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Abstract

Alzheimer’s disease (AD) is the most common neurodegenerative disorder, and amyloid beta oligomers

(ABO), which are pathological markers of AD, are known to be highly toxic. ABO increase mitochondrial
dysfunction, which is accompanied by a decrease in mitochondrial fusion. Although mitofusin (Mfn) 1 and

Mifn2 are mitochondrial fusion proteins, Mfn2 is known to regulate endoplasmic reticulum (ER) function, as
it is located in the ER. Several studies have shown that ABO exacerbates ER stress, however, the exact mecha-
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nism requires further elucidation. In this study, we used mouse neuroblastoma cells stably overexpressing the
amyloid precursor protein (APP) with the Swedish mutation (N2a APPswe cells) to investigate the role of Mfn
in ER stress. Our results revealed that amyloid beta (AP) caused cellular toxicity in N2a APPswe cells, upre-

gulated ER stress-related proteins, and promoted ER expansion. The ABO-mediated ER stress was reduced
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when Mfnl and Mfn2 were overexpressed. Moreover, Mfnl and Mfn2 overexpressed resulted in reduced
apoptosis of N2a APPswe cells. In conclusion, our results indicate that both Mfn1 and Mfn2 reduce ER stress
and apoptosis. Our data provide a foundation for future studies on the roles of Mfnl and Mfn2 in the molecular
mechanisms underlying ABO-mediated ER stress and the pathogenesis of AD.

Keywords: Alzheimer’s disease, APP Swedish mutation, Endoplasmic reticulum stress, Apoptosis, Mitofusin.

1. Introduction synthesis, folding, modification, and secretion. Post-trans-

Alzheimer’s disease (AD) is the most common neu-
rodegenerative disorder and is characterized by cogni-
tive impairment and memory loss. One of the hallmarks
of AD is the presence of amyloid beta oligomers (ABO),
which are composed of amyloid beta (AB) peptides [1]. AP
is produced from amyloid precursor protein (APP) upon
cleavage by PB- and y-secretases. The APP Swedish mu-
tation (K595N/M596L) is a double mutation that causes
familial AD [2]. This mutation increases AP} production
due to abnormal B-secretase cleavage. Recent studies have
suggested that AP production impairs mitochondrial dyna-
mics. Additionally, several studies have determined that
AP induces endoplasmic reticulum (ER) stress [3, 4].

The ER is a vital organelle that participates in protein

lational protein modifications are essential for cellular
homeostasis and survival. Uncontrolled homeostasis in-
duces the accumulation of misfolded or unfolded proteins,
which is referred to as ER stress. ER stress upregulates the
unfolded protein response (UPR) to restore ER function
by activating transcriptional factors or chaperone proteins
[5]. The UPR involves three ER transmembrane receptors,
namely, PKR-like ER kinase (PERK), inositol requiring
enzyme lo/f (IRE1), and activating transcription factor
60/p (ATF6) [6]. However, prolonged ER stress upregu-
lates C/EBP homologous protein (CHOP) and leads to
apoptosis [7]. A growing body of evidence suggests that
AP increases ER stress-mediated neuronal cell death [4].
However, the specific mechanisms underlying AB-induced
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ER stress and apoptosis require further investigation.

Mitochondria are highly dynamic organelles that conti-
nuously fuse and divide to meet cellular energy requi-
rements. Therefore, maintaining mitochondrial quality
through fusion, fission, and mitophagy is important. Mito-
fusin (Mfn) 1 and 2 are two GTPases involved in outer mi-
tochondrial membrane fusion [8]. Only Mfn?2 is located in
both mitochondria and the ER. It tethers the two organelles
to regulate Ca2+ homeostasis [9]. The regulation of Ca2+
flux is critical for ER stress-induced apoptosis. In our pre-
vious studies, we showed that APO-mediated oxidative
stress increases mitochondrial dysfunction and reduces
Mifnl and Mfn2 expression levels [10, 11]. Furthermore,
we previously reported that ABO treatment increases ER
stress in mouse hippocampal neuronal cells [3, 12]. As the
impact of AP toxicity on several types of cellular stress
and diseases has already been elucidated, we focused on
the role of Mfn in the ABO-mediated ER stress mecha-
nism. Thus, in this study, we investigated whether the
upregulation of Mfnl or Mfn2 alters the expression of ER
stress-related proteins or stress-mediated apoptosis. Using
an in vitro model of AD, namely N2a cells overexpressing
Swedish mutant APP (N2a APPswe cells), we investigated
the effect of ER stress caused by the accumulation of Af.
Moreover, we overexpressed Mfnl and Mfn2 and confir-
med the role of Mfn in APP Swedish mutation induced ER
stress. Our results showed that restoring Mfnl and Mfn2
levels reduced APO-mediated ER stress and apoptosis.
Further study of the role of Mfn in ER stress may reveal
novel molecular mechanisms underlying APO-mediated
stress associated with AD.

2. Materials and methods
2.1. Reagents

Tunicamycin (Tm) and tauroursodeoxycholic acid
(TUDCA) were purchased from Merck (Rahway, NJ,
USA).

2.2. Cell culture

Mouse neuroblastoma N2a cells were purchased from
the American Type Culture Collection (Manassas, VA,
USA) and maintained in modified minimum medium
(Welgene, Daegu, Korea) supplemented with 10% fetal
bovine serum (Thermo Fisher Scientific, Waktham, MA,
USA) and 1% penicillin/streptomycin (Welgene) at 37°C
under 5% CO2 in a humidified incubator (Panasonic Cor-
poration, Osaka, Japan). N2a cells stably expressing the
APP Swedish mutation (K670N/M671L) were cultured as
described in our previous studies [10, 11].

2.3. Lentivirus construction and transduction

Mouse Mfnl and Mfn2 (Addgene, Watertown, MA,
USA) were amplified via polymerase chain reaction (PCR)
using the LA Taq™ polymerase kit (TaKaRa, Kyoto, Ja-
pan). The amplified genes were cloned into the pPCR8/GW/
TOPO vector (Thermo Fisher Scientific) to generate ex-
pression clones using LR recombination between the entry
vector and pLenti 6.3/V5-DEST vector (Thermo Fisher
Scientific). The sequences of the constructed vectors were
confirmed via DNA sequencing. Plasmid pLenti 6.3-Mfn1
or pLenti 6.3 Mfn2 vector was transfected into HEK293FT
cells with the psPAX2 packaging vector and pMD.2G en-
veloping vector to construct the lentivirus [13]. The lenti-
viral vector was transduced into N2a APPswe cells using

Effectene™ (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions.

2.4. Western blot analysis

Whole protein lysates were prepared using an ice-cold
PRO-PREP protein extraction solution (iNtRON Biotech-
nology, Seongnam, Korea) according to the manufactu-
rer’s instructions. Proteins were quantified using the Brad-
ford assay (Bio-Rad, Hercules, CA, USA), and 10-30 pg
of protein lysate was subjected to 8—15% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis. The proteins
were then transferred onto nitrocellulose membranes (BD
Biosciences, Franklin Lakes, NJ, USA). After blocking
with 5% skimmed milk (BD Biosciences), the membranes
were incubated overnight at 4°C with primary antibodies
against B-actin, Mfnl, Mfn2 (Santa Cruz Biotechnology,
Dallas, TX, USA), IREla, BiP, elF2a, p-elF2a, ATF4,
CHOP, cleaved caspase-3, PARP (Cell Signaling Techno-
logy, Danvers, MA, USA), 6E10 (BioLegend, San Diego,
CA, USA), and p-IREla (Abcam, Cambridge, UK) at
1:1,000-1:5,000 dilutions. The membranes were washed
five times with 10 mM Tris-HCI (pH 7.5) containing 150
mM NaCl and 0.1% Tween-20 (TBST) and then incubated
with horseradish peroxidase conjugated goat anti-rabbit
or anti-mouse IgG (1:5,000 dilution; Thermo Fisher Scien-
tific) for 2 h at room temperature. After removing excess
secondary antibodies, the membranes were washed six
times with TBST, and specific binding was detected using
the Clarity™ Western ECL substrate (Bio-Rad) according
to the manufacturer’s instructions.

2.5. Analysis of cell toxicity

Cell toxicity was measured by monitoring lactate dehy-
drogenase (LDH) release using the CytoTox 96® Non-Ra-
dioactive Cytotoxicity Assay Kit (Promega Corporation,
Madison, WI, USA), according to the manufacturer’s ins-
tructions. The cell culture media were collected, and LDH
levels were measured at 490 nm using a Synergy™ H1
microplate reader (Agilent, Santa Clara, CA, USA).

2.6. Confocal microscopy

Cells were seeded on 0.1% poly-D-lysine-coated 24
mm round coverslips (Marienfeld, Lauda-Konigshofen,
Germany) and incubated for 24 h. Mfn1- and Mfn2-trans-
duced cells were washed with phosphate buffered saline
(PBS), fixed with 4% paraformaldehyde in PBS for 1 h,
again washed with PBS, and then stained with ER-Trac-
ker™ Red and Hoechst (Thermo Fisher Scientific). After
washing with PBS, the coverslips were mounted on slides
using the VECTASHIELD® mounting medium (Vector
Laboratories, Newark, CA, USA). Images were obtai-
ned using an LSM-800 confocal microscope (Carl Zeiss,
Oberkochen, Germany).

2.7. Annexin V and propidium iodide staining

An annexin V-fluorescein isothiocyanate (FITC)/ propi-
dium iodide (PI) apoptosis detection kit (BD Biosciences)
was used to detect apoptosis using flow cytometry. Stai-
ning was conducted according to the manufacturer’s ins-
tructions. After culturing for 12 h, cells were harvested
and washed with PBS. Annexin V (5 pL) and PI (5 pL)
were added to the cell suspensions, and cells were incuba-
ted for 15 min at room temperature in the dark. The cells
were analyzed using flow cytometry (FACSverse; BD
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Biosciences).

2.8. Statistical analysis

Data are presented as the mean + standard deviation of
values from at least three independent experiments (n > 3).
Experimental differences were tested for statistical signifi-
cance via a one-way analysis of variance using the Graph-
Pad Prism 8 software (GraphPad, San Diego, CA, USA).
A p-value < 0.05 was considered statistically significant
and is indicated on the graphs with an asterisk. P-values <
0.01 and < 0.001 are indicated by two and three asterisks,
respectively.

3. Results
3.1. AP overexpression resulted in toxicity in N2a AP-
Pswe cells

The APP Swedish mutation (K595N/M596L) causes
increased A levels via abnormal B-secretase cleavage
[2]. To investigate the increase in A levels, we performed
western blot analysis using anti- AR (6E10) and anti-APP
antibodies (Figure 1a) to assess whether AP levels are in-
creased in N2a cells stably expressing APPswe. Compa-
red with those in normal N2a cells, several AP peptides
showed increased levels in N2a APPswe cells. AB1-42
is highly toxic and leads to the upregulation of oxidative
stress and apoptosis [14]. Recent studies have demonstra-
ted that the toxicity of ABO results in increased apoptosis
[15]. We previously reported that APPswe increases the
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Fig. 1. AP results in cellular toxicity in N2a APPswe cells. (a) The
level of AP was assessed by western blotting in N2a and N2a APPswe
cells. (b) Cell toxicity was evaluated by assessing the LDH levels
over a time period. (c) The levels of cleaved caspase-3 and cleaved
PARP were assessed by western blotting. The graphs depict the quan-
tification of cleaved caspase-3/B-actin and cleaved PARP/B-actin. (d)
Flow cytometry results with Annexin V-FITC/PI staining. The ratio of
apoptosis was early apoptosis percentage plus late apoptosis percen-
tage. The data are presented as means + the SD (n> 3). *p <0.05, **p
<0.01, and ***p < 0.001.

levels of reactive oxygen species and apoptosis-related
proteins (Bax, AIF, Bcl-2, and Cyt C) [10]. In this study,
we investigated the intracellular toxicity and levels of
apoptosis-related proteins (cleaved caspase-3 and clea-
ved PARP) at 12 and 24 h (Figure 1b and 1c). LDH assay
results indicated that intracellular toxicity was increased
in a time dependent manner by APPswe mutation. In addi-
tion, the levels of the cleaved caspase-3 and cleaved PARP
increased in a time dependent manner. To measure the rate
of apoptosis, we analyzed annexin V/PI staining using
flow cytometry (Figure 1d). Strikingly, APPswe mutations
promoted early and late apoptosis. These results suggested
that elevated levels of ABO are highly toxic and result in
increased neuronal apoptotic cell death.

3.2. AP upregulated ER stress-related proteins and
promoted ER expansion

A growing body of evidence suggests that APO are
associated with an increase in neuronal death; however,
the specific mechanism has not yet been elucidated. We
previously demonstrated that ABO upregulate oxidative
stress in hippocampal neurons [16]. APO also increases
ER stress in HT-22 cells [3, 12]. In this study, we inves-
tigated whether APPswe mutation increases ER stress in
N2a cells. The levels of ER stress-related proteins (elF2a,
ATF4, IREla, and CHOP) increased after 12 h (Figure 2a).
However, BiP expression levels decreased in a time-de-
pendent manner. To investigate whether APPswe mutation
increases ER stress, we treated N2a APPswe cells with the

& TUDUA Q5000

Fig. 2. AP upregulates the levels of ER stress-related proteins
and ER expansion. (a) The levels of ER stress-related proteins (BiP,
p-e¢lF2a, elF20, p-IREla, IREla, ATF4, and CHOP) were evaluated
by western blot analysis in N2a cells cultured for 12-24 h and in APP-
swe cells cultured for 12 h and 24 h. The graphs show quantification
of BiP/B-actin, p-IRE1a/IREla, p-elF2o/elF2a, ATF4/B-actin, and
CHOP/B-actin. (b) N2a APPswe cells were treated with TUDCA (150
uM), and the levels of proteins related to ER stress were determined
by western blotting. The graphs display the quantification of BiP/B-
actin, p-IRE1o/IREla, p-elF20/elF20, ATF4/B-actin, and CHOP/p-
actin. (¢) LDH assay-based cell toxicity in N2a, APPswe, and TUD-
CA-treated APPswe cells. (d) ER morphologies were observed under
a confocal microscope using ER-Tracker™-Red fluorescent dye and
Hoechst stain; scale bar = 5 um. The data are presented as means + the
SD (n > 3). *p <0.05, **p <0.01, and ***p < 0.001.
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ER stress inhibitor TUDCA (Figure 2b). Based on the ex-
pression levels of UPR-related proteins, as assessed using
western blotting, we found that TUDCA treatment reduced
the APO-mediated ER stress. Furthermore, TUDCA also
reduced the cellular toxicity induced by ABO-mediated ER
stress (Figure 2c). To examine the ER morphology associa-
ted with APO-triggered ER stress, we performed confocal
microscopy staining using ER-Tracker™ Red (Figure 2d).
Results indicated that the shape of the ER was expanded
by APPswe mutation. Thus, APPswe mutation increase
ER stress and ER stress-mediated cellular toxicity.

3.3. Upregulation of Mfnl and Mfn2 reduced Ap-
mediated ER stress and apoptosis in N2a APPswe cells

The toxicity of ABO is known to impair mitochondrial
function. Mitochondrial dysfunction can occur through
decrease in mitochondrial fusion or an increase in mito-
chondrial fission [17]. We previously demonstrated that
APO impair mitochondrial dynamics in neuronal cells,
including N2a cells. In addition, Mfn2 is located in the
ER, and it tethers the mitochondria and ER, thereby faci-
litating Ca2+ homeostasis [18]. Therefore, in this study,
we hypothesized that Mfn2 regulates ER stress despite the
presence of mitochondrial fusion proteins. We confirmed
that Mfn1 and Mfn2 levels decreased in a time-dependent
manner in N2a APPswe cells (Figure 3a). As the transcrip-
tional levels of Mfnl and Mfn2 were reduced in N2a AP-
Pswe cells, we overexpressed these proteins through lenti-
viral vector transduction (Figure 3b). We then determined
the changes in ER stress-related protein levels and apopto-
sis at 12 h using western blotting (Figure 3¢ and 3d). Wes-
tern blot analysis indicated that both Mfn1l and Mfn2 had
an effect on UPR signaling. The reduction in BiP levels
by ABO was reversed by the overexpression of both Mfnl
and Mfn2. Moreover, p-IREla and CHOP levels were re-
duced upon Mfnl and Mfn2 overexpression; however, the
levels of other proteins remained unchanged. The levels of
apoptosis related proteins were reduced in N2a APPswe
cells upon Mfnl and Mfn2 overexpression. Moreover,
Mifnl and Mfn2 overexpression reduced the intracellular
toxicity of APPswe cells (Figure 3e). Accordingly, we eva-
luated the apoptosis rate after Mfn1 and Mfn2 overexpres-
sion (Figure 3f). After 12 h of culture, the rate of apoptosis
was reduced in cells overexpressing Mfnl and Mfn2. We
also observed changes in ER morphology following Mfn1
and Mfn2 overexpression (Figure 3g). Confocal micros-
copy revealed a reduction in ER expansion resulting in ER
morphology similar to that observed in the control N2a
cells. Consistent with these observations, overexpression
of Mfnl and Mfn2 reduced ER stress levels and the apop-
tosis triggered by APPswe mutation.

4. Discussion

In this study, we obtained evidence that an increase in
Mfhn levels causes a reduction in the ER stress triggered
by APO in cells expressing APP swedish mutation. The
failure of proteostasis is associated with several neurode-
generative disorders, including Alzheimer’s disease (AD),
Parkinson’s disease, and Huntington’s disease [19]. ER
stress can be induced by AP [4]. GRP78, also known as
BiP, is known to regulate UPR signaling. In many cases,
ER stress upregulates BiP in response to the accumulation
of misfolded proteins. The BiP protein activates PERK
and IRE1 through autophosphorylation. The activation of
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Fig. 2. Upregulation of Mfn1 and Mfn2 reduced Ap-mediated ER
stress and apoptotic cell death in N2a APPswe cells. (a) Western
blot analysis of the levels of Mfnl and Mfn2 in N2a and N2a APP-
swe cells. (b) Western blot analysis of the levels of Mfnl, Mfn2, and
V5 in N2a, APPswe, and Mfnl/2-overexpressing APPswe cells. (c)
Western blot analysis of ER-stress related proteins (BiP, p-elF2a,
elF2a, p-IRElo, IREla, ATF4, and CHOP) in cells cultured for 12 h.
The graphs depict the quantification of BiP/B-actin, p-IRE1a/IRE1a,
p-elF2a/elF2a, ATF4/B-actin, and CHOP/B-actin. (d) The levels
of cleaved caspase-3 and cleaved PARP were evaluated by western
blotting. The graphs present the quantification of cleaved caspase-
3/B-actin and cleaved PARP/B-actin. (e) The cell toxicity levels were
measured using LDH assay. (f) Flow cytometry analysis of cell apop-
tosis using Annexin V-FITC/PI staining. The ratio of apoptosis was
early apoptosis percentage plus late apoptosis percentage. (g) ER
morphologies of N2a, APPswe, and Mfnl1/2-overexpressing APPswe
cells by confocal microscopy; scale bar = 5 um. The data are present-
ed as means = the SD (n > 3). *p <0.05, **p <0.01, and ***p <0.001.

PERK then leads to the phosphorylation of elF2a. IRE1
activation induces XBP1 mRNA splicing [6]. However,
our results indicated that BiP protein levels decreased in a
time-dependent manner (Figure 2a). Moreover, BiP protein
levels increased gradually until 12 h but decreased after 12
h (data not shown). N2a APPswe cells, which continuous-
ly express AP, may have a state of chronic stress. Some
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previous studies found that chronic ER stress downregu-
lates BiP but increases the levels of other UPR related pro-
teins [20, 21]. In addition, BiP silencing increases apop-
tosis by upregulating UPR signaling [22]. These findings
are consistent with our observation that ABO can increase
CHOP levels and induce apoptosis, which were concomi-
tant with the decrease in BiP levels.

Several lines of evidence suggest that ABO also induces
mitochondrial fragmentation, which is related to neuro-
nal cell death in AD models [23]. Loss of Mfn2 results
in an increase in oxidative stress and the degeneration of
dopaminergic neurons [24]. In this study, the accumu-
lation of APO in N2a APPswe cells resulted in reduced
levels of both Mfn1 and Mfn2 (Figure 3a). Although Mfn1
and Mfn2 are mitochondrial proteins, also mediate tethe-
ring between mitochondria and the ER [9]. Therefore, to
confirm whether Mfn1 and Mfn2 affect ER stress in a state
of ABO-accumulation, we overexpressed both Mfnl and
Mifn2. The overexpressing of Mfnl and Mfn2, to reverse
their reduced expression levels in response to ABO accu-
mulation, resulted in reduction in the levels of p-IRE1a and
CHOP (Figure 3c¢). In addition, Mfnl and Mfn2 overex-
pression reduced ER stress induced apoptosis (Figures 3d
and 3f). We initially hypothesized that only Mfn2, and not
Mfnl, affects the ER stress response, as some studies have
demonstrated that the loss of Mfn2 upregulates ER stress
[25]. However, our results indicated that both Mfnl and
Mifn2 reduced ER stress and apoptosis. CHOP is regulated
by the PERK-elF2a-ATF4 pathway. In addition to PERK,
ATF6 and IREI are also known to regulate the expres-
sion of CHOP along with XBP1 [7, 26, 27]. Thus, ABO-
mediated apoptosis is likely induced by CHOP. Mfn2 has
been reported to regulate mitochondrial fusion as well as
ER morphology [25]. Therefore, we observed ER morpho-
logy after Mfn1l and Mfn2 overexpression, the results indi-
cated that ER expansion was reduced to the level observed
in the control cells (Figure. 3g). Mfnl and Mfn2 have dif-
ferent roles in mitochondrial regulation [8, 28]. However,
we found that both these Mfn proteins could reduce ER
stress. A previous study demonstrated that Mfn1 and Mfn2
are ubiquitinated via the Parkin/Pink1-mediated pathway
[29]. Notably, the ubiquitination of Mfn2 is known to re-
gulate ER-mitochondrial tethering [30]. Moreover, Mfnl
regulates the ER-mitochondria contact sites through fusion
activity [31]. Collectively, these results suggest that Mfnl
and Mfn2 form heterodimers [32], and thus, Mfnl can
affect the ER through the regulation of Mfn2 or mitochon-
drial function. The mitochondrial network is highly asso-
ciated with mitochondrial dynamics. Our previous study
showed that morphological changes in the ER, including
expansion are related to mitochondrial dynamics [33]. In
addition, ER stress induces both ER and mitochondrial
expansion, accompanied by an increase in the number of
ER-mitochondria contact sites in yeast [34]. Taken toge-
ther, these finding demonstrate that ER stress increases
ER expansion and ER-mitochondria contact, which in
turn affects the mitochondrial network. However, further
studies are required to elucidate the connection between
ER stress and mitochondrial morphology and dynamics.
Additionally, the underlying relationship between Mfnl
and APO-mediated ER stress should be investigated. We
confirmed that both Mfn1l and Mfn2 reduce the ER stress
and apoptosis triggered by ABO. Mfn proteins are known
to affect mitochondrial dynamics. In addition, ER-associa-

ted degradation and the ER tubules are also directly asso-
ciated with mitochondrial dynamics [35]. Taken together,
our finding indicate that the Apf-mediated decrease in Mfn
levels exacerbates the imbalance in mitochondrial dyna-
mics via ER stress.

5. Conclusion

In conclusion, our findings indicate that the overex-
pression of Mfnl and Mfn2 ameliorates APO-mediated
ER stress and apoptosis. Based on the results of our study,
the characterization of Mfn may help reveal the relation-
ship between the ER and mitochondria. The results of this
study provide a basis for the identification of novel mole-
cular mechanisms targeting ABO-mediated stress and the
pathogenesis of AD.

Highlights

AP increased ER stress and promoted ER expansion in
N2a APPswe cells.

Mifnl and Mfn2 overespression in N2a APPswe cells re-
duced ABO-mediated ER stress.

Mifnl and Mfn2 reduced N2a APPswe cell apoptosis.
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