CDDpress

ARTICLE

www.nature.com/cdd

W) Check for updates

CEND1 deficiency induces mitochondrial dysfunction and
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Alzheimer’s disease (AD) is the most common form of neurodegenerative disease featured with memory loss and cognitive function
impairments. Chronic mitochondrial stress is a vital pathogenic factor for AD and finally leads to massive neuronal death. However,
the underlying mechanism is unclear. By proteomic analysis, we identified a new mitochondrial protein, cell-cycle exit and neuronal
differentiation 1 (CEND1), which was decreased significantly in the brain of 5xFAD mice. CEND1 is a neuronal specific protein and
locates in the presynaptic mitochondria. Depletion of CEND1 leads to increased mitochondrial fission mediated by upregulation of
dynamin related protein 1 (Drp1), resulting in abnormal mitochondrial functions. CEND1 deficiency leads to cognitive impairments
in mice. Overexpression of CEND1 in the hippocampus of 5xFAD mice rescued cognitive deficits. Moreover, we identified that
CDK5/p25 interacted with and phosphorylated CEND1 which promoted its degradation. Our study provides new mechanistic
insights in mitochondrial function regulations by CEND1 in Alzheimer’s disease.

Cell Death & Differentiation (2022) 29:2417-2428; https://doi.org/10.1038/541418-022-01027-7

INTRODUCTION

Brain is one of the highly metabolic organs, and neurons of the
central nervous system have a strong demand for mitochondria
[1]. Extensive damage to mitochondria leads to cell death because
they can no longer produce enough energy [2]. Mitochondria are
highly dynamic organelles playing an important role in neuron
survival by participating in fusion and fission events, ATP
production [3], calcium homeostasis [4], cell death [5], reactive
oxygen species (ROS) production [6], and metabolism [7]. Multiple
lines of evidence suggest that mitochondrial dysfunction is
involved in AD pathogenesis, but the mechanism is not fully
understood. Mitochondrial dysfunction occurs in the early stage of
AD [8], including diminished glucose metabolism, increased ROS
production, disruption of the balance between mitochondrial
fusion and fission, decreased axonal transport of mitochondria,
and changed mitochondrial morphology [9, 10].

Morphological mitochondria changes are regulated by a series
of fusion and fission proteins. The fusion proteins include dynamic
GTPase regulator optic atrophy 1 (OPA1), Mitofusin 1 (MFN1), and
Mitofusin 2 (MFN2). The fission proteins are composed of dynamin-
like GTPase regulator dynamin related protein 1 (Drp1) and
mitochondrial fission 1 protein (Fis1). Drp1 is one major protein
involved in the division of mitochondria, whose activity is
regulated by post-translational modifications such as phosphoryla-
tion, S-nitrosylation, SUMOylation, and O-GIcNAcylation [11-16].
Phosphorylation of Drp1 at S616 can increase its capability to
promote mitochondrial fission [17, 18]. MARCH-V, a mitochondrial

E3 ubiquitin ligase, ubiquitinates Drp1
mediated mitochondrial fission [19].

Cell cycle exit and neuronal differentiation 1 (CEND1, also known
as BM88; gene for Cend]) is a 22 KDa organelle membrane inserted
protein [20, 21]. CEND1 anchors to intracellular membranes via a
transmembrane domain of 20 hydrophobic amino acids, followed
by a short tail of three positively charged residues (RKK) on the
C-terminus. CEND1 exclusively expresses in the nerve system and
plays important roles in neuronal differentiation [22]. Overexpression
of CEND1 in neural progenitor cells or neuroblastoma cells inhibits
cell cycle and promotes neuronal differentiation by downregulating
cell cycle proteins [23] and increasing neuronal markers (3-tubulin
and synaptophysin) [22, 24, 25] respectively. Previous data reported
that Cend1 knockout mice display impaired cerebellar development
[26]. However, the exact function of CEND1 has not yet been fully
uncovered, especially in AD.

Cell cycle regulation also participates in regulation of mitochon-
drial fusion/fission and energy production [27, 28]. Cyclin
dependent kinases (CDKs) are central cell cycle regulatory
enzymes. Among them, CDK5 is a unique CDKs family member
which is activated by non-cyclin protein p35. During pathogenesis
of AD, p35 is cleaved by calpain to generate a more stable
fragment p25, which induces overactivation of CDK5 [29, 30]. The
exorbitant activation of CDK5 can promote mitochondrial fission
and damage mitochondrial activity [31-34]. Pharmacological
inhibition or genetic knockdown of CDK5 could attenuate
amyloid-B (AB)-induced mitochondrial fission [34].

and regulates Drp1-
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Here, we found that CEND1 was exclusively a neuronal
mitochondrial protein and decreased significantly in the brain of
AD mice. Depletion of CEND1 in primary neurons and mice induced
mitochondrial fission dysfunctions by upregulation of Drp1. CEND1
knockout mice exhibited learning and memory impairments.
Moreover, overexpression of CEND1 in hippocampus of 5xFAD mice
restored mitochondrial function and improved memory and
learning ability. Finally, we identified that CDK5/p25 bound to and
phosphorylated CEND1 at serine 10, promoting CEND1 degradation.
Taken together, these results demonstrated that the CDK5-CEND1-
Drp1 axis plays important roles in mitochondrial function regulation
and pathogenesis of AD.

MATERIALS AND METHODS

Reagents

Anti-CEND1, COX IV, p-Drp1 (ser616), MAP2, PSD95, GIuR1, Synapsin,
Synaptophysin and cleaved caspase3 antibodies were from CST. Anti-p35
(c-19), CDK5 (c-8) and GFP antibodies were from Santa Cruz. Anti-Tuj1,
NeuN, HA and Thiophosphate easter antibodies were from Abcam. An anti-
GFP (FL) antibody, Acetyl-CoA, DTNB, oxaloacetate and DAPI were from
Sigma-Aldrich. Anti-Drp1, OPA1, HA, MFN2, B-actin, GAPDH, a-tubulin and
GST antibodies were from Proteintech. APP and B-actin antibodies were
from Life Technologies. Fluorescent secondary antibodies, HRP-conjugated
secondary antibodies and MitoTracker Red were from ThermoFisher
Scientific. MK8931, CQ, MG132 and Mdivi-1 were from MCE. Cell culture
reagents were from Gibco. Reagents for plasmid construction were from
Takara Bio Inc.

Animals and generation of CEND1 knockout mice

All mice were kept and bred at Xiamen University Laboratory Animal
Center and all experiments were carried out in accordance with protocols
by the Institutional Animal Care and Use Committee at Xiamen University.
The Cend1™"~ mice were generated from Beijing Biocytogen Co., Ltd. The
5xFAD and APP/PS1 mice were purchased from Model Animal Research
Center of Nanjing. Six-month-old and littermate mice were used for
behavioral tests. Cdk5"~ mice was maintained on a mixed C57BL/6)
background. Wild type C57BL/6J mice were purchased by Xiamen
University Laboratory Animal Center.

Transmission electron microscope and immunoelectron
microscopy

The animal tissues were collected rapidly and 2.5% glutaraldehyde fixation
solution (immunoelectron microscopy 0.5% glutaraldehyde fixation)
should be put into the tissue within the shortest time (within 1 min) after
the tissue was removed from the living body. Then the tissues were
handled by Core Facility of Biomedical Sciences, Xiamen University. Images
were taken by Hitachi HT-7800.

Mitochondrial oxygen consumption

Primary neurons were seeded in XF 96 Cell Culture Microplates (Seahorse,
Agilent Technologies) at a concentration of 50,000 cells/well. On the 7th
day, the primary neurons were infected with virus. The culture medium
was removed from each well and replaced by Seahorse Xfe Base Medium
pre-warmed at 37 °C and supplemented with B27 and 1 mM glutamine, pH
7.4 (£0.4). Cells were incubated in a CO,-free incubator at 37°C for 1h.
Oligomycin, phenylhydrazone (FCCP), rotenone and antimycin A were
added in different times. Oxygen consumption rate (OCR) values were
acquired.

Data independent acquisition (DIA) and mass spectrum
Fresh brain Cortex /hippocampus samples were obtained from three 7-
month-old 5xFAD mice and three litters of control mice. Then
mitochondria were isolated from brain tissue. Mitochondrial protein
quantitative analyses were performed with Bruker TimsTOF Pro for a data
independent acquisition mass spectroscopy. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Con-
sortium  (http://proteomecentral.proteomexchange.org) via the iProX
partner repository with the dataset identifier PXD032992.
Cortex/hippocampus lysates of 6-month-old Cend1™* and litter of
Cend1™’~ mice were obtained the same way as above, and then were
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mixed with anti-CEND1 or IgG antibodies. Acquired proteins were
subjected to SDS-PAGE electrophoresis. After Coomassie brilliant blue
staining, the gel was cut into 1.5mm x 1.5 mm blocks and subjected to
Bruker TimsTOF Pro analysis.

Mitochondria isolation and trypsin digestion

After washing, cells were pelleted by centrifugation at 500 g for 5 min. Cells
were then suspended in Mito-Lysis buffer (0.25M sucrose, 1 mM EDTA,
adjusted to pH 7.6) and homogenized on ice with a homogenizer. The
homogenate was centrifuged at 1500 g for 10 min, and the supernatant
was collected and then centrifuged at 14,000 g for 10 min. The supernatant
was collected as the cytosol fraction, while the pellet was suspended with
Mito-Lysis buffer and collected as the mitochondria fraction. Intact
mitochondria were mixed with indicated concentration of trypsin in
Mito-Lysis buffer and incubated at 30 °C for 2 h.

Citrate synthase activity assay

50 ug of cell lysate was added to 160 pl of assay buffer (60 mM Tris—HCl,
Ph7.5, 200 MM Acetyl-CoA, and 250 mM DTNB) and incubated for 5 min.
20 pl of 2 mM oxaloacetate was added. OD was measured at 412 nm for 20
min using a spectrometry plate reader. The rate of citrate synthase activity
was quantified relative to control cells.

In vitro kinase assay

Recombined protein purified from E. coli was incubated with CDK5/p25
kinase and ATP-y-S (final concentration 10 mM) in 1x kinase assay buffer
(25 mM Tris-HCI (pH 7.5), 5 mM beta-glycerophosphate, 2 mM dithiothreitol
(DTT), 0.1 mM NazVO, and 10 mM MgCl,) at 30 °C for 45 min. PNBM (final
concentration 10 pM) was added into the mixture and incubated at room
temperature for 1h. Samples were subjected to Western blotting and
phosphorylated proteins were immunoblotted by an anti-Thiophosphate
ester antibody.

Western blotting

Cultured cells and mouse brain tissues were homogenized in lysis buffer
(RIPA) on ice for 40 min, and subsequently centrifuged at 12,000 rpm for
10 min at 4 °C. Supernatants were separated on 8-15% SDS-PAGE gels and
transferred to Immobilon-P PVDF membrane (Millipore). Primary anti-
bodies were incubated overnight at 4 °C after blocking with 5% non-fat
milk. The membrane was washed three times and then incubated with
secondary HRP-conjugated antibodies for 1 h at room temperature. Finally,
the blots were washed and immune-detected proteins were visualized
using ECL method. Full-length original western blots for the results are
provided in Supplementary materials.

Stereotactic injection of adeno-associated virus
AAV2/9-syn-GFP-P2A-Cend1-3FLAG and AAV2/9-syn-GFP-P2A-U6-sh Cend1
viruses were purchased from OBiO Biotech Shanghai. Viruses were
stereotactically injected into the hippocampus. Two months after injection,
mice were sacrificed after behavior tests, then brains were harvested for
histological immunofluorescence staining and western blotting.

Animal behavioral tests

Morris water maze test. It is mainly used to test the learning and memory
ability of spatial position and orientation (spatial orientation) in experi-
mental animals. In this study, the water maze used a 120 cm circular tank in
diameter with a platform in SW quadrant filled with water (22 + 2 °C). The
walls of the tank were posted four different shapes served as reference
cues. The training continued for 4-6 consecutive days until the mice found
target platform within 1 min and maintained 10s in the platform. Mice
were randomly started at each of four points (N, S, E, W) In daily training.
On test day, the platform was removed, mice were placed in the NE point
swimming for 1 min. First latency to target, the number of target (platform)
crossings and the time spent in every of the four quadrants were recorded.

Fear conditioning test

The fear conditioning test is used to study the environmental conditioned
fear of small rodents. Contextual test is related to memory in the
hippocampus and Cue test is related to fear memory in the amygdala. This
test consists of three stages: The first day were training stage, mice
stimulated by vocal, light and shock; On the second day, mice were placed
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Data independent acquisition (DIA) analysis for AD mitochondrial proteome. A Schematic diagram of the experimental flow of DIA

experiment. B, C A total of 508 differentially expressed mitochondrial proteins in 5XxFAD mice brain were clustered using Volcano plot (B) and
GO (C) parameters. D The overlap between AD mitochondrial proteome database with AD patient’s database.

in the test chamber without any stimulation for 5 min to assess context-
associated fear conditioning (contextual test); On the third, mice were
placed in the test chamber without any stimulation for 3 min and then 3
min vocal stimulation to assess amygdala-associated fear conditioning
(cued test).

T/Y maze test

T/Y mazes are used to evaluate spatial alternation and working memory.
Every test mouse was placed in the middle of maze, then freely moving 5
min. Alternation Triplet % were used to define consecutive triplets of
different arm choices.

Rotarod test

Mice were placed on an accelerated rotarod. The instrument was then
accelerated to 60rpm/min, and the latency to fall (in seconds) was
recorded. Before test mice were trained to learn to run. Four consecutive
trials were repeated, which averaged latency to fall was analyzed.

Statistical analysis

Statistical analysis was performed with Prism 8 (GraphPad Software Inc.)
and quantification results were showed as mean+SEM. Statistical
significance was determined using unpaired Student's t test or analysis
of variance (ANOVA) test. Significance values are indicated by asterisks:
* p<0.05; **, p<0.01; *** P<0.001.

RESULTS

Data independent acquisition (DIA) analysis for AD
mitochondrial proteome

Abnormal mitochondrial dynamics in nerve cells participates in
the pathogenesis of AD, but the detailed mechanism is unclear.

Cell Death & Differentiation (2022) 29:2417 - 2428

We applied the DIA-based mass spectrometry quantification
strategy to evaluate the mitochondrial proteome changes in brain
of 5xFAD and control mice (Fig. 1A). From comprehensively
integrated analyses of the enriched peptides, 296 upregulated and
212 downregulated proteins in 5xFAD vs WT mice were found
(Fig. 1B). Gene ontology (GO) enrichment analysis of biological
process from quantifiable proteins is summarized (Fig. 1C), which
highlights the upregulated enriched terms such as regulation of Af
formation, regulation of tau-protein kinase activity, amyloid-beta
biding; downregulated terms put more emphasis on modulation of
chemical synaptic transmission, learning and memory.

Next, we compared our AD mice mitochondrial DIA data with
the published proteomic dataset of human AD patients [35].
Notably, seventy-five common proteins were found (Fig. 1D).
Among the overlapped downregulated proteins, CEND1 draws our
attention. The downregulation of CEND1 in AD patients and
mouse brain suggested that the potential roles of CEND1 in the
pathogenesis of AD.

—_

CEND1 is a neuron-specific mitochondrial protein
We collected different tissues from mouse and detected the
expression pattern of CEND1. CEND1 is exclusively expressed in
the nerve system such as cortex, cerebellum and hippocampus
(Fig. 2A). Moreover, CEND1 increases significantly in hippocampus
during development, GIuR1 and SNAP25 serve as positive controls
(Fig. 2B). By comparing CEND1 expressions in cultured neurons,
microglia, and astrocytes, we found that CEND1 expresses
predominantly in neuron (Fig. 2C).

Further subcellular fractions analysis and immunofluorescent
staining both revealed that CEND1 mostly locates in mitochondria

SPRINGER NATURE

2419



W. Xie et al.

2420

05"'
S8
A IS A P P B 1 15
Q‘Zg\_ A'Z"\ Q\Q;Q’QQQ' \&‘Q) 0(@ Q}q‘,o \QQO c i
RN B P O TR 1 3 5 710 14 21 28 d postnatal B1
22kDa @ & « CENDT g - > @BEDEIED CENDT o 10
42kDa B-actin 100 kDa eSS GlUR 2
25 kDa 2 0.5
Total Cytosol Mito — - A SNAP25 ®
22kDa | wmams == CEND1 42KDA = v - e e e - B_actin & - ——
18kDa [ === coxiv  E F 0 7 14 21 28 \§°°<§@' °§‘®
42 KDa | —— B-actin Days STSERS
Trypsin 15 ?5’ W
. 20 c°'(’§§/"ntqr§"°" 0 20 50100 200 400 400 >
= x
8 15 TritonX-100 — — — — — — + 310
=% 22 kDa e =— - HA-CEND1
o>
23210 Sos
238 86 kDa =— WMENZ 2
£705
° 18 kDA e e o o e CoxIV 0.0
T 00 2l 0 100 200 300 400 400+
& P 20 pm CEND1/Mitotracker (ng/mi) ~ TritonX-100
= TO
G Cortex Hippocampus = SYN H
TO SYN  PSD TO SYN PSD x% b PSD
22 kDa| ———— - - CEND1 20 E ok
=
95 kDa —esesdiEEr — — wpe=gEwE PSDOS '§ 1.5
38 kDa = e e — ——— Synaptophysin @ 1.0
P YT —— e e ———— W 205
w 0.
[&]

o
)

Cortex Hippocampus ZWm CEND1/Synaptophysin

‘E}i?ecsyﬁép’t
“terminal

Post-synaptic terminal

CEND1
Pre-synaptic terminal

Fig.2 CEND1 is a neuron-specific mitochondrial protein. A Expression levels of CEND1 protein in different tissues of adult C57BL/6 mouse.
Tissue samples were subjected to Western blotting for CEND1 with p-actin as a loading control. B Developmental expression of CEND1 protein
in the hippocampus of C57BL/6 mouse. GIuR1 and SNAP25 are markers of mature neurons. Statistical analyzed the protein levels of CEND1,
SNAP25 and GIuR1 in P1, P7 and P28 samples. mean £ SEM, n=3 per sample, **p <0.01, ***p <0.001 by two-tailed Student’s t-test.
C Expression levels of CEND1 protein in mature primary cortical neurons, astrocytes and microglia cultured in vitro. mean + SEM, n =3 per
group, ***p <0.001, by ANOVA with Dunnett’s test for post-hoc analysis. D 2-month-old C57BL/6 mouse were separated into the cytosolic
fraction and mitochondria fraction, after which samples were subjected to Western blotting for CEND1 and p-actin serves as a cytosolic marker
and COXIV as a mitochondrial marker, n=3 per group. E Mature primary cortical neurons at DIV13 were stained with mitochondrial
dye, MitoTracker. Co-localization of CEND1 and MitoTracker was shown. Scale bar, 20 pm. F Intact mitochondria isolated from HEK 293
T cells transfected with HA-CEND1 were digested with indicated concentrations of trypsin for 2 h. Mitochondria treated with TritonX-100 and
400 ng/ml trypsin were considered as the negative control. MFN2 is the marker protein of mitochondrial outer membrane and COX IV is
an inner membrane marker protein. n =3 per group. G Western blotting showing enrichments of CEND1 in synaptic fractions enriched from
2-month-old C57BL/6 mouse cortex and hippocampus. mean = SEM, n =4 per sample, **p < 0.01, ***p < 0.001 by ANOVA with Dunnett’s test
for post-hoc analysis. H Mature primary cortical neurons at DIV13 were stained with CEND1 and pre-synapse marker synaptophysin. Scale bar,
20 pm. | immunoelectron microscopy analysis of 2-month-old C56BL/6 mouse hippocampus stained with CEND1 antibody. Scale bar, 1 pm.
J Schematic diagram of the location of CEND1.

(Fig. 2D, E). Upon trypsin digestion of intact mitochondria, proteins CEND1 is reduced in AD cell and mouse models

associated with the outer membrane of mitochondria was digested To further investigate the expression of CEND1 during the
(like MFN2), while proteins associated with the inner membrane pathogenesis of AD, hippocampus from different aged AD mice
remain stable (like COX IV, which could be digested only after (APP/PS1 and 5xFAD) were collected. We found that CEND1
disruption of the outer membrane by Triton X-100). We found that protein levels were significantly decreased in hippocampus of
CEND1 could be digested by trypsin without treatment with Triton 10-month old APP/PST mice compared with the age-matched
X-100 (Fig. 2F), indicating that CEND1 locates in the outer membrane wild type mice (Fig. 3A). By analysis of 2-, 4-, 6- and 9-month-old
of mitochondria. We next identified that the last three amino acids 5xFAD mice and their age-matched controls, we found that
residues (147-149, RKK) at C-terminal of CEND1 mediate its out- CEND1 decreased significantly with the progression of AD
membrane mitochondrial localization, since CEND1 protein with RKK (Fig. 3B, C). The similar results were also found in AD cell
deletion or RKK to AAA mutation does not locate in mitochondria models. AR (1-42) treatments in primary neurons or APP
(Fig. S1). By pre-/post synapses isolation, immunofluorescent staining overexpression in N2a cells (N2a-APP695 [36]) both decreased
and immunoelectron microscopy analysis, we further revealed that CEND1 expression dramatically (Fig. 3D, E). The mRNA level of

CEND1 enriches in pre-synapse fraction (Fig. 2G-I). Cendl was not found difference in brain of 5xFAD mice

Together, these results showed that CEND1 is a neuronal compared with wild type mice (Fig. 3F). MK8931, a BACE1
specific protein which locates in outer membrane of mitochondria inhibitor, effectively alleviated the decrease of CEND1 in primary
and pre-synapse (Fig. 2J). neurons derived from 5xFAD mice (Fig. 3G).

SPRINGER NATURE Cell Death & Differentiation (2022) 29:2417 - 2428
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Fig. 3 Downregulation of CEND1 in AD mice brain and cell lines. A Hippocampus of APP/PS1 mice at the age of 10-month-old and age-

matched controls were subjected to Western blotting analysis for CEND1, APP with B-actin as the loading control. mean + SEM, n =4 per
sample, **p < 0.01, by two-tailed Student’s t-test. B, C Hippocampus lysates of 5xFAD mice at the age of 2, 4, 6, 9 month and age-matched
controls were subjected to western blotting analysis for CEND1, APP with B-actin as control. mean + SEM, n > 4 per group, *p < 0.05,**p < 0.01,
by two-tailed Student’s t-test. D Mature primary cortical neurons were treated with 10 pM Ap(1-42) for 24 h. Protein lysates were subjected to
Western blotting for CEND1, p35 and p25. mean + SEM, n = 3 per group, **p < 0.01, by two-tailed Student’s t-test. E N2a and N2a-APP695 cells
were subjected to western blotting analysis for CEND1 and APP. 3-actin was used as the internal control. mean + SEM, n = 3 per group, ***p <
0.001, by two-tailed Student’s t-test. F RT-PCR analysis of 9-month-old 5xFAD mice hippocampus for CEND1. mean + SEM, n = 3 per group,
*p < 0.05, by two-tailed Student’s t-test. G 5xFAD and control primary cortical neurons were treated with 8 nM MK8931 for 12 h. Protein lysates
were subjected to Western blotting for CEND1, APP and B-actin. mean + SEM, n=3 per group, *p <0.001, ***p <0.001, by ANOVA with

Dunnett’s test for post-hoc analysis.

CEND1 is crucial for learning and memory function

To assess the roles of CEND1 in AD pathogenesis, we first
generated the CEND1 knockout mice (Cend? /") (Fig. S2A). CEND1
deletion in Cend1™~ mice was confirmed by RT-PCR (Fig. S2B),
Western blotting and immunostaining (Fig. 4A, B). CEND1 deletion
had no effects on the body weight, brain weight or the lifespans
(Fig. S2C-F). As mentioned above, CEND1 specifically expresses in
neurons, we assessed potential cognitive deficits in Cend1~/~ mice
using behavioral tests. In Morris water maze tests, we found that
Cend1™'~ mice showed impaired learning with increased escape
latency compared with controls (Cend1™’") during the 5-days
training phase (Fig. 4C). Moreover, during the probe trial test, in
which the hidden platform was removed on day 6, Cend7™'~ mice
spent significantly less time in the target quadrant and demon-
strated fewer entries into the platform location and required a
longer period to travel from the entry point to the target zone
compared with controls (Fig. 4D-F). In T-maze test, Cend1~/~ mice
showed less crossing time in three continuous arms compared to
controls (Fig. 4G, H). We performed rotarod assay to test for
locomotor activity and found no differences between Cend1~/~
and control mice (Fig. 4l).

To approve that the above phenomena we observed were not
caused by the abnormal neuronal development, we depleted the
expression of CEND1 in adult WT mice through shRNA-AAV
injection. U6 promoter-driven Cendl shRNA expression system
was established in AAV2/9 vector, with GFP expression controlled
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by a SYN promoter (pAAV-SYN-eGFP-U6-shCend1 short for AAV-
eGFP-shCendT1). As shown in Fig. 4J, AAV-eGFP-shCendl or a
control (AAV-eGFP-shRNA) were injected into hippocampus of 2-
month-old WT mice. The CEND1 knockdown efficiency was
confirmed by western blotting (Fig. 4K). The Morris water maze
tests were performed 1.5 months after injection. As shown in
Fig. 4L-O, CEND1 knockdown also significantly impaired the
mouse learning and memory. Furthermore, CEND1 deficiency or
knockdown decreased the neuronal dendritic branching and
synaptic proteins levels (Fig. S3A-D), and induced neuronal
apoptosis (Fig. S4A-C) in primary cultured neuron.

CEND1 deficiency accelerates learning and memory
impairments in 5xFAD mice

To assess the role of CEND1 in AD, we crossed Cend]
heterozygous knockout (Cend1™~) mice with 5xFAD&Cend1"’~
mice to generate four grouPs of mice (Cend1™* (WT), Cend1~/~,
5xFAD, and 5xFAD&Cend1 mice) (Fig. 5A). The CEND1 deletion
efficiency in 5xFAD&Cend1™'~ mice was confirmed by western
blotting (Fig. 5B). The APP expression and amyloid plaque burden
were not affected (Fig. 5B, C), but the neuronal death was
significantly increased in the hippocampus of 5xFAD&Cend1 '~
mice compared to 5xFAD mice (Fig. 5D). We next performed
cognitive behavioral tests in these mice. Rotarod assay
was used for locomotor activity test and found no differences
(Fig. 5E). In Morris water maze test, 5xFAD&Cendl’~mice
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Fig. 4 CEND1 knockout and knockdown impaired learning and memory functions. A Representative western blotting of CEND1 protein
levels in the cortex, hippocampus and cerebellum from Cend1™" and Cend1™~ mice. p-actin was used as the internal control.
B Representative confocal images showing CEND1 expression via immunofluorescent staining in Cend1™’* and Cend1~’~ mice. Scale bar,
50 pm. € MWM analysis as latency to target in the invisible platform trainings. D-F MWM analysis as time in zone (%) in the invisible platform
tests, target cross number and latency 1st entrance to target (secs) in 6-month-old Cend1™" (n = 49 mice), Cend1~’~ (n = 30 mice). G, H 6-
month-old Cend1™* and Cend1~/~ mice were analyzed for alternation triplet by T-maze tests. Cend1™'* (n = 46 mice), Cend1~’~ (n = 27 mice).
I Cend1*'* and Cend1~/~ mice behavior in rotarod test in 6-month-old Cend1™" (n=49) and Cend1~’~ (n=30) mice. J Schematic for the
generation of CEND1 knockdown mice, behavioral tests, and expression analysis. K CEND1 protein levels in mouse brain injected with AAV-
eGFP-shCend1 or control AAV-eGFP-shRNA were determined by western blotting, a-tubulin was used as the internal control. L Initial latency
time to target was recorded during the four days training course. M—-O MWM analysis as target cross number, latency 1st entrance to target
(secs), time in zone (%) in the invisible platform tests in control AAV-eGFP-shRNA (n = 19) and AAV-eGFP-shCend1 (n = 16) mice. mean + SEM,
*p < 0.05, **p < 0.01, by two-tailed Student’s t-test.

exhibited worsening learning and memory than 5xFAD mice CEND1 modulates mitochondrial dynamic by regulating Drp1
(Fig. 5F-I). We next evaluated contextual and cued learning Considering the specific mitochondrial localization, we next
response in these mice using fear conditioning tests. Freezing investigate the effect of CEND1 on mitochondrial function. We first
response was found to be significantly reduced in response to found that CEND1 deficiency increased the mitochondrial number
contextual testing and cued testing in 5xFAD&Cend1~'~mice and reduced the mitochondrial area and diameter measured by
compared with 5xFAD mice (Fig. 5J, K). Taken together, these electron microscopy analysis (Fig. 7A). The mitochondrial mass was
results demonstrate that CEND1 deficiency exacerbates cognitive also significantly damaged in CEND1 knockout neurons (Fig. 7B).
impairments in AD mice. To determine the mechanism underlying CEND1-affected mitochon-
drial morphology, we analyzed CEND1-associated proteins in mouse
Overexpression of CEND1 rescues cognitive impairments and brain by immunoprecipitation in combination with mass spectro-
synaptic deficits in 5xFAD mice metry (IP-MS). We identified eighteen CEND1 interaction proteins
To test whether CEND1 expression could rescue impaired learning which locate in mitochondria, including five mitochondrial dynamics
and memory defects in AD mice, we generated an AAV construct in proteins, three OXPHOS proteins, two permeability transition pore
which CEND1 is expressed using a SYN promoter (AAV-SYN-GFP- proteins and eight metabolism proteins (Fig. S5A, B).
P2A-Cend1, short for AAV-GFP-CEND1) (Fig. 6A). AAV-GFP-CEND1 or Given the mitochondrial morphology defects, we examined levels
AAV-GFP control were injected into the hippocampus of 4.5-month- of the mitochondrial fission protein Drp1 and Drp1 (S616), as well as
old 5xFAD mice (Fig. 6A), and the overexpression of CEND1 was mitochondrial fusion protein MFN2 and OPA1 in vivo and in vitro.
confirmed by western blotting and immunostaining (Fig. 6B, C). Notably, Drp1 and Drp1 (S616) were both increased and MFN2 was
Next, we found that CEND1 ectopic expression rescued cognition reduced in CEND1-deficient hippocampus or primary neurons
impairments in Morris water maze test (Fig. 6D, E), T-maze test compared with their controls (Fig. 7C, Fig. S5C, D). In contrast,
(Fig. 6F, G) and fear conditioning contextual test (Fig. 6H) without overexpression of CEND1 in hippocampus of 5xFAD by AAV-CEND1
affecting the locomotor activity in AD mice (Fig. 6l). injection or in N2a-APP695 cells by CEND1 overexpression only
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Fig.5 CEND1 deficiency accelerates learning and memory impairment in 5xFAD Mice. A Schematic illustration of Cend1~’~ mice cross with
5xFAD mice. B Protein levels of CEND1 in the cortex and hippocampus of 7-month-old WT (n =3), Cend1™/~ (n =3), 5xFAD (n=3), and
5xFAD&Cend1~’~ (n = 3) mice; o-tubulin was used as the internal control; Overexpression of APP indicates the 5xFAD mice. mean + SEM, *p <
0.001, ***p < 0.001, by ANOVA with Dunnett’s test for post-hoc analysis. C Representative confocal images showin9 AP expression in the
hippocampus via immunofluorescent staining compared of 7-month-old WT (n = 4), 5xFAD (n = 4), and 5xFAD&Cend1™"~ (n = 4) mice. mean
SEM, *p < 0.05, by two-tailed Student’s t-test. Scale bar: 50 pm. D Immunofluorescence staining for cleaved caspase-3 as an apoptotic marker in
the 5xFAD&Cend1 ™~ (n = 3) mice as compared to 5xFAD littermates (n = 3), The red triangle represents the positive cells. mean £ SEM, **p <
0.01, by two-tailed Student’s t-test. Scale bar: 50 um. E Rotarod tests of 7-month-old WT (n = 26), 5xFAD (n = 27) and 5xFAD&Cend1~'~ (n = 18)
mice. F MWM analysis as latency to target in the invisible platform trainings. G- MWM analysis as target cross number, latency 1st entrance to
target (secs), time in zone (%) in the invisible platform tests in 7-month-old WT (n = 26), 5xFAD (n = 25), and 5xFAD&Cend1~’~ (n = 18) mice.
J, K In fear conditioning tests, WT (n=18), 5xFAD (n=21), and 5xFAD&Cend1™’~ (n=13) mice were initially subjected to training and
their freezing response with contextual and cued fear stimuli was measured as a percentage of the testing duration. mean + SEM, *p < 0.001,
**p < 0.001, ***p < 0.001, by ANOVA with Dunnett’s test for post-hoc analysis.
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Fig. 6 CEND1 overexpression rescues cognitive impairment and synaptic deficits in 5xFAD mice. A Workflow diagram for AAV-GFP-CEND1
injection and subsequent analysis. B Hippocampal lysates from 5xFAD mice injected with AAV-GFP-CEND1 or controls (AAV-GFP) were
subjected to Western blotting for CEND1, GFP, and f-actin (AAV-GFP-CEND1, n = 3; AAV-GFP, n = 3). C Representative CEND1 fluorescence
images of hippocampus after AAV injection. Scale bar, 50 pm. D, E In the Morris water maze test, AAV-GFP WT (n = 17), AAV-GFP 5xFAD (n = 16)
and AAV-GFP-CEND1 5xFAD (n = 17) mice were evaluated for escape latency over a 7-day training. On the 8th day, percentage of time the
mice spent in the target zone were quantified. F, G Alternation triplet by T-maze tests in 6.5-month-old AAV-GFP WT (n = 17), AAV-GFP 5xFAD
(n=16) and AAV-GFP-CEND1 5xFAD (n = 17) mice. H In the fear conditioning test, freezing percentage was assessed to evaluate contextual
memory 24 h after training. Representative traces are shown. AAV-GFP WT mice (n = 17), AAV-GFP 5xFAD mice (n = 16) and AAV-GFP-CEND1
5%FAD mice (n = 17). | Rotarod test of 6.5-month-old AAV-GFP WT (n = 17), AAV-GFP 5xFAD (n = 16) and AAV-GFP-CEND1 5xFAD (n = 17) mice.
mean = SEM, *p < 0.001, **p < 0.001, ***p < 0.001, by ANOVA with Dunnett’s test for post-hoc analysis.

resulted in reduced Drp1 level without affecting OPA1 (Fig. 7D,
Fig. S5E, F). These data suggested that Drp1 may be the important
target of CEND1. Meanwhile, overexpression of GFP-CEND1 in SH-
SY5Y cells increased mitochondrial length (Fig. S5G). Next, we
explored the mechanism underlying the regulation of Drp1 by
CEND1 and found that CEND1 associates with Drp1 (Fig. 7E).
Cycloheximide (CHX) treatment assay showed that CEND1 over-
expression significantly accelerates the degradation of Drp1 in HEK-
293 T cells (Fig. 7F). To determine the degradation pathway of Drp1
induced by CEND1, ubiquitin-proteasome inhibitor MG-132 or
autophagy inhibitor Chloroquine (CQ) were treated the cells after
CHX administration. We found that the downregulation of Drp1 by
CEND1 overexpression was blocked by MG-132 but not CQ (Fig. S6A),
which indicates that the degradation of Drp1 by CEND1 was
through ubiquitin-proteasome pathway.

By seahorse mitochondrial stress tests, we found that the
mitochondrial maximal respiration, ATP production and spare
respiratory capacity were significantly impaired in Cend1~""neuron
compared with control. These mitochondrial function defects were
attenuated by restoration of CEND1 (Fig. 7G) or Drp1 inhibitor
Mdivi-1 (Fig. S6B), suggesting that these mitochondria defects
induced by CEND1 deficiency due to the upregulation of Drp1
(Fig. S6B). Furthermore, Drp1 overexpression also induced mito-
chondrial mass damage in N2a cells (Fig. S6C).

CDK5-mediated phosphorylation of CEND1 at S10 residue
promotes CEND1 degradation

Overactivation of CDK5 by p25 has been shown to contribute to
the pathogenesis of AD [37]. Many phosphorylation targets of
CDK5 have been proved to be involved in AD, such as tau and -
secretase [38, 39]. We wondered whether CEND1 was a substrate
of CDK5. CDKS5 substrates contain an S/TP(X)R/H/K motif, in which
S/T could be phosphorylated [40, 41]. According to this motif
sequence, a potential phosphorylation site of CDK5 at serine 10
(510) residue is conserved in species including human, rat, mouse
and bos (Fig. 8A). In vitro kinase assays revealed that the S10
residue was the only CDK5 target, given that the phosphorylation
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status was completely lost when this residue was mutated into a
phosphorylation-resistant alanine (S10A) (Fig. 8B). The mutation of
serine 10 to phosphorylation-mimic aspartic acid (510D) on CEND1
does not change its mitochondrial localization (Fig. S7). By GST
pull down assay and endogenous Co-IP, we found that CDK5/p25/
CEND1 can bind with each other and form a triple complex in vitro
(Fig. 8C-E) and in vivo (Fig. 8F).

We then wondered whether CDK5 may affect CEND1 protein
stability through phosphorylation. We first found that CEND1 was
increased in CDK5 heterozygous knockout mouse brain compared
with controls (Fig. 8G, Fig. S8A). A CDK5 inhibitor (Roscovitine)
treatment also increased CEND1 protein level in a dose and time
dependent manner in primary neuron (Fig. 8H, Fig. S8B). To gain a
better understanding of how CEND1 protein became down-
regulated under the influence of CDK5, we modulated protein
synthesis and degradation properties of the cells. Treatment with
the protein synthesis inhibitor cycloheximide revealed that the
rate of CEND1 degradation was significantly faster in cells
transfected with CDK5/p25 than CDK5 kinase-dead form (CDK5-
KD/p25) (Fig. 81, J). The degradation rate of phosphorylation-mimic
mutant CEND1 (S10D) was also much faster than that of
phosphorylation-resistant mutant CEND1 (S10A) (Fig. 8K).

By protein stability assay, we found that the downregulation
of CEND1 by CDK5 was blocked by ubiquitin-proteasome
inhibitor MG-132 but not autophagy inhibitor CQ (Fig. S8C),
which indicates that the degradation of CEND1 by CDKS5 is
through ubiquitin-proteasome pathway. p35 could be processed
to p25 by calpain to over-activate CDK5 [42, 43]. We observed
that p35 was cleaved into p25 and CEND1 protein level was
decreased when extra calcium (CaCl,) was added to mouse brain
homogenate (Fig. S8D). Glutamate could induce calcium influx
to activate calpain in neurons. The protein level of CEND1 was
significantly decreased in primary neurons treated with gluta-
mate, and calpain inhibitor MDL8710 could rescue this reduction
of CEND1 (Fig. 8L). These data indicated that overactivated
CDK5-mediated phosphorylation of CEND1 on S10 residue
facilitated its degradation.
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Fig. 7 CEND1 modulates mitochondrial dynamic through regulating Drp1. A Hippocampus regions from 6-month-old Cend?™* and
Cend1~’~ mice were subjected to electron microscope imaging and morphometric analysis. Scale bar,1 pm. The number, area and diameter of
mitochondria were counted. mean = SEM, n > 3,***p < 0.001, by two-tailed Student’s t-test. B Activity of citrate synthase (CS) that reflects
mitochondrial mass was determined using total cell lysates of CEND1 knockout primary neuron. The activity of CS was calculated and
expressed mean + SEM, n = 3, *p < 0.05, by two-tailed Student'’s t-test. C The hippocampus from WT mice (Cend1*"") and CEND1-deficient mice
(Cend17'~) were lysed, then immunoblotted with antibodies against Drp1, Drp1(ser616), OPA1, MFN2, CEND1 and p-actin. Quantifications are
shown in the right. mean + SEM, n = 4, *p < 0.05, ***p < 0.001, by two-tailed Student’s t-test. D The hippocampus from 7-month-old 5xFAD mice
injected with AAV-GFP or AAV-GFP-CEND1 were lysed, and immunoblotted with antibodies against Drp1, MFN2, OPA1 and f-actin.
Quantifications are shown on the right. mean + SEM, n = 4 per group, *p < 0.05, by two-tailed Student’s t-test. E HEK293T cells were transfected
with HA-Drp1 and GFP tag or GFP-CEND1. GFP proteins were immunoprecipitated and eluates were subjected to Western blotting for HA and
GFP. F Representative blots showing changes in total HA-CEND1 level in HEK293T cells transfected with HA-Drp1 as well as vector plasmid (GFP-
C3) or GFP-CEND1 subjected to CHX treatment for different time courses. Quantification is shown on the right. mean + SEM, n = 4 per group,
*p < 0.05, by two-tailed Student'’s t-test. G Cortical neurons from indicated mice were cultured in vitro and infected with AAV-GFP or AAV-GFP-
CEND1 on DIV7. Basal respiration, proton Leak, ATP production, maximal respiration and spare respiratory capacity were analyzed. mean + SEM,

n> 3 per group, *P < 0.05, ***P < 0.001, by one-way ANOVA with Tukey post-hoc test.

DISCUSSION
Neurodegenerative diseases, like AD, featured with abnormal
mitochondrial function. Mitochondrion is a vital organelle of
neurons, which play crucial roles in energy metabolism and cell
survival [44, 45]. Functionally damaged mitochondria result in less
energy production, more proapoptotic factors production, and
more reactive oxygen species (ROS) production, which could lead
to neuronal death and impair cognitive function [45-48]. Previous
studies indicated that AP induced mitochondrial fragmentation
and loss of membrane potential in Alzheimer's disease [49].
Inhibition of excessive mitochondrial fission through different
approaches prevented neuronal death and restored cognitive
function in AD mice. But the mechanisms for neuronal mitochon-
drial fusion and fission regulation are not well studied. Here we
demonstrated that CEND1 could be a crucial player in maintaining
normal mitochondrial morphology and function, and participated
in AD pathogenesis. Metabolism change has aroused much more
attentions in AD study in recent years. AD patients showed
significant decrease of glucose metabolism in the cortex and
hippocampus, as showed by PET imaging [50]. Drugs aiming at
improving brain metabolic function have shown benefits for AD
patients [51]. Our study highlighted the important roles of CEND1
in regulating mitochondrial metabolism, suggesting CEND1 could
be a potent therapeutic target for AD treatment.

By synapses isolation, immunofluorescent staining and immu-
noelectron microscopy analysis, we identified CEND1 specifically
locates in presynaptic mitochondria in neurons. Approximately
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80% of all axonal mitochondria are located at the pre-synapse and
contributes to synaptic functions [52]. A was also found to bind
with mitochondrial proteins (Drp1, VDAC or CypD) at synaptic
terminals [53, 54]. Meanwhile, synaptic mitochondria are more
vulnerable to stress and damage than the mitochondria in cell
body [55]. The damaged synaptic mitochondria cannot supply
enough energy for synaptic vesicles transmission, leading to
cognitive and learning failure.

CEND1 mediates neuronal cell cycle exit and neuronal
differentiation in development neurons, here we explored its
new functions in mature neurons and neurodegenerative
diseases. Abnormal cell cycle re-entry is associated with many
neurodegenerative diseases such as Alzheimer disease (AD)
[56, 57]. Accumulating evidence indicate that cell cycle markers
(such as cyclin D, CDK4 and Ki67) were significantly elevated in
neurons form AD [58-60]. Cell cycle regulation also participates in
regulation of mitochondrial fusion/fission and energy production
[27, 28]. The atypical cyclin-dependent kinase 5 (CDK5) plays
important roles in many cellular functions including cell motility
and survival, which directly participate in oxidative stress and
mitochondrial morphology in AD pathology. CDK5 is reported to
phosphorylate Drp1 at serine616 and S585 [61, 62], which is
associated with increased mitochondrial fission. Meanwhile, CDK5
can also phosphorylate HtrA2 at S400 [63] and inactivate
peroxiredoxin | and Il [64] involving in cell oxidative stress, and
triggers mitochondrial fragmentation. Hyperphosphorylation
of tau by CDK5 also facilitates mitochondrial dysfunction in
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Fig.8 CDK5-mediated phosphorylation on S10 promotes CEND1 degradation. A CEND1 protein sequences of multiple species were aligned.
Conserved potential phosphorylation sites are highlighted in black. B Representative blots of in vitro CDK5 kinase assays. Phosphorylation on
the recombinant GST-CEND1, GST-CEND1 (S10A) or GST tag was tested in vitro in the presence of CDK5/p25 kinase. Reaction products were
immunoblotted with an anti-Thiophosphate ester antibody. GST antibody to detect the GST-fusion proteins. C-E HEK293T cells were co-
transfected with GST-CDKS5, p25 and HA-CEND1 (C), GST-p25, HA-CDK5 and HA-CEND1 (D), or GST-CEND1, HA-CDK5 and p25 (E). Cell lysates
were subjected to pulldown assays with glutathione-Sepharose beads, and immunoblotted (IB) for the proteins indicated. F WT mouse brain
lysates were subjected to IP with an antibody against mouse p35 and control immunoglobulin G (IgG), and immunoblotted with antibodies
against p35, CDK5 and CEND1. G Equal protein amounts of mice hippocampus lysates from Cdk5"~ heterozygosity mice and Cdk5"+ WT mice
were subjected to Western blotting for CEND1, CDKS5, and a-tubulin. Quantifications are shown on the right. mean £ SEM, n =4 per group,
***p < 0.001, by two-tailed Student’s t-test. H Representative blots showing changes in CEND1 levels in response to pharmacological inhibition of
CDK5 by Roscovitine for different concentrations. p-actin is a loading control. mean + SEM, n = 3 per group, *P < 0.05, **P < 0.01, by one-way
ANOVA with Tukey post-hoc test. I, J Representative blots showing changes in total HA-CEND1 level in HEK 293T cells transfected with HA-
CEND1 as well as CDK/p25 or CDK5-KD/p25 subjected to CHX treatment for different time courses. Quantification is shown in J. mean £ SEM, n =
3 per group, *p < 0.05, by two-tailed Student'’s t-test. K Phosphorylation-mimic mutant CEND1 (S10D) and phosphorylation-dead mutant CEND1
(S10A) were transfected into HEK 293T cells, then treated with CHX for indicated time. Immunoblotted with antibodies against GST and p-actin.
mean * SEM, n = 3 per group, *p < 0.05, by two-tailed Student’s t-test. L Mature primary cortical neurons were treated with 100 pM glutamate for
6 h with or without pretreatment 2 h with 50 uM MDL28170. Immunoblotted with antibodies against CEND1, p35, p25 and p-actin. mean + SEM,
n=3 per group, *P < 0.05, by one-way ANOVA with Tukey post-hoc test.
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