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Abstract

Aim: Oxidative stress and NAD+/NADH imbalance caused by alterations in reactive oxygen species (ROS) and
NAD(H) metabolism are pathological features associated with normal aging and age-related diseases including
Alzheimer's disease (AD). How abnormalities in ROS and NAD(H) metabolism occur under these pathological
conditions is not well understood, nor is it known whether they are mechanistically linked and can be
therapeutically targeted together. The aim of this study is to identify the cause of aberrant ROS and NAD(H)
metabolism and test its role in the pathogenesis of AD.

Methods: Reverse electron transport (RET) along mitochondrial complex | can occur under certain thermodynamic
conditions, leading to excessive ROS generation and NAD" conversion to NADH, and thus lowered NAD"/NADH
ratio. Brain samples from AD patients and mouse AD models were used to assess the status of RET by measuring
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ROS and NAD'/NADH ratio in brain lysates and purified mitochondria respiring under RET conditions. A small
molecule RET inhibitor was used to treat APP(swe)/PS1(deltaE9) and 5xFAD mouse models and human induced
pluripotent stem cell (iPSC)-derived neuronal model of AD. Effects on behavior and AD-related neuropathology
were examined. The biochemical mechanism underlying RET alteration was examined by protein-protein
interaction studies.

Results: RET is aberrantly activated in transgenic AD mouse brains and in individuals with AD. Pharmacological
inhibition of RET reduced amyloid burden and neuroinflammation and rescued cognitive and behavioral deficits in
the APP(swe)/PS1(deltaE9) and 5xFAD mouse models. In human AD iPSC-derived neurons, RET inhibition
reduced amyloid aggregation, tau hyperphosphorylation, and early endosomal defects. Mechanistically, the
AD-associated amyloid precursor protein C-terminal fragment (APP.C99) was found to interact with complex |
proteins to promote RET.

Conclusion: RET is aberrantly activated in AD, causing altered ROS and NAD'/NADH metabolism.
Pharmacological inhibition of RET is beneficial in mouse and human iPSC models of AD. RET activation represents
a key pathological driver and a rational therapeutic target for AD and possibly other age-related neurodegenerative
diseases.

Keywords: Mitochondria, reactive oxygen species, NAD"/NADH, reverse electron transport, Alzheimer's disease,
mouse models

INTRODUCTION

Oxidative stress due to increased reactive oxygen species (ROS) production"* and metabolic derailment
due to altered NAD*/NADH ratio or lowered NAD' pool” are pathological features associated with
normal biological aging and age-related diseases. Therapeutic interventions targeting ROS and NAD"/
NADH metabolism individually have been tried in the context of aging and age-related diseases, but with
mixed results"”", highlighting the importance of in-depth understanding of the sources and
pathophysiology of ROS and NAD/NADH metabolism. The mechanisms by which the increased ROS
production and decreased NAD*/NADH ratio occur are not well understood, and it is not known if these
two processes are connected mechanistically and therefore can be therapeutically targeted together.
Mitochondria have long been recognized as a major source of ROS during aging and age-related diseases'”
and a leading cause of aging based on the free radical theory"”. Recent studies indicate that the role of ROS
in aging and age-related diseases is likely to be complex and multifaceted, with the sites and levels of ROS
generation having a significant influence on the outcome'”'"*. It is generally assumed that transient and
moderate levels of ROS may serve physiological roles such as stress adaptation and synaptic signaling,
whereas prolonged and elevated ROS production can be detrimental. Along the electron transport chain,
complex I and complex III have been identified as key sites of ROS generation"**". In certain tissues and
under certain respiration conditions, complex I has been shown to be the major site of ROS production”"*.
Although both beneficial and detrimental effects have been attributed to complex I-generated ROS", in
general, longevity is associated with a low rate of ROS generation™.

Mitochondria are also critically involved in NADH/NAD" metabolism. The central roles of NAD" and
NADH in the TCA cycle and electron transport chain (ETC) underscore the importance of balanced NAD"/
NADH to mitochondrial well-being”. Beyond this metabolic function, NAD* critically regulates the
activities of NAD'-consuming enzymes, including Sirtuins and poly-ADP-ribose polymerases, which have
been implicated in aging and age-related diseases”***”. NAD"/Sirtuin signaling modulates longevity through
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the activation of mitochondrial stress responses such as the unfolded protein response (UPR™) and the
nuclear translocation and activation of Foxo"*, linking mitochondrial metabolism and stress signaling with
longevity. NAD" level declines with age, and replenishing NAD" with precursors offers certain beneficial
effects towards aging and age-related disease®”, but the long-term health benefits of NAD" precursor
supplementation remain to be tested. Although CD38/157 ectoenzymes have been implicated in NAD*
degradation during aging®, the causes of NAD" level decline during age are incompletely delineated and
other mechanisms remain to be identified.

Under certain thermodynamic conditions, reverse electron transport (RET) along mitochondrial complex I
can occur™, resulting in NAD* conversion to NADH and thus reduced NAD*/NADH ratio and excessive
ROS generation™ . RET is considered a major source of mitochondrial ROS production. While the
physiological function of RET remains to be deciphered”™, deregulation of RET has been linked to
pathological conditions, e.g., ischemia-reperfusion injury during stroke"™ and cancer™. Given that RET
influences ROS and NAD*/NADH ratio, two parameters intimately linked to aging and age-related diseases,
deregulation of RET is potentially a driver of these pathological conditions. Indeed, simultaneous
restoration of tissue ROS and NAD*/NADH homeostasis by inhibition of RET has been explored in the
context of aging and age-related diseases and shown to be beneficial in Drosophila models™*". Whether
RET is altered in human disease conditions and the in vivo efficacy of RET manipulation in mammalian
models of age-related neurodegenerative diseases such as AD are important questions that remain to be
tested. CPT2008, 6-chloro-3-(2,4-dichloro-5-methoxyphenyl)-2-mecapto-7-methoxyquinazolin-4(3H)-one
(CPT) is a small molecule belonging to the quinazolinone family that was identified as a specific and potent
inhibitor of RET™. CPT binds to mitochondrial complex I and alters protein-protein interactions within
complex I that are involved in RET (e.g., NDUFS3-NDUFV1 interaction). CPT also interferes with the
action of certain non-ETC proteins that are recruited to complex I to promote RET (e.g., Notch in cancer
settings)>**. In this study, we tested the therapeutic effect of simultaneous restoration of tissue ROS and
NAD'/NADH homeostasis through CPT treatment in mouse transgenic models and human iPSC-derived
neuron models of AD. We also explored the mechanism of RET deregulation in AD models and tested if
RET deregulation occurs in human AD patient samples.

MATERIALS AND METHODS

Animals

The following flies were obtained from the Bloomington Drosophila Stock Center: white (3605), elav-GAL4
(8765), UAS-APP.C99 (33783), UAS-APP;UAS-BACE (33798). The sources of the other fly stocks are as
follows: Dr. Troy. Littleton (MHC-GAL4). The indicated UAS RNAi and OE fly lines were crossed to
Mhc-Gal4 or elav-Gal4 driver lines for muscle or pan-neuronal expression, respectively. Fly culture and
crosses were performed according to standard procedures. Adult flies were generally raised at 25 °C and
with 12/12 h dark/light cycles. Fly food was prepared with a standard recipe (Water, 17 L; Agar, 93 g;
Cornmeal, 1,716 g; Brewer’s yeast extract, 310 g; Sucrose, 517 g; Dextrose, 1,033 g).

All procedures related to the handling, care, and treatment of mice in this study were performed according
to guidelines approved by the Institutional Animal Care and Use Committees (IACUC) of Pharmaron and
Stanford University following the guidance of the Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC). The APP(swe)/PS1(delta E9) (2xTg) mice were purchased from SPF
Biotechnology Co., Ltd. Twenty-four female mice at 7 months of age were used in the study performed at
Pharmaron. Animals were quarantined for 7 days before the study. The general health of the animals was
evaluated by a veterinarian, and complete health checks were performed. The animals were kept in an IVC
environment at constant temperature and humidity with 3 animals in each cage. Animals were housed in



Page 4 of 23 Rimal et al. Ageing Neur Dis 2024;4:4 | https://dx.doi.org/10.20517/and.2024.07

well-ventilated rooms maintained at a temperature of 22 + 3 °C and relative humidity of 40%-80%.
Fluorescent lighting provided illumination for approximately 12 h per day. The bedding material was corn
cob, which was changed once per week. Each animal was assigned an identification number. Animals had
free access to irradiation sterilized dry granule food (Beijing Keaoxieli Feed Co., Ltd., Beijing, China) during
the entire study period. Sterile drinking water in a bottle was available to all animals ad libitum during the
quarantine and study periods. The bottle and the stopper with attached sipper tube were autoclaved prior to
use. Samples of water from the animal facility were analyzed and the results of water analysis were retained
in the facility records and reviewed by the veterinarians. Based on body weight, APP/PS1 mice were
randomly assigned to two groups. The G1 (vehicle) group (n = 12) was dosed once daily with vehicle at
4 mL/kg by oral gavage. The G2 (treatment) group (n = 12) was dosed once daily with CPT (25 mg/mL) at
4 mL/kg by oral gavage. Body weights of all animals were recorded twice weekly during the study. Cage side
observation was recorded for animals twice weekly.

5xFAD mice [B6SJL-Tg(APPSwFILon,PSEN1*M146L*L286V)6799Vas/Mmjax; Strain#034840-JAX] were
ordered from Jackson Laboratory. After the mice were received from the vendor, they were kept in the
animal facility of Stanford University School of Medicine and bred to wild-type mice to obtain enough
animals for the planned experiments. Animals were housed in groups of up to 3 per cage and maintained as
colonies at the Stanford University Animal Facility. Food and water were available ad libitum, and the cage
contained shredded paper bedding as standard housing. Animals were kept on a 12-h light/dark cycle (lights
on at 6:00 h), and the room temperature was controlled via a thermostat set at 21 °C. No obvious differences
between male and female mice were observed and we used both male and female mice for the present
studies. All animal experiments were performed in accordance with the protocols approved by the
Administrative Panel on Laboratory Animal Care (APLAC) at Stanford University and comply with all
regulations for the ethical conduct of animal research. For the CPT treatment of 5xFAD mice, 6-month-old
animals equally divided into two groups based on sex and body weight (n = 10 in each group) were treated
with vehicle or CPT at a dose of 50 mg/kg body weight, by daily i.p. injection for 2 months. In a subset of
studies, 9-month-old 5xFAD animals were treated with vehicle or CPT for 2 weeks before tissue collection
for RET analysis.

Pharmacokinetic studies

Plasma collection

Whole blood was collected into 1.5 mL EDTA anticoagulant centrifuge tubes and centrifuged at 4,000 g for
5 min at 4 °C to separate the plasma at 1 h post dosing. All samples were stored at -80 °C and later used for
pharmacokinetics (PK) and ROS and NAD*/NADH measurements.

The desired serial concentrations of working solutions were achieved by diluting the stock solution of
analyte with 50% acetonitrile in water solution. 5 pL of working solutions (1, 2, 4, 10, 20, 100, 200, 1,000,
2,000 ng/mL) were added to 10 uL of the blank female C57 mouse plasma to achieve calibration standards of
0.5~1,000 ng/mL (0.5, 1, 2, 5, 10, 50, 100, 500, 1,000 ng/mL) in a total volume of 15 pL. Five quality control
samples at 1, 2, 5, 100 and 800 ng/mL for plasma were prepared independently of those used for the
calibration curves. These QC samples were prepared on the day of analysis in the same way as calibration
standards. 15 pL standards, 15 uL. QC samples, and 15 pL test samples (10 pL plasma + 5 pL blank solution)
were each added to 200 uL of acetonitrile containing IS mixture for protein precipitation. Then, the samples
were vortexed for 30 s. After centrifugation at 4 °C, 4,000 rpm for 15 min, the supernatant was diluted
3 times with water. 20 uL of diluted supernatant was injected into the LC/MS/MS system for quantitative
analysis.
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Tissue collection

Heart, liver, uterus, lung, kidney and tail were collected and transferred to -80 °C freezer. Brain samples of
all animals were collected and divided into two hemispheres. Brain samples of G1-2 (n = 3) and G2-2 (n = 3)
were snapped in N2 and fixed in 10% neutral buffered formalin for IHC or IF staining, and the remaining
samples were transferred to the -80 °C freezer.

The liver, kidney, heart, lung, and brain samples were added with water by tissue weight (g) to 50%
methanol 50% water volume (mL) ratio 1:5 for homogenizing. The uterus samples were added with water by
uterus weight (g) to 50% methanol 50% water volume (mL) ratio 1:9 for homogenizing. The desired serial
concentrations of working solutions were achieved by diluting the stock solution of the analyte with 50%
acetonitrile in water solution. 15 pL of working solutions (1, 2, 4, 10, 20, 100, 200, 1,000, 2,000 ng/mL) were
added to 30 pL of the blank female C57 Mouse tissue homogenate to achieve calibration standards of
0.5~1,000 ng/mL (0.5, 1, 2, 5, 10, 50, 100, 500, 1,000 ng/mL) in a total volume of 45 pL. Five quality control
samples at 1, 2, 5, 100, and 800 ng/mL for tissue homogenate were prepared independently of those used for
the calibration curves. These QC samples were prepared on the day of analysis in the same way as
calibration standards. 45 pL standards, 45 uL. QC samples, and 45 pL. unknown samples (30 pL tissue
homogenate with 15 pL blank solution) were each added to 200 pL of acetonitrile containing IS mixture for
protein precipitation. Then, the samples were vortexed for 30 s. After centrifugation at 4 °C, 4,000 rpm for
15 min, the supernatant was diluted 3 times with water. 20 pL of diluted supernatant was injected into the
LC/MS/MS system for quantitative analysis of kidney, heart, and lung samples. 10 uL of diluted supernatant
was injected into the LC/MS/MS system for quantitative analysis of liver, brain, and uterus samples.

Behavioral studies

The behavioral assays were performed in the order described below, with one-week interval between the
first three assays - Morris water maze, Y maze, and passive avoidance, and two-day interval between the
remaining tests, to avoid assay related stress on behavioral outcome.

Morris water maze test

The Morris water maze pool was conceptually divided into quadrants. A transparent platform was then
placed in one of the pool quadrants and submerged 1 cm below the water surface at 22 + 2 °C. Mice were
given four training trials per session per day in the presence of the platform during training. Each mouse
was placed at one of the starting points facing the wall and released into the pool. The escape latency was
recorded from the starting point to the point of finding the hidden platform and analyzed using video
recording. If the mouse failed to find the platform within 60 s, the escape latency was recorded as 60 s. Each
mouse was manually guided to the platform to strengthen memory for 20 s. The spatial probe test was
carried out on the 8th day. During the probe trial, the underwater platform was removed, and each mouse
was allowed to swim freely for 60 s. The times of platform crossing, latency to the platform, average
swimming speed and distance in the target quadrant were recorded for 30 and 60 s and analyzed by using
the XR-Supermaze software.

Y maze test

Each mouse was placed at the center of the Y maze apparatus and allowed to move freely through the maze
during an 8-min session. The number of arm entries was videotaped via the Hikvision video system.
Alternation was defined as successive entry into the three arms on overlapping triplet sets. The alternation
behavior (%) was calculated as the ratio of actual alternations to possible alternations (defined as the
number of arm entries minus two) multiplied by 100.
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Passive avoidance test

Passive avoidance consisted of a training trial on the first day and a retention test 24 h later. On the training
day, each mouse was placed in the illuminated compartment, with the door between the two chambers kept
open. After an acclimation period of 300 s, the mouse was taken out of the chamber and put back into the
illuminated compartment. An electrical stimulation of 0.5 mA for 3 s to the feet was followed when the
mouse entered the non-illuminated compartment. After 24 h, the mouse was put in the illuminated
compartment and the time required for the mouse to enter the non-illuminated compartment after the door
had been opened was defined as the latency. The latencies were recorded for up to 300 s by using the XR-
Superpas software.

Hindlimb clasping test

The mice were removed from their cage and suspended by the tail for 5-10 s. The hind limb clasping
phenotype was scored on a scale from 0-4 and then assigned a score based on the following criteria. Score 0:
No limb clasping. Normal escape extension. Score 1: One hind limb exhibits incomplete splay and loss of
mobility. Toes exhibit normal splay. Score 2: Both hind limbs exhibit incomplete splay and loss of mobility.
Toes exhibit normal splay. Score 3: Both hind limbs exhibit clasping with curled toes and immobility. Score
4: Forelimbs and hind limbs exhibit clasping and are crossed, curled toes and immobility. All mice were
scored by two independent investigators. Any mouse where the two scores differ by more than 1 point was
rescored.

Elevated plus maze test

On the day of testing, each mouse was placed individually on the central square of the maze, facing the open
arm, and allowed to explore the apparatus for 5 min. The entries into open and closed arms and the time
spent on these arms were videotaped and analyzed using the XR-Xmaze software. The degree of anxiety was
assessed by calculating the ratio between the number of entries into the open and closed arms, and the ratio
between the time spent on open and closed arms.

Open field test

Each mouse was placed singly into the center of the apparatus and allowed to explore for 5 min. The time,
number, distance traveled, and average speed of entries into the central zone of the apparatus were all
recorded and analyzed automatically. The duration of movement in the out ring and the total distance were
tracked and analyzed using the XR-Xmaze software. The number of fecal particles was recorded after each
test.

Grip strength test

During this test, the mouse gripped onto a metal grid with four limbs. The grid was attached to a force
transducer that measured the pulling force achieved. Subjects were firmly pulled horizontally away from the
grid (parallel to the bench) for 3 to 5 consecutive trials with a brief (approximately 30 s) rest period on the
bench between trials.

Balance beam test

The beam-walking protocol consisted of 2 consecutive training days and 1 test day. The apparatus was
elevated approximately 50 cm off a table surface. Testing was performed in a dark room with a single light
directed at the start position of the beam to encourage crossing to the goal box. Mice ran at approximately
the same time every day and were habituated to the behavior room for about 15 min prior to the start of
training. At the start of the first trial of each day, a mouse was placed into the goal box for approximately
20 s to become familiar before beginning the first trial. After familiarization with the goal box, the mouse
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was brought to the starting end of the beam and placed with the nose right behind the “start” line. Beam
walk training (using the 15 mm square beam) consisted of 3 trials per day, with a maximum of 60 s allowed
for an animal to cross. A foot slip was defined as a hind leg and paw coming completely off the beam in a
fast downward sweeping motion. Animals that successfully crossed the beam were left in the goal box for
approximately 15 s while the beam was wiped clean with a 75% ethanol solution. The goal platform was
cleaned with the ethanol solution after each trial and between animals. On the test day, a 10 mm square
beam was used with 3 trials, and hind paw foot slips and time(s) to cross the beam were recorded.

Necropsy
The animals were sacrificed for necropsy at 1 h post dosing and any abnormalities were recorded on a
necropsy worksheet by a certified pathologist.

Mitochondrial purification

Intact mitochondria from in vitro human cells and animal or human tissues were purified and quality
controlled for the absence of contamination by other organelles according to established procedures. For
analysis of fly samples, male flies at appropriate ages were used for thoracic muscle dissection. Samples were
homogenized using a Dounce homogenizer. After two steps of centrifugation (1,500 g for 5 min and
13,000 g for 17 min), the mitochondria pellet was resuspended and washed twice with HBS buffer (5 mM
HEPES, 70 mM sucrose, 210 mM mannitol, 1 mM EGTA, 1x protease inhibitor cocktail), then resuspended
and loaded onto Percoll gradients. After centrifugation (16,700 rpm, 15 min, Beckman SW-40Ti rotor), the
fraction between the 22% and 50% Percoll gradients containing intact mitochondria was carefully
transferred into a new reaction tube, mixed with 2 volumes of HBS buffer, and pelleted by centrifuging at
20,000 g for 20 min at 4 °C to collect the mitochondrial samples for further analyses.

Mitochondrial ROS and NAD*/NADH measurements

NAD'/NADH was measured essentially as described, using an NAD'/NADH quantification colorimetric kit
according to the manufacturer’s instructions (AAT Bioquest #15273). Briefly, cell pellets or tissue samples
were lysed using the lysis buffer for 15 min at 4 °C and lysates were collected after centrifugation at 12,000 g
for 15 min. For the measurement of total NAD" amount, NAD extraction solution into the lysates was
added and incubated at 37 °C for 15 min; thereafter, neutralization solution was added to neutralize the
NAD extracts. Absorbance was monitored at 460 nm after adding NAD/NADH working solution and 1 h
incubation at room temperature with protection from light. To measure the total NAD" and NADH
amount, control extraction solution was added to the lysates and incubated at 37 °C for 15 min; thereafter,
again, control extraction solution was added. Absorbance was monitored at 460 nm after adding NAD/
NADH working solution and 1 h incubation at room temperature with protection from light. The ratio of
NAD'/NADH was determined by the following equation: ratio = NAD (total) - NADH/NADH. Each
experiment was performed at least 3 times.

Mitochondrial ROS was determined by monitoring the oxidation of Amplex Red by H,O, in the presence of
horseradish peroxidase. Isolated mitochondria were incubated in an assay medium (125 mM KCL, 20 mM
HEPES, 2 mM K,HPO,, 1 mM MgCl,, 0.1 mM EGTA, 0.025% BSA). Assays were performed according to
instructions from the manufacture (Amplex™ Red Hydrogen Peroxide/Peroxidase Assay Kit, Catalog
number: A22188, Invitrogen).

In vitro RET and forward electron transport assays

Isolated mitochondria were incubated in an assay medium (125 mM KCl, 20 mM HEPES, 2 mM K,HPO,,
1 mM MgCl,, 0.1 mM EGTA, 0.025% BSA, pH7.0). To induce forward electron transport (FET), 2.5 mM
malate and 2.5 mM glutamate were supplemented as substrates. To induce RET, 5 mM succinate and
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1 ug/mL oligomycin were supplemented into the mitochondrial samples. To more closely mimic in vivo
conditions where mitochondria are likely to be in state 3 or nearly state 3 respiration in the presence of
ADP, FET or RET-derived ROS generation and NAD'/NADH ratio change were also examined in the
presence of ADP (phosphorylating condition). 1 uM Amplex Red and 5U/mL horseradish peroxidase were
added to the reaction media, followed by the addition of CPT. Finally, fluorescence was recorded at
excitation 560 and emission 590 nm. MMP was examined using 100 mM TMRM and fluorescence was
recorded at 535 nm excitation and 600 nm emission. To demonstrate the specificity of TMRM fluorescence
signals as an indicator of MMP, CCCP (20 pM) was added to depolarize MMP and then TMRM signals
were measured.

The effects of complex I inhibitor rotenone and succinate dehydrogenase inhibitor dimethyl malonate
(DMM) were examined under FET or RET induction conditions. To block FET, 1 uM rotenone was used
while 25 nM rotenone was used to block RET. 1 mM DMM was supplemented in the FET or RET
conditions.

Succinate assay: mitochondria succinate level was measured using a succinate assay/measurement kit
(abcam-ab204718) according to the manufacturer’s instructions.

Immunofluorescence staining

Animals were sacrificed by cervical dislocation and subsequently half of the brain tissues were harvested,
followed by storing in 4% formalin (Sigma) for 24 h. Tissues were then moved into 10% sucrose 24 h and
20% sucrose 24 h, respectively. After processing, tissues were embedded with OCT. Ten-micrometer
sections were fixed in cold acetone for 10 min, and then air-dried at room temperature for 1 h. To remove
OCT, slides were placed in 1XPBS wash buffer for 10 min, followed by processing with 0.3% PBST. After
washing with 1XPBS, excess wash buffer was wiped off from slides without drying sections. Tissues were
blocked in 5% goat serum for 1 h at room temperature, followed by incubation with primary antibodies for
6E10 (#803001, Bio Legend; 1:500), IBA-1 (NBP2-19019, NOVUS; 1:500), MOAB2 (NBP2-13075, NOVUS;
1:200), C3 (ab97462, abcam; 1:500) and GFAP (mAb #3670, Cell Signaling; 1:200) overnight at 4 °C. Samples
were rinsed in wash buffer for 5 min. After wiping off excess buffer, we incubated samples with secondary
antibodies (conjugated to fluorophores) in the dark for 2 h at room temperature. After washing with PBS
3 times, samples were ready for mounting with mounting media. Images were taken using a Leica SP8
microscope. Tissue sections from the same brain regions and positions were used for immunostaining and
comparison.

Western blotting and immunoprecipitation

Around five fly thoraces were homogenized in 75 pL of regular lysis buffer (50 mM Tris-HCI, 150 mM
NaCl, 1% Triton X100, protease inhibitors) or Urea lysis buffer (6 M Urea, 50 mM Tris-HCI, 150 mM NaCl,
0.1% Triton X100, protease inhibitors) on ice. Samples were homogenized using a hand-held mechanical
homogenizer for 30 secs. The homogenized samples were incubated on ice for 30 min before centrifuging at
15,000 rpm for 20 min at 4 °C. 30 pL of supernatant was mixed with 10 uL of 4x Laemmli sample buffer
(BioRad #161-0747) and boiled for 5 min at 100 °C. The protein lysate was cooled, centrifuged, and loaded
onto 4%-12% Bis-Tris gel (Invitrogen #NP0321) or 16% Tricine gel (Invitrogen #EC66955) with 1x MES
(Invitrogen #NP0002) as running buffer.

Co-immunoprecipitation assays for detecting the effect of aging and drug treatment on protein-protein
interaction between C-I proteins were performed essentially following a protocol described before. Briefly,
cell pellets or tissue samples were homogenized in the lysis buffer [50 mM Tris-HCI, pH7.4, 150 mM NaCl,
5 mM EDTA, 10% glycerol, 1% Triton X-100, 0.1mg/mL cycloheximide, 1x RNase inhibitor, and Complete
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protease inhibitor cocktail (cat#: B14012, Bimake)], and additional Phosphatase Inhibitor Cocktail (cat#:
B15001, Bimake) will be applied if phosphorylation signal is to be detected. After centrifugation at 10,000 g
for 5 min, the supernatant was subjected to immunoprecipitation using the indicated primary antibodies, or
affinity gels at 4 °C for 6 h with gentle shaking. In general, 500 pg of total protein was used for co-
immunoprecipitation assays. Subsequently, protein A-Sepharose beads were added to the mixture and
incubated at 4 °C for 2 h with gentle shaking. The Sepharose beads were washed three times (10 min each)
at 4 °C in lysis buffer, mixed with 2x SDS Sample buffer, and loaded onto SDS-PAGE gels for western blot
analysis. In general, 1/5 of the immunoprecipitated samples were loaded for western blot analysis. The
primary antibodies used were: 6E10 (#¥803001, BioLegend; 1:1,000), NDUFS3 (ab110246, abcam; 1:1,000),
NDUFV1 (gift from Dr. Edward; 1:1,000) and NDUFV2 (gift from Dr. Edward; 1:1,000), actin (Cat#66009-
1-Ig, Proteintech; 1:1,000).

iPSC studies

AD iPSC cell lines (UCSD239i-APP2-1 and UCSD234i-SAD2-3) were obtained from WiCell Research
Resources (Wicell, WI). UCSD239i-APP2-1 contains duplication of the APP gene. UCSD234i-SAD2-3 is
derived from a sporadic AD patient. Normal human ESCs (H1) were gifts from Dr. Marius Wernig at the
Department of Pathology, Stanford University School of Medicine. H1 ESCs and AD iPSCs were
differentiated according to a protocol previously described”. Briefly, ESCs and iPSCs were treated with
Accutase and plated as dissociated cells on Matrigel-coated plates using mTeSR1 supplemented with ROCK
inhibitor. The next day, cells were transfected with TetO inducible NGN2 lentivirus using polybrene
(8 pg/mL, Sigma). The following day, culture medium was replaced with N2 containing Doxycycline
(2 pg/mL) with subsequent puromycin selection (2 pg/mL). After puromycin selection, ESCs and iPSCs
were allowed to differentiate into neurons by retaining them in N2 medium with daily medium changes for
10 days. Differentiated neurons were subsequently treated with CPT (2 uM) for 1 h and processed for ROS
(CM-H2DCFDA) measurements or treated with CPT (2 uM) for 12 h and processed for NAD*/NADH
measurements.

For immunostaining, cells were washed with PBS, fixed with 4% paraformaldehyde for 15 min, and
permeabilized with 0.5% Triton X-100 in PBS for 15 min. After blocking with 3% BSA for 1 h, cells were
incubated with primary antibodies at 4 °C overnight. The primary antibodies used were: MAP2 (Cat#17490-
1-AP, ProteinTech; 1:500), mOC78 (gift from Dr. Charles Glabe; 1:200), Tau (AHB0042, ThermoFisher;
1:200), CP13 (gift from Dr. Peter Davis; 1:200), and Rabs (Ab31261, Abcam; 1:1,000). Slides were washed
three times with PBST and incubated with fluorescent-dye-conjugated secondary antibodies for 1 h at room
temperature. Nuclei were stained with DAPI (10 pg/mL) for 3 min. Images were acquired using a Leica SP8
confocal microscope.

Human samples

Human tissue samples from patients with AD and controls were provided by the University of California at
San Francisco (UCSF) Neurodegenerative Disease Brain Bank. The genetic backgrounds of AD patients and
control subjects are uncharacterized. Demographic information is provided in Supplementary Table 1.
Informed consent to undergo autopsy was provided by patients and/or their surrogates, following the
principles outlined in the Declaration of Helsinki. Post-mortem brains were freshly cut according to an
interleaved bi-hemispheric coronal slabbing protocol that captures frozen slabs for biochemical/molecular
biological analysis. Regional tissue blocks corresponding to the inferior temporal gyrus and/or middle
frontal gyrus were cut into frozen sections and used in mitochondrial analysis.
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Statistics

Statistical analysis was performed using GraphPad Prism 8 (Windows version 8, GraphPad Software, San
Diego, CA, USA). Student’s t test and one-way ANOVA test with Scheffe’s analysis as a post hoc test for
comparing two sets of data were used in statistical analyses. All data are represented as mean + SEM, with
P < 0.05 considered statistically significant. 'P < 0.05, "P < 0.01, P < 0.001.

RESULTS

Blood-brain-barrier crossing ability of CPT

To test if CPT can cross the blood-brain barrier in mammals, we performed a PK study in rats. We
determined the PK parameters of CPT in the plasma and whole brain of Sprague-Dawley Rats following
intravenous and oral administrations [Figure 1A-C]. The brain penetration ability of CPT was assessed
through the whole brain PK parameters. Blood samples were collected at 5 min, 15 min, 30 min, 1 h, 2 h,
4h, 8 h, and 24 h of post dosing. Based on the mean plasma concentration at each time point, the half-life of
CPT was determined to be 4.22 h following intravenous injection at 2 mg/kg. In the oral group at 10 mg/kg,
C.x in plasma was 1,611.23 ng/mL obtained at 2 h of post dosing, with the AUC (0-t) and AUC (0-x) being
14,450.15 h-ng/mL and 1,4542.32 h-ng/mL, respectively. Calculated with AUC (0-t), the oral bioavailability
(%F) of CPT in plasma was determined to be 94.55% [Supplementary Table 2]. Based on the mean
concentrations at each time point, the half-life of CPT in brain tissues was estimated to be 6.98 h following
intravenous injection at 2 mg/kg. In the oral group at 10 mg/kg, C,., of 763.17 ng/g in the brain was
obtained at 1 h of post dosing, with the AUC (0-t) and AUC (0-») being 7,171.71 and 7218.07 h-ng/mL,
respectively [Supplementary Table 2]. Calculated with AUC (0-t), the oral bioavailability (%F) in brain was
estimated to be 38.97%, and the mean brain-plasma concentration ratios were in the range from 0.70 to 2.65
in the intravenous injection route and from 0.31 to 0.96 in the oral administration route at different time
points, indicating that CPT could efficiently reach the rodent brain from the blood.

Efficacy of RET inhibition by CPT in the APP(swe)/PS1(deltaE9) (2xTg) mouse model of AD

To test the effect of CPT on the development of AD-related cognitive deficit and neuropathological features
in an in vivo mammalian model, we chose the APP(swe)/PS1(deltaE9) (2xTg) mice. These transgenic mice
were made by co-injecting two vectors encoding mutant APP and mutant PSENT1, respectively. They begin
to develop AB deposits by six months of age, with abundant plaques in the hippocampus and cortex by nine
months"””. Plaques continue to increase up to around 12 months of age”. Neuroinflammation develops in
parallel with plaque deposition, with severe gliosis starting around six months, especially in the vicinity of
plaques™. Behavioral deficits in this mouse model have been reported across cognitive domains, though
severity and timing depend on the specific assays used*. Spatial learning is comparable to non-Tg mice at

41,42]

7 months of age, but impaired at older age as measured by the Morris water maze test'*"*.

Other studies showed that CPT treatment of wild-type animals did not affect cognitive behaviors,
suggesting that CPT does not affect memory acquisition in normal animals®**?. Therefore, in this study,
only 2xTg mice were used to test the therapeutic effect of CPT. Twenty-four 7-month-old 2xTg mice were
randomly assigned to two groups (n = 12/group) based on body weight: G1 (vehicle) and G2 (CPT
treatment). Vehicle and CPT (100 mg/kg) were administered by oral gavage once daily for 4 months. The
100 mg/kg dose was chosen as previous studies showed that CPT was effective at this dose level in mouse
models of neurological disorders”***. Body weights were recorded twice weekly during the study
[Figure 1D]. Although the average body weight of the two groups did not differ significantly through most
of the study, on days 91, 94, 98, 108, 115, and 119, the body weight of CPT-treated G2 group was
significantly higher than that of vehicle-treated G1 group (P < 0.05). No abnormality was seen in either
group by cage-side observation during the study.
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Figure 1. PK analysis of CPT and in vivo efficacy of CPT in the APP(swe)/PS1(deltaE9) 2xTg mouse model of AD. (A-C) Measurements
of the plasma (A), brain (B) concentrations, and brain/plasma ratio (C) of CPT at 5 min, 15 min, 30 min, 1h, 2h, 4h, 8h, 24h of post
dosing with 2 mg/kg IV or 10 mg/kg PO in SD rats; (D) Body weight measurements of G1 (vehicle) and G2 (CPT-treated)
APP(swe)/PS1(deltaE9) mice; (E-G) Latency of G1 (vehicle) and G2 (CPT-treated) APP(swe)/PS1(deltaE9) mice during training
sessions (E) or probe trial (F), and number of platform-crossing during probe trial (G) in Morris water maze assays; (H) Measurement of
duration in open arm, percent of open arm entries, and percent of time in open arm in the elevated plus maze assay of G1 (vehicle) and
G2 (CPT-treated) APP(swe)/PS1(deltaE9) mice; (1) Immunostainings and data quantification showing the effect of CPT treatment on
amyloid plaque load and the number of microglia surrounding amyloid plaque in APP(swe)/PS1(deltaE9) mouse brain sections; (J)
Measurements of NAD'/NADH ratio and H,O, level in whole brain lysates of G1 (vehicle) and G2 (CPT-treated)
APP(swe)/PS1(deltaE9) mice. *P < 0.05, **P < 0.07 in Student's t-test or one-way ANOVA test. PK: Pharmacokinetics; CPT: CPT2008,
6-chloro-3-(2,4-dichloro-5-methoxyphenyl)-2-mecapto-7-methoxyquinazolin-4(3H)-one; AD: Alzheimer's disease.
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At the end of the 4-month treatment, animals were subject to a battery of behavioral tests. In the Morris
water maze test, in which animals were trained to find a hidden platform during the training period, CPT-
treated G2 animals started to show reduced latency to locate the platform on day 5, and the difference
between G1 and G2 became significant on day 8 [Figure 1E]. In the probe trial, the difference between the
two groups in the latency to find the location of the previous hidden platform was significant [Figure 1F].
The number of platform-crossing also showed a trend of increase [Figure 1G], although the average speed
of swimming was comparable between the two groups [Supplementary Figure 1A]. CPT treatment thus
specifically improved spatial learning and memory. The passive avoidance test measures the latency to enter
a “dark” context, in which an aversive stimulus (foot shock) has been previously experienced, using a light-
dark box paradigm. CPT-treated animals showed a trend of increased latency in entering the “dark” box
after one trial, although the difference did not reach statistical significance [Supplementary Figure 1B]. The
elevated plus maze test is used to measure anxiety-like behavior in rodents. This assay is based on mice’s
innate aversion to open spaces, which is manifested as animals spending less time in the open arm and more
time in the enclosed arms of the elevated plus maze. The entries into open and closed arms, and the time
spent on these arms were measured. The percentage of open arm entries, percentage of time spent in open
arms, and duration in open arms were all significantly increased in CPT-treated group [Figure 1H and
Supplementary Figure 1C], suggesting that CPT may exert certain anxiolytic activity. Similarly, in the open
field test, which is also one of the commonly used ethological tests to assess anxiety-like behavior in rodents,
the duration, number of entries, distance traveled, and average speed in the central zone of the apparatus
were measured. The CPT-treated group exhibited a trend of increased duration, number of entries, and
distance traveled in the central zone, whereas the average speed in the central zone was decreased
[Supplementary Figure 1D]. These data again suggest that CPT may exert certain anxiolytic activity. In the
balance beam walking test and grip strength test, no difference between vehicle and CPT-treated groups was
observed [Supplementary Figure 1E and F], suggesting that CPT treatment did not affect locomotor
performance or overall neuromuscular function.

Immunofluorescence staining of frozen brain sections with the 6E10 antibody, which recognizes
monomeric, oligomeric and fibrillar forms of beta amyloid 1-42 peptide*”, and the ionized calcium-binding
adaptor molecule 1 (Iba1) antibody, which recognizes activated microglia*, showed that the total number
of amyloid plaques and Iba1-positive aggregates, and the number of Iba1-positive microglia surrounding
each amyloid plaque were all significantly reduced in the CPT-treated G2 group [Figure 11], indicating that
CPT treatment reduced amyloid burden and amyloid-associated neuroinflammation. Increased ROS
production and decreased NAD*/NADH ratio are two of the main outcomes of RET, which can be reliably
detected at whole tissue lysate level due to the fact that mitochondria are the major sources of these
metabolites®>**. Brain ROS level was significantly decreased and the NAD*/NADH ratio increased in G2
animals [Figure 1J], supporting the engagement of the RET mechanism by CPT in vivo. We note that the
level of H,O, detected in the 2xTg AD mouse brain was comparable to that detected in the APP Tg AD
mouse brain using a similar detection method"”. Together, these data suggest that CPT treatment inhibited
RET and reduced amyloid burden and neuroinflammation in the 2xTg mouse model of AD.

We measured the tissue distribution of CPT at the end of the in-life study. One hour after the final oral
dosing, animals were sacrificed, and plasma and various tissues collected. The drug concentrations in
plasma, liver, kidney, heart, lung, uterus, and brain were determined [Supplementary Table 3]. The
concentrations ranged from 34.9 pM in the lung to 164 pM in the liver. In the brain, the total drug
concentration was 46.7 pM, and the brain/plasma ratio was 0.605. We also measured free drug
concentration in the brain. The determined free drug concentration (1.06 uM) was very close to the IC50
value of RET inhibition by CPT in in vitro RET assays", supporting that CPT was engaging the RET
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mechanism in vivo to alter the course of disease in the APP/PS1 mouse model. At the end of the in-life
study, we performed necropsy on G1 and G2 animals and examined all major organs, including brain,
spine, thymus gland, thyroid gland, esophagus, stomach, intestine, liver and pancreas, kidneys, spleen, heart,
trachea, lung, uterus, ovary, and mammary glands [Supplementary Table 4]. The observations were
unremarkable, except for one animal in the G2 group whose uterine length was abnormal, although it could
not be determined if this was treatment-related. These results indicate that long-term (4 months) oral
administration of CPT at 100 mg/kg is generally safe in 2xTg AD mice.

Efficacy of RET inhibition by CPT in the 5xFAD mouse model of AD

We also tested the effect of CPT in vivo in other mouse AD models. This would allow us to assess whether
the drug is effective in multiple animal models. Considering that none of the animal models is a perfect
model for AD, testing multiple models would further support the translation value of our therapeutic
approach. The 5xFAD mouse model exhibits early and robust recapitulation of disease-relevant
phenotypes“”. We treated 5xFAD mice at 6 months of age continuously with CPT by daily intraperitoneal
(IP) injections at 50 mg/kg for 2 months. The rationale for treating the 5xFAD mice at 6 months of age is
that at this age, these mice already exhibit neuropathological features including amyloid plaque formation
and neuroinflammation, thus making the CPT treatment more of a therapeutic mode. We found that the
5xFAD mice exhibited increased RET activity in the brain, as measured by ROS increase and NAD*/NADH
ratio decrease compared to age-matched non-transgenic animals in whole brain tissue homogenates
[Figure 2A]. CPT treatment significantly reduced brain ROS level and increased NAD'/NADH ratio in
5xFAD animals, but not WT control animals [Figure 2A and Supplementary Figure 2A], supporting that
RET is induced in transgenic AD brain. To specifically measure mitochondrial ROS and NAD*/NADH ratio
changes, we performed in vitro RET or FET assays using mitochondria purified from WT control or 5xFAD
animals [Figure 2B]. CPT treatment significantly inhibited RET-related ROS and NAD*/NADH ratio
changes specifically in 5XFAD brain mitochondria. This was observed when mitochondria were respiring in
the absence [Supplementary Figure 2B] or presence [Figure 2B] of ADP that mimics state 4 or state 3
respiration, respectively. No effect on FET was observed for CPT in WT control or 5xFAD animals. To
further support the validity of the in vitro assays, we performed the RET and FET assays in the presence of
rotenone. As expected, in the FET assays, rotenone induced ROS production in both WT and 5xFAD
samples [Supplementary Figure 2C and D]. In the RET assays, rotenone inhibited ROS production only in
5xFAD samples [Supplementary Figure 2C and D]. We also included malonate, an inhibitor of succinate
dehydrogenase, as a control in our assays. Malonate is expected to inhibit the production of CoQ10Hz2, a
driving force of RET". We found that malonate inhibited RET-ROS production, while having no
observable effect on FET-ROS in 5xFAD samples [Supplementary Figure 2E and F]. Moreover, we found
that whereas MMP, one of the driving forces of RET, was decreased in 5xFAD animals [Supplementary
Figure 2G], the level of succinate, another driving force of RET", was significantly increased in 5xFAD
samples and reduced by CPT treatment [Figure 2C]. These data suggest the accumulation of succinate, as
previously observed in ischemia/reperfusion settings"”, is a potential driver of RET in AD. This is also
consistent with our previous findings in aged flies that link succinate accumulation to the activation of
RET".

7, a neurological

The 5xFAD mice presented with a positive hindlimb clasping reflex upon tail suspension
sign frequently observed in murine models of neurodegeneration***”. CPT treatment effectively reduced
the clasping index in 5xFAD mice [Figure 2D]. Microglial proliferation and activation in the brain is a
prominent feature of AD. Various studies have revealed multiple states of microglial activation in disease
settings, which likely underlie the disparate roles of microglia in the development and progression of AD""\.
We found that the vehicle-treated 5xFAD mice at 8 months of age developed full-blown amyloid plaques in

the hippocampal CA1 region, surrounded by activated microglia [Figure 2E]. Similar results were obtained
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Figure 2. In vivo efficacy of CPT in the 5xFAD mouse model of AD. (A and B) Measurements of NAD*/NADH ratio and H,0, level in
whole brain lysates (A) or purified mitochondria under in vitro RET and FET conditions (B) of wild-type control, and vehicle and CPT-
treated 5xFAD mice; (C) Measurement of mitochondrial succinate level in non-transgenic wild-type control and 5xFAD mice treated
with vehicle or CPT; (D) Measurements of clasping score in the hindlimb clasping assay on non-transgenic control and 5xFAD mice or
5xFAD mice treated with vehicle or CPT (50 mg/kg) by IP administration; (E) Immunostaining and data quantification of amyloid
plague load and number of microglia surrounding each plaque in the CA1 region of the hippocampus of vehicle or CPT-treated 5xFAD
mouse brain; (F) Immunostaining and data quantification of C3-positive astrocytes in the CA1 region of the hippocampus of vehicle or
CPT-treated 5xFAD mouse brain; **P < 0.01, ***P < 0.001 in Student's t-test or one-way ANOVA test. CPT: CPT2008,
6-chloro-3-(2,4-dichloro-5-methoxyphenyl)-2-mecapto-7-methoxyquinazolin-4(3H)-one; FAD: familial Alzheimer's disease; AD:
Alzheimer's disease.
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in other hippocampal regions and in the cortex (data not shown). CPT treatment effectively reduced
amyloid load and the number of microglia surrounding each plaque. Astrogliosis, an abnormal increase of
astrocytes associated with CNS trauma, infection, or neuroinflammation***, was also evident in the
hippocampal region of 5xFAD brain, as indicated by the increase of Complement 3 (C3)-positive disease-
associated astrocytes”™. This was also attenuated by CPT treatment [Figure 2F]. These results were
consistent with the 2xTg AD mouse data shown earlier, and together, they demonstrated that inhibition of
RET with CPT led to decreased amyloid burden and neuroinflammation and amelioration of behavioral
deficits.

Efficacy of RET inhibition by CPT in human FAD iPSC-derived neuronal model of AD

We next sought to validate the role of RET in patient iPSC-derived neuronal models of AD. Using a method
that facilitates the differentiation of iPSCs into cortical neurons through the introduction of the
transcription factor Ngn2", we obtained human neurons from iPSCs carrying a familial AD (FAD)
mutation involving APP duplication". It was previously shown that compared to control neurons, the FAD
iPSC-derived neurons exhibited higher ROS levels and a lower NAD*/NADH ratio, which were rescued by
CPT treatment, suggesting that AD iPSC-derived neurons undergo active RET"". Key features of AD, such
as amyloid aggregation, hyperphosphorylation of tau, and endolysosomal defects, have previously been
recapitulated in patient iPSC-derived neurons”". We observed increased amyloid aggregation in AD iPSC
neurons [Figure 3A], as detected with the mOC78 antibody'*!, which recognizes a conformation-dependent
and aggregation-specific discontinuous epitope of beta amyloid that maps to segments 8-11 (SGYE), 18-24
(VFFAEDV), and 26-32 (SNKGAII). mOC78 positive signals were significantly reduced by CPT treatment.
We also observed increased tau phosphorylation in AD iPSC neurons, as detected with the CP13
monoclonal antibody that detects tau phosphorylated at serine-202"". CP13 positive p-tau signals were
significantly reduced by CPT treatment [Figure 3B]. PHF-1 positive p-tau signals were also reduced by CPT
treatment [Supplementary Figure 3]. However, no significant alteration in total tau level was observed
[Figure 3C]. The neuronal endosomal-lysosomal system was found to be defective in AD patient samples
and animal models, and endolysosomal dysfunction is emerging as one of the earliest pathological events in
ADP* We observed enlarged early endosomes in AD iPSC neurons detected with the early endosome
marker Rabsa. This defect was effectively rescued by CPT treatment [Figure 3D]. These data support the
notion that RET activation is an early pathogenic event that precipitates key pathological features of AD.

RET is activated in AD and RET activation correlates with disease severity in AD

To further test the relevance of RET to AD pathology, we analyzed patient brain samples. Control and
patient samples (n = 4 in each group), categorized according to the level of Alzheimer’s disease
neuropathologic change (ADNC) - low, intermediate, or high, were used in our analysis [Supplementary
Table 1]. When whole brain homogenates were analyzed, the decrease in NAD*/NADH ratio correlated well
with ADNC levels, with the high ADNC group showing the most dramatic decrease in NAD*/NADH ratio
[Figure 4A]. The ROS changes showed a similar trend but wider variation. This might be due to the
different post-mortem intervals and handling of patient brain samples, which might have affected the
preservation of the labile ROS signals. Analysis of oxidative protein damages showed that high ADNC
patient mitochondrial samples suffered more oxidative damage [Supplementary Figure 4A], consistent with
the increased ROS level we detected.

Next, we purified mitochondria from control, low ADNC, intermediate ADNC, and high ADNC frozen
brain samples and used them in in vitro RET and FET assays. We first confirmed that the purified
mitochondria were functional by showing that they exhibit comparable CCCP-sensitive MMP, with high
ADNC samples showing a slight decrease in MMP [Supplementary Figure 4B], and that upon rotenone
treatment under complex I-coupled FET condition, FET-ROS was increased [Supplementary Figure 4C]J,
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Figure 3. Effect of CPT on disease phenotypes in FAD iPSC derived neurons. (A) Immunostainings and data quantification showing the
effect of CPT treatment on mOC78 positive beta-amyloid aggregates in control iPSC neurons and FAD iPSC neurons treated with vehicle
or CPT; (B) Immunostainings and data quantification showing the effect of CPT treatment on CP13 positive p-tau signals in control iPSC
neurons and FAD iPSC neurons treated with vehicle or CPT; (C) Immunostainings and data quantification showing the effect of CPT
treatment on total tau signals in control iPSC neurons and FAD iPSC neurons treated with vehicle or CPT; (D) Immunostainings and data
quantification showing the effect of CPT treatment on Rab5 positive early endosome signals in control iPSC neurons and FAD iPSC
neurons treated with vehicle or CPT. ***P < 0.001, ns: not significant, in Student's t-test or one-way ANOVA test. CPT: CPT2008, 6-
chloro-3-(2,4-dichloro-5-methoxyphenyl)-2-mecapto-7-methoxyquinazolin-4(3H)-one; FAD: familial Alzheimer’s disease; iPSC:
induced pluripotent stem cell.

suggesting that these mitochondria were respiring in vitro and thus were functional. Analysis of purified
mitochondria showed that whereas the FET activity was comparable between the samples [Supplementary
Figure 4D], RET activity as measured by RET-ROS increase and NAD*/NADH ratio decrease was greater in
AD samples with higher ADNC levels [Figure 4B]. These data support the notion that RET is activated early
in AD patient brain and RET activity positively correlates with disease severity.

Protein-protein interaction mediating RET is altered by APP.C99 in AD models

Finally, we used different animal models to explore the mechanism by which RET is deregulated in AD.
First, we used transgenic flies expressing APP.C99, the C-terminal fragment of APP that has been shown to
be localized to mitochondria and mitochondria-ER contact sites'*’ and is emerging as an etiological driver
of AD**l. Our previous studies showed that RET is activated in APP.C99 Tg flies*?. We found that
APP.C99 interacted with NDUFS3 and NDUFV1 [Figure 4C], components of the RET machinery”>*".
Moreover, the interaction between NDUFS3 and NDUFV 1 was weakened, whereas NDUFS3-NDUFV2
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Figure 4. RET activation in human AD subjects and role of APP.C99 in RET deregulation in AD models. (A) Measurements of NAD*
/NADH ratio and H,0, level in brain tissue lysates of non-AD control, low ADNC, intermediate ADNC, and high ADNC individuals. Bar
graphs show quantification of individual samples and pooled data from low, intermediate, and high ADNC samples; (B) In vitro RET
assays using brain mitochondria purified from non-AD control, low ADNC, intermediate ADNC, and high ADNC individuals. Bar graphs
show quantification of individual samples and pooled data from low, intermediate, and high ADNC samples; (C) Immunoblots showing
presence of APP.C99 in mitochondrial fraction and co-IP assay showing physical interaction between APP.C99 and NDUFV1 and
NDUFS3; (D) Co-IP assay and data quantification showing altered NDUFS3 interaction with NDUFV1 in APP.C99 transgenic flies and
the effect of CPT treatment in restoring such interaction; (E) Co-IP assay and data quantification showing altered NDUFS3 interaction
with NDUFV1in 5xFAD transgenic mouse brain tissues and the effect of CPT treatment in restoring such interaction; (F) Immunoblots
and data quantification showing the effect of CPT treatment on full-length APP and APP.C99 levels in 5xFAD transgenic mouse brain
tissues. *P < 0.05, **P < 0.01, ***P < 0.001 in Student's t-test or one-way ANOVA test. AD: Alzheimer's disease; RET: reverse electron
transport; ADNC: Alzheimer's disease neuropathologic change; CPT: CPT2008, 6-chloro-3-(2,4-dichloro-5-methoxyphenyl)-2-
mecapto-7-methoxyquinazolin-4(3H)-one; FAD: familial Alzheimer's disease.
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interaction enhanced, in APP.C99 transgenic flies [Figure 4D and Supplementary Figure 4E]. The
observation of APP.C99 interaction with complex I components is consistent with previous findings of
APP.C99 association with mitochondria/, although APP.C99 interaction with complex I has never been
shown before. Thus, like Notch in cancer settings'””, APP.C99 is promoting RET presumably by directly
interacting with components of the RET machinery and altering protein-protein interactions that likely
reflect altered complex I conformation. Moreover, as in aging setting, where altered protein-protein
interactions involving NDUFS3, NDUFV1, and NDUFV2 associated with RET activation were restored by
CPT treatment”, CPT treatment also restored these protein-protein interactions in APP.C99 model flies
[Figure 4D and Supplementary Figure 4E]. In the 5xFAD mice, RET activation [Figure 2A and B] was also
correlated with reduced NDUFS3-NDUFV1 and increased NDUFS3-NDUFV?2 interactions. CPT treatment
inhibited RET in 5xFAD mice [Figure 2A and B] and restored NDUFS3 interactions with NDUFV1 and
NDUFV2 [Figure 4E and Supplementary Figure 4F]. CPT treatment also reduced the steady-state levels of
full-length APP and APP.C99 [Figure 4F]. These data thus support a conserved mechanism of RET
alteration in AD by a key disease-associated protein and a shared mechanism of action of CPT in different
AD models across species.

DISCUSSION

In this study, using mouse models, patient brain samples, and patient iPSC-derived neuronal models of AD,
we have demonstrated that RET is aberrantly activated in the disease process, and that pharmacological
inhibition of RET is therapeutically beneficial in two well-characterized genetic mouse models of AD.
Previous studies showed that RET is activated during normal aging, and that its inhibition promotes
healthspan and lifespan in Drosophila®. Although a previous study concluded that RET-ROS promoted fly
lifespan, the study was based largely on the observation that transgenic expression of a mitochondrial-
targeted Catalase (mito-CAT) shortened fly lifespan®. However, the role of mito-ROS on lifespan is
controversial, as mito-CAT has been shown to extend lifespan in mice!®, and treatment of flies with a
mitochondrial targeted antioxidant Mito-TEMPO actually extended fly lifespan®. Thus, even if RET-ROS
exerts some poorly understood positive effect on lifespan, this effect may have been masked by the
detrimental effect of mitochondrial NAD'/NADH ratio drop caused by RET, resulting in a net negative
effect of RET on aging and age-related diseases”'. Together, these results are consistent with the geroscience
approach to health, which posits that chronic age-related diseases and aging share common underlying
biological mechanisms®”. Our data support that aberrant RET activation is a driver of aging and age-
related diseases. Inhibition of RET by CPT simultaneously restored two key parameters associated with
aging and age-related diseases: mito-ROS and NAD'/NADH ratio, explaining the efficacy of CPT under
various pathological conditions reported here and previously”*>*. CPT possesses desirable drug-like
properties, including oral bioavailability, efficient BBB penetration, reasonable stability (T,, of 4 and 7 h in
the plasma and brain, respectively, upon iv injection), and wide tissue distribution. The fact that APP/PS1
animals well tolerated daily CPT treatment for 4 months with no tissue abnormality upon necropsy and that
animals showed body weight gain towards the end of treatment support the safety of CPT. CPT also tested
negative in the Ames mutagenesis genotoxicity assay and showed a relatively clean profile in the safety
screen for common kinase, receptor, and ion channel targets associated with clinical adverse effects.
However, as a small molecule, possible non-RET-related targets of CPT cannot be excluded at this point.
Future safety studies in larger animals and a better understanding of the normal physiological role of RET in
humans will be required before CPT and new RET inhibitors can be translated to clinical settings.

The molecular players involved in RET functioning and regulation are just beginning to be revealed.
Previous studies implicated complex I subunits within the soluble matrix arm of the L-shaped multi-subunit
complex in the RET process™. Intriguingly, these complex I proteins shown to interact with CPT or
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participate in RET are downregulated in long-lived mammals'®

,and their partial but not complete
knockdown in worms'*” or flies”"”*! extended lifespan, supporting the importance of RET in aging”*. This
is consistent with the identification of altered expression of a cluster of electron transport chain genes as a
shared aging signature across species and across tissues in humans””. In both aging and AD settings, the
interaction between NDUFS3 and other proteins involved in RET, such as NDUFV1, was reduced in RET
activation condition, and CPT treatment restored such interactions. In cancer cells, oncogenic Notch was
previously shown to compete with NDUFS3 for binding to NDUFV 1™ In AD setting, our data suggest that
APP.C99 may compete with NDUFS3 for NDUFV1 interaction. In both cases, inhibition of RET by CPT
treatment is correlated with restoration of NDUFS3-NDUFV1 interaction. These data suggest that aberrant
RET activation in aging or age-related disease settings is associated with conformational changes in complex
I, and CPT acts by restoring such conformational changes. Future cryo-EM and molecular dynamics
simulation studies on complex I in different RET states will help understand the structural basis of this RET
regulation and its effect on the directionality of electron transport.

Our results also suggest that RET is activated early in the disease process in humans and thus may play a
central pathogenic role in AD. APP.C99, the emerging etiological driver of AD, directly interacts with the
mitochondrial machinery to promote RET. Importantly, our data also indicate that RET, in turn, promotes
proteostasis failure in AD, as shown by the reduction of amyloid burden in CPT-treated animals. This is
consistent with our previous findings that the amyloid burden in AD may originate from aberrant
ribosome-associated quality control (RQC) of APP/APP.C99"", and that RET is connected to the RQC of
APP.C99, as shown by the reduction of aberrant APP.C99 translational quality control products by CPT"*.

These data suggest that there exists a feedforward loop between RET activation and proteostasis failure
caused by aberrant RQC of APP.C99 in AD pathogenesis. Pharmacological inhibition of RET with CPT
breaks this vicious cycle, offering a novel therapeutic strategy for AD and possibly other age-related diseases
including aging itself.

Our results also implicate the accumulation of succinate, which can be converted to CoQHz2, a driving force
of RET, as a potential contributor of RET deregulation in AD. This is consistent with previous findings of
succinate accumulation in normal aged flies and AD model flies”. Succinate accumulation has previously
been shown to be a key driver of RET-ROS that causes ischemia/reperfusion injury””. Future studies of the
cause of succinate accumulation may lead to new insights into aging and age-related diseases.

In summary, in the current study, we used two models of transgenic mice carrying AD-associated
pathogenic mutations and exhibiting AD-relevant neuropathology and cognitive deficits to study the
involvement of RET in AD pathogenesis and the mechanism of RET alteration in AD. We show that (1)
RET is aberrantly activated in vivo in APP/PS1 and 5xFAD mice; (2) Using human samples, we show for the
first time that RET is activated in AD patient brains, and that the degree of RET activation correlates with
disease severity; (3) We show that RET inhibition with CPT can effectively rescue AD-related
neuropathology and cognitive deficits in the APP/PS1 and 5xFAD models; (4) We show that RET inhibition
with CPT can effectively rescue AD-related neuropathology in human iPSC-derived AD model; (5) We
elucidate the mechanism of RET deregulation in AD by showing that the APP metabolite APP.C99 can
promote RET by entering mitochondria and interacting with mitochondrial complex I components
involved in RET. These findings have important implications for our understanding of the disease
mechanism and therapeutic intervention of Alzheimer’s disease and other age-related neurodegenerative
diseases.
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