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Abstract

Background Deoxyribonuclease 2 (DNase Il) plays a key role in clearing cytoplasmic double-stranded DNA (dsDNA).
Deficiency of DNase Il leads to DNA accumulation in the cytoplasm. Persistent dsDNA in neurons is an early patho-
logical hallmark of senescence and neurodegenerative diseases including Alzheimer’s disease (AD). However, it

is not clear how DNase Il and neuronal cytoplasmic dsDNA influence neuropathogenesis. Tau hyperphosphorylation
is a key factor for the pathogenesis of AD. The effect of DNase Il and neuronal cytoplasmic dsDNA on neuronal tau
hyperphosphorylation remains unclarified.

Methods The levels of neuronal DNase Il and dsDNA in WT and Tau-P301S mice of different ages were measured

by immunohistochemistry and immunolabeling, and the levels of DNase Il in the plasma of AD patients were meas-
ured by ELISA. To investigate the impact of DNase Il on tauopathy, the levels of phosphorylated tau, phosphokinase,
phosphatase, synaptic proteins, gliosis and proinflammatory cytokines in the brains of neuronal DNase ll-deficient WT
mice, neuronal DNase Il-deficient Tau-P301S mice and neuronal DNase Il-overexpressing Tau-P301S mice were evalu-
ated by immunolabeling, immunoblotting or ELISA. Cognitive performance was determined using the Morris water
maze test, Y-maze test, novel object recognition test and open field test.

Results The levels of DNase Il were significantly decreased in the brains and the plasma of AD patients. DNase |l

also decreased age-dependently in the neurons of WT and Tau-P301S mice, along with increased dsDNA accumula-
tion in the cytoplasm. The DNA accumulation induced by neuronal DNase Il deficiency drove tau phosphorylation
by upregulating cyclin-dependent-like kinase-5 (CDK5) and calcium/calmodulin activated protein kinase Il (CaMKIl)
and downregulating phosphatase protein phosphatase 2A (PP2A). Moreover, DNase Il knockdown induced and sig-
nificantly exacerbated neuron loss, neuroinflammation and cognitive deficits in WT and Tau-P301S mice, respectively,
while overexpression of neuronal DNase Il exhibited therapeutic benefits.
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Conclusions DNase Il deficiency and cytoplasmic dsDNA accumulation can initiate tau phosphorylation, suggesting
DNase Il as a potential therapeutic target for tau-associated disorders.

Keywords DNase Il, Alzheimer’s disease, Double-stranded DNA, Tau phosphorylation, Tauopathy

Graphical Abstract

Scheme depicting the possible mechanism by which DNase Il deficiency induces cognitive impairment in mice.
DNase Il deficiency induces tau phosphorylation by regulating kinases CDK5 and CaMKll as well as phosphatase PP2A
through accumulation of undigested damaged DNA in the cytoplasm of neurons. Then phosphorylated tau induces
synaptic loss, neuroinflammation, and neuronal apoptosis, eventually rendering cognitive impairment in mice.
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Background
Deoxyribonuclease 2 (DNase II) is one of the deoxy-
ribonucleases localized in lysosomes and targets dou-
ble-stranded DNA (dsDNA), including nuclear and
mitochondrial DNA, for degradation [1-4]. In healthy
cells, damaged and irreparable nuclear DNA fragments
are trafficked to the cytosol, delivered to lysosomes,
and hydrolyzed by DNase II before they accumulate [5].
DNase II deficiency in leukocytes leads to the accumu-
lation of undigested DNA in the cytoplasm and causes
autoinflammation mediated by type-I-interferon (IFN-I)
[6]. In senescent cells, DNase II downregulation provokes
the senescence-associated secretory phenotype through
aberrant activation of cytoplasmic DNA sensors and the
cyclic GMP-AMP synthase (cGAS)-stimulator of inter-
feron genes (STING) pathway with cytoplasmic accumu-
lation of DNA [7-10]. Although the role of DNase II in
peripheral systems has been extensively studied, its role in
the central nervous system is relatively poorly understood.
In the central nervous system, neurons are under great
potential threats of DNA damage due to oxidative and
metabolic stress from the high demand of oxygen, which
requires efficient DNA damage surveillance, repair and
clearance [11, 12]. Increasing evidence indicates that the
accumulation of damaged DNA increases with age [13,
14], and dsDNA breaks, the most severe form of DNA
damage induced by ROS, ionizing radiation, genotoxic
compounds as well as physiological brain activity, are
also increased in neurons [15-17] and in AD patients and
AD models [18, 19]. dsDNA breaks are demonstrated to
occur commonly in the brain [16, 18, 20], which exacer-
bates cellular senescence and various neurological dis-
orders. However, the role of DNase II and cytoplasmic
damaged DNA in AD pathology remains unclarified.
Tau is a microtubule-binding protein that main-
tains polymerization and stabilization of microtubules
in neuronal axons and dendrites to ensure essential
cargo transportation. However, under pathological
states, tau hyperphosphorylation increases, detaches
from microtubules and aggregates into oligomers and
paired helical filaments, causing neuronal dysfunction
such as autophagy dysfunction, mitochondrial dysfunc-
tion, and synaptic impairment, and finally resulting in
neuronal degeneration [21]. Hyperphosphorylated tau
protein is a pathological hallmark of several neurode-
generative diseases such as AD [22], frontotemporal
dementia [23] and progressive supranuclear palsy [24].
Tau phosphorylation is regulated by multiple kinases
and phosphatases, such as glycogen synthase kinase-3f
(GSK-3pB), CDKS5, cell cycle checkpoint kinases (Chkl,
Chk2), CaMKII, and protein phosphatases PP2A [21,
22, 25]. However, regulation of the activity of these
enzymes remains far from complete.
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In this study, we set out to examine the levels of neu-
ronal DNase II and cytoplasmic damaged DNA in the
brains of WT mice, Tau-P301S mice and AD patients,
explore the roles of neuronal DNase II and cytoplasmic
damaged DNA in tau phosphorylation, neuronal apop-
tosis and mouse cognition, and investigate the thera-
peutic effect in vivo by increasing DNase II expression.

Materials and methods

Subjects and sample collection

This study was approved by the Institutional Review
Board of the First Affiliated Hospital of Zhengzhou Uni-
versity Ethics Committee. All participants signed written
informed consent before their enrollment in the study.
We collected plasma samples from patients with mild
cognitive impairment (MCI) (n=14) with a median age
of 73 years (range, 57-84 years), AD patients (n=15)
with a median age of 72 years (range, 57-85 years), and
13 control subjects with a median age of 71 years (range,
65-78 years). Patient’s information including age, sex and
clinical diagnosis is shown in Additional file 1: Table S1.
All diagnoses of AD in this study were based on the rec-
ommendations of the National Institute on Aging and
the Alzheimer’s Association workgroup [26] or National
Institute of Neurological and Communicative Disorders
and Stroke and the Alzheimer’s Disease and Related Dis-
orders Association criteria [27]. The level of DNase II in
human plasma was determined by Human DNASE2A
(Deoxyribonuclease-2-alpha) ELISA Kit (HZBIO, Shang-
hai, China, #HZE52913h) according to the manufactur-
er’s instructions.

Animal treatment

Three-month-old male C57BL/6 mice were purchased
from Si Pei Fu (Beijing) Biotechnology Co. Ltd. (Beijing,
China). Tau-P301S mice were originally obtained from
Jackson Laboratory (The Jackson Laboratory, Bar harbor,
ME, Stock #008169). Three- and 9-month-old male Tau-
P301S mice were generated by breeding. All mice were
group-housed with free access to food and water, and
kept in a colony room at 22 +2°C and 45% + 10% humidity
on a reverse 12 h light/dark cycle. All animal experiments
were performed in accordance with the China Public
Health Service Guide for the Care and Use of Labora-
tory Animals. Experiments involving mice and protocols
were approved by the Institutional Animal Care and Use
Committee of Tsinghua University. The 3-month-old WT
or Tau-P301S mice were divided into two groups (n=10
mice per group) to receive injection of AAV-shDNase2a
(WT-KD or Tau-KD) or control virus (WT-CON or Tau-
CON), respectively. The 9-month-old Tau-P301S mice
were divided into two groups (=8 mice per group) to
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receive injection of AAV-overexpression DNase2a (Tau-
OVER) or control virus (Tau-CON).

Primary neuronal culture

Primary hippocampal neurons were obtained from the
hippocampi of C57BL/6 mouse embryos on embry-
onic days 16-17 (E16-17). Briefly, hippocampi were
dissected and digested with 0.25% trypsin containing
1 mg/ml DNase I (Thermo Fisher Scientific, Waltham,
MA, #90083), and then the dissociated cells were
plated on poly-D-lysine-coated coverslips at a density
of 100,000—300,000 cells/well in a 12-well dish and cul-
tured in neurobasal medium supplemented with B27
(Gibco, Waltham, MA, #17504—044), GlutaMAX (Gibco,
#35050,061), 0.5% penicillin-streptomycin  (Gibco,
#15070063) and Cytarabine (MedChemExpress, Mon-
mouth Junction, NJ, #HY-13605) for 7-10 days in vitro
(DIV 7-10). The medium was half-exchanged with fresh
medium three times a week. Neuronal maturation was
determined by immunocytochemistry with anti-MAP2
and anti-NeuN antibodies.

Cell culture

293 T cells were purchased from ATCC (Rockville, MD,
CRL-3216) and cultured in DMEM medium (Gibco,
#C11965500CP) supplemented with 10% fetal bovine
serum (Gibco, #10099141) and 0.5% penicillin—strepto-
mycin in 5% CO, at 37 °C.

Analysis of mRNA levels of DNase Il in AD patients

The Gene Expression Omnibus (GEO) Series (GSE)
matrix files were downloaded from GEO of the National
Center for Biotechnology Information (NCBI). In the
dataset, there were 8 normal controls, 20 early-onset
AD cases (EOAD, age-at-onset less than 60 years) and
19 late-onset AD cases (LOAD, age-at-onset between
70 and 80 years). All samples were collected from differ-
ent research centers and preserved at —80 °C until RNA
preparation. The dataset was analyzed using DESeq2 in R
package (3.6.3) and Mann—Whitney test was used to ana-
lyze the expression of DNase II in AD patients and the
control group.

Lentivirus production and infection

All shRNAs were chemically synthesized by Invitro-
gen (Frederick, MD) and inserted into the pSicoR from
Addgene (Watertown, MA). Lentiviral package plasmids
(Addgene) and the pSicoR were transfected into 293 T
cells by Zlip2000 (Beijing Zoman Biotechnology, Bei-
jing, China, #ZC302-2) according to the instructions. The
supernatant containing lentivirus was collected at 48 h
after transfection and centrifuged at 3000 rpm for 5 min
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to remove the cell debris and further ultracentrifuged to
obtain high titer stocks. The pellet was resuspended in
phosphate buffer saline (PBS) and stored at—80 °C. The
final viral concentration was calculated by qPCR assay.
The shRNA sequence is as follows: shDNase2a, GGG
TCTAGGGATACTCCAAAG.

To explore the effect of DNase II on the expression of
phosphorylated tau and the cGAS-STING pathway-
related proteins, the expression of DNase II was reduced
in primary hippocampal neurons (DIV 7-10) by infec-
tion with shDNase2a. Neurons were analyzed 72 h after
infection (DIV 10-13). Meanwhile, at 48 h after infection,
the cells were treated with 2.5 uM roscovitine [28] (Med-
ChemExpress, #HY-30237) for 24 h to inhibit CDKS5, or
5 uM DTO061 [29] (MedChemExpress, #HY-112929) for
24 h to activate PP2A. Then the cells were harvested in
an ice-cold RIPA lysis solution (MedChemExpress, #HY-
K1001) with 1 mM phenylmethylsulfonyl fluoride, pro-
tease inhibitor cocktail set I (Millipore, Billerica, MA,
#539131), and 1% (v/v) phosphatase inhibitor cocktails
(Solarbio Left Sciences, Beijing, China, #P1260). The
cell lysates were centrifuged for 10 min at 13,000 g, and
the supernatants were isolated and stored for analysis.
For immunofluorescence assay, cells were harvested and
fixed in 4% paraformaldehyde (PFA).

Stereotaxic injection of AAV

Mice were deeply anesthetized by intraperitoneal injec-
tion of a mixture of ketamine (100 mg/kg) and xyla-
zine (10 mg/kg). To knockdown neuronal DNase II, 4 pl
(8% 10'? vg/ml) of AAV-shDNase2a or AAV-shCON was
injected bilaterally in 3-month-old WT and TauP301S
mice at the following target coordinates: anteroposte-
rior (AP)—2.06 mm, mediolateral (ML)+ 1.5 mm, and
dorsoventral (DV)—1.5 mm (CA1)/—2 mm (DG) from
bregma (Fig. S4b). To overexpress neuronal DNase II,
9-month-old TauP301S mice received bilateral injection
of 4 ul (6x10' vg/mL) of AAV-DNase2a or AAV-CON
at the same target sites. The rate of injection was
0.5 pl/min and the needle remained in place for an
additional 5 min after injection. After surgery, the surgi-
cal sites were cleaned with sterile saline and the incision
was sutured. All mice were monitored and post-surgical
care was provided. Four weeks later, the mice under-
went behavioral tests, and then sacrificed for biochemi-
cal and histological analysis.

The sequences of shDNase2a and shCON were 5-GGG
TCTAGGGATACTCCAAAG-3; and 5-GAAGTCGTG
AGAAGTAGAA-3] respectively. AAV was purchased
from Obio Technology (Shanghai, China) with a serotype
of AAV2/9.
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Morris water maze (MWM) test

The MWM test was performed as described previously
with minor modifications [30]. Briefly, the water maze
consisted of a pool (120 cm in diameter) with opaque
water (22 +1 °C) and a platform (10 cm in diameter) sub-
merged 1.0 cm under the water. In the training phase
(days 1-5), mice were allowed to swim for 60 s to find the
platform, and stay there for 20 s. Mice unable to locate
the platform were manually guided to it. All mice were
trained twice a day over five consecutive days, with an
interval of 3—4 h. Twenty hours after the last training
trial, the mice were tested for memory retention in a
probe trial in the absence of the platform. The duration
of the probe trial was 60 s. The swimming activity of each
mouse was recorded by the video camera (Sony, Tokyo,
Japan).

Forced Y-maze test

The Y-maze was made up of three identical arms
(8 ecmx30 cmXx15 cm) covered with black paper and
separated by an angle of 120°. The test consisted of 2
trials with an interval of 1 h. For the training trial, each
mouse was allowed to explore freely only 2 arms (the
start and the familiar arms) of the maze for 10 min, and
the third arm (the new arm) was blocked. For the testing
trial, the mouse was put back in the same starting arm as
in the training trial with free access to all three arms for
5 min. All trials were recorded by a video system, and the
number of entries and the time spent in each arm were
analyzed. The arms were cleaned with 75% ethanol solu-
tion between trials.

Spontaneous Y-maze test

The spontaneous Y-maze test aims to assess the short-
term memory performance. The maze was the same as
the forced Y-maze, except that the marker at the end of
each arm was changed to eliminate the effects of the for-
mer forced Y-maze. This test consisted of a single 5-min
trial in which the mouse was allowed to move freely to
all three arms of the Y-maze. The series of arm entries,
including possible returns into the same arm, were
recorded with a camera connected to a computer. An
alternation was defined as entry into all three arms on
consecutive occasions. The number of maximum alterna-
tions was therefore the total number of arm entries minus
2, and the percentage of alternations was calculated as
(actual alternations/maximum alternations) x 100%.

Novel object recognition (NOR) test

Briefly, in the habituation phase, each mouse was
allowed to freely explore the behavioral arena
(50 cmXx50 cmx25 cm white plastic box, empty) for
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5 min the day before testing. For the training session,
a mouse was placed in the box having two identical
objects in the upper two corners and allowed to explore
for 5 min. After a 6-h interval, the mouse was allowed
to explore one familiar and one novel object for 5 min in
the same box in the test session. The time spent explor-
ing and sniffing each object was recorded. The results
were expressed as the discrimination index, which refers
to: (Time, . — Time,q) / (Time, .+ Time,4). The box
was cleaned with 75% alcohol between trials to eliminate
olfactory cues.

Open field test

Mice were placed individually in the center of the cham-
ber (27x27%20.3 cm®) equipped with a camera (Sony,
Tokyo, Japan). Their free behavior was recorded for
10 min. Velocity, center duration and total distance were
quantitatively analyzed. Chamber was cleaned with 75%
ethanol between trials.

Immunocytochemistry

Cells were washed with PBS three times, fixed in 4% PFA
for 20 min at room temperature, permeabilized with
0.3% Triton X-100 for 30 min and blocked with 10% don-
key serum albumin (DSA) in PBS for 1 h at room tem-
perature. Then the cells were incubated with primary
antibodies overnight at 4 °C followed by corresponding
fluorescently-conjugated (-488, -594 or -647) second-
ary antibodies for 45 min, counterstained with DAPI
(1:10,000) for 15 min at room temperature in dark, and
then mounted on coverslips with anti-fade mount-
ing medium. Fluorescence signals were captured on a
laser scanning confocal microscope (Leica TCS SPS,
Germany). Moreover, a fluorescent terminal deoxynu-
cleotidyl transferase nick-end labeling kit was used for
terminal deoxynucleotidyl transferase mediated dUTP
nick-end labeling (TUNEL) staining (Roche, Basel, Swit-
zerlan, #12156792910).

Immunohistochemistry

Mice were deeply anesthetized by intraperitoneal injec-
tion of a mixture of ketamine (100 mg/kg) and xylazine
(10 mg/kg) and perfused with ice-cold PBS containing
heparin (10 U/ml) before sacrifice. Mouse brains were
immediately removed and divided along the sagittal
plane. The left brain hemisphere was fixed in 4% PFA
at 4 ‘C overnight and processed for paraffin-embedded
sections. For immunohistochemistry analysis, 5-pum
coronal paraffin-embedded serial sections were depar-
affinized and subjected to antigen retrieval using citrate
buffer (0.01 M, pH 6.0, 0.05% Tween-20) at 95 °C for
20 min. The sections were then incubated with 0.3%
H,0, and washed 3 times with 1 X PBS. Sections were



Li et al. Translational Neurodegeneration (2024) 13:39

then permeabilized and blocked with 10% goat serum
albumin or DSA in 0.3% Triton-X 100 for 1 h at room
temperature. Then sections were incubated with the
primary antibodies overnight at 4 °C, followed by cor-
responding secondary antibodies conjugated to Alexa
Fluor 488, 594 or 647. The sections were imaged on
the Leica TCS SP8 confocal microscope. For 3’-diam-
inobenzidine (DAB) immunostaining, the sections were
incubated with a corresponding HRP-labeled second-
ary antibody and visualized with DAB by an Olym-
pus IX73 inverted microscope with DP80 camera. All
images were analyzed by Image ] software (v1.52a).
Moreover, a fluorescent terminal deoxynucleotidyl
transferase nick-end labeling kit (Roche, Basel, Switzer-
lan, #12156792910) was used for TUNEL staining.

The following primary antibodies were used for immu-
nohistochemistry and immunocytochemistry: anti-MAP2
antibody (Invitrogen, #PA1-16751, 1:500), anti-NeuN
antibody (Abcam, Cambridge, UK, #ab177487, 1:200),
anti-ionized calcium-binding adapter molecule 1 (IBA1)
antibody (Genetex, San Antonio, TX, #GTX101495,
1:200), anti-GFAP antibody (Cell Signaling Technology,
Boston, MA, #3670S, 1:200), anti-DNase II antibody (Pro-
teintech, Wuhan, China, #15934-1-AP, 1:200), anti-post-
synaptic density-95 (PSD95) antibody (Abcam, #ab13552,
1:200), anti-synaptophysin antibody (Abcam, #ab32127,
1:500), anti-phospho-tau (Ser202, Thr205) (Invitrogen,
Frederick, MD, #MN1020, 1:200), anti-phospho-tau
(Thr231) (Beyotime, Shanghai, China, #AF1951, 1:100),
anti-phospho-tau (Ser416) (Abcam, #ab119391, 1:100),
anti-GFP (Abcam, #ab1218, 1:1000), anti-dsDNA marker
(Santa Cruz Biotechnology, Dallas, TX, #SC-58749, 1:50),
and anti-yH2AX (phospho S139) (Abcam, #ab81299,
1:250).

The following secondary antibodies were used for
immunohistochemistry and immunocytochemistry in
this study: Donkey anti-Mouse IgG H&L (Alexa Fluor®
488) (Abcam, #ab150105, 1:500), Donkey anti-Mouse
IgG H&L (Alexa Fluor® 555) (Abcam, #ab150110,
1: 500), Donkey anti-Rabbit IgG H&L (Alexa Fluor®
488) (Abcam, #ab150073, 1: 500), Donkey anti-Rabbit
IgG H&L (Alexa Fluor® 647) (Abcam, #ab150063, 1:
500), Donkey anti-Goat IgG H&L (Alexa Fluor® 555)
(Abcam, #ab150130, 1: 500), Donkey anti-Chicken IgY
(H+L) (Alexa Fluor® 488) (Yeasen, Shanghai, China,
#34606ES60, 1: 500), Donkey anti-Chicken IgY (H+L)
(Alexa Fluor® 594) (Yeasen, #34612ES60, 1: 500), Goat
anti-Mouse IgG (HRP) (Abcam, #ab6789, 1: 300), and
Goat anti-Rabbit IgG (HRP) (Abcam, #ab6721, 1: 300).

RNA extraction and quantitative PCR (qPCR)
Total RNA was extracted from cell lysates using TRI-
zol reagent. Reverse transcription was performed by
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EasyQuick RT MasterMix (Cwbio, Taizhou, Jiangsu,
China, #CW2019M) according to the manufacturer’s
instructions. Relative level of cDNA was determined by
real-time qPCR using the 7500 Fast Real-Time PCR Sys-
tem (Applied Biosystems, Foster City, CA) and SYBR
Select Master Mix (Applied Biosystems, #4472908).
Expression levels of the target genes were normalized to
B-actin. The primer sequences used in this study are pro-
vided in Additional file 1: Table S2.

Brain lysate preparation

The mouse hippocampal tissues were homogenized in
RIPA lysis buffer (MedChemExpress, #HY-K1001) con-
taining phosphatase inhibitor cocktails (Solarbio Left
Sciences, Beijing, China, #P1260) and protease inhibitor
cocktail set I (Millipore, #539131) using Tissue LyserIl
(QIAGEN, Hilden, Germany) and then centrifuged at
15,000 X g for 30 min at 4 °C to collect the supernatant
(RIPA-soluble fraction). The pellets were resuspended
in guanidine buffer (5.0 M guanidine-HCl/50 mM Tris—
HCI, pH 8.0) and centrifuged at 15,000x g for 1 h at 4 °C
to obtain supernatants containing insoluble proteins
(RIPA-insoluble fraction). The protein concentrations of
soluble and insoluble fractions were determined using
the BCA protein assay (Thermo Fisher Scientific, #23225)
according to the manufacturer’s instructions.

Western blotting
Protein samples from mouse hippocampus tissues or cell
lysates were separated in 10%—12% SDS-PAGE gels (Inv-
itrogen) and transferred onto nitrocellulose membranes
(Merck Millipore). After blocking with 5% non-fat milk
for 1 h at room temperature, the membrane was incu-
bated with the corresponding primary antibodies over-
night at 4 °C. Then HRP-conjugated secondary antibodies
were applied at a concentration of 1:5000 for 1 h at room
temperature. The bands in immunoblots were visualized
by enhanced chemiluminescence using an Amersham
imager 680 imaging system (GE Healthcare, Pittsburgh,
PA) and quantified by densitometry and Image J software.
The following primary antibodies were used for West-
ern blotting: anti-f-actin (Abcam, #ab8226, 1:1000),
anti-DNase II (Proteintech, #15934-1-AP, 1:500), anti-
phospho-tau (Ser202, Thr205) (Invitrogen, #MN1020,
1:500), anti-phospho-tau (Thr231) (Beyotime, #AF1951,
1:500), anti-phospho-tau (Ser416) (Abcam, #ab119391,
1:1000), anti-CDK5 (Abcam, #ab40773, 1:2000), anti-
p35/p25 (Cell Signaling Technology, #2680, 1:1000),
anti-PSD95 (Abcam, #ab238135, 1:1000), anti-synap-
tophysin (Abcam, #ab32127, 1:1000), anti-interferon
regulatory factor 3 (IRF3) (Beyotime, #AF2485, 1:1000),
anti-phospho-IRF3 (Ser396) (Cell Signaling Technology,
#29047, 1:1000), anti-TANK-binding kinase 1 (TBK1)
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(Abcam, #ab40676, 1:1000), anti-phospho-TBK1/NAK
(Ser172) (Cell Signaling Technology, #5483, 1:1000),
anti-Bax (Beyotime, #AF1270, 1:1000), anti-caspase3
(Abcam, #ab32351, 1:1000), anti-cleaved-caspase3 (Abcam,
#ab32042, 1:1000), anti-Tuj1 (Abcam, #ab18207, 1:1000),
anti-MAP2 (Abcam, #ab32454, 1:1000), anti-GFAP
(Cell Signaling Technology, #3670S, 1:1000), anti-
IBA1 (Abcam, #ab283319, 1:1000), anti-PP2A anti-
body (Abcam, #ab32104, 1:2000), anti-phospho-PP2A
(Tyr307) (Abcam, # ab314196, 1:1000), anti-phospho-
GSK-3p (Tyr216) (BD Biosciences, San Jose, CA, #612313,
1:1000), anti-GSK-3p (Cell Signaling Technology, #9315S,
1:1000), anti-Chk1 (Cell Signaling Technology, #2360,
1:1000), anti-phospho-Chk1 (Ser317) (Cell Signaling Tech-
nology, #2344, 1:1000), anti-CaMKII-a (Cell Signaling
Technology, #50049S, 1:1000), anti-phospho-CaMKII-a
(Thr286) (Cell Signaling Technology, #12716 T, 1:1000),
anti-Chk2 (Beyotime, #AF2020, 1:1000), anti-phos-
pho-Chk2 (Thr68) (Cell Signaling Technology, #2661,
1:1000), anti-Calpain2 (Abcam, #ab126600, 1:1000), anti-
KIAA1524 (CIP2A) (Abclonal, Boston, MA, #A12267,
1:1000), and anti-STING (Beyotime, #AG5348, 1:1000).

The following secondary antibodies were used for
Western blotting assay in this study: Goat anti-rabbit IgG
(HRP) (Abcam, #ab6721, 1:10,000) and Goat anti-mouse
IgG (HRP) (Abcam, #ab6789, 1:10,000).

Measurement of IL-6, IL-13 and TNF-a

The levels of IL-6, IL-1pB, and TNF-a in the brain lysates
of mice were determined with corresponding ELISA kits
(Biolegend, San Diego, CA, #431304 for IL-6; #432601
for IL-1B; #430904 for TNF-a) according to the manu-
facturer’s protocols. A SpectraMax M5 microplate reader
(Molecular Devices, Sunnyvale, CA) was used to measure
the absorbance at 450 nm.

Tau measurement

The p-tau and total-tau levels in hippocampus of mice
were determined using the MULTI-SPOT Phospho
(Thr231)/Total tau assay (Meso Scale Diagnostics, Rock-
ville, MD, #K15121D) according to the instructions.
Briefly, 25 pl of mouse brain homogenates were added to
the plate, and the plate was incubated at room tempera-
ture for 1 h with shaking at 500 rpm. After washing for
4 times, the detection antibody was added and the plate
was further incubated for 1 h at room temperature. After
adding the read buffer, the tau levels were measured by
the MSD-S600 reader.

Statistical analysis

Statistical testing was performed using Prism (Graph-
Pad Software, v8.0.2). For comparisons between groups,
first, the Shapiro—Wilk test (Sigma-Plot) was performed
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to test if the data were normally distributed. For nor-
mally distributed data, statistical analysis was performed
with one-way or two-way ANOVA followed by Tukey’s
test or with unpaired ¢-test with two-tailed P values. For
non-normally distributed data, Mann—Whitney test (two
groups) or Kruskal-Wallis one-way ANOVA on ranks
(three or more groups) with Two-stage step-up method
Benjamini, Krieger and Yekutieli test was used. Data are
expressed as group mean + SEM, and P<0.05 was consid-
ered statistically significant.

Results

Neuronal DNase Il levels are decreased age-dependently

in the brains of WT mice, Tau-P301S mice and AD patients
Previous reports have demonstrated that damaged
DNA accumulates in neurons of the elderly popula-
tion and patients with neurological disorders [14, 20].
To explore the underlying mechanism, we identified the
levels of DNase II in the hippocampal and cortical neu-
rons of WT and Tau-P301S mice and in the plasma and
brains of AD patients. Immunohistochemistry results
indicated that the level of neuronal DNase II began to
drop at age 8 months and further decreased with age
in the hippocampus and cortex of WT mice (Fig. 1a, b
and Fig. Sla, b). Correspondingly, dsSDNA accumulation
increased in the cytoplasm of neurons (Fig. 1a, ¢ and Fig.
Sla, c¢). Moreover, Tau-P301S mice showed age-depend-
ent decrease of DNase II (Fig. 1d, e and Fig. S1d, e) and
accumulation of cytoplasmic DNA (Fig. 1d, f and Fig.
S1d, f) in hippocampal and cortical neurons at 6, 9 and
12 months. Consistently, Western blotting results con-
firmed the decrease of DNase II in the brains of WT mice
with age (Fig. S1g, h). Besides, the levels of DNase II were
also significantly decreased in the brains of Tau-P301S
mice at 6, 9, and 12 months of age, compared with the
age-matched WT mice (Fig. S1i, j).

In addition, patients with AD and mild cognitive
impairment showed remarkably decreased plasma levels
of DNase II compared to the healthy controls (Fig. 1g).
Moreover, EOAD and LOAD patients exhibited signifi-
cantly lower mRNA expression of DNase II compared to
the healthy elderly people (Fig. 1h).

DNase Il deficiency promotes tau phosphorylation

in primary neurons

To investigate whether DNase II deficiency is involved
in the pathogenesis of tauopathies, we constructed a
lentivirus system carrying Dnase2a shRNA (shDNa-
se2a) to knockdown DNase II in primary hippocampal
neurons (Fig. S2a—d). Immunocytochemistry and West-
ern blotting consistently showed that DNase II defi-
ciency induced significant increases in the levels of p-tau
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Fig. 1 Neuronal DNase Il is decreased age-dependently in the hippocampus of WT mice, Tau-P301S mice and AD patients. a Immunolabeling
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phosphorylated at Ser202/Thr205 and Thr231 in primary
hippocampal neurons (Fig. 2a—d).

CDKS5, CaMKiIl and PP2A are involved in tau
phosphorylation induced by neuronal DNase Il deficiency
Multiple protein kinases and phosphatases, such as
GSK-3p, CDK5, Chkl, Chk2 and CaMKII, are respon-
sible for tau phosphorylation [21, 22, 25]. We found
significantly increased levels of CDK5 as well as kinase
activities of CDK5 (measured by the p25/p35 ratio [31,
32]), CaMKII-a (measured by p-CaMKII-a/CaMKII-a
ratio) rather than GSK-3p, Chkl and Chk2 kinase activ-
ity in neurons infected with shDNase2a (Fig. 2e, f).
Previous reports demonstrated that Calpain2 can be
activated under neurotoxicity such as DNA damage to
cleave p35 to produce p25 [33], which in turn activates
CDK5 and promotes tau phosphorylation [34]. Cor-
respondingly, the levels of p25/p35 and Calpain2 were
remarkably increased in DNase II-deficient neurons
(Fig. 2e, f). To further verify the effect of CDK5 on the

tau phosphorylation induced by DNase II knockdown,
we added compound roscovitine, an inhibitor of CDK5
[28], to primary hippocampal neurons with or without
DNase II knockdown. Roscovitine significantly inhib-
ited tau phosphorylation at Ser202/Thr205 and Thr231
in DNase II-deficient neurons (Fig. S2e—i). As tau phos-
phorylation is also regulated by phosphatases such as
PP2A, the activity of PP2A was also assessed. We found
increased levels of the inactive phosphatase PP2A (meas-
ured by p-PP2A/PP2A) in DNase II-deficient neurons.
The phosphorylated form of PP2A (p-PP2A), which
downregulates the activity of PP2A [35], was significantly
elevated (Fig. 2e, f). Moreover, tau hyperphosphorylation
at Ser202/Thr205 and pThr231 was obviously inhibited
by DT061 [29], an activator of PP2A (Fig. S2j—n). Fur-
thermore, cancerous inhibitor of protein phosphatase 2A
(CIP2A), an endogenous PP2A inhibitor [36] that is over-
expressed in AD brain [37], was significantly increased in
DNase II-deficient neurons (Fig. 2e, f). Moreover, active
CaMKII-a was increased (Fig. 2e, f), which may explain
the increased levels of tau phosphorylated at serine 416
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(a CaMKII-a target site) in DNase II-deficient primary
hippocampal neurons (Fig. 2g—j).

DNase Il downregulation induces neuronal apoptosis

via the cGAS-STING pathway

Downregulation of DNase II in peripheral leukocytes
leads to apoptosis through aberrant activation of the
cGAS-STING pathway via cytoplasmic accumulation
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of nuclear DNA [38]. We here found that the immu-
noreactivity of yH2AX, a marker of double-stranded
DNA breaks, was significantly increased in the nuclear
and the cytoplasm of DNase II-deficient primary hip-
pocampal neurons (Fig. S3a, b). Next, we measured
the levels of STING and downstream mediators of the
cGAS-STING cytoplasmic DNA sensing pathway,
TBK1, phosphorylated TBK1 (p-TBK1), IRF3 and phos-
phorylated IRF3 (p-IRF3). Downregulation of DNase II
remarkably upregulated the levels of STING, p-TBK1/
TBK1 and p-IRF3/IRF3 in DNase II-deficient neurons
(Fig. S3c, d), suggesting activation of the cGAS-STING
signaling pathway. Consistent with previous report in
leukocytes, knockdown of DNase II induced apopto-
sis of primary hippocampal neurons as detected by
TUNEL staining (Fig. S3e, f). Correspondingly, apopto-
sis-related proteins, such as Bax and cleaved-caspase3
(Cleaved-cas3), were upregulated in DNase II-deficient
primary hippocampal neurons, while the level of
caspase-3 remained unchanged (Fig. S3c, d).

A previous study showed that activation of cGAS-STING
can lead to activation of the IFN-I signaling pathway [6].
We here found that the mRNA expression of IFN-I-related
genes Irf7, Ifitl, Ifitm3, Igtp and Isgl5 was significantly
increased in the primary hippocampal neurons infected
with shDNase2a other than shCON (Fig. S3g). These find-
ings demonstrated that DNase II deficiency activates the
cGAS-STING and IEN-I signaling pathways, and induces
neuronal apoptosis (Fig. S3h).

Neuronal DNase Il deficiency promotes tau
phosphorylation and aggregation in WT mice
AAV-shDNase2a or AAV-CON vector, which was con-
trolled by a neuronal specific promoter hSyn, was injected
into the cornu ammonis 1 (CAl) and the dentate gyrus
(DG) of dorsal hippocampi of 3-month-old C57BL/6 mice
(Fig. S4a, b). Four weeks later, the AAV vector-related
GFP fluorescence was present throughout the dorsal
hippocampus, specifically colocalized with MAP2" neu-
rons but not with microglia or astrocytes, showing the
neuronal-specific expression of AAV (Fig. S4c—e).
Consistent with the in vitro results, the levels of tau
phosphorylated at Ser202/Thr205, Thr231 and Ser416
in hippocampus were all significantly increased in
the DNase II-deficient WT (WT-KD) mice compared
to WT control (WT-CON) mice (Fig. 3a, b). West-
ern blotting analysis also showed increased levels of
phosphorylated tau in hippocampal lysates of WT-KD
mice (Fig. 3¢, d). These results were further confirmed
by the pThr231/total tau ratio in hippocampal lysates
by electrochemiluminescence assay (Fig. 3e). Corre-
spondingly, the level of CDK5 and the kinase activities
of CDK5 (p25/p35), active CaMKII-a (p-CaMKII-a/
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experiments. In d and e, data were pooled from three independent experiments. Data are presented as mean + SEM of three independent
experiments, and unpaired t-test with two-tailed P values was used for statistical analysis. *P < 0.05, **P <0.01, ****P<0.0001

CaMKII-a), inactive phosphatase PP2A (p-PP2A/
PP2A) and CIP2A, rather than GSK-3p, Chkl and
Chk2 kinase activity, were significantly increased in
WT-KD relative to WT-CON mice (Fig. S4f, g).

Abnormally phosphorylated tau loses its microtu-
bule-binding function, and aggregates to form oligom-
ers or larger aggregates, leading to synaptic loss and
cognitive deficits [39]. We here found that the levels of
SDS-resistant tau aggregates in both RIPA-soluble and
RIPA-insoluble fractions were significantly increased
in WT-KD mice compared to WT-CON mice (Fig.
S4h-j).

Neuronal DNase Il deficiency induces cognitive impairment
and synaptic loss in WT mice

A series of behavioral tests were performed to assess
the effect of DNase II knockdown on the cognition of
WT mice (Fig. 4a). No significant differences in mouse
survival or motor function was observed in any experi-
mental groups of 4-month-old WT mice (Fig. S5a-d). In

forced Y-maze test, WT-KD mice showed reduced time
spent in the novel arm of Y-maze (Fig. 4b, Fig. S5e), as
well as less alternation in the spontaneous Y-maze test
compared with the WT-CON mice (Fig. 4c). In the open
field test, WT-KD mice spent less time (Fig. 4d) and
traveled less distances (Fig. 4€) in the central area (Fig.
S5f). In the NOR test, WT-KD mice showed decreased
discrimination index when compared with the WT-CON
mice (Fig. 4f). In the MWM training test, the WT-KD
mice showed impaired spatial learning ability with longer
latency than the WT-CON mice (Fig. 4g). In the probing
test of MWM, WT-KD mice showed increased escape
latency (Fig. 4h), reduced platform crossings (Fig. 4i),
and shorter time spent in the target quadrant (Fig. 4j, Fig.
S5g) compared with the WT-CON mice. These results
indicated that DNase II knockdown induced cognitive
deficits in 4-month-old W'T mice.

We also determined the levels of neuronal DNase II
and dsDNA in the cytoplasm of neurons in 4-month-old
WT mice. Compared with WT-CON mice, the levels
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of neuronal DNase II were significantly decreased, and
resulted in increased dsDNA accumulation in the brains
of WT-KD mice (Fig. S5h, i).

Next, we determined the effect of DNase II deficiency
on synapses. The levels of PSD95 and synaptophysin
(SYN), and the number of intact synapses (indicated by
co-localization of PSD95 and SYN) were significantly
decreased in the brains of WT-KD mice compared to
WT-CON mice (Fig. 4k, 1). These findings were con-
firmed by Western blotting analysis of PSD95 and SYN
in the hippocampus lysates (Fig. 4m, n). Furthermore,
significantly increased astrogliosis and microgliosis
were observed in the brains of WT-KD mice (Fig. S5j,
k). Western blotting analysis consistently showed that
the levels of GFAP and IBA1 were increased in the hip-
pocampal lysates of WT-KD mice compared to WT-
CON mice (Fig. S51, m). ELISA results showed higher
levels of inflammatory cytokines IL-6, IL-1p and TNF-«
in WT-KD mice than in WT-CON mice (Fig. S5n).

Moreover, TUNEL staining showed abundant TUNEL-
positive cells in the hippocampus of WT-KD mice rela-
tive to WT-CON mice (Fig. S50, p).

Neuronal DNase Il deficiency exacerbates cognitive deficits
and tauopathy in Tau-P301S mice
To further assess the effect of DNase II deficiency on
the neuropathology and cognition in tau mouse model,
AAV-shDNase2a or AAV-shCON was bilaterally injected
into the hippocampus of 3-month-old Tau-P301S mice.
At 4 weeks after injection, no significant differences in
mouse survival or motor function were observed between
groups (Fig. S6a—d). The results of forced Y-maze, spon-
taneous Y-maze, open filed, NOR and MWM tests dem-
onstrated that DNase II knockdown aggravated cognitive
deficits in 4-month-old Tau-P301S mice (Fig. 5a—i, Fig.
S6e-g).

As expected, the levels of neuronal DNase II were sig-
nificantly decreased and dsDNA accumulation increased
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in the brains of DNase II-deficient Tau-P301S (Tau-KD)
mice compared with Tau-P301S control (Tau-CON) mice
(Fig. S6h, i). Correspondingly, the levels of phosphoryl-
ated tau were significantly increased in Tau-KD mice
(Fig. 5j—m). The levels of CDK5 and p-CaMKII-a were
increased, while the level of PP2A was reduced in Tau-
KD mice (Fig. 5n, 0). Moreover, significant decreases in
the levels of PSD95 and SYN as well as the number of
intact synapses were observed in Tau-KD mice, as com-
pared to the Tau-CON mice (Fig. 5p—s).

Furthermore, DNase II knockdown induced astroglio-
sis and microgliosis (Fig. S6j—m) and increased the levels
of inflammatory cytokines IL-6, IL-13 and TNF-a (Fig.
Sén). More apoptotic cells were detected in the brains of
Tau-KD mice (Fig. S60, p).

Neuronal DNase Il overexpression ameliorates cognitive
deficits and tauopathies in Tau-P301S mice
To assess the effect of DNase II overexpression in
neurons on the cognitive deficits and tauopathies in
Tau-P301S mice, we overexpressed DNase II in neu-
rons of 9-month-old Tau-P301S mice by injecting
AAV-DNase2a into the CA1 and DG regions of dorsal
hippocampi. Four weeks later, the 10-month-old Tau-
P301S mice with neuronal DNase II-overexpression
(Tau-OVER) spent more time in the new arm and made
more entries into the new arm in the forced Y-maze test
(Fig. 6a, b). They also exhibited a marked increase in
the discrimination index of the novel object in the NOR
test compared to the 10-month-old Tau-P301S control
(Tau-CON) mice (Fig. 6¢c). These results indicated that
neuronal DNase II overexpression significantly attenu-
ated the cognitive and memory impairment in aged
Tau-P301S mice.

As expected, the levels of neuronal DNase II were sig-
nificantly increased and dsDNA accumulation decreased

(See figure on next page.)
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in the brains of Tau-OVER mice compared to the Tau-
CON mice (Fig. S7a, b). We next assessed the effect of
DNase II overexpression on the levels of phosphorylated
tau in the hippocampus of the Tau-P301S mice. West-
ern blotting and immunohistochemistry results demon-
strated that DNase II overexpression greatly reduced the
levels of p-tau in Tau-OVER mice compared to Tau-CON
mice (Fig. 6d—g). The levels of CDK5 and p-CaMKII-a
were significantly decreased while the level of PP2A was
significantly increased with DNase II overexpression
in mice, leading to lower levels of tau phosphorylation
(Fig. 6h, 1).

In addition, the levels of PSD95 and SYN were sig-
nificantly enhanced (Fig. 6j—m), while astrogliosis,
microgliosis and inflammatory cytokines including
IL-6, IL-1p and TNF-a were remarkably decreased in
the Tau-OVER mice compared to Tau-CON mice (Fig.
S7c-g). Moreover, TUNEL staining revealed that DNase
II overexpression significantly decreased the number of
TUNEL-positive cells (Fig. S7h, i). Thus, DNase II over-
expression ameliorates cognitive deficits and tauopathies
in Tau-P301S mice.

Discussion

DNase II has the ability to hydrolyze dsDNA in lys-
osomes, and its downregulation triggers the cytoplas-
mic accumulation of nuclear DNA in senescent cells [7].
Given that dsDNA damage is prevalent in the brain and
is strongly associated with neuronal health [15, 16, 18,
19], we speculate a role of DNase II deficiency and cyto-
plasmic dsDNA accumulation in neurodegeneration. In
the present study, we showed that the level of neuronal
DNase II is downregulated in the brains of aged WT
mice, tauopathy mouse model and AD patients, resulting
in accumulation of damaged DNA in the cytoplasm, and
further tau pathogenesis and cognitive impairment.

Fig. 5 Neuronal DNase Il deficiency induces tau phosphorylation and exacerbates cognitive impairment and synaptic loss in Tau-P301S

mice. a The time spent in the novel arm in forced Y-maze test. b Alternation in the spontaneous Y-maze test. ¢, d The time spent and distance
traveled in the central area of the open field. e Discrimination index in the novel object recognition test. f The latency to find the hidden
platform during training trials of MWM test. n=10 mice per group. g The latency to the position of the removed platform during probe trials

of the MWM test. h The number of platform crossings during probe trials of the MWM test. Mann-Whitney test. i The time spent in the target
quadrant during probe trials of MWM test. j Western blotting of AT8, pThr231 and pSer416 in the hippocampal homogenates of Tau-CON mice
and Tau-KD mice. k Quantitation of the levels of AT8, pThr231 and pSer416 in (j). | Immunolabeling of AT8 (cyan), pThr231 (red) and pSer416 (red)
in the hippocampal DG region of Tau-CON mice and Tau-KD mice. Scale bars, 50 um. m Quantification of AT8, pThr231 and pSer416 fluorescent
areas in (I). n=5 mice per group. n Western blotting of PP2A, p-CaMKill-a and CDKS5 in the hippocampus lysates of Tau-CON mice and Tau-KD
mice. o Quantitation of the levels of PP2A, p-CaMKll-a and CDKS5 in (n). p Immunolabeling of PSD95 (red) and synaptophysin (SYN) (green) puncta
in the brains of Tau-CON mice and Tau-KD mice. Circles indicate co-localization of PSD95 and SYN puncta. Scale bars, 5 um. q Quantification

of synaptic puncta or their apposition in (p). n=5 mice per group. r Western blotting of PSD95 and SYN in the hippocampal homogenates

of Tau-CON mice and Tau-KD mice. s Quantitation of the levels of PSD95 and SYN in the brains of mice in (r). In a-i, n=10 mice per group.Inj, n
and r, data are representative of three independent experiments. In k, 0 and s, data are pooled from three independent experiments. Data are
presented as mean + SEM, and analyzed with unpaired t-test with two-tailed P values (a-e, g, i, k, m, 0, q and s) or two-way ANOVA followed

by Tukey's multiple comparison test (). *P <0.05, **P<0.01, ***P<0.001, ****P<0.0001
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Tau phosphorylation is catalyzed by multiple pro-
tein kinases and balanced by phosphatases [21, 22, 40].
The regulation of these enzymes by different processes
results in tau phosphorylation at different sites [41,

PSD95 SYN

42]. In AD, several kinases such as CaMKII, CDKS5,
Chkl and GSK-3p, and phosphatases such as PP2A,
play key roles in tau phosphorylation [43]. Here we
found that the kinase activities of CDK5 and CaMKII
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Fig. 6 Neuronal DNase Il overexpression prevents cognitive deficits and

in the new arm in forced Y-maze. n=8 mice per group. ¢ Discrimination i

blotting of AT8, pThr231 and pSer416 in the hippocampal homogenates

tau phosphorylation in Tau-P301S mice. a, b The time spent and entries
ndex in the novel object recognition test. n=8 mice per group. d Western
of Tau-CON mice and Tau-OVER mice. e Quantitation of the levels of ATS,

pThr231 and pSer416 in (d). f Representative images of AT8 (cyan), pThr231 (red) and pSer416 (red) fluorescence staining in the hippocampal DG
region of Tau-CON mice and Tau-OVER mice. Scale bars, 50 um. g Quantification of AT8, pThr231 and pSer416 fluorescent areas in (f). n=5 mice

per group. h Western blotting of PP2A, p-CaMKll-a and CDKS5 in the hipp
of the levels of PP2A, p-CaMKll-a and CDKS5 in (h). j Immunolabeling of P

ocampal homogenates of Tau-CON mice and Tau-OVER mice. i Quantitation
SD95 (red) and synaptophysin (SYN) (green) puncta in the brains

of Tau-CON mice and Tau-OVER mice. Circles indicate Co-localization of PSD95 and SYN puncta. Scale bars, 5 um. k Quantification of synaptic

puncta or their apposition in (j). n=5 mice per group. | Western blotting
and Tau-OVER mice. m Quantitation of the levels of PSD95 and SYN in th

of PSD95 and SYN in the hippocampal homogenates of Tau-CON mice
e brains of mice in (I). In d, h and |, data are representative of three

independent experiments. In e, i and m, data are pooled from three independent experiments. Data are presented as mean + SEM, and analyzed
with unpaired t-test with two-tailed P values (a, ¢, e, g, i, k, m) or Mann-Whitney test (b). *P<0.05, **P < 0.01, ***P<0.001, ****P<0.0001

were significantly increased in the DNase II-deficient
neurons, while the kinase activities of GSK-3p, Chkl
and Chk2 remained unchanged. Moreover, the inactive
phosphatase PP2A and its negative regulator CIP2A
were increased in both in vitro or in vivo experiments.
Neuronal DNase II deficiency and accumulation of
damaged DNA in cytoplasm led to changes in the lev-
els of corresponding enzymes and induced tau phos-
phorylation on multiple epitopes.

The presence of phosphorylated tau at Ser202/
Thr205 in certain temporal and spatial patterns in
the hippocampus and cortical brain regions is cor-
related with Braak stage [42]. Tau phosphorylated
at threonine 231 (p-tau231) in cerebrospinal fluid
and plasma is a biomarker for AD pathophysiology.
P-Tau231 is increased more prominently in preclini-
cal AD and is related to decreased declarative memory
and medial temporal atrophy [44, 45]. Consistently,

phosphorylation of tau induced by DNase II deficiency
and cytoplasmic DNA accumulation caused neuron
dysfunction and loss, and cognitive impairment. In
contrast, neuronal DNase II overexpression effectively
rescued the tauopathies and cognitive deficits in aged
Tau-P301S mice.

Hyperphosphorylated tau readily aggregates into
neurotoxic oligomers and fibrils [46]. Consistently,
here we found higher levels of aggregates of phospho-
rylated tau in the brains of mice with DNase II knock-
down. It has been reported that decreases of DNase 11
in leukocytes lead to chronic activation of IFN-I sign-
aling mediated by the cGAS-STING pathway [6], and
the cGAS-STING pathway initiation also induces cell
apoptosis in peripheral senescent cells [47]. We here
observed significantly increased expression of IFN-I
pathway-related transcripts in the DNase II-deficient
neurons. In addition, downregulation of DNase II
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induced neuronal apoptosis via activating the cGAS—
STING signaling pathway. Previous studies have
shown that dsDNA burdens in neurons incite neuro-
inflammation associated with neurodegeneration [48].
Consistently, we also found significant increases in
microgliosis, astrogliosis and inflammatory levels in
the brains of WT-KD and Tau-KD mice.

Conclusions

Our findings demonstrated that the DNase II levels were
decreased in the brains of aged WT mice, Tau-P301S mice
and AD patients, resulting in cytoplasmic accumulation
of DNA. DNase II deficiency induces tau phosphorylation
by increasing CDK5 and CaMKII and decreasing PP2A
in vitro and in vivo, especially in WT mice. The aber-
rantly phosphorylated tau readily forms aggregates. The
later, together with the activation of the cGAS-STING
signaling pathway by accumulated DNA, causes neuron
dysfunction and loss, neuroinflammation and cognitive
deficits. These findings reveal that DNase II deficiency is
an early event rather than merely a secondary phenome-
non in the pathogenesis of tau-associated neurodegenera-
tion. Therefore, DNase II and cytoplasmic DNA may be
potential therapeutic targets for tau-associated disorders.
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