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Abstract
The mechanistic relationship between amyloid-beta precursor protein (APP) processing and mitochondrial dysfunction in 
Alzheimer’s disease (AD) has long eluded the field. Here, we report that coiled-coil-helix-coiled-coil-helix domain contain-
ing 6 (CHCHD6), a core protein of the mammalian mitochondrial contact site and cristae organizing system, mechanistically 
connects these AD features through a circular feedback loop that lowers CHCHD6 and raises APP processing. In cellular 
and animal AD models and human AD brains, the APP intracellular domain fragment inhibits CHCHD6 transcription by 
binding its promoter. CHCHD6 and APP bind and stabilize one another. Reduced CHCHD6 enhances APP accumulation 
on mitochondria-associated ER membranes and accelerates APP processing, and induces mitochondrial dysfunction and 
neuronal cholesterol accumulation, promoting amyloid pathology. Compensation for CHCHD6 loss in an AD mouse model 
reduces AD-associated neuropathology and cognitive impairment. Thus, CHCHD6 connects APP processing and mitochon-
drial dysfunction in AD. This provides a potential new therapeutic target for patients.

Keywords Alzheimer’s disease · Amyloid-beta precursor protein · Mitochondria · CHCHD6 · Neuroprotection · 
Neurodegeneration

Introduction

Alzheimer’s disease (AD) is a progressive neurodegen-
erative disorder leading to dementia, for which there are 
currently no effective treatments. AD is characterized by 
progressive extracellular accumulation of amyloid-beta 
(Aβ) plaques, intracellular neurofibrillary tangles, synaptic 

loss, and cognitive impairment [25, 34]. While neurotoxic 
Aβ peptide produced via proteolysis of amyloid precursor 
protein (APP) is a major component of AD pathogenesis, 
other APP proteolytic fragments, such as C99 and amyloid 
precursor protein intracellular domain (AICD), also drive 
pathology [23, 26, 30, 50, 63]. Furthermore, missense APP 
mutations are associated with early-onset familial AD, and 
failure to clear APP-dependent Aβ accumulation from the 
brain is implicated in late-onset sporadic AD [15, 34]. APP 
is highly expressed in the brain and metabolized by sequen-
tial secretase activity, yet attempts to treat AD by interfering 
with this secretase activity have failed to help patients. Thus, 
exploring other aspects of APP biology, such as its interface 
with mitochondrial function, are important for understand-
ing the disease and developing effective therapies.

Mitochondrial impairment is also a prominent and early 
feature of AD [46, 69], and is linked to amyloid biology 
by virtue of APP localization to the outer mitochondrial 
membrane (OMM), inner mitochondrial membrane (IMM), 
and mitochondrial matrix [13, 44]. APP is also highly 
enriched in mitochondria of the hippocampus and other 
brain regions that are particularly vulnerable in AD [7, 13], 
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and APP-deficient mice exhibit extensively compromised 
mitochondrial bioenergetics [41]. APP overexpression in 
mice also causes mitochondrial fragmentation, respiratory 
failure, and neuronal apoptosis [10, 52, 58], and neurons 
with impaired mitochondrial function display aberrant APP 
processing [51, 72, 76]. Thus, a proper balance of APP is 
essential for healthy mitochondrial function. APP is pro-
cessed in large part at mitochondria-associated endoplasmic 
reticulum (ER) membranes (MAM) [12], and accumulation 
of the C99 APP fragment at MAMs is associated with dis-
rupted lipid homeostasis that leads to toxic brain cholesterol 
accumulation [37, 45]. Despite the known APP-mitochon-
drial interactions in AD, however, the underlying mechanism 
of this interaction has not previously been identified.

A crucial component of healthy mitochondrial function 
is the mitochondrial contact site and cristae organizing 
system (MICOS) multi-subunit protein complex, which is 
located in the IMM adjacent to the cristae junction (CJ). The 
MICOS maintains normal mitochondrial cristae morphology 
and homeostasis, and has been highly conserved in form 
and function throughout evolution [16, 27]. In mammals, 
MICOS consists of seven proteins, with coiled-coil-helix-
coiled-coil-helix domain containing 6 (CHCHD6), mitofilin, 
and coiled-coil-helix-coiled-coil-helix domain containing 3 
(CHCHD3) comprising the centerpiece of the large 700 kDa 
protein core complex [40]. An intact and properly function-
ing MICOS is required to stabilize the highly curved mem-
brane of CJs, which allows them to form their normal nar-
row, neck-like structures [16, 57]. Notably, altered MICOS 
protein levels, mutations in MICOS protein-encoding genes, 
and MICOS protein post-translational modifications have 
all been linked to neurodegenerative disease [3, 56, 62, 64]. 
Furthermore, down-regulation of MICOS in yeast, Dros-
ophila, and HeLa cells results in a disorganized IMM with 
closely packed stacks of membrane sheets replacing tubular 
or vesicular cristae [2, 31, 40, 66]. This disrupts mitochon-
drial bioenergetic function since cristae house the respira-
tory chain complexes. MICOS also acts as a diffusion barrier 
for proteins and other small molecules, which enables the 
internal space of cristae to be a stable micro-compartment 
that adapts for optimal mitochondrial function, including 
oxidative respiration [57, 73]. Thus, it is not surprising that 
aberrant mitochondrial architecture caused by MICOS dis-
ruption results in increased mitochondrial reactive oxygen 
species (ROS) production and cell death, concomitant with 
membrane depolarization and decreased production of aden-
osine triphopshate (ATP) [2, 31, 40, 66, 73]. MICOS also 
participates in lipid metabolism and mitochondrial protein 
import through specific interactions with IMM and OMM 
proteins [1, 16, 60].

Within the MICOS, CHCHD6 localizes at the peripheral 
IMM where it couples mitochondrial import to bioenergetic 
state [2, 14]. Genetic depletion of CHCHD6 significantly 

disrupts MICOS integrity, causing cristae loss and bioen-
ergetic failure [2, 14, 16]. Reduced CHCHD6 also impairs 
glucose metabolism by prompting a shift from oxidative 
phosphorylation to glycolysis [9]. Importantly, recent large-
scale proteomic analyses have revealed that CHCHD6 is sig-
nificantly decreased in postmortem brain tissue from AD 
patients [5, 75]. However, the precise role of CHCHD6 in 
AD mitochondrial biology has not been determined. Here, 
we report that CHCHD6 interacts with APP to impact 
both amyloid and mitochondrial pathology. Specifically, 
CHCHD6 is selectively decreased in both in vitro and in vivo 
APP-based AD models, as well as AD patient brains. We 
show that CHCHD6 is transcriptionally down-regulated by 
AICD binding to the CHCHD6 promoter, in partnership with 
Fe65 and Tip60 cofactors. We further observe that APP and 
CHCHD6 physically interact and stabilize each other under 
normal healthy conditions. Loss of CHCHD6 in neuronal 
cells impairs this process and promotes APP accumulation 
on the MAM, which accelerates aberrant APP processing. 
We also show that CHCHD6 depletion in neuronal cells 
disrupts mitochondrial cristae integrity, impairs bioener-
getic activity, and kills cells. In addition, downregulation of 
CHCHD6 in the hippocampus of APP-based mouse models 
of AD mice promotes aberrant neuronal cholesterol accumu-
lation, amyloidogenesis, synaptic loss, and neuroinflamma-
tion, with compensation for CHCHD6 loss mitigating this 
pathology. Thus, we report here a previously unidentified 
CHCHD6–APP axis that for the first time mechanistically 
connects aberrant APP metabolism and impaired mitochon-
drial bioenergetics in AD, leading to neurodegeneration and 
impaired cognition. Our demonstration that compensation 
for CHCHD6 deficiency mitigates AD-associated neuropa-
thology and cognitive impairment suggests that stabilization 
of the CHCHD6–APP axis represents a novel therapeutic 
target for AD patients.

Methods

Reagents and antibodies

Protein phosphatase inhibitor cocktail (P5726), protease 
inhibitor cocktails (8340), and filipin (F4767) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). The 
antibodies against ATPB (17247-1-AP, 1:2000), CHCHD6 
(20639-1-AP, 1:2000), CHCHD3 (25625-1-AP, 1:1000), 
Tom20 (11802-1-AP, 1:4000), Lonp (15440-1-AP, 1:1000), 
SigmaR1 (15168-1-AP, 1:1000) and p62 (18420-1-AP, 
1:1000) were from ProteinTech (Rosemont, IL, USA). The 
antibodies against FACL4 (sc-365230, 1:1000), c-Myc (sc-
40, 1:1000), Tim23 (sc-514463, 1:1000) were purchased 
from Santa Cruz Biotechnology (Dallas, TX, USA). The 
antibodies against APP (ab32136, 1:5000), cytochrome C 
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(ab110325, 1:10000), VDAC (ab14734, 1:2000), Mitofi-
lin (ab110329, 1:500), synaptophysin (ab32127, 1:10000), 
and Fe65 (ab5668, 1:500) were from Abcam (Cambridge, 
UK). The antibodies against the C-terminal of APP (A8717, 
1:5000), NeuN (A60, MAB377, 1:1000), FLAG (F3165, 
1:2000), and β-actin (A1978, 1:10000) were obtained from 
Sigma-Aldrich. The Iba1 (019–19741, 1:1000) antibody 
was from Wako Chemicals (Japan). The antibodies against 
GFAP (MAB360, 1:1000) and NeuN (ABN90, 1:1000) were 
purchased from MilliporeSigma (Burlington, MA, USA). 
The PSD-95 antibody (MA1-045, 1:500) was obtained from 
Invitrogen (Waltham, MA, USA). The antibody against puri-
fied anti-β-amyloid 1–16 (clone 6E10, #803015, 1:2000), 
and AICD (811901, 1:200) and APP recombinant protein 
(PTN-5279) were from BioLegend (San Diego, CA, USA). 
The antibody against Tip60 (12058, 1:200) and LC3B 
(2775S,1:2000) was from Cell Signaling (Danvers, MA, 
USA). The HRP-conjugated anti-mouse and rabbit second-
ary antibodies were from Thermo Fisher Scientific. The Ver-
iBlot secondary antibody (HRP) (ab131366, 1:2000), which 
does not recognize heavy or light chains, was from Abcam. 
The Alexa 488/568/405/633 fluorescent secondary antibod-
ies were from Invitrogen. CHCHD3 (CHCHD3-195H) and 
Mitofilin (IMMT-838H) recombinant proteins were from 
Creative Biomart (Shirley, NY, USA). CHCHD6 recombi-
nant protein (TP302975) was from Origene (Rockville, MD, 
USA). The information on the antibodies used in this study 
is listed in Supplementary Table 1.

Cell culture

Mouse hippocampal HT-22 cells (Millipore, SCC129), 
human embryonic kidney–293 T cells (HEK293, ATCC, 
CRL-1573), and Neuro2a cells (ATCC, CCL-131) were 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% (v/v) heat-inactivated FBS and 
1% (v/v) antibiotics (100 unit/mL penicillin, 100 μg/mL 
streptomycin). Neuro2a cells stably overexpressing human 
APP wildtype  (APPwt) or Swedish mutant  (APPswe, K670N 
and M671L APP, clone Swe.10) were obtained from Dr. 
Gopal Thinakaran (University of Chicago) and maintained 
as described above. All cells were maintained at 37 °C and 
5%  CO2.

Constructs and transfection

To construct the CHCHD6-Flag plasmid, mouse 
CHCHD6 was amplified from Neuro2a cDNA samples 
through standard PCR methods, and then cloned into 
pcDNA3.1 ( +)-Flag vector between EcoR1 and Xho1 
restriction sites. For Fe65, AICD, and Tip60 overexpres-
sion in HEK293T cells, cells were transfected with Myc-
DDK-hFe65 (Rockville, MD, USA, Origene, RC202003), 

pAAV-hAICD-NLS-IRES-hrGFP (Watertown, MA, USA, 
addgene, catalog no. 107543), and pCMV3-Tip60-Flag 
(Beijing, China, Sino Biological, HG17131-CF) plasmids 
using  TransIT®-2020 transfection reagent (Mirus Bio LLC, 
Madison, WI), according to the manufacturer’s instruc-
tions. For knockdown of APP in HEK293T cells, cells were 
infected with lentivirus of control shRNA and APP shR-
NAs (Sigma, TRCN0000011043, TRCN0000006706 and 
TRCN0000006707). Lentiviruses were generated by trans-
fecting HEK293T cells with plasmids that encoded the enve-
lope (pCMV-VSV-G; catalog no. 8454, Addgene), packing 
(psPAX2; catalog no. 12260, Addgene), and targeted open 
reading frame. After 12 h of transfection, the medium was 
changed, and the lentiviruses were harvested after 36 h. The 
lentiviruses were diluted with the corresponding medium 
at a 1:1 ratio, and the cells of interest were infected in the 
presence of Polybrene (8 g/mL, Sigma-Aldrich) for 48 h.

To construct AAV-hSyn-CHCHD6-EGFP plasmid, 
mouse CHCHD6 was amplified from Neuro2a cDNA sam-
ples through standard PCR methods, and then cloned into 
control AAV plasmid backbone, pAAV.hSynapsin.EGFP.
WPRE.bGH(Osten-Frank)(p1696)-Q (Cat# AV-5-PV1696) 
which was obtained from Penn Vector Core, University 
of Pennsylvania. To construct AAV-CHCHD6 shRNA-
mCherry plasmid, CHCHD6 shRNA was amplified from 
mouse CHCHD6 shRNAs (Sigma, TRCN0000240966), and 
then inserted into pAAV-U6-hSyn.mCherry.3xFLAG-WPRE 
(addgene, 120392) after U6 promoter. pAAV-U6-Scrambled 
shRNA-hSyn::mCherry.3xFLAG-WPRE (addgene #120395) 
was used as control. AAV-GFP-CHCHD6, AAV-GFP con-
trol, AAV-mCherry-Scrambled shRNA and AAV-mCherry-
CHCHD6 shRNA were then packed to obtain AAV5 parti-
cles by VectorBuilder (Guangzhou, China).

CHCHD6 KO by CRISPR‑Cas9

To silence CHCHD6 in HT-22 cells, a control and CHCHD6 
synthetic guide RNA (sgRNA) CRISPR lenti-vector set 
(K3156005) was purchased from Applied Biological Mate-
rials (Richmond, BC, Canada). HT-22 cells were transfected 
as described with either control or CHCHD6 sgRNA. Stable 
HT-22 cells with CHCHD6 KO were selected using puro-
mycin (Corning) at 5 μg/mL and maintained at 2 μg/mL.

Preparation of oligomeric Aβ1–42

The Aβ1–42 (GenicBio Limited) peptides were dissolved in 
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP; Sigma-Aldrich) to 
a final concentration of 5 mM and placed in a chemical hood 
overnight. The next day, HFIP was further evaporated using 
a SpeedVac concentrator for 1 h. Monomer Aβ (5 mM) was 
prepared by dissolving Aβ peptide in anhydrous dimethyl 
sulfoxide (Sigma-Aldrich). The oligomeric Aβ peptides were 
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prepared by diluting the monomer Aβ solution in Dulbecco’s 
Modified Eagle Medium (DMEM)/F12 and then incubating 
at 4 °C for 24 h.

Animal model of AD

All animal experiments were conducted in accordance with 
protocols approved by the Institutional Animal Care and Use 
Committee of Case Western Reserve University and per-
formed according to the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals. Sufficient pro-
cedures were employed to reduce the pain and discomfort of 
the mice during the experiments. All mice were maintained 
under a 12 h/12 h light/dark cycle (light on at 6 AM and off 
at 6 PM) with ad libitum access to food and water under the 
ambient temperature at 23 °C and humidity at 40–60%. The 
mice were mated, bred, and genotyped in the animal facil-
ity of Case Western Reserve University. All mice used in 
this study were maintained on a C57BL/6J (Strain #000664, 
The Jackson Laboratory) background. 5XFAD transgenic 
mice [Tg(APPSwFlLon,PSEN1*M146L*L286V)6799Vas, 
strain #034840-JAX] breeders were purchased from Jackson 
Laboratory.  APPNL−G−F and  APPNL−F knock-in breeder mice 
(stock # RBRC06344 and # RBRC06343) were obtained 
from Japan Riken BioResource Research Center. All mice 
are genotyped before experiments based on the genotyping 
protocol the vendors provided.

Stereotaxic injection

Stereotaxic surgery was performed using a model 1900 ster-
eotax (Kopf) under isoflurane anesthesia. Briefly, a small 
craniotomy was made using a 33-gauge drill bit above the 
desired coordinate. A small pulled glass pipette contain-
ing AAV was attached to a Nanoject II (Drummond) and 
was then inserted to the appropriate depth. Injections were 
performed at a rate of 90 nl/min. The coordinates used for 
bilaterally hippocampus injections were anteroposterior, 
− 2.0 mm from bregma; mediolateral, ± 2.0 mm; dors-
oventral, − 1.7 mm). AAV5-GFP control and AAV5-GFP-
CHCHD6 were injected into the hippocampus of  APPNL−G−F 
Knock-in mice and wild-type littermates at the age of 
3 months for CHCHD6 overexpression. AAV5-mCherry-
Scrambled shRNA and AAV5-mCherry-CHCHD6 shRNA 
were injected into the hippocampus of  APPNL−F Knock-in 
mice and wild-type littermates at the age of 6 months for 
CHCHD6 knocking down. The concentration (ddTiter) of 
the AAVs is 1.0e12 GC/mL. 1 μL was injected into each 
hemisphere of mice. As a result, the number of viral parti-
cles of AAVs is 1.0e9.

Behavioral analysis

All behavioral analyses were conducted by an experimenter 
who was blinded to the genotypes and treatment groups. All 
mice were subjected to a series of behavioral measurements 
to monitor spontaneous spatial working memory (Y-maze 
test) and long-term spatial learning, and memory functions 
(Barnes maze test). Body weights was recorded throughout 
the study period.

Y‑maze test

On the test day, mice were brought to the testing room one 
hour before performing the Y-maze test to allow habitua-
tion. The mice were placed in the middle of the Y-maze and 
allowed to explore the three arms for 6 min. During explo-
ration, the arm entries were recorded. The equipment was 
cleaned after every test to avoid odor disturbance. Spontane-
ous alternation was defined as a successive entry into three 
different arms on overlapping triplet sets.  APPNL−G−F knock-
in mice and age-matched wild-type littermates injected 
with AAV5-GFP control and AAV5-GFP-CHCHD6 were 
tested at 6 and 9 months old.  APPNL−F knock-in mice and 
age-matched wild-type littermates injected with AAV5-
mCherry-Scrambled shRNA and AAV5-mCherry-CHCHD6 
shRNA were tested at 9 and 12 months old.

Barnes maze test

On the test day, the mice were brought to the testing room 
1 h before performing the Barnes maze test to allow habitu-
ation. Briefly, all the testing mice received three consecutive 
days of trials, with three trials each day. After being placed 
in the center of the platform at the beginning of each trial, 
the mice were allowed to explore for 3 min to find the tar-
get escape box. Mice that failed to enter the target escape 
hole in the given time were led to it by the operator. Mice 
were allowed to remain in the target hole for 2 min before 
returning to the home cage. After completing the 3-day tri-
als, the mice were examined on days 5 and 12 with one 
test to monitor the long-term spatial learning and memory 
activities. The maze and the escape box were cleaned care-
fully after each trial to avoid odor disturbance. All the trials 
and tests were recorded with a video system. The total time 
to enter the target escape box (latency to the target box) and 
the number of times the wrong holes were explored (the 
total errors) were recorded.  APPNL−G−F knock-in mice and 
age-matched wild-type littermates injected with AAV5-GFP 
control and AAV5-GFP-CHCHD6 were tested at 9 months 
old.  APPNL−F knock-in mice and age-matched wild-type lit-
termates injected with AAV5-mCherry-Scrambled shRNA 
and AAV5-mCherry-CHCHD6 shRNA 6 were tested at 
12 months old.
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Preparation of total lysates

Cells were washed in cold PBS (pH 7.4) and incubated on 
ice for 30 min in total lysis buffer (50 mM Tris–HCl, pH 7.5, 
150 mM NaCl, 1% Triton X-100, protease inhibitors cock-
tail, and phosphatase inhibitors cocktail (MilliporeSigma)). 
Mouse brains were minced and homogenized in lysis buffer 
and placed on ice for 30 min. Cells or tissues were centri-
fuged at 12,000 × g for 10 min at 4 °C to generate total lysate 
supernatants.

Isolation of mitochondria‑enriched fractionations

Cells were washed with cold PBS and incubated on ice 
in mitochondrial lysis buffer (250 mM sucrose, 20 mM 
HEPES–NaOH, pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 1 mM 
EDTA, 1 mM EGTA, protease inhibitor cocktail, and phos-
phatase inhibitor cocktail) for 30 min. The cells were scraped 
and then disrupted 20 times by repeated aspiration through 
a 25-gauge needle. Mouse brains were minced and homog-
enized as described above in mitochondrial lysis buffer to 
release mitochondria. The homogenates were spun at 800 × g 
for 10 min at 4 °C, and the resulting supernatants were spun 
at 10,000 × g for 20 min at 4 °C. The pellets were washed 
with mitochondrial lysis buffer and spun at 10,000 × g again 
for 20 min at 4 °C. The final pellets of mitochondria were 
suspended in lysis buffer containing 1% Triton X-100 and 
were assigned as mitochondrial-rich lysate fractions. For 
native PAGE detecting protein complexes, mitochondria 
pellets were incubated in 1 × NativePAGE Sample Buffer 
(NativePAGE™ Sample Prep Kit, Thermo Fisher, BN2008) 
containing 2% Digitonin (sigma, D141), and incubated on 
ice for 30 min, and then centrifuged at 20,000 × g for 30 min 
at 4 °C to generate mitochondrial-rich lysate supernatants.

Mitochondrial sub‑compartmental fractionation

Isolation of mitochondrial sub-compartmental fractions, 
including the ER, mitochondria, and ER–mitochondrial-
associated membranes, was performed as previously 
described [70]. Briefly, HT-22 control and CHCHD6 KO 
cells were washed with cold PBS and detached from the 
plates using scraper. The cells were collected by centrif-
ugation at 600 × g for 5 min then resuspended in ice-cold 
mitochondrial isolation buffer (225 mM mannitol, 75 mM 
sucrose, 0.1 mM EGTA and 30 mM Tris–HCl, pH 7.4). The 
cells were homogenized by repeated aspiration through a 
25-gauge needle. Then, cell debris and nuclei were removed 
from the homogenate by centrifugation, and the supernatants 
were subjected to further differential centrifugation to get 
the crude mitochondrial fraction in the pellet. The super-
natants were further centrifuged at 100,000 × g for 1 h to 
obtain the ER fraction. The crude mitochondrial fraction was 

resuspended in mitochondrial resuspending buffer (MRB, 
250 mM mannitol, 0.5 mM EGTA, and 5 mM HEPES, 
pH 7.4) to the final volume of 2 mL, and the crude mito-
chondrial suspension was layered on the top of the Percoll 
medium (225 mM mannitol, 25 mM HEPES pH 7.4, 1 mM 
EGTA and 30% Percoll (vol/vol)). The pure mitochondrial 
and MAM fractions were isolated by centrifugation at 
95,000 × g for 30 min, washed to remove the Percoll, and 
further purified by centrifugation to eliminate contaminants. 
All fractions were reconstituted in mitochondrial resuspend-
ing buffer and stored at − 80 °C until analysis.

Western blotting

SDS‑PAGE

The protein concentration in each sample was determined 
using protein assay dye reagents (Bio-Rad, 5000006). The 
proteins were resuspended in Laemmli buffer, separated 
using SDS gels, and transferred to nitrocellulose mem-
branes. The membranes were probed with the indicated 
antibodies, and the specific proteins were visualized by 
electrochemiluminescence.

BN‑PAGE

2% digitonin extracted protein complexes from mitochondria 
purified from cells or mice brain tissues were resuspended 
in NativePAGE 5% G-250 Sample Additive (Invitrogen, 
BN2004), and then separated by blue native polyacrylamide 
gel electrophoresis (BN-PAGE) on a precast native 4–16% 
Bis–Tris Protein Gels (Thermo Fisher, BN1002BOX).

Total RNA isolation and real‑time quantitative 
RT‑PCR

Total RNA was isolated using the RNeasy Mini Kit (QIA-
GEN, Hilden, Germany, 74104) or TRIzol Reagent (15596-
026, Invitrogen), and cDNA was synthesized from 1 μg of 
total RNA using the QuantiTect Reverse Transcription Kit 
(QIAGEN, 205311). qRT-PCR was performed with SYBR 
Green mix (Thermo Fisher Scientific, A25743) and analyzed 
using the StepOnePlus Real-Time PCR System (Thermo 
Fisher Scientific). At least two replicates were performed 
with each biological sample, and the expression values of 
each replicate were normalized against GAPDH cDNA 
using the 2-ΔΔCT method. The primers used in this study 
are presented in Supplementary Table 2.

Immunofluorescence

Cells were grown on coverslips, fixed with 4% paraform-
aldehyde for 20 min at room temperature, permeabilized 
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with 0.1% Triton X-100 in PBS, and blocked with 2% nor-
mal goat serum. The cells were incubated with the indi-
cated primary antibodies overnight at 4 ℃. After washing 
with PBS, the cells were incubated with Alexa Fluor goat 
anti-mouse/rabbit 488 or 568 secondary antibody (1:1000; 
Thermo Fisher Scientific) for 2 h at room temperature. The 
nuclei were counterstained with Hoechst dye (1:10,000; 
Sigma-Aldrich). Coverslips were mounted and slides were 
imaged by a confocal microscope (Olympus, Tokyo, Japan; 
Fluoview FV100).

For immunofluorescence staining of mouse brain sec-
tions, mice were deeply anesthetized and transcardially 
perfused with 4% paraformaldehyde in PBS. Brain sections 
were permeabilized with 0.2% Triton X-100 in TBS-T buffer, 
followed by blocking with 5% normal goat serum. The brain 
sections were incubated with the indicated primary antibod-
ies overnight at 4 °C and then stained with 488/568/405/633 
secondary antibodies (1:500). Images of the staining were 
acquired using a confocal microscope (Olympus).

For detection of cholesterol, brain sections were stained 
with filipin (F4767, Sigma-Aldrich) at room temperature in 
the dark. Filipin staining was imaged using an all-in-one 
fluorescence microscope (Keyence).

All quantification of immunostaining was performed 
using ImageJ software. The same image exposure times and 
threshold settings were used for all sections from all the 
experimental groups. Quantitation was performed blinded 
to the experimental groups.

MMP measurements

HT-22 cells cultured on coverslips were washed in PBS (pH 
7.4) and incubated with 0.25 μM TMRM and 5 μg/mL Hoe-
chst for 20 min at 37 °C. Images were visualized by confo-
cal microscopy (Fluoview FV1000, Olympus) and image 
quantification was performed using the ImageJ software. At 
least 90 cells/group were counted for analysis. TMRM fluo-
rescence density was normalized to the total number of cells.

Measurement of mitochondrial respiratory capacity

Mitochondrial respiration activity in HT-22 EV and 
CHCHD6 KO cells was analyzed using a Seahorse Biosci-
ence XFp Extracellular Flux Analyzer (Agilent). Briefly, 
cells were seeded in XFp 8-well miniplates (103,025–100, 
Agilent, Santa Clara, CA, USA) at 8000 cells/well in 100 μL 
growth medium. One hour prior to measuring oxygen con-
sumption, the cell culture media was replaced with XF assay 
medium (1 mM pyruvate, 2 mM glutamine, and 10 mM glu-
cose in basal DMEM) and maintained in a non-CO2 incu-
bator for 1 h. The sensor cartridges were placed in the XFp 
Analyzer according to the manufacturer’s instructions for the 
Mito Stress Test kit (Agilent, 103,010–100). Mitochondrial 

function was determined by the sequential injection of oli-
gomycin A (1 μM), FCCP (1 μM), and rotenone/antimycin 
A (0.5 μM). Following each experiment, the total cellular 
number of each well was determined using DAPI staining.

Determination of total ATP level

The cellular ATP concentration was measured using an ATP 
Colorimetric/Fluorometric Assay Kit (BioVision, K354). 
Neuro2a control cells and APP-overexpressing stable lines 
 (APPwt and  APPswe) were transfected with Flag-EV or Flag-
CHCHD6 plasmids for 48 h. Then, cells were lysed in 50 μL 
of ATP assay buffer, and total ATP level was determined at 
570 nm using a microplate reader, according to the manu-
facturer’s instructions.

Measurement of cell viability

HT-22 EV and CHCHD6 KO cell lines were transfected with 
Flag-EV or Flag-CHCHD6 plasmids. After 24 h transfec-
tion, cells were treated with oligomeric Aβ peptides (5 µM) 
for 48 h. Cell viability was measured using an in vitro 
toxicology assay, MTT-based kit (Roche, 11465007001), 
according to the manufacturer’s instructions.

RNA‑Seq and bioinformatics

Total RNA of HT-22 EV and CHCHD6 KO cells were 
purified using RNeasy mini kit (Qiagen). For each sample, 
200 ng RNA was used as templates. RNA-Seq was processed 
by Thermo Fisher using the Clariom S Assay, mouse. The 
data were analyzed by Transcriptome Analysis Console 
(TAC) 4.0.2 and the pathway analysis was carried out with 
g:Profiler server (https:// biit. cs. ut. ee/ gprofi ler/ conve rt).

Total cholesterol measurements by ELISA

The total cholesterol content was measured using the total 
cholesterol assay kit (STA-384, Cell Biolabs), according to 
the manufacturer’s instructions. Briefly, the total lipids were 
extracted from hippocampus brain tissue samples using a 
mixture of chloroform, isopropanol, and NP-40 (7:11:0.1). 
The homogenates were centrifuged at 15,000 × g for 10 min, 
and the supernatants were collected and dried to remove the 
organic solvent. The dried lipids were dissolved in 1 × assay 
diluent for further quantification assay by adding cholesterol 
reaction reagent (cholesterol oxidase 1:50, HRP 1:50, colori-
metric probe 1:50 and cholesterol esterase 1:250 in 1 × assay 
diluent). The calculated amount of total cholesterol for each 
sample was normalized to the weight of the hippocampus 
tissue.

https://biit.cs.ut.ee/gprofiler/convert
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In situ proximity ligation assay (PLA)

PLA was performed using the  Duolink® In Situ Red Starter 
Kit (mouse/rabbit, DUO92101, Sigma), and Duolink In Situ 
Detection Reagents Green (DUO92014, Sigma) as described 
previously [76]. Briefly, fixed cells or brain sections were 
permeabilized and blocked with PLA blocking buffer for 1 h 
at 37 °C and incubated with the indicated primary antibodies 
overnight at 4 °C. The samples were then incubated with the 
PLA probes (Anti-Rabbit PLUS and Anti-Mouse MINUS) 
for 1 h at 37 °C, followed by the ligation and amplifica-
tion steps. The PLA signal was visible as a distinct fluores-
cent spot and analyzed by confocal microscopy (Fluoview 
FV1000, Olympus). The number of fluorescent signals was 
quantitated using NIH ImageJ software.

Luciferase assay

5’-Flanking region of the human CHCHD6 gene was ampli-
fied by PCR using genomic DNA from HEK293 cells as 
templates. After amplification, PCR products were inserted 
into the pGL3-luciferase vector (Promega, Madison, WI). 
HEK293 cells were transfected with the appropriate cDNAs: 
empty vector (pGL3-luc), CHCHD6 promoter-luc, AICD, 
and/or Fe65, and/or Tip60. 36 h after transfection, cells were 
rinsed, gently scraped into PBS (pH 7.4), and pelleted. Cells 
were then lysed in lysis buffer, and the luciferase activity 
was measured by the Luciferase Assay System following the 
manufacturer's instructions (Promega, E1910).

Chromatin immunoprecipitation (ChIP)

ChIP assays were performed using a chromatin immunopre-
cipitation (ChIP) assay kit (Millipore, 17–295) according to 
the manufacturer's instructions. Briefly, 1% formaldehyde 
was added directly to HEK293 cells to cross-link proteins 
to DNA. The cell pellet was lysed and sonicated. After cen-
trifugation, the supernatant was incubated overnight at 4 °C 
with antibodies against APP C terminus (Abcam, ab32136), 
Fe65 (Abcam, ab5668), Tip60 (Cell Signaling, #12058) and 
normal rabbit IgG. After immunoprecipitation using pro-
tein A and G beads, the antibody/protein/DNA complex 
was incubated at 65 °C for 4 h to reverse the protein/DNA 
cross-links. The DNA was purified using PCR Purification 
kit (Qiagen) and used as a template for PCR amplification. 
Different pairs of CHCHD6 promoter primers were used for 
amplification (Supplementary Table 2). PCR products were 
resolved on 2% agarose gels and visualized after ethidium 
bromide staining.

Immunoprecipitation

Total protein lysates were harvest from cells as described 
above. Cell lysates were incubated with the indicated pri-
mary antibodies or control IgG (sc-2025, Santa Cruz Bio-
technology) overnight at 4 °C, followed by incubation with 
protein A/G beads (sc-2003, Santa Cruz Biotechnology) for 
2 h at 4 °C. The immunoprecipitates were washed with total 
lysis buffer three times for a total of 30 min and then subject 
to WB analysis.

Recombinant proteins were mixed and incubated in buffer 
containing 50 mM Tris [pH 7.5] and 2.5 mM  MgCl2 and 
0.1% Triton. The mixture of recombinant proteins was IP 
with indicated antibodies as described above.

Human postmortem brain samples

All postmortem brain samples were collected by the 
National Institutes of Health (NIH) NeuroBioBank (NBB; 
https:// neuro bioba nk. nih. gov/) under the approval of the 
Institutional Review Boards (IRB) and the institution’s 
Research Ethics Board. All brains were donated to the NBB 
by informed consent through the Brain and Tissue Reposi-
tories sites. All brain specimens donated to the NIH NBB 
were assessed and reviewed by board-certified neuropatholo-
gists. A standard assessment was performed to document 
possible neuropathologies and establish a disease condition 
diagnosis. In addition, postmortem blood was sampled and 
submitted for serology and toxicology testing. The human 
postmortem brain samples used in the experiments were 
obtained from the NBB under a material transfer agreement 
(MTA) between the NIH and Case Western Reserve Univer-
sity, and listed in Supplementary Table 3.

Computational analysis on the relevance of CHCHD6 
with AD

The overall experiment consisted of (1) network con-
struction: an integrated network of gene–pathway–pheno-
type–disease (GPPDN) was constructed from multiple data 
resources to model and capture the complex and heteroge-
neous interrelationships among genes, pathways, pheno-
types and human diseases; (2) network-based prioritization: 
genes, pathways, human diseases and phenotypes were pri-
oritized from GPPDN based on their relevance to the input 
CHCHD6.

Network construction

The foundation of the knowledge-driven discovery system 
for CHCHD6 is GPPDN that comprised 7 context-sensitive 
semantic knowledge networks. GPPDN captures a large 

https://neurobiobank.nih.gov/
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amount of semantic knowledge of tens of thousands of bio-
medical entities (nodes) and their relationships (edges).

Disease–gene network from OMIM (omimDGN): 
omimGN is an unweighted directional network consisting 
of 5983 disease nodes, 8831 gene nodes and 15,462 edges 
(disease–gene pairs). We constructed omimGN from The 
Online Mendelian Inheritance in Man database, a compre-
hensive source of disease genetics.

Disease–gene network from ClinVar (clinvarDGN): clin-
varGN is an unweighted directional network consisting of 
5842 diseases/phenotypes nodes, 4153 gene nodes, and 6884 
edges. The network was constructed directly from ClinVar, 
a database of the relationships among human variations and 
phenotypes.

Disease–gene network from GWAS (gwasDGN): gwasGN 
is an unweighted directional network consisting of 3422 
nodes of common complex diseases, 18,532 gene nodes, 
and 98,218 edges. We constructed the network directly from 
The Catalog of Published Genome-Wide Association Stud-
ies (GWAS catalog), an exhaustive source of disease–gene 
associations from GWAS studies.

Pathway–gene network (PathGN): PathGN is an 
unweighted directional network consisting of 8868 gene 
nodes, 1329 pathway nodes and 66,293 edges and was con-
struct the network from the Molecular Signatures Database, 
a comprehensive resource of annotated pathways and gene 
sets.

Protein–protein interaction network (PPIN): PPIN is 
weighted unidirectional network consisting of 22,982 gene 
nodes and 382,256 edges and was constructed the network 
directly from BioGrid, an online biological interaction 
repository with data compiled through comprehensive cura-
tion efforts.

Mutational phenotype–gene network (PhenGN): PhenGN 
was constructed from The Mouse Genome Database (MGD), 
which contains large amounts of phenotypic descriptions of 
systematic genetic knockouts in mouse models. A total of 
517,381 mutational/causal phenotype–gene annotations (9982 
phenotypes and 11,021 mapped human genes) were obtained 
from MGD. PhenGN allows us to interrogate causal relation-
ships between CHCHD6 and AD-related phenotypes. PhenGN 
is unweighted (same weights for all phenotype–gene connec-
tions on the network) and consisted of 21,003 nodes (9982 
phenotype nodes, 11,021 gene nodes) and 517,381 edges.

Links between MGN, PhenGN, PathGN, and PPIN: these 
subnetworks were connected through common nodes. For 
example, MGN are linked to PhenGN network through shared 
gene nodes.

Network prioritization

The goal of this study is to identify genes, pathways, pheno-
types and diseases that are associated with CHCHD6 at the 

genetic, functional, phenotypic and disease levels. For the 
input gene “CHCHD6”, the algorithm prioritized genes, path-
ways, phenotypes and diseases from GPPDN based on the 
context-sensitive network-based ranking algorithm that we 
previously developed [11, 78]. The random walk-based 
approach is briefly described below. The movements of a ran-
dom walker between any two sub-networks were regulated 
with jumping probabilities �NiNj

 ( Ni and Nj can be any of the 
four sub-networks). For example, if a random walker stands 
on a gene node on MGN, which is connected with both omim-
DGN, PathGN and PPIN, it has the option to walk to omim-
DGN with the probability �12 , to PathGN with the probability 
�13, to PPIN with the probability �14 or stay within omDGN 
with the probability 1 − �12 − �13 − �14 . Given the seed 
node(s)/inputs, the ranking score for each node is iteratively 
updated by:

Sk+1 is the score vector at step k + 1, S0 is the initial vec-
tor, and 1 − � is the restarting probability, M is the transition 
matrix. The transition matrix M was calculated as follows in 
(2)–(3):

M consisted of 49 (7*7) sub-matrices, each contains the 
transition probabilities within or between 7 sub-networks. 
Each sub-matrix was calculated by normalizing the rows in the 
adjacency matrix of the corresponding sub-networks using the 
jumping probabilities. Specifically, the off-diagonal sub-matri-
ces corresponded to the bipartite networks that connected each 
two networks. These sub-matrices were calculated by first 
normalizing the rows of the bipartite network ANiNj

 , and then 
weighing each row by the jumping probability �NiNj

:

The diagonal submatrices corresponded to the transition 
probabilities within each one of the 7 sub-networks and 
were calculated by first normalizing the rows of adjacency 
matrix for omimDGN, gwasDGN,ClinVarDGN,PhenGN,
PathGN,PPIN,ChemicalGN , and then weighing the rows 
by the probability of staying in the same network:

In (4), ANi
 is the adjacency matrix of the submatrix Ni , 

and INj
 is an indicator function, whose value is 1 if the kth 

row of ANiNj
 contains at least one non-zero element. The 

(1)Sk+1 = �MTSk + (1 − �)S0,

(2)M =

⎡⎢⎢⎣

M1 M1. M1n

Mm1 Mm Mmn

Mn1 Mn. Mn

⎤⎥⎥⎦

(3)

�
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�
kl
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output from the context-sensitive network-based algorithm 
was a list of genes, pathways, phenotypes and diseases pri-
oritized based on their genetic, functional, phenotypic rel-
evance to CHCHD6.

Quantification and statistical analysis

Sample sizes were determined by a power analysis based 
on pilot data collected in our laboratory or from published 
studies. For animal studies, we used n = 10–15 mice/group 
for behavioral tests, n = 3–6 mice/group for biochemical 
analyses, and n = 3–6 mice/group for pathology studies. In 
cell culture studies, each experiment was independently con-
ducted at least three times. For animal studies, we ensured 
randomization and blinded evaluations. For imaging studies, 
a blinded observer performed quantification analyses. No 
samples or animals were excluded from our analysis.

Data were analyzed using GraphPad Prism 8.0 (GraphPad 
Software, San Diego, CA, USA). Unpaired Student’s t test 
was used for comparisons between two groups. Comparisons 
between three or more independent groups were performed 
using one-way ANOVA, followed by Tukey’s post hoc test. 
Comparisons of the effect of independent variables on a 
response variable were performed using two-way ANOVA. 
All values are reported as mean ± standard error of the mean 
(SEM). Data are representative of at least three independ-
ent experiments. Statistical parameters are presented in 
each figure legend. We considered p < 0.05 as statistically 
significant.

Results

Decreased CHCHD6 in AD models is specifically 
associated with MICOS loss

In mammals, CHCHD6 complexes with mitofilin and 
CHCHD3 to form the ~ 700 kDa core component of MICOS, 
which governs mitochondrial membrane structural integ-
rity and biogenesis [40]. The core component of MICOS 
is routinely detected by western blotting with antibodies 
against CHCHD6, mitofilin or CHCHD3, following blue 
native polyacrylamide gel electrophoresis (BN-PAGE) [19]. 
We applied this technique to determine whether the core 
component of MICOS is altered in cellular models of AD. 
Through BN-PAGE of isolated mitochondria from wildtype 
Neuro2a cells (Con), and Neuro2a cells that had been engi-
neered to stably express either wildtype APP  (APPwt) or the 
APP Swedish mutation associated with AD  (APPswe) [61], 
we observed APP-dependent decreased CHCHD6 within 
the MICOS (Fig. 1a). The protein levels of mitofilin on the 
MICOS across all groups were unchanged (Supplementary 

Fig. 1a). This suggested CHCHD6-dependent disassem-
bly of the MICOS complex. Western blot analysis of total 
protein lysates confirmed selective loss of CHCHD6, as 
mitofilin and CHCHD3 were both unaffected (Fig. 1b). 
Furthermore, quantitative real-time PCR (qPCR) revealed 
that CHCHD6 mRNA in both  APPwt and  APPswe cells was 
decreased by ~ 70% relative to Con (Fig. 1c). By contrast, 
mRNA levels of other components of the MICOS complex, 
including mitofilin, CHCHD3, MINOS1, apolipoprotein 
O (APOO), apolipoprotein O like (APOOL), CHCHD10 
and QIL1 [29], were equivalent across all groups (Fig. 1c). 
Taken together, these results suggested to us that transcrip-
tionally decreased levels of CHCHD6 could play an impor-
tant role in dissolution of the MICOS core complex in AD.

We wondered whether a similar change in composition of 
the MICOS core complex also occurred in AD-model mice 
and human AD tissue. To address this question, we began 
with  APPNL−G−F and  APPNL−F knock-in (KI) mice. These 
mice carry human AD mutations in a humanized mouse APP 
locus driven by its endogenous promoter, and they develop 
amyloid plaques and neurocognitive defects [54]. The 
 APPNL−G−F KI construct contains a humanized Aβ region 
along with three pathogenic mutations, the Swedish “NL,” 
the Iberian “F,” and the Arctic mutation “G,” whereas the 
 APPNL−F KI construct only has the NL and F mutations [54]. 
Both lines of mice express APP at wild-type levels, avoiding 
possible artifacts introduced by APP overexpression while 
also producing elevated pathogenic Aβ [54]. The more 
extensively mutated  APPNL−G−F KI mice rapidly develop 
AD pathology and cognitive deficits, whereas  APPNL−F 
KI mice exhibit slower and more chronic disease progres-
sion [36, 54]. BN-PAGE of mitochondrial protein lysates 
from the hippocampus of APP KI or WT mice at 3, 6 and 
9 months of age, followed by western blotting for MICOS 
core proteins, showed AD-specific and age-related decrease 
in hippocampal CHCHD6 on the MICOS, which was absent 
in WT mice and most severe in rapidly disease developing 
 APPNL−G−F KI mice (Fig. 1d). The level of mitofilin on the 
MICOS of these AD mice was not altered (Supplementary 
Fig. 1b). Consistent with our cell culture results (Fig. 1b), 
CHCHD6 was the only MICOS core complex protein found 
to be down-regulated with age in APP KI mice, and mitofilin 
and CHCHD3 levels remained comparable across APP KI 
and WT mice of all ages (Fig. 1e). The decrease in CHCHD6 
occurred earlier and with greater magnitude in rapidly dis-
ease developing  APPNL−G−F KI mice, relative to chronically 
disease developing  APPNL−F KI mice (Fig. 1e). Notably, hip-
pocampal CHCHD6 mRNA was also significantly decreased 
in both APP KI mice and 5XFAD mice that overexpress 
APP Swedish, Florida and London mutations (Fig. 1f, Sup-
plementary Fig. 1c). Furthermore, the same decrease was 
seen in postmortem hippocampus of AD patients (Fig. 1g). 
Importantly, and consistent with our findings from cellular 
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and animal AD models, the levels of mRNA for mitofilin 
and CHCHD3 were not altered in human AD hippocampus 
(Fig. 1g).

We next visualized hippocampal CHCHD6 expression 
in AD mice and human AD brain tissue by immunofluores-
cence, and observed age-dependent decreases in  APPNL−G−F 
and 5XFAD mice, compared to age-matched WT mice 
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(Fig. 2a and b, Supplementary Fig. 2a and b). Importantly, 
decreased CHCHD6 immunodensity was concomitant with 
increased accumulation of Aβ plaques (Fig. 2a and b, Sup-
plementary Fig. 2a and b). CHCHD6 was mainly expressed 
in  NeuN+ neurons, and its expression decreased even while 
the number of  NeuN+ cells in the hippocampus remained the 
same between WT and AD mice (Fig. 2c and e). Similarly, 
CHCHD6 intensity was greatly decreased in  NeuN+ neurons 
of human AD hippocampus and cortex, compared to normal 
subjects (Fig. 2d and f, Supplementary Fig. 2d). By con-
trast, CHCHD6 expression in  Iba1+ microglia and  GFAP+ 
astrocytes was substantially lower (Supplementary Fig. 2c), 
indicating neuronal enrichment of CHCHD6 expression.

CHCHD6 and APP physically stabilize one another, 
and loss of CHCHD6 promotes aberrant APP 
processing

Exposure of neuroblastoma cells to toxic Aβ1-42, the APP 
cleavage product, did not alter protein or mRNA levels of 
CHCHD6, mitofilin, or CHCHD3 (Supplementary Fig. 3a 
and b). This indicated that a different aspect of amyloid 

biology must be affecting the integrity of the MICOS. 
To further investigate the molecular role of CHCHD6 in 
AD, we conducted a computational analysis to identify 
genes, pathways, phenotypes and diseases associated with 
CHCHD6 at genetic, functional, phenotypic and disease 
levels (Supplementary Fig. 3c). We prioritized biomedical 
entities based on the context-sensitive network-based rank-
ing algorithm that we previously developed [11, 78], which 
revealed a number of MICOS genes significantly associated 
with CHCHD6. This validated the effectiveness of this vir-
tual screening approach. Notably, APP emerged as the top 
candidate predicted to be associated with CHCHD6, rank-
ing 0.003% among 30,049 human genes screened (Supple-
mentary Fig. 3d). The top ranked predicted pathways for 
CHCHD6 were “protein metabolism,” “mitochondrial pro-
tein import,” “immune response,” “metabolism of lipids and 
lipoproteins,” and “Alzheimer’s disease” (Supplementary 
Fig. 3e). Moreover, CHCHD6 was also closely associated 
with human AD-related phenotypes among 49,639 human 
diseases and phenotypes screened (Supplementary Fig. 3e). 
Thus, the data strongly suggested that CHCHD6 might bio-
logically intersect with APP, and thus potentially be involved 
in the pathophysiology of AD.

Since APP has been localized to mitochondria, we 
next examined whether CHCHD6 and APP might directly 
interact. Indeed, immunoprecipitation of APP from mouse 
hippocampal HT-22 cells, which exhibit a large and tubu-
lar mitochondrial network, revealed physical interaction 
between CHCHD6 and APP, which was confirmed by 
CHCHD6 CRISPR-cas9 knockout (KO) (Fig. 3a, Sup-
plementary Fig. 3f). In vitro binding assay of recombi-
nant proteins also demonstrated a direct and selective 
interaction between CHCHD6 and APP, as there was no 
binding observed between APP and either mitofillin or 
CHCHD3 (Fig. 3b). Binding of APP and CHCHD6 was 
further established by in  situ proximity ligation assay 
(PLA), with PLA-positive puncta observed in control 
cells but not CHCHD6 KO cells (Fig. 3c). PLA-positive 
puncta between anti-APP and anti-CHCHD6 antibodies 
were also observed in WT,  APPNL−G−F KI, and 5XFAD 
mouse hippocampus, with significantly reduced interac-
tion in AD mice (Fig. 3d, Supplementary Fig. 3g and h) 
likely due to the reduced levels of CHCHD6. We further 
demonstrated a robust direct interaction between CHCHD6 
and APP in postmortem human hippocampus of normal 
subjects, with diminished interaction in human AD hip-
pocampus (Fig. 3e), similar to the animal models. Con-
sistent with our earlier observation that overexpression 
of WT or mutant APP caused decreased transcription 
of CHCHD6 (Fig. 1), we also observed that APP down-
regulation by shRNAs significantly increased the level of 
CHCHD6 (Fig. 3f). This indicated an inverse correlation 
between CHCHD6 and APP levels. Interestingly, we found 

Fig. 1  CHCHD6 selectively decreases at transcription level in AD 
models. a Mitochondrial fractions were isolated from APP sta-
ble Neuro2a cells and subjected to Blue Native PAGE (BN-PAGE) 
analysis followed by western blotting (WB). MICOS complex level 
was detected with antibody against CHCHD6. ATPB was analyzed by 
SDS-PAGE followed by WB, using as a loading control. Left: repre-
sentative blots from 5 independent experiments. Right: relative den-
sity of CHCHD6-immunoreactive band around 720  kDa in contrast 
to ATPB. b Total lysates harvested from APP stable Neuro2a cells 
were subjected to WB with the indicated antibodies. Left: representa-
tive blots from 3 independent experiments. Right: relative density of 
CHCHD6, Mitofilin and CHCHD3 in contrast to actin. c RNA was 
extracted from APP stable Neuro2a cells. The expression of MICOS 
complex components was analyzed by qPCR. Heat map analysis 
shows the mean of the genes analyzed. n = 6 independent experi-
ments for CHCHD10, and n = 4 independent experiments for others. 
****p < 0.0001 (Con vs.  APPwt or  APPswe cells). d Mitochondrial 
fractions were isolated from the hippocampus of WT,  APPNL−G−F 
and  APPNL−F mice at the ages of 3, 6, and 9 months, and subjected to 
BN-PAGE analysis. Histogram: relative density of CHCHD6-immu-
noreactive band around 720  kDa in contrast to ATPB. n = 4 mice/
group. e The hippocampus of WT,  APPNL−G−F and  APPNL−F mice 
was harvested at the ages of 3, 6, and 9 months. Total protein levels 
of CHCHD6, Mitofilin and CHCHD3 were examined by WB. n = 4 
mice/group. f RNA was extracted from the hippocampus of 6-month-
old  APPNL−G−F mice or 9-month-old  APPNL−F mice and age-matched 
wild-type (WT) mice. The expression of MICOS complex compo-
nents was analyzed by qPCR. Heat map analysis shows the mean 
of the genes analyzed. n = 9 mice/group for CHCHD3 of  APPNL−

G−F mice, and n = 5 mice/group for other groups. *p < 0.05 (WT vs. 
 APPNL−G−F mice or  APPNL−F mice). g RNA was extracted from the 
postmortem hippocampus of AD patients and control subjects. The 
expression of CHCHD6, Mitofilin and CHCHD3 was analyzed by 
qPCR. n = 9 individuals/group. All data are presented as mean ± SEM 
and were compared using one-way ANOVA with Tukey’s post hoc 
test in (a–e), and unpaired Student’s t test in (f–g)

◂
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that decreased CHCHD6 enhanced APP accumulation on 
MAMs, as evidenced by more positive PLA fluorescence 
puncta between APP and the MAM marker fatty acid-CoA 
ligase 4 (FACL4) in CHCHD6 KO cells compared to WT 
(Fig. 3g). Western blot of mitochondrial fractionations 
confirmed enhanced APP and C99 levels on the MAM of 
CHCHD6 KO cells (Supplementary Fig. 4a). There was 
also an increased number of PLA-positive puncta between 
APP and FACL4 in the hippocampus of  APPNL−G−F KI 
and 5XFAD mice compared to WT (Fig. 3h, Supplemen-
tary Fig. 4b and c). MAMs are intracellular sites of APP 
processing [55], and accumulation of the C99 cleavage 
product of APP (an amylogenic precursor of Aβ) at MAMs 
impairs mitochondrial bioenergetics, disrupts cellular lipid 
homeostasis, and disrupts membrane lipid composition 
[37, 45]. Indeed, in CHCHD6 KO cells we observed signif-
icant decrease in total APP protein level and enhancement 
of the C99 fragment (Fig. 3i). By contrast, re-expression 
of CHCHD6 restored APP level and reduced C99 level 
(Fig. 3i). Taken together, these results demonstrate that 
CHCHD6 and APP interact and stabilize one another, and 
that loss of CHCHD6 promotes APP accumulation on the 
MAMs for processing.

The APP processing product AICD binds CHCHD6 
promoter and inhibits CHCHD6 transcription

In addition to C99, another cleavage product of APP pro-
cessing is AICD [28], which regulates gene transcription 
through direct binding of AICD–Fe65–Tip60 complex to 
gene promoters [8, 33, 39, 74]. Thus, we wondered whether 
AICD might be involved in the transcriptional repression 
of CHCHD6 that we observed to be associated with rising 
levels of APP. After APP proteolysis, AICD is translocated 
to the nucleus by binding to adaptor Fe65 and regulates gene 
transcription [49, 65]. Consistent with previous findings [20, 
59], AICD immunoreactivity recognized by an AICD-spe-
cific antibody was mainly observed in the nucleus. Notably, 

knockout of CHCHD6 in HT-22 cells greatly enhanced the 
intensity of AICD in the nucleus (Fig. 3j). The results fur-
ther support our hypothesis that CHCHD6 loss promotes 
APP processing, which also leads to the accumulation of 
AICD. Next, we overexpressed APP, GFP-labeled AICD, 
and/or myc-Fe65 (the adaptor protein that stabilizes AICD 
and potentiates its nuclear translocation [49]) in HEK293 
cells in the presence or absence of APP shRNA (Fig. 3k). 
While CHCHD6 protein level was consistently decreased by 
transient APP overexpression, even greater reduction was 
achieved by expression of AICD alone, or by co-expression 
of AICD and Fe65 (Fig. 3k). Co-expression of AICD and 
Fe65 also suppressed elevation of CHCHD6 protein that was 
otherwise induced by APP knockdown (Fig. 3k).

Having shown that levels of AICD and Fe65 inversely 
correlated with levels of CHCHD6, we further exam-
ined whether AICD and Fe65 could directly bind the 
CHCHD6 promoter. The histone acetyltransferase Tip60 
forms a complex with the cytoplasmic tail of APP and 
the nuclear adaptor protein Fe65, enhancing the binding 
capacity of the complex to target gene promoters [6]. We 
therefore overexpressed AICD and Fe65 together with 
Tip60 in HEK293 cells. A fragment at the 5’ region of the 
CHCHD6 gene was subcloned into a luciferase reporter 
vector pGL3, and promoter activity was measured after 
transfection of AICD, Fe65, or both, in the presence or 
absence of Tip60. Notably, co-expression of AICD and 
Fe65 significantly reduced the ability of the CHCHD6 
promoter to drive luciferase expression (Fig. 3l). We then 
performed chromatin immunoprecipitation (ChIP) assay in 
cells co-expressing AICD, Fe65 and Tip60. After immuno-
precipitation with antibodies against the APP C-terminal 
region, Fe65 or Tip60, the collected DNAs were used as 
templates for PCR to amplify the CHCHD6 promoter 
region. DNA fragments immunoprecipitated by all three 
antibodies, but not by normal rabbit IgG, were found to 
contain the CHCHD6 promoter (Fig. 3m). By contrast, 
immunoprecipitated DNA fragments did not contain the 
promoter region of HES1, a transcriptional factor of the 
basic helix-loop-helix family (Fig. 3m), indicating a selec-
tivity for the CHCHD6 promoter. These results suggest 
that the AICD/Fe65/Tip60 complex binds directly to the 
CHCHD6 promoter to suppress its activity, and support 
our observation that APP, presenting in either highly 
expressed WT or mutant form, mediates transcriptional 
inhibition of CHCHD6 (Fig. 1, Supplementary Fig. 1).

CHCHD6 deficiency induces mitochondrial damage 
and cell death

Next, we assessed the impact of CHCHD6 deficiency on 
mitochondrial integrity and neuronal survival. CHCHD6 
KO in HT-22 cells led to mitochondrial depolarization, 

Fig. 2  CHCHD6 decreases in neurons of AD mice and AD patient 
brains. a Brain sections from WT and  APPNL−G−F mice at the ages 
of 3, 6, and 9  months were stained with anti-CHCHD6 and anti-
6E10 antibodies. The CHCHD6 and 6E10 immunodensities (n = 3 
mice/group) were quantified and shown in (b). c Brain sections from 
6-month-old WT and 5XFAD mice were stained with anti-CHCHD6 
and anti-NeuN antibodies. The CHCHD6 immunodensity in  NeuN+ 
cells (n = 4 mice/group) was quantified and shown in (e). d Postmor-
tem hippocampus sections from control subjects and AD patients 
were stained with anti-CHCHD6 and anti-NeuN antibodies (n = 5 
individuals/group). The intensity of CHCHD6 in  NeuN+ cells was 
quantified and shown in (f). DAPI was used to label nuclei. All data 
are presented as mean ± SEM. The data in panel b were compared by 
two-way ANOVA with Tukey’s post hoc test, and the data in panels e, 
f were compared by the unpaired Student’s t test
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manifesting as a significant decline of mitochondrial 
membrane potential (MMP) (Fig. 4a). Downregulation of 
CHCHD6 increased the percentage of cells with  Tom20+ 
dot or short bar-like mitochondria indicating mitochondrial 
fragmentation (Fig. 4b). CHCHD6 KO in cells also caused 
the accumulation of damaged mitochondria, as demonstrated 
by an increased number of  LC3B+ puncta, elevated LC3II 
and p62 mitochondrial levels and decreased mitochondrial 
proteins from different sub-compartments (Supplementary 
Fig. 4d and e). These findings suggest the possibility of 
mitophagy impairment. In addition, CHCHD6 KO enhanced 

the sensitivity to Aβ-induced cell death (Fig. 4c). Consistent 
with previous studies [2, 16], deficiency in CHCHD6 sup-
pressed mitochondrial respiratory activity, as manifested by 
reduced mitochondrial basal oxygen consumption rate, max-
imal oxygen consumption rate, and decreased ATP produc-
tion in intact cells (Fig. 4d). Decreased ATP production was 
also observed in stable  APPwt and  APPswe-overexpressing 
Neuro2a cells (Fig.  4e), in which the protein levels of 
CHCHD6 were low (Fig. 1b). Lower levels of mitochondrial 
cytochrome c were also detected in CHCHD6 KO HT-22 
cells (Fig. 4f), consistent with the previous observation 
that loss of MICOS results in release of cytochrome c from 
mitochondria [18]. Compensation for the loss of CHCHD6 
by overexpressing CHCHD6-Flag construct restored ATP 
production in stable APP Neuro2a cells (Fig. 4e), reduced 
cytochrome c release induced by CHCHD6 KO in HT-22 
mouse hippocampal neurons (Fig.  4f), and attenuated 
Aβ-induced cell death (Fig. 4g). Taken together, these results 
demonstrate that CHCHD6 is required for maintenance of 
mitochondrial quality control and bioenergetics, and that 
loss of CHCHD6 perturbs cristae integrity leading to bio-
energetic defects and cell death.

CHCHD6 deficiency induces neuronal cholesterol 
accumulation in AD models

To further evaluate the impact of CHCHD6 deficiency on 
AD-associated neuronal damage, we conducted whole tran-
scriptome RNA-Seq analysis of CHCHD6 KO HT-22 mouse 
hippocampal neurons. Among the 5336 RNA transcripts 
identified in control HT-22 cells, we focused on RNAs that 
were altered in CHCHD6 KO HT-22 cells (i.e., > twofold 
downregulation or upregulation relative to control cells; 
Fig.  5a). A total of 1827 RNAs that met these criteria 
(Fig. 5a, green and red dots) were then used for pathway 
enrichment analysis. Graphical comparison of the KEGG 
analysis showed that cholesterol metabolism and choles-
terol biosynthesis ranked as the top two RNA enrichment 
pathways, and genes involved in cholesterol metabolism 
were dramatically altered in CHCHD6 KO cells (Fig. 5a). 
In parallel, we stained control and CHCHD6 KO HT-22 cells 
with filipin, a fluorescence probe used to monitor cholesterol 
deposition. We observed significantly more filipin-bound 
cholesterol in CHCHD6 KO HT-22 cells than in control cells 
(Fig. 5b). Accumulation of cholesterol is synaptotoxic in 
AD [53], and our results suggest that loss of CHCHD6 may 
promote cholesterol accumulation in neurons by regulating 
expression of cholesterol metabolism genes.

To test the effects of CHCHD6 loss on accumulation of 
neuronal cholesterol level in vivo, we used shRNA against 
CHCHD6 expressed by adeno-associated viral (AAV) vec-
tor to specifically downregulate CHCHD6 in  APPNL−F mice 
and age-matched WT littermates (Supplementary Fig. 5a). 

Fig. 3  CHCHD6 and APP are interdependent to regulate each other. 
a. The total protein lysates of control and CHCHD6 KO HT-22 cells 
were subjected to immunoprecipitation (IP) with anti-APP antibody, 
followed by WB. Shown blots are representative of three independ-
ent experiments. b APP recombinant protein (500 ng) was incubated 
with either CHCHD6, Mitofilin or CHCHD3 recombinant proteins 
(500  ng, each). Immunoprecipitates with anti-APP antibodies was 
analyzed by immunoblotting with the indicated antibodies. Data are 
representative of 2 independent experiments. Control and CHCHD6 
KO HT-22 cells were stained with anti-APP and anti-CHCHD6 anti-
bodies (c) or anti-APP and anti-FACL4 antibodies (g), and subjected 
to in situ Duolink proximity ligation assay (PLA) analysis. Histogram 
shows the number of PLA-positive puncta (red). At least 47 cells/
group (for APP and CHCHD6) and 250 cells/group (for APP and 
FACL4) were analyzed. The data were from 3 independent repeats. 
Brain sections from 6-month-old WT and  APPNL−G−F mice (n = 4 
mice/group) were stained with anti-APP and anti-CHCHD6 antibod-
ies (d) or anti-APP and anti-FACL4 antibodies (h), and subjected to 
PLA analysis. Histogram: the number of PLA-positive puncta (red) 
was quantified from at least four separate fields of each sample. e 
The total protein lysates of hippocampus of control subjects and AD 
patients were subjected to immunoprecipitation (IP) with anti-APP 
antibody, followed by WB. Shown blots are representative of three 
independent experiments. f HEK293 cells were infected with control 
or APP shRNA lentivirus. Total protein lysates were analyzed by WB 
with indicated antibodies. Histograms: relative density of CHCHD6 
to actin. n = 6 independent experiments. i Control and CHCHD6 KO 
HT-22 cells were transfected with Flag empty vector (Flag-EV), or 
Flag-tagged CHCHD6 (D6-Flag) plasmids for 2 days. The total pro-
tein lysates were subjected to WB with the indicated antibodies. His-
togram: the relative density of C99 and APP to actin. n = 3 independ-
ent experiments for C99 and n = 4 independent experiments for APP. 
j Control and CHCHD6 KO HT-22 cells were stained with anti-AICD 
antibody and Hoechst probe. The intensity of AICD was quantified 
and shown in the histogram. At least 300 cells/group were analyzed, 
and the data were from 4 independent experiments. k HEK293 cells 
were infected with control or APP shRNA lentivirus, and then trans-
fected with the indicated plasmids for 72 h. The total protein lysates 
were subjected to WB. Red arrow: AICD. Histogram: the rela-
tive density of CHCHD6 to actin. n = 4 independent experiments. l 
HEK293 cells were transfected with CHCHD6 promoter-luc along or 
together with AICD, and/or Fe65 and/or Tip60 for 36 h. Cells were 
lysed, and the luciferase activity was measured. n = 8 for control and 
n = 4 for other groups. m HEK293 cells were transfected with GFP-
labeled AICD, myc-Fe65 and Tip60-flag. CHIP analysis on CHCHD6 
promoter was carried out with indicated antibodies. Hes1 gene ChIP 
is reported as a control. n = 2 independent experiments. All the data 
are mean ± SEM. The data in panel c, d, f–h, j were compared by the 
unpaired Student’s t test, and the data in panels i, k and l were com-
pared by one-way ANOVA with Tukey’s post hoc test
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Fig. 4  CHCHD6 deficiency induces mitochondrial impairment and 
cell damage. a Control and CHCHD6 KO HT-22 cells were stained 
with tetramethylrhodamine (TMRM) fluorescence dye. TMRM rela-
tive fluorescence density indicates the extent of mitochondrial mem-
brane potential (MMP). Histogram: the relative fluorescence density 
of TMRM. At least 90 cells per group were analyzed, and the data 
were from 3 independent experiments. b Control and CHCHD6 KO 
HT-22 cells were stained with anti-Tom20 antibody (a mitochondrial 
marker, green) and Hoechst stain (nuclei, blue). Mitochondrial mor-
phology was visualized using a 60X oil lens. The percentage of the 
cells with dot- or short bar-like fragmented mitochondria relative 
to the total number of cells was calculated and shown in the histo-
gram (left). At least 50 cells per group were counted, and the data 
were from 3 independent experiments. Right: representative images. c 
Control and CHCHD6 KO HT-22 cells were treated with oligomeric 
Aβ1–42 peptides (5 μM) for 48 h and subjected to MTT assay. n = 4 
independent experiments. d Mitochondrial respiratory activity of con-
trol and CHCHD6 KO HT-22 cells were measured using a Seahorse 

XFP analyzer and a Mito stress kit. OCR oxygen consumption rate. 
Basal respiration rate, maximal respiration rate, and ATP production 
are shown. n = 3 independent experiments. e Stable APP Neuro2a 
cells were transfected with Flag-EV or D6-Flag plasmids for 2 days, 
and then subjected to 16  h serum starvation. Cell death was meas-
urement by MTT assay. n = 5 independent experiments. f Control and 
CHCHD6 KO HT-22 cells were transfected with Flag-EV or D6-Flag 
plasmids for 2  days. Protein lysates of mitochondria fraction were 
analyzed by WB with the indicated antibodies. Histograms: rela-
tive density of cytochrome C to ATPB. n = 8 for EV and KO control 
groups; n = 5 for D6-flag overexpressed groups. g HT-22 cells were 
transfected with Flag-EV or D6-Flag plasmids for 24  h and then 
treated with oligomeric Aβ1–42 peptides (5 μM) for 48 h. Cell death 
was measurement by MTT assay. n = 5 independent experiments. The 
data are presented as mean ± SEM. The data in panel a–d were com-
pared by the unpaired Student’s t test, and the data in panels e–g were 
compared by one-way ANOVA with Tukey’s post hoc test
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A potent and specific CHCHD6 shRNA was inserted in the 
AAV5 vector under control of the U6 promoter co-express-
ing the fluorophore mCherry, itself under the control of the 
human synapsin (hSyn) promoter. This allowed selective 
expression restricted to neurons (Fig. 5c). We employed the 
same vector expressing a scrambled shRNA as a control, and 
stereotaxically injected either AAV5-scrambled shRNA or 
AAV5-CHCHD6 shRNA into bilateral hippocampus of WT 
or  APPNL−F mice at 6 months of age. At this age,  APPNL−F 
mice do not exhibit AD-associated neuropathology or behav-
ioral impairment. Six months after stereotaxic injection, we 
observed that mCherry-labeled AAV containing CHCHD6 
shRNA was successfully delivered (Fig. 5c). Compared to 
the mice injected with AAV5-scrambled shRNA, western 
blot analysis showed a strong reduction of CHCHD6 in 
hippocampal protein extracts of AAV5-CHCHD6 shRNA-
injected mice (Fig. 5d). Downregulation of CHCHD6 in 
neurons was also demonstrated by significantly decreased 
CHCHD6 intensity in  NeuN+ cells in the hippocampus of 
mice, while no significant change in the number of  NeuN+ 
cells among experimental groups was observed (Supplemen-
tary Fig. 5b). This reduced level of CHCHD6 is not due to 
mitochondria loss, given the presence of comparable levels 
of the mitochondrial proteins voltage-dependent anion chan-
nel (VDAC: an outer membrane proteins), translocase of the 
inner mitochondrial membrane (Tim23: an inner membrane 
protein) and lon protease-like protein (LonP: a matrix pro-
tein) across all groups (Supplementary Fig. 5c). Moreover, 
AAV-mediated knockdown was specific for CHCHD6 and 
had no effects on other subunits of MICOS complex, such as 
mitofilin and CHCHD3 (Supplementary Fig. 5d).

Notably, injection of AAV5-CHCHD6 shRNA caused 
elevated levels of  filipin+ cholesterol in the hippocam-
pus of both WT and  APPNL−F mice 6 months later, with 
significantly more cholesterol accumulation observed in 
 APPNL−F mice (Fig. 5e and f). ELISA analysis confirmed 
that the increased accumulation of cholesterol was caused 
by CHCHD6 reduction, showing increased total cholesterol 
content in the hippocampus of  APPNL−F mice injected with 
AAV5-CHCHD6 shRNA (Fig. 5g). Considering that cho-
lesterol metabolism was disrupted in CHCHD6 KO HT-22 
neuronal cells (Fig. 5a), we next examined which pathway 
of cholesterol metabolism was most influenced by reduced 
CHCHD6 by analyzing genes implicated in cholesterol bio-
synthesis, elimination, transport and modification. In both 
CHCHD6 KO HT-22 cells and  APPNL−F KI mice injected 
with AAV5-CHCHD6 shRNA, hmgcr, cyp46a1 and lrp1 
showed consistent alterations (Fig.  5h, Supplementary 
Fig. 5e). Hmgcr encodes HMG-CoA reductase (HMGCR), 
which converts HMG-CoA to mevalonic acid as the rate-
limiting enzyme in cholesterol biosynthesis [35]. Cyp46A1 
encodes cytochrome P450 family 46 subfamily A member 1 
(CYP46A1), which is a neuronal-specific and rate-limiting 

enzyme that catalyzes 24-hydroxylation of cholesterol, the 
main process for cholesterol elimination from the brain [17]. 
Notably, augmentation of CYP46A1 has been shown to be 
beneficial in an animal model of AD [22, 47]. In  APPNL−F 
mouse hippocampus injected with AAV5-CHCHD6 shRNA, 
the mRNA level of hmgcr significantly increased, whereas 
the mRNA level of cyp46a1 markedly decreased, compared 
to mice injected with AAV5-scrambled shRNA (Fig. 5h). 
Thus, CHCHD6 downregulation may promote neuronal cho-
lesterol accumulation in  APPNL−F AD mice by enhancing 
cholesterol biosynthesis and suppressing cholesterol elimi-
nation. Lastly, lrp1 encodes LDL receptor related protein 
1 (LRP1), an endocytic receptor in neurons that mediates 
uptake of cholesterol-ApoE-containing lipoproteins from 
astrocytes [24]. Transcription of LRP1 is also suppressed 
by AICD through direct binding of AICD–Fe65–Tip60 com-
plex to its promoter [33]. Given that CHCHD6 deficiency 
promotes APP processing (Fig. 3i) and thereby generates 
more AICD (Fig. 3j), decreased mRNA level of lrp1 upon 
knocking down CHCHD6 is not surprising (Fig. 5h, Sup-
plementary Fig. 5e).

Decreased CHCHD6 accelerates cognitive deficits 
and AD pathology in  APPNL−F KI mice

Next, we investigated whether downregulation of CHCHD6 
affected AD-like neuropathology and behavioral deficits in 
the slowly developing  APPNL−F KI mice. At 12 months of 
age (6 months after AAV injection), WT and  APPNL−F mice 
injected with AAV-scrambled shRNA showed the same per-
formance in the Y-maze test of cognition, confirming a lack 
of AD phenotype at this age [54]. With AAV5-CHCHD6 
shRNA injection, however, we observed a decline in the 
spontaneous alteration ratio in the Y-maze test in both WT 
and  APPNL−F mice (Fig. 6a). The number of total arm entries 
during the Y-maze test among the experimental groups 
was not statistically different, suggesting that knockdown 
of CHCHD6 in WT and  APPNL−F mice did not influence 
sensorimotor capacities (Supplementary Fig. 6a). Further-
more, while no difference was found in the Barnes maze 
test of cognition between 12-month-old WT and  APPNL−F 
mice injected with scrambled shRNA, AAV5-CHCHD6 
shRNA-injected  APPNL−F KI mice took a longer time and 
made more errors in finding the target escape area (Fig. 6b). 
There was no significant difference in body weight among 
groups (Supplementary Fig. 6b). Taken together, these data 
indicate that CHCHD6 deficiency in chronic  APPNL−F AD 
mice promotes impairment of spatial learning and long-term 
memory.

To examine whether pathological markers of AD were 
also affected by AAV-shRNA-mediated knockdown of 
CHCHD6, we first checked the level of APP processing 
products in protein extracts of hippocampus at 12 months 
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of age. Western blot analysis revealed that AAV-CHCHD6 
shRNA injection enhanced APP processing in both WT and 
 APPNL−F mice, showing elevated level of C99 fragment 
(Fig. 6c). There was a much higher level of C99 product 
in AAV-CHCHD6 shRNA-injected  APPNL−F mice than in 
mice injected with AAV-scrambled shRNA (Fig. 6c). These 
results were consistent with more APP accumulation on the 
MAM in AAV-CHCHD6 shRNA-injected  APPNL−F mouse 
brains (Supplementary Fig. 6c). Furthermore, injection of 
AAV-CHCHD6 shRNA elevated the AICD intensity in 
 NeuN+ cells of  APPNL−F mice compared with injection of 
AAV-scrambled shRNA (Fig. 6d). We also stained brain 
sections of 12-month-old mice with anti-6E10 antibody to 
label amyloid aggregation. Though there was no statistical 
difference between WT and  APPNL−F mice, we observed a 
higher number of  6E10+ amyloid depositions and a larger 
area covered by amyloid plagues in the hippocampus of 
AAV-CHCHD6 shRNA-injected  APPNL−F mice, relative to 
 APPNL−F mice injected with scrambled shRNA (Fig. 6e). 
These data are consistent with our findings in HT-22 cells 
(Fig.  3i and j), supporting our conclusion that loss of 
CHCHD6 promotes APP processing, which then acceler-
ates amyloid pathology.

As synapse loss strongly correlates with cognitive decline 
in AD [21], we stained mouse brain sections with antibod-
ies against synaptophysin (a presynaptic marker) and post-
synaptic density 95 (PSD95: a postsynaptic marker). We 
observed a marked decrease in the number of synaptophy-
sin- and PSD95-immunoreactive puncta in the CA3 region 
of  APPNL−F mice after AAV-CHCHD6 shRNA injection, 
indicating decreased synaptic density (Fig. 6f and g). West-
ern blot analysis confirmed the decline in synaptophysin and 
PSD95 protein levels in the hippocampus of AAV-CHCHD6 
shRNA-injected  APPNL−F mice (Supplementary Fig. 6d). 
We next examined neuroinflammation, another pathologi-
cal marker of AD. Immunofluorescence staining showed 
that the intensities of ionized calcium binding adaptor mol-
ecule 1 (Iba1: a marker of microglia) and glial fibrillary 
acidic protein (GFAP: a marker of astrocytes) significantly 
increased in the hippocampus of AAV-CHCHD6 shRNA-
injected  APPNL−F mice (Fig. 6g and i), compared to the 
mice injected with scrambled shRNA control. This indicates 
enhanced AD-associated neuroinflammation by CHCHD6 
downregulation. Collectively, these data demonstrate that 
downregulation of CHCHD6 accelerates neuropathology 
and cognitive deficits in AD mice.

Compensation for loss of CHCHD6 reduces 
neuropathology and cognitive deficits in  APPNL−G−F 
KI mice

Lastly, we addressed the complementary question of whether 
compensating for CHCHD6 loss would attenuate AD-like 
neuropathology and cognitive deficits in  APPNL−F−G AD 
mice. CHCHD6 was inserted into an AAV vector under con-
trol of the hSyn promoter (AAV5-hSyn-CHCHD6-eGFP), 
to achieve selective expression of GFP-labeled CHCHD6 
in neurons (Fig. 7a). AAV5-hSyn-eGFP was used as empty 
vector control. AAV5-hSyn-CHCHD6-eGFP, or AAV 
control construct, were stereotaxically injected in bilat-
eral hippocampus of 3-month-old  APPNL−G−F mice and 
age-matched WT littermates (Supplementary Fig. 7a). Six 
months later, in contrast to low protein level of CHCHD6 
in AAV5-eGFP-injected  APPNL−F−G mice, western blot 
analysis revealed significant upregulation of CHCHD6 pro-
tein level in hippocampal protein extracts of AAV5-eGFP-
CHCHD6-injected  APPNL−F−G mice, to a similar level as 
WT mice injected with AAV5-eGFP control (Fig.  7b). 
AAV-mediated overexpression of CHCHD6 did not influ-
ence mitochondrial mass, as evidenced by comparable levels 
of proteins from different mitochondrial subcompartments 
(Supplementary Fig. 7b). Viral overexpression of CHCHD6 
also did not alter protein levels of mitofilin and CHCHD3 
(Supplementary Fig. 7c).

AAV5-eGFP control injected  APPNL−G−F mice dis-
played decreased short-term cognitive ability, as assessed 

Fig. 5  CHCHD6 deficiency induces neuronal cholesterol accumula-
tion in AD models. a Control and CHCHD6 KO HT-22 cells (n = 3) 
was subjected to whole transcriptome RNA-Seq analysis. Left: RNA 
transcripts changed in CHCHD6 KO cells. Middle: KEGG data-
base analysis on RNA transcripts that are twofold downregulated or 
upregulated relative to control cells. Right: Heat map: genes involved 
in the “Pikuleva metabolism”. **p < 0.01 (unpaired Student’s t test). 
b Control and CHCHD6 KO HT-22 cells were stained with the fil-
ipin probe. Histogram: the immunodensity of  filipin+ cholesterol 
was quantified from ten separate fields per sample. n = 3 independ-
ent experiments. c AAV5-U6-CHCHD6 shRNA-hSyn-mCherry and 
AAV5-U6-Scramble shRNA-hSyn-mCherry were stereotaxically 
injected into bilateral hippocampus of WT or  APPNL−F mice at the 
age of 6  months. Image: AAV induced expression of mCherry in 
 NeuN+ neurons in the hippocampus of WT or  APPNL−F mice 3 weeks 
after injection. Mice were sacrificed 6 months after injection of AAV-
Scramble shRNA or AAV-CHCHD6 shRNA. d Total brain lysates 
were harvested from the hippocampus of 12-month-old mice at the 
indicated groups. CHCHD6 knockdown efficiency was assessed 
by WB. Histogram: the relative density of CHCHD6 to actin. n = 5 
mice/group. e Brain sections from 12-month-old AAV-Scramble 
shRNA or AAV-CHCHD6 shRNA-injected WT or  APPNL−F mice 
were stained with the filipin probe. The immunodensity of  filipin+ 
cholesterol was quantified and shown in f (n = 4 mice/group). g The 
total cholesterol content was measured in the hippocampus from 
12-month-old AAV-Scramble shRNA or AAV-CHCHD6 shRNA-
injected WT or  APPNL−F mice using ELISA kit (n = 5 mice/group). 
h mRNAs were extracted from 12-month-old AAV-Scramble shRNA 
or AAV-CHCHD6 shRNA-injected WT or  APPNL−F mice. Genes 
involved in cholesterol metabolism were analyzed by qPCR (n = 5 
mice/group). Heat map: the mean of the genes analyzed. *p < 0.05; 
**p < 0.01 (AAV-Scramble shRNA-injected  APPNL−F mice vs. AAV-
CHCHD6 shRNA-injected  APPNL−F mice. The data are presented as 
mean ± SEM. The data in panel d, f–h were compared by one-way 
ANOVA with Tukey’s post hoc test
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by the Y-maze at 9 months of age. By contrast, age-matched 
 APPNL−G−F mice injected with AAV5-eGFP-CHCHD6 had 
an improved spontaneous alteration ratio in the Y-maze test, 
reaching levels similar to WT mice (Fig. 7c). Importantly, all 
groups displayed an equivalent number of total arm entries 
of the Y-maze test (Supplementary Fig. 7d). These results 
suggest that CHCHD6 neuronal overexpression improves 
spatial working memory of  APPNL−F−G AD mice. In addi-
tion, CHCHD6 overexpression also significantly improved 
the performance of  APPNL−G−F mice in the Barnes maze 
test at 9 months of age (Fig. 7d). AAV-CHCHD6-injected 
 APPNL−G−F mice took a shorter time and made fewer errors 
in finding the target escape area than mice injected with 
AAV-eGFP control. Expression of AAV-eGFP-CHCHD6 
in WT mice did not alter animal behavior (Fig. 7c and d), 
and the body weight of mice among experimental groups 
was comparable (Supplementary Fig. 7e), indicating lack 
of toxicity of viral overexpression.

We also assessed whether compensation for CHCHD6 
loss could attenuate AD-related perturbation of cholesterol 
metabolism. Consistent with the results in  APPNL−F mice, 
expression analysis of cholesterol-related genes revealed 
that hmgcr, cyp46a1 and lrp1 were significantly affected 
by AAV-mediated CHCHD6 overexpression. AAV5-eGFP-
CHCHD6 injection abolished the elevated cholesterol syn-
thesis gene hmgcr and suppressed cholesterol elimination 

gene cyp46a1, which were otherwise observed in AAV5-
eGFP control injected  APPNL−G−F mice (Fig. 7e). A sig-
nificant increase in  filipin+ cholesterol in the hippocam-
pus of  APPNL−G−F mice injected with AAV-eGFP control 
was observed at the age of 9 months, which was reduced 
by viral expression of AAV-eGFP-CHCHD6 starting from 
the age of 3 months (Fig. 7f and g). Furthermore, ELISA 
analysis showed that AAV-eGFP-CHCHD6 expression abol-
ished increased cholesterol content in the hippocampus of 
 APPNL−G−F mice (Fig. 7h). AAV-eGFP-CHCHD6 had no 
effects on cholesterol content in WT mice (Fig. 7h).

Lastly, we also observed a significant increase in APP 
on the MAM and C99 in the hippocampus of 9-month-old 
 APPNL−F−G mice injected with AAV-eGFP control, com-
pared to age-matched WT mice. By contrast, AAV-mediated 
CHCHD6 expression normalized APP accumulation on the 
MAM and lowered the level of C99 fragment in  APPNL−G−F 
mice, suggesting a suppression of APP processing (Sup-
plementary Fig. 7f and i). CHCHD6 overexpression also 
reduced AICD intensity in  NeuN+ cells and Aβ-covered area 
in the hippocampus of 9-month-old  APPNL−G−F mice, com-
pared to mice injected with AAV-eGFP control (Figs. 7j and 
8a). Furthermore, imaging analysis revealed significantly 
decreased synaptophysin and PSD95 in the hippocampus of 
AAV-eGFP control injected  APPNL−G−F mice at 9 months of 
age, with restoration to normal by AAV-mediated CHCHD6 
overexpression (Fig. 8b). Western blot analysis also con-
firmed that AAV-mediated CHCHD6 overexpression in 
 APPNL−G−F mice restored hippocampal protein levels of syn-
aptophysin and PSD95 (Supplementary Fig. 8). These find-
ings are consistent with the improvement of cognitive activ-
ity observed in AAV-eGFP-CHCHD6-injected  APPNL−G−F 
mice (Fig. 7c and d). In addition, AAV5-eGFP-CHCHD6 
overexpression significantly reduced Iba1 immunodensity 
in  APPNL−G−F mice, indicating an inhibition of neuroinflam-
mation (Fig. 8c). Our results thus demonstrate that com-
pensation for the loss of CHCHD6 in the hippocampus of 
rapidly developing  APPNL−G−F mice reduced AD-associated 
pathology and cognitive impairment.

Discussion

In this study, we have identified a new role of the mamma-
lian-specific MICOS component CHCHD6 in APP-associ-
ated AD pathology (Fig. 8d). Specifically, we observe circu-
lar feedback between CHCHD6 levels and APP processing. 
Under normal basal conditions, we observed that CHCHD6 
and APP interact and stabilize each other. However, under 
AD-like pathological conditions of augmented amyloidogen-
esis, APP induces a selective loss of CHCHD6 at the tran-
scriptional level through binding of the AICD–Fe65–Tip60 
complex to the CHCHD6 promoter. Downregulation of 

Fig. 6  Viral vector-mediated downregulation of CHCHD6 acceler-
ates cognitive deficits and AD pathology in  APPNL−F KI mice. a The 
Y-maze test was performed with 12-month-old mice (WT/Scram-
ble shRNA: n = 20 mice; n = 22 mice/group for the WT/CHCHD6 
shRNA, and  APPNL−F/Scramble shRNA, and  APPNL−F/CHCHD6 
shRNA groups). b The Barnes maze test was performed with 
12-month-old mice (WT/Scramble shRNA: n = 20 mice; n = 22 mice/
group for the WT/CHCHD6 shRNA, and  APPNL−F/Scramble shRNA, 
and  APPNL−F/CHCHD6 shRNA groups). c Total brain lysates were 
harvested from the hippocampus of 12-month-old AAV-Scramble 
shRNA or AAV-CHCHD6 shRNA-injected WT or  APPNL−F mice. 
The level of C99 was analyzed by WB. Histogram: the relative 
density of C99 to actin (n = 4 mice/group). d Brain sections from 
12-month-old mice were stained with anti-AICD and anti-NeuN. His-
togram: the intensity of AICD in  NeuN+ cells was quantified from 
four separate fields of each mouse (n = 4 mice/group). e Brain sec-
tions from 12-month-old AAV-Scramble shRNA or AAV-CHCHD6 
shRNA-injected WT or  APPNL−F mice were stained with an anti-
6E10 antibody. Histograms: the area covered by  6E10+ Aβ plaques 
and the immunodensity of 6E10 in hippocampus were quantified 
from four separate fields of each mouse (n = 4 mice/group). f Brain 
sections of mice with the indicated groups were stained with anti-
PSD95 and anti-synaptophysin antibodies. The numbers of  PSD95+ 
and  synaptophysin+ puncta were quantified and shown in g (n = 4 
mice/group). h Brain sections of mice with the indicated groups were 
stained with anti-Iba1 and anti-GFAP antibodies. The intensity of 
Iba1 and GFAP was quantified and shown in (i) (n = 4 mice/group). 
The data are presented as mean ± SEM. The data in panel a, b, e, g, i 
were compared by one-way ANOVA with Tukey’s post hoc test, and 
the data in panel c and d were compared by the unpaired Student’s t 
test
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CHCHD6 in AD models then reduces the amount of bound 
APP-CHCHD6, which promotes accumulation of APP on 
the MAM for amyloidogenic processing. More AICD is 
then generated due to enhanced APP processing, which in 
turn magnifies transcriptional repression of CHCHD6. This 
circular feedback between CHCHD6 and APP thus ampli-
fies AD pathogenic signals, resulting in accelerated Aβ 
accumulation, cognitive deficits, and neurodegeneration in 
AD. Importantly, this pathologic feedback loop is restrained 
when levels of CHCHD6 are therapeutically elevated.

APP is a transmembrane protein that contains an endo-
plasmic reticulum (ER) leader sequence followed by a cryp-
tic mitochondrial targeting peptide, allowing its localization 
on either ER or mitochondria [32, 71]. APP can be trans-
membrane-arrested on the mitochondria, forming a stable 
complex with mitochondrial protein importation machinery, 
such as translocase of the outer membrane (TOM) and trans-
locase of the inner membrane (TIM). These translocation 
intermediate complexes are toxic and disrupt mitochondrial 
import, and are associated with mitochondria depolariza-
tion, increased ROS production, reduced cytochrome oxi-
dase activity, and impaired ATP synthesis [13, 32, 43]. 
Furthermore, mitochondrial morphology and dynamics 
can be influenced by mitochondrial APP accumulation in 

APP-overexpressing mice, as well as in fibroblasts from 
AD patients, which results in elevated mitochondria frag-
mentation and cellular dysfunction [67, 68]. Interestingly, 
we found that APP-induced mitochondrial phenotypes were 
similar to those caused by disruption of the MICOS com-
plex, suggesting a potential molecular overlap between APP 
abnormality and MICOS complex dysregulation. Indeed, 
our results showed that either overexpression of APP WT 
or the presence of APP mutants inhibited CHCHD6 at the 
transcriptional level, which resulted in MICOS complex dis-
assembly. This then led to mitochondrial bioenergetic fail-
ure, cytochrome c release, and neuronal loss. The degree 
of CHCHD6 decrease and related MICOS complex loss 
appear to depend on the severity of APP pathology. Thus, 
our findings provide a new line of evidence to support the 
pathological interaction between APP and mitochondrial 
dysregulation in the development and progression of AD.

Although the APP proteolytic product AICD can be rap-
idly degraded after generation through APP processing, it 
is stabilized by cofactors, like Fe65, and accompanied by 
transcription factors, like Tip60, to regulate genes that are 
important for neurite development and axonal transport [42]. 
Some of these same genes also contribute to early pathol-
ogy in AD [8, 33, 74]. Here, we have identified CHCHD6 
as a previously unrecognized target of AICD-mediated gene 
expression regulation. We observed that AICD binds to the 
CHCHD6 promoter to repress transcription of CHCHD6. 
Moreover, AICD-mediated CHCHD6 gene repression is 
consistent with the notion that loss of CHCHD6 and related 
MICOS loss are early molecular events of AD pathogen-
esis prior to Aβ accumulation and cognitive deficits. We 
have also demonstrated that neuronal downregulation of 
CHCHD6 accelerates development of AD neuropathology, 
whereas neuronal compensation for CHCHD6 loss mitigates 
AD-like pathology and cognitive deficits. Thus, our find-
ings establish a direct interaction between the amyloidogenic 
pathway and MICOS complex impairment in the pathophys-
iology of AD. In the current study, we mainly used APP 
mutant-expressing neuronal cells and mouse lines that are 
associated with familial AD. However, our data also showed 
that either overexpression or downregulation of APP WT 
inversely affected CHCHD6 protein level. CHCHD6 protein 
levels and immunodensity were also consistently decreased 
in the hippocampus of sporadic AD patients. Thus, when the 
amyloidogenic pathway is augmented in either familial or 
sporadic AD, CHCHD6 deficiency could result in MICOS 
disassembly, mitochondrial bioenergetic failure, cholesterol 
accumulation, neuropathology and cognitive deficiency in 
AD.

Brain cholesterol accumulation is a pathological feature 
of AD that causes region-specific loss of synapses [48] 
and increased Aβ production and Aβ toxicity [38]. As for 
now, the molecular mechanism through which CHCHD6 

Fig. 7  Compensation for the loss of CHCHD6 reduces neuropa-
thology and cognitive deficits in  APPNL−G−F KI mice. a AAV5-
hSyn-CHCHD6-eGFP and AAV5-hSyn-eGFP control were stere-
otaxically injected into bilateral hippocampus of 3-month-old WT 
or  APPNL−G−F mice. Image: AAV induced expression of eGFP in 
 NeuN+ neurons in mouse hippocampus 3 weeks after injection. Mice 
were killed 6 months after AAV injection. b Total brain lysates were 
harvested from the hippocampus of 9-month-old mice. WB was per-
formed with the indicated antibodies. Histogram: the relative density 
of endogenous CHCHD6 to actin (n = 5 mice/group). c The Y-maze 
test was performed with 9-month-old mice (WT/EV and  APPNL−G−F/
CHCHD6 groups: n = 25 mice; n = 26 mice for WT/CHCHD6; and 
n = 24 mice for  APPNL−G−F/EV). d The Barnes maze test was car-
ried out with 9-month-old mice (WT/EV and  APPNL−G−F/CHCHD6 
groups: n = 25 mice; n = 26 mice for WT/CHCHD6; and n = 24 mice 
for  APPNL−G−F/EV). e mRNAs were extracted from 9-month-old 
mice at the indicated groups. Genes involved in cholesterol metabo-
lism were analyzed by qPCR (n = 5 mice/group). Heat map: the mean 
of the genes analyzed. *p < 0.05; ***p < 0.001; ****p < 0.0001; 
(AAV-EV-injected  APPNL−G−F mice vs. AAV-CHCHD6-injected 
 APPNL−G−F mice). f Brain sections from 9-month-old mice at the 
indicated groups were stained with the filipin probe. The immuno-
density of  filipin+ cholesterol was quantified and shown in (g) (n = 4 
mice/group). h The total cholesterol content was measured in the 
hippocampus from 9-month-old mice using ELISA kit (n = 6 mice/
group). i Total brain lysates were harvested from the hippocampus 
of 9-month-old mice. The level of C99 was analyzed by WB. Histo-
gram: the density of C99 relative to actin (n = 4 mice/group). j Brain 
sections from 9-month-old AAV-CHCHD6 or AAV-EV-injected 
 APPNL−G−F mice were stained with anti-AICD and anti-NeuN. The 
intensity of AICD in  NeuN+ cells was quantified from four separate 
fields of each mouse (n = 4 mice/group). The data in panel b–e, g, h 
were compared by one-way ANOVA with Tukey’s post hoc test, and 
the data in panel i, j were compared by the unpaired Student’s t test
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Fig. 8  Compensation for the loss of CHCHD6 reduces amyloid accu-
mulation, synaptic loss and gliosis in  APPNL−G−F KI mice. a Brain 
sections from 9-month-old AAV-CHCHD6 or AAV-EV-injected 
 APPNL−G−F mice were stained with anti-6E10 antibodies. Histo-
grams: the area covered by  6E10+ Aβ plaques in hippocampus were 
quantified from four separate fields of each mouse (n = 4 mice/group). 
b Mouse brain sections were stained with anti-PSD95 and anti-
synaptophysin antibodies. Histograms: the numbers of  PSD95+ and 

 synaptophysin+ puncta were quantified (n = 4 mice/group). c Mouse 
brain sections were stained with anti-Iba1 antibody. Histograms: the 
intensity of Iba1 was quantified (n = 5 mice/group). The data are pre-
sented as mean ± SEM. The data in panel a were compared by the 
unpaired Student’s t test, and the data in panel b and c were compared 
by one-way ANOVA with Tukey’s post hoc test. d A summarized 
scheme
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affects cholesterol homeostasis is incompletely understood. 
Our results, for the first time, showed a regulatory effect of 
CHCHD6 on the expression of genes involved in cholesterol 
metabolism. Two genes that are significantly influenced by 
CHCHD6 deficiency are hmgcr and cyp46a1. This further 
underscores CHCHD6 as a potential therapeutic target of 
AD, the manipulation of which acts on cholesterol biosyn-
thesis and elimination simultaneously. Moreover, neuron-
specific compensation of CHCHD6 may avoid the side effect 
of cholesterol synthesis inhibitors, like statins, in regulat-
ing cholesterol levels in plasma and peripheral tissue. Our 
recent study proposed a model in which CYP46A1 expres-
sion is suppressed by ATAD3A oligomerization under AD-
associated conditions [76]. Given that both CHCHD6 and 
ATAD3A localize on the mitochondrial contact site [14, 
76, 77], this could potentially explain the observed pheno-
types. Future study of CHCHD6-ATAD3A interaction will 
help to test this possibility and further address the impact 
of CHCHD6 on cholesterol turnover. Thus, it remains to 
be determined whether the CHCHD6-mediated effects on 
neuronal cholesterol occur independently or in conjunction 
with mitochondria. We also note that familial and sporadic 
AD subjects display increased cholesterol esters in lipid raft-
like MAMs enriched in cholesterol and sphingolipids [4]. 
Amyloidogenic processing of APP proteolytic fragment C99 
takes place in lipid rafts of the MAM, where γ-secretase 
activity is enriched. C99 on the MAMs impairs cellular lipid 
homeostasis and alters membrane lipid composition in AD 
[37, 45], which further facilitates Aβ production. Thus, it 
is also possible that CHCHD6 deficiency indirectly elicits 
neuronal cholesterol accumulation by promoting C99 accu-
mulation on the MAMs.

Aberrant cristae architecture and diminished mitochon-
drial respiratory capacity are common pathological signa-
tures observed across many human diseases. Current studies 
of the association of MICOS with human diseases have been 
mainly focused on mitochondrial dysfunction. Deletion or 
mutation of a specific MICOS component in a particular 
disease disrupts the cristae structure and impairs mitochon-
drial function. The findings obtained from the present study 
unravel a unique function of a MICOS subunit, CHCHD6, 
in regulating APP amyloidogenic processing (one of the 
hallmarks of AD) and neuronal cholesterol accumulation (a 
known risk factor of AD). Our study indicates that patholog-
ical deficiency of CHCHD6 is an inducer that acts upstream 
of both APP amyloidogenic processing and neural choles-
terol accumulation, which provides a direct mechanistic 
explanation for the impact of mitochondrial damage on AD 
neuropathology. This is supported by our observation that 
compensation for the loss of CHCHD6 restored cholesterol 
homeostasis, suppressed amyloidogenesis, and reduced neu-
rodegeneration and cognitive deficits in AD models. There-
fore, our findings uncover previously unknown insights into 

AD pathogenesis and demonstrate that CHCHD6 loss-of-
function is a potential therapeutic target for AD.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00401- 022- 02499-0.

Acknowledgements This study was supported by grants from the US 
National Institutes of Health (NIH) R01AG065240, R01NS115903, 
R01AG076051 and RF1AG074346 to X.Q.; Dr. Ralph and Marian 
Falk Medical Research Trust-Transformative Award to X.Q. R.X 
is supported by NIH R01 AG057557, AG061388, AG062272 and 
AG076649. AAP is supported as the Case Western Reserve Univer-
sity Rebecca E. Barchas, M.D., Professor in Translational Psychiatry, 
and by Project 19PABH134580006-AHA/Allen Initiative in Brain 
Health and Cognitive Impairment, the Elizabeth Ring Mather & Wil-
liam Gwinn Mather Fund, S. Livingston Samuel Mather Trust, G.R. 
Lincoln Family Foundation, Wick Foundation, the Leonard Krieger 
Fund of the Cleveland Foundation, Gordon & Evie Safran, and Louis 
Stokes VA Medical Center resources and facilities. The authors thank 
the NIH NeuroBioBank for providing the human postmortem brain 
tissues and brain donors and their families for the tissue samples used 
in this study.

Author contributions SYT performed most of the experiments and 
analyzed the data. XYS bred mice and performed mice genotyping. 
XQC performed AAV injection in AD mice. EJW, QQW and RX 
performed RNAseq analysis and computational analysis of CHCHD6 
association with AD. EM assisted in data analysis. AAP assisted with 
experimental design and data interpretation. XQ designed experiments 
and supervised the study. XQ, AAP, and SYT wrote the manuscript. 
All authors reviewed and approved the manuscript.

Declarations 

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Aaltonen MJ, Friedman JR, Osman C, Salin B, di Rago JP, Nun-
nari J et al (2016) MICOS and phospholipid transfer by Ups2-
Mdm35 organize membrane lipid synthesis in mitochondria. J 
Cell Biol 213:525–534. https:// doi. org/ 10. 1083/ jcb. 20160 2007

 2. An J, Shi J, He Q, Lui K, Liu Y, Huang Y et al (2012) CHCM1/
CHCHD6, novel mitochondrial protein linked to regulation of 
mitofilin and mitochondrial cristae morphology. J Biol Chem 
287:7411–7426. https:// doi. org/ 10. 1074/ jbc. M111. 277103

https://doi.org/10.1007/s00401-022-02499-0
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1083/jcb.201602007
https://doi.org/10.1074/jbc.M111.277103


936 Acta Neuropathologica (2022) 144:911–938

1 3

 3. Anderson CJ, Bredvik K, Burstein SR, Davis C, Meadows SM, 
Dash J et al (2019) ALS/FTD mutant CHCHD10 mice reveal a 
tissue-specific toxic gain-of-function and mitochondrial stress 
response. Acta Neuropathol 138:103–121. https:// doi. org/ 10. 1007/ 
s00401- 019- 01989-y

 4. Area-Gomez E, Del Carmen Lara Castillo M, Tambini MD, Guar-
dia-Laguarta C, de Groof AJ, Madra M et al (2012) Upregulated 
function of mitochondria-associated ER membranes in Alzheimer 
disease. EMBO J 31:4106–4123. https:// doi. org/ 10. 1038/ emboj. 
2012. 202

 5. Bai B, Vanderwall D, Li Y, Wang X, Poudel S, Wang H et al 
(2021) Proteomic landscape of Alzheimer’s Disease: novel 
insights into pathogenesis and biomarker discovery. Mol Neuro-
degener 16:55. https:// doi. org/ 10. 1186/ s13024- 021- 00474-z

 6. Cao X, Sudhof TC (2001) A transcriptionally [correction of tran-
scriptively] active complex of APP with Fe65 and histone acetyl-
transferase Tip60. Science 293:115–120. https:// doi. org/ 10. 1126/ 
scien ce. 10587 83

 7. Caspersen C, Wang N, Yao J, Sosunov A, Chen X, Lustbader 
JW et al (2005) Mitochondrial Abeta: a potential focal point for 
neuronal metabolic dysfunction in Alzheimer’s disease. FASEB 
J 19:2040–2041. https:// doi. org/ 10. 1096/ fj. 05- 3735fj e

 8. Ceglia I, Reitz C, Gresack J, Ahn JH, Bustos V, Bleck M et al 
(2015) APP intracellular domain-WAVE1 pathway reduces amy-
loid-beta production. Nat Med 21:1054–1059. https:// doi. org/ 10. 
1038/ nm. 3924

 9. Chella Krishnan K, Kurt Z, Barrere-Cain R, Sabir S, Das A, Floyd 
R et al (2018) Integration of multi-omics data from mouse diver-
sity panel highlights mitochondrial dysfunction in non-alcoholic 
fatty liver disease. Cell Syst 6(103–115):e107. https:// doi. org/ 10. 
1016/j. cels. 2017. 12. 006

 10. Chen L, Xu S, Wu T, Shao Y, Luo L, Zhou L et al (2019) Stud-
ies on APP metabolism related to age-associated mitochondrial 
dysfunction in APP/PS1 transgenic mice. Aging (Albany NY) 
11:10242

 11. Chen Y, Xu R (2019) Context-sensitive network analysis identifies 
food metabolites associated with Alzheimer’s disease: an explora-
tory study. BMC Med Genomics 12:17. https:// doi. org/ 10. 1186/ 
s12920- 018- 0459-2

 12. Del Prete D, Suski JM, Oules B, Debayle D, Gay AS, Lacas-
Gervais S et al (2017) Localization and processing of the amy-
loid-beta protein precursor in mitochondria-associated mem-
branes. J Alzheimers Dis 55:1549–1570. https:// doi. org/ 10. 3233/ 
JAD- 160953

 13. Devi L, Prabhu BM, Galati DF, Avadhani NG, Anandatheer-
thavarada HK (2006) Accumulation of amyloid precursor protein 
in the mitochondrial import channels of human Alzheimer’s dis-
ease brain is associated with mitochondrial dysfunction. J Neuro-
sci 26:9057–9068. https:// doi. org/ 10. 1523/ JNEUR OSCI. 1469- 06. 
2006

 14. Ding C, Wu Z, Huang L, Wang Y, Xue J, Chen S et al (2015) 
Mitofilin and CHCHD6 physically interact with Sam50 to sustain 
cristae structure. Sci Rep 5:16064. https:// doi. org/ 10. 1038/ srep1 
6064

 15. Dorszewska J, Prendecki M, Oczkowska A, Dezor M, Kozubski 
W (2016) Molecular basis of familial and sporadic Alzheimer’s 
disease. Curr Alzheimer Res 13:952–963

 16. Friedman JR, Mourier A, Yamada J, McCaffery JM, Nunnari J 
(2015) MICOS coordinates with respiratory complexes and lipids 
to establish mitochondrial inner membrane architecture. Elife. 
https:// doi. org/ 10. 7554/ eLife. 07739

 17. Garcia AN, Muniz MT, Souza e Silva HR, da Silva HA, Athayde-
Junior L (2009) Cyp46 polymorphisms in Alzheimer’s disease: 
a review. J Mol Neurosci 39:342–345. https:// doi. org/ 10. 1007/ 
s12031- 009- 9227-2

 18. Genin EC, Plutino M, Bannwarth S, Villa E, Cisneros-Barroso E, 
Roy M et al (2016) CHCHD10 mutations promote loss of mito-
chondrial cristae junctions with impaired mitochondrial genome 
maintenance and inhibition of apoptosis. EMBO Mol Med 8:58–
72. https:// doi. org/ 10. 15252/ emmm. 20150 5496

 19. Guarani V, McNeill EM, Paulo JA, Huttlin EL, Frohlich F, Gygi 
SP et al (2015) QIL1 is a novel mitochondrial protein required for 
MICOS complex stability and cristae morphology. Elife. https:// 
doi. org/ 10. 7554/ eLife. 06265

 20. Hicks DA, Jones AC, Pickering-Brown SM, Hooper NM (2020) 
The cellular expression and proteolytic processing of the amyloid 
precursor protein is independent of TDP-43. Biosci Rep. https:// 
doi. org/ 10. 1042/ BSR20 200435

 21. Hong S, Beja-Glasser VF, Nfonoyim BM, Frouin A, Li S, Ram-
akrishnan S et al (2016) Complement and microglia mediate early 
synapse loss in Alzheimer mouse models. Science 352:712–716. 
https:// doi. org/ 10. 1126/ scien ce. aad83 73

 22. Hudry E, Van Dam D, Kulik W, De Deyn PP, Stet FS, Ahou-
ansou O et al (2010) Adeno-associated virus gene therapy with 
cholesterol 24-hydroxylase reduces the amyloid pathology before 
or after the onset of amyloid plaques in mouse models of Alzhei-
mer’s disease. Mol Ther 18:44–53. https:// doi. org/ 10. 1038/ mt. 
2009. 175

 23. Hung COY, Livesey FJ (2018) Altered gamma-secretase process-
ing of APP disrupts lysosome and autophagosome function in 
monogenic Alzheimer’s disease. Cell Rep 25(3647–3660):e3642. 
https:// doi. org/ 10. 1016/j. celrep. 2018. 11. 095

 24. Jaeger S, Pietrzik CU (2008) Functional role of lipoprotein recep-
tors in Alzheimer’s disease. Curr Alzheimer Res 5:15–25. https:// 
doi. org/ 10. 2174/ 15672 05087 83884 675

 25. Jagust W (2018) Imaging the evolution and pathophysiology of 
Alzheimer disease. Nat Rev Neurosci 19:687–700. https:// doi. org/ 
10. 1038/ s41583- 018- 0067-3

 26. Jiang Y, Sato Y, Im E, Berg M, Bordi M, Darji S et al (2019) 
Lysosomal dysfunction in down syndrome Is APP-dependent 
and mediated by APP-betaCTF (C99). J Neurosci 39:5255–5268. 
https:// doi. org/ 10. 1523/ JNEUR OSCI. 0578- 19. 2019

 27. Kondadi AK, Anand R, Hansch S, Urbach J, Zobel T, Wolf 
DM et al (2020) Cristae undergo continuous cycles of mem-
brane remodelling in a MICOS-dependent manner. EMBO Rep 
21:e49776. https:// doi. org/ 10. 15252/ embr. 20194 9776

 28. Konietzko U (2012) AICD nuclear signaling and its possible con-
tribution to Alzheimer’s disease. Curr Alzheimer Res 9:200–216. 
https:// doi. org/ 10. 2174/ 15672 05127 99361 673

 29. Kozjak-Pavlovic V (2017) The MICOS complex of human mito-
chondria. Cell Tissue Res 367:83–93. https:// doi. org/ 10. 1007/ 
s00441- 016- 2433-7

 30. Lauritzen I, Pardossi-Piquard R, Bourgeois A, Pagnotta S, Bif-
eri MG, Barkats M et al (2016) Intraneuronal aggregation of the 
beta-CTF fragment of APP (C99) induces Abeta-independent 
lysosomal-autophagic pathology. Acta Neuropathol 132:257–276. 
https:// doi. org/ 10. 1007/ s00401- 016- 1577-6

 31. Li H, Ruan Y, Zhang K, Jian F, Hu C, Miao L et al (2016) Mic60/
Mitofilin determines MICOS assembly essential for mitochondrial 
dynamics and mtDNA nucleoid organization. Cell Death Differ 
23:380–392. https:// doi. org/ 10. 1038/ cdd. 2015. 102

 32. Lin MT, Beal MF (2006) Alzheimer’s APP mangles mitochondria. 
Nat Med 12:1241–1243. https:// doi. org/ 10. 1038/ nm1106- 1241

 33. Liu Q, Zerbinatti CV, Zhang J, Hoe HS, Wang B, Cole SL et al 
(2007) Amyloid precursor protein regulates brain apolipoprotein 
E and cholesterol metabolism through lipoprotein receptor LRP1. 
Neuron 56:66–78. https:// doi. org/ 10. 1016/j. neuron. 2007. 08. 008

 34. Masters CL, Bateman R, Blennow K, Rowe CC, Sperling RA, 
Cummings JL (2015) Alzheimer’s disease. Nat Rev Dis Primers 
1:15056. https:// doi. org/ 10. 1038/ nrdp. 2015. 56

https://doi.org/10.1007/s00401-019-01989-y
https://doi.org/10.1007/s00401-019-01989-y
https://doi.org/10.1038/emboj.2012.202
https://doi.org/10.1038/emboj.2012.202
https://doi.org/10.1186/s13024-021-00474-z
https://doi.org/10.1126/science.1058783
https://doi.org/10.1126/science.1058783
https://doi.org/10.1096/fj.05-3735fje
https://doi.org/10.1038/nm.3924
https://doi.org/10.1038/nm.3924
https://doi.org/10.1016/j.cels.2017.12.006
https://doi.org/10.1016/j.cels.2017.12.006
https://doi.org/10.1186/s12920-018-0459-2
https://doi.org/10.1186/s12920-018-0459-2
https://doi.org/10.3233/JAD-160953
https://doi.org/10.3233/JAD-160953
https://doi.org/10.1523/JNEUROSCI.1469-06.2006
https://doi.org/10.1523/JNEUROSCI.1469-06.2006
https://doi.org/10.1038/srep16064
https://doi.org/10.1038/srep16064
https://doi.org/10.7554/eLife.07739
https://doi.org/10.1007/s12031-009-9227-2
https://doi.org/10.1007/s12031-009-9227-2
https://doi.org/10.15252/emmm.201505496
https://doi.org/10.7554/eLife.06265
https://doi.org/10.7554/eLife.06265
https://doi.org/10.1042/BSR20200435
https://doi.org/10.1042/BSR20200435
https://doi.org/10.1126/science.aad8373
https://doi.org/10.1038/mt.2009.175
https://doi.org/10.1038/mt.2009.175
https://doi.org/10.1016/j.celrep.2018.11.095
https://doi.org/10.2174/156720508783884675
https://doi.org/10.2174/156720508783884675
https://doi.org/10.1038/s41583-018-0067-3
https://doi.org/10.1038/s41583-018-0067-3
https://doi.org/10.1523/JNEUROSCI.0578-19.2019
https://doi.org/10.15252/embr.201949776
https://doi.org/10.2174/156720512799361673
https://doi.org/10.1007/s00441-016-2433-7
https://doi.org/10.1007/s00441-016-2433-7
https://doi.org/10.1007/s00401-016-1577-6
https://doi.org/10.1038/cdd.2015.102
https://doi.org/10.1038/nm1106-1241
https://doi.org/10.1016/j.neuron.2007.08.008
https://doi.org/10.1038/nrdp.2015.56


937Acta Neuropathologica (2022) 144:911–938 

1 3

 35. Meaney S (2014) Epigenetic regulation of cholesterol homeosta-
sis. Front Genet 5:311. https:// doi. org/ 10. 3389/ fgene. 2014. 00311

 36. Mehla J, Lacoursiere SG, Lapointe V, McNaughton BL, Suther-
land RJ, McDonald RJ et al (2019) Age-dependent behavioral 
and biochemical characterization of single APP knock-in mouse 
(APP(NL-G-F/NL-G-F)) model of Alzheimer’s disease. Neuro-
biol Aging 75:25–37. https:// doi. org/ 10. 1016/j. neuro biola ging. 
2018. 10. 026

 37. Montesinos J, Pera M, Larrea D, Guardia-Laguarta C, Agrawal 
RR, Velasco KR et al (2020) The Alzheimer’s disease-associated 
C99 fragment of APP regulates cellular cholesterol trafficking. 
EMBO J 39:e103791. https:// doi. org/ 10. 15252/ embj. 20191 03791

 38. Morgado I, Garvey M (2015) Lipids in amyloid-beta processing, 
aggregation, and toxicity. Adv Exp Med Biol 855:67–94. https:// 
doi. org/ 10. 1007/ 978-3- 319- 17344-3_3

 39. Muller T, Schrotter A, Loosse C, Pfeiffer K, Theiss C, Kauth 
M et al (2013) A ternary complex consisting of AICD, FE65, 
and TIP60 down-regulates Stathmin1. Biochim Biophys Acta 
1834:387–394. https:// doi. org/ 10. 1016/j. bbapap. 2012. 07. 017

 40. Ott C, Dorsch E, Fraunholz M, Straub S, Kozjak-Pavlovic V 
(2015) Detailed analysis of the human mitochondrial con-
tact site complex indicate a hierarchy of subunits. PLoS ONE 
10:e0120213. https:// doi. org/ 10. 1371/ journ al. pone. 01202 13

 41. Pan JX, Tang F, Xiong F, Xiong L, Zeng P, Wang B et al (2018) 
APP promotes osteoblast survival and bone formation by regulat-
ing mitochondrial function and preventing oxidative stress. Cell 
Death Dis 9:1077. https:// doi. org/ 10. 1038/ s41419- 018- 1123-7

 42. Pardossi-Piquard R, Checler F (2012) The physiology of the beta-
amyloid precursor protein intracellular domain AICD. J Neuro-
chem 120(Suppl 1):109–124. https:// doi. org/ 10. 1111/j. 1471- 4159. 
2011. 07475.x

 43. Pavlov PF, Hansson Petersen C, Glaser E, Ankarcrona M (2009) 
Mitochondrial accumulation of APP and Abeta: significance for 
Alzheimer disease pathogenesis. J Cell Mol Med 13:4137–4145. 
https:// doi. org/ 10. 1111/j. 1582- 4934. 2009. 00892.x

 44. Pavlov PF, Wiehager B, Sakai J, Frykman S, Behbahani H, Win-
blad B et al (2011) Mitochondrial gamma-secretase participates 
in the metabolism of mitochondria-associated amyloid precursor 
protein. FASEB J 25:78–88. https:// doi. org/ 10. 1096/ fj. 10- 157230

 45. Pera M, Larrea D, Guardia-Laguarta C, Montesinos J, Velasco 
KR, Agrawal RR et al (2017) Increased localization of APP-C99 
in mitochondria-associated ER membranes causes mitochondrial 
dysfunction in Alzheimer disease. EMBO J 36:3356–3371. https:// 
doi. org/ 10. 15252/ embj. 20179 6797

 46. Perez Ortiz JM, Swerdlow RH (2019) Mitochondrial dysfunction 
in Alzheimer’s disease: role in pathogenesis and novel therapeutic 
opportunities. Br J Pharmacol 176:3489–3507. https:// doi. org/ 10. 
1111/ bph. 14585

 47. Petrov AM, Lam M, Mast N, Moon J, Li Y, Maxfield E et al 
(2019) CYP46A1 activation by efavirenz leads to behavioral 
improvement without significant changes in amyloid plaque load 
in the brain of 5XFAD mice. Neurotherapeutics 16:710–724. 
https:// doi. org/ 10. 1007/ s13311- 019- 00737-0

 48. Pfrieger FW (2003) Cholesterol homeostasis and function 
in neurons of the central nervous system. Cell Mol Life Sci 
60:1158–1171. https:// doi. org/ 10. 1007/ s00018- 003- 3018-7

 49. Probst S, Kruger M, Kagi L, Thoni S, Schuppli D, Nitsch RM 
et al (2020) Fe65 is the sole member of its family that mediates 
transcription regulated by the amyloid precursor protein. J Cell 
Sci. https:// doi. org/ 10. 1242/ jcs. 242917

 50. Pulina MV, Hopkins M, Haroutunian V, Greengard P, Bustos 
V (2020) C99 selectively accumulates in vulnerable neurons in 
Alzheimer’s disease. Alzheimers Dement 16:273–282. https:// 
doi. org/ 10. 1016/j. jalz. 2019. 09. 002

 51. Reddy AP, Yin X, Sawant N, Reddy PH (2021) Protective effects 
of antidepressant citalopram against abnormal APP processing 

and amyloid beta-induced mitochondrial dynamics, biogenesis, 
mitophagy and synaptic toxicities in Alzheimer’s disease. Hum 
Mol Genet 30:847–864. https:// doi. org/ 10. 1093/ hmg/ ddab0 54

 52. Reddy PH, McWeeney S, Park BS, Manczak M, Gutala RV, 
Partovi D et al (2004) Gene expression profiles of transcripts 
in amyloid precursor protein transgenic mice: up-regulation 
of mitochondrial metabolism and apoptotic genes is an early 
cellular change in Alzheimer’s disease. Hum Mol Genet 
13:1225–1240

 53. Rushworth JV, Hooper NM (2010) Lipid rafts: linking Alzhei-
mer’s amyloid-beta production, aggregation, and toxicity at neu-
ronal membranes. Int J Alzheimers Dis 2011:603052. https:// doi. 
org/ 10. 4061/ 2011/ 603052

 54. Saito T, Matsuba Y, Mihira N, Takano J, Nilsson P, Itohara S et al 
(2014) Single App knock-in mouse models of Alzheimer’s dis-
ease. Nat Neurosci 17:661–663. https:// doi. org/ 10. 1038/ nn. 3697

 55. Schon EA, Area-Gomez E (2013) Mitochondria-associated ER 
membranes in Alzheimer disease. Mol Cell Neurosci 55:26–36. 
https:// doi. org/ 10. 1016/j. mcn. 2012. 07. 011

 56. Shi CH, Mao CY, Zhang SY, Yang J, Song B, Wu P et al (2016) 
CHCHD2 gene mutations in familial and sporadic Parkinson’s 
disease. Neurobiol Aging 38:217.e219-217.e213. https:// doi. org/ 
10. 1016/j. neuro biola ging. 2015. 10. 040

 57. Stephan T, Bruser C, Deckers M, Steyer AM, Balzarotti F, Barbot 
M et al (2020) MICOS assembly controls mitochondrial inner 
membrane remodeling and crista junction redistribution to medi-
ate cristae formation. EMBO J 39:e104105. https:// doi. org/ 10. 
15252/ embj. 20191 04105

 58. Swerdlow RH (2012) Mitochondria and cell bioenergetics: 
increasingly recognized components and a possible etiologic cause 
of Alzheimer’s disease. Antioxid Redox Signal 16:1434–1455

 59. Tampellini D, Rahman N, Lin MT, Capetillo-Zarate E, Gouras 
GK (2011) Impaired beta-amyloid secretion in Alzheimer’s dis-
ease pathogenesis. J Neurosci 31:15384–15390. https:// doi. org/ 
10. 1523/ JNEUR OSCI. 2986- 11. 2011

 60. Tang J, Zhang K, Dong J, Yan C, Hu C, Ji H et al (2020) Sam50-
Mic19-Mic60 axis determines mitochondrial cristae architec-
ture by mediating mitochondrial outer and inner membrane 
contact. Cell Death Differ 27:146–160. https:// doi. org/ 10. 1038/ 
s41418- 019- 0345-2

 61. Thinakaran G, Teplow DB, Siman R, Greenberg B, Sisodia SS 
(1996) Metabolism of the “Swedish” amyloid precursor protein 
variant in neuro2a (N2a) cells: evidence that cleavage at the 
“β-secretase” site occurs in the Golgi apparatus (∗). J Biol Chem 
271:9390–9397

 62. Tsai PI, Lin CH, Hsieh CH, Papakyrikos AM, Kim MJ, Napolioni 
V et al (2018) PINK1 phosphorylates MIC60/Mitofilin to control 
structural plasticity of mitochondrial crista junctions. Mol Cell 
69(744–756):e746. https:// doi. org/ 10. 1016/j. molcel. 2018. 01. 026

 63. Vaillant-Beuchot L, Mary A, Pardossi-Piquard R, Bourgeois 
A, Lauritzen I, Eysert F et al (2021) Accumulation of amyloid 
precursor protein C-terminal fragments triggers mitochondrial 
structure, function, and mitophagy defects in Alzheimer’s disease 
models and human brains. Acta Neuropathol 141:39–65. https:// 
doi. org/ 10. 1007/ s00401- 020- 02234-7

 64. Van Laar VS, Berman SB, Hastings TG (2016) Mic60/mitofi-
lin overexpression alters mitochondrial dynamics and attenuates 
vulnerability of dopaminergic cells to dopamine and rotenone. 
Neurobiol Dis 91:247–261. https:// doi. org/ 10. 1016/j. nbd. 2016. 
03. 015

 65. von Rotz RC, Kohli BM, Bosset J, Meier M, Suzuki T, Nitsch 
RM et al (2004) The APP intracellular domain forms nuclear 
multiprotein complexes and regulates the transcription of its own 
precursor. J Cell Sci 117:4435–4448. https:// doi. org/ 10. 1242/ jcs. 
01323

https://doi.org/10.3389/fgene.2014.00311
https://doi.org/10.1016/j.neurobiolaging.2018.10.026
https://doi.org/10.1016/j.neurobiolaging.2018.10.026
https://doi.org/10.15252/embj.2019103791
https://doi.org/10.1007/978-3-319-17344-3_3
https://doi.org/10.1007/978-3-319-17344-3_3
https://doi.org/10.1016/j.bbapap.2012.07.017
https://doi.org/10.1371/journal.pone.0120213
https://doi.org/10.1038/s41419-018-1123-7
https://doi.org/10.1111/j.1471-4159.2011.07475.x
https://doi.org/10.1111/j.1471-4159.2011.07475.x
https://doi.org/10.1111/j.1582-4934.2009.00892.x
https://doi.org/10.1096/fj.10-157230
https://doi.org/10.15252/embj.201796797
https://doi.org/10.15252/embj.201796797
https://doi.org/10.1111/bph.14585
https://doi.org/10.1111/bph.14585
https://doi.org/10.1007/s13311-019-00737-0
https://doi.org/10.1007/s00018-003-3018-7
https://doi.org/10.1242/jcs.242917
https://doi.org/10.1016/j.jalz.2019.09.002
https://doi.org/10.1016/j.jalz.2019.09.002
https://doi.org/10.1093/hmg/ddab054
https://doi.org/10.4061/2011/603052
https://doi.org/10.4061/2011/603052
https://doi.org/10.1038/nn.3697
https://doi.org/10.1016/j.mcn.2012.07.011
https://doi.org/10.1016/j.neurobiolaging.2015.10.040
https://doi.org/10.1016/j.neurobiolaging.2015.10.040
https://doi.org/10.15252/embj.2019104105
https://doi.org/10.15252/embj.2019104105
https://doi.org/10.1523/JNEUROSCI.2986-11.2011
https://doi.org/10.1523/JNEUROSCI.2986-11.2011
https://doi.org/10.1038/s41418-019-0345-2
https://doi.org/10.1038/s41418-019-0345-2
https://doi.org/10.1016/j.molcel.2018.01.026
https://doi.org/10.1007/s00401-020-02234-7
https://doi.org/10.1007/s00401-020-02234-7
https://doi.org/10.1016/j.nbd.2016.03.015
https://doi.org/10.1016/j.nbd.2016.03.015
https://doi.org/10.1242/jcs.01323
https://doi.org/10.1242/jcs.01323


938 Acta Neuropathologica (2022) 144:911–938

1 3

 66. Wang LJ, Hsu T, Lin HL, Fu CY (2020) Drosophila MICOS 
knockdown impairs mitochondrial structure and function and 
promotes mitophagy in muscle tissue. Biol Open. https:// doi. org/ 
10. 1242/ bio. 054262

 67. Wang X, Su B, Fujioka H, Zhu X (2008) Dynamin-like protein 1 
reduction underlies mitochondrial morphology and distribution 
abnormalities in fibroblasts from sporadic Alzheimer’s disease 
patients. Am J Pathol 173:470–482

 68. Wang Y, Wu F, Pan H, Zheng W, Feng C, Wang Y et al (2016) 
Lost region in amyloid precursor protein (APP) through TALEN-
mediated genome editing alters mitochondrial morphology. Sci 
Rep 6:1–11

 69. Weidling IW, Swerdlow RH (2020) Mitochondria in Alzheimer’s 
disease and their potential role in Alzheimer’s proteostasis. Exp 
Neurol 330:113321. https:// doi. org/ 10. 1016/j. expne urol. 2020. 
113321

 70. Wieckowski MR, Giorgi C, Lebiedzinska M, Duszynski J, Pinton 
P (2009) Isolation of mitochondria-associated membranes and 
mitochondria from animal tissues and cells. Nat Protoc 4:1582–
1590. https:// doi. org/ 10. 1038/ nprot. 2009. 151

 71. Wilkins HM, Swerdlow RH (2017) Amyloid precursor protein 
processing and bioenergetics. Brain Res Bull 133:71–79. https:// 
doi. org/ 10. 1016/j. brain resbu ll. 2016. 08. 009

 72. Xu P, Chang JC, Zhou X, Wang W, Bamkole M, Wong E et al 
(2021) GSAP regulates lipid homeostasis and mitochondrial func-
tion associated with Alzheimer’s disease. J Exp Med. https:// doi. 
org/ 10. 1084/ jem. 20202 446

 73. Yang RF, Sun LH, Zhang R, Zhang Y, Luo YX, Zheng W et al 
(2015) Suppression of Mic60 compromises mitochondrial tran-
scription and oxidative phosphorylation. Sci Rep 5:7990. https:// 
doi. org/ 10. 1038/ srep0 7990

 74. Yao Y, Kang SS, Xia Y, Wang ZH, Liu X, Muller T et al (2021) A 
delta-secretase-truncated APP fragment activates CEBPB, medi-
ating Alzheimer’s disease pathologies. Brain 144:1833–1852. 
https:// doi. org/ 10. 1093/ brain/ awab0 62

 75. Zhang Q, Ma C, Gearing M, Wang PG, Chin LS, Li L (2018) 
Integrated proteomics and network analysis identifies protein hubs 
and network alterations in Alzheimer’s disease. Acta Neuropathol 
Commun 6:19. https:// doi. org/ 10. 1186/ s40478- 018- 0524-2

 76. Zhao Y, Hu D, Wang R, Sun X, Ropelewski P, Hubler Z et al 
(2022) ATAD3A oligomerization promotes neuropathology and 
cognitive deficits in Alzheimer’s disease models. Nat Commun 
13:1121. https:// doi. org/ 10. 1038/ s41467- 022- 28769-9

 77. Zhao Y, Sun X, Hu D, Prosdocimo DA, Hoppel C, Jain MK 
et al (2019) ATAD3A oligomerization causes neurodegenera-
tion by coupling mitochondrial fragmentation and bioenerget-
ics defects. Nat Commun 10:1371. https:// doi. org/ 10. 1038/ 
s41467- 019- 09291-x

 78. Zhou M, Zheng C, Xu R (2020) Combining phenome-driven 
drug-target interaction prediction with patients’ electronic health 
records-based clinical corroboration toward drug discovery. Bio-
informatics 36:i436–i444. https:// doi. org/ 10. 1093/ bioin forma tics/ 
btaa4 51

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1242/bio.054262
https://doi.org/10.1242/bio.054262
https://doi.org/10.1016/j.expneurol.2020.113321
https://doi.org/10.1016/j.expneurol.2020.113321
https://doi.org/10.1038/nprot.2009.151
https://doi.org/10.1016/j.brainresbull.2016.08.009
https://doi.org/10.1016/j.brainresbull.2016.08.009
https://doi.org/10.1084/jem.20202446
https://doi.org/10.1084/jem.20202446
https://doi.org/10.1038/srep07990
https://doi.org/10.1038/srep07990
https://doi.org/10.1093/brain/awab062
https://doi.org/10.1186/s40478-018-0524-2
https://doi.org/10.1038/s41467-022-28769-9
https://doi.org/10.1038/s41467-019-09291-x
https://doi.org/10.1038/s41467-019-09291-x
https://doi.org/10.1093/bioinformatics/btaa451
https://doi.org/10.1093/bioinformatics/btaa451

	A CHCHD6–APP axis connects amyloid and mitochondrial pathology in Alzheimer’s disease
	Abstract
	Introduction
	Methods
	Reagents and antibodies
	Cell culture
	Constructs and transfection
	CHCHD6 KO by CRISPR-Cas9
	Preparation of oligomeric Aβ1–42
	Animal model of AD
	Stereotaxic injection
	Behavioral analysis
	Y-maze test
	Barnes maze test

	Preparation of total lysates
	Isolation of mitochondria-enriched fractionations
	Mitochondrial sub-compartmental fractionation
	Western blotting
	SDS-PAGE
	BN-PAGE

	Total RNA isolation and real-time quantitative RT-PCR
	Immunofluorescence
	MMP measurements
	Measurement of mitochondrial respiratory capacity
	Determination of total ATP level
	Measurement of cell viability
	RNA-Seq and bioinformatics
	Total cholesterol measurements by ELISA
	In situ proximity ligation assay (PLA)
	Luciferase assay
	Chromatin immunoprecipitation (ChIP)
	Immunoprecipitation
	Human postmortem brain samples
	Computational analysis on the relevance of CHCHD6 with AD
	Network construction
	Network prioritization
	Quantification and statistical analysis

	Results
	Decreased CHCHD6 in AD models is specifically associated with MICOS loss
	CHCHD6 and APP physically stabilize one another, and loss of CHCHD6 promotes aberrant APP processing
	The APP processing product AICD binds CHCHD6 promoter and inhibits CHCHD6 transcription
	CHCHD6 deficiency induces mitochondrial damage and cell death
	CHCHD6 deficiency induces neuronal cholesterol accumulation in AD models
	Decreased CHCHD6 accelerates cognitive deficits and AD pathology in APPNL−F KI mice
	Compensation for loss of CHCHD6 reduces neuropathology and cognitive deficits in APPNL−G−F KI mice

	Discussion
	Acknowledgements 
	References




