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Abstract 23 

Endoplasmic reticulum (ER) stress and mitophagy have been indicated in the early 24 

stage of Alzheimer’s disease (AD), in which tau hyperphosphorylation is one major 25 

pathological alteration. However, the precise mechanism remains unclear. Herein, the 26 

study identifies a crucial protein, the DnaJ (Hsp40) homolog, subfamily B, member 6a 27 

(DNAJB6a), and elucidates its potential pathogenic role in AD. The DNAJB6 gene is 28 

systematically screened using bioinformatics methods, confirming its decreased 29 

expression in AD patients’ brains. And decreased DNAJB6a was found in the brains of 30 

the APP/PS1 mice compared to the control mice. DNAJB6a-/- mice exhibited cognitive 31 

impairment, synaptic loss and the pathological phenotypes of AD. Depletion of 32 

DNAJB6a led to activated ER stress depending on the downregulation of heat shock 33 

70kDa protein 5 (HSPA5). Furthermore, DNAJB6a deficiency induced and accelerated 34 

AD-like phenotypes through activating IRE1α-XBP1 induced mitochondria 35 

dysfunction. These findings highlight DNAJB6a as a potential key target for preventing 36 

AD pathology. 37 

 38 
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 41 

Introduction 42 

Alzheimer's disease (AD) is a condition that involves the buildup of protein clumps in 43 

the brain, including extracellular β-amyloid aggregates and intracellular 44 
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hyperphosphorylated tau aggregates(De Strooper and Karran, 2016; Knowles et al., 45 

2014; Selkoe and Hardy, 2016). While the characteristics of this illness are well 46 

understood, it is widely acknowledged that the accumulation of protein deposits is 47 

linked to the disruption of the proteostasis network (PN)(Hipp et al., 2014; Morimoto 48 

and Cuervo, 2014). 49 

Molecular chaperones and co-chaperones play a key role in the PN by controlling the 50 

folding conditions within cells, avoiding misfolding, and guiding nonnative 51 

intermediates towards their natural state(Hartl et al., 2011). Proteins can be cleared 52 

through the ubiquitin-proteasome system and autophagy(Schmidt and Finley, 2014). 53 

Heat shock proteins (HSPs) are universally present chaperone molecules categorized 54 

into various groups based on their size, such as HSPs like HSP40, HSP60, HSP70, 55 

HSP90, and HSP110, determined by their molecular mass (Vos et al., 2008; Wu et al., 56 

2017). Numerous indications point to the involvement of HSPs in metabolic processes 57 

and the accumulation of both Aβ and Tau(Walls et al., 2012). 58 

The HSP40 (DNAJ) family of co-chaperones is of particular interest in the context of 59 

proteotoxic neurodegeneration for several reasons. First, they act as critical specificity 60 

factors for HSP70 chaperones, often being the primary entities that recognize and bind 61 

to non-native proteins, thereby directing HSP70 activity to specific substrates(Moll et 62 

al., 2022; Zatsepina et al., 2021). More importantly, beyond this general role, numerous 63 

DNAJ members have demonstrated a direct ability to counteract the aggregation of key 64 

AD pathogenic proteins (Fayazi et al., 2006; Gillis et al., 2013; Hageman et al., 2010; 65 

Zijlstra et al., 2010). For instance, while DNAJB1 and DNAJC10 have been shown to 66 
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inhibit Aβ oligomerization (Evans et al., 2006; Munoz-Lobato et al., 2014; Tsou et al., 67 

2015). Moreover, DNAJB6 and DNAJB1 can directly interact with tau and suppress its 68 

aggregation (Abisambra et al., 2012; Chang et al., 2023; Sahara et al., 2007). Finally, 69 

Brehme et al. have shown that the knockdown of DNAJA1 and DNAJA4 or the C. 70 

elegans homologs can increase the aggregation and toxicity of Aβ42(Brehme et al., 71 

2014). Prior research has indicated the involvement of the HSP40 group in AD 72 

pathology, yet the specific mechanisms remain unclear. This direct, substrate-specific 73 

chaperone activity against the principal culprits of AD pathology distinguishes many 74 

HSP40 proteins and positions them as crucial nodes in the cellular defense network that 75 

fails in AD. 76 

The endoplasmic reticulum (ER) is an important organelle involved in protein quality 77 

control and cellular homeostasis. The accumulation of unfolded proteins leads to an ER 78 

stress, followed by an adaptive response via the activation of the unfolded protein 79 

response (UPR), PKR-like ER kinase (PERK), inositol-requiring transmembrane 80 

kinase/endoribonuclease 1α (IRE1α) and activating transcription factor 6 (ATF6) 81 

pathways (Oakes and Papa, 2014). Neuronal cells are particularly sensitive to protein 82 

misfolding, consequently ER and UPR dysfunctions were found to be involved in many 83 

neurodegenerative diseases including Alzheimer's disease, Parkinson's disease, among 84 

others characterized by the accumulation and aggregation of misfolded proteins (Hetz 85 

and Saxena, 2017). UPR activation is an initial occurrence in the AD brain(Scheper et 86 

al., 2011). Meanwhile, UPR activation enhances autophagy, and LC3 levels are 87 

increased in neurons displaying UPR activation in the AD brain(Alam and Scheper, 88 
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2016). Additionally, UPR activation promotes autophagy, leading to elevated levels of 89 

LC3 in neurons exhibiting UPR activation in the AD brain. Autophagy serves as the 90 

primary degradational pathway subsequent to UPR activation in neuronal cells, 91 

suggesting a correlation between UPR activation and autophagic pathology in the AD 92 

brain. Several members of the HSP40 family participate in ER-associated folding 93 

(ERAF) and ER-associated degradation (ERAD) in response to the unfolded protein 94 

response(Houck et al., 2014; Ushioda et al., 2008). The mechanisms by which these 95 

events contribute to pathological changes in AD are not well understood. 96 

DNAJB6, a member of the HSP40 family, is prominently expressed in the central 97 

nervous system and serves multiple functions in mammalian development, clearance of 98 

misfolded protein aggregates, and maintenance of neural cell self-renewal(Meng et al., 99 

2016). DNAJB6 is present in two spliced isoforms distinguished by alternative C-100 

termini. The full-length isoform, DNAJB6a (38 kDa), primarily localizes to the nucleus 101 

as a result of the presence of a C-terminal nuclear localization sequence. In contrast, 102 

the shorter isoform, DNAJB6b (27 kDa), lacks this localization signal and is 103 

predominantly found in the cytoplasm(Andrews et al., 2012). Our previous study found 104 

that DANJB6a downregulation led to the increase of damaged mitochondria and the 105 

accumulation of autophagy-related proteins in skeletal muscle cells(Qian et al., 2021). 106 

And a study showed that DNAJB6 was downregulated in AD patients(Brehme et al., 107 

2014). Altogether these results suggested that DNAJB6a might play an important role 108 

in AD.  109 

In the present study, we calculated differentially expressed genes (DEGs) between 98 110 
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control samples and 310 AD samples from the GSE33000 dataset. After comparing with 111 

the published dataset of an analysis of other AD-related(Brehme et al., 2014), six 112 

common DEGs were found. And only DNAJC5 and DNAJB6 were expressed in both 113 

GABAergic and Glutamatergic neurons among these DEGs. Therefore, based on its 114 

differential expression and neuronal relevance, we prioritized DNAJB6 for functional 115 

characterization to elucidate its potential role in AD pathology. The primary discovery 116 

of this study suggests that decreased levels of DNAJB6a play a significant role in 117 

inhibiting mitophagy and impairing mitochondrial function in Alzheimer's disease. 118 

Additionally, the removal of Xbp1 effectively reinstated mitophagy, resulting in 119 

improved mitochondrial function and ultimately alleviating the pathology of 120 

Alzheimer's disease. Mechanistically, DNAJB6a bounds to and further stabilizes 121 

HSPA5 expression, inactivating IRE1α-Xbp1 signaling, which impedes its 122 

mitochondrial translocation. These findings indicate that targeting DANJB6a-induced 123 

inhibition of mitophagy may hold promise for therapeutic intervention in AD. 124 

 125 

Materials and methods 126 

Mice. APP/PS1 mice were obtained from Jackson Laboratory (Shanghai, China). 127 

DNAJB6a Knockout (DNAJB6a-/-) Mouse Generation and Genotyping: DNAJB6a-/- 128 

mice were generated by Shanghai Model Organisms Center, using a CRISPR/Cas9 129 

based approach. The sequence information of gRNAs is as follows: Sequence(5’-3’) 130 

gRNA1(TGTGAGCCTCAGCCCTCCCT…TGG); gRNA2 (ATGACAACTGACCT 131 

CTATAT…GGG). Southeast University provided a specific- pathogen-free 132 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE63061
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environment with suitable temperature (20-25 °C) and humidity (50 ± 5%). All mice 133 

were kept on a standard 12h light/12h dark cycle (lights on from 8:00 a.m. to 8:00 p.m.) 134 

and given access to food and water ad libitum. All animal experiments were approved 135 

by the Laboratory Animal Ethics Committee of the College of Medicine, Southeast 136 

University (No.20200418080). 137 

 138 

Data Processing. The RNA gene expression profiles of GSE33000 139 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE33000) and GSE36980 140 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE36980) were obtained 141 

from the Gene Expression Omnibus (GEO) database for analysis of Alzheimer's disease 142 

(AD) and control samples. Normalization of gene expression profiles was performed 143 

using the normalize Between Arrays function in the limma package of R software 144 

(version 3.6.2) as described by Ritchie et al (Ritchie et al., 2015). Age and gender 145 

matching between cases and controls was conducted based on clinical data from 146 

previous studies (Lardenoije et al., 2015; Riedel et al., 2016), with the mean age of AD 147 

cases ranging from 60 to 100 years, and the mean age of nondementia was years (range: 148 

60-106 years).  149 

 150 

Neuron Culture and Lentivirus Transfection. Cultures of cortical neurons from 151 

embryonic C57BL/6 mice at E15–16 were established following the protocol outlined 152 

by Giordano and Costa(Giordano and Costa, 2011). Specifically, cortical tissue 153 

obtained from 8-10 E15-16 mice was dissected into small fragments and subjected to 154 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE33000
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE36980
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enzymatic digestion using 5% trypsin/EDTA at 37 °C, followed by mechanical 155 

dissociation with siliconized Pasteur pipettes. The trypsin activity was halted by the 156 

addition of 1 mL of fetal bovine serum (FBS), and the resulting cell suspension was 157 

filtered through a 40µm mesh to obtain a homogeneous single-cell population. The cells 158 

were enumerated and seeded onto poly-d-lysine-coated circular glass slides in 12-well 159 

culture plates containing 500mL of DMEM medium lacking FBS. Following a 24-hour 160 

incubation period, the culture medium was replaced with Neurobasal media 161 

supplemented with 1% B27, L-glutamate, and 1% PS. Subsequently, half of the medium 162 

was refreshed every three days. After 7 days of culture, the primary neurons used for 163 

the subsequent experiments. Finally, primary neurons subjected to western blotting and 164 

immunofluorescence staining. Each condition was conducted in three biological 165 

replicates. 166 

Lentivirus vectors targeting knockdown of DNAJB6a and Xbp1 were obtained from 167 

Shanghai Genechem. Specific short hairpin (sh)RNA sequences designed to target 168 

DNAJB6a (shRNA, 5′-GACCTCAGCAGGGCTCAAAGA-3′) were incorporated into 169 

the hU6-MCS-CBh-gcGFP-IRES-puromycin vector. Similarly, shRNA sequences 170 

targeting Xbp1 (shRNA, 5′-AAGGAAGAACCTGTAGAAGAT-3′) were integrated 171 

into the same vector. Lentivirus vectors containing non-targeting sequences were 172 

utilized as a negative control. The transfection efficiency was evaluated through 173 

western blot analysis. Lentivirus was utilized for inducing knockdown in neurons. The 174 

viral quantity was determined based on the optimal multiplicity of infection (MOI), and 175 

a serum-free medium containing virus and polybrene was applied to the cells for a 6-176 
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hour incubation period. Subsequently, the medium was replaced with a regular medium, 177 

and the subsequent experiment was conducted 48 hours later. 178 

 179 

Western blotting. The samples were lysed in Tris-HCl, NaCl, and EDTA (TNE) buffer, 180 

followed by immunoblotting of the protein lysates with specified antibodies. Co-181 

immunoprecipitation was conducted by incubating 1 mg of protein lysates with 1-2 μg 182 

of specified antibodies or IgG, along with 25 μl of Protein G-Agarose beads (88803; 183 

Thermo Scientific Pierce) at 4°C overnight. The immunocomplexes were subsequently 184 

analyzed by immunoblotting, and the protein band intensity was quantified using 185 

ImageJ software. 186 

 187 

Nucleocytoplasmic separation. Cells were harvested and washed with ice-cold 188 

phosphate-buffered saline (PBS) three times. Nucleocytoplasmic separation was 189 

performed by a Nuclear and Cytoplasmic Protein Extraction Kit (P0027, Beyotime) 190 

according to the manufacturer's protocol. 191 

 192 

Cycloheximide protein turnover assay. A cycloheximide (CHX) chase assay was 193 

performed to assess protein stability. Primary neuron cells were transfected with either 194 

control shRNA or DNAJB6a shRNA for 48 h. Cells were treated with DMSO or 100 195 

μg/mL cycloheximide (MCE, HY-12320) for the indicated time points and subjected to 196 

immunoblotting for HSPA5, DNAJB6a, and β-actin. 197 

 198 
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Immunofluorescent staining. The brain slices and cultured cells were fixed in 4% 199 

(vol/vol) paraformaldehyde for 30 minutes at room temperature, followed by 200 

permeabilization with 0.5% (vol/vol) Triton X-100 diluted in PBS solution. Non-201 

specific binding sites were blocked by incubating the samples in 5% (wt/vol) BSA 202 

containing 0.1% Triton X-100 (vol/vol) for 30 minutes. Subsequently, the samples were 203 

incubated with primary antibodies at 4 °C overnight, washed three times in PBS, and 204 

then incubated with secondary antibodies conjugated to Alexa-Fluor 488 or 594 for 1 205 

hour at 37 °C. Hoechst (1:1,000) was used to further stain the samples for 10 minutes 206 

after three PBS washes. A 50% glycerin-PBS (vol/vol) solution was used to mount the 207 

samples onto slides after they had been cleaned. A confocal microscope (Olympus 208 

BX60, Tokyo) was used to capture images of each slide. 209 

 210 

Golgi staining and spine analyses. The brains of mice were dissected and processed 211 

using the FD Rapid Golgistain™ Kit (FD NeuroTechnologies, Shanghai, China) in 212 

accordance with the manufacturer's guidelines. Subsequently, slices were examined 213 

using a confocal microscope to capture images of Golgi-impregnated hippocampal CA1 214 

pyramidal neurons. Z-stack-compressed TIFF files were then imported into ImageJ for 215 

analysis, where images were calibrated based on acquisition parameters and the number 216 

of spines was quantified. 217 

 218 

Transmission electron microscopy. The culture medium of each group was poured out 219 

and 2.5% glutaraldehyde was added. After 1 h, scrape off the cells, centrifuge, and 220 
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discard the supernatant; The cells in the tube were blown, then they were moved to a 221 

new 1.5 mL EP tube. After natural sedimentation for 1 h, the supernatant was cleared 222 

out, and 1 mL of 2.5% glutaraldehyde was added into the 1.5 mL EP tube along the 223 

tube wall, and then the fixation, dehydration, embedding, and solidification were to be 224 

carried out. Sections (7 nm) were performed using the LYCRA EMUC70 225 

ultramicrotome, and the sections were double-stained with 72% uranium acetate-lead 226 

citrate and observed under HT7800 transmission electron microscopy (80 KV). 227 

 228 

Statistics. The data presented in this study are expressed as mean ± standard error of 229 

the mean (s.e.m.). Statistical analyses were conducted using GraphPad Prism or Origin 230 

software. Specific details regarding the statistical methods employed for each 231 

comparison are provided in the text. 232 

 233 

Results 234 

DNAJB6a is downregulated in the brain of AD mice. 235 

To establish the cellular context of HSP40 family members in relevant neuronal 236 

populations, we mined single-cell RNA sequencing data from the Allen Institute for 237 

Brain Science of sorted mouse cortical and hippocampal neurons. This analysis 238 

revealed that DNAJC5 and DNAJB6 are constitutively expressed in both GABAergic 239 

and Glutamatergic neurons (Fig. 1A), the principal cell types affected in AD. 240 

Meanwhile, we calculated DEGs between 98 control samples and 310 AD samples from 241 

the GSE33000 dataset. Ultimately, 29 DEGs, including 27 downregulated and 2 242 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE63061
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upregulated genes were identified from the dataset (Fig. S1A and Supplementary Table 243 

S1). Next, we compared these DEGs with the published dataset of an analysis of other 244 

AD-related(Brehme et al., 2014). Notably, six common DEGs were found (Fig. S1B). 245 

These DEGs were largely absent, whereas DNAJC5 and DNAJB6 were expressed in 246 

both GABAergic and Glutamatergic neurons (Fig. 1A). Recent studies have identified 247 

DNAJC5 encoding cysteine-string protein α (CSPα) as the disease-causing gene of a 248 

rare autosomal dominant human neurodegenerative diseases (ND) known as adult-249 

onset neuronal ceroid lipofuscinosis (ANCL)(Noskova et al., 2011). Among these, 250 

DNAJB6 was selected for further investigation due to its significant downregulation in 251 

AD and its known constitutive expression in neurons, positioning it as a compelling 252 

candidate for a role in AD pathogenesis. 253 

DNAJB6 mRNA expression was shown to be significantly lower in AD brain tissues 254 

across different datasets (Fig. 1B). We further examined the expression levels of 255 

DNAJB6 protein in 9-month-old APPswe/PS1dE9 (APP/PS1) mice. Interestingly, 256 

compared with WT littermates, the downregulation of DNAJB6a was observed in the 257 

hippocampus of APP/PS1 mice (Fig. 1C-D). Collectively, these findings support that 258 

there is a close relationship between DNAJB6a and AD. 259 

Cognitive impairment, tau hyperphosphorylation and impaired synaptic plasticity 260 

were observed in DNAJB6a-/- mice. 261 

To explore the role of DNAJB6a in AD pathogenesis, DNAJB6a knockout mice 262 

(DNAJB6a-/-) were used in the following experiments, and the deletion of DNAJB6a in 263 

the DNAJB6a-/-
 mice was confirmed by western blotting (Fig. S1C). Meanwhile, we 264 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9081443/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9081443/#s10
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9081443/#s10
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9081443/figure/F3/
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have performed Morris Water Maze tests to assess spatial learning and memory of the 265 

10-month-old DNAJB6a-/- mice. The results demonstrate that compared to the wild-266 

type (DNAJB6a+/+) littermates, the DNAJB6a-/- mice exhibited: significantly impaired 267 

learning during the training days, as indicated by a longer escape latency to find the 268 

hidden platform; and significantly impaired memory in the probe trial, as shown by the 269 

less time spent in the target quadrant where the platform was previously located (Fig. 270 

2A-B). Tau hyperphosphorylation is an important hallmark of AD, we found that p-271 

Thr231 and p- Ser396, Tau5 and Tau1 were increased in the cortex and hippocampus 272 

of 10-month-old DNAJB6a-/- mice compared with those in DNAJB6a+/+ mice (Fig. 2C-273 

F). However, there was no significant difference in the mRNA level of total tau was 274 

observed between the chronic sleep-deprived group and the control two groups (Fig. 275 

S1D). Next, we assessed the effects of DNAJB6a deletion on synaptic plasticity. The 276 

protein levels of PSD-93 and PSD-95, which are key scaffolding components at PSDs, 277 

were reduced in the brains of DNAJB6a-/- mice (Fig. 2G-H). Besides, golgi staining 278 

showed that the number of mature spines in the hippocampal region of DNAJB6a-/- mice 279 

was significantly decreased compared with the DNAJB6a+/+ mice (Fig. 2I). In sum, 280 

these results indicated that DNAJB6a could play an important role in the tau pathology. 281 

In vitro, we cultured primary neurons to further study the role of DNAJB6a in tau 282 

phosphorylation. We observed a significant increase in the protein levels of p-Thr231, 283 

p- Ser396, Tau5 and Tau1 in DNAJB6a shRNA knockdown (shJb6a) primary neuron 284 

compared with control (Scr) (Fig. 2J-K). Then, the increased level of p- Thr231 was 285 

further confirmed by immunofluorescence staining in the shJb6a primary neuron 286 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9081443/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9081443/figure/F3/
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compared with Scr (Fig. 2L and Fig. S1E). The above results were consistent with those 287 

in vivo experiments. 288 

 289 

DNAJB6a responded to ER stress via the regulation of HSPA5. 290 

Considering that DNAJ family members are related to ER stress biological process, we 291 

next investigated the effect of DNAJB6a on ER stress. To induce ER stress, primary 292 

neurons were incubated separately with 1 μM thapsigargin (a potent and well-293 

established inducer of endoplasmic reticulum stress, Tg) for 0h, 8h, 16h, and 24 h. We 294 

found that the expression of DNAJB6a was decreased after exposure to Tg treatment, 295 

whereas DNAJB6b was not significantly altered (Fig. 3A-B). At the same time, 296 

immunofluorescence results showed that the HSPA5, a master regulator for ER stress, 297 

expressed in both nucleus and cytoplasm in DMSO treatment group, whereas the 298 

expression of HSPA5 decreased in the nucleus and increased in the cytoplasm after 299 

exposure to Tg treatment. (Fig. 3C). Subsequently, an interaction between DANJB6a 300 

and HSPA5 was identified through the CoIP assay and a notable decrease in the 301 

interaction between DNAJB6a and HSPA5 was observed in the Tg treatment group. 302 

(Fig. 3D). Given the nuclear localization of DNAJB6a, we hypothesized that the 303 

translocation of HSPA5 to the nucleus is potentially facilitated through its interaction 304 

with DNAJB6a. Then we found the expression of HSPA5 decreased in shJb6a primary 305 

neurons compared with Scr (Fig. 3E-G). There was no change in the messenger RNA 306 

(mRNA) levels of HSPA5 between Scr and shJb6a (Fig. 3J). However, as observed in 307 

the Cycloheximide (CHX) chase experiments, the degradation of HSPA5 protein was 308 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9081443/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9081443/figure/F3/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9081443/figure/F3/
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significantly accelerated in shJb6a primary neurons compared with Scr, indicating that 309 

DNAJB6a stabilizes the protein expression of HSPA5 (Fig. 3H-I). Additionally, 310 

immunofluorescence results showed that HSPA5 was decreased in nucleus shJb6a 311 

primary neurons compared with Scr (Fig. 3K). Altogether, DNAJB6a could contribute 312 

to the ER stress response by facilitating the stability and nuclear localization of HSPA5. 313 

 314 

DNAJB6a deficiency dysregulates PERK, IRE1α UPR branches. 315 

UPR is activated in response to ER stress which controls the expression of many 316 

Endoplasmic reticulum (ER)-associated degradation (ERAD) genes through three 317 

branches of the UPR signaling initiated by protein kinase RNA (PKR)-like ER kinase 318 

(PERK), activating transcription factor 6 alpha (ATF6α), and inositol-requiring kinase 319 

1 (IRE1)(Hwang and Qi, 2018). Subsequently, we pondered upon how DNAJB6a 320 

responds to ER stress by regulating UPR. ATF6α was not differentially expressed in 321 

shJb6a primary neurons compared with Scr (Fig. 4D). However, PERK 322 

phosphorylation, as well as downstream signaling proteins, Bax, cleaved-caspase-3, 323 

and Chop were enhanced in shJb6a primary neurons compared with Scr (Fig. 4A-B). 324 

Strikingly, the IRE1α, XBP-1u and XBP-1s were significantly upregulated in shJb6a 325 

primary neurons compared with Scr (Fig. 4C). In all, our data indicates that the 326 

knockdown of DNAJB6a enhances the activity of the PERK-Chop and IRE1α-Xbp1 in 327 

response to ER stress. 328 

In the unstressed ER lumen, HSPA5 binds to PERK, IRE1α, and ATF6α to inhibit their 329 

oligomerization and phosphorylation, whereas during ER stress, HSPA5 releases these 330 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC9081443/figure/F3/
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receptors leading to their activation(Bertolotti et al., 2000a). As observed in the CoIP 331 

assay, the interaction between IRE1α and HSPA5 was increased in shJb6a primary 332 

neurons compared with Scr, while the interaction between PERK and HSPA5 remained 333 

unchanged (Fig. 4F-H).  334 

Elevated p-PERK and PERK that were observed in shJb6a primary neurons were 335 

reversed by knockdown of Xbp1 (Fig. 4I). The knockdown efficacy was validated with 336 

a western blotting analysis (Figure 4J). Simultaneously, the transmission electron 337 

microscopy provided substantiation of ER stress in shJb6a primary neurons compared 338 

with Scr, exemplified by the presence of edema in the ER. (Fig. 4L). The results 339 

indicated that DNAJB6a could regulate UPR via IRE1α-Xbp1 signaling pathway. 340 

 341 

DNAJB6a deficiency hinders mitophagy by impairing mitochondrial and 342 

lysosomal fusion. 343 

ER and mitochondria are structurally and functionally connected(De Brito and 344 

Scorrano, 2008; Dorn et al., 2015). Correspondingly, shJb6a primary neurons exhibited 345 

an increased number of damaged mitochondria (mitochondrial swelling and loss of 346 

mitochondrial cristae), compared to the Scr group (Fig. 5A). In addition, elevated p62, 347 

LC3-II/ I ratio, VDAC1 and decreased TOMM20 were found in shJb6a primary 348 

neurons (Fig. 5B-D). The immunofluorescence results demonstrated that the deletion 349 

of DNAJB6a has no impact on the recruitment of LC3 to damaged mitochondria, as 350 

evidenced by the co-localization of LC3 with the mitochondrial marker protein 351 

TOMM20 (Fig. 5E). The localization of Mito-Tracker Green (a mitochondrial probe) 352 
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and Lyso-Tracker Blue (a lysosome probe) exhibited a notable decrease in shJb6a 353 

primary neurons compared with Scr, which signified that the reduction of DANJB6a 354 

hindered the fusion process between damaged mitochondria and lysosomes (Fig. 5F). 355 

These results suggest that DANJB6a deficiency could inhibit mitophagy through 356 

impairing autophagosome-lysosome fusion process. 357 

 358 

Xbp1 knockdown could rescue mitophagy deficiency and tau 359 

hyperphosphorylation induced by the deletion of DNAJB6a. 360 

Given our observation that DNAJB6a deletion led to the activation of IRE1α-Xbp1 361 

signaling pathway and inhibition of mitophagy, we next explored whether DNAJB6a 362 

knockdown mediates mitophagy via the activation of IRE1α-Xbp1 signaling pathway.  363 

Elevated LC3-II, LC3-II/LC3-I ratio, P62, VDAC1 and decreased TOMM20 that were 364 

observed in shJb6a primary neurons were reversed by knockdown of Xbp1(Fig. 6A-D). 365 

shXbp1 primary neurons exhibited a decreased number of damaged mitochondria in 366 

shJb6a primary neurons (Fig. 6E). Meanwhile, shJb6a primary neurons exhibited a 367 

notable decrease in the localization of Mito-Tracker Green and Lyso-Tracker Blue, 368 

which was also rescued by the knockdown of Xbp1 (Fig. 6F). These data indicated that 369 

Xbp1 downregulation could rescue mitochondrial autophagy inhibition induced by the 370 

deletion of DNAJB6a. Finally. we found that the upregulated protein levels of p-Thr231, 371 

p-Ser396, Tau1 and Tau5 in shJb6a primary neurons were rescued by the knockdown 372 

of Xbp1 (Fig. 6G-H).  373 

In summary, these results indicated that mitophagy deficiency and tau 374 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7853145/figure/Fig5/
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hyperphosphorylation induced by the deletion of DNAJB6a could be triggered by 375 

elevated IRE1α-Xbp1. 376 

 377 

Discussion 378 

Alzheimer's disease (AD) is a neurodegenerative disease associated with aging and is 379 

the primary cause of dementia in humans. In both aging and AD brains, there is a 380 

notable increase in the repression of heat shock proteins (HSPs) compared to the general 381 

repression of genes in the genome(Brehme et al., 2014). The pathophysiological 382 

mechanism of the link between reduced HSPs and AD remains unclear. In our study, 383 

we found that DNAJB6a was downregulated in the brains of AD patients and AD mice. 384 

And DNAJB6 was mainly expressed in the hippocampus and prefrontal cortex regions 385 

of mice, which participate in memory encoding and recalling. DNAJB6a deletion could 386 

cause synaptic plasticity impairment and tau hyperphosphorylation both in mice brain 387 

and primary culture neurons. Our results demonstrate that the degradation of steady-388 

state HSPA5 is mediated by DNAJB6a, leading to the activation of IRE1α-Xbp1, 389 

therefore preventing mitophagy-mediated tau accumulation, suggesting its potential 390 

roles in the pathogenesis of AD. 391 

Hyperphosphorylated tau is neurotoxic and aggregates to generate intracellular 392 

neurofibrillary tangles that pathologically appear in AD and other tauopathy 393 

illnesses(Takashima, 2008). Emerging research indicates that dysfunctions in 394 

mitochondrial and autophagic-lysosomal pathways may represent early indicators of 395 

Alzheimer's disease pathogenesis, contributing to the development of hallmark 396 
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pathologies(Kerr et al., 2017). Specifically, mitophagy has been shown to attenuate tau 397 

pathology and ameliorate cognitive impairments in Alzheimer's disease models(Fang 398 

et al., 2019). In AD brains, the levels of mitophagy are obviously decreased(Manczak 399 

et al., 2018). Combined with western blot and electron microscopy results, damaged 400 

mitochondria were found in DNAJB6a knockdown neurons in the present study. 401 

Furthermore, our previous study found that the deletion of DANJB6a led to the increase 402 

of damaged mitochondria and the accumulation of autophagy-related proteins in 403 

skeletal muscle cells(Qian et al., 2021). These findings indicate that DNAJB6a can 404 

regulate tau accumulation by modulating mitophagy. 405 

Increasing evidence has shown that there is ER stress activation in the AD 406 

brain(Hoozemans et al., 2009; Roussel et al., 2013). A recent study found that the hearts 407 

of zebrafish lacking the DNAJB6a homolog show activation of the ER stress(Ding et 408 

al., 2016). In the present study, we found that Tg caused ER stress activation in 409 

accordance with a decreased level of DNAJB6a expression, whereas DNAJB6b was 410 

not significantly altered in this process, suggesting that DNAJB6a but not DNAJB6b 411 

plays an important role ER homeostasis. HSPA5/BiP or GRP78 is a molecular 412 

chaperone protein predominantly in the ER lumen, that interacts with unfolded proteins 413 

through its C-terminal substrate-binding domain(Bertolotti et al., 2000a). In our study, 414 

we found that Tg could activate ER stress, decrease HSPA5 expression and change its 415 

location (cytoplasmic translocation). Given the nuclear localization of DNAJB6a, we 416 

speculate that DNAJB6a is involved in the activation of ER stress by interacting with 417 

HSPA5. When DNAJB6a is decreased, the interaction between DNAJB6a and HSPA5 418 
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is decreased. HSPA5 was released from nucleus to cytoplasm, and ER stress was 419 

activated. We found that DNAJB6a did interact with HSPA5 under normal conditions. 420 

However, the protein interaction between DNAJB6a and HSPA5 was significantly 421 

reduced after ER stress activation. Besides cytoplasmic translocation, we also found 422 

that DNAJB6a deletion could decrease HSPA5 expression. Further research found that 423 

DNAJB6a deletion significantly accelerates HSPA5 degradation rather than affecting 424 

its protein synthesis, indicating that DNAJB6a participates in ER stress response 425 

through stabilizing HSPA5 post-translationally and nuclear localization. 426 

In the absence of stress in the endoplasmic reticulum (ER) lumen, HSPA5 interacts with 427 

PERK and IRE1α, facilitating the activation of ATF6α while preventing their 428 

oligomerization and phosphorylation. Conversely, under conditions of ER stress, 429 

HSPA5 dissociates from these receptors, thereby promoting their activation(Bertolotti 430 

et al., 2000b). In our study, we found that both PERK and IRE1α were increased in 431 

DNAJB6a-shRNA neurons. DNAJB6a can stabilize HSPA5 post-translationally and 432 

nuclear localization, one possible mechanism is that DNAJB6a inhibits IRE1α and 433 

PERK activity and stabilizes the interaction between HSPA5 and IRE1α and PERK by 434 

increasing the substrate-binding ability of HSPA5, similar to ERdj4(Shen et al., 2002). 435 

Several reports have highlighted potential crosstalk between IRE1α and PERK 436 

signaling pathways(Lee et al., 2002). Our CoIP data demonstrated that DNAJB6a 437 

deletion only affects HSPA5 interacted with IRE1α, not PERK, infer that activation of 438 

the PERK signaling pathway is mediated by the IRE1α-Xbp1 signaling pathway in the 439 

DNAJB6a-shRNA primary neurons.  440 
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IRE1α has both kinase and endonuclease activity. During ER stress, activated IRE1α 441 

splices Xbp1 mRNA to the mature form sXbp1(Cox and Walter, 1996). Indeed, our data 442 

demonstrated that DNAJB6a depletion led to the increased level of Xbp1, in accordance 443 

with increased IRE1α phosphorylation, suggesting that Xbp1 is regulated by IRE1α in 444 

shJb6a primary neurons.  445 

Previous studies have detected that Xbp1 deficiency in the nervous system protects 446 

against amyotrophic lateral sclerosis by increasing autophagy(Hetz et al., 2009). The 447 

process of mitophagy is the recruitment of damaged mitochondria by LC3, and the 448 

recruited mitochondria combine with the fused medium for degradation. In our study, 449 

mitochondrial swelling and loss of mitochondrial cristae, elevated p62, LC3-II/ I ratio, 450 

VDAC1 and decreased TOMM20 were found in shJb6a primary neurons, supporting 451 

that the deletion of DNAJB6a could increase mitochondria impairment. No change was 452 

found in the co-localization of LC3 with the mitochondrial marker protein TOMM20 453 

inferring that the deletion of DNAJB6a has no impact on the recruitment of LC3 to 454 

damaged mitochondria. However, the co-localization of mitochondria and lysosomes 455 

exhibited a notable decrease in shJb6a primary neurons, suggesting that the reduction 456 

of DANJB6a hindered the fusion process between damaged mitochondria and 457 

lysosomes. These results suggest that DANJB6a deficiency could inhibit mitophagy 458 

through impairing the autophagosome-lysosome fusion process. 459 

Given that Xbp1 can inhibit the fusion of damaged mitochondria, which allows the 460 

mitochondria to be easily eliminated(Gustafsson, 2011). In our study, we found that 461 

impaired mitochondria, elevated LC3-II/LC3-I ratio, P62, VDAC1 and decreased 462 
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TOMM20 that were observed in shJb6a primary neurons were reversed by Xbp1 463 

deletion. And the fusion of mitochondria and lysosomes was the same. Furthermore, 464 

we also found that Xbp1 deletion could reverse tau accumulation in shJb6a primary 465 

neurons. These data indicated that Xbp1 downregulation could rescue mitochondrial 466 

autophagy inhibition induced by the deletion of DNAJB6a. 467 

In conclusion, DNAJB6a deficiency induces IRE1α-Xbp1 signal passageway 468 

upregulation, which impairs mitophagy, consequently leading to tau accumulation. 469 

These results suggested that DNAJB6a is a key modulator for mitochondria function 470 

and targeting DNAJB6a may therefore provide a therapeutic approach for AD. 471 
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 639 

Figure 1. DNAJB6a is downregulated in the brain of AD mice.  640 

(A) Single-cell RNA sequencing (Allen Institute for Brain Science) of sorted mouse 641 

cortical and hippocampal neurons were mined for expression levels of HSP40. (B) 642 

Differential expression gene analysis: DNAJB6 expression between AD and no-AD 643 

controls (GSE36980: p = 0.0011; GSE3000: p＜0.0001). (C-D) Western blot analysis 644 
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of the protein level of DNAJB6 in the hippocampus of 9-month-old 645 

APPswe/PS1dE9(APP/PS1) mice and the wild-type (WT) littermates (p = 0.0029).  646 

All data were expressed as mean ± SD. Data were considered significant if *p < 0.05, 647 

**p < 0.01, *** p < 0.001, ****p < 0.0001. Means were compared using the Student’s 648 

t-test in panels B-D. 649 

 650 

 651 

 652 

 653 

 654 

 655 

 656 
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 660 
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 666 

Figure 2. Tau hyperphosphorylation and impaired synaptic plasticity were 667 

observed in DNAJB6a-/- mice and DNAJB6a-shRNA neurons. 668 

(A) Escape latency of 10-month-old DNAJB6a knockout mice (DNAJB6a-/-) and the 669 

age-matched wild-type (DNAJB6a+/+) littermates for 5 consecutive days in the MWM 670 

test. (B) The time percentage spent in the target quadrant in the spatial probe trial of 671 
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the MWM test. (C-F) Western blot analysis of the level of p-Thr231, p-Ser396, and 672 

Tau1, Tau-5 in the cortex and hippocampus of 10-month-old DNAJB6a-/- and the age-673 

matched wild-type DNAJB6a+/+ littermates (p-Thr231/ Tau5 hippocampus: p = 674 

0.0195; p-Ser396/ Tau5 hippocampus: p = 0.0164; Tau1/ Tau5 hippocampus: p = 675 

0.3675; p-Thr231/ Tau5 cortex: p =0.0314; p-Ser396/ Tau5 cortex: p =0.0280; Tau1/ 676 

Tau5 cortex: p = 0.5558). (G-H) Western blot analysis of the level of PSD93 and 677 

PSD95 in the hippocampus of DNAJB6a+/+ and DNAJB6a -/- mice (PSD93/ 678 

hippocampus: p = 0.0141; PSD95/ hippocampus: p = 0.0012). (I) Representative 679 

images of Golgi staining of hippocampus from 10-month-old DNAJB6a+/+ and 680 

DNAJB6a-/- mice. Selected dendritic segments from the hippocampus were 681 

skeletonized using ImageJ software and analyzed. (J-K) Western blot analysis of the 682 

level of p-Thr231, p-Ser396, and Tau1, Tau-5 in primary neuron cells transfected with 683 

Scr or shJb6a (p-Thr231/Tau5: p = 0.0174; p-Ser396/ Tau5: p = 0.0465; Tau1/ Tau5: 684 

p = 0.0200). (L) Primary neuron cells transfected with Scr or shJb6a were 685 

coimmunostained for MAP2 (red) and phosphorylated (p)-Thr 231 tau (green).  686 

All data were expressed as mean ± SD. A-L (n = 4 DNAJB6a+/+; n= 4 DNAJB6a -/-). 687 

Data were considered significant if *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 688 

0.0001. Means were compared using the Student’s t-test in panels A-L. 689 

Scr: control lentivirus; shJb6a: shDNAJB6a lentivirus. 690 

 691 

 692 

 693 
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 694 

Figure 3. DNAJB6a responded to ER stress via the regulation of HSPA5. 695 

(A-B) Western blot analysis of the level of DNAJB6 in primary neuron treated with 696 

TG (Thapsigargin, 1 μM) for 0h, 8h, 16h, and 24h (DNAJB6a 0h vs. 16h: p = 0.0465; 697 

DNAJB6a 0h vs. 24h: p = 0.0266). (C) Primary neuron cells treated with DMSO or 698 

thapsigargin (Tg) were coimmunostained for DNAJB6 (red) and HSPA5 (green). 699 

Scale bar: 20 μm. (D) Co-immunoprecipitation (CoIP) assay analysis of the 700 

interaction between DNAJB6 and HSPA in primary neurons treated DMSO or Tg. (E-701 

G) Western blot analysis of the level of HSPA5 in primary neurons transfected with 702 
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Scr or shJb6a (p = 0.0098). (H-I) Western blot analysis of the level of HSPA5 in 703 

primary neurons transfected with Scr or shJb6a (CHX, 100 mg/mL) (2h: p = 0.0046; 704 

4h: p = 0.0049). (J) Quantification of HSPA5 mRNA by qRT-PCR in primary neurons 705 

transfected with Scr or shJb6a (p = 0.0.6245). (K) Primary neuron cells transfected 706 

with Scr or shJb6a were coimmunostained for DNAJB6 (red) and HSPA5 (green). 707 

Scale bar: 20 μm. 708 

All data were expressed as mean ± SD. A-G, I (n = 3 mice/group). Data were 709 

considered significant if *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Means 710 

were compared using the Student’s t-test.  711 
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 725 

Figure 4. DNAJB6a deficiency dysregulates PERK, IRE1α UPR branches. 726 

(A-E) Western blot analysis of the level of p-PERK, PERK, Cleaved-caspase-3, Bax, 727 

Chop, p-IRE1α, IRE1α, XBP1, ATF6α in primary neurons transfected with Scr or 728 

shJb6a (p-PERK/PERK: p = 0.0330; Cleaved-caspase-3: p = 0.0040; Bax: p = 0.0027, 729 

Chop: p =0.0049, p-IRE1α/ IRE1α: p = 0.1618; s-Xbp1：p = 0.00124; u-Xbp1：p = 730 
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0.0015). (F-H) Co-immunoprecipitation (CoIP) assay analyzes the interaction of 731 

IRE1α or PERK and HSPA5 in primary neurons transfected with Scr or shJb6a 732 

(HSA5/IRE1α: p = 0.0433; HSA5/PERK: p = 0.9876). (I-K) Western blot analysis of 733 

the level of p-PERK, PERK in primary neurons transfected with Scr, shJb6a, shXbp1 734 

(p-PERK Scr vs. shJb6a: p = 0.0069; p-PERK shJb6a vs. shJb6a+shXbp1: p = 0.0166). 735 

(L) Cultured primary neurons were transfected with Scr or shJb6a and then processed 736 

for EM visualization of the ER morphology. (Scale bar: 1μm). 737 

All data were expressed as mean ± SD. A-K (n = 3 mice/group). Data were considered 738 

significant if *p < 0.05, **p < 0.01, ***p < 0.001, **** p< 0.0001. Means were 739 

compared using the Student’s t-test in panels A-H and the One-way ANOVA test in 740 

panels I-K.  741 

shXbp1: shXbp1 lentivirus 742 

 743 

 744 

 745 

 746 

 747 

 748 

 749 
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 753 

Figure 5. DNAJB6a deficiency hinders mitophagy by impairing mitochondrial and 754 

lysosomal fusion. 755 

(A) Cultured primary neurons were transfected with Scr or shJb6a and then processed 756 

for EM visualization of the mitochondria. (Scale bar: 1μm). (B-D) Western blot 757 

analysis of the level of LC3, p62 Parkin, VDAC1, and TOMM20 in primary neurons 758 
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transfected with Scr or shJb6a (p62: p = 0.0225; LC3II/LC3I: p = 0.0058; VDAC1: p 759 

= 0.0144; TOMM20: p = 0.0210). (E) Primary neuron cells transfected with Scr or 760 

shJb6a were coimmunostained for LC3 (yellow) and TOMM20 (green). Scale bar: 20 761 

μm. (F) Primary neuron cells transfected with Scr or shJb6a were coimmunostained 762 

for MitTracker (green) and LysoTracker(red). Scale bar: 20 μm. using the Student’s t-763 

test in panels B-D. 764 

All data were expressed as mean ± SD. B-D (n = 3 mice/group). Data were considered 765 

significant if *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Means were 766 

compared using the Student’s t-test in panels B-D  767 
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 780 

Figure 6. Xbp1 knockdown could rescue mitophagy deficiency and tau 781 

hyperphosphorylation induced by the deletion of DNAJB6a  782 

(A-B) Western blot analysis of the level of LC3, p62 in primary neurons transfected 783 

with Scr, DNAJB6a-shRNA or DNAJB6a-shRNA+Xbp1-shRNA (p62 Scr vs. shJb6a: 784 

p = 0.0067; shJb6a vs. shJb6a+shXbp1: p = 0.0017). (C-D) Western blot analysis of 785 
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the level of Parkin, VDAC1, and TOMM20 in primary neurons transfected with Scr, 786 

DNAJB6a-shRNA or DNAJB6a-shRNA+Xbp1-shRNA (TOMM20 Scr vs. shJb6a: p 787 

= 0.0487; shJb6a vs. shJb6a+shXbp1: p = 0.0030; VDAC1 Scr vs. shJb6a: p = 0.0015; 788 

shJb6a vs. shJb6a+shXbp1: p = 0.0037). (E) Cultured primary neurons were 789 

transfected with Scr, DNAJB6a-shRNA or DNAJB6a-shRNA+Xbp1-shRNA and 790 

then processed for EM visualization of the mitochondria. (Scale bar: 5μm). (F) 791 

Containing MitTracker (green) with LysoTracker (red) in primary neurons transfected 792 

with Scr. DNAJB6a-shRNA or DNAJB6a-shRNA+Xbp1-shRNA. (G-H) Western 793 

blot analysis of the level of p-Thr231, p-Ser396, and Tau1, Tau-5 in primary neurons 794 

transfected with Scr, DNAJB6a-shRNA or DNAJB6a-shRNA+Xbp1-shRNA (p-795 

Thr231/Tau5 Scr vs. shJb6a: p = 0.0011; shJb6a vs. shJb6a+shXbp1: p = 0.0111; p-796 

Ser396/Tau5: Scr vs. shJb6a: p =0.0023; shJb6a vs. shJb6a+shXbp1: p = 0.0042; 797 

Tau1/Tau5 Scr vs. shJb6a: p = 0.4552; shJb6a vs. shJb6a+shXbp1: p = 0.3688). (I) 798 

Graphic abstract. 799 

All data were expressed as mean ± SD. A-F (n = 3 mice/group). Data were considered 800 

significant if *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Means were 801 

compared using the One-way ANOVA test in panels A-C  802 
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DNAJB6a 缺乏通过 IRE1α-Xbp1 诱导的线粒体功能障碍诱导 tau 病理 807 

陈秀 1，钱方媛 1，赵娜 1，刘雪婷，王燕娟，耿帆，朱萌萌，张志珺，任庆国* 808 

东南大学医学院中大医院神经内科，江苏省脑科学与医学重点实验室，南京，809 

210009，中国 810 

 811 

摘要 812 

内质网应激和线粒体自噬已被证实与阿尔茨海默病的早期病理进程相关，其中813 

tau 蛋白过度磷酸化是主要的病理改变之一，但其具体机制尚不明确。本研究识814 

别出一种关键蛋白——DnaJ（Hsp40）同源蛋白 B 亚家族成员 6a（DNAJB6a），815 

并阐明了其在阿尔茨海默病中的潜在致病作用。通过生物信息学方法对816 

DNAJB6基因进行系统性筛选，证实其在阿尔茨海默病患者脑组织中表达降低。817 

与对照组相比，APP/PS1 小鼠脑内 DNAJB6a 水平同样出现下降。DNAJB6a 基818 

因敲除小鼠表现出认知功能障碍、突触缺失及阿尔茨海默病典型病理表型。819 

DNAJB6a 缺失通过下调 70kDa 热休克蛋白 5（HSPA5）激活内质网应激通路。820 

进一步研究发现，DNAJB6a 缺陷通过激活 IRE1α-XBP1 通路诱导线粒体功能障821 

碍，从而加速阿尔茨海默病样表型的发生发展。这些发现表明，DNAJB6a 可能822 

成为预防阿尔茨海默病病理进展的关键潜在靶点。 823 

 824 

关键词：DNAJB6；IRE1α-Xbp1；阿尔茨海默病；线粒体自噬；tau 蛋白 825 
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