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Abstract

Endoplasmic reticulum (ER) stress and mitophagy have been indicated in the early
stage of Alzheimer’s disease (AD), in which tau hyperphosphorylation is one major
pathological alteration. However, the precise mechanism remains unclear. Herein, the
study identifies a crucial protein, the DnaJ (Hsp40) homolog, subfamily'B, member 6a
(DNAIJB6a), and elucidates its potential pathogenic role in AD. The DNAJB6gene'is
systematically screened using bioinformatics methods, confirming “its—d€creased
expression in AD patients’ brains. And decreased DNAJB6a'wasifound.n the brains of
the APP/PS1 mice compared to the control mice. DNAJB6a-/+ mice exhibited cognitive
impairment, synaptic loss and the patholegical phenotypes of AD. Depletion of
DNAIJB6a led to activated ER stress-depending on the downregulation of heat shock
70kDa protein 5 (HSPAS). Furthermore, DNAJB6a/deficiency induced and accelerated
AD-like phenotypes throtugh-, activating IREla-XBP1 induced mitochondria
dysfunction. Thesefindings-highlight DNAJB6a as a potential key target for preventing

AD pathology.

Keywords:

DNAIJB6; IREla-Xbp1; Alzheimer’s disease; mitophagy; tau

Introduction
Alzheimer's disease (AD) is a condition that involves the buildup of protein clumps in

the brain, including extracellular B-amyloid aggregates and intracellular
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hyperphosphorylated tau aggregates(De Strooper and Karran, 2016; Knowles et al.,
2014; Selkoe and Hardy, 2016). While the characteristics of this illness are well
understood, it is widely acknowledged that the accumulation of protein deposits is
linked to the disruption of the proteostasis network (PN)(Hipp et al., 2014; Morimoto
and Cuervo, 2014).

Molecular chaperones and co-chaperones play a key role in the PN by [controlling the
folding conditions within cells, avoiding misfolding, Jand*guidifig--nonnative
intermediates towards their natural state(Hartl et al.,,2011), Proteins.can be cleared
through the ubiquitin-proteasome system and autophagy(Schmidt and Finley, 2014).
Heat shock proteins (HSPs) are universallypresent. chaperone molecules categorized
into various groups based on their.size, such=as HSPs like HSP40, HSP60, HSP70,
HSP90, and HSP110, determined by their mole¢ular mass (Vos et al., 2008; Wu et al.,
2017). Numerous indications point to the involvement of HSPs in metabolic processes
and the accumulation of beth’Af and Tau(Walls et al., 2012).

The HSP40 (DNAJ) family of co-chaperones is of particular interest in the context of
proteotoxicneurodegeneration for several reasons. First, they act as critical specificity
factors for HSP70 chaperones, often being the primary entities that recognize and bind
to non-native proteins, thereby directing HSP70 activity to specific substrates(Moll et
al., 2022; Zatsepina et al., 2021). More importantly, beyond this general role, numerous
DNAJ members have demonstrated a direct ability to counteract the aggregation of key
AD pathogenic proteins (Fayazi et al., 2006; Gillis et al., 2013; Hageman et al., 2010;

Zijlstra et al., 2010). For instance, while DNAJB1 and DNAJC10 have been shown to
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inhibit AP oligomerization (Evans et al., 2006; Munoz-Lobato et al., 2014; Tsou et al.,
2015). Moreover, DNAJB6 and DNAJBI can directly interact with tau and suppress its
aggregation (Abisambra et al., 2012; Chang et al., 2023; Sahara et al., 2007). Finally,
Brehme et al. have shown that the knockdown of DNAJA1 and DNAJA4 or the C.
elegans homologs can increase the aggregation and toxicity of Ap42(Brehme et al.,
2014). Prior research has indicated the involvement of the HSP40; groupin AD
pathology, yet the specific mechanisms remain unclear. This'direct, subStrate“specific
chaperone activity against the principal culprits of AD=pathology.distinguishes many
HSP40 proteins and positions them as crucial nodes.in‘the cellular defense network that
fails in AD.

The endoplasmic reticulum (ER) is.an.important organelle involved in protein quality
control and cellular homeostasis./The accumulationof unfolded proteins leads to an ER
stress, followed by an adaptive-résponse via the activation of the unfolded protein
response (UPR), BKR-like*ER kinase (PERK), inositol-requiring transmembrane
kinase/endaribonuclease 1o (IREla) and activating transcription factor 6 (ATF6)
pathways (Gakes and Papa, 2014). Neuronal cells are particularly sensitive to protein
misfolding, consequently ER and UPR dysfunctions were found to be involved in many
neurodegenerative diseases including Alzheimer's disease, Parkinson's disease, among
others characterized by the accumulation and aggregation of misfolded proteins (Hetz
and Saxena, 2017). UPR activation is an initial occurrence in the AD brain(Scheper et
al., 2011). Meanwhile, UPR activation enhances autophagy, and LC3 levels are

increased in neurons displaying UPR activation in the AD brain(Alam and Scheper,
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2016). Additionally, UPR activation promotes autophagy, leading to elevated levels of
LC3 in neurons exhibiting UPR activation in the AD brain. Autophagy serves as the
primary degradational pathway subsequent to UPR activation in neuronal cells,
suggesting a correlation between UPR activation and autophagic pathology in the AD
brain. Several members of the HSP40 family participate in ER-asseciated folding
(ERAF) and ER-associated degradation (ERAD) in response to the unfolded protein
response(Houck et al., 2014; Ushioda et al., 2008). The mechanisms by=which these
events contribute to pathological changes in AD are notswelliunderstood.

DNAJB6, a member of the HSP40 family, is prominently/expressed in the central
nervous system and serves multiple functionsin mammalian development, clearance of
misfolded protein aggregates, and maintenanceof neural cell self-renewal(Meng et al.,
2016). DNAJBG6 is present in twe spliced isoforms distinguished by alternative C-
termini. The full-length isoform, DNAJIB6a (38 kDa), primarily localizes to the nucleus
as a result of the presence-of a-C-terminal nuclear localization sequence. In contrast,
the shorter isoformy DNAJB6b (27 kDa), lacks this localization signal and is
ptedominantly.found in the cytoplasm(Andrews et al., 2012). Our previous study found
thatiDANJB6a downregulation led to the increase of damaged mitochondria and the
accumulation of autophagy-related proteins in skeletal muscle cells(Qian et al., 2021).
And a study showed that DNAJB6 was downregulated in AD patients(Brehme et al.,
2014). Altogether these results suggested that DNAJB6a might play an important role
in AD.

In the present study, we calculated differentially expressed genes (DEGs) between 98
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control samples and 310 AD samples from the GSE33000 dataset. After comparing with
the published dataset of an analysis of other AD-related(Brehme et al., 2014), six
common DEGs were found. And only DNAJC5 and DNAJB6 were expressed in both
GABAergic and Glutamatergic neurons among these DEGs. Therefore, based on its
differential expression and neuronal relevance, we prioritized DNAJBé for functional
characterization to elucidate its potential role in AD pathology. The primary discovery
of this study suggests that decreased levels of DNAJB6a play~arsignifieant role in
inhibiting mitophagy and impairing mitochondrial function inlAlzheimer's disease.
Additionally, the removal of Xbpl effectively reinstated; mitophagy, resulting in
improved mitochondrial function and; ultimately alleviating the pathology of
Alzheimer's disease. Mechanistically, DNAJB6asbounds to and further stabilizes
HSPAS5 expression, inactivating” .IREla-Xbpl signaling, which impedes its
mitochondrial translo¢ation."These findings indicate that targeting DANJB6a-induced

inhibition of mitophagy may'hold promise for therapeutic intervention in AD.

Materials and-methods

Mice. APP/PS1 mice were obtained from Jackson Laboratory (Shanghai, China).
DNAJB6a Knockout (DNAJB6a”") Mouse Generation and Genotyping: DNAJB6a™
mice were generated by Shanghai Model Organisms Center, using a CRISPR/Cas9
based approach. The sequence information of gRNAs is as follows: Sequence(5’ -3" )
gRNAT(TGTGAGCCTCAGCCCTCCCT...TGG); gRNA2 (ATGACAACTGACCT

CTATAT...GGG). Southeast University provided a specific- pathogen-free
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environment with suitable temperature (20-25 °C) and humidity (50 £+ 5%). All mice
were kept on a standard 12h light/12h dark cycle (lights on from 8:00 a.m. to 8:00 p.m.)
and given access to food and water ad libitum. All animal experiments were approved
by the Laboratory Animal Ethics Committee of the College of Medicine, Southeast

University (No.20200418080).

Data Processing. The RNA gene expression profilesr of*-GSE33000

(https://www.ncbi.nlm.nth.gov/geo/query/acc.cgi?acc=GSE33000).and GSE36980

(https://www.ncbi.nlm.nth.gov/geo/query/acc.cai?acc=GSE36980) were obtained

from the Gene Expression Omnibus (GEQ) database'for analysis of Alzheimer's disease
(AD) and control samples. Normalization«of genesexpression profiles was performed
using the normalize Between Arraysfunction insthe limma package of R software
(version 3.6.2) as described by.-Ritchie et al (Ritchie et al., 2015). Age and gender
matching between+cases~and eontrols was conducted based on clinical data from
previous studies (Lardenoije et al., 2015; Riedel et al., 2016), with the mean age of AD
casesranging from 60 to 100 years, and the mean age of nondementia was years (range:

60-106 years).

Neuron Culture and Lentivirus Transfection. Cultures of cortical neurons from
embryonic C57BL/6 mice at E15—16 were established following the protocol outlined
by Giordano and Costa(Giordano and Costa, 2011). Specifically, cortical tissue

obtained from 8-10 E15-16 mice was dissected into small fragments and subjected to
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enzymatic digestion using 5% trypsin/EDTA at 37 °C, followed by mechanical
dissociation with siliconized Pasteur pipettes. The trypsin activity was halted by the
addition of 1 mL of fetal bovine serum (FBS), and the resulting cell suspension was
filtered through a 40um mesh to obtain a homogeneous single-cell population. The cells
were enumerated and seeded onto poly-d-lysine-coated circular glass slides in 12-well
culture plates containing 500mL of DMEM medium lacking FBS. Following a 24-hour
incubation period, the culture medium was replaced Wwith=sNeurobasal” media
supplemented with 1% B27, L-glutamate, and 1% PS. Subsequently,half of the medium
was refreshed every three days. After 7 days of Culture, the primary neurons used for
the subsequent experiments. Finally, primaryfictrons subjected to western blotting and
immunofluorescence staining. Each..condition” was conducted in three biological
replicates.

Lentivirus vectors targeting knoekdown of DNAJB6a and Xbpl were obtained from
Shanghai Genechem. ‘Speeific Short hairpin (sh)RNA sequences designed to target
DNAJB6a (shRNA, 5'-GACCTCAGCAGGGCTCAAAGA-3") were incorporated into
the | hU6-MECS-CBh-gcGFP-IRES-puromycin vector. Similarly, shRNA sequences
targeting-Xbpl (shRNA, 5'-AAGGAAGAACCTGTAGAAGAT-3") were integrated
into the same vector. Lentivirus vectors containing non-targeting sequences were
utilized as a negative control. The transfection efficiency was evaluated through
western blot analysis. Lentivirus was utilized for inducing knockdown in neurons. The
viral quantity was determined based on the optimal multiplicity of infection (MOI), and

a serum-free medium containing virus and polybrene was applied to the cells for a 6-
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177  hour incubation period. Subsequently, the medium was replaced with a regular medium,
178  and the subsequent experiment was conducted 48 hours later.

179

180  Western blotting. The samples were lysed in Tris-HCI, NaCl, and EDTA (TNE) buffer,
181  followed by immunoblotting of the protein lysates with specified “anitibodies. Co-
182  immunoprecipitation was conducted by incubating 1 mg of protein lysates with 1-2.1g
183  of specified antibodies or IgG, along with 25 pul of Protein G-Agarose beads(88803;
184  Thermo Scientific Pierce) at 4°C overnight. The immunecomplexes.were subsequently
185 analyzed by immunoblotting, and the protein jband%intensity was quantified using
186  Imagel software.

187

188  Nucleocytoplasmic separation. .Cells were harvested and washed with ice-cold
189  phosphate-buffered saline (PBS) “three times. Nucleocytoplasmic separation was
190  performed by .a‘Nuclear ‘and Cytoplasmic Protein Extraction Kit (P0027, Beyotime)
191  according to the manufacturer's protocol.

192

193  Cycloheximide protein turnover assay. A cycloheximide (CHX) chase assay was
194  performed to assess protein stability. Primary neuron cells were transfected with either
195  control shRNA or DNAJB6a shRNA for 48 h. Cells were treated with DMSO or 100
196  pg/mL cycloheximide (MCE, HY-12320) for the indicated time points and subjected to
197  immunoblotting for HSPAS, DNAJB6a, and -actin.
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Immunofluorescent staining. The brain slices and cultured cells were fixed in 4%
(vol/vol) paraformaldehyde for 30 minutes at room temperature, followed by
permeabilization with 0.5% (vol/vol) Triton X-100 diluted in PBS solution. Non-
specific binding sites were blocked by incubating the samples in 5% (wt/vol) BSA
containing 0.1% Triton X-100 (vol/vol) for 30 minutes. Subsequently, the'samples were
incubated with primary antibodies at 4 °C overnight, washed three times in PBS, and
then incubated with secondary antibodies conjugated to Alexa-Fluor 488+er+594 for 1
hour at 37 °C. Hoechst (1:1,000) was used to further stain the samples/for 10 minutes
after three PBS washes. A 50% glycerin-PBS (vel/yol),solution was used to mount the
samples onto slides after they had beenicleaned. A confocal microscope (Olympus

BX60, Tokyo) was used to capture.images+of each.slide.

Golgi staining and spiné analyses. The brains of mice were dissected and processed
using the FD Rapid Golgistain™ Kit (FD NeuroTechnologies, Shanghai, China) in
accordance with the /manufacturer's guidelines. Subsequently, slices were examined
usinga.confoecal microscope to capture images of Golgi-impregnated hippocampal CA1
pyramidal neurons. Z-stack-compressed TIFF files were then imported into ImagelJ for
analysis, where images were calibrated based on acquisition parameters and the number

of spines was quantified.

Transmission electron microscopy. The culture medium of each group was poured out

and 2.5% glutaraldehyde was added. After 1 h, scrape off the cells, centrifuge, and
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discard the supernatant; The cells in the tube were blown, then they were moved to a
new 1.5 mL EP tube. After natural sedimentation for 1 h, the supernatant was cleared
out, and 1 mL of 2.5% glutaraldehyde was added into the 1.5 mL EP tube along the
tube wall, and then the fixation, dehydration, embedding, and solidification were to be
carried out. Sections (7 nm) were performed using the LYCERA “EMUC70
ultramicrotome, and the sections were double-stained with 72% uranium acetate-lead

citrate and observed under HT7800 transmission electron mi¢roseopy (80-KVF).

Statistics. The data presented in this study are expressed as;mean + standard error of
the mean (s.e.m.). Statistical analyses were conducted using GraphPad Prism or Origin
software. Specific details regardiag, the, statistical methods employed for each

comparison are provided in the text.

Results

DNAJB6a is downregulated in the brain of AD mice.

To establish the cellular context of HSP40 family members in relevant neuronal
populations, we mined single-cell RNA sequencing data from the Allen Institute for
Brain Science of sorted mouse cortical and hippocampal neurons. This analysis
revealed that DNAJCS and DNAJB6 are constitutively expressed in both GABAergic
and Glutamatergic neurons (Fig. 1A), the principal cell types affected in AD.
Meanwhile, we calculated DEGs between 98 control samples and 310 AD samples from

the GSE33000 dataset. Ultimately, 29 DEGs, including 27 downregulated and 2
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upregulated genes were identified from the dataset (Fig. S1A and Supplementary Table
S1). Next, we compared these DEGs with the published dataset of an analysis of other
AD-related(Brehme et al., 2014). Notably, six common DEGs were found (Fig. S1B).
These DEGs were largely absent, whereas DNAJCS5 and DNAJB6 were expressed in
both GABAergic and Glutamatergic neurons (Fig. 1A). Recent studies-hayetidentified
DNAJCS encoding cysteine-string protein oo (CSPa) as the disease-causing gene of a
rare autosomal dominant human neurodegenerative diseases (ND) known-as adult-
onset neuronal ceroid lipofuscinosis (ANCL)(Noskowva et ‘al.,#2011)./Among these,
DNAJBG6 was selected for further investigation due.to'its significant downregulation in
AD and its known constitutive expression in neurons, positioning it as a compelling
candidate for a role in AD pathogenesis.

DNAJB6 mRNA expression was shown ito be significantly lower in AD brain tissues
across different datagets”(Fig. AB)"“We further examined the expression levels of
DNAIJB6 protein ‘in ‘9-menth-0ld APPswe/PS1dE9 (APP/PS1) mice. Interestingly,
compared with WT littermates, the downregulation of DNAJB6a was observed in the
hippoeampus, of APP/PS1 mice (Fig. 1C-D). Collectively, these findings support that
there is a-close relationship between DNAJB6a and AD.

Cognitive impairment, tau hyperphosphorylation and impaired synaptic plasticity
were observed in DNAJB6a”" mice.

To explore the role of DNAJB6a in AD pathogenesis, DNAJB6a knockout mice
(DNAJB6a™") were used in the following experiments, and the deletion of DNAJB6a in

the DNAJB6a”" mice was confirmed by western blotting (Fig. S1C). Meanwhile, we
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have performed Morris Water Maze tests to assess spatial learning and memory of the
10-month-old DNAJB6a”" mice. The results demonstrate that compared to the wild-
type (DNAJB6a"™") littermates, the DNAJB6a™ mice exhibited: significantly impaired
learning during the training days, as indicated by a longer escape latency to find the
hidden platform; and significantly impaired memory in the probe trial,’as'shown by the
less time spent in the target quadrant where the platform was previously located (Eig.
2A-B). Tau hyperphosphorylation is an important hallmark,/0f.AD, we found that p-
Thr231 and p- Ser396, Tau5 and Taul were increasedsn the cottex“and hippocampus
of 10-month-old DNAJB6a”~ mice compared with those in DNAJB6a"" mice (Fig. 2C-
F). However, there was no significant differénce,in the mRNA level of total tau was
observed between the chronic sleep-deprived group and the control two groups (Fig.
S1D). Next, we assessed the effécts of DNAJB6a.deletion on synaptic plasticity. The
protein levels of PSD293/and"PSD-95; which are key scaffolding components at PSDs,
were reduced in' the brains-of DNAJB6a” mice (Fig. 2G-H). Besides, golgi staining
showed that the number /of mature spines in the hippocampal region of DNAJB6a” mice

+/+

was, Signifieantly decreased compared with the DNAJB6a""" mice (Fig. 2I). In sum,
these results indicated that DNAJB6a could play an important role in the tau pathology.
In vitro, we cultured primary neurons to further study the role of DNAJB6a in tau
phosphorylation. We observed a significant increase in the protein levels of p-Thr231,
p- Ser396, Tau5 and Taul in DNAJB6a shRNA knockdown (shJb6a) primary neuron

compared with control (Scr) (Fig. 2J-K). Then, the increased level of p- Thr231 was

further confirmed by immunofluorescence staining in the shJb6a primary neuron
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compared with Scr (Fig. 2L and Fig. S1E). The above results were consistent with those

in vivo experiments.

DNAJB6a responded to ER stress via the regulation of HSPAS.

Considering that DNAJ family members are related to ER stress biological process, we
next investigated the effect of DNAJB6a on ER stress. To induce ER §tress, primary
neurons were incubated separately with 1 uM thapsigargin-(ar potent=and well-
established inducer of endoplasmic reticulum stress, Tg) foriOh,«8h,/16h, and 24 h. We
found that the expression of DNAJB6a was decreased,after exposure to Tg treatment,
whereas DNAJB6b was not significantly .altéred’ (Fig. 3A-B). At the same time,
immunofluorescence results showed-that the HSPAS, a master regulator for ER stress,
expressed in both nucleus and [cytoplasm' in PMSO treatment group, whereas the
expression of HSPAS/ decCreased-inthe nucleus and increased in the cytoplasm after
exposure to Tg-treatment:«(Fig./3C). Subsequently, an interaction between DANJB6a
and HSPAS was identified through the ColIP assay and a notable decrease in the
mteraetion between DNAJB6a and HSPAS was observed in the Tg treatment group.
(Figy 3D). Given the nuclear localization of DNAJB6a, we hypothesized that the
translocation of HSPAS to the nucleus is potentially facilitated through its interaction
with DNAJB6a. Then we found the expression of HSPAS decreased in shJb6a primary
neurons compared with Scr (Fig. 3E-G). There was no change in the messenger RNA
(mRNA) levels of HSPAS between Scr and shJb6a (Fig. 3J). However, as observed in

the Cycloheximide (CHX) chase experiments, the degradation of HSPAS protein was
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significantly accelerated in shJb6a primary neurons compared with Scr, indicating that
DNAJB6a stabilizes the protein expression of HSPAS (Fig. 3H-I). Additionally,
immunofluorescence results showed that HSPAS was decreased in nucleus shJb6a
primary neurons compared with Scr (Fig. 3K). Altogether, DNAJB6a could contribute

to the ER stress response by facilitating the stability and nuclear localization of HSPAS.

DNAJBé6a deficiency dysregulates PERK, IRE1a UPR branches.

UPR is activated in response to ER stress which controls the expression of many
Endoplasmic reticulum (ER)-associated degradation (ERAD) genes through three
branches of the UPR signaling initiated by protein kinase RNA (PKR)-like ER kinase
(PERK), activating transcription factor 6 alpha (ATF6a), and inositol-requiring kinase
1 (IREl)(Hwang and Qi, 2018). Subsequently, we pondered upon how DNAJB6a
responds to ER stress by regulating UPR. ATF6a was not differentially expressed in
shJb6a primary “neurons~‘compared with Scr (Fig. 4D). However, PERK
phosphorylation, as well as downstream signaling proteins, Bax, cleaved-caspase-3,
and Chop were enhanced in shJb6a primary neurons compared with Scr (Fig. 4A-B).
Strikingly, the IREla, XBP-1u and XBP-1s were significantly upregulated in shJb6a
primary neurons compared with Scr (Fig. 4C). In all, our data indicates that the
knockdown of DNAJB6a enhances the activity of the PERK-Chop and IREla-Xbp1 in
response to ER stress.

In the unstressed ER lumen, HSPAS binds to PERK, IRE1a, and ATF6a. to inhibit their

oligomerization and phosphorylation, whereas during ER stress, HSPAS releases these
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receptors leading to their activation(Bertolotti et al., 2000a). As observed in the ColP
assay, the interaction between IREla and HSPAS was increased in shJb6a primary
neurons compared with Scr, while the interaction between PERK and HSPAS remained
unchanged (Fig. 4F-H).

Elevated p-PERK and PERK that were observed in shlb6a primary“heurons were
reversed by knockdown of Xbp1 (Fig. 41). The knockdown efficacy was validated with
a western blotting analysis (Figure 4J). Simultaneously, the transmission electron
microscopy provided substantiation of ER stress in shfbba primary.neurons compared
with Scr, exemplified by the presence of edema in the ER. (Fig. 4L). The results

indicated that DNAJB6a could regulate UPR via IRE1a-Xbp1 signaling pathway.

DNAJB6a deficiency hinders mitophagy /by impairing mitochondrial and
lysosomal fusion.

ER and mitochondria,_ are=Stmicturally and functionally connected(De Brito and
Scorrano, 2008; Dorn'et al., 2015). Correspondingly, shJb6a primary neurons exhibited
an inereaseéd.number of damaged mitochondria (mitochondrial swelling and loss of
mitochondrial cristae), compared to the Scr group (Fig. 5A). In addition, elevated p62,
LC3-1I/ T ratio, VDACI1 and decreased TOMM20 were found in shJb6a primary
neurons (Fig. 5B-D). The immunofluorescence results demonstrated that the deletion
of DNAJB6a has no impact on the recruitment of LC3 to damaged mitochondria, as
evidenced by the co-localization of LC3 with the mitochondrial marker protein

TOMM?20 (Fig. S5E). The localization of Mito-Tracker Green (a mitochondrial probe)
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353 and Lyso-Tracker Blue (a lysosome probe) exhibited a notable decrease in shJb6a
354  primary neurons compared with Scr, which signified that the reduction of DANJB6a
355  hindered the fusion process between damaged mitochondria and lysosomes (Fig. 5F).
356  These results suggest that DANJB6a deficiency could inhibit mitophagy through
357  impairing autophagosome-lysosome fusion process.

358

359 Xbpl knockdown could rescue mitophagy deficiency “-and tau
360  hyperphosphorylation induced by the deletion of DNAJBé6a.

361  Given our observation that DNAJB6a deletion [led to, the activation of IREla-Xbpl
362  signaling pathway and inhibition of mitophagy, weinext explored whether DNAJB6a
363  knockdown mediates mitophagy via-the activation.of IREla-Xbp1 signaling pathway.

364  Elevated LC3-II, LC3-II/LC3-I ratio, P62, VDAC lvand decreased TOMM20 that were
365 observed in shJb6a primaty nicurtens were reversed by knockdown of Xbp1(Fig. 6A-D).
366  shXbpl primary neurons“exhibited a decreased number of damaged mitochondria in
367 shJbba primary neurons (Fig. 6E). Meanwhile, shJb6a primary neurons exhibited a
368 [ notable deerease in the localization of Mito-Tracker Green and Lyso-Tracker Blue,
369  which'was also rescued by the knockdown of Xbp1 (Fig. 6F). These data indicated that
370  Xbpl downregulation could rescue mitochondrial autophagy inhibition induced by the
371  deletion of DNAJB6a. Finally. we found that the upregulated protein levels of p-Thr231,
372  p-Ser396, Taul and TauS5 in shJb6a primary neurons were rescued by the knockdown
373  of Xbpl (Fig. 6G-H).

374 In summary, these results indicated that mitophagy deficiency and tau
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hyperphosphorylation induced by the deletion of DNAJB6a could be triggered by

elevated IRE1a-Xbpl.

Discussion

Alzheimer's disease (AD) is a neurodegenerative disease associated withsaging and is
the primary cause of dementia in humans. In both aging and AD brains, there is' a
notable increase in the repression of heat shock proteins (HSPs) comparedto-the general
repression of genes in the genome(Brehme et al., 2014), The.pathophysiological
mechanism of the link between reduced HSPs and.AD remains unclear. In our study,
we found that DNAJB6a was downregulated-in the brains of AD patients and AD mice.
And DNAJB6 was mainly expressed-in the hippocampus and prefrontal cortex regions
of mice, which participate in memeoty.€ncoding and+tecalling. DNAJB6a deletion could
cause synaptic plasticitysimpairmentand tau hyperphosphorylation both in mice brain
and primary culture neurons: Our results demonstrate that the degradation of steady-
state HSPAS'is mediated by DNAJB6a, leading to the activation of IREla-Xbpl,
therefore preventing mitophagy-mediated tau accumulation, suggesting its potential
roles in the pathogenesis of AD.

Hyperphosphorylated tau is neurotoxic and aggregates to generate intracellular
neurofibrillary tangles that pathologically appear in AD and other tauopathy
illnesses(Takashima, 2008). Emerging research indicates that dysfunctions in
mitochondrial and autophagic-lysosomal pathways may represent early indicators of

Alzheimer's disease pathogenesis, contributing to the development of hallmark
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pathologies(Kerr et al., 2017). Specifically, mitophagy has been shown to attenuate tau
pathology and ameliorate cognitive impairments in Alzheimer's disease models(Fang
et al., 2019). In AD brains, the levels of mitophagy are obviously decreased(Manczak
et al., 2018). Combined with western blot and electron microscopy results, damaged
mitochondria were found in DNAJB6a knockdown neurons in the=present study.
Furthermore, our previous study found that the deletion of DANJB6a led to the increase
of damaged mitochondria and the accumulation of autophagy=related=proteins in
skeletal muscle cells(Qian et al., 2021). These findings indicate that/DNAJB6a can
regulate tau accumulation by modulating mitophagy.

Increasing evidence has shown that theré s, ER stress activation in the AD
brain(Hoozemans et al., 2009; Roussel.et al,, 2013)+A recent study found that the hearts
of zebrafish lacking the DNAJB6a'hemolog show.activation of the ER stress(Ding et
al., 2016). In the present study, We found that Tg caused ER stress activation in
accordance with a“decreased level of DNAJB6a expression, whereas DNAJB6b was
not significantly altered in this process, suggesting that DNAJB6a but not DNAJB6b
plays=an important role ER homeostasis. HSPAS5/BiP or GRP78 is a molecular
chaperone protein predominantly in the ER lumen, that interacts with unfolded proteins
through its C-terminal substrate-binding domain(Bertolotti et al., 2000a). In our study,
we found that Tg could activate ER stress, decrease HSPAS expression and change its
location (cytoplasmic translocation). Given the nuclear localization of DNAJB6a, we
speculate that DNAJB6a is involved in the activation of ER stress by interacting with

HSPAS5. When DNAJB6a is decreased, the interaction between DNAJB6a and HSPAS
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440

is decreased. HSPAS was released from nucleus to cytoplasm, and ER stress was
activated. We found that DNAJB6a did interact with HSPAS under normal conditions.
However, the protein interaction between DNAJB6a and HSPAS was significantly
reduced after ER stress activation. Besides cytoplasmic translocation, we also found
that DNAJB6a deletion could decrease HSPAS expression. Further resedrch found that
DNAJB6a deletion significantly accelerates HSPAS degradation rather than affecting
its protein synthesis, indicating that DNAJB6a participateS in~ER Istress=fesponse
through stabilizing HSPAS post-translationally and nuelear localization:

In the absence of stress in the endoplasmic reticulum (ER) lumen, HSPAS interacts with
PERK and IREla, facilitating the activations of ATF6a while preventing their
oligomerization and phosphorylatien. Cenversely, under conditions of ER stress,
HSPAS dissociates from these receptots, thereby promoting their activation(Bertolotti
et al., 2000b). In our;study, we founid that both PERK and IREla were increased in
DNAIJB6a-shRNAneurons="DNAJB6a can stabilize HSPAS5 post-translationally and
nuclear localization, jone possible mechanism is that DNAJB6a inhibits IREla and
PERK-activity.and stabilizes the interaction between HSPAS and IREla and PERK by
increasing the substrate-binding ability of HSPAS, similar to ERdj4(Shen et al., 2002).
Several reports have highlighted potential crosstalk between IREla and PERK
signaling pathways(Lee et al., 2002). Our ColP data demonstrated that DNAJB6a
deletion only affects HSPAS interacted with IRE1a, not PERK, infer that activation of
the PERK signaling pathway is mediated by the IREla-Xbp1 signaling pathway in the

DNAJB6a-shRNA primary neurons.
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IRE1la has both kinase and endonuclease activity. During ER stress, activated IREla.
splices Xbpl mRNA to the mature form sXbp1(Cox and Walter, 1996). Indeed, our data
demonstrated that DNAJB6a depletion led to the increased level of Xbp1, in accordance
with increased IRE1a phosphorylation, suggesting that Xbpl1 is regulated by IREla in
shJb6a primary neurons.

Previous studies have detected that Xbpl deficiency in the nervous system protects
against amyotrophic lateral sclerosis by increasing autophagy(Hetz et al=2009). The
process of mitophagy is the recruitment of damaged.mitochondria’by LC3, and the
recruited mitochondria combine with the fused medium for degradation. In our study,
mitochondrial swelling and loss of mitochondriakcristae, elevated p62, LC3-11/ I ratio,
VDACI and decreased TOMM?20_ were found-in shJb6a primary neurons, supporting
that the deletion of DNAJB6a could increase mitochondria impairment. No change was
found in the co-localization of LC3 *With the mitochondrial marker protein TOMM20
inferring that the deletion-of DNAJB6a has no impact on the recruitment of LC3 to
damaged mitochondria; However, the co-localization of mitochondria and lysosomes
exhibited a'notable decrease in shJbba primary neurons, suggesting that the reduction
of DANIB6a hindered the fusion process between damaged mitochondria and
lysosomes. These results suggest that DANJB6a deficiency could inhibit mitophagy
through impairing the autophagosome-lysosome fusion process.

Given that Xbpl can inhibit the fusion of damaged mitochondria, which allows the
mitochondria to be easily eliminated(Gustafsson, 2011). In our study, we found that

impaired mitochondria, elevated LC3-1I/LC3-I ratio, P62, VDACI1 and decreased
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TOMM20 that were observed in shJb6a primary neurons were reversed by Xbpl
deletion. And the fusion of mitochondria and lysosomes was the same. Furthermore,
we also found that Xbpl deletion could reverse tau accumulation in shJb6a primary
neurons. These data indicated that Xbpl downregulation could rescue mitochondrial
autophagy inhibition induced by the deletion of DNAJB6a.

In conclusion, DNAJB6a deficiency induces IREla-Xbpl sighal passageway
upregulation, which impairs mitophagy, consequently leading-tortan aeeumiulation.
These results suggested that DNAJB6a is a key modulator for mitechdndria function

and targeting DNAJB6a may therefore provide a'therapeutic,approach for AD.
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Figure 1. DNAJB6a is downregulated in the brain of AD mice.

(A) Single-cell RNA sequencing (Allen Institute for Brain Science) of sorted mouse
cortical and hippocampal neurons were mined for expression levels of HSP40. (B)
Differential expression gene analysis: DNAJB6 expression between AD and no-AD

controls (GSE36980: p = 0.0011; GSE3000: p <0.0001). (C-D) Western blot analysis
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All data were expressed as mean + SD. Data were considered significant if *p < 0.05,
*p <0.01, *** p <0.001, ****p <0.0001. Means were compared using the Student’s
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Figure 2. Tau hyperphosphorylation and impaired synaptic plasticity were

observed in DNAJB6a”’- mice and DNAJB6a-shRNA neurons.

(A) Escape latency of 10-month-old DNAJB6a knockout mice (DNAJB6a™") and the

age-matched wild-type (DNAJB6a™") littermates for 5 consecutive days in the MWM

test. (B) The time percentage spent in the target quadrant in the spatial probe trial of
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the MWM test. (C-F) Western blot analysis of the level of p-Thr231, p-Ser396, and

Taul, Tau-5 in the cortex and hippocampus of 10-month-old DNAJB6a” and the age-

matched wild-type DNAJB6a™" littermates (p-Thr231/ Tau5 hippocampus: p
0.0195; p-Ser396/ Tau5 hippocampus: p = 0.0164; Taul/ Tau5 hippocampus: p =
0.3675; p-Thr231/ Tau5 cortex: p =0.0314; p-Ser396/ Tau5 cortex: p =0.0280; Taul/
Tau5 cortex: p = 0.5558). (G-H) Western blot analysis of the level of PSD93 and
PSD95 in the hippocampus of DNAJB6a™* and DNAJB6a*¢ mice—~PSD93/
hippocampus: p = 0.0141; PSD95/ hippocampus: p =4,0.0012)._(I) Representative

** and

images of Golgi staining of hippocampus from.,10-month-old DNAJB6a
DNAJB6a”~ mice. Selected dendritic Segfiénts’ from the hippocampus were
skeletonized using ImageJ software.and analyzed. (J-K) Western blot analysis of the
level of p-Thr231, p-Ser396, and{Tau 14 Tau-5 in primary neuron cells transfected with
Scr or shJb6a (p-Thr23 L/Tau5: p-=0:0174; p-Ser396/ Tau5: p = 0.0465; Taul/ TauS5:
p = 0.0200). L)+ Primary* neuron cells transfected with Scr or shJb6a were
coimmunostained fotyMAP2 (red) and phosphorylated (p)-Thr 231 tau (green).

All'data were expressed as mean + SD. A-L (n = 4 DNAJBG6a"""; n=4 DNAJB6a 7).
Data were considered significant if *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001. Means were compared using the Student’s t-test in panels A-L.

Scr: control lentivirus; shJb6a: sShDNAJB6a lentivirus.
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Figure 3. DNAJB6a responded to ER stress via the regulation of HSPAS.

(A-B) Western blot analysis of the level of DNAJB6 in primary neuron treated with
TG (Thapsigargin, 1 uM) for Oh, 8h, 16h, and 24h (DNAJB6a Oh vs. 16h: p =0.0465;
DNAJB6a Oh vs. 24h: p = 0.0266). (C) Primary neuron cells treated with DMSO or
thapsigargin (Tg) were coimmunostained for DNAJB6 (red) and HSPAS (green).
Scale bar: 20 pum. (D) Co-immunoprecipitation (ColP) assay analysis of the
interaction between DNAJB6 and HSPA in primary neurons treated DMSO or Tg. (E-

G) Western blot analysis of the level of HSPAS in primary neurons transfected with
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Scr or shJb6a (p = 0.0098). (H-I) Western blot analysis of the level of HSPAS in
primary neurons transfected with Scr or shJb6a (CHX, 100 mg/mL) (2h: p = 0.0046;
4h: p =0.0049). (J) Quantification of HSPA5 mRNA by qRT-PCR in primary neurons
transfected with Scr or shlb6a (p = 0.0.6245). (K) Primary neuron cells transfected
with Scr or shJb6a were coimmunostained for DNAJB6 (red) and HSPA5%(green).

Scale bar: 20 pm.

All data were expressed as mean = SD. A-G, I (n = 3 mice/group), Data were
considered significant if *p < 0.05, **p <0.01, ***p <0.001,****5'< (.0001. Means

were compared using the Student’s #-test.
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Figure 4. DNAJB6a deficiency dysregulates PERK, IRE1a UPR branches.

(A-E) Western blot analysis of the level of p-PERK, PERK, Cleaved-caspase-3, Bax,

Chop, p-IREla, IREla, XBP1, ATF6a in primary neurons transfected with Scr or

shJb6a (p-PERK/PERK: p =0.0330; Cleaved-caspase-3: p=0.0040; Bax: p=0.0027,

Chop: p =0.0049, p-IRElo/ IREla: p = 0.1618; s-Xbpl1
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0.0015). (F-H) Co-immunoprecipitation (ColP) assay analyzes the interaction of
IREla or PERK and HSPAS in primary neurons transfected with Scr or shJb6a
(HSAS/IRE1a: p =0.0433; HSAS/PERK: p = 0.9876). (I-K) Western blot analysis of
the level of p-PERK, PERK in primary neurons transfected with Scr, shJb6a, shXbpl

(p-PERK Scrvs. shJb6a: p=0.0069; p-PERK shJb6a vs. sh]b6a+shXbpi:p =0.0166).
(L) Cultured primary neurons were transfected with Scr or shJb6a and then processed

for EM visualization of the ER morphology. (Scale bar: 1pum).

All data were expressed as mean + SD. A-K (n =3 miceé/group). Data were considered
significant if *p < 0.05, **p < 0.01, ***p < 0.00%, **** p</0.0001. Means were
compared using the Student’s t-test in panéls A-H'and the One-way ANOVA test in
panels I-K.

shXbpl: shXbpl lentivirus
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for EM visualization of the mitochondria. (Scale bar: 1um). (B-D) Western blot
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transfected with Scr or shJb6a (p62: p = 0.0225; LC3II/LC3I: p = 0.0058; VDACI1: p
=0.0144; TOMM20: p = 0.0210). (E) Primary neuron cells transfected with Scr or
shJb6a were coimmunostained for LC3 (yellow) and TOMM?20 (green). Scale bar: 20
um. (F) Primary neuron cells transfected with Scr or shJb6a were coimmunostained
for MitTracker (green) and LysoTracker(red). Scale bar: 20 pm. using the'Student’s ¢-

test in panels B-D.

All data were expressed as mean + SD. B-D (n = 3 mice/group).Data were considered
significant if *p < 0.05, **p < 0.01, ***p < 0.001,*%**p*< 02000} Means were

compared using the Student’s t-test in panels B-D.
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Figure 6. Xbpl knockdown could rescue mitophagy deficiency and tau

hyperphosphorylation induced by the deletion of DNAJB6a

(A-B) Western blot analysis of the level of LC3, p62 in primary neurons transfected

with Scr, DNAJB6a-shRNA or DNAJB6a-shRNA+Xbp1-shRNA (p62 Scr vs. shlb6a:

p = 0.0067; shJb6a vs. shJb6a+shXbpl: p =0.0017). (C-D) Western blot analysis of
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the level of Parkin, VDACI1, and TOMM?20 in primary neurons transfected with Scr,
DNAJB6a-shRNA or DNAJB6a-shRNA+Xbp1-shRNA (TOMM?20 Scr vs. shJb6a: p
=0.0487; shlb6a vs. shJb6a+shXbpl: p=0.0030; VDACI1 Scr vs. shJb6a: p=10.0015;
shJb6a vs. shJbb6a+shXbpl: p = 0.0037). (E) Cultured primary neurons were
transfected with Scr, DNAJB6a-shRNA or DNAJB6a-shRNA+Xbp1<shRNA and
then processed for EM visualization of the mitochondria. (Scale bar: Sum). (E)
Containing MitTracker (green) with LysoTracker (red) in primary-neuronstranstected
with Scr. DNAJB6a-shRNA or DNAJB6a-shRNA+Xbp1-shRNA.“(G-H) Western
blot analysis of the level of p-Thr231, p-Ser396,j/and Taul, Tau-5 in primary neurons
transfected with Scr, DNAJB6a-shRNA" or" DNAJB6a-shRNA+Xbpl-shRNA (p-
Thr231/Tau5 Scr vs. shJb6a: p = 0.0011; shJbéa vs. shib6a+shXbpl: p = 0.0111; p-
Ser396/Tau5: Scr vs. shJb6a: p|=0.0023; shJbba ¥s. shJb6a+shXbpl: p = 0.0042;
Taul/Tau5 Scr vs. shjb6a: p= 0.4552; shJb6a vs. shlb6a+shXbpl: p = 0.3688). (I)

Graphic abstract.

All data were expressed as mean + SD. A-F (n = 3 mice/group). Data were considered
significant 1f**p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Means were

comparediusing the One-way ANOVA test in panels A-C
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