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EGFR phosphorylates DNAJB1 to

suppress a-synuclein aggregation in

Parkinson’s disease
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Ya-Lan Chang', Chin-Hsien Lin?{ & Shu-Chun Teng'

Parkinson’s disease (PD), characterized by a-synuclein accumulation in dopaminergic neurons, is
acommon neurodegenerative disorder. Recent findings highlight DNAJB1 as a crucial factorin the
disaggregation of a-synuclein fibrils in vitro, yet the underlying mechanisms and regulatory
processes in neuronal cells remain largely undefined. This study reveals that DNAJB1 facilitates
the clearance of a-synuclein via the Hsp70 chaperone system. Phosphorylation of DNAJB1 at
tyrosine 5 by the epidermal growth factor receptor (EGFR) is essential for mitigating a-synuclein

aggregation, enhancing its interaction with Hsp70. Dysregulation of this pathway disrupts a-
synuclein delivery to Hsp70, worsening aggregation in neuronal cells. Analysis of human brain
lysates from individuals with PD and unaffected controls showed reduced levels of EGFR and
DNAJB1, with anincreasein phosphorylated DNAJB1 at Y5. These findings elucidate mechanisms
in PD pathology and suggest DNAJB1 as a promising candidate for targeted therapeutic

strategies.

PD is a common neurodegenerative disease characterized by distinct motor
symptoms such as tremors, rigidity, and bradykinesia'. The pathognomonic
features of PD involve the progressive death of dopaminergic neurons,
particularly in the substantia nigra®. Abnormal accumulation of misfolded
a-synuclein in their cytoplasm causes the formation of Lewy bodies and
promotes neurodegeneration’. However, the precise cause of PD is not
completely understood, but it probably results from the mix of genetic
mutations and environmental factors triggering a-synuclein misfolding and
aggregation”.

The accumulation of misfolded or aggregated proteins leading to the
collapse in proteostasis is a common feature of aging™’. Chaperones speci-
fically participate in the process of protein folding and fulfill a significant
function in the folding system under stress conditions. Among these cha-
perones, heat shock protein 70 (Hsp70) is essential for protein folding,
functioning through the hydrolysis of ATP and the involvement of cofactors
to modulate the cycles of binding and release. This mechanism is crucial for
ensuring the correct folding of proteins’®. Furthermore, co-chaperone J-
domain proteins (JDPs) play a significant role in identifying specific client
proteins and facilitating their delivery to Hsp70.

Moreover, environmental change may alter the folding ability of the
chaperone system. Glucose intake triggers the phosphorylation of a co-

chaperone, which decreases its binding affinity with Hsp90 and results in the
accumulation of misfolded proteins in yeast’. Stress-induced phosphor-
ylation of co-chaperones may control the binding affinity not only with the
chaperone but also with the clients. Under DNA double strands breaks,
DNAJBI11 undergoes phosphorylation to increase the binding affinity with
a-synuclein to alleviate its aggregation'’. Therefore, cells can sense envir-
onmental changes and control the function of co-chaperones through
posttranslational modification.

In the initial step of the folding cycle, specific JDPs identify and
bind to distinct cargo molecules, subsequently facilitating their deliv-
ery to Hsp70'". In humans, there are more than 50 JDPs categorized
into three types based on their structures'’. DNAJB1 was discovered to
facilitate Hsc70 in disassembling tau fibrils in vitro'’ and also dis-
aggregates a-synuclein fibrils in vitro'*". Conversely, another study
demonstrated that DNAJB6 inhibits the formation of aggregated a-
synuclein in non-neuronal HEK293 cells'’. Additionally, a case report
identified a DNAJB2 mutation in a family with Charcot-Marie-Tooth
disease type 2, characterized by hearing loss and parkinsonism".
Another research discovered a large DNAJB2 deletion in a family with
spinal muscular atrophy and parkinsonism®. Given that these findings
have not been experimentally validated in neuronal cells, the central
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factor responsible for recruiting a-synuclein to the Hsp70 system for
disaggregation in neuronal cells remains unclear.

Numerous studies revealed decreased levels of EGFR in the cer-
ebrospinal fluid, blood, or specific brain regions of individuals with
PD*"*. Furthermore, clinical investigations identified a correlation
between EGFR variations and susceptibility to the risk of PD*. With
these reports supporting the link between EGFR and PD, EGFR has
emerged as a potential biomarker or risk genetic factor contributing to

the disease™. These findings imply that EGFR may play a pivotal role in
maintaining a-synuclein homeostasis, a key protein involved in PD
pathology. However, the precise mechanism through which EGFR
preserves the folding and stability of a-synuclein remains elusive,
representing a significant unresolved puzzle in the field of PD research.
Here, we explore the EGFR-mediated regulation of the JDP specific for
a-synuclein and understand how the phosphorylation of DNAJBI by
EGEFR facilitates the folding of a-synuclein.
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Fig. 1 | DNAJBI decreases a-synuclein aggregates. a Chemiluminescence images
of a-synuclein, DNAJBI, and f-actin. SH-SY5Y cells expressing shLuc and
shDNAJBI1 were pretreated with 100 nM rotenone for 24 h, followed by the analysis
of a-synuclein aggregation via filter trap assay. Data were analyzed by one-way
ANOVA with Dunnett’s test. b Quantification of aggregation levels normalized to
B-actin in shDNAJB1 SH-SY5Y cells. ¢ The knockdown efficiency of DNAJBI.

d Chemiluminescence images of a-synuclein, DNAJB2, and f-actin.

e Quantification of aggregation levels normalized to -actin in sshDNAJB2 SH-SY5Y
cells. f The knockdown efficiency of DNAJB2. g Chemiluminescence images of a-
synuclein, DNAJB6, and B-actin. h Quantification of aggregation levels normalized
to B-actin in shDNAJB6 SH-SY5Y cells. i The knockdown efficiency of DNAJB6.

j After 24 h pretreatment with 100 nM rotenone, shDNAJB1 SH-SY5Y cells were
fixed and stained with indicated antibodies (a-synuclein in green, each organelle
marker in red) and counter-stained with DAPI to stain the nucleus (blue). All
fluorescence images were captured using a Zeiss LSM780 confocal fluorescence

microscope. Scale bar: 20 um. k The numbers of puncta in the cells were quantified
from 5 fields. Data was analyzed by one-way ANOVA with Dunnett’s test.

1 Colocalization analysis between a-synuclein (green) and each organelle (red) from
5 fields. Data was analyzed by two-way ANOVA with Dunnett’s test. m shDNAJB1
SH-SY5Y cells were harvested after 24 h rotenone treatment. The cell lysates were
biochemically fractionated into Triton-soluble and -insoluble fractions as described
in “Methods”. The DNAJBI expression levels, and Triton-soluble and -insoluble
fractions of a-synuclein were analyzed by western blotting. The B-actin was used as a
loading control. n Quantification of the Triton-insoluble form of a-synuclein shown
in (m). The Triton-insoluble form of a-synuclein was normalized to B-actin. Data
was analyzed by one-way ANOVA with Dunnett’s test. 0 A representative image of
the filter trap assay showed that overexpression of DNAJBL1 significantly reduced a-
synuclein aggregation in SH-SY5Y cells. p Data was analyzed with unpaired two-
tailed Student’s t-test. Each dataset is expressed as mean + SD for n = 3. *P < 0.05,
*¥*P<0.01, ¥**P < 0.001, ¥****P < 0.0001.

Results

DNAJB1 decreases a-synuclein aggregates in human
neuroblastoma cells

To elucidate a-synuclein aggregation in PD, we screened JDPs for their
potential to resolve these aggregates in neuronal cells. Using a filter-
trap assay that has been used to detect protein aggregation in human
neuroblastoma cell lines***, we assessed three JDPs previously linked
to a-synuclein aggregation'*”’. As shown in Fig. la-i, only DNAJBI,
but not DNAJB2 or DNAJB6, resolves a-synuclein aggregation in
human neuroblastoma SH-SY5Y cells. The knockdown efficiency was
analyzed at the protein level by western blotting (Fig. lc, f, i). We
observed an incomplete knockdown, which may suggest that the JDPs
play critical roles. Quantitative reverse transcription PCR (qRT-PCR)
was used to analyze whether DNAJB1 knockdown changes in the
mRNA level of SNCA. As shown in Fig. Sla, the knockdown of
DNAJBI does not alter the mRNA level of SNCA.

To further confirm whether DNAJBI resolves a-synuclein
aggregation in SH-SY5Y cells, confocal microscopy was employed to
observe the formation of aggregated puncta'’. Compared to the
knockdown of firefly luciferase (shLuc) control cells, an increased
presence of a-synuclein aggregates was observed, suggesting an
enhanced level of a-synuclein aggregation within the cells (Fig. 1j, k).
DNAJBI1 knockdown causes these a-synuclein aggregates to localize
primarily in endosomal and lysosomal compartments, with a more
substantial accumulation observed in the lysosome relative to the
endosome (Fig. 1j, ). Furthermore, cell fractionation analysis reveals
that knockdown of DNAJB1 results in an elevated insoluble fraction of
a-synuclein (Fig. Im, n)”.

The GBAI gene encodes the lysosomal enzyme
B-glucocerebrosidase (GCase), which facilitates the hydrolysis of glu-
cosylceramide (GlcCer) into ceramide and glucose™. Heterozygous
mutations in GBAI constitute the most prevalent genetic risk factor for
PD’. Several prior studies have indicated alterations in both the
expression levels and subcellular localization of GBA in PD models™".
To investigate whether the increased a-synuclein protein aggregation
was caused by alteration of the levels of heat shock proteins and GBA, the
protein levels of a subset of HSP70s (HSPA8 and HSPA1A) and GBA
were detected by western blotting in shLuc and shDNAJBI SH-SY5Y
cells. Knockdown of DNAJB1 does not change the protein levels of these
Hsp70 molecular chaperones and GBA (Fig. S1b-f). As shown in Fig.
S1g, h, knockdown of DNAJBI1 does not induce colocalization of GBA
with endosomes, lysosomes, or autophagosomes. Nevertheless, over-
expression of DNAJB1 reduces a-synuclein aggregation (Fig. 1o, p). The
findings from the filter trap assay, the accumulation of aggregated a-
synuclein puncta, and cell fractionation analysis all exhibit the impor-
tant role of DNAJBI1. These results suggest that DNAJB1 may deliver a-
synuclein to the Hsp70 folding system to reduce a-synuclein aggregation
in human neuroblastoma cells.

Table 1| The phosphorylation sites on DNAJB1 were reported
in the PhosphoSitePlus database (https://www.phosphosite.
org/proteinAction.action?id=13798&showAlISites=true)

Site Amino acids sequence of DNAJB1 LTP* HTP**
Y5 __ MGkDyYQTLGLA 0 5
S16 LGLArGAsDEEIKRA 0 2
Y52 FKEIAEAYDVLSDPR 0 1
T88 SGGGANGtsFSYTFH 0 1
S89 GGGANGtsFSYTFHG 0 1
S149 TNVNFGRsRsAQEPA 1 0
S151 VNFGRsRsAQEPARK 1 2
S171 VTHDLRVsLEElysG 1 2
Y176 RVsLEElysGCtkKM 0 506
S177 VsLEElysGCtkKMK 0 3
T180 EElysGCtkKMKIsH 0 1
S186 CtkKMKIsHKRLNPD 0 4
S196 RLNPDGksIRNEDKI 0 2
T205 RNEDKILtIEVKKGW 0 2
T227 FPKEGDQtsNNIPAD 0 1
S228 PKEGDQtsNNIPADI 0 1
S252 NIFKRDGsDVIyPAR 0 2
Y256 RDGsDVIyPARISLR 0 1
S261 VIyPARISLREALCG 0 1
T307 EGLPLPktPEKRGDL 0 11

“Low throughput papers (LTP): The number of records in which this modification site was
determined using other than discovery mass spectrometry.

“High throughput papers (HTP): The number of records in which this modification site was assigned
only using proteomic mass spectrometry.

DNAJB1 tyrosine 5 phosphorylation is crucial for resolving a-
synuclein aggregation

To acquire insights into how DNAJBI clears a-synuclein aggregation under
stress, we examined the regulation of DNAJBI in neuronal cells. Previous
studies reported that phosphorylation can be a key regulation in controlling
proteostasis during the aging process or upon double-strand breaks™'’. We,
therefore, focused on whether phosphorylation controls regulations
between DNAJB1 and a-synuclein. In the PhosphoSitePlus database, tyr-
osine 5, tyrosine 176, and threonine 307 of DNAJBI were reported to be
phosphorylated from over 5 high-throughput reports (Table 1). We
mutated these three phosphorylation sites to dephosphor-mimicking ala-
nine/phenylalanine (A/F) and phosphor-mimicking aspartic/glutamic acid
(D/E) to see whether these mutations change their folding ability to clients
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by filter trap assay. As shown in Fig. 2b-g, tyrosine 5 (Y5), but not Y176 and
T307 phosphorylation, facilitates DNAJB1 to reduce a-synuclein aggre-
gates. To further confirm the role of Y5 phosphorylation on DNAJBI in
modulating a-synuclein aggregation, we visualized the aggregates of a-
synuclein in stress-induced SH-SY5Y cells by confocal microscopy. Com-
pared to the wild-type (WT) expression cells, a greater number of

aggregated puncta were observed in the Y5F mutant group (Fig. 2h, i), along
with an increased colocalization between the puncta and lysosomes in the
Y5F mutant group (Fig. 2h, j). Quantitative reverse transcription PCR (qRT-
PCR) was used to analyze whether DNAJB1 overexpression changes in the
mRNA level of SNCA. In Fig. S2a, overexpression of DNAJBI WT and
mutants does not alter the mRNA level of SNCA. To investigate whether the
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Fig. 2 | DNAJBI1 Tyr5 phosphorylation is critical for resolving a-synuclein
aggregation. a Phosphorylation sites annotated in the PhosphoSitePlus database
(https://www.phosphosite.org) are mapped onto the domain architecture of
DNAJBI. b Chemiluminescent images of a-synuclein, DNAJB1 (WT and Y5
mutants), and B-actin. Overexpression and site-directed mutagenesis were per-
formed to generate dephospho-mimetic (F/A) and phospho-mimetic (D/E) variants
at indicated residues. SH-SY5Y cells expressing V5-tagged DNAJB1 (WT or
mutants) were pretreated with 100 nM rotenone for 24 h, followed by a-synuclein
aggregation analysis via filter trap assay. Data were analyzed using one-way ANOVA
with Dunnett’s test. ¢ Quantification of a-synuclein aggregation, normalized to
B-actin, in SH-SY5Y cells expressing V5-tagged DNAJB1 WT or Y5 variants.

d Chemiluminescent images of a-synuclein, DNAJB1 (WT and Y176 mutants), and
B-actin. e Quantification of a-synuclein aggregation, normalized to -actin, in SH-
SY5Y cells expressing V5-tagged DNAJB1 WT or Y176 variants.

f Chemiluminescent images of a-synuclein, DNAJB1 (WT and T307 mutants), and
B-actin. g Quantification of a-synuclein aggregation, normalized to B-actin, in SH-

SY5Y cells expressing V5-tagged DNAJB1 WT or T307 variants. h Following 24 h
pretreatment with 100 nM rotenone, SH-SY5Y cells expressing V5-tagged DNAJB1
WT, Y5F, or Y5E were fixed and stained with anti-V5 (cyan), anti-organelle (red),
and anti-a-synuclein (green) antibodies. Nuclei were counterstained with DAPI
(blue). Images were captured using a Zeiss LSM780 confocal fluorescence micro-
scope. Scale bar: 20 um. i The numbers of puncta in the cells were quantified from 3
fields. Data was analyzed by one-way ANOVA with Dunnett’s test. j Colocalization
analysis between a-synuclein (green) and each organelle (red) from 3 fields. Data was
analyzed by two-way ANOVA with Dunnett’s test. k SH-SY5Y cells expressing V5-
tagged DNAJB1 WT, Y5F, or Y5E were harvested following 24 h rotenone treatment.
Lysates were biochemically fractionated into Triton-soluble and -insoluble fractions,
and DNAJBL1 expression along with a-synuclein distribution was assessed by wes-
tern blotting. B-actin served as a loading control. 1 Quantification of a-synuclein
insoluble form in (k). The Triton-insoluble form of a-synuclein was normalized to
B-actin. Data were analyzed by one-way ANOV A with Dunnett’s test. Each dataset is
expressed as mean + SD for n =3. *P <0.05, **P < 0.01, ***P < 0.001.

Table 2| Kinase was predicted and scored by the Netphos-3.1
website (https://services.healthtech.dtu.dk/services/
NetPhos-3.1/)

Amino acids sequence of Dnajb1  Phosphorylation site  Kinase Score

MGKDYYQTL Tyr5 InsR 0.491
EGFR 0.379
SRC 0.311
unsp 0.119

changed a-synuclein protein aggregation was caused by alteration of the
levels of heat shock proteins and GBA, the protein levels of a subset of
Hsp70s (HSPA8 and HSPA1A) were detected by western blotting in V5-
tagged DNAJB1 WT and mutant DNAJBI expressing SH-SY5Y cells.
Overexpression of V5-tagged DNAJB1 WT and mutant DNAJB1 does not
change the protein levels of these Hsp70 molecular chaperones and GBA
(Fig. S2b-f). Overexpression of V5-tagged DNAJB1 WT and mutant
DNAJBI1 does not cause EGFR and GBA to colocalize with endosomes,
lysosomes, or autophagosomes (Fig. S2g-j). Additionally, cell fractionation
analysis showed that the level of insoluble a-synuclein in the Y5F mutant
group was higher than in the WT and Y5E groups (Fig. 2k, 1). These data
indicate that the Y5F mutation loses DNAJBI’s ability to clean up a-
synuclein aggregation. Together, these results suggest that Y5 phosphor-
ylation is a key signal for boosting DNAJB1’s activity.

EGFR regulates Tyr5 phosphorylation on DNAJB1

To investigate which kinase is responsible for Y5 phosphorylation of
DNAJBI, we generated phosphor-specific antibodies (Fig. S3). Netphos-3.1
kinase prediction program was used to predict the potential kinase of
DNAJB1 Y5 phosphorylation, and the insulin receptor (INSR) and EGFR
rank at the top two kinases of the prediction (Table 2). The ratio of phos-
phorylated AKT and EGFR served as the indicator of these two kinase
inhibitors, respectively. We compared the phosphorylation status of DNAJB1
Y5 in SH-SY5Y cells treated with the INSR inhibitor NVP-AEW541 or
the EGFR inhibitor afatinib. Notably, the EGFR inhibitor afatinib, but
not the INSR inhibitor NVP-AEW541, specifically inhibited the Y5
phosphorylation (Fig. 3b, e). The drug efficacy was confirmed by
immunoblotting (Fig. 3¢, f). The results determine the specificity of
EGFR on DNAJBI1 Y5 phosphorylation. To examine whether afatinib
treatment alters the localization of EGFR, confocal microscopy ana-
lysis was conducted. In Fig. 3g, h, afatinib treatment inhibits the
colocalization between EGFR and lysosome. Given that the EGFR-
lysosomal degradation pathway is initiated when EGFR activates™,
these results further verify the effectiveness of afatinib (Fig. 3g, h).

Y5 of DNAJBH1 is a direct target of phosphorylation by EGFR

To confirm whether EGFR is the kinase for Y5 phosphorylation of DNAJBI,
we used lentivirus to knock down EGFR in SH-SY5Y cells. Compared to the
knockdown of firefly luciferase (shLuc) control cells, the knockdown of
EGFR resulted in the lower phosphorylation status of DNAJB1 Y5
(Fig. 4a, b). The knockdown efficiency was analyzed at the protein level by
immunoblotting (Fig. 4c). Therefore, the knockdown of EGFR blocks
DNAJBI1 Y5 phosphorylation.

To further examine whether DNAJB1 Y5 is a direct EGFR substrate, an
in vitro kinase assay was conducted. Escherichia coli (E. coli) expressed and
purified full-length DNAJB1 was used as a substrate for phosphorylation by
commercially active EGFR. The phosphorylated protein was detected by
phosphor-specific antibodies. As the data shown in Fig. 4d, e, active EGFR
phosphorylates purified DNAJBI, and Y5F mutant failed to be phos-
phorylated, indicating that Y5 is a direct target of EGFR.

Downregulated EGFR impairs the ability of DNAJB1 to resolve a-
synuclein aggregation

To explore the association between EGFR phosphorylation at Y5 of
DNAJBI and DNAJB1-mediated resolution of a-synuclein aggregation,
lentiviral-mediated EGFR knockdown was employed in SH-SY5Y cells.
Compared to the shLuc control group, EGFR knockdown resulted in ele-
vated levels of a-synuclein aggregation (Fig. 5a, b). Furthermore, despite
DNAJBI overexpression in these cells, increased a-synuclein aggregation
persisted under conditions of EGFR knockdown (Fig. 5¢, d), demonstrating
that DNAJBl-mediated clearance of a-synuclein aggregation relies
on EGFR.

DNAJB1 Y5 phosphorylation promotes the DNAJB1-HSC70/
HSP70 interaction

Structural analysis using AlphaFold revealed that the DNAJBI protein
contains one ] domain, one G/F-rich region, two C-terminal domains
(CTD), and one dimerization domain (DD) (Fig. 6a, b). Y5 is located within
the Hsp70 interaction domain and particularly in the first alpha helix of
DNAJBI (Fig. 6a, b). According to the DynaMut prediction of Y5 mutants,
the stability of DNAJB1 Y5E significantly decreased while the flexibility of
the first alpha helix increased (Fig. S5a). The interaction of all members in
the JDP family with Hsp70 is mediated through their conserved J-domain
that binds to Hsp70 and triggers ATP hydrolysis">*’. These prompted us to
evaluate whether DNAJB1 Y5 phosphorylation affects the Hsp70 folding
system in neuronal cells. Given that HSPA8/HSC70 is constitutively
expressed and HSPA1A/HSP70 can be induced by stress in the cytoplasm”,
we treated rotenone as a stressor to investigate the interaction between these
two chaperones and DNAJB1. To determine the interactions between
DNAJBI mutants and HSPAS8, we performed a proximity ligation assay

npj Parkinson’s Disease| (2025)11:157


https://www.phosphosite.org
https://services.healthtech.dtu.dk/services/NetPhos-3.1/
https://services.healthtech.dtu.dk/services/NetPhos-3.1/
www.nature.com/npjparkd

https://doi.org/10.1038/s41531-025-01006-y

Article

a) b b)
wn
3
w
g £ 1.5 NS
= > - f 1
a z 2 n
40=| o | p-v5 2 1o eee B
g 1.0 eee
w
— >
40— | smmm-w—— |DNAJB1 & l
Y A
© 0.5
A0—| - V5 E
70—
S s | p-AKT (S473) 0.0 T T
55— O o
70— & &
e sm | AKT ,v‘-"
55— R\
S
d) e)
2
o c
g =
s b 1.59
-
40 —| ) * %k
——— p-Y5 g e
1.0 fe-ee
o
40—| " SN | DNAIB1 =
>
o A
40— e S | V5 ‘s 0.5 1:
el |
S
180—| p-EGFR (Y1068) &
0-0 T T
180—| o e | EGFR ,_)0 >
& &
KX
8)
EEA1 Lampl p62
(Endosome) (Lysosome) (autophagosome)
@ '
h
o )
(%)
=
[a)
0.20-
t
o 0.15-
2
b=
Q
8 0.104
9
Q
©
S 0.05-
=
0.00-
2
[=
£
£
<

Fig. 3| EGFR regulates DNAJB1 Y5 phosphorylation. a Chemiluminescent images
of p-Y5, DNAJBI, p-AKT(Ser473) and AKT. Detection of DNAJB1 phosphorylation
and determination of the potential kinase by the homemade anti-phosphor-Y5 anti-
bodies. After 24 h transfection with V5-DNAJB1, SH-SY5Y cells were treated with
indicated INSR inhibitor (NVP-AEW541) for 2 h. DNAJB1 phosphorylation was
detected by the anti-phosphor-Y5-specific antibody. Data was analyzed by unpaired
two-tailed Student’s t-test. b The ratio of p-Y5/ DNAJBI after NVP-AEW541 treat-
ment. ¢ The effectiveness of NVP-AEW541 was confirmed by the phosphorylation of
AKT. d Chemiluminescent images of p-Y5, DNAJB1, p-EGFR(Tyr1068) and EGFR.
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e The ratio of p-Y5/ DNAJBI after EGFR inhibitor (afatinib) treatment. f The effec-
tiveness of afatinib was confirmed by the phosphorylation of EGFR. g After 2 h
treatment with 2.5 uM afatinib, V5-tagged DNAJB1 WT expressing SH-SY5Y cells
were fixed and stained with anti-V5 (cyan), anti-organelle (red), and anti-EGFR
(green) antibodies. Nuclei were counterstained with DAPI (blue). Images were cap-
tured using a Zeiss LSM780 confocal fluorescence microscope. Scale bar: 20 um.

h Colocalization analysis between EGFR (green) and each organelle (red) from 3 fields.
Data were analyzed by two-way ANOVA with Sidak’s test. Each dataset is expressed as
mean + SD for n=3. **P<0.01, ***P < 0.001.
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Fig. 4 | EGFR directly phosphorylates DNAJBI1 at a) b) ]
Y5. a Chemiluminescent images of p-Y5, DNAJBI, g %
EGFR and B-actin. shLuc or shEGFR SH-SY5Y cells ° g =
were transfected with 1 pg V5-DNAJB1 WT for 3 8 9 1.5- 1.5-
24 h. DNAJBI1 Y5 phosphorylation and knockdown S 5 5 ILI ’ * Kok
of EGFR were determined by western blotting using 40 _\:‘_/ p-Y5 :ln: *k % g ok K
Y5 phosphor-specific antibodies and EGFR anti- 35 — s 1.0- (‘.; 1.0
bodies, respectively. B-actin was used as a loading 40 — % =
control for normalization. b Quantification of Y5 35 _‘E’ V5-DNAJB1 >6-. §
phosphorylation in sShEGFR SH-SY5Y cells. ¢ The 40 — S 0.5 S 054
knockdown efficiency of EGFR. d EGFR phos- E’ V5 o o
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DNAJBI and His6-DNAJBI Y5F substrates. Sam- 40 _IEI B-actin & & & & & &8
ples were loaded onto a 10% SDS-PAGE, and the f;é‘r(’ ‘_}&0 3'(3'0 ;_'(3'0
phosphorylated proteins were detected by
phosphor-specific antibodies (upper panel). The
same samples were stained with Coomassie blue to d) e)
confirm that all proteins were equally loaded (bot-
tom panel). e The ratio of p-Y5/ total protein. Data
were analyzed by one-way ANOVA with Dunnett’s +EGFR 2.0 * * % k
test. Each dataset is expressed as mean + SD for - oW o r " 1
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(PLA) under the overexpression of Myc-tagged a-synuclein A53T in SH-
SY5Y cells. The confocal images showed that the ratio of positive foci in the
DNAJBI Y5F group is less than that in the WT or Y5E group (Fig. 6¢, d),
indicating that the association between DNAJB1 and HSPA8 would be
enhanced under DNAJB1 Y5 phosphorylation. Since the Y5 residue is in the
J-domain of DNAJB1, phosphorylation of Y5 may alter the structure of the
J-domain and result in a higher binding affinity to the HSPA8 chaperone
(Fig. S3b).

To further examine whether DNAJB1 Y5 phosphorylation controls the
interaction with HSC70/HSP70, we conducted a co-immunoprecipitation
(co-IP) assay. The co-IP results indicated that DNAJBI exhibited interac-
tion with HSPA8 and HSPA1A (Fig. 6e). The co-IP efficiency of DNAJB1
Y5F mutant was relatively lower than that of DNAJB1 WT and Y5E mutant,
suggesting that DNAJB1 Y5 phosphorylation increases the binding ability
between DNAJB1 and the cytoplasmic Hsp70 families (Fig. 6f, g). Together
with the PLA and co-IP results, we conclude that the Y5 phosphorylation
may promote the interaction between DNAJB1 and HSC70/HSP70.

The expression levels of EGFR and DNAJB1 are reduced, but
phosphorylation of DNAJB1 is increased, in the brain tissue of
individuals with PD

Based on the findings presented in Fig. 7, it is evident that EGFR plays a
crucial role in facilitating DNAJB1-mediated resolution of a-synuclein
aggregation. To further explore the relationship between DNAJB1 and the
progression of PD, we detected the expression levels of EGFR, DNAJBI,
and phosphorylated EGFR and DNAJB1 Y5 using human brain lysates
obtained from three pairs of neurologically normal individuals and PD
patients. Notably, a decrease in the levels of not only DNAJBI but also
EGEFR in the brain lysates of the PD patients compared to the unaffected
controls was observed (Fig. 8a—c). And, not only the phosphorylation

status of DNAJB1 Y5 but also the ratio of phosphorylated EGFR in PD
patients was higher than that in the unaffected controls (Fig. 8a, d, e).
Furthermore, the results of the DNAJBI co-IP assay showed an increased
interaction between EGFR and DNAJBI in the brain lysates derived from
PD patients compared to that of the controls (Fig. 8e, f). These observa-
tions indicate a diminished EGFR-DNAJBI expression along with a
capability of EGFR-dependent DNAJBI activation in resolving aggre-
gated a-synuclein in individuals with PD.

Discussion

In this study, we discovered a DNAJB1-dependent clearance of a-synuclein
in neuronal cells, and the phosphorylation on DNAJBI tyrosine 5 plays a
critical role in this process. Moreover, our data indicates that EGFR phos-
phorylates DNAJBI tyrosine 5 directly. It coordinates the subsequent
recruitment of the client a-synuclein to the Hsp70 folding system, ensuring
proper folding of a-synuclein and preventing pathogenic a-synuclein
aggregations in the PD progress.

PD is characterized by a progressive degeneration of neurological
function. Its etiology is deemed multifaceted, posited to result from a
complex interplay between aging, genetic predispositions, and environ-
mental influences. Nonetheless, the full complexity of its origins remains yet
to be fully elucidated. Numerous gene mutations, including SNCA, LRRK2,
PRKN, DJ1, PINK1, and ATP13A2, have been identified to link to familial
parkinsonism™. However, these mutations account for less than ten percent
of patients with PD*. Aside from genetic factors, evidence has shown that
environmental factors may play a major contributor, including traumatic
brain injury, heavy metals exposure, air pollution, pesticides, and herbicides,
which all can be sources of environmental stress*. According to our find-
ings, there may exist a robust correlation between the expression level of
DNAJBI1 and the clearance of a-synuclein in neurons. The expression level
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Fig. 5 | Knockdown of EGFR induces a-synuclein a) b)
aggregation. a After 24 h rotenone treatment, ® % —_
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of DNAJBI is comparatively diminished in the brains of PD patients.
Consequently, a reduction in DNAJB1 may lead to further accumulation of
a-synuclein aggregates in the PD brains. This phenomenon may constitute
one of the contributory factors to the pathogenesis of PD.

In addition to external environmental stressors, alterations in internal
signal transduction pathways may lead to epigenetic and posttranslational
alterations that may exert a substantial influence on disease development.
Amino acid modifications can profoundly impact protein-protein interac-
tions, particularly when localized at binding interfaces or active site crevices.
These alterations possess the capacity to impede access to the active site,
modify recognition motifs, alter specificity, or modulate binding affinity. In
this study, Y5 phosphorylation on DNAJBI is critical for regulating its
activity and can promote its interaction with Hsp70. This phosphorylation
may play a crucial backup role in reducing inappropriate protein aggrega-
tion, suggesting a potential link between DNAJBI phosphorylation
dynamics and the pathogenesis of PD.

EGEFR is a receptor for growth factors that induce cell differentiation
and proliferation. EGFR is a receptor tyrosine kinase that, when activated by
its ligands, undergoes autophosphorylation on specific tyrosine residues.
This activation triggers downstream signaling pathways that can influence
cell survival, proliferation, and stress responses. Numerous investigations
have concentrated on elucidating the expression levels of EGFR in indivi-
duals afflicted with PD. A clinical study has demonstrated a reduction in
plasma EGF levels among PD patients compared to unaffected controls™. In
addition, clinical analyses have revealed a notable correlation between EGFR
polymorphisms and the susceptibility to PD evidenced in biological

specimens™. Consequently, it is conceivable that forthcoming therapeutic
strategies for PD may prioritize the maintenance of EGFR activity and the
augmentation of EGFR expression levels, given the robust association
observed between EGFR and PD pathogenesis. Moreover, a decreased
EGFR expression level is observed in DNAJB1 knockdown A549 cells". All
these observations suggest a regulation between EGFR and DNAJBI is
bidirectional.

Based on the predicted structure of DNAJBI (Fig. 6a, b and S5), we
hypothesize that the DNAJB1 Y5F mutant exhibits increased hydro-
phobicity within the J-domain, potentially reducing the interaction between
the J-domain and Hsp70. This hypothesis is supported by PLA and co-IP
analyses. However, the exact structure of DNAJB1 remains unknown,
limiting further exploration of downstream signaling pathways and mole-
cular mechanisms. Obtaining the actual DNAJBI structure in the future
would provide a more comprehensive understanding of the underlying
mechanisms.

Lung cancer and PD were considered unrelated conditions in the
past. However, recent emerging evidence indicates that they may share
common risk factors such as aging, and also exhibit some overlapping
genetic features”’. A previous study reported a lower-than-expected
incidence of lung cancer among patients with PD*, and many sub-
sequent studies confirmed this finding****. It indicates the overlapping
function of the PD gene family between two diseases. Specifically,
certain genes implicated in PD have also been implicated in the
pathology of lung cancer. For instance, the depletion of LRRK2, a key

gene associated with PD, enhances the development of lung tumors™.
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SNCA is downregulated and functions as a tumor suppressor in lung
adenocarcinoma according to bioinformatic analysis”. Given that
overexpressed SNCA induces mitochondria-mediated apoptosis lead-
ing to neuronal death, it is reasonable to believe the decreased risk of
lung cancer observed in PD may be linked to increased apoptosis in

cancer cells. Furthermore, as mentioned above, the augmentation of
EGEFR expression levels is a potential strategy for PD therapy. From our
perspective, if patients diagnosed with both PD and lung cancer are
treated with this therapeutic strategy, it is advisable to monitor the
progression of the tumor closely. In our study, a notable decrease in the
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Fig. 6 | The interaction between DNAJB1 and Hsp70 families. a The primary
structure of DNAJB1. b The structure of DNAJBI1 was predicted by Alphafold 2 with
Y5 labeled in light blue. ¢ SH-SY5Y cells transiently expressed V5-tagged WT or
mutant DNAJBI1 along with Myc-tagged a-synuclein A53T. After 24 h post-trans-
fection, cells were seeded on slides for an additional 24 h. Cells seeded on slides were
then hybridized with V5 and HSPAS8 primary antibodies to detect the interaction
between DNAJB1 (WT and mutant) and HSPAS. When DNAJB1 and HSPAS
interacted, the PLA probes on secondary antibodies were ligated and amplified. The
red PLA signals showing protein interaction were detected by a Zeiss LSM780
confocal fluorescence microscope. Scale bar: 20 um. d Quantification of PLA assay in

(c). e After 24 h rotenone pretreatment, V5-tagged DNAJB1 WT or mutant DNAJB1
expressing SH-SY5Y cell lysates were precipitated by V5 antibodies, and the pro-
ducts were detected for the co-purification of the endogenous Hsp70 (HSPA8 and
HSPA1A). The bands below V5 and HSPA1A are truncated protein species.

f Comparison of the interaction between DNAJB1 and HSPAS8 in V5-tagged
DNAJB1 WT or mutant DNAJB1 groups. g Comparison of the interaction between
DNAJB1 and HSPA1A in V5-tagged DNAJB1 WT or mutant DNAJBI groups. Data
were analyzed by one-way ANOVA with Dunnett’s test. Each dataset is expressed as
mean + SD for n=3. *P < 0.05, ***P < 0.001.

Fig. 7 | DNAJBI facilitates the delivery of aggre-
gated a-synuclein to the Hsp70 chaperone
machinery within neuronal cells. ATP hydrolysis
induces a conformational change in Hsp70, result-
ing in the closure of its substrate-binding domain.
Subsequently, a nucleotide exchange factor catalyzes
the replacement of ADP with ATP, promoting the
release of properly folded a-synuclein. Phosphor-
ylation of DNAJB1 at tyrosine residue 5 enhances its
capacity to disaggregate a-synuclein, a process that
is contingent upon prior phosphorylation of

DNAJB1 mediated by EGFR. DNAJB1
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expression levels of EGFR and DNAJBI is observed in the postmortem
brain lysates of PD patients compared to the unaffected controls.
Additionally, there is a significant increase in the ratios of phos-
phorylated Y5 of DNAJB1 and phosphorylated EGFR in the brains of
PD patients, suggesting a compensatory mechanism of DNAJBI
phosphorylation in PD patients. These data strongly imply that EGFR-
dependent phosphorylation of DNAJB1 at Y5 plays an important role
in the folding of a-synuclein in PD.

In conclusion, we have found that the clearance of a-synuclein in
neuronal cells relies on DNAJBI, with phosphorylation at tyrosine 5 of
DNAJBI playing a crucial role in this process. Additionally, our data sug-
gests that EGFR directly phosphorylates DNAJBI at this site. These results
not only provide insights into the mechanisms underlying PD pathology but
also position DNAJBI as a potential therapeutic target. Based on our study,
DNAJBI can resolve a-synuclein aggregates and is modulated by EGFR;
theoretically, EGFR activators could enhance DNAJBI phosphorylation at
tyrosine 5, potentially slowing down PD progression. However, given that
EGEFR is an oncogene, this approach carries an increased risk of cancer.
Thus, further challenges must be resolved before this strategy can be
translated into clinical use.

Methods

Cell culture and reagents

HEK-293T cells were maintained in Dulbecco’s modified Eagle’s med-
ium (DMEM) high glucose (Cytiva, Logan, UT, USA) supplied with 10%
fetal bovine serum (FBS), 1x penicillin/streptomycin/fungizone. SH-
SY5Y cells were obtained from ATCC and cultured in DMEM/F12 (44.5/
44.5%) medium (Cytiva) supplied with 10% FBS and 1x penicillin/
streptomycin/fungizone. All cell lines were cultured under standard
conditions (37 °C, 5% CO,) and routinely tested for the absence of
mycoplasma. To induce the aggregation of a-synuclein in SH-SY5Y
cells, cells were treated with 100 nM rotenone (Sigma-Aldrich, Louis,
MO, USA) for 24 h before analysis. The lysates of this pretreatment were

conducted in filter trap assay, immunostaining, cell fractionation ana-
lysis, and co-IP analysis.

The InsR inhibitor, NVP-AEW541 (MedChem Express, Prince-
ton, NJ), and the EGFR inhibitor, afatinib (MedChem Express, Prin-
ceton, NJ) were utilized in the cell toxicity assay. A range of afatinib
concentrations (0.625, 1.25, 2.5, 5, and 10 uM) was applied to evaluate
cellular viability. It was observed that afatinib concentrations
exceeding 2.5 uM induce cell death. Similarly, various concentrations
of NVP-AEW541 (0, 1, 2, 5, 10, and 50 uM) were tested to assess the
cellular response, with concentrations above 10 uM leading to cell
mortality. Finally, inhibitor treatments were administered for 2 h at
concentrations of 2.5uM (afatinib) and 10 uM (NVP-AEW541),
respectively.

Transfection

After seeding 2 x 10° SH-SY5Y cells in a 6-well plate for 24 h, 2 pg plasmids
were transfected using Lipofectamine LTX with Plus Reagent (DNA: Plus:
LTX = 1:1:2) (Thermo Fisher Scientific, Waltham, MA, USA) and 500 pl
OPTI-MEM. DNA: Plus reagents were mixed well in OPTI-MEM. Then,
the solution was stored at room temperature for 15 min and spun down,
followed by adding LTX reagent. Before adding it to the culture plate, the
solution was mixed well and spun down, stored at room temperature
for 30 min.

Lentivirus production and infection

HEK-293T cells were co-transfected with the packaging plasmid
(pCMV-A8.91), envelope (pMD.G), and either hairpin pLKO-RNAi
vectors for the virus production. The specific oligonucleotide sequences
of shRNA are listed in Table S1. After 24 h post-transfection, the medium
was replaced by DMEM containing filtered 1% BSA medium. Virus-
containing supernatants were collected after 48h and 72h post-
transfection. For a 6-well culture, 1 x 105 SH-SY5Y cells were infected
with each virus plus DMEM/F12 medium containing 0.8 ug/ml
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polybrene (Millipore, Billerica, MA, USA) for 24 h. The transduced cells
were selected with DMEM/F12 medium containing 1 pug/ml puromycin
(Sigma-Aldrich) for the indicated days.

Analysis of brain tissue

Brain tissue was lysed with an immunoprecipitation buffer (1% Triton X-
100, 150 mM NaCl, 10 mM NaH,PO,, 15mM Na,HPO,, 50 mM NaF,
1 mM Na;VOy,) on ice for 5 min. Subsequently, the sample was boiled in 5x
SDS sample buffer. The sample was then analyzed using western blotting.
All used brain tissues and antibodies are listed in Table 3.

Plasmids

The pcDNA5/FRT/TO/V5 vector was acquired from Addgene #19445 and
the pcDNA5/FRT/TO/V5 DNAJBI was purchased from Addgene #19522.
Then, the pcDNA5/FRT/TO-V5-DNAJB1 Y5F, pcDNAS5/FRT/TO-V5-
DNAJB1 Y5E, pcDNA5/FRT/TO-V5-DNAJB1 Y176F, pcDNAS5/FRT/
TO-V5-DNAJB1 Y176E, pcDNA5/FRT/TO-V5-DNAJB1 T307A, and

pcDNAS5/FRT/TO-V5-DNAJB1 T307E were generated by site-directed
mutagenesis'**’.

Next, these plasmids were constructed by the T4 ligation method. As
for the ] domain proteins, the pcDNA5/FRT/TO-V5-DNAJB1 WT and Y5F
were both digested with BamHI-HF and NotI-HF as “insert” and ligated to
restriction enzyme digested pET-28a vector with T4 ligase. All plasmid
sequences are listed in Table SI.

Generation of phospho-DNAJB1 (Tyr5) antibody

To generate the phospho-DNAJB1 (Tyr5) polyclonal antibody, synthetic
phosphopeptide (M-G-K-D-pY-Y-Q-T-L-G-L-A-R-G-A-C) was pur-
chased from Kelowna International Scientific Inc. (New Taipei City, Tai-
wan). A 2 mg peptide containing a terminal cysteine was conjugated to
Keyhole Limpet Hemocyanin (KLH) proteins utilizing the ImjectTM
Maleimide-Activated mcKLH Spin Kit following the protocols prescribed
by the manufacturer (Thermo Scientific). 50 pl of the peptide-KLH con-
jugates were administered intraperitoneally into a naive Balb/c mouse.
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Table 3 | List of key resources

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
a-synuclein (1:1000 dilution for Western blot) (1:250 dilution for IF) GeneTex 112799, RRID: AB_10618470

DNAJB1 (1:1000 dilution)

Enzo Life Science

ADI-SPA-400-D, RRID: AB_2039237

DNAJB2 (1:500 dilution) GeneTex 104464, RRID: AB_1950126
DNAJB6 (1:2000 dilution) Abcam 198995, RRID: AB_2924896
GAPDH (1:1000 dilution) GeneTex 100118, RRID: AB_1080976

B-actin (1:2000 dilution)

Proteintech

60008-1-Ig, RRID: AB_2289225

HSPAS (1:1000 dilution)

Novus

120-2788, RRID: AB_2120309

V5 (1:2000 dilution for Western blot) (1:250 dilution for IF)

Thermo Fisher Scientific

R960-25, RRID: AB_2556564

V5 (1:100 dilution for IF) GeneTex 29137, RRID: AB_370778
GBA (1:200 dilution for IF) GeneTex 101267, RRID: AB_10724323
HSPA1A (1:1000 dilution) Santa Cruz 66048, RRID: AB_832518

p-EGFR(Y1068) (1:500 dilution)

Cell Signaling Technology

3777, RRID: AB_2096270

EGFR (1:1000 dilution for Western blot) (1:100 dilution for IF)

Cell Signaling Technology

4267, RRID: AB_2895042

p-AKT(S473) (1:1000 dilution)

Cell Signaling Technology

9271, RRID: AB_329825

AKT (1:1000 dilution)

Cell Signaling Technology

9272, RRID: AB_329827

EEA1 (1:200 dilution for IF) GeneTex 634169, RRID: AB_2888419
CD107a (LAMP-1) (1:200 dilution for IF) Invitrogen 14-1079-80, RRID: AB_467426
SQSTM1/P62 (1:200 dilution for IF) GeneTex 629890, RRID: AB_2885144
p-Y5 (1:250 dilution for WB) (1:500 dilution for In vitro kinase assay) This study N/A

AlexaFluor® 594 Goat Anti-mouse IgG (H + L) (1:200 dilution) Invitrogen A11005

Alexa Fluor™ 647 Goat anti-Rabbit IgG (H + L) (1:200 dilution) Invitrogen A21245
Cy™5-conjugated AffiniPure Goat Anti-Rabbit IgG (H + L) (1:200 Jackson ImmunoResearch 111-175-144

dilution)

AlexaFluor® 488 Chicken Anti-goat IgG (H + L) (1:200 dilution) Invitrogen A21467

Biological sample

Human brain whole tissue lysate- adult whole normal Novus 820-59177, Lot# C511134
Human brain whole tissue lysate- adult whole PD’s human Novus 820-59407, Lot# C103261
Human brain whole tissue lysate- normal GeneTex 28771, Lot# 822400674
Human brain whole tissue lysate- PD GeneTex 26602, Lot# 822400902
Human brain whole tissue lysate- adult whole normal Novus 820-59177, Lot# C807591
Human brain whole tissue lysate- adult whole PD’s human Novus 820-59407, Lot# C308158
Chemicals, peptides, and recombinant proteins

DMEM Cytiva SH30022.02

DMEM/F12 Cytiva SH30023.02

Rotenone Sigma-Aldrich R8875

Polybrene Millipore TR-1003

Protein G Mag Sepharose Xtra magnetic beads Cytiva 28967070

Luminata™ Crescendo Western HRP Substrate Millipore WBLURO0500

DAPI Thermo Fisher Scientifics D1306

Fluoromount™ Aqueous Mounting Medium Sigma-Aldrich F4680

T-Pro non-liposome transfection reagent Il T-Pro Biotechnology JT97-N002M
Lipofectamine™ LTX reagent with PLUS™ reagent Thermo Fisher Scientific 15338100

Duolink® In Situ Wash Buffers, Fluorescence Merck DU082049

Duolink® In Situ PLA® Probe Anti-Mouse PLUS Merck DUO92001

Duolink® In Situ PLA® Probe Anti-Rabbit MINUS Merck DUO92005

Duolink® In Situ Detection Reagents Red Merck DU092008

NVP-AEW541 MedChem Express HY-50866

Afatinib MedChem Express HY-10261

Complete EDTA-free Protease Inhibitor Cocktail Roche 11836170001

PhosSTOP Phosphatase Inhibitors Roche 04906837001
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Table 3 (continued) | List of key resources

REAGENT or RESOURCE SOURCE IDENTIFIER
Puromycin Sigma-Aldrich P8833
EGFR Active human recombinant Sigma-Aldrich SRP0239
TRIzol Thermo Fisher Scientifics 15596018
Chloroform Sigma-Aldrich 32211
Experimental models: Cell lines

SH-SYS5Y (H.sapiens) ATCC CRL-2266
293T (H.sapiens) ATCC CRL-3216
Recombinant DNA

Please see Table S1 for a complete list of this study N/A N/A
Software and algorithms

Zen Blue2.6 Zeiss N/A

ImageJ National Institutes of Health https://imagej.nih.gov/ij/
BioRender N/A https://biorender.com/
Other

ChemiDoc™ Imaging System Bio-Rad 12003153
96-well dot-blot apparatus Bio-Rad 170-6545
Polyvinylidene difluoride membrane Millipore IPVH85R
0.2 pm cellulose acetate membranes Sterlitech CA023001
SulfoLink™ Immobilization Kit for Peptides Thermo Scientific 44999
KAPA SYBR FAST KAPA Biosystems KK4600
Maxima First Strand cDNA Synthesis Kit for RT-qPCR Thermo Fisher Scientific K1642

Following a period of three weeks, the previously primed mouse received
two booster injections with the peptide KLH.

RNA purification and qRT-PCR

Total RNA from SH-SY5Y cells was extracted using TRIzol reagent
(Thermo Fisher Scientifics). cDNA was synthesized using Maxima First
Strand cDNA Synthesis (Thermo Fisher Scientific). QRT-PCR was per-
formed on a BioRad CFX Connect Real-Time PCR Detection System. Each
PCR reaction was performed in triplicate and repeated at least three times.
All used primers are listed in Table S2.

Filter trap assay

The Triton-fractionation assay was performed as previously described in
refs. 25,48. Cells were harvested and lysed with the filter trap lysis buffer (1%
Triton X-100 in 1x PBS, pH 7.4) containing 1 mM PMSF and a Complete
EDTA-free Protease Inhibitor Cocktail (Roche, Basel, Switzerland), followed
by brief sonication. The protein concentration was determined by the Bio-
Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA, USA). Before fil-
tering, the samples were diluted to a final concentration of 1 pg/ml with filter
trap lysis buffer containing 1% sodium dodecyl sulfate (SDS). The samples
were then filtered through a 0.2 um nitrocellulose membrane, using a 96-well
dot-blot apparatus (Bio-Rad Laboratories). Before filtration, the membranes
were immersed in Rinse buffer (1% SDS in 1X PBS, pH 7.4). Filter dots were
washed once with 0.05% TBST (150 mM NaCl, and 0.05% Tween 20,20 mM
Tris-HCL, pH 7.4). Proteins trapped by the filter were detected by immu-
nostaining following the procedure of immunoblotting described below.

Cell fractionation analysis

Cell fractionation was conducted as previously described in ref. 29. SH-
SY5Y cells expressing shDNAJB1, V5-tagged DNAJB1 wild-type (WT), and
mutant DNAJBI were harvested by washing twice with ice-cold PBS. Cells
were lysed in 500 uL of Triton soluble buffer (150 mM NaCl, 20 mM Tris-
HC, pH 7.4, 1% Triton X-100, 0.5puM EDTA, and 10 mM PMSF) sup-
plemented with Complete EDTA-free Protease Inhibitor Cocktail (Roche),
and the mixture was rotated at 4 °C for 1 h. Following incubation, the cell

lysates were centrifuged at 21,500 x g for 10 min at 4 °C, and the super-
natants were collected as Triton-soluble fractions. Insoluble fractions were
obtained by resuspending the pellets in 400 pL of SDS-soluble buffer
(150 mM NaCl, 20 mM Tris-HCl, pH 7.4, 1% Triton X-100, 2% SDS, 1%
sodium deoxycholate, 1% NP-40, 0.5 uM EDTA, and 10 mM PMSF) con-
taining Complete EDTA-free Protease Inhibitor Cocktail (Roche) and
subjecting the mixture to sonication. Both soluble and insoluble fractions
were subsequently analyzed by Western blotting using the appropriate
antibodies. All used antibodies are listed in Table 3.

Duolink PLA

Based on the manufacturer’s instruction (Duolink PLA, Merck), SH-SY5Y
cells were transfected with empty vector, DNAJB1 WT, Y5F, or Y5E along
with myc-tagged A53T a-synuclein, and seeded onto glass coverslips The
coverslips were washed with ice-cold PBS, fixed with 4% paraformaldehyde
for 10 min on the shaker, followed by a 5 min permeabilization process with
0.1% Triton x-100 (prepared in PBS) at room temperature. Subsequently, the
cells were immersed in Duolink blocking solution for 1 h at 37 °C and then
probed with primary antibodies overnight at 4 °C. The cells were incubated
with Duolink PLA probes for 1 h at 37 °C after washing twice with Duolink
Wash Buffer A. Afterward, the oligo ligation and fluorescence amplification
were conducted using the Detection Reagents Red kit. The nuclear DNAs
within the cells were stained with DAPI after washing the cells with Duolink
Wash Buffer B. Atlast, the 25 coverslips were placed downward on slides and
mounted with FluoromountTM Aqueous Mounting Medium overnight in a
light-avoiding box. The nuclear DNAs within the cells were stained with
DAPI after washing the cells with Duolink Wash Buffer B. At last, the
coverslips were placed downward on slides and mounted with Fluor-
omountTM Aqueous Mounting Medium overnight in a light-avoiding box.

Co-IP

1 x 10° SH-SY5Y cells were seeded in a 10-cm dish for 24 h, and 4 pg plasmids
were transfected for 48 h. After 100 nM rotenone treatment for 24 h, cells were
harvested and lysed in immunoprecipitation (IP) buffer (125 mM NaCl, 0.1%
NP-40, 1 mM EDTA, 1 mM PMSEF, 50 mM Tris-HCl pH 7.5, 10 mM NaF),
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supplemented with Complete EDTA-free Protease Inhibitor Cocktail and
PhosSTOP Phosphatase Inhibitors (Roche). Cell lysates (500 ug in 500 pl)
were incubated 2.5 h with anti-V5 antibody (2 pg, #ab9916, Abcam) at 4 °C.
Immunocomplexes were then isolated with protein G Mag Sepharose Xtra
magnetic beads (Cytiva) for 2 h at 4 °C. After extensive washing with IP buffer
three times, the bound proteins were eluted with 40 pl of 2x SDS sample buffer
(250 mM Tris, pH 6.8, 10% SDS, 0.25% bromophenol blue, 50% sucrose,
0.5 M 2-mercaptoethanol). Precipitates were then analyzed by western blot-
ting with appropriate antibodies. All used antibodies are listed in Table 3.

Western blotting

Whole proteins were extracted and resolved by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride
membrane (PVDF) (Millipore). The membrane was blocked in 5% nonfat
milk at room temperature for 1 h, followed by incubation with appropriate
primary antibodies at 4 °C overnight. The primary antibodies are listed in the
Reagents and Tools Table. After overnight incubation with the primary
antibody, the membrane was washed three times with 0.05% TBST (150 mM
NaCl, and 0.05% Tween 20, 20 mM Tris-HCl, pH 7.4). Next, the membrane
was hybridized with the secondary anti-mouse and anti-rabbit peroxidase-
conjugated antibodies from Jackson ImmunoResearch Inc. (West Grove, PA,
USA). Signals were developed using LuminataTM Crescendo Western HRP
Substrate (Millipore). The image was quantified by Image]J software.

Immunofluorescence and confocal microscopy

7.5 % 10" cells were seeded onto glass coverslips (Marienfeld Laboratory
Glassware, Germany) in 6-well plates and fixed with 4% paraformalde-
hyde in PBS for 15 min at room temperature. Fixed cells were washed with
PBS and permeabilized with 0.1% Triton X-100 in PBS for 5 min. After
washing three times with PBS, the cells on the coverslips were blocked in
the 1% bovine serum albumin (BSA) for 0.5 h at room temperature. After
blocking, the coverslips were incubated with EEA1 (1:200, 634169, Gen-
eTex, USA), LAMP-1 (1:200, 14-1079-80, Invitrogen, USA), SQSTM1/
P62 (1:200, 629890, GeneTex, USA), anti-V5 (1:100, 29137, GeneTex,
USA) and anti-a-synuclein (1:250, 11279, Genetex, USA) specific anti-
bodies overnight at 4 °C. The coverslips were incubated with AlexaFluor®
594 goat Anti-mouse IgG (H+ L) (1:200, A11005, Invitrogen, USA),
AlexaFluor® 488 chicken anti-goat IgG (H + L) (1:200, A21467, Invi-
trogen, USA) and Alexa Fluor™ 647 Goat anti-Rabbit IgG (H + L) (1:200,
A21245, Invitrogen, USA) for 1h at room temperature. After washing
three times with PBS, the coverslips were stained with DAPI for 5 min, and
cells were mounted with a mounting medium (Sigma, USA). Confocal
images were captured under the Zeiss LSM780 confocal microscope.

E. coli recombinant protein purification

The fusion protein comprising DNAJBlI WT and DNAJB1 Y5F was
expressed in BL21 (DE3) cells. A single colony was inoculated into 3 mL LB
broth supplemented with 3 uL kanamycin and chloramphenicol (CM), and
cultured overnight at 37 °C. Subsequently, 1 mL of the bacterial culture was
transferred into 100 mL LB broth containing both antibiotics and incubated
at 37 °C until the optical density at 600 nm (O.D.600) reached between 0.6
and 0.8. Induction with IPTG was performed at 16 °C overnight. Following
induction, bacterial cells were harvested by centrifugation at 13,300 rpm for
5 min. The supernatant was discarded, and the cell pellet was resuspended
and lysed in lysis buffer (0.1% NP40, 100 mM NaCl, 50 mM NaH,PO,,
10 mM imidazole, 10% glycerol, 1 mM PMSF, 3 mM 2-mercaptoethanol,
pH 8.0) on ice for 1h, followed by sonication for 2 min with 10-second
intervals. The cleared lysate was then centrifuged at 12,000 g for 10 min to
remove cell debris. The resulting supernatant was incubated with Talon His
agarose beads (GE Healthcare) for 1 h at 4 °C, followed by two washes with
wash buffer (100 mM NaCl, 50 mM NaH,PO,, 10 mM imidazole, 10%
glycerol, 1 mM PMSF, pH 8.0). Finally, the fusion protein was eluted from
the beads three times using His elution buffer (100 mM NaCl, 50 mM
NaH,PO,, 500 mM imidazole, pH 8.0) and concentrated using Amicon
Ultra Centrifugal Filters (3 kDa cutoff).

In vitro kinase assay

The EGFR kinase buffer contains 50 mM HEPES, 0.01% Tween-20, 10 mM
MnCl,, 10 mM MgCl,, 1 mM EGTA, 2.5 mM DTT, and 0.1 mM ATP, pH
7.4. 1 g purified recombinant WT or mutant DNAJB1 was incubated with
0.2 pg commercial EGFR (#SRP0239, Sigma. USA) in kinase buffer for
30 min at 30 °C. The kinase reaction was stopped in 5x SDS loading dye (5%
2-mercaptoethanol, 0.02% bromophenol blue, 30% glycerol, 10% SDS, and
250 mM Tris pH 6.8). The reaction was analyzed by Western blotting.

Quantification and statistical analysis

All experiments were performed with at least three biological repeats. Data
were analyzed with Prism (Graph Pad, San Diego, USA). Paired data were
expressed as mean + standard deviation (SD) and analyzed using the stu-
dent’s t-test, one-way ANOVA with Dunnett’s test, two-way ANOVA with
Dunnett’s test, and two-way ANOVA with SidaK’s test. Statistical differ-
ences at p <0.05 were considered significant. Further information about
statistical tests, p values, and sample size are described in the figure legends.

Other information
The images of the full immunoblots are in Fig. S6.

Data availability
All data generated or analyzed during this study are included in this article.

Materials availability
All materials generated in this study are available from the corresponding
authors with a complete Materials Transfer Agreement.
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