altering MERCS 
distances can effectively rescue autophagic flux in AD 
astrocytes. However, no significant changes were found 
in both activity and expression levels of cathepsin L in 
none of the experimental group (Fig. 6). Real-time PCR 
analysis did not reveal linker-dependent changes, coher-
ent with protein levels, in the levels of transcripts coding 
for autophagic marker Beclin1 or for proteolytic enzymes 
Cathepsins B and L, suggesting their posttranscriptional 
regulation (Supplementary Fig. 1D, E, F).

Collectively, these results support the hypothesis that 
20  nm MERCS stabilization exerts beneficial effect on 
AD-related protein dyshomeostasis in astrocytes [55].

Autophagic flux is impaired in AD astrocytes and is 
partially rescued by 20 nm-EML
To investigate if changes in autophagy-related pro-
teins may be linked to altered autophagic flux, we used 
a recently developed fluorescent probe GFP-LC3-RFP to 
follow the formation of autophagosomes in presence of 
a lysosomal inhibitor, chloroquine (CQ) [40]. GFP-LC3-
RFP fusion protein, expressed in the cell, is processed 
by the endogenous ATG4 family proteases that cleave 
the peptide bond after the C-terminal glycine of LC3 in 
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Fig. 3  Rescue of UPS composition by 20 nm-EML in AD astrocytes. Representative Western blots of β5, β5i, β2, and β2i proteasomal subunits (A) and IFNγ 
protein levels (B) in WT-iAstro (transfected with ER-mRFP or 10 nm-EML) and Tg-iAstro (transfected with ER-mRFP or 20 nm-EML). For each target protein, 
the densitometric analysis is reported; it is normalized by GAPDH and expressed as mean ± SEM arbitrary units (a.u.) from three independent experiments. 
Detection was executed by ECL (*p < 0.05, **p < 0.01 one-way ANOVA, followed by the Bonferroni test)
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Fig. 4  Transcriptional effects of MERCS stabilization in WT- and 3Tg-iAstro on INFγ and immunoproteasome. Transcripts of Ifng, Psmb9, Psmb10 and Psmb8 
genes coding, respectively for INFγ (A), β1i (B), β2i (C) and β5i (D) were assessed by real-time PCR using specific oligonucleotide primers in WT-iAstro cells 
(transfected with ER-mRFP or 10 nm-EML) and Tg-iAstro (transfected with ER-mRFP or 20 nm-EML). Data are shown as mean ± SEM for three independent 
experiments performed in duplicates. (* p < 0.05, **p < 0.01, ***p < 0.001)
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Fig. 5  Protein expression of autophagic markers. Representative western blotting images of beclin 1, LC3 II and p62 levels in WT-ERmRFP, WT-10nmEML, 
Tg-ERmRFP, and Tg-20nmEML hippocampal astrocytes. Mean ± SEM densitometry of each target protein normalized by GAPDH from three independent 
experiments is reported and expressed as arbitrary units (a.u.). (*p < 0.05, **p < 0.01, using one-way ANOVA, followed by the Bonferroni test)
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the cytosol, producing equimolar amounts of GFP-LC3, 
which after conjugation with phosphatidylethanolamine 
[PE] is localized to autophagosomes and is degraded 
after autophagosome-lysosome fusion, and RFP, which 
remains in the cytoplasm as a reference. In basal condi-
tions (no CQ treatment), GFP-LC3 shows prevalently 
a diffuse-cytosolic pattern in both WT-iAstro and 3Tg-
iAstro cells with rare and small GFP puncta (Supple-
mentary Fig.  2). However, after CQ treatment (20 µM, 
24 h), most of WT-iAstro cells (75.26%) present numer-
ous and bright puncta/vesicles formed by PE-conjugated 
and autophagosome-localized GFP-LC3, while in 24.74% 
of cells no puncta-vesicles were detected and GFP-LC3 
presented diffuse-cytosolic localization (Fig. 7, WT-iAs-
tro-BFP). Then, we determined percentage of cells pre-
senting punctate-vesicular GFP-LC3 pattern in Tg-iAstro 

cells, and found that in most of cells (67.49%) GFP-LC3 
remained in the cytosol and only 32.51% of cells pre-
sented punctate-vesicular pattern (Fig. 7, Tg-iAstro-BFP). 
Significant reduction of cells with punctate-vesicular 
GFP-LC3 in Tg-iAstro cells clearly indicate on the impair-
ment of autophagic flux. Next, we explored the effect of 
10 nm-BFP or 20 nm-BFP overexpression in WT-iAstro 
and Tg-iAstro, respectively. We found that WT-iAstro, 
transfected with 10 nm-BFP, showed a significant reduc-
tion of cells with punctate-vesicular GFP-LC3 pattern 
(44.85%, p < 0.0001 compared with WT-iAstro-ER-BFP), 
while Tg-iAstro, transfected with 20  nm-BFP showed 
partial but highly significant recovery of cells with punc-
tate-vesicular GFP-LC3 localization (51.69%, p < 0.0001 
compared with Tg-iAstro-ER-BFP) (Fig. 7). These results 
suggest that first, autophagic flux is impaired in Tg-iAstro 

Fig. 6  Expression and activity of lysosomal enzymes. WT-iAstro were transfected with ER-mRFP or 10 nm-EML; Tg-iAstro were transfected with ER-mRFP 
or 20 nm-EML. (A) Cathepsin B and cathepsin L representative western blotting; mean ± SEM densitometry of each target protein normalized by GAPDH 
from three independent experiments is reported and expressed as arbitrary units (a.u.). (B) Cathepsin B and cathepsin L enzymatic activities are expressed 
as mean ± SEM fluorescence units (f.u.), (*p < 0.05, **p < 0.01, using one-way ANOVA, followed by the Bonferroni test)
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Fig. 7 (See legend on next page.)
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as compared with WT-iAstro, and secondly, autophagic 
flux can be efficiently modulated by modifying the dis-
tance between the ER and mitochondria.

20 nm-EML or pharmacological activation of MCU rescue 
mitochondrial Ca2+uptake and global protein synthesis in 
AD astrocytes
Recently, we reported that in AD astrocytes, the pro-
teostasis is impaired with proteasome inhibition and 
autophagic compensatory activation [9]. In the same hip-
pocampal astrocytes, bioenergetic deficit was previously 
associated with reduced mitochondrial Ca2+ uptake due 
to the shortened distance between ER and mitochon-
dria compared to healthy astrocytes [13, 35]. There-
fore, the presented above rescue of protein degradation 
mechanisms in 3Tg-iAstro cells by the stabilization of 
the interaction between ER and mitochondria at 20 nm, 
potentially, may be mediated by at least two mecha-
nisms: (i) normalization of mitochondrial Ca2+ uptake 
[31] and (ii) Ca2+-independent rearrangement of MERCS 
proteins at the 20  nm distance between the organelles. 
Mitochondrial Ca2+ uptake depends on the activity of 
the highly selective channel mitochondrial calcium uni-
porter (MCU). Recently, FDA-approved and clinically 
relevant pharmacological modulators of mitochondrial 
Ca2+ uniporter (MCU) were identified [56]. Therefore, 
it was important (i) to discriminate Ca2+-dependent and 
Ca2+-independent effects of 20  nm-EML expression in 
3Tg-iAstro, and (ii) to test if FDA-approved pharmaco-
logical modulators may be useful for normalization of 
AD-related dysproteostasis.

First of all, we assessed if, similarly to other tested 
cells [31], mitochondrial Ca2+ uptake may be modulated 
by ER-mitochondrial distance stabilization. We found 
that 10  nm-EML expressed in WT-iAstro dramatically 
reduced, while 20 nm-EML expressed in 3Tg-iAstro cells 
fully rescued ATP-induced Ca2+ signals in mitochondrial 
matrix as detected using 4mtD3cpv FRET-based geneti-
cally-encoded Ca2+ indicator [43] (Fig. 8A).

Next, we tested if pharmacological modulators of 
MCU, namely the inhibitor benzethonium chloride and 

activator amorolfine [56], could reproduce the effects of 
ER-mitochondrial linkers on mitochondrial Ca2+ uptake. 
Figure  8B shows that benzethonium (inhibitor) signifi-
cantly reduced ATP-induced Ca2+ signals in WT-iAstro, 
while amorolfine (activator) increased and fully rescued 
mitochondrial Ca2+ uptake in 3Tg-iAstro cells (Fig. 8C). 
These results suggest that mitochondrial Ca2+ uptake and 
Ca2+-dependent AD-related alterations may be rescued 
by pharmacological activation of MCU activity.

Activation of mitochondrial Ca2+uniporter partially rescues 
proteasomal degradation and autophagy
To investigate if the rescue of protein degradation mecha-
nisms in 3Tg-iAstro cells by the stabilization of the inter-
action between the ER and mitochondria at 20  nm was 
due to the correction of mitochondrial calcium uptake, 
we undertook a pharmacological approach. In particu-
lar, we investigated if the pharmacological modulation 
of MCU could reproduce the AD-liked impairment of 
proteasomal machinery in WT-iAstro and/or rescue the 
impairment in 3Tg-iAstro. 20 S proteasome ChT-L, T-L, 
and BrAAP activities and 26 S ChT-L activity were signif-
icantly reduced in WT-iAstro treated with the inhibitor 
of mitochondria Ca2+ uptake, compared to the WT-iAs-
tro control cells (Fig. 9A and B), with a parallel accumula-
tion of ubiquitin conjugates (Fig. 9C).

The same proteasomal activities were partially but sig-
nificantly restored in 3Tg-iAstro treated with activator 
of mitochondria Ca2+ uptake with respect to untreated 
3Tg-iAstro cells (Fig. 9A and B), in line with reduced lev-
els of ubiquitin conjugates (Fig. 9C), confirming the cru-
cial importance of a proper mitochondrial Ca2+ uptake in 
MERCS. Interestingly, INFγ levels, which are higher in 
Tg-iAstro compared to WT-iAstro, were not affected by 
the drugs (Fig. 9D), suggesting that the IFNγ-dependent 
conversion of the constitutive proteasome to immuno-
proteasome does not depend on the impairment of mito-
chondrial Ca2+ signals.

Interestingly, the mitochondrial Ca2+ uptake positive 
modulator significantly decreased the levels of p62 and 
beclin-1 in 3Tg-iAstro compared with untreated cells, 

(See figure on previous page.)
Fig. 7  Autophagic flux is impaired in Tg-iAstro and is partially rescued by 20 nm linker. (Aa) Scheme depicting principle of action of GFP-LC3-RFP probe. 
When transduced inside the cell, the probe is processed by the endogenous ATG4 family proteases that cleave the peptide bond after the C-terminal 
glycine of LC3 in the cytosol, producing equimolar amounts of GFP-LC3, which after conjugation with phosphatidylethanolamine is localized to au-
tophagosomes and is degraded after autophagosome-lysosome fusion, and RFP, which remains in the cytoplasm as a reference. (Ab) Scheme depicting 
principle of measurement of autophagic flux using GFP-LC3-RFP probe. In basal conditions, at a low rate of autophagic flux, GFP-LC3 is localized to the 
cytosol with a diffuse pattern of distribution; upon treatment with chloroquine (20 µM, 24 h), in cells with high autophagic flux GFP-LC3 localizes into 
autophagosomes, while in cells with low autophagic flux, maintain cytosolic localization. The percentage of cells with the autophagosome localization 
of the probe is used for estimation of linkers’ effect on autophagic flux. (B) Representative microscopy fields showing WT-iAstro and Tg-iAstro cells stably 
transduced with GFP-LC3-RFP probe and transiently transfected with ER-BFP (both lines) and with 10 nm-BFP and 20 nm-BFP, respectively. Arrows indi-
cate cells with high autophagic flux rate (autophagosome localization of GFP-LC3); arrowheads indicate cells with low autophagic flux (cytosolic pattern 
of GFP-LC3). (C) Quantification of autophagic flux in WT-iAstro and Tg-iAstro expressing ER-BFP (both lines) and 10 nm-BFP and 20 nm-BFP, respectively. 
Data are expressed as mean ± SEM of 40–42 fields per condition (with a total of 437, 539, 790 and 510 cells for WT-iAstro -ER-BFP, WT-iAstro − 10nmBFP, Tg-
iAstro-ER-BFP, and Tg-iAstro-20 nm-BFP, respectively) collected from three independent experiments. (**p < 0.01, ****p < 0.0001, using one-way ANOVA, 
followed by the Tukey post-hoc test). Bar = 25 µM
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Fig. 8  Pharmacological MCU activation rescues impaired mitochondrial Ca2+uptake in 3Tg-iAstro cells. (A), WT-iAstro expressing 10  nm-EML (WT-
10nmEML) and 3Tg-iAstro expressing 20 nm-EML (Tg-20nmEML) were transfected with mitochondrial matrix-targeted 4mtD3cpv Ca2+ sensor. Traces 
show ATP (100 µM)-stimulated Ca2+ signals in the mitochondrial matrix. Whisker plot shows quantification of at least three independent experiments 
performed in triplicate (at least 50 ROI for each experimental group have been recorded). (B), WT-iAstro and 3Tg-iAstro cells were treated with benzetho-
nium chloride (10 µM, activator) and amorolfine (10 µM, inhibitor), respectively. ATP-induced Ca2+ signals in the mitochondrial matrix were measured 24 h 
after treatment. Whisker plot reports data from three independent experiments performed in triplicate (at least 80 ROI for each experimental group have 
been recorded). (* p < 0.05, **p < 0.01, ***p < 0.001)
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Fig. 9 (See legend on next page.)
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suggesting partial restoration of autophagic function, 
consistently with previous data [57] (Fig. 10). No differ-
ence was observed in WT-iAstro cells treated with MCU 
inhibitors. Taken together, our data suggest that both 
mitochondrial Ca2+-related and Ca2+-unrelated mecha-
nisms are involved in 20 nm MERCS stabilization-depen-
dent beneficial effects on protein dyshomeostasis.

Discussion
In this report we investigated the effects of the modula-
tion of ER-mitochondrial interaction on the proteolytic 
machinery in an astrocytic model of AD, partially immor-
talized 3Tg-iAstro cells. The results suggest that: (i) stabi-
lization of the interaction between ER and mitochondria 
at a short distance, ≈ 10  nm, in WT-iAstro reproduces 
the large part of the alterations in proteasomal, autopha-
gic and lysosomal degradation machineries, as well as the 
reduction of ribosomal protein synthesis and mitochon-
drial Ca2+ uptake, found in 3Tg-iAstro; (ii) stabilization 
of the interaction at ≈ 20 nm in 3Tg-iAstro cells rescued 
these alterations; and (iii) application of a pharmaco-
logical modulator of mitochondrial Ca2+ uptake, a FDA-
approved drug amorolfine, had significant positive effect, 
partially reverting the impairment of proteasomal activ-
ity, the accumulation of ubiquitinated proteins and the 
alterations in the expression of autophagic markers.

Alterations of protein homeostasis are an intrinsic 
feature of AD, being linked to the accumulation of mis-
folded and/or aggregated β-amyloid (Aβ) peptides and 
hyperphosphorylated tau proteins [15, 58, 59]. Early 
research postulated that amyloid precursor protein (APP) 
is located and processed at the plasma membrane, giv-
ing raise to extracellular Aβ deposits, known as senile 
plaques, an AD hallmark [60–62]. However, a growing 
number of reports suggests that Aβ is first produced and 
accumulated inside the cells [63, 64], and APP, together 
with the APP proteolytic enzymes, is located on the 
membranes of intracellular organelles such as the ER 
and/or mitochondria [65–70]. Later research suggested 
that the APP processing, inside the cell, occurs at the 
specific regions of the ER called the mitochondria-asso-
ciated ER membranes (MAMs), the portions of the ER, 
closely adjacent to the OMM [21, 34, 71], giving the ori-
gin to the hypothesis of the involvement of the MERCS 
in AD pathogenesis [20, 30, 33]. A bi-directional interac-
tion between the APP-processing machinery and MERCS 
has been suggested. On the one hand MERCS host AD 

related proteins, on the other hand mislocalized mutated 
APP and presenilins alter MERCS-associated functions, 
such as mitochondrial Ca2+ uptake and bioenergetics, 
and protein homeostasis. Furthermore, presenilins have 
been shown to tether the ER membrane to the OMM 
[22, 27], thereby altering the location and/or function 
of proteins involved in physiological MERCS functions. 
Last, but not least, ER stress/unfolded protein response 
(UPR) transducers such as PERK, IRE1a and ATF6, are 
also located in MERCS, and UPR mechanism is altered 
in AD [32, 72, 73]. A complex vicious cycle may be 
hypothesized starting from primary AD-related insults, 
involving enhanced ER-mitochondria tethering [74], 
MERCS-located aberrant APP processing [21], chronic 
low-grade ER-stress [15, 75] and dysregulation of pro-
tein degradation machinery [8, 76]. In astrocytes this may 
have detrimental consequences for their homeostatic 
and neuroprotective functions through alteration of the 
secreted factors [13, 77, 78], impaired astrocyte-neuron 
communication and development of neuroinflammation 
[79–81].

Our results support the increased MERCS hypothesis 
of AD, emphasizing that the distance between the ER and 
mitochondria plays a crucial role in the outcome of the 
increased interaction. By stabilizing ER-mitochondrial 
distance at 10  nm in WT astrocytes, in this study we 
were able to reproduce the dysregulation of proteasomal 
and autophagic protein degradation found in AD astro-
cytes. In line with this, in a previous report we showed 
that, in AD astrocytes, the increase of the ER-mitochon-
drial interaction at ≈ 10 nm resulted in an impairment of 
ribosomal protein synthesis due to increased phosphor-
ylation of eukaryotic initiation factor 2α (eIF2α) [13]. 
Altogether, this suggests that the increased interaction 
between the ER and mitochondria, specifically at short 
distances around 10  nm, represents the central element 
of AD-related cell dysfunction and that MERCS repre-
sent a potential target for the development of therapeutic 
anti-AD strategies [30, 82–84].

Here we provide evidence that physical stabilization of 
the ER and mitochondria specifically at 20  nm distance 
in AD astrocytes not only improves mitochondrial Ca2+ 
signals, but also reverts key aspects of proteasomal and 
autophagic-lysosomal protein degradation. Beneficial 
effects of 20  nm distance include (i) a positive effect 
on mitochondrial Ca2+ uptake and bioenergetics [31], 
and (ii) a general effect on protein homeostasis which 

(See figure on previous page.)
Fig. 9  Proteasomal degradation is rescued by activation of mitochondrial Ca2+uniporter. (A) 20 S proteasome ChT-L, T-L, BrAAP and PGPH activities. (B) 
26 S ChT-L proteasome activity in WT-iAstro (WT), WT-iAstro treated with inhibitor of mitochondria Ca2+ uptake (WT-iAstro + MCU inhibitor, WT + inh), 
3Tg-iAstro, 3Tg-iAstro treated with activator of mitochondria Ca2+ uptake (Tg-iAstro + MCU activator, Tg + act). (C) Representative immunoblot of ubiqui-
tin conjugates and densitometry normalized by GAPDH, expressed as arbitrary units (a.u., mean ± SEM, from three independent experiments). (D) IFNγ 
inflammatory cytokine. Densitometry of target proteins normalized by GAPDH derive from three independent experiments and are expressed as arbitrary 
units (a.u.). (*p < 0.05, **p < 0.01 using one-way ANOVA, followed by the Bonferroni test)
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Fig. 10  Partial rescue of autophagic markers by activation of mitochondrial Ca2+uniporter. Representative blots and quantifications of autophagic mark-
ers Beclin-1, LC3-II, and p62. Densitometry of target proteins normalized by GAPDH derive from three independent experiments and are expressed as 
arbitrary units (a.u.). (*p < 0.05, *** p < 0.001 using one-way ANOVA, followed by the Bonferroni test)
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includes both local, MERCS-related, and global remod-
elling of protein synthesis and degradation [85]. In this 
complex scenario, enhancement of mitochondrial Ca2+ 
signals at 20 nm between the organelles may be mediated 
by both enhanced Ca2+ efflux from the ER due to enrich-
ment of inositol trisphosphate receptors (IP3Rs) within 
20  nm MERCS and a more efficient Ca2+ transfer into 
mitochondria due to optimization of the distance allow-
ing efficient utilization of high [Ca2+] hot-spots. Recently 
identified pharmacological modulators of mitochondrial 
Ca2+ uptake [56] allowed us to discriminate the effects, 
dependent on mitochondrial Ca2+ signals, from those 
linked to general stabilization of ER-mitochondrial inter-
action at 20  nm. We found that the 20  S proteasomal 
activity and the accumulation of ubiquitinated proteins 
are at least in part under the control of mitochondrial 
Ca2+ signals: these parameters were significantly ame-
liorated by treatment of 3Tg-iAstro cells with amorol-
fine. However, the levels of INFγ were insensitive to both 
benzethonium chloride and amorolfine, suggesting that 
INFγ/immunoproteasome pathway directly depends on 
the stabilization of ER-mitochondrial interaction.

The precise mechanism by which MERCS stabilization 
regulates proteasomal composition and function is cur-
rently unknown. Nevertheless, reports suggest a bidi-
rectional interaction between MERCS and UPS. On the 
one hand, several authors demonstrated that mitochon-
drial homeostasis and membrane lipid composition may 
be regulated by UPS [86–88]. On the other hand, altered 
MERCS may affect UPS through ER stress and ER-asso-
ciated protein degradation (ERAD), which eliminates 
misfolded/unfolded proteins via ubiquitination and pro-
teasomal degradation. For example, increased expression 
of ERAD-associated proteins Sel1l (Protein Sel-1 homo-
log 1), Hrp1 (Ubiquitin C-terminal hydroxylase 6) and 
Ubqln1 (Isoform 2 of Ubiquilin-1) were found in MAMs 
from pre-symptomatic 3 months old APP/PS1 mouse 
model of AD [89].

Autophagic flux is impaired in AD [90–92]. In AD 
astrocytes this is translated into reduced Aβ clearance 
and impaired mitophagy [10, 93, 94]. Enlargement of 
autophagic vesicles and upregulation of LC3-II, found 
in 3xTg-AD astrocytes [9], suggests impaired autopha-
gic function. We found that the stabilization of 20  nm 
MERCS exerts beneficial effects on the levels of autoph-
agic markers. Moreover, using the fluorescent GFP-
LC3-RFP probe, we found that the autophagic flux is 
significantly impaired in Tg-iAstro (expressing control 
plasmid) and in WT-iAstro expressing 10 nm-BFP. Strik-
ingly, stabilization of ER-mitochondrial distance at 20 nm 
in Tg-iAstro significantly ameliorated the autophagic 
flux. Although the exact mechanism of this beneficial 
effect requires further investigation, reports suggest that 
the biogenesis of early autophagic vesicles, phagophores, 

initiates at MERCS [95, 96]. Although the distance for the 
phagophore formation, between the ER and mitochon-
dria, was estimated to be ~ 50 nm [29, 95], the enlarge-
ment of the MERCS from shorter (~ 10 nm) to ~ 20 nm 
distance, which potentiates mitochondrial Ca2+ uptake 
[31], may be sufficient for the resolution of autophagic 
flux [97, 98].

The use of an astrocytic cell line, partially immortal-
ized hippocampal astrocytes from 3xTg-AD mice [38], 
although represents a limitation as compared with pri-
mary astrocytes or with in vivo studies [99], allowed us 
to comprehensively investigate AD-related cell dysfunc-
tion using complementary and interdisciplinary methods 
on a uniform and standardized model [9, 13, 35, 38, 100]. 
The use of 3xTg-AD mice, often criticized for non-patho-
logically relevant overexpression of APP and tau trans-
genes, represents an advantage for this work due to a well 
characterized early AD-stage astrocytic pathology [3, 
101–103]. In this frame, our previous studies, combined 
with the current findings, suggest that the impairment of 
protein synthesis and degradation in astrocytes — due 
to impairment of ER-mitochondrial communication — 
occurs early in AD pathogenesis, which may define the 
progression of the disease.

Conclusions
MERCS represent a promising druggable target for the 
development of therapy against AD, specifically for the 
normalization of cellular protein homeostasis. Mainte-
nance of a correct distance between the ER and mito-
chondria is of paramount importance not only for 
mitochondrial Ca2+ uptake and bioenergetics [31], but 
also for protein synthesis and degradation pathways. Spe-
cifically, we suggest that the stabilization of the MERCS 
at ~ 20 nm may be beneficial for both cellular bioenerget-
ics and proteostasis.
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