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Significance

Mitochondrial dysfunction is a 
prominent feature of Alzheimer’s 
disease (AD). Mitochondria have 
a complex quality control 
mechanism to maintain proper 
protein homeostasis, also termed 
proteostasis. One component is 
LONP1, a protease essential for 
protein homeostasis in the 
mitochondrial matrix. In this 
study, we show that the AD 
pathological amyloid peptide 
Aβ42 interacted with and 
impaired LONP1 protease activity 
resulting in proteostasis deficits 
and mitochondrial dysfunction in 
AD cell and mouse models. 
Intracellular Aβ42 reduced 
LONP1 expression via METTL3-
mediated RNA m6A modification. 
Both reduced LONP1 and 
impaired mitochondrial 
proteostasis were validated in 
human AD brains. This study 
documents LONP1-associated 
mitochondrial proteostasis 
deficits in AD and unveils a 
mechanism underlying 
intracellular Aβ-induced 
mitochondrial dysfunction 
through its impact on LONP1 and 
mitochondrial proteostasis.
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Mitochondrial dysfunction plays a critical role in the pathogenesis of Alzheimer’s dis-
ease (AD). Mitochondrial proteostasis regulated by chaperones and proteases in each 
compartment of mitochondria is critical for mitochondrial function, and it is suspected 
that mitochondrial proteostasis deficits may be involved in mitochondrial dysfunction 
in AD. In this study, we identified LONP1, an ATP-dependent protease in the matrix, 
as a top Aβ42 interacting mitochondrial protein through an unbiased screening and 
found significantly decreased LONP1 expression and extensive mitochondrial prote-
ostasis deficits in AD experimental models both in vitro and in vivo, as well as in the 
brain of AD patients. Impaired METTL3-m6A signaling contributed at least in part to 
Aβ42-induced LONP1 reduction. Moreover, Aβ42 interaction with LONP1 impaired 
the assembly and protease activity of LONP1 both in vitro and in vivo. Importantly, 
LONP1 knockdown caused mitochondrial proteostasis deficits and dysfunction in neu-
rons, while restored expression of LONP1 in neurons expressing intracellular Aβ and in 
the brain of CRND8 APP transgenic mice rescued Aβ-induced mitochondrial deficits 
and cognitive deficits. These results demonstrated a critical role of LONP1 in disturbed 
mitochondrial proteostasis and mitochondrial dysfunction in AD and revealed a mech-
anism underlying intracellular Aβ42-induced mitochondrial toxicity through its impact 
on LONP1 and mitochondrial proteostasis.

Alzheimer’s disease | mitochondrial dysfunction | protein aggregate | LONP1 | Aβ42

Mitochondria are conserved organelles that perform multiple essential functions in eukar-
yotic cells, including energy production, calcium buffering, generation of reactive oxygen 
species, and regulation of cell death (1). Except for 13 proteins encoded with mtDNA 
involved in oxidative phosphorylation, most mitochondrial proteins are encoded by the 
nuclear genome and transported to the organelle, which poses great challenges in the 
folding of mitochondrial proteins (2). Additionally, as mitochondria are metabolic active 
organelles where more than 90% of reactive oxygen species are produced, mitochondrial 
proteins constantly face various stresses, including oxidative stress. To maintain mitochon-
drial protein homeostasis (termed here as mitochondrial proteostasis), mitochondria 
developed a complex quality control mechanism to monitor and repair mitochondrial 
protein misfolding and damage (3), which consists of chaperones and ATP-dependent 
proteases in each compartment of mitochondria (4, 5). For example, the mitochondrial 
chaperone HSPD1 and the mitochondrial proteases CLPP and LONP1 mainly localize 
in the mitochondrial matrix; HTRA2 is an ATP-dependent protease in the mitochondrial 
intermembrane space, and two complexes of ATP-dependent proteases, i-AAA and 
m-AAA, localize in the inner membrane of mitochondria. Defects in these proteins cause 
the accumulation of protein aggregates in mitochondria and mitochondrial dysfunction 
(6–9). Importantly, genetic mutations in mitochondrial chaperones and proteases cause 
human diseases with severe neurological symptoms (10–15). For example, CLPP muta-
tions cause autosomal recessive Perrault syndrome with sensorineural hearing loss (11), 
and LONP1 mutations are associated with cerebral, ocular, dental, auricular, and skeletal 
syndrome that affects neurological development (12). This underscores the importance 
of mitochondrial proteostasis regulated by mitochondrial proteases and chaperones in 
maintaining proper mitochondrial function in the nervous system.

Alzheimer’s disease (AD) is the most common neurodegenerative disease in the elderly 
associated with a decrease in memory and cognitive function. It is characterized by pro-
gressive neuronal loss along with hallmark pathologies, including amyloid plaques and 
neurofibrillary tangles in the hippocampus and cortex. Mitochondrial dysfunction repre-
sents an early and prominent feature of AD that likely plays a critical role in the patho-
genesis of AD (16, 17). Swollen mitochondria with distorted cristae and related 
mitochondrial functional deficits have been identified in human AD brains and in trans-
genic animal models of AD (18–24). Although the mechanisms underlying mitochondrial 
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dysfunction in AD have yet to be fully understood, many 
AD-related pathogenic factors pose increasing challenges to mito-
chondrial proteostasis. For example, a body of evidence suggests 
that neuronal toxic amyloid-β (Aβ) peptides translocate into mito-
chondria (25–27) and alter mitochondrial function (28, 29). 
Furthermore, oxidative stress, which is one of the pathological 
features of AD, damages mitochondrial proteins and poses a threat 
to mitochondrial proteostasis (30). In fact, accumulation of dam-
aged mitochondrial contents, including mtDNA and proteins, 
has been demonstrated in AD, suggesting that impaired mito-
chondrial proteostasis may be involved in mitochondrial dysfunc-
tion in AD (31, 32).

In the current study, we identified LONP1 as a top Aβ42- 
interacting mitochondrial protein during an unbiased screening in 
a cell model expressing intracellular Aβ42 which prompted us to 
study the potential role of mitochondrial proteostasis in AD. We 
found significantly reduced LONP1 expression along with increased 
mitochondrial aggregates in this cell model, which was also repli-
cated in the brain of the CRND8 APP transgenic mouse model 
in vivo and validated in the brain of human AD patients. In addition 
to reduced LONP1 expression, the interaction of Aβ42 with LONP1 
further reduced the assembly of the LONP1 complex and impaired 
its protease activity, likely causing LONP1 deficiency in AD. In fact, 
shRNA-induced LONP1 deficiency in M17 cells caused mitochon-
drial proteostasis deficits and dysfunction. Importantly, LONP1 
overexpression alleviated Aβ-induced deficits in mitochondrial pro-
teostasis and dysfunction both in vitro and in vivo. Collectively, 
these studies demonstrated a critical role for LONP1 and mitochon-
drial proteostasis and mitochondrial dysfunction in the pathogenesis 
of AD.

Results

Aβ42 Interacted with LONP1 in Mitochondria Both In  Vitro 
and In Vivo. It is believed that increased Aβ, especially the more 
amyloidgenic Aβ42, is involved in the pathogenesis of AD (33). 
To understand how intracellular Aβ42 disturbs mitochondrial 
function, we transfected M17 human neuroblastoma cells with 
a construct of M1-Aβ42 that contained a single open reading 
frame consisting of the coding sequence of Aβ42 peptide and 
mitoDsRed connected by the p2a peptide (Fig. 1A). The “self-
cleavage” of the p2a peptide during translation led to complete 
separation of the Aβ42 peptide from the mitoDsRed protein as 
no fusion protein (i.e., Aβ42-mito-DsRed) was found in M1-
Aβ42 transfected cells (SI Appendix, Fig. S1). Cells transfected 
with M2-Aβ42 R that expressed the reversed Aβ42 sequence 
(i.e., Aβ42 R-p2A-mitoDsRed) were used as a control. Western 
blot analysis confirmed the expression of p2a-DsRed detected by 
anti-p2a antibody in both M1-Aβ42 and M2-Aβ42 R transfected 
M17 cells (Fig. 1A). Oligomeric Aβ42 species of molecular weight 
between 15 and 37 kDa were detected by 6E10 antibody only in 
M1-Aβ42 cells (Fig. 1A). Previous studies reported the presence 
of Aβ in mitochondria that affects mitochondrial function (25–
29). Indeed, Aβ42 oligomer was found to be enriched in the 
mitochondrial fraction in M1-Aβ42 cells (Fig.  1B). M1-Aβ42 
cells demonstrated mitochondrial fragmentation (Fig. 1 C and 
D) and impaired mitochondrial membrane potential (Fig. 1E) 
and mitochondrial ATP levels (Fig.  1F and SI  Appendix, 
Fig. S2), making it a good model to study the effects of Aβ42 on 
mitochondria and the underlying mechanisms.

To explore the protein interactome of mitochondria-associated 
Aβ42, crude mitochondrial fractions of M1-Aβ42 cells were subjected 
to a coimmunoprecipitation assay with anti-6E10 antibody, and 
immunoprecipitated proteins were analyzed by mass spectrometry 

(10.6084/m9.figshare.24262984). The mitochondrial Aβ42 interac-
tome analysis identified mitochondrial proteins in multiple subcom-
partments of mitochondria that are involved in various mitochondrial 
functions (Fig. 1G). This unbiased screen confirmed the reported 
interactions between Aβ42 and VDAC1 (34) and mitochondrial 
respiratory chain complex V (24). Interestingly, LONP1, a mitochon-
drial AAA+ protease in the matrix, was identified as one of the 
top-ranked Aβ42-interacting mitochondrial proteins (Fig. 1H). 
Reciprocal co-IP confirmed that anti-6E10 and anti-LONP1 anti-
bodies could pull down LONP1 proteins and Aβ42 oligomers in M1 
Aβ42 cells, respectively (Fig. 1I). Moreover, Aβ42 oligomers comi-
grated with the LONP1 complex in blue native (BN) PAGE in the 
nondenatured state in M1-Aβ42 cells (Fig. 1J), and proximity ligation 
assay with anti-LONP1 and anti-Aβ42 antibodies demonstrated their 
close association in mitochondria marked by mitoDsRed (Fig. 1K), 
suggesting binding of Aβ42 peptide to LONP1 complexes in mito-
chondria. To corroborate this finding, we further analyzed the endog-
enous LONP1-Aβ42 interaction in the brain of 3-mo-old CRND8 
APP transgenic mice. In the mitochondrial fraction purified from 
CRND8 mice brain, LONP1 was coimmunoprecipitated by 6E10 
antibody. Multiple immunoreactive bands were also detected by 6E10 
antibody in the immunoprecipitants of LONP1-antibody, corre-
sponding to Aβ oligomers of different sizes (Fig. 1L).

Aβ42 Impaired Mitochondrial Proteostasis in Neurons. The 
finding of LONP1-Aβ interaction led us to investigate mitochondrial 
proteostasis in M1-Aβ42 cells. We first analyzed the expression 
of mitochondrial chaperone protein and proteases in M1-Aβ42 
cells and control M2-Aβ42 R cells. Western blot analysis revealed 
significantly increased expression of mitochondrial chaperones 
GRP75 and increased trend of mtUPR transcription factor ATF-5 in 
M1 Aβ42 cells while the proteasome subunits PSMC5 and PSMD3 
were not significantly changed (Fig.  2A). Importantly, LONP1 
decreased significantly, although no change in CLPP protein, the 
other protease in the matrix, was found in M1-Aβ42 cells compared 
to M2-Aβ42 R cells (Fig. 2A).

Deficits in mitochondrial matrix proteases cause mitochon-
drial protein aggregation and induce accumulation of electron- 
dense aggregates within mitochondria (6). We performed ultra-
structure analysis of mitochondria and found that M1-Aβ42 cells 
showed increased percentage of damaged mitochondria with 
electron-dense inclusions in the matrix which was rarely seen in 
the control M2-Aβ42 R cells (Fig. 2B). To directly visualize the 
impact on proteostasis of mitochondrial matrix proteins, M17 
cells were cotransfected by M1-Aβ42 and GFP-tagged mitochon-
drial matrix protein ornithine carbamoyltransferase (OTC-GFP). 
Fluorescent microscopy analysis revealed large aggregates of 
GFP-tagged OTC protein in mitoDsRed-labeled mitochondria 
in M1-Aβ42 cells but not in the control M2-Aβ42 R cells 
(Fig. 2C). Consistently, western blot analysis revealed signifi-
cantly increased mitochondrial protein in the NP-40 insoluble 
fraction of purified mitochondria of M1-Aβ42 transfected M17 
cells (Fig. 2D). Collectively, these data suggest intracellular Aβ42 
caused reduced LONP1 expression and mitochondrial proteo-
stasis deficits in neurons.

Impaired Mitochondrial Proteostasis in CRND8 Mice. To explore 
mitochondrial proteostasis abnormality in AD models in vivo, 
we analyzed protein levels of mitochondrial proteostasis-related 
proteins in the brain of CRND8 mice, a widely used APP 
transgenic mouse model (Fig. 3A). No significant change in the 
expression of these proteins was noted in 3-mo-old CRND8 mice 
compared with age-matched control mice (Fig.  3A). However, 
western blot analysis revealed significantly reduced expression 
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of LONP1 along with significantly increased expression of 
CLPP and GRP75 in 6-mo-old CRND8 mice (Fig. 3A). There 
was a trend toward increased expression of ATF5 in 6-mo-old 
CRND8 mice although it did not reach statistical significance  
(P = 0.19). Western blot analysis also found significantly increased 
levels of electron transport proteins in the NP-40 insoluble 
fractions of purified mitochondria prepared from CRND8 brain 
homogenates (Fig.  3B). Consistently, ultrastructure analysis 
revealed accumulation of electron-dense aggregates in the matrix 
of mitochondria (Fig. 3 C and D), along with increased number 
of fragmented mitochondria (Fig. 3E) in the pyramidal neurons 
in the hippocampus of 6-mo-old CRND8 mice. Mitochondrial 
respiration of purified synaptosomal mitochondria from 6-mo-old 
CNRD8 mice was also impaired (Fig. 3F).

Impaired Mitochondrial Proteostasis in the Brains of AD 
Patients. Next, we investigated mitochondrial proteostasis 
changes in the hippocampal tissues from AD and age-matched 
control patients. There was significantly decreased expression 
of LONP1 and CLPP in the hippocampus from AD patients 
compared with age-matched controls (SI Appendix, Fig. S3A). 
ATF5 expression was increased while no significant changes of 
AFG3L2, YME1L1, HTRA2, GRP75, and HSPD1 were noted 
(SI Appendix, Fig. S3A). Significantly increased levels of electron 
transport proteins were found in the NP-40 insoluble fractions 
of purified mitochondria prepared from human cortical brain 
tissues of AD cases (SI Appendix, Fig. S3B). Electron microscopy 
analysis of mitochondria using a series of electron micrographs 
taken from biopsied human brain tissues often identified 

Fig. 1. Mitochondrial Aβ42 interacted with LONP1. (A) Diagram of M1 and M2 plasmids and representative western blots showed Aβ expression detected by anti-
Aβ42 antibody (6E10, asterisk indicated nonspecific bands) only in M1-Aβ42 transfected M17 cells. Anti-2a detected mitoDsRed-p2a or GFP-p2a in transfected cells. 
(B) Representative western blot confirmed enriched Aβ42 oligomer species in mitochondrial fraction of M1-Aβ42 transfected M17 cells. (C and D) Representative 
fluorescence image of mitochondrial labeled by mitoDsRed (C) and quantitative analysis of mitochondrial length (D) in M1-Aβ42 transfected M17 cells or M2-
Aβ42 R transfected control cells. (E and F) Quantification of mitochondrial membrane potential (E) and mitochondrial ATP levels (F). (G and H) Unbiased screen 
of mitochondrial interactome of Aβ42 with anti-Aβ42 (6E10) antibody in mitochondrial fraction from M1-Aβ42 transfected M17 cells and analysis for the GO 
cellular component (G) and spectral counts of enriched mitochondrial proteins (H). (I) Representative western blot analysis of Aβ42 and LONP1 expression in 
immunoprecipitates of anti-Aβ42 (6E10) antibody and anti-LONP1 antibody in M17 cells transfected with M1-Aβ42 and M1-Aβ42 R. (J) Representative blue native 
PAGE demonstrated comigration of Aβ42 oligomer species with mitochondrial protease LONP1 in M17 cells transfected with M1-Aβ42. (K) Proximity ligation 
assay (PLA, green) with antibodies anti-6E10 (Aβ42) and anti-LONP1 in M1 transfected M17 cells. Mitochondria were visualized by transient transfection of mito-
DsRed, and the nucleus was stained by DAPI. (L) Representative western blot analysis of Aβ42 and LONP1 expression in immunoprecipitates of anti-LONP1 and 
anti-Aβ42 (6E10) antibody in the brains of wild-type (WT) and CRND8 APP transgenic mice at 3 mo of age. Black arrowheads indicate light and heavy chains, 
and red arrowheads indicate Aβ42 monomer and oligomers with different molecular weights. Data are means ± SEM from three independent experiments. 
Student’s t test, P* < 0.05 and P** < 0.01.
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electron-dense inclusions within mitochondria in the pyramidal 
neurons in the cortex from AD patients which were rarely seen in 
age-matched controls (SI Appendix, Fig. S3C). Collectively, these 

data demonstrated reduced LONP1 and increased mitochondrial 
protein aggregates in the AD brain which suggests impaired 
mitochondrial proteostasis in AD.

Fig. 2. Intracellular Aβ42 caused mitochondrial proteostasis defects in M17 cells. (A) Representative western blot and quantitative analysis of mitochondrial 
proteostasis–related proteins in M1-Aβ42 transfected M17 cells or M2-Aβ42 R transfected control cells. (B) Representative electron micrograph and quantitative 
analysis of electron-dense inclusions in the mitochondria of M1-Aβ42 transfected M17 cells or M2-Aβ42 R transfected control cells. (C) Representative fluorescence 
image and quantitative analysis of OTC-GFP aggregates in the mitochondria labeled by mitoDsRed in M1-Aβ42 transfected M17 cells. (D) Representative western 
blot and quantitative analysis of mitochondrial ETC proteins in the 0.1% NP40-insoluble mitochondrial fraction from M1-Aβ42 transfected M17 cells or M2-Aβ42 
R transfected control cells. Data are means ± S.E.M from three independent experiments. Two-way ANOVA followed by Bonferroni correction and Student’s  
t test, P* < 0.05, P*** < 0.001, and P**** < 0.0001.

Fig.  3. Impaired mitochondrial proteostasis in CRND8 APP transgenic mice. (A) Representative western blot and quantitative analysis of mitochondrial 
proteostasis–related proteins in the brains of 3 mo and 6-mo-old wild-type (WT) and CRND8 APP transgenic mice (n = 3 mice in each group). (B) Representative 
western blot and quantitative analysis of mitochondrial ETC proteins in the 0.1% NP40-insoluble mitochondrial fraction of cortical lysates from 6-mo-old WT 
and CRND8 animals. (C and D) Representative electron micrograph (C) and quantitative analysis of mitochondrial electron-dense inclusion (D) and fragmented 
mitochondria (E) in the hippocampal pyramidal neurons of 6 mo WT and CRND8 animals (Scale bar, 1 µm). (F) Mitochondrial respiration assay of synaptosomal 
mitochondria of 6 mo WT and CRND8 mice. Data are means ± SEM from three independent experiments. Two-way ANOVA followed by Bonferroni correction 
and Student’s t test, P* < 0.05, P*** < 0.001, and P**** < 0.0001.

http://www.pnas.org/lookup/doi/10.1073/pnas.2316823120#supplementary-materials
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Reduced LONP1 mRNAs in AD Models Associated with METTL3-
m6A Dysregulation. To explore the possible mechanism(s) 
underlying LONP1 reduction in AD, we further investigated the 
LONP1 expression at mRNA levels and found that the LONP1 
mRNA level was also decreased in M1-Aβ42 cells (Fig. 4A), in 
CRND8 mouse brains at 3 mo of age (Fig.  4B) as well as in 
the human AD cortical tissues (Fig. 4C) though there were no 
changes of mRNA levels of actin or β-tubulin (SI  Appendix, 
Fig.  S4). N6-methyladenosine (m6A) modification of RNA 
affected the stability of RNA transcripts (35). We recently found 
significantly reduced RNA m6A deposit along with reduced 
expression of m6A writer METTL3 in AD neurons (36). In 
silico analysis of m6A modification identified several m6A sites 
in the open reading frame of human and rodent LONP1 mRNA 
transcripts (Fig. 4D). Indeed, LONP1 mRNA levels and protein 
levels were significantly reduced in primary rat cortical neurons 
at DIV10 with METTL3 knockdown by AAV transduction at 
DIV7 (Fig. 4 E and F), suggesting LONP1 mRNA expression 
could be impacted by m6A modification. Consistently, M1-
Aβ42 cells showed a significant reduction in m6A RNA level by 
dot blot analysis of cellular RNA (Fig. 4G). RT-PCR after m6A 
RNA-IP further revealed significantly reduced m6A deposition in 

LONP1 in M1-Aβ42 cells, which was rescued by overexpression 
of METTL3 (Fig. 4H). Furthermore, overexpressed METTL3 in 
M1 cells significantly slowed down the RNA decay of LONP1 
mRNA but not METTL3-m6A independent RNA transcripts 
such as 18 s rRNA and GAPDH mRNA (Fig. 4I), suggesting 
that METTL3-m6A dysregulation likely mediated intracellular 
Aβ-induced LONP1 mRNA reduction which resulted in reduced 
LONP1 expression in AD.

Aβ42 Impaired LONP1 Complex Assembly and Function. Given 
the interaction between LONP1-Aβ42, we suspect that intracellular 
Aβ42 may directly impact the function of LONP1 in addition to 
its effect on reduced LONP1 expression. To determine whether 
Aβ binding affects protease activity of LONP1, we incubated 
recombinant LONP1 protein with either synthetic Aβ42 peptide 
or scrambled Aβ42 control peptide followed by the addition of 
LONP1 fluorogenic substrate FITC-casein in ATP buffer to 
measure ATP-dependent protease activity of LONP1 (Fig. 5A). 
We found that Aβ42 peptides significantly inhibited the release of 
fluorescent FITC tag from casein in a dose- and time-dependent 
manner (Fig. 5A), suggesting impaired protease activity of LONP1 
proteins by Aβ42. High-molecular-weight LONP1 complex is the 

Fig. 4. LONP1 transcript is regulated by METTL3-mediated m6A modification. (A and B) Real-time PCR analysis of LONP1 gene expression adjusted by GAPDH 
mRNA in M1-M17 cells (A), CRND8 cortical tissues (B), and human brain cortical tissues (C). (D) The potential m6A methylation sites of human and rat LONP1 
mRNA by a sequence-based N6-methyladenosine (m6A) modification site predictor (SRAMPA, http://www.cuilab.cn/sramp/). Red lines indicate the threshold of 
the m6A sites with very high confidence. (E and F) Primary rat cortical neurons from E16–18 embryos were infected with AAV-GFP-shMettl3 or AAV-GFP-shCtrl on 
~DIV 7. Primary neurons were extracted at DIV15 for real-time qPCR analysis (E) and immunoblot analysis (F) of LONP1 expression. (G) Dot-blot analysis of m6A 
modification of cellular RNA extracted from M1 and M2 transfected M17 cells. Methylene blue stain indicated an equal loading of RNA samples. (H) Anti-m6A 
immunoprecipitation of RNA extracted from M17 cells followed by RT-PCR with specific primers to amplify LONP1 mRNA with m6A modification. (I) RNA decay 
assay of LONP1 mRNA, 18 s rRNA, and GAPDH mRNA in M1-transfected M17 cells with or without METTL3 overexpression treated with actinomycin D (5 μg/
mL) for indicated times. Data are means ± SEM from three independent experiments. One-way ANOVA followed by Bonferroni correction and Student’s t test, 
n.s., nonsignificant, P* < 0.05, and P** < 0.01.
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functional form of this AAA+ protease in the mitochondrial matrix 
(37). Aβ42 caused decreased levels of high molecular weight 
LONP1 complexes and increased levels of LONP1 monomers 
and dimer/trimers, suggesting that Aβ42 peptides impaired 
assembly of recombinant LONP1 proteins (Fig.  5B). Indeed, 
BN-PAGE revealed significantly decreased levels of functional 
LONP1 complexes in M1-Aβ42 cells (Fig.  5C). Consistently, 
ATP-dependent protease activity in the mitochondrial fraction 
of M1-Aβ42 M17 cells was significantly lower than that in the 
control M2-Aβ42 R M17 cells (Fig.  5D). Moreover, levels of 
LONP1 complexes (Fig. 5E) and ATP-dependent protease activity 
(Fig.  5F) in the mitochondrial fraction were also significantly 
reduced in the brain of 3-mo-old CRND8 mice, and further 
reduced in the brain of 6-mo-old CRND8 mice in vivo when 
compared to age-matched WT mice. These findings suggest that 
intracellular Aβ42 likely caused significant LONP1 deficiency 
through both the impairment of its assembly and protease activity 
and modulation of its expression.

LONP1 Knockdown Impaired Mitochondrial Proteostasis and 
Function in Neurons. To determine whether LONP1 deficiency 
affected mitochondria proteostasis and function in neurons, we 
down-regulated LONP1 expression in M17 cells by LONP1 
shRNA (SI Appendix, Fig.  S5A). LONP1 knockdown in M17 
cells resulted in significantly increased expression of GRP75 and 
CLPP and significantly decreased TID-1 (SI Appendix, Fig. S5A). 
Furthermore, western blot analysis revealed significantly increased 
levels of electron transport proteins in the NP-40 insoluble 
fractions of purified mitochondria in LONP1 shRNA-transfected 
cells (SI Appendix, Fig. S5B). Fluorescent microscopy analysis also 
found accumulation of large aggregates of GFP-tagged OTC 
protein in mitoDsRed-labeled mitochondria in LONP1 shRNA 
transfected cells (SI  Appendix, Fig.  S5C), suggesting impaired 
mitochondrial proteostasis in LONP1 shRNA transfected cells. 

Indeed, significantly greater numbers of damaged mitochondria 
with electron-dense inclusions were found in LONP1 shRNA 
transfected cells when compared with control cells (SI Appendix, 
Fig. S5D). Importantly, mitochondria became fragmented, and 
mitochondrial oxygen consumption rate was significantly reduced 
in LONP1 shRNA transfected cells (SI Appendix, Fig. S5 E and 
F), suggestive of mitochondrial dysfunction. Taken together, these 
data demonstrated that reduced LONP1 expression impaired 
mitochondrial proteostasis and led to mitochondrial fragmentation 
and dysfunction in neurons.

We also tested knockdown of LONP1 by shRNA in M1-Aβ42 
cells. Interestingly, LONP1 knockdown in the M1-Aβ42 cells failed 
to exaggerate mitochondrial respiration deficits measured by basal 
or maximal OCR (SI Appendix, Fig. S5G) or percentage of damaged 
mitochondria with electron-dense inclusions (SI Appendix, Fig. S5H) 
in EM analysis as compared to control shRNA-transfected M1-Aβ42 
cells, suggesting that intracellular Aβ42 peptide likely causes mito-
chondrial deficits through a LONP1-dependent mechanism.

LONP1 Rescued Aβ42-induced Mitochondrial Proteostasis 
Deficits In  Vitro. To determine whether LONP1 deficiency 
mediates impaired mitochondrial proteostasis in the AD model, 
we investigated whether overexpression of LONP1 could rescue 
mitochondrial deficits. Indeed, coexpression of LONP1 in M1-
Aβ42 M17 cells restored GRP75 and ATF5 expression to the level 
comparable to control cells (Fig.  6A). Western blot analysis of 
the NP-40 insoluble fractions of purified mitochondria revealed 
decreased electron transport chain (ETC) proteins after LONP1 
expression in M1-Aβ42 M17 cells, suggesting improved solubility 
of ETC proteins by LONP1 expression (Fig.  6B). Aβ-induced 
accumulation of large aggregates of GFP-tagged OTC protein in 
mitoDsRed-labeled mitochondria was also rescued by LONP1 
overexpression (Fig. 6C), suggesting the restoration of mitochondrial 
proteostasis. As a result, LONP1 overexpression led to alleviation 

Fig. 5. Aβ42 impaired LONP1 complex assembly and protease activity. (A) ATP-dependent protease activity of recombinant LONP1-myc proteins was inhibited by 
preincubation with synthetic Aβ42 peptides but not Aβ42 scramble control peptides (scAβ42) in vitro. (B) Representative western blot and quantitative analysis of 
cross-linked LONP1-myc proteins incubated with synthetic Aβ42 peptides. (C) Blue native PAGE and quantitative analysis of the LONP1 complex in mitochondrial 
fraction of M1-Aβ42 and M1-Aβ42 R transfected M17 cells. (D) Representative western blot and quantitative analysis of ATP5a substrate after mitochondrial 
protease activity assay in the absence and presence of protease inhibitors using mitochondria purified from M1-Aβ42 and M1-Aβ42 R transfected M17 cells. 
(E) Representative blue native PAGE and quantitative analysis of the LONP1 complex in purified brain mitochondria from wild-type (WT) and CRND8 mice. (F) 
Representative western blot and quantitative analysis of substrate ATP5a after mitochondrial protease activity assay in the absence and presence of ATP using 
mitochondria purified from the brain of 3- and 6-mo-old CRND8 APP transgenic mice. Data are means ± SEM from three independent experiments. Two-way 
ANOVA followed by Bonferroni correction for multiple comparisons and Student’s t test, P* < 0.05, P** < 0.01, and P*** < 0.001.
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of mitochondrial morphology (Fig. 6D) and respiratory function 
deficits (Fig. 6E) in M1-Aβ42 transfected cells.

We previously reported mitochondrial morphological and func-
tional deficits in primary cortical neurons from CRND8 APP 
transgenic mice (38). To corroborate our findings in primary neu-
rons, we transfected primary cortical neurons isolated from 
CRND8 mice with lenti-LONP1 virus at DIV 7 and analyzed at 
DIV14. CRND8 neurons demonstrated increased large aggregates 
of GFP-tagged OTC protein in mitoDsRed-labeled mitochondria 
which was alleviated by the expression of LONP1 (Fig. 6F). 
Similarly, LONP1 expression also reduced ETC protein deposit 
in the NP-40 insoluble fractions of purified mitochondria from 
CRND8 neurons (Fig. 6 G and H). Furthermore, LONP1 expres-
sion significantly ameliorated mitochondrial fragmentation 
(Fig. 6I) and restored basal OCR in CRND8 neurons compared 
with CRND8 neurons transfected with control virus containing 
empty-vector (Fig. 6 J–L)

LONP1 Expression Rescued Mitochondrial and Cognitive Defects 
in CRND8 Mice. To determine whether LONP1 expression could 
rescue mitochondrial dysfunction and AD-related deficits in vivo, 
we injected the lentivirus vectors expressing LONP1 protein into 
the CA1 region of both hemispheres of 3-mo-old CRND8 mice. 
Three months after virus injection, the mice were analyzed. The 
increased expression of the LONP1 protein in the hippocampus 

of CRND8 mice was confirmed by immunostaining with anti-
myc antibody and western blot analysis of isolated hippocampus 
tissues (Fig. 7A). Imaging and quantification analysis revealed that 
fragmented and often round-shaped mitochondria in CRND8 
pyramidal neurons were rescued by LONP1 expression (Fig. 7 
B–D).

These age- and gender-matched mice were subjected to cogni-
tive tests before killing. In the contextual fear conditioning test, 
CRND8 mice demonstrated significantly lower freezing time 
which was rescued by the LONP1 expression (Fig. 7E). Similarly, 
the impaired spatial working memory of CRND8 mice, analyzed 
by Y-maze test, was also restored by LONP1 expression (Fig. 7F), 
suggesting LONP1 expression rescued cognitive deficits in 
CRND8 mice. Despite that a gender difference was reported in 
mitochondrial function and mitophagy after exogenous stress 
(39–41), no gender-specific effects were noted in our study. 
Consistent with improved cognitive function, immunocytochem-
ical analysis of synaptophysin revealed that decreased levels of 
synaptophysin in the hippocampus of CRND8 mice were also 
rescued by LONP1 overexpression (Fig. 7G).

Discussion

In this study, we established a neuronal cell model to study the 
effects of intracellular Aβ42 on mitochondria. Through an unbiased 

Fig. 6. LONP1 rescued Aβ42-induced mitochondrial proteostasis defects and mitochondrial dysfunction in vitro. (A) Representative western blot and quantitative 
analysis of mitochondrial proteostasis–related proteins demonstrated that overexpression of LONP1 ameliorated intracellular Aβ42-induced mitochondrial unfold 
protein response in M17 cells. (B) Representative western blot and quantitative analysis of mitochondrial ETC proteins in the 0.1% NP40-insoluble mitochondrial 
fraction demonstrated that overexpression of LONP1 ameliorated intracellular Aβ42-induced mitochondrial protein aggregates in M17 cells. (C–E) LONP1 
overexpression rescued intracellular Aβ42-induced GFP-OTC aggregates in the mitochondrial matrix (C), mitochondrial fragmentation (D), and oxygen consumption 
rate (E) in M17 cells. (F) LONP1 overexpression rescued GFP-OTC aggregates in the mitochondrial matrix in primary cortical neurons of CRND8 at days in vitro 
(DIV) 14. (G and H) Representative western blot and quantitative analysis of mitochondrial ETC proteins in the 0.1% NP40-insoluble mitochondrial fraction of 
CRND8 primary cortical neurons transduced by lenti-LONP1 virus. (I) LONP1 overexpression rescued mitochondrial fragmentation in primary cortical neurons 
of CRND8. (J–L) Quantification of basal respiration (K) and maximal respiration (L) in wild-type (WT) CRND8 neurons transduced by lenti-LONP1 virus. Data are 
means ± SEM from three independent experiments. One-way ANOVA followed by Bonferroni correction, P* < 0.05, P** < 0.01, P*** < 0.001, and P**** < 0.0001.
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screening, LONP1 was identified as one of the top Aβ42-interacting 
mitochondrial proteins. Interestingly, we found significantly 
decreased LONP1 expression/activity and extensive mitochondrial 
proteostasis deficits such as increased insoluble ETC protein aggre-
gates in the matrix along with mitochondrial fragmentation and 
impaired mitochondrial respiration in this cell model of AD. 
Similar LONP1 reduction and mitochondrial proteostasis deficits 
were also found in the brain of CRND8 mice in vivo and validated 
in the brain of human AD patients. Furthermore, Aβ42 was found 
enriched in mitochondria and interacted with LONP1 which 
impaired LONP1 assembly and protease activity both in vitro and 
in vivo. Importantly, LONP1 knockdown caused mitochondrial 
proteostasis deficits and dysfunction while restored expression of 
LONP1 in vitro and in the brain of CRND8 APP transgenic mice 
rescued Aβ-induced mitochondrial deficits and cognitive deficits. 
These results demonstrated a critical role of LONP1 in the dis-
turbed mitochondrial proteostasis and mitochondrial dysfunction 
in AD and revealed a mechanism underlying intracellular Aβ42-
induced mitochondrial toxicity through the impact on LONP1.

Multiple lines of evidence demonstrated accumulation of dam-
aged mitochondria in the AD brain associated with compromised 
mitophagy, and enhanced mitophagy alleviated mitochondrial and 
neuronal deficits in AD models (42–44). At the suborganelle level, 
alterations in mitochondrial proteostasis were also associated with 
neurodegenerative diseases and aging (45), yet not much study 

was done in AD. Prior studies demonstrated accumulation of 
oxidative damaged mitochondrial proteins and an activation of 
mitochondrial unfolded protein response (mtUPR) in AD models 
and in AD patient brains which suggests the potential involvement 
of impaired mitochondrial proteostasis (46, 47). Consistently, we 
found increased GRP75, a mitochondrial heat shock protein 
involved in the proper folding of newly imported protein (48), 
and ATF-5, a specific mtUPR transcription factor in mammals 
(49), in our models which confirmed an activation of mtUPR 
response. More importantly, we found cardinal features of dis-
turbed mitochondrial proteostasis such as increased ETC protein 
aggregates in the NP-40 insoluble fractions and remarkable pro-
tein aggregates in the mitochondrial matrix revealed by both 
immunofluorescent microscopy and transmission electron micros-
copy investigations in AD models as well as in the brain of AD 
patients. These data not only provided strong evidence supporting 
the notion of a disturbed mitochondrial proteostasis in AD but 
also suggested that the mitochondrial matrix is a focal point of 
mitochondrial proteostasis deficits in AD.

As one of the most protein-concentrated environment in the 
cell (50), the mitochondrial matrix maintains its proteostasis 
through a set of chaperones and proteases. Interestingly, intracel-
lular Aβ expression caused selective reduction of LONP1, a key 
AAA+ protease in the matrix, and Aβ also inhibited LONP1 pro-
tease activity. Similarly reduced expression of LONP1 was also 

Fig. 7. LONP1 expression rescued mitochondrial and cognitive deficits in CRND8 APP transgenic mice. (A) Diagram of lentivirus vector encoding myc-LONP1 
injected into the CA1 area of the mouse brain and the representative immune-fluorescent image confirmed expression of myc-LONP1 in the hippocampus. 
Immunostaining with anti-myc antibody and western blot analysis of isolated hippocampal tissues confirmed the expression of LONP1 after virus injection. (B) 
Neuronal mitochondria in the CA1 regions were analyzed by 3D visualization of anti-Tomm20 confocal images. Green to red color denoted the 3D volume of 
mitochondria from min to max. (C and D) Quantification of the volume (C) and length (D) of neuronal mitochondria in the CA1 regions in 6-mo-old CRND8 mice 
with or without LONP1 virus injection at 3-mo-old. (E) The quantification of % of total freezing time of age- and gender-matched wild-type (WT, n = 13) or CRND8 
mice with (n = 12) or without LONP1 (n = 12) virus injection in the contextual fear condition test. (F) The quantification of % of spontaneous alternation of WT 
or CRND8 mice with or without LONP1 virus injection in the spatial Y-maze test. (G) Representative immunostaining and quantitative analysis of synaptophysin 
in the CA1 regions of WT or CRND8 mice with or without LONP1 virus injection. Data are means ± SEM from three independent experiments. One-way ANOVA 
followed by Bonferroni correction and Student’s t test, n.s., nonsignificant, P* < 0.05, P** < 0.01, and P*** < 0.001.
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found in the brain of CRND8 mice and human AD patients. 
Impaired LONP1 activity was even found in 3-mo-old CRND8 
mice before significant amyloid pathology began to develop, sug-
gesting LONP1 reduction and dysfunction is an early feature 
during the disease and may be involved in the mitochondrial 
proteostasis deficits in AD. In this regard, LONP1 knockdown in 
neurons caused activation of mtUPR and increased insoluble ETC 
protein aggregates in the matrix along with mitochondrial frag-
mentation and impaired mitochondrial respiration which were 
very similar to the mitochondrial proteostasis deficits and dys-
function observed in the AD brain and AD models. It was of 
interest to note that LONP1 knockdown did not exacerbate mito-
chondrial deficits in the AD cell model expressing intracellular 
Aβ, suggesting that Aβ induced mitochondrial proteostasis deficits 
and dysfunction through the same pathway as LONP1 deficiency. 
Indeed, overexpression of LONP1 rescued mitochondrial prote-
ostasis deficits and alleviated mitochondrial function and cognitive 
deficits both in vitro and in vivo. These data thus established a 
critical role of LONP1 deficiency in mediating Aβ42-induced 
mitochondrial proteostasis deficits in AD.

How does Aβ impair LONP1 function? It appears that multiple 
mechanisms are likely involved. First, intracellular Aβ caused 
reduced LONP1 expression. Real-time PCR demonstrated 
reduced LONP1 mRNA in neuronal cells expressing intracellular 
Aβ suggesting that Aβ regulated LONP1 expression at the tran-
scriptional level. The possibility that posttranscriptional level reg-
ulation is also involved in the regulation of LONP1 expression 
cannot be ruled out. In this regard, it is known that mRNA sta-
bility could be affected by m6A modification and we recently 
reported significantly reduced METTL3-m6A signaling in AD 
neurons (36). In fact, our in silico study found that LONP1 
mRNA contains m6A modification sites and METTL3 knock-
down caused significantly reduced mRNA and protein expression 
of LONP1 in neurons. Indeed, intracellular Aβ caused signifi-
cantly reduced m6A modification of LONP1 mRNA which was 
rescued by METTL3 overexpression. Rescued m6A modification 
slowed down the decay of LONP1 mRNA. Therefore, Aβ likely 
caused reduced LONP1 expression at least in part through 
impaired METTL3-m6A signaling in neurons. It should be men-
tioned that enhanced LONP1 protein expression was found in 
SHSY5Y cells treated by extraneuronal Aβ25–35 peptide (51). 
The discrepancy may be due to the use of different Aβ species or 
how they were applied since extracellularly applied Aβ was shown 
to block mitochondrial import of nuclear-encoded mitochondrial 
proteins (52) which may induce different mitochondrial responses 
than intracellular Aβ. Second, Aβ inhibited LONP1 activity in a 
time- and dose-dependent manner in vitro, and reduced mito-
chondrial ATP-dependent protease activity was also found in the 
AD cell model and CRND8 brain. Consistent with the mitochon-
drial matrix localization of Aβ, LONP1 in the matrix was identi-
fied as a protein interacted with Aβ through an unbiased mass 
spectrometry screen, and Aβ-LONP1 interaction was confirmed 
both in vitro and in vivo, suggesting that Aβ-LONP1 interaction 
could mediate Aβ-induced LONP1 inhibition. The ATP-dependent 
protease activity of LONP1 is dependent on its proper assembly 
into a homohexameric ring-shaped complex (49). Mutations in 
LONP1 that affect its ability to form complex cause defects in 
ATP-dependent proteolysis and mitochondrial proteostasis (12). 
Indeed, Aβ treatment or expression caused significantly reduced 
functional LONP1 complexes both in vitro and in vivo, suggest-
ing that Aβ-LONP1 interaction mediated Aβ-induced LONP1 
inhibition likely by impacting LONP1 assembly. This may be the 
major mechanism contributing to mitochondrial proteostasis defi-
cits at early stage because the level of functional LONP1 complexes 

along with mitochondrial ATP-dependent protease activity was 
reduced in the brain of 3-mo-old CRND8 mice when LONP1 
protein expression did not change. Nevertheless, it remains to  
be determined whether Aβ prevents the functional LONP1 assem-
bly or destabilizes the LONP1 functional complexes. Reduced 
LONP1 complexes were accompanied by increased LONP1 mon-
omer or dimer/trimers in the cell-free system but not in the AD 
cell model or the brain of CRND8 mice, suggesting that LONP1 
monomers and dimer/trimers may be degraded in cells which 
could contribute to the decreased proteins levels of LONP1 in 
our models. It was reported that oxidative modification also causes 
LONP1 dysfunction (53) and Aβ is known to induce oxidative 
stress. It would be of interest to investigate whether oxidative 
modification of LONP1 is also involved in Aβ-induced LONP1 
dysfunction.

In summary, we provided evidence demonstrating LONP1- 
associated mitochondrial proteostasis deficits in AD experimental 
models and in the brain of AD patients and unveiled a mechanism 
underlying the intracellular Aβ-induced mitochondrial proteostasis 
deficits through the impact on LONP1 that is likely playing a 
critical role in mitochondrial dysfunction in the pathogenesis of 
AD. Our study suggested that LONP1 dysregulation and mito-
chondrial proteostasis deficits might provide promising therapeutic 
targets for future AD treatment.

Materials and Methods

Cell Culture. Human neuroblastoma M17 cells were maintained in OptiMEM 
supplemented with 1% penicillin and streptomycin and 5% FBS (Gibco) in an 
incubator with 5% CO2 at 37 °C. Primary neuronal cultures were obtained by 
digestion of mouse cortical tissue dissected at embryo day 17 and were main-
tained in Neurobasal medium supplemented with B27 and GlutaMax (Gibco). 
Neuronal culture medium was changed by half volume every 2 to 3 d.

Proximity Ligation Assay (PLA). PLA fluorescence was performed with the 
Millipore Duolink Kit (54). Briefly, cells on 12-mm coverslips transfected with 
M1 Aβ42 were fixed in 4% paraformaldehyde for 10 min at RT. After blocking 
in a heated humidity chamber for 60 min at 37 °C, cells were incubated with 
two primary antibodies overnight in the cold room and then with PLUS and 
MINUS PLA probes in a preheated humidity chamber for 1 h at 37 °C. Ligation 
of two probes with performed at 37 °C for 30 min in a humidity chamber. After 
several washes, polymerase was added to amplify the signal with Duolink In Situ 
Detection Reagents green in a preheated humidity chamber for 100 min at 
37 °C. Confocal images were taken within 48 h after mounting with Duolink 
medium with DAPI.

Mitochondrial Isolation, Insoluble Fraction Preparation, and Blue Native 
PAGE. Cells were harvested by trypsin treatment and washed with room temper-
ature PBS. Resuspended cells were incubated with MSM (220 mM D-mannitol, 
70 mM sucrose, and 5 mM MOPS, pH 7.4) on ice for 5 min and homogenized 
by a 2-mL Dounce homogenizer. Homogenates were centrifuged at 500g for 10 
min, and the supernatants were further centrifuged for 9,000g for 10 min. The 
obtained pellet was crude mitochondria and was subjected to Percoll gradient 
centrifugation to obtain purified mitochondria. To prepare insoluble mitochon-
drial protein aggregates, mitochondria were subjected to 0.1% NP-40 lysis buffer 
for 30 min on ice and centrifuged at 18,000g at 4 °C for half hour, and the pellet 
was resuspended in Laemmli buffer for SDS-PAGE. For blue native PAGE (55), 
mitochondrial fractions were lysed by digitonin in native buffer on ice for 20 min 
and centrifuged at 18,000g for 20 min. The supernatants were subjected to blue 
native electrophoresis by 4–16% Bis-Tris Protein Gels (Invitrogen).

The ATP-dependent Protease Activity Assay of LONP1 In Vitro. C-terminal 
Myc-tagged LONP1 plasmids were transfected in M17 cells for 72 h, and cells 
were lysed in RIPA buffer. LONP1-Myc was immune captured by magnetic anti-
Myc beads (Thermo, #88842) at room temperature for 1 h. Beads were washed 
for three times with PBS buffer and then incubated with Myc-peptide in PBS 
(Thermo, #20170) for 30 min at 37 °C to elute LONP1-Myc proteins. LONP1-Myc 



10 of 11   https://doi.org/10.1073/pnas.2316823120� pnas.org

proteins were incubated with FTC-casein (Thermo, #23267) for 30 min at room 
temperature as described by supplier and the fluorescence read at 485/538 nm 
for excitation/emission. To analyze ATP-dependent protease activity in isolated 
mitochondria, mitochondria reconstituted in 1% digitonin lysis buffer were sub-
jected to FTC-casein assay. For ATP-dependent protease activity in intact mito-
chondria, mouse brain tissues were incubated with or without ATP (10 mM) at 
room temperature overnight as described previously; then, the ATP-dependent 
protease cleavage of mitochondrial proteins was analyzed by western blot.

Animal Brain Stereotactic Injection and Behavior Tests. Animals were 
anesthetized using isoflurane and placed in a stereotactic frame for injection 
for the dorsal hippocampus, CA1 (AP—2.1 mm, ML—2.0 mm from the bregma) 
(56). A 10-μL microliter syringe (Hamilton) was filled with virus, and the nee-
dle was lowered down 1.4 mm from the bregma. One microliter virus (108 
viral particles/mL) was injected within 5 min and the needle left in place for 
another 5 min. Three months after virus injection, animals were subjected to 
spatial Y-maze test for short-term working memory. The spatial Y-maze test 
consisted of two trials. The first trial (training) allowed 5-min exploration of 
the Y maze with one arm (novel arm) blocked, so the mouse only explored 
two arms (start arm and other arm) of the maze. After an intertrial interval 
(ITI) of 2 h, the second trial (testing/retention) was conducted. For this trial, 
the mouse was placed back in the maze in the same starting arm, with free 
access to all three arms for 5 min. Novelty vs. familiarity was later analyzed 
from video recordings for the duration, distance, and number of visits in each 
arm. For fear conditioning test, animals were placed in a conditioning box for 
a 2-min acclimation period, followed by four rounds of conditional stimulus 
(tone), and aversive unconditional stimulus (foot shock), followed by another 
2 min in the chamber. After an ITI of 24 h, mice are returned to the chamber 
with no stimulus, and freezing behavior is recorded for 5 min to evaluate 

context-dependent fear. After behavior tests, the brain was dissected out and 
immersion fixed in 10% paraformaldehyde for frozen section. All animal exper-
iments followed approved protocols by the Institutional Animal Care and Use 
Committee (IACUC) of Case Western Reserve University.

Statistical Analysis. All these data were independently assessed and collected 
by investigators without prior knowledge of samples. Statistical analysis was 
done with one-way or two-way ANOVA followed by multiple comparison test or 
Student’s t test. Data were normally distributed with similar variance between the 
groups. All statistical analyses were performed blindly to samples information.

Data, Materials, and Software Availability. The proteomic dataset of the 
mitochondrial Aβ42 interactome was deposited in the figshare database 
https://figshare.com/ (57). All other data are included in the manuscript and/
or SI Appendix.
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