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Abstract

Purpose: Parkinson’s disease (PD) is the second most prevalent neurodegenerative

disease. It is generally diagnosed clinically after the irreversible loss of dopaminergic

neurons and no general biomarkers currently exist. To gain insight into the underlying

cellular causes of PDwe aimed to quantify the proteomic differences between healthy

control and PD patient cells.

Experimental Design: SequentialWindowAcquisition of all THeoretical Mass Spectra

was performed on primary cells from healthy controls and PD patients.

Results: In total, 1948 proteins were quantified and 228 proteins were significantly

differentially expressed in PD patient cells. In PD patient cells, we identified seven

significantly increased proteins involved in the unfolded protein response (UPR) and

focused on cells with high and low amounts of PDIA6 and HYOU1. We discovered

that PD patients with high amounts of PDIA6 and HYOU1 proteins were more sensi-

tive to endoplasmic reticulum stress, in particular to tunicamycin. Data is available via

ProteomeXchangewith identifier PXD030723.

Conclusions and Clinical Relevance: This data from primary patient cells has uncov-

ered a critical role of the UPR in patients with PD and may provide insight to the

underlying cellular dysfunctions in these patients.
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1 INTRODUCTION

Parkinson’s disease (PD) is a neurodegenerative disease affecting 1%

of people over 60%, and 3% of those over 80 [1, 2]. PD is diagnosed

primarily on the presence of motor symptoms including bradykinesia,

Abbreviations: PD, Parkinson’s disease; iPD, Idiopathic Parkinson’s disease; ER, endoplasmic

reticulum; ONS, olfactory neuroepithelial derived cells; qRT-PCR, quantitative reverese

transcription PCR; UPR, unfolded protein response; GO, GeneOntology; 6-OHDA,

6-hydroxydopamine; MPP+, 1-methyl-4-phenylpyridinium.
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resting tremor, rigidity and postural instability. These motor symp-

toms arise due to the slow, progressive loss of dopaminergic (DA)

neurons in the substantia nigra pars compacta (SNpc) in the midbrain

[2]. The precise aetiology of disease in 90% of PD patients (idiopathic

PD [iPD]) is unknown, attributed to complex interactions between

multiple genetic variations and exposure to environmental stresses

unique to each patient [3, 4].

Dysfunction in a number of cellular organelles has been impli-

cated in PD pathology, including mitochondria, endo-lysosomes and
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proteasomes [2]. Despite this seemingly daunting heterogeneity and

complexity of PD pathogenesis, it is clear that PD manifests in general

on a background of increased ageing [2]. In addition, while the molec-

ular mechanism initiating disease and the subsequent additive insults,

both genetic and environmental, are unknown, the final common

cellular phenotype is the presence of large intracellular aggregates

called Lewy bodies, comprised predominantly ofmisfolded α-synuclein
protein [2, 3, 5]. This shared endpoint, arrived at after decades of incre-

mental accumulation of cell dysfunctions in post-mitotic DA neurons,

has led to the hypothesis that reduced buffering capacity of proteosta-

sis networks is amajor contributing factor toPD [6, 7]. Not surprisingly,

multiple cellular mechanisms including the endoplasmic reticulum (ER)

proteasomes, lysosomes and autophagy are dedicated to maintaining

protein balance [6–9].

In this study, we performed Sequential Window Acquisition of all

THeoretical Mass Spectra (SWATH-MS) on primary patient olfactory

neuroepithelial derived cells (ONS) fromboth iPD and healthy controls

and identified 228 differentially quantified proteins. Reactome path-

way analysis revealed that the ‘Neutrophil degranulation and XBP1(S)

activate chaperone genes pathways’ were themost affected, indicating

disruption of the secretory pathway. Upon closer inspection we identi-

fied that proteins associated with the ER and the secretory pathways

were the most abundantly changed, in particular proteins associated

with theunfoldedprotein response (UPR). In order to validate this find-

ing, we performed qRT-PCR analysis on patient ONS subjected to ER

stressors and confirmed that the iPD patient cells had elevated UPR

responses, in particular to tunicamycinmediated ER stress.

2 MATERIALS AND METHODS

2.1 Ethics statement

All donor tissue and information were obtained with informed and

written consent of the participants. All procedures were in accordance

with National Health and Medical Research Council Code of Practice

for Human Experimentation and approved by the Griffith University

Human Experimentation Ethics Committee.

2.2 Patient derived ONS cells

Olfactory neuroepithelium-derived cells (ONS) derived from patients

with iPD or from healthy control subjects were established as previ-

ously described [10]. No information regarding disease severity was

recorded.

2.3 Cell culture

ONS cells were cultured in DMEM/F12 (Thermo Fisher Scientific) sup-

plemented with 10% foetal bovine serum (Thermo Fisher Scientific).

For proteomics, cells were grown until confluence in a T75 flask (Nunc)

then scraped, pelleted and stored at −80◦C until analysed. For qRT-

PCR experiments cells were grown until confluence in six well plates

(Nunc) before treatment with Tunicamycin (Sigma), Brefeldin A (BFA,

Merck) or Thapsigargin (Sigma).

2.4 Cell line lysis and digestion

Cell line pellets were resuspended in 500 μl 8 M urea, 50 mM

NH4HCO3, pH7.8 and sonicated on ice for 10 s (Branson Sonifier 150).

The lysate was centrifuged for 20 min, 18,000 g, 4◦C and the pro-

tein content of the supernatant determined using a BCA assay. Lysate

(500 μg) was then reduced (4 mM DTT), 30 min at 21◦C to avoid car-

bamylation due to urea and alkylated (12 mM iodoacetamide), 50 min

at 21◦C in the dark.

Samples were digested with Lys-C (Wako) for 4 h at room tempera-

ture. Next, they were diluted with 50 mM NH4HCO3, pH 7.8 to give a

concentration of 1M urea, trypsin (Promega) was added and digestion

performed overnight at 21◦C. Samples were subjected to SPE using

1 ml 3 M Empore C18 SPE cartridges, lysophilised and resuspended in

0.5% v/v formic acid.

2.5 MS conditions, IDA

Samples were analysed by mass spectrometry on a Sciex 6600

TripleTOFMS equipped with a Turbo V source and coupled to an Eksi-

gent LC system, loading 4 μg per run. Buffer Awas 0.1% v/v formic acid

inwater. The following gradientwas used; 2%buffer B (0.1% v/v formic

acid, 99.5% v/v acetonitrile) for 2 min, 2%–10% buffer B over 4 min,

10%–25% buffer B over 60 min, 25%–40% buffer B over 5 min, 40%–

95%bufferBover4min, 95%–98%bufferBover5min, 98%–2%buffer

B over 3 min, hold for 13 min, for a total run time of 95 min. Samples

were first trapped (SGE 10 mm × 300 μm, C18P), then separated (Dr.

Maisch 200 mm × 300 μm, Reprosil Pur basic, 3 μm, 100 Å) at a flow

rate of 5 μl/min. Retention time standard peptides were added to all

samples prior to LC-MS.

Pools of both PD or control samples made and used to produce a

Spectral Reference Library (SRL) using IDA acquisition withMS1 scan-

ning from 350 to 1250m/z for 200 ms andMS2 from 100 to 1500m/z

for 50 ms. The top 30 precursors were selected for MS/MS acqui-

sition. Data was searched using ProteinPilot (5.0.1) against Uniprot

Homo sapiens (10 August 2016, 178,750 proteins, SWISS-PROT and

TREMBL) that had the retention standard sequences added. Search

parameters were; Sample type: Identification, iodoacetmaide alkyla-

tion, tryptic digestion Special factors: urea denaturation, Instrument:

TripleTOF 6600, Search effort; Thorough, perform FDR analysis (1%

error level used). An SRL of 2792 proteins and 23,191 peptides was

used for SWATH analysis. Canonical tryptic peptides made up 78.5%

of the peptides observed, Cys was fully converted to Cys-CAM (3740

peptides), carbamylation of K was at 0.2% (24 peptides) and carbamy-
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lation of the N-terminus at 1.7% (362 peptides). This data was input

into SWATHTuner [11] and 100 variable windows used for SWATH

acquisition.

The same LC-MS systemwas used for SWATHanalysis with an iden-

tical gradient. MS1 was acquired from 345 to 1500 m/z for 150 ms

and each MS2 window was acquired for 32 ms from 100 to 1500 m/z,

high sensitivity acquisition. Each samplewas run twice in a randomised

fashion. Data was analysed using PeakView (2.2.0.11391) and MS/MS

(ALL) with SWATH (2.0.0.2003) with the following settings; 20 pep-

tides per protein, six transitions per peptide, 99% peptide confidence,

1% FDR, exclude modified peptides, use 8 min RT window and 75 ppm

width.Datawas output fromPeakView in the formof a spreadsheet for

further analysis.

Themass spectrometry proteomics data have been deposited to the

ProteomeXchange Consortium via the PRIDE partner repository [12]

with the dataset identifier PXD030723.

2.6 Data analysis

The FDR threshold was set at 1% at the peptide level, with nor-

malisation at the peptide level using Normalyzer [13] , LOESS nor-

malisation was used for the analysis. Peptides were rolled up using

InfernoRDN [14] and the R-rollup function. An ANOVA was per-

formed with InfernoRDN and multiple-test correction performed with

SGoF+ [15] .

2.7 Proteomic result summary

The MS data was searched against the SWISS-PROT and TREMBL

human databases (August 2016, 178,750 proteins). A total of 1948

proteins were quantified using SWATH-MS 1505 with two or more

peptides. There were 228 proteins with significantly (ANOVA test)

different levels when PD and controls were compared for proteins

quantified with two, or more, peptides.

2.8 Functional analysis of proteomics data

Protein features have been considered as significant when the pValue

(SGoF) was below 0.05, and amongst the 1950 features, 219 reach

such threshold. Next, the experimental protein identifiers which

were in the form of a combination of Uniprot (SWISS-PROT and

TREMBL) accession number were converted into HGNC Human

Gene Symbol using the R package biomaRt [16]. The resulting gene

symbol list has been submitted to Reactome [17] and GeneOntol-

ogy [18]. Cellular component databases using clusterProfiler [19]

package with the default parameters in order to detect significant

function enrichment. The p-values were calculated based the hyper-

geometric model (Boyle et al. 2004) and were adjusted for multiple

comparison.

2.9 cDNA synthesis

RNAwas extracted using 500 μl of Trizol (Thermo Fisher Scientific) per

well and isolated according tomanufacturer’s protocols. RNAyield and

puritywere assessed viaNanoDrop (ND-1000). cDNAwas synthesised

using 1 μg RNA and a High Capacity cDNA Reverse Transcription Kit

(Applied Biosystems) according to manufacturer’s conditions. cDNA

was stored at−20◦C until used for qRT-PCR.

2.10 qRT-PCR

A 1:10 dilution of synthesised cDNA (∼2 ng/μl) was used for qRT-

PCR analysis. All qRT-PCR reactions were carried out using the

commercial PowerUp SYBR Green Master Mix (Applied Biosystems)

in a 384-well reaction plate (Micro-Amp EnduraPlate Optical 384-

well Clear Reaction Plate, Applied Biosystems). Primers were then

applied at a final concentration of 5 μM to a final reaction vol-

ume of 10 μl. Primers used: XBP1s F-CTGAGTCCGCAGCAGGTG and

R-GTCCAGAATGCCCAACAGGA;BiPF-CATCACGCCGTCCTATGTCG

and R-CGTCAAAGACCGTGTTCTCG; GRP94 F-CATTAAGCTCTATG

TGCGCCG and R-AGTCTCGCGGGAAACATTCA; TBP1 F-CCACTCA

CAGACTCTCACAAC and R-CTGCGGTACAATCCCAGAACT. Plates

were sealed (Optical Adhesive Covers, Applied Biosystems) then cen-

trifuged at 500 rcf for 5min.QuantStudio 6 FlexReal-TimePCR system

(Applied Biosystems) was used for all reactions. Cycle conditions were

identical for all plates analysed and were as follows: 2 min at 50◦C

then 2 min at 95◦C followed by 40 cycles of 15 s at 95◦C, and 1 min

at 60◦C. Melt curves were generated after each run to confirm single

PCRproduct. All reactionswere performed in triplicate and in each run

an internal standard curve was generated to assign relative concen-

trations to the amplicons. Florescence data was converted into cycle

threshold measurement using QuantStudio Real-Time PCR Software

v1.7.1 (Applied Biosystems).

3 RESULTS

3.1 SWATH-MS analysis identifies ER proteins
upregulated in iPD ONS

We aimed to investigate whether there were differences in the abun-

dance of proteins between healthy control and iPD patient ONS cells

under steady-state conditions in order to gain cellular insights into the

underlying differences in iPDpatients. ONS cells are obtained from the

nasal mucosa and represent cellular deficits between controls and iPD

[10, 20, 21] in addition to being α-synuclein naïve. Thus, investigating

PD in these cells could reveal a general, systemic underlying issue in

the patients. To this end, we performed SWATH-MS on 16 individual

control and 16 individual iPDONS cells (Table 1).

A total of 1948 proteins were quantified (Table S1) and these

results revealed 228 differentially quantified proteins in iPDONS, 125
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TABLE 1 Parkinson’s disease patient cohort

Age (years) Gender**

Range Mean* Female Male

Control 27–64 52.75± 10.5 10 6

PD 34–79 59.87± 10.2 6 10

Proteomics analysis was performed to investigate the molecular mecha-

nisms underpinning the functional differences between PD-derived and

control ONS cell lines. Protein was collected from early passage ONS

cell lines derived from 16 idiopathic PD patients (six female; 10 male;

age 59.87 ± 10.2 years) and 16 healthy controls (10 female; six male;

52.75 ± 10.5 years) under normal culture conditions. No significant differ-

enceswere found in age (*p= 0.07) or gender (**p= 0.157) between control

and PD patients. PD, Parkinson’s disease; ONS, olfactory neuroepithelial

derived cells.

increased and 103 decreased (Figure 1A). Of the known PD associ-

ated proteins, only DJ-1 and VPS35 were detected by SWATH-MS.

However, both were significantly reduced in the iPD ONS. In support

for ONS cells being α-synuclein naïve we did not detect α-synuclein
peptides and ONS cells are also negative by qRT-PCR (Hill and Sykes

unpublished data). As the iPD ONS cells were isolated from patients

with no known genetic causes of PD we first sought to understand

how these differentially represented proteins may be connected. To

do this, we performed Reactome pathway enrichment analysis on

the differentially represented proteins and observed 42 significantly

differentially represented pathways. The ‘neutrophil degranulation’,

‘signalling by receptor tyrosine kinases’, ‘platelet activation’, ‘signalling

and aggregation’ and ‘translation’ pathways had the highest gene ratio

representation (Figure 1B, C). The majority of the pathways altered in

iPD ONS cells were involved in post-Golgi signalling pathways. Inter-

estingly, upon closer inspection we discovered that 8/42 pathways

were directly linked to the ER and ERproteostasis. Together these data

suggest a general underlying deficit in the secretory pathway of iPD

patients.

To gain further insight into the protein differences between control

and iPD cellswe next performedGeneOntology (GO) termenrichment

analysis (Figure 2A). This analysis revealed that the most significant

GO terms were associated with secretion, the ER, apoptosis and cell

signalling. Upon closer inspection, as with the reactome analysis, we

identified that proteins associated with the ER and the secretory

pathways were the most abundantly changed, in particular proteins

associated with the UPR. These proteins included protein transport

protein Sec61 subunit alpha isoform 1 (SEC61A1), protein transport

protein Sec61 subunit beta (SEC61bEC6V-typeprotonATPase subunit

d 1 (V-ATPase D), signal recognition particle receptor subunit alpha

(SRPRA), signal recognition particle receptor subunit beta (SRPRB),

protein disulphide-isomerase A6 (PDIA6) and hypoxia upregulated

protein 1 (HYOU1) (Figure 2B).

In summary, unmanipulated iPDONScells havealtered levels of pro-

teins primarily involved in secretion, in particular ER proteins involved

in theUPR. In iPDONScells, thedysregulationof integral ERand secre-

tory proteins may represent an underlying cellular dysfunction that

is exacerbated under certain genetic and/or environmental stressors,

precipitating PD symptoms later in life.

3.2 PDIA6/HYOU1 high iPD cells have enhanced
UPR responses

Even though there are some known genetic factors causes of early

onset of Parkinsonism, primarily involving genes directly associated

with mitochondrial dysfunction (parkin and PINK-1 mutations [22]),

PD is commonly diagnosed in patients over 50 years of age. As such,

patients with PD generally live without obvious symptoms for many

years. We discovered that iPD cells had elevated UPR related proteins

at basal conditions, therefore we sought to determine if this increase

in UPR proteins was related to a functional deficit, that is increased

sensitivity to ER stress. To test this, we selected cell lines based on

their PDIA6/HYOU1 protein levels, which are directly regulated by

the UPR, and assessed the UPR after stress. To this end, we selected

six control (PDIA6/HYOU1low) and six iPD (PDIA6/HYOU1high) cell

lines and investigated their UPR response after induction using tuni-

camycin (1 μg/ml), a commonly used ER stressor [23, 24]. First, we

established the optimum time after incubation for UPR induction by

treating 6 pooled ONS cells with tunicamycin over an 8-h period. In

these experiments, we observed UPR induction 6 h post-tunicamycin

treatment and the highest response 8 h after treatment (Figure 3).

Thus, we chose 8 h post-stressor for downstream experiments. As

tunicamycin inhibits the first step of glycosylation, resulting in accumu-

lation ofmisfoldedproteins in the lumenof theER [23],we also induced

the UPR by BFA, which inhibits COP-I vesicle transport from the ER to

the Golgi [25] and results in accumulation of correctly folded proteins

en route to the Golgi apparatus [26, 27]. As expected, when we mea-

suredUPR responsive transcripts (XBP1s, CHOP andBiP) in untreated

cells, we observed low relative expression levels in control cells

(0.0034 ± 0.0024, 0.0147 ± 0.0091, 0.0065 ± 0.0028, respectively)

(Figure 4A–C). Interestingly, we observed higher relative expression

levels in iPDcells (0.0061±0.0025, 0.0463±0.0262, 0.0181±0.0123,

respectively) (Figure 4A–C). Strikingly, whenUPRwas induced by tuni-

camycin for 8 hwe discovered that iPD cells had significantly increased

expression of all measured UPR transcripts (Figure 4D–F). When UPR

was induced by BFA, only XBP1s was significantly increased and both

the CHOP and BiP transcripts were unchanged between control and

iPD ONS indicating that the iPD (PDIA6/HYOU1high) cells are more

sensitive tomisfolded protein induced ER stress (Figure 4G–I).

4 DISCUSSION

In this study, we identified by SWATH-MS differentially quantified

proteins between control and iPD ONS. Reactome and GO analysis

identified secretory pathways as being the most represented, in par-

ticular proteins involved in the UPR. We next focused on the ER/UPR

pathways due to their importance in PD pathogenesis [28, 29] and dis-

covered that an abundance of ER proteins and UPR related proteins
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F IGURE 1 iPD patients have a dysregulation of proteins in the secretory pathway. (A) Volcano plot of proteins which are differentially
represented in iPDONS. Red corresponds to 103 significantly decreased and blue 125 significantly increased proteins. (B) AReactome network
sorted by p value. (C) Table of the top 10most significant altered reactome pathways. iPD, idiopathic Parkinson’s disease; ONS, olfactory
neuroepithelial derived cells
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F IGURE 2 iPD patients have a dysregulation of UPR related proteins. (A) GO table, sorted by p value of pathways significantly altered in iPD
ONS. (B) Scatter plots of the significantly upregulated UPR related proteins in iPDONS. Data points represent the log2 peptide count from
individual cells, lines represent themedian and error bars the 95% confidence interval. GO, GeneOntology; iPD, idiopathic Parkinson’s disease;
ONS, olfactory neuroepithelial derived cells; UPR, unfolded protein response

were significantly increased in a proportion of the iPDpatient cells.We

validated the importance of this increase in ER chaperones by develop-

ing a functional qRT-PCRassay using ER stress inducers anduncovered

that iPD (PDIA6/HYOU1high) ONS cells are more responsive to UPR

stress than healthy (PDIA6/HYOU1low) control ONS cells, in particular

unfolded protein stress.

Of the 228 differentially represented proteins only 11 were asso-

ciated with the mitochondria, suggesting that mitochondrial deficits

are not the primary cause of functional differences observed in the

ONS cell model of iPD [10, 20, 30] in comparison to monogenic PD

which have strongmitochondrial deficits (e.g. PRKN, PINK1 and PARK7)

[31]. Moreover, of the known 21 proteins associated with PD [32] only
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F IGURE 3 Tunicamycin effectively induces the UPR inONS.
qRT-PCR analysis revealed that 8 h after treatment with tunicamycin
(1 μg/ml) was the peak expression levels of both XBP1s and BiP. Data
represent themean± SEM (n= 3, six pooledONS cells). ONS,
olfactory neuroepithelial derived cells; UPR, unfolded protein
response

VSP35 and DJ-1 were differentially represented, both significantly

reduced in the iPD cells. Decreased mRNA and protein levels of DJ-1

are associated with neurodegeneration [33] andmay contribute to the

iPD patient disease. Furthermore, VPS29 and sorting nexin-1, which

are two key components of the reteromer complex along with VPS35,

were also significantly decreased in iPD patients. As the reteromer

complex is crucial for endosome sorting, it further suggests that these

iPD patients have impairments in the endo-lysosomal pathway.

In this study, the most abundantly represented pathways, differen-

tiating PD and control cells by both Reactome and GO analysis were

directly related to the secretory protein process: from theER, theGolgi

and vesicular trafficking. Thiswas unexpected as themitochondria dys-

function is recognised as an important factor in PD [34]. Indeed, it

has more recently been identified that ER stress [35] and the endo-

lysosomal [36] pathways are affected in PD models using α-synuclein
mediated toxicity. Furthermore, rotenone, MPP+ and 6-OHDA, com-

monly used stressors in laboratorymodels for PD, also induceER stress

in neuronal cells [28]. Based on these data we hypothesise that iPD

cells have general protein quality control and secretion deficits. These

deficits may contribute to α-synuclein pathology in the dopaminergic

neurons of the SNpc as well as many other cell types which contribute

to themyriad of PD symptoms.

Our finding that iPDONShas increased levels ofUPRproteinswhen

cells are grown under basal conditions also indicates an underlying

cellular dysfunction. In neurodegenerative diseases, including Parkin-

son’s, there have been reports of increased UPR proteins associated

with disease affected patients and in laboratory models of the disease

F IGURE 4 Tunicamycin induces an enhanced UPR response in iPD cells. qRT-PCR analysis of XBP1s expression (A, D, G), CHOP expression (B,
E, H) and BiP expression (C, F, I) either untreated (A–C), 1 μg/ml tunicamycin for 8 h (D–F) or 1 μg/ml BFA for 8 h (G–I). Data represented as
mean± SEM (n= 6 control cell lines or n= 6 iPD lines), p values from unpaired t-test. iPD, idiopathic Parkinson’s disease; UPR, unfolded protein
response
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[37, 38]. Importantly the primary patient cell model we have utilised

is unperturbed, as we have not used PD associated stressors such as

6-OHDA, MPP+ or rotenone; none-the-less we still observe impaired

proteostasis. Furthermore, the ONS cells are α-synuclein naïve so the

deficits observed reflect systemic cellular differences. Furthermore,

these primary patient cells do have stress specific responses [21] and

in the context of this study, cells with high steady-state PDIA6/HYOU1

protein levels have enhanced UPR responses. This could reflect an

underlying cellular dysfunction in these patients whereby the basal

UPR is upregulated in response to protein quality control and folding

issues. ER stress inhibitors such as salubrinal protect against rotenone

induced toxicity in SH-SY5Y cells [39]. Likewise, in 3D5 cells and pri-

mary neuronal cultures treated with sodium butyrate which induces

α-syn oligomerisation, salubrinal treatment increased cell survival

and decreased α-syn oligomerisation. Further studies using ER stress

inhibitors such as salubrinal on non-α-syn models will be paramount in

understanding the cellular dysfunctions in PD patients.
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