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Abstract 

The misfolding of  specific proteins and  their accumulation  in  insoluble aggregates has 

long been recognized as a pathological hallmark of several neurodegenerative diseases. 

In  recent  years,  widespread  protein  aggregation  occurring  during  healthy  aging  has 

become  a  hot  topic  of  research.  However,  to  this  date  little  is  known  about  the 

regulation of this aggregation, the tissue‐specificity and the consequences  in a disease 

context. 

This  thesis  answers  several  questions  about  different  aspects  of  protein  aggregation 

with aging and  in disease. Notably, we analysed  the solubility of RNA‐binding proteins 

that  are  important  for  the  formation  of  stress  granules  (sgRBPs)  in  the  nematode 

Caenorhabditis  elegans  (C.  elegans).   We  showed  the  impact  of  sgRBP  insolubility  on 

organismal  health  and  the  importance  of  maintaining  their  solubility  in  long‐lived 

animals. We  identified  regulators  of  sgRBP  aggregation.  In  addition, we  showed  that 

aggregation‐prone sgRBPs are highly prone to interact with other proteins and that this 

co‐localization can  influence aggregation patterns or protein  localization. Furthermore, 

we analysed  the  tissue‐specificity of  the regulation of age‐related protein aggregation. 

Disruption  of  the  protein‐quality  control  network  has  contrasting  effects  on  protein 

aggregation in different tissues, surprisingly reducing age‐related protein aggregation in 

the  pharyngeal muscle of  C.  elegans.    Specifically, we  showed  that  impaired  protein‐

quality  control  prevented  the  accumulation  of  newly  synthesized  aggregation‐prone 

proteins.  Additionally  we  demonstrated  how  screening  approaches  identifying 

mutations  that  influence disease‐associated phenotypes,  like protein aggregation  in C. 

elegans, can help prioritise variants found by whole exome sequencing  in  large cohorts 

of  patients  with  Parkinson’s  disease.  To  validate  promising  candidates  found  to  be 

influencing protein aggregation in C. elegans, we have established a cell culture model of 

age‐related protein aggregation.  

In conclusion,  these  findings give  important  insights  into mechanism and regulation of 

age‐related  protein  insolubility  and  highlight  the  importance  of  age‐related  protein 

aggregation for neurodegenerative diseases. 
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1 Synopsis 

1.1 Introduction 

There are many different definitions for the term aging, but the most common one is the 

age‐dependent decline of the intrinsic physiological function increasing the likelihood for 

death and a decrease  in age‐specific reproductive rate [1]. Common features of human 

aging,  like  tissue  deterioration,  are  evolutionally  conserved  from  humans  to  smaller 

organisms  like  the  nematode  Caenorhabditis  elegans  (C.  elegans)  [2].  Furthermore, 

several genetic pathways and biochemical processes are known to be controlling aging 

[3]. With the increase of human life expectancy and aging being the main risk factor for 

neurodegenerative diseases,  the understanding of  the  aging process  in  connection  to 

these diseases is a priority [4, 5].  

Most  neurodegenerative  diseases  are  characterized  by  the  deposition  of  specific 

insoluble proteins  in  aggregates.  Examples  for  this  are Alzheimer’s disease  (AD), with 

deposits containing the protein Amyloid‐β (Aβ), Parkinson’s disease (PD), characterized 

by  the deposition of α‐synuclein, Huntington’s disease  (HD), with  inclusions containing 

Huntingtin,  and  the  prion‐diseases  (spongiform  encephalopathies,  Creutzfeldt–Jacob 

disease)  [6].  These  proteins  associated  with  diseases  differ  in  size,  amino  acid 

composition  and  sequence. Also  the  localization  of  the  protein  aggregates  is  diverse: 

they can be found in the nucleus (Huntingtin in HD), in the cytoplasm (α‐synuclein in PD 

and  tau  in  AD)  or  extracellularly  (in  prion  diseases  and  Aβ  in  AD)  [7].  However,  a 

common  denominator  in  each  of  these  neurodegenerative  diseases  is  the  amyloid 

conformation of  the aggregates characterized by unbranched  fibrils positive  for Congo 

Red staining and producing a cross‐beta  fiber diffraction pattern  [8, 9]. Those amyloid 

fibrils  originate  from  native  proteins  that misfold  and  form  oligomers, which  develop 

into  the  mature  fibrils  [10].  Recently,  the  smaller  soluble  oligomers  have  been 

demonstrated to be a main source of toxicity in several neurodegenerative diseases [11, 

12]. 
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In addition  to  the aggregation of  specific proteins  in a disease‐context,  is has  recently 

been shown that a part of the proteome  is also aggregating with age  in the absence of 

disease.  Studies  in  C.  elegans,  yeast,  Drosophila  and mouse  show  an  age‐dependent 

drastic increase in insolubility of a subset of proteins [13‐20]. To a lesser extent, changes 

in protein  insolubility with age were also observed  in the hippocampal region from rat 

brains  [21].  Among  the  proteins  aggregating  with  age  proteins  of  the  functional 

categories    of  the  proteasome,  chaperones  and  ribosomal  proteins  were 

overrepresented  [13].  Also  in  structure  and  amino  acid  composition  the  proteins 

aggregating with age differ  from  the whole proteome, as proteins with enrichment  in 

aliphatic amino acid residues or high beta‐sheet content were prone to aggregate with 

age [13].  

C.  elegans  is model  of  choice  for  studying  the  genetic  basis  of  aging  and  age‐related 

diseases, as wild type animals have a short lifespan of approximately two weeks, which 

is furthermore associated with characteristic features observed in mammalian aging, like 

tissue deterioration [22]. Many modifiers of lifespan and models for aggregation‐related 

diseases have been discovered in C. elegans [23]. Age‐related protein aggregation seems 

to  be  impairing  the  health  of  the  organism,  as  it  has  been  shown  in  C.  elegans  that 

reduction of the protein  level of aggregation prone proteins  leads  in half of the tested 

candidates  to an extended  lifespan  [16]. Furthermore,  slowing aging  through  reduced 

Insulin/IGF‐1 like signalling by impairing the function of the Insulin/IGF‐1 receptor DAF‐2, 

decreased protein insolubility of a certain subset of proteins, which could be specifically 

very important for the longevity of these worms [13].  

One  important  question  is  why  proteins  aggregate  with  age.  In  young  healthy  cells 

protein homeostasis is balanced by the concerted action of protein folding and refolding 

by  molecular  chaperones,  protein  degradation  by  autophagy  or  the  proteasome, 

detoxification  and  adaptive  stress  responses,  like  the  heat  shock  response  or  the 

unfolded protein response [24]. Aging is accompanied by a decline in these proteostasis 

control  mechanisms  and  an  increase  in  oxidative  stress  and  protein  modifications. 

Furthermore,  the  fidelity  of  protein  synthesis  is  decreasing  with  aging,  leading  to 

increasing  numbers  of  misfolded  proteins  [24],  which  together  with  impaired 

proteostasis  control  could  lead  to  the  increase  of  protein  aggregation  with  aging. 
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Genetic mutations or polymorphisms causing variations in the amino acid sequence of a 

protein can  influence the stability of the native state of a protein [24], and can be risk 

factors for certain neurodegenerative diseases, as discussed below.   

Factors  regulating  proteostasis  are  known  to  be  expressed  to  varying  degrees  in 

different tissues [25, 26],  indicating tissues specificity for the occurrence and extend of 

protein  aggregation.  Furthermore,  selective  vulnerability  of  certain  brain  regions  to 

protein aggregation  is well established  in a disease context  [27, 28]. However,  little  is 

known  about  the  susceptibility of different  tissues  to  age‐related protein  aggregation 

and  tissue‐specific modifiers  thereof.  In Chapter 1 of  this  thesis, we demonstrate  that 

age‐related  protein  aggregation  is  differentially  regulated  in  C.  elegans  in  a  tissue‐

specific manner.  Furthermore, we  bring  new  insights  into  the  susceptibility  of  newly 

synthesized and older proteins to aggregate in the aging organism.  

The  mechanism  of  age‐related  protein  aggregation  influencing  disease‐related 

aggregation  is  not  yet  fully  understood.  One  possibility  is  that  age‐related  protein 

aggregation  is  stressing  the  cell  and using up  the  anti‐aggregation  factors of  the  cell, 

thereby  indirectly  accelerating  disease‐related  aggregation.  Another  possibility  is  the 

direct  interaction  and  coaggregation  of  age‐related  and disease‐related  proteins  [14]. 

Apart  from homologous  seeding as a cause  for disease propagation  [28] heterologous 

cross‐seeding between disease‐associated proteins has been shown [29]. Recently, it has 

been shown that insoluble proteins from aged C. elegans or aged mouse brains directly 

interact and  initiate Aβ aggregation  in vivo,  showing  that age‐related aggregation  can 

cross‐seed Aβ aggregation  conserved  from C. elegans  to mammals  [14].  Furthermore, 

proteins known  to be minor components  in  the disease‐associated aggregates,  like Aβ 

plaques and neurofibrillary tangles, are  found to be aggregating with age  [13, 14]. The 

large  fraction  of  minor  components  aggregating  with  age  themselves  could  induce 

heterologous seeding of other disease‐associated proteins [14].  

There  is  accumulating  evidence,  that  RNA‐binding  proteins  (RBPs)  are  linked  to 

pathogenesis in several age‐related neurodegenerative diseases. Pathological inclusions 

of  RBPs  are  found  associated  with  several  familiar  and  sporadic  forms  of 

neurodegenerative diseases  and  these hallmark  inclusions often  contain RNA.  Several 

pathogenic mutations have been discovered in genes encoding RBPs, among them TDP‐
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43  and  FUS, which  if mutated  cause  amyotrophic  lateral  sclerosis  (ALS)  and  related 

diseases  and  frontotemporal  lobar  degeneration  (FTLD),  respectively  [30‐33]. 

Additionally, further RBPs, namely EWSR1, TAF15, hnRNPA2B1 and hnRNPA1, are linked 

to neurodegenerative diseases  [34, 35]. Genetic mutations  in FUS and hnRNPA1 were 

shown to  increase the aggregation propensity of these proteins from a  liquid‐like to an 

aggregated  state  [36‐38].  Many  of  these  RBPs,  including  FUS,  TDP‐43,  TIA‐1  and 

hnRNPA1,  contain  a  prion‐like  low  complexity  (LC)  domain.  These  sequences  of  low 

complexity contain a subset of polar amino acids with repetitive nature and were initially 

identified  in prion proteins  in budding yeast  [39‐41]. The  formation of membrane‐less 

compartments  by  liquid‐liquid  phase  separation  (LLPS)  is  a  process  in  which  super‐

saturation of an initially homologous solution leads to demixing and formation of liquid 

droplets  [42‐44]. Recent  findings show  that  the LC domain  is  required  for  this process 

[36, 38]. Among the compartments formed by LLPS are the nucleolus and RNA granules 

like stress granules (SGs).  

In times of cellular stress, synthesis of proteins related to stress adaptation is prioritized 

and  synthesis  of  housekeeping  genes  is  inhibited  [45].  The mRNA  and  RBPs  released 

from  the polyribosome after  translation  inhibition can be stored and protected  in SGs 

[46]. Those highly dynamic structures are formed rapidly by self‐assembly of RBPs with 

LC  domains  and  their  RNA  targets.  Apart  from  additional  factors  like  40S  ribosomal 

subunits,  SGs  contain  proteins  involved  in  mRNA  stabilization,  processing  and 

translation, such as the Poly(A)‐binding protein PABP‐1, T cell  internal antigen‐1 (TIA‐1) 

and TIA‐1‐related (TIAR) [47‐50]. Those proteins can be used as SG markers, as they are 

found  specifically  in  SGs,  but  not  in  other  cytoplasmic  RNA  granules  [50].  Reversible 

post‐translational modifications regulate SG assembly, composition and also their rapid 

disassembly after subsiding of stress conditions [51‐59]. 

Recent  findings distinguish between physiological SGs and aberrant SGs. Aberrant SGs 

lose their dynamic properties, accumulate misfolded proteins and can sequester factors 

of  protein‐quality  control  and  the  autophagy machinery  [60,  61]. Also many  disease‐

associated RBPs,  like  FUS  and  TDP‐43, which  are predominantly nuclear proteins,  are 

recruited into cytoplasmic SGs and found to be aggregating in aberrant SGs [50, 60].  
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The  presence  of  misfolded  SG  proteins  and  the  accumulation  of  other  misfolded 

proteins inside the aberrant SGs lead to a decrease in dynamics and resistance to RNase 

treatment, suggesting that the SGs have reached a stabile conformation independent of 

RNA  content  [61].  It  has  been  shown  that  disease  associated  mutations  in  genes 

encoding SG components increase their propensity to aggregate and thereby disturb SG 

dynamics  [35, 36, 62‐64].  In Chapter 2 and Chapter 3 we show that several SG marker 

RBPs  (sgRBPs)  are  aggregating  with  age  in  C.  elegans  and  that  their  age‐related 

aggregation is reduced by activation of longevity pathways, indicating the importance of 

their  functionality  for  longevity.  We  further  demonstrate  the  impact  of  sgRBP 

aggregation on health, its modifiers and its interactors. 

Identification  of  pathogenic mutations  in  genes  encoding RBPs  [30‐33]  brought  these 

proteins  in  the  focus of  research  and  therefore  led  to  the  advanced  insights  into  the 

pathogenesis  of  several  neurodegenerative  diseases.  These  advances  show  the 

importance of identifying risk mutations associated with neurodegenerative diseases to 

help solve the underlying disease processes. One of the diseases in which identification 

of  genes  and  variants  associated  with  pathology  have  furthered  understanding  of 

pathogenesis  is  PD.  PD  is  the  second  most  common  neurodegenerative  movement 

disorder with a prevalence of 2‐3%  in  individuals over 65 years [65].  It  is characterized 

symptomatically by  a wide  spectrum,  including motor  symptoms  such  a  tremor,  slow 

movement,  rigidity  and  gait  and  postural  impairment  as well  as  non‐motor  features 

including cognitive impairment, depression and sleep disorders [66‐68]. The pathological 

hallmark of PD is the loss of predominantly dopaminergic neurons in the substantia nigra 

pars  compacta  associated with  intracellular  insoluble  proteinaceous  inclusions  called 

Lewy bodies, which  include aggregated  α‐synuclein  [67]. While  the molecular basis of 

the  disease  is  not  completely  understood,  there  have  been  huge  advances  in  the 

establishment  of  the  genetic  background  [69]. Only  5‐10 %  of  the  disease  cases  are 

familial,  the  majority  of  PD  cases  are  sporadic  and  originate  probably  from  a 

combination of genetic and environmental  risk  factors  [69]. Current  treatments of PD 

focus  on  the  cardinal  motor  symptoms  but  identification  of  genes  associated  with 

pathogenesis of PD aims at enhancing knowledge on the underlying molecular basis and 

thereby improving disease modifying treatments [70]. In Chapter 4 we demonstrate the 



6  Synopsis 
 

power of a new approach which is combining whole exome sequencing of large cohorts 

of  PD  patients  and  controls with  a  series  of  functional  screenings  regarding  protein 

aggregation  and  other  disease  phenotypes  to  identify  promising  new  PD  risk  gene 

candidates. 

Collectively, this thesis  is bringing  light  into diverse aspects of protein aggregation with 

age and in disease. We demonstrate tissue‐specificity of age‐related protein aggregation 

and  show  the  specific  reduction of newly  synthesized  aggregation prone protein  as  a 

tissue‐specific  response  to proteostasis  stress. We highlight  the  impact of  age‐related 

sgRBP  insolubility on organismal health,  its  connection  to neurodegenerative diseases 

and determine  regulators and  interactors of sgRBP aggregation. Additionally, we show 

how  screening  approaches  identifying mutations with  influence on disease  associated 

phenotypes like protein aggregation, can help prioritise variants found by whole exome 

sequencing  in  large  cohorts  of  PD  patients.  Furthermore, we  have  established  a  cell 

culture model of age‐related protein aggregation to validate promising candidates found 

to be influencing protein aggregation in C. elegans in cell culture.  
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1.2 Chapter 1  

Tissue-specific reduction of aggregation-prone protein levels following 

disruption of the quality control network as regulator of age-related 

protein aggregation in C. elegans 

Lechler et al, in preparation 

 

The  focus of  this project was  to understand more about  the  regulation of age‐related 

protein aggregation. Furthermore, we were  interested  in  the susceptibility of different 

tissues to age‐related protein aggregation.    

In a disease context it is well established that different tissues and cell types vary in their 

propensity  to  accumulate misfolded  disease‐associated  proteins  [27,  28].  Increase  in 

protein  insolubility with age has been shown  in C. elegans using the whole animal and 

reproduced  with  individual  proteins  in  several  tissues  [13,  14,  16,  17].  We  were 

wondering whether age‐related aggregation of a protein is occurring to a varying extend 

and with differing regulation in different tissues. We chose to investigate differences in 

endogenous protein aggregation in two types of muscle tissues – the striated body wall 

muscle and  the non‐striated pharyngeal muscle. To analyse  this we used  two proteins 

found  in our previous  study  [13]  to be aggregating with age, RHO‐1 and KIN‐19, each 

with a fluorescent tag.  

We found strong differences  in the aggregation propensity  in the two different tissues. 

While KIN‐19 formed highly insoluble puncta in both tissues with age, but slower in the 

body wall muscle, RHO‐1 aggregated  strongly  in  the pharynx but not  in  the body wall 

muscle.  Importantly, we  found  that  aggregation  is  differentially  regulated  in  the  two 

muscle  types:  Disruption  of  proteostasis  led  to  the  expected  increase  of  insoluble 

aggregate formation  in the body wall muscle. Surprisingly, we found that disruption of 

proteostasis  in  the  pharyngeal  muscle,  either  by  inhibiting  parts  of  the  protein 

degradation machinery or by disrupting chaperone expression,  leads  to a  reduction of 

protein aggregation.  
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What are the possible reasons behind the opposing influence of proteostasis disruption 

on protein  insolubility  in  the pharyngeal and  the body wall muscle? Factors known  to 

influence aggregation behaviour of different proteins are pH, temperature, amino acid 

sequence  of  the  protein,  ion  strength,  expression  level  of molecular  chaperones  and 

other  proteins  preventing  aggregation  and  the  concentration  of  the  protein  and 

cosolutes [6]. From our data we can conclude that the cellular environment of both cell 

types  is  favouring protein aggregation, as KIN‐19 aggregates  in both  tissues with age. 

However,  differences  in  the mentioned  factors  could  be  responsible  to  the  differing 

responses  to  proteostasis  stress  between  the  tissues.  The  reduced  aggregation 

propensity of both RHO‐1, which  is expressed under the control of a strong promoter, 

and KIN‐19, which is expressed at much lower levels than RHO‐1, makes it unlikely that 

protein concentration of the aggregating protein  is the deciding factor for the different 

response to proteostasis disruption. Furthermore, differential expression of chaperones 

seems  not  to  be  the  critical  factor,  as  knockdown  of  the  key  transcription  factor  for 

chaperones  in C.  elegans, HSF‐1,  also  leads  to  reduced  aggregation  in  the pharyngeal 

muscle while increasing aggregation in the body wall muscle.  

Knockdown  of  several  negative  regulators  of  the  heat  shock  response  (HSR),  among 

them proteasomal subunits and chaperone machineries, have previously been shown to 

upregulate the HSR tissue‐specifically, likely through activation of HSF‐1 [25, 26, 71]. This 

demonstrates  that  upregulation  of  one  part  of  the  proteostasis  machinery  can 

compensate  for another. We  tested  the  influence of double knockdown of autophagy 

and HSF‐1 and found that  it did not restore aggregation  in the pharynx,  indicating that 

there  is  no  compensatory  upregulation  of  degradation  or  the  HSR  after  proteostasis 

disruption.  

It would be very  interesting  for  future  research  to  find  the deciding  factors or cellular 

pathways in the different tissues which are responsible for the switch from proteostasis 

disruption  leading  to  increased  or  reduced  aggregation  levels.  A  promising  tactic  for 

solving  this  puzzle  would  be  the  application  of  tissue‐specific  proteomics  or  RNA 

sequencing approaches to identify the exact conditions leading to improved proteostasis 

conditions in the cell.  



  9 
 

We next focused our research on the reason behind protein aggregation occurring with 

age.  Is protein  aggregation due  to  the  slow  accumulation of older misfolded proteins 

during the aging process, leading to the formation of visible aggregates in the old animal 

or  is  it due to a collapse of proteostasis  in the aged animal because of the decrease  in 

degradation  efficiency  and  chaperone  expression  with  age,  causing  proteins  newly 

synthesized in the aged animals to aggregate? To investigate these possibilities we used 

the  photoconvertible  tag  mEOS2,  allowing  to  differentiate  between  proteins  and 

aggregates present before photoconversion and those newly formed after conversion.  

We  found  that mainly proteins  synthesized during  later  life  stages are  responsible  for 

the  strong  increase  of  protein  aggregation with  age. While  older  protein  aggregates 

were  removed  over  time,  the  amount  of  aggregates  consisting  of  newly  synthesized 

proteins  is  increasing continuously, causing the evident  increased  levels of aggregation 

in  aged  animals.  It  is  known  that  a  fraction  of  newly  synthesized  proteins,  so  called 

defective  ribosomal  products  (DRIPs),  are  directly  targeted  for  degradation  and 

accumulate  in the  insoluble fraction of proteins following proteasome  inhibition. Those 

DRIPs are unable  to achieve a  stable conformation due  to errors  in protein  folding or 

translation,  e.g.  by  truncation  [72‐74].  Our  findings  of  newly  synthesized  proteins 

aggregating with age  show  that mechanisms  for degrading DRIPs are also  likely  to  fail 

during  aging,  causing  those newly  synthesized proteins  to  accumulate  and  aggregate. 

Our results are strengthened by recent  finding showing that the vulnerability of newly 

synthesized  proteins  to  thermal  stress  leads  to  protein  insolubility  of  these  proteins, 

indicating  that  proteostasis  disruption  has  the  greatest  impact  on  newly  synthesized 

proteins  [75].  We  propose  that  with  age,  as  the  protein‐quality  control  system 

decreases, the newly synthesized proteins that are directly degraded  in young animals, 

accumulate and aggregate. DRIPs could therefore be making a large contribution to the 

age‐related  increase  in protein aggregation. Furthermore, aging  is accompanied by an 

increase  of  free  radicals  and  reactive  oxygen  and  nitrogen  species  leading  to 

proteostasis stress, which has been shown to  impact aggregation of newly synthesized 

proteins [24, 75].  

We find that proteostasis disruption is preventing the aggregation of newly synthesized 

proteins in the pharynx, but not in the body wall muscle. Importantly, this is achieved by 
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a  reduction  in  protein  levels  specifically  of  aggregation‐prone  proteins.  These  results 

emphasize the importance of newly synthesized proteins in the age‐related aggregation 

process  and  regulation  thereof.  Newly  synthesized  proteins  that  are  especially 

vulnerable  to  proteostasis  stress  [75]  are  aggregating  with  age  and  disruption  of 

proteostasis can  impact  this aggregation  in a  tissue‐specific manner:   While enhancing 

age‐related  aggregation  of  newly  synthesized  proteins  in  the  body  wall  muscle  as 

expected,  proteostasis  disruption  leads  to  reduced  levels  of  these  newly  synthesized 

aggregation‐prone proteins in the pharyngeal muscle.  

An interesting topic for future research will be to investigate the mechanism leading to 

reduced  levels  of  newly  synthesized  proteins  following  proteostasis  disruption. 

Possibilities for this effect are either reduced protein synthesis or direct removal of the 

newly synthesized proteins.  It will be  important  to analyse  the basis  for  the specificity 

leading to reduced levels of only aggregation‐prone proteins. Furthermore, to determine 

the  tissue‐specific  factors  leading  to  this protective response  in one  tissue but not  the 

other  could  be  a  significant  step  to  developing  powerful  tools  for  preventing  protein 

aggregation. Overall, our study provides interesting new insights into tissue‐specificity of 

proteostasis regulation and highlights the vulnerability of newly synthesized proteins to 

age‐related  protein  aggregation.  It  shows  the  importance  of  studying  protein 

aggregation in a tissue‐specific manner, as mechanisms of regulation are not ubiquitous. 

Age‐related protein aggregation is widely considered to be a significant factor in several 

neurodegenerative diseases. Therefore finding factors leading to improved proteostasis 

especially in aged organism could be an essential step in preventing those diseases.  
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1.3 Chapter 2 and Chapter 3 

Reduced Insulin/IGF-1 Signalling Restores the Dynamic Properties of Key 

Stress Granule Proteins during Aging 

Lechler et al, Cell Reports, 2017 

More stressed out with age? Check your RNA granule aggregation 

Lechler et al, Prion, 2017    

 

In recent years mutations in several known RBPs have been shown to be associated with 

insoluble  aggregates  in  neurodegenerative  diseases.  Those  disease‐associated  RBPs 

contain a LC domain and an RNA‐recognition motive (RRM) [39, 40]. The LC domain has 

been shown  in a non‐disease context to be required  for LLPS, a process  leading to the 

formation  of  membrane‐less  organelles,  like  the  nucleolus  or  SGs  [36,  38]. 

Computational predictions count ~250 proteins with LC domains in the human proteome 

[40], including 12% containing RRM [76]. As a substantial part of the proteome has been 

shown to be aggregating with age alone, we were wondering how disposed to aggregate 

with age RBPs with  LC domains are. Furthermore, as aging  is  the most  important  risk 

factors  for neurodegenerative diseases  [5], we asked how aging alone  is  impacting SG 

dynamics and solubility.  

In  our  proteomic  study  of  the  insoluble  proteome  of wildtype  and  long‐lived  daf‐2(‐) 

worms we  found that a several RNA granule components aggregate with age and that 

reduced  daf‐2  signalling  preferentially  abrogates  the  aggregation  of  RNA  granule 

components.  Four  proteins  containing  LC  domains  were  found  to  be  no  longer 

aggregating  in daf‐2(‐) conditions: PAB‐1, FIB‐1, CAR‐1 and HRP‐1. As PAB‐1, CAR‐1 and 

FIB‐1  are  known  components  of  different  kinds  of  RNA  granules  (stress  granules, 

P‐bodies  and  the  nucleolus,  respectively)  it  is  likely  that  the  dynamic  nature  of  RNA 

granules is negatively influenced by aging. Apart from the importance of reduced stress 

granule  dynamics  discussed  below,  this would  have  important  consequences  for  the 
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removal of aberrant mRNAs by nonsense‐mediated decay in P‐bodies and the formation 

of the nucleolus.  

The fact that HRP‐1, a nuclear  localized RBP with LC domain,  is aggregating with age  is 

particularly interesting, as HRP‐1 is associated with multisystem proteinopathy and ALS. 

Mutations in hnRNPA1 and hnRNPA3, the human homologs of HRP‐1, have been shown 

to  cause  the  aberrant  cytoplasmic  accumulations  in  those  diseases  [35,  77].  We 

overexpressed fluorescently tagged HRP‐1 and could confirm the nuclear  localization  in 

young animals. However, aging  the animals with elevated  temperatures as mild stress 

leads  to  mislocalization  of  HRP‐1  in  cytoplasmic  accumulations.  This  indicates  that 

without disease associated mutations aging together with additional stressors alone can 

lead to the mislocalization of RBPs with LC domains and therefore could be the first step 

in  the  development  of  neurodegenerative  diseases  associated  with  cytoplasmic 

accumulation of those proteins.  

The overrepresentation of RNA granule components being protected  from aggregation 

in daf‐2 conditions  indicates that the functionality and solubility of those proteins  is of 

specific importance for longevity. We therefore decided to further analyse RNA granule 

solubility  and  focus  on  the  dynamics  of  sgRBPs  with  aging  in  vivo.  We  chose  to 

investigate  this  topic based on  the proteins PAB‐1 and TIAR‐2,  the homologues of  the 

known human stress granule markers PABP‐1 and TIA‐1. Both RBPs contain a LC domain 

and have also been shown to be minor components of pathological inclusions in ALS and 

FTLD  [39,  78].  Furthermore,  PABP‐1  and  TIA‐1  have  been  found  to  accumulate  in 

pathological aggregates  causing  two  rare diseases  [63, 79]. Overexpressing PAB‐1 and 

TIAR‐2 with  a  fluorescent  tag  under  the  control  of  the  pharyngeal muscle  promotor 

allowed us to visualize dynamic formation and disassembly of SGs after heat shock.  

Strikingly, we found that both SG markers form solid aggregates with age in C. elegans. 

These  results clearly demonstrate  that even  in  the absence of disease and mutations, 

aging alone leads to insolubility of certain important SG markers. Recent work in human 

cell culture shows that aberrant SGs accumulating misfolded proteins are  less dynamic 

and exhibit  less  fusion and  fission events. They are  stabile after RNase  treatment and 

contain  other  SG  components  that  are  impaired  in  their motility,  indicating  that  the 

presence  of misfolded  proteins  in  these  SGs  impairs  their  function  [61]. Our  findings 
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suggest  that  with  aging  key  sgRBPs  become  insoluble  themselves.  It  has  yet  to  be 

demonstrated that age‐related SG protein aggregation directly impairs SG dynamics and 

function.  However,  the  recruitment  of  other  misfolded  proteins  into  aberrant  SGs 

strongly  suggests  that  age‐dependent misfolded  sgRBPs  also  accumulate  in  SGs  and 

disturb the dynamic nature and fusion and fission events [61].  

Recent  in vitro studies on purified sgRBPs capable of LLPS show  their slow maturation 

into  a more  solid  state  with  time,  a  process  enhanced  by  repeated  cycles  of  liquid 

droplet  formation  and  dissolution  [37,  38].  As  cells  are  subjected  to  various  stresses 

during  the  lifetime  of  an  organism, we  asked whether  repeated  LLPS  of  SGs  likely  to 

transpire  in  an  aging  organism  leads  to  formation  of  aberrant  SGs.  We  show  that 

sustained  SG  formation  in  vivo  by  mild  heat  stress  strongly  increased  SG  protein 

aggregation.  These  results  indicate  that  continuous  LLPS  during  aging  is  enhancing 

aggregation and therefore dynamic impairment of sgRBPs also in vivo. Collectively, these 

results  show  that  SG  proteins  become  insoluble  with  age,  possibly  enhanced  by 

repeated exposure to stresses or by a general decrease in proteostasis control.  

Another important question is whether aggregation of sgRBPs in the absence of disease 

influences the organism. We show  in C. elegans that aggregation of sgRBPs  impairs the 

health  of  the  animal,  demonstrated  by  smaller  body  size,  slower movement  and  less 

stress  resistance  of  worms  with  higher  aggregation  levels.  Furthermore,  our  results 

reveal that three  independent  longevity pathways  in C. elegans, reduced  Insulin‐IGF‐1‐

like  signalling, mitochondrial  inhibition  or  dietary  restriction,  prevent  aggregation  of 

sgRBPs. This  implies that maintaining solubility of sgRBPs and thereby SG dynamics  is a 

common strategy to prolong lifespan and increase organismal fitness.  

Research up to this point has put great  importance on the role of mutations  in disease 

associated  aggregation‐prone  proteins  and  their  influence  on  the  dynamics  and 

aggregation  formation of SGs  [38, 61]. Our  results now  reveal  the  impact of  the aging 

process on  sgRBPs  in  the absence of disease. But how  is  sgRBP aggregation occurring 

with age connected with disease pathology? As multiple RBPs also found to be recruited 

into  SGs,  have  been  shown  to  be  causing  cytotoxic  aggregates  if mutated  or  to  be 

components of the hallmark aggregates occurring in disease, age‐dependent insolubility 

of those components is very likely to have an impact on disease development [50].  
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One  possibility  of  how  age‐related  sgRBP  aggregation  can  influence  disease 

development  is  the  recruitment of  further proteins  into aberrant SGs. Various  in vitro 

and in vivo experiments from yeast and cell culture show that SGs can interact with and 

accumulate misfolded proteins  [14, 61, 64, 80‐82]. Several of our  results demonstrate 

the  propensity  of  age‐related  sgRBP  aggregates  to  interact with  other  proteins  in  C. 

elegans: We  first show  that  the  two SG markers PAB‐1 and TIAR‐2  if co‐expressed co‐

localize and change  their aggregation pattern with age. Notably, aggregation of PAB‐1 

pattern  changes  from  formation of  large  aggregates  to  smaller puncta  reminiscent of 

SGs.  PAB‐1  also  co‐localized with  KIN‐19,  homologue  of  casein  kinase  isoform  alpha 

(CK1alpha),  a  non‐SG  component  (no  RRM  or  LC  domain)  found  in  our  study  to  be 

aggregating with  age. Co‐aggregation with KIN‐19  leads  to  a  strong  increase  in PAB‐1 

aggregation.    Furthermore,  overexpression  of  FUST‐1,  the  C.  elegans  homolog  of 

disease‐associated  human  FUS,  led  to  formation  of  aberrant  cytoplasmic  FUST‐1 

aggregates which  recruited  PAB‐1  if  co‐expressed.  These  results  all  demonstrate  the 

strong propensity of  sgRBPs aggregating with age  to  interact with other proteins with 

and without  LC  domain  in  C.  elegans  and  influence  their  aggregation  pattern. As  the 

inherently  aggregating  protein  KIN‐19  is  enhancing  sgRBP  aggregation  and misfolded 

proteins  are  known  to  accumulate  in  SGs  [61],  cross‐seeding  of  age‐related  protein 

misfolding is likely contributing to sgRBP aggregation with age.  

One  factor enhancing SG protein aggregation with age  is  the decrease  in proteostasis 

regulation  occurring  during  aging  [83‐87].  We  were  especially  interested  in  finding 

factors able to modify age‐related aggregation of sgRBPs. As we found in our proteomic 

study key sgRBPs to be prevented from aggregation with age in long‐lived animals with 

reduced insulin/IGF‐1‐like signalling, we first confirmed reduced age‐related aggregation 

of PAB‐1 and TIAR‐2 in daf‐2 mutant animals. Furthermore, we show that this reduction 

in aggregation is dependent on the two transcription factors upregulated in animals with 

reduced daf‐2 signalling, heat shock factor HSF‐1 and DAF‐16/FOXO. Interestingly, HSF‐1 

activity  is  not  required  for  reduction  of  pharyngeal  KIN‐19  aggregation  by  daf‐2 

inhibition,  indicating  that  sgRBP  aggregation  is  differently  regulated  than  other  age‐

related aggregation.  
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Recent  findings  show  the  importance  of  the  chaperone  system  in  regulating  SG 

disassembly  and  thereby  preventing  the  formation  of  aberrant  SGs.  While  some 

aberrant  SGs  can  be  degraded  by  autophagy, most  SGs  disassemble  in  a  chaperone‐

mediated manner  [60].  In  yeast  and  cell  culture,  the  chaperones HSP‐70, HSP‐40  and 

HSP‐110 have been  shown  to co‐localize with SG and modulate  their disassembly  [80, 

81, 88, 89]. The yeast HSP40s sis1 and ydj1 are essential for the the disassembly and/or 

clearance of SGs [90] and in mammalian cells several chaperones are recruited into SGs 

[49, 60, 91, 92]. Recent findings show that the small heat shock protein (HSP) HSPB8  is 

recruited  into  SG  to  prevent  interactions  between  SG  components  and  DRIPs 

accumulated in SGs. Together with the nucleotide exchange factor BAG3 and HSP70 SG 

disassembly  is  mediated  [60].  Inhibition  of  HSP70  has  been  shown  to  lead  to  an 

accumulation of DRIPs in aberrant SGs [60].  

We  investigated  the  influence of  the chaperone  system on age‐related aggregation of 

sgRBPs  in C. elegans. Knockdown of  the  transcription  factor HSF‐1, which controls  the 

expression of  chaperones  in C. elegans,  led  to a  strong  increase  in  sgRBP aggregation 

already  in young animals, but also with aging. We found that HSF‐1 activity specifically 

during development is important for sgRBP solubility. This is in accordance with findings 

showing  the  dependence  of  daf‐2  mediated  longevity  on  HSF‐1  activity  during 

development  [93].  Although  DNJ‐13  and  DNJ‐19,  the  C.  elegans  homologs  of  yeast 

HSP40s sis1 and ydj1, co‐localized with sgRBP aggregates, their overexpression did not 

modulate  sgRBP  aggregation.  Furthermore,  knockdown  of  HSP70  did  not  alter 

aggregation of PAB‐1, indicating that those HSPs are not modulating sgRBP aggregation. 

These results show that sgRBP aggregation with age may not be dependent on the same 

chaperones  influencing  SG  dynamics.  However,  upregulation  or  activation  of  other 

chaperones  could  compensate  for  the  inhibited  chaperones,  showing  functional 

redundancy.  

In the last years mutations in the components of the chaperone system VCP/p97, HSPB1, 

HSPB8  and  BAG3  have  been  associated  with multiple  neurological  diseases  [94‐98]. 

These  findings highlight  the  importance of  the chaperone  system on SG  solubility and 

dynamics  in  the  context  of  disease.  But  how  is  impairment  of  the  chaperone  system 

connected  to  diseases  associated  with  aggregating  SG  components?  The  following 
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explanation concerning the impact of diseases‐causing mutations of RNPs and mutations 

in chaperone  system components has been proposed: Mutations  in RNPs  found  to be 

recruited  into  SGs  increase  their  aggregation  propensity  and  lead  to  formation  of 

aberrant SG, which accumulate further misfolded proteins and DRIPs. The thus formed 

aberrant  SG  containing  misfolded  proteins  are  impaired  in  their  functionality. 

Additionally,  deficiency  of  the  chaperone  system  responsible  for  SG  disassembly  and 

removal of misfolded proteins from SGs  lead to retention of aberrant SGs and thereby 

promote the formation of fibrillary aggregated SG components [47]. Our findings about 

age‐related sgRBP aggregation now broaden this explanation of pathogenesis: We find 

that sgRBPs aggregate with age alone  in  the absence of disease associated mutations. 

This  indicates  that  with  aging  the  functionality  of  SGs  will  be  impaired,  as  the  SGs 

accumulate misfolded proteins and become aberrant. The decrease of the functionality 

of  the chaperone system with age  is advancing  this process by  limiting  the removal of 

misfolded  proteins  and  aberrant  SGs.  Furthermore,  the  general  increase  in  protein 

insolubility  with  age  that  we  previously  demonstrated  [13]  will  lead  to  enhanced 

localization of misfolded proteins  in aberrant SGs with age. Misfolded SG proteins and 

aberrant SGs are building up during normal aging and are  impairing health. However, 

disease  associated mutations  accelerate  this  process,  leading  to  earlier  formation  of 

aberrant SGs and toxic aggregates.   

Previous  findings  show  that DRIPs  accumulate  in  aberrant  SGs  [60].  Furthermore, we 

have  shown  in  Chapter  1  that  protein  aggregation  with  age  is  mostly  due  to  the 

misfolding  of  proteins  newly  synthesized  in  the  aging  animal,  in  contrast  to  a  steady 

accumulation of older misfolded proteins during  the  aging process.  From  this we  can 

conclude that with aging the amount of newly synthesized misfolded proteins  leads to 

an enhanced accumulation of these proteins in aberrant SGs.  

Together these results demonstrate the importance of the functionality of sgRBPs during 

the  aging  process  and  in  disease.  Our  results  and  other  advances  in  the  field  [47] 

connect  the  functionality of  sgRBPs with  the  formation of  toxic  aggregates  in  various 

diseases,  showing  that  understanding  the  mechanism  leading  to  the  formation  of 

aberrant SGs is an important step in solving the pathogenesis of these diseases.  
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1.4 Chapter 4 

Discovery and functional prioritization of Parkinson’s disease candidate 

genes from large-scale whole exome sequencing 

Jansen et al, Genome Biology, 2017 

 

Identifying genes and variants responsible for pathogenesis is an important step towards 

a  more  complete  understanding  of  the  molecular  and  genetic  basis  of 

neurodegenerative  diseases.  Research  on  genes  associated with  PD  has mainly  been 

focused on familiar forms of disease, which make up 5‐10% of disease cases. To this date 

this  led to the  identification of six genes (SNCA, LRRK2, VPS35, Parkin, PINK1 and DJ‐1) 

conclusively  associated with PD  and  inherited  in  an  autosomal dominant or  recessive 

manner [69]. As most forms of PD are sporadic, understanding the genetic involvement 

in pathogenesis is of vital importance.  

The  application  of  new  technologies  in  next  generation  sequencing,  such  as  exome 

sequencing  and  the  advent  of  genome‐wide  association  studies  (GWAS)  have 

accelerated  the progress  in  the  field of PD genetics  in  the  last years  [99, 100]. Whole 

exome sequencing (WES) is a very cost‐effective way to sequence the whole genome by 

only considering the coding regions of the genome. These coding regions only make up 

1% of  the genome but  contain 85% of mutations associated with Mendelian diseases 

[69,  100,  101].  As WES  does  yield  over  20000  exonic  single  nucleotide  variants  per 

individual,  this number has  to be  narrowed down  to  the  important  variants  [102].  In 

sporadic PD cases filtering the variants using segregation analysis is not possible due to 

the  cohort  of  unrelated  individuals,  leading  to  an  increased  number  of  candidate 

variants [103]. Using WES in a large cohort of unrelated PD case/control samples would 

be a valuable method to discover rare variants. With the absence of DNA samples from 

family members to perform segregation analysis and the difficulties in statistical analysis 

in rare variants that only occur in few cases a new approach of this work is to cover this 

gap  using  functional  screens  in mammalian  cell  culture  and  the model  organisms  C. 

elegans and Drosophila. This  integrated approach helps to prioritize the variants found 
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by  WES  analyses  for  further  study  by  using  medium‐  to  high‐throughput  screening 

assays. 

In this study, our collaborators performed WES in 1148 unrelated young‐onset PD cases 

and 503 control individuals with European ancestry, the largest PD WES dataset studied 

to date. As young onset of disease is often associated with a recessive inheritance model 

[104‐106],  they  concentrated  on  genes  with  homozygous  or  putative  compound 

heterozygous  loss  of  function  (LoF)  variants  for  the  analysis.  920,896  variants  were 

found in this WES dataset and were narrowed down to those found rarely in the control 

group. 27 LoF variants were  identified, 18 of which are homozygous and nine putative 

compound heterozygous, with nearly all not recurring in more than one PD individual. 

Several  independent datasets were used  for human genetic validation, as no sufficient 

exome  data  set  was  available,  showing  further  genetic  evidence  for  seven  genes 

(GPATCH2L, FAM83A, CD36, UHRF1BP1L, PTPRH, ARSB, and VPS13C). Furthermore, the 

tolerability of the recessive LoF variants was tested by analysing the occurrence of our 

variants  in  recently  predicted  complete  gene  knock‐outs  in  the  Icelandic  population 

[107]  and  carrying  out  systematic  LoF  analysis  in  C.  elegans.  We  performed  high‐

throughput  RNAi  gene  knockdown  assays  for  66  candidate  genes  with  available 

orthologs  in  C.  elegans  and  tested  effects  on  survival,  development,  fertility  and  the 

influence  on  polyglutamine  aggregation.  We  show  that  knockdown  results  in 

developmental arrest and/or reduced  lifespan for three of the candidates (DIS3 (dis‐3), 

KALRN (unc‐73), and PTCHD3 (ptr‐10)). 

The human genetic studies were then coupled with  functional screening to strengthen 

the functional involvement of the 27 candidate genes in well‐known PD mechanisms. It 

has  been  proposed  that mitochondrial  dysfunction  is  involved  in  PD  pathogenesis  as 

some proteins  associated with PD,  like Parkin  (PARK2), DJ‐1,  and PINK1, play  roles  in 

protein‐quality  control  and  dynamics  of  mitochondria  [108]  while  the  PD  hallmark 

protein alpha‐synuclein has been associated to mitochondrial injury [109]. The influence 

of  LoF  candidate  genes  found  in  this WES  study  on mitochondrial  function  therefore 

might  give  insights  on  the  importance  of  those  genes  in  PD  pathology.  BE(2)‐M17 

neuroblastoma  cells  were  used  to  test  the  influence  of  gene  knockdown  on 

mitochondrial number, axial  length ratio and  roundness  to determine abnormalities  in 

mitochondrial morphology [110]. 13 candidate genes showing a significant effect on at 
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least one of  these parameters were  found. An assay using cells expressing Parkin‐GFP 

was used to test Parkin translocation [111‐115] and showed significant modification of 

Parkin translocation by six candidate genes. 

Furthermore,  our  collaborators  tested  whether  the  candidate  genes  modify  alpha‐

synuclein toxicity in a well‐established model of α‐synuclein toxicity in Drosophila [116‐

118].  In  flies expressing α‐synuclein  in  the  retina knockdown of  the 13 well‐conserved 

homologs of the candidate genes found by WES was performed and screened for retinal 

tissue  integrity.  Knockdown  of  four  of  these  genes  (ARSB,  TMEM134,  PTPRH,  and 

VPS13C)  led to robust enhancement of α‐synuclein‐mediated neurodegeneration  in the 

retina. 

This  integrated  approach  of  combining  genetic  data with  functional  screening  in  cell 

culture and animal models  identifies  five strong candidates  for PD susceptibility genes 

(GPATCH2L,  UHRF1BP1L,  PTPRH,  ARSB  and  VPS13C),  which  are  supported  by  both 

functional  data  and  the  additional  genetic  analysis  consistent  with  replication.  The 

results demonstrate the power of this method to determine and prioritize rare variants 

in PD and potentially other neurodegenerative diseases. 

There are several problems facing the discovery of rare risk variants in population based 

PD  samples: Due  to  the absence of available genetic data  from  large  family pedigrees 

segregation analysis  is not possible  in the sample of unrelated  individuals,  leading to a 

high number of potential candidate variants. This  leads to the use of stringent filtering 

criteria, in this case the focus on only strongly damaging LoF variants and the restriction 

to a recessive inheritance model to narrow down the variants which concomitantly leads 

to  a  loss  of  other  important  variants,  among  them  dominantly  acting  alleles.  An 

important task for future studies will be the analysis of dominantly acting alleles. PD  is 

strongly  age‐dependent  and  has  a  long  pre‐symptomatic  phase,  leading  to  the 

assumption that certain pathogenic variants might be missed because of their presence 

in the control cohort, as pre‐symptomatic cases of PD in this cohort are not unlikely. In 

future studies, careful neurological testing to exclude mild early‐stage forms of PD from 

the control cohort and  increased sample sizes will be an  important  improvement. The 

combination of  genetic WES data with  functional  screening  in  cell  culture  and model 

organisms in this new approach allows reliable prioritization of discovered gene variants 

for future investigation. This application of functional follow up studies demonstrates an 
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important advantage of WES over GWAS for this approach, as this  is only possible with 

location of the variants in gene‐coding areas. 

Our  approach  in  combination with  other  related  studies  also  allows  the  grouping  of 

variants  into  common  pathways,  leading  to  a  broader  understanding  of  PD 

pathogenesis. For example in addition to our study VPS13C has recently been found in a 

study  in  families  with  autosomal  recessive  early  onset  PD  and  dementia  [119].  Our 

findings  of  VPS13C  disrupting mitochondrial morphology  are  in  accordance with  this 

study  reporting  localization  of  VPS13C  to  the  outer  mitochondrial  membrane  and 

VPS13C LoF association with reduced mitochondrial membrane potential, mitochondrial 

fragmentation and increased Parkin‐dependent mitophagy [119]. 

These  results  demonstrate  the  strength  of  this  study  as  a  powerful  and  integrative 

strategy to discover variants in large‐scale genomic studies of PD. Analysis in the largest 

PD WES dataset  to date was performed and  replication  in additional available cohorts 

was established. This data and the and the additional data from the multiple functional 

assays with  relevance  to  PD  pathology  in  cell  culture  and model  organisms will  be  a 

valuable resource for future studies of PD pathogenesis.  
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2 Method  chapter:  Establishing  a  cell  culture  model  for  age‐

related protein insolubility 

2.1 Introduction 

The preservation of the functional state of the proteome of  individual cells, but also  in 

tissues and organs, is very important for the health of an organism. The tight control of 

protein homeostasis requires a complex network of cellular pathways. Several layers of 

protein‐quality  control,  including  regulation  of  transcriptional  and  translational  rates, 

molecular  chaperones,  as well  as  protein  degradation  by  autophagy  or  the  ubiquitin‐

proteasome  system  are  necessary  to  keep  proteins  in  a  functional  state  and  prevent 

aggregation [120‐122]. 

However, as the organism ages, the carefully controlled protein‐quality control system 

gets out of balance. Aging has been associated with a decrease in chaperone expression, 

stress  responses  and  decline  in  the  degradation  activity  of  the  proteasomal  or 

autophagic  pathways  in  different  model  organisms  [83‐87].  This  disruption  of 

proteostasis  in the aging organism  leads to the formation of misfolded and aggregated 

proteins. Indeed, aging is the most important risk factor for neurodegenerative diseases 

associated  with  deposition  of  insoluble  proteins  in  aggregates  [5].  Furthermore,  an 

increase of widespread non‐disease associated protein aggregation with aging has been 

shown in C. elegans, and also in several other model organisms [13‐21]. 

We  have  been  studying  age‐related  protein  aggregation  and modifiers  thereof  in  the 

model organism C. elegans. These nematodes have long been a useful tool to study age 

related questions, as their medium  lifespan  is very short and genetic modifications are 

relatively easily achievable. However,  in this project we were  looking for a model more 

closely  related  to  the human body  to be  able  in  the  future  to  verify  the  influence of 

modifiers of age‐related protein aggregation found in C. elegans.  

An established method  to study cellular aging  in cell culture  is  the serial cultivation of 

somatic  cells  and  calculation  of  the  number  of  times  the  cell  number  has  doubled 

(population doublings). The proliferation potential of normal  cells  in  culture  is  limited 
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due  to  multiple  environmental  and  genetic  mechanisms  [123‐125]  and  this  process 

called  cellular  senescence mimics  the  cellular  and molecular  changes  associated with 

development and aging [126]. Interestingly, the replicative lifespan of fibroblasts in vitro 

has  been  shown  to  correlate  directly with  the  potential of maximum  life‐span of  the 

donor  species  [127]  and  the proliferative  lifespan of normal human  cells  in  culture  is 

negatively correlated with the age of the donor [128‐131]. 

The cultivation of fetal lung fibroblasts has widely been used as a cell culture model for 

to  study  cellular  senescence  and  aging,  as  fibroblasts  exhibit  hallmarks  of  aging  over 

time, and become senescent after a finite number of divisions in culture [132]. Recently, 

Ayyadevara et al have demonstrated an  increase  in endogenous protein  insolubility  in 

the  heart  tissue  of  older  compared  to  younger mice.  Furthermore  they  showed  an 

increase  of  protein  aggregation with  passaging  of  heart  fibroblasts  from  young mice 

direct to replicative senescence [18].  

To establish a model for age‐related protein aggregation in our laboratory, we therefore 

decided to extract insoluble proteins from lung and heart fibroblasts of young and aged 

mice. Furthermore, we analysed the protein aggregation in lung fibroblasts of young and 

aged mice harvested at early‐ and at late‐passage stage. 

2.2 Material and Methods 

Organ extraction 

All  mice  were  bred  and  maintained  by  Chiara  Valori  at  the  German  Center  for 

Neurodegenerative Diseases, Tübingen. Mice used were non‐transgenic males from the 

hFUS R495X‐6 strain at different ages (2,1 months (Pretrial), 1 month, 18 months). 

Organ  extraction  was  performed  by  Chiara  Valori  at  the  German  Center  for 

Neurodegenerative Diseases, Tübingen. The extracted lungs and heart were directly put 

into PBS and used for cell extraction.  
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Cell extraction 

Extraction of lung fibroblasts 

Extraction of lung fibroblasts was performed following a modified version of a previously 

published protocol  [133]. The  freshly extracted  lung  tissue was  transferred  to a  clean 

tissue  culture dish under a  tissue  culture hood and  cut  into  small pieces using  sterile 

scalpels. Tissue fragments were thereafter digested by 0,13 Wunsch units/ml of Liberase 

TM  Research  Grade  enzyme  mix  (Sigma‐Aldrich)  in  10 ml  DMEM/F‐12  media  (life 

technologies)  containing  Penicillin/Streptomycin  (Invitrogen),  stirring  slowly  for 

60 minutes at 37°C.  

The solution was further disrupted by pipetting up and down and transferred into warm 

DMEM/F12  media  containing  15%  fetal  bovine  serum  (FBS)  (Invitrogen), 

1x Penicillin/Streptomycin. The enzyme mix was removed by washing  three  times with 

warm DMEM/F12 media containing 15% FBS, 1x Penicillin/Streptomycin (centrifugation 

at  524 g  for  1  minute).  Afterwards  tissue  fragments  were  resuspended  in  warm 

DMEM/F12 media containing 15% FBS, 1x Penicillin/Streptomycin, transferred into a 75T 

tissue culture flask and placed into a tissue culture incubator at 37°C, 5% CO2. After one 

day incubation, tissue fragments were transferred to a new flask with warm DMEM/F12 

media containing 15% FBS, 1x Penicillin/Streptomycin and new medium was added  to 

the old flask (1x wash with PBS). Once the flasks reach confluency, cells were trypsinated 

(0,25%  Trypsin  (Invitrogen),  2 minutes  37°C),  tissue  fragments  were  removed  by 

sedimentation and the cells were split 1:2 into new T75 flasks using Minimum Essential 

Medium  Eagle  (EMEM)  medium  (Sigma‐Aldrich)  containing  15%  FBS,  non‐essential 

amino acids (Invitrogen) and 1x Penicillin/Streptomycin for culturing.  

Extraction of heart fibroblasts 

For extraction of heart fibroblasts two different protocols were used:  

Trypsin digestion protocol: 

Extraction of heart fibroblasts with trypsin was performed following a modified version 

of  a  previously  published  protocol  [18].  The  freshly  extracted  heart  tissue  was 
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transferred to a clean tissue culture dish under a tissue culture hood and cut into small 

pieces using sterile scalpels. Tissue fragments were thereafter digested by 0,25% Trypsin 

at 37°C  for 1 hour. The  sedimented  tissue  fragments were again Trypsin‐digested and 

this  cycle  repeated  5  times.  The  collected  cells  were  pooled  and  resuspended  and 

cultured  in  DMEM/F12  containing  5%  FBS  and  1x  Penicillin/Streptomycin  at  37°C, 

5% CO2. 

Liberase TM digestion protocol: 

For extraction of heart  fibroblasts using  the Liberase TM Research Grade enzyme mix, 

the  tissue was  treated  as described  for  lung  tissue  in  “Extraction of  lung  fibroblasts”. 

Heart  fibroblasts were  extracted  and  cultivated  in  the  same media  as  used  for  lung 

fibroblasts. 

Culturing of cells 

Cells were cultured in T75 flasks using EMEM medium containing 15% FBS, non‐essential 

amino acids and 1x Penicillin/Streptomycin in a tissue culture incubator at 37°C, 5% CO2. 

Once confluency was  reached  the cells were detached using 0,25% Trypsin  (2 minutes 

37°C), washed with medium and split 1:2 into new T75 flasks. 

Freezing cells for protein extraction 

For protein extraction cells were detached from confluent T75 flasks using 0,25% Trypsin 

and  washed  with  medium.  For  counting  the  trypsinated  cells  were  resuspended  in 

medium  and  10 µl  of  this  suspension  loaded  onto  an  hemacytometer with  coverslip. 

Cells  on  the  grids were  counted  under  the microscope  (100x magnification)  and  cell 

number per millilitre medium was estimated as 104 times  the average number of cells 

per  grid.    After  washing  the  cells  with  warm  PBS,  the  cells  were  centrifuged 

(centrifugation at 524 g for 3 minutes) and the supernatant removed. The resulting cell 

pellet was frozen directly in liquid nitrogen. 
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Protein extraction 

For extraction of detergent‐soluble and  ‐insoluble proteins 150 µl RIPA buffer  (50 mM 

Tris pH 8, 150 mM NaCl, 5 mM EDTA, 0,5% SDS, 0,5% SDO, 1% NP40 (Applichem), 1 mM 

PMSF, 1x Complete Protease Inhibitor Cocktail (Roche)) and 50µl RAB buffer (0,1 M MES, 

1 mM  EGTA,  0,1 mM  EDTA,  0,5 mM MgSO4,  0,75 M  NaCl,  0,02 M  NaF,  2x  Complete 

Protease Inhibitor Cocktail (Roche)) were added to the frozen cell pellet. The cell pellet 

was  solubilized  on  ice  by  vortexing  and  pipetting  and  the  solution was  homogenized 

using a 1ml syringe and needle (27 G x ½ ", 0.4 mm x 13 mm) by drawing the solution up 

and down ten times on ice. After a centrifugation step at 4°C (14000 rpm for 20 minutes) 

the supernatant was collected  in aliquots (=soluble fraction) and frozen at  ‐80°C, while 

the pellet was washed once with 100 µl RIPA buffer. The pellet containing the insoluble 

proteins was  resolubilized  in  75 µl  Urea/SDS  buffer  (8 M Urea,  2%  SDS,  50 mM  DTT, 

50 mM Tris pH 8) at room temperature. After incubation for ten minutes the sample was 

frozen in aliquots at ‐80°C (= insoluble fraction).  

Gel electrophoresis and whole protein staining 

Detergent‐insoluble  and  total  (=  detergent  insoluble  fraction mixed  1:2 with  soluble 

fraction) protein  fractions were  analysed using  gel  electrophoresis  and whole protein 

staining. For sample preparation 4x NuPAGE LDS sample buffer (Thermo Fischer) and 10x 

sample reducing agent (Thermo Fischer) were added to the samples. The samples were 

heated 10 minutes at 70°C and  thereafter centrifuged at 14000  rpm  for 10 minutes at 

room  temperature.  As  protein marker  5µl Novex  Sharp  Pre‐Stained  Protein  Standard 

(Thermo Fisher) was used. The samples were  loaded on a 4‐12% gradient gel (NuPAGE 

4‐12% BisTris protein gels, Thermo Fisher) and run with NuPAGE MES SDS running buffer 

(Thermo  Fisher).  The  gel was  stained with  Sypro Ruby protein  gel  stain  following  the 

manufacturer’s  instructions (Thermo Fisher) and detected with the Stella 3200  imaging 

system (Raytest) or used for western blotting.  

For western  blotting  proteins were  transferred  from  the  SDS  gel  onto  Immobilon‐FL 

Polyvinylidene difluoride membrane  (Merck Millipore) as  following  the manufacturer’s 

instructions of the NuPAGE system (Thermo Fisher). Blotting was carried out with 35 mA 

overnight at 4°C. The blots were stained with Sypro Ruby protein blot stain following the 
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manufacturer’s instructions (Thermo Fisher) and analysed using the Odyssey CLx imaging 

system  (LiCor).  For quantification of protein  amounts  the  Fiji  [134, 135] program was 

used.  

2.3 Results 

To be able to analyse modifiers of age‐related protein aggregation found in C. elegans in 

a cell culture model, the aim of this project was to establish a model for inherent protein 

aggregation with age in cell culture. We chose to extract lung and heart fibroblasts from 

young and aged mice and compare the insoluble protein content in their early‐ and late‐

passage stages. 

Cell extraction, passaging and collection of cells for protein extraction 

Pre‐Trial 

In a pre‐trial to set up the experiments, mouse  lung  fibroblasts were extracted  from a 

2,1 month old mouse using a previously published protocol [133]. The first confluent T75 

flask after medium change to culturing medium, containing 23x105 cells, was harvested 

for protein extraction and analysis of the total and insoluble protein content.  

 

   Total          Insoluble
 

Figure 1: Whole protein staining of the total and insoluble fraction from lung fibroblasts 
extracted from a young mouse. 
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The whole protein staining shows the number of cells used for extraction was sufficient 

to analyse insoluble protein content and that protein extraction was successful.  

After  the  successful  pre‐trial,  fibroblasts  were  extracted  in  parallel  from  a  young 

(1 month) and an aged (18 months) mouse.  

Heart fibroblasts 

For the extraction of heart fibroblasts two different protocols were used.  In a first trial 

using  the  heart  tissue  of  a  young  mouse,  the  previously  published  protocol  of 

Ayyadevara  et  al  [18] was  replicated. However, no  fibroblast  culture  grew out of  the 

thus prepared tissue fragments. 

Thereafter the protocol for the extraction of lung fibroblasts was also used for the heart 

tissue of the aged mouse. Using this protocol a live population of heart fibroblasts could 

be obtained and proliferated. After three population doublings cells could be harvested 

for protein extraction. However, after  the  third population doubling  the  cells  stopped 

proliferating and no late‐passage cell culture could be obtained. 

Lung fibroblasts 

For  the  extraction  of  lung  fibroblasts  a  modified  version  of  a  previously  published 

protocol was used  (see methods)  [133]. From both  the extraction  from  the young and 

the  aged mouse  a  growing  culture  of  lung  fibroblasts  could  be  obtained. After  three 

population doublings, a portion of the cells were harvested for protein extraction (early 

passage). The rest of the cultures were maintained to population doubling level (PDL) 7, 

at which  time point  the  interdivision  time of  the  fibroblasts extracted  from  the young 

mouse  had more  than  doubled  and  cells were  harvested  for  protein  extraction  (late 

passage). Cells kept from this culture after PDL 7 did not grow to a confluent PDL 8. Lung 

fibroblasts obtained  from the aged mice were harvested at PDL 7  for comparison with 

those  obtained  from  the  young mouse.  This  culture  grew  to  a  confluent  PDL  8  but 

stopped proliferating afterwards.  

Cells  harvested  for  protein  extraction  were  counted  before  freezing.  We  find  that 

although the same number of flasks were harvested per frozen sample, the number of 



28  Method  chapter:  Establishing  a  cell  culture model  for  age‐related  protein 
insolubility 
 
cells per sample vary greatly. Samples of lung fibroblasts with PDL 3, obtained from the 

young and the aged mouse, contained approximately factor 5 more cells than those with 

PDL 7 (see Table 1). 

Table  1:  Lung  and  mouse  fibroblasts  extracted  from  young  (1 month)  and  aged 
(18 months) mice at PDL 3 or PDL 7 

Tissue  Mouse 

age 

Population 

doubling level 

Days	in	

culture	

Flasks 

harvested 

Number of 

samples 

Cells 

/sample 

Lung  1 month  PDL 3  13  15  3  41,8x105 

    PDL 7  42  5  1  7,4x105 

  18 months  PDL 3  11  15  3  51,6x105 

    PDL 7  23  15  3  9,8x105 

Heart  1 month  Did not grow         

  18 months  PDL 3 (Growth 

stopped at P3) 

15  15  3  4,7x105 
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Analysis of insoluble protein content 

To  analyse  the  insoluble  protein  content  of  early‐  and  late‐passage  fibroblasts  from 

young and aged mice, we performed protein extraction from the harvested cells. 

 

 

 

 

 

 

 

 

kDa 

Figure 2: Whole protein staining of insoluble and total extracts of lung fibroblasts at PDL 
3  (P3)  and  PDL  7  (P7)  from  young  (1 month)  and  aged  (18 months) mice  and  heart 
fibroblasts at PDL 3 from aged mice.  

We used whole protein staining to determine protein amounts in the insoluble and total 

fractions of our samples. As we have varying amounts of cells per sample, the insoluble 

fraction had to be normalized to the total protein  level per sample. Figure 3 shows the 

relative  increase  of  insoluble  content  compared  to  that  of  lung  fibroblasts  at  PDL  3 

extracted from the young mouse.   
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Figure 3: Quantification of  insoluble protein content from whole protein stain Figure 2. 
Protein  amounts  of  insoluble  fraction  were  corrected  for  total  protein  amount  and 
normalized to Lung, 1 month, P3. 

While we do not  find  an  increase of protein  insolubility  in  fibroblasts  extracted  from 

aged mice  compared  to  young mice, we  see  an  increase of  insoluble protein  content 

from early‐ to late‐passaged lung fibroblasts extracted from young as well as from aged 

mice. Heart fibroblasts extracted from aged mice already exhibit a relative high insoluble 

protein  content  compared  to  lung  fibroblasts.  In  the  absence  of  heart  fibroblasts 

cultures  obtained  from  young  mice  and  late‐passaged  heart  fibroblasts  we  cannot 

conclude whether this insoluble protein content would increase further with age of the 

donor mouse and longer passaging. 

The  increase  of  insoluble  protein  content  of  late‐  compared  to  early‐passaged  lung 

fibroblasts allows us  to use  this model  to  study age‐related protein  insolubility  in  cell 

culture.  

2.4 Discussion 

The  goal  of  this  project was  to  establish  a  cell  culture model  for  age  related  protein 

insolubility. Our results show that aging of lung fibroblasts, extracted from young as well 

as  aged mice,  leads  to  a  significant  increase  of  insoluble  protein  content  (Figure  3). 

However, it is important to consider that the in vitro culturing conditions may stress the 
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cells  unnaturally.  Keeping  cells  in  culture  requires  them  to  continuously  proliferate, 

which is not necessary in an organism, and cultured cells have different needs in regard 

to  metabolic  supplements,  growth  conditions  and  further  factors  [136‐138].  Most 

importantly, the physiological  levels of oxygen  in most mammalian tissues are with 3% 

much  lower  than  the  standard  culture  conditions  at  approximately  20%  [137].  This 

exposure to a hypertoxic environment  is sufficient to  induce growth arrest due to DNA 

damage  by  oxidation  after  10‐15  population  doublings  in  mouse  cells,  which  are 

sensitive  to ambient oxygen  [137]. Culturing normal human diploid cells  in 2% oxygen 

has been shown to significantly extend their lifespan [139] while normal mouse cells can 

divide  nearly  indefinitely  under  physiologic  oxygen  conditions  without  reaching 

senescence [137]. This shows that in using standard conditions for our cell culture model 

we  add  high  oxidative  stress  to  the  cellular  aging  process.  Our  findings  therefor 

demonstrate  that  passaging  of  lung  fibroblasts  under  stressful  conditions  leads  to  an 

increase in protein aggregation and can be used as a model to study age‐related protein 

aggregation in cell culture. 

Several issues concerning this model should be addressed before it can be used to study 

factors modifying age‐related protein aggregation: 

Previous  publications  propose  that with  increasing  age  of  the  donors,  extracted  cells 

need  more  time  to  double  the  cell  number  (population  doubling  time)  and  reach 

senescence  after  fewer  population  doublings  [129].  However,  this  view  has  been 

challenged  later  on  [140].  In  our  hands  cells  extracted  from  aged mice  had  an  initial 

population doubling time of 3 days, while that of cells extracted  from young mice was 

2 days.  Furthermore,  the  lung  fibroblasts  of  young  mice  reached  senescence  after 

42 days at PDL 7 and stopped proliferation. In contrast, lung fibroblasts from aged mice 

reached senescence after 30 days at PDL 8. Cell extractions from young and aged mice 

were not performed at the same time, allowing the possibility of different experimental 

conditions  to  influence  the  experiment.  Levels  of  familiarity  with  the  protocol  can 

influence  incubation times and cell handling, therefore possibly stressing the cells to a 

different  extend. We  can  speculate  that  the  cells  extracted  from  young mice  were 

stressed more  during  the  extraction  process  as  this  experiment was  performed  first, 

leading  slower  growth,  thereby  limiting  the  PDL  before  senescence.  To  be  able  to 
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compare  insoluble  protein  content  of  cells  extracted  from  young  and  aged mice  cell 

extractions  and  culture  should  be  performed  in  parallel  in  future.  However,  as  the 

population doubling time of cells from young and aged animals should not be equal,  it 

will most likely not be possible to perform the following steps of harvesting and freezing 

cells at the same time point.  

Another  issue  that  should  be  addressed  is  the  strongly  varying  number  of  cells  per 

harvested  confluent  flask.  Our  results  show  that  by  harvesting  the  same  number  of 

confluent flasks of different PDLs, the number of obtained cells is approximately factor 5 

higher at PDL 3  than at PDL 7. This can easily be explained by  the  increase of cell size 

with PDL. Therefore a smaller number of cells is needed to cover the ground of the flask 

completely.  In  future  experiments  the number of  flasks harvested  for  the higher PDL 

should be  increased, allowing the collection of an approximately equal number of cells 

per sample. Cells should be counted and thereafter distributed at a defined cell number 

in the different samples. Use of the same cell number for protein extraction would allow 

an  easier  comparison  of  insoluble  protein  content.  However,  as  our  results  were 

corrected  for total protein amount per sample, the  influence of different cell numbers 

on relative insoluble protein amount should be negligible. 

To reduce the influence of variability between different individual mice, lung fibroblasts 

from several same‐aged mice should be harvested in one experiment. Combining the cut 

lung  tissue  from  several mice  during  the  extraction  does  thereafter  not  increase  the 

work  load of  the experiment while helping  to  remove  the effect of  variability on  the 

insoluble protein content.  

Our  results  indicate  that  aging  lung  fibroblasts  from  aged  or  from  young mice  under 

stressful conditions by passaging to senescence at 20% oxygen can be used as a model 

for  age‐related  protein  insolubility.  This model  can  hereafter  be  used  to  analyse  the 

impact  of modifiers  of  protein  aggregation  found  in  C.  elegans  on mammalian  cells. 

Using specific antibodies  the aggregation behaviour of proteins used  in our C. elegans 

study can be tested in cell culture. Knockdown of proteins found to be relevant for age‐

related protein aggregation in C. elegans can be re‐evaluated in this model using shRNA. 

The  impact  of  these  knockdowns  on  total  protein  insolubility  or  on  specific  proteins 
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using  antibody  staining  could  be  determined.  These  experiments  could  give  valuable 

insights on the transferability of our finding into a mammalian model. 

The  test  of  modifiers  on  protein  aggregation  on  several  model  systems  is  a  very 

important step to verify the conserved role of these modifiers. Proving their  impact on 

mammalian cells  in cell culture  leads a step closer  to determining  their role  in protein 

aggregation with age in human and ultimately in human diseases.  
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5 Appendix 

5.1 Abbreviations 

Aβ: Amyloid‐β 

AD: Alzheimer’s Disease 

ALS: amyotrophic lateral sclerosis 

C. elegans: Caenorhabditis elegans  

CK1alpha: casein kinase isoform alpha 

DRIPs: defective ribosomal products 

EMEM: Minimum Essential Medium Eagle 

FBS: fetal bovine serum 

FTLD: frontotemporal lobar degeneration 

GWAS: genome‐wide association study 

HD: Huntington’s disease 

HSP: heat shock protein 

HSR: heat shock response 

LC: low complexity  

LLPS: liquid‐liquid phase separation 

LoF: loss of function 

PAB‐1: poly(A)‐binding protein  

PD:  Parkinson’s disease 

PDL: population doubling level   

RBP: RNA‐binding protein 
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RRM: RNA‐recognition motive 

SG: stress granules 

sgRBP: stress granule RNA‐binding protein 

TIA‐1: T‐cell‐restricted intracellular antigen‐1 

TIAR: TIA‐1‐related 

UPR: unfolded protein response 

WES: whole exome sequencing 
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Tissue‐specific reduction of aggregation‐prone protein levels following 

disruption of the quality control network as regulator of age‐related protein 

aggregation in C. elegans 

Marie C. Lechler1, 2,*, Raimund Jung1,*, Della C. David1 

1 German Center for Neurodegenerative Diseases, 72076 Tübingen, Germany 
2 Graduate Training Centre of Neuroscience, 72074 Tübingen, Germany 
*equally contributing 

 

Abstract	

The role of the complex quality control network (PQC) is to maintain protein homeostasis in resting 

and stress conditions, as the functionality of the proteome is vital for organismal health. However, as 

the  organism  ages,  a  decline  of  the  PQC  and  general  increase  in  protein  insolubility  have  been 

observed.  As the proteome varies between different cell types, tissue‐specific regulation by the PQC 

is necessary. To this point, little is known about the regulation of age‐related protein aggregation in 

different tissues.  

Here, we  demonstrate  tissue‐specificity  in  the  regulation  of  age‐related  protein  aggregation  in  C. 

elegans. Impairment of the PQC either by inhibition of proteasomal or autophagic degradation or by 

knockdown  of  the  chaperone  system,  affects  age‐related  protein  aggregation  in  different  tissues 

differently,  leading  to  increased aggregation  in  the body‐wall muscle, but unexpectedly decreasing 

aggregation in the pharyngeal muscle. We show that age‐related protein aggregation originates from 

misfolding of newly synthesized proteins in aging animals. Thereby, disruption of the PQC triggers a 

compensatory  response,  protecting  the  pharyngeal muscle  from  protein  aggregation with  age  by 

reducing the levels of newly synthesized aggregation‐prone proteins.  

Overall, our  study offers exciting new  insights  into  tissue‐specificity of proteostasis  regulation and 

highlights  the  vulnerability  of  newly  synthesized  proteins  to  age‐related  protein  aggregation.  This 

shows  the significance of studying protein aggregation  in a  tissue‐specific manner, as regulation of 

age‐related protein aggregation is not ubiquitous.   
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Introduction 

Maintenance of the proteome in a functional state is critical for cellular and organismal health, with 

defects  in  protein  homeostasis  (proteostasis)  being  linked  to  many  diseases,  including 

neurodegenerative diseases, immunological and metabolic diseases and cancer [1]. Multiple studies 

have shown that even in the absence of disease several hundred proteins become insoluble with age 

[2‐8]. To prevent protein aggregation and maintain proteostasis, cells have evolved a complex quality 

control  network.  The  conventional  protein‐quality  control  (PQC)  network  consists  of  molecular 

chaperone pathways, mediating protein  folding and  refolding, and proteolytic clearance pathways, 

the ubiquitin‐proteasome system (UPS) and autophagy, which remove irreversibly misfolded proteins 

[9‐13]. During aging, the ability of the quality control network to maintain proteostasis under resting 

and stress conditions gradually declines [2, 14]. While the  induction of chaperones  is  impaired with 

age [15] and proteasome activity gradually decreases [16], the altered gene expression of certain co‐

chaperones leads to an enhanced autophagy induction with age [17].  

Due to the variation in the proteomes in different cell types and tissues, the need for a tissue‐specific 

proteostasis regulation arises. Components and regulators of the heat shock response (HSR) vary  in 

different  tissues  [18,  19]  and  it  has  been  shown  that  knockdown  of  certain  chaperones  or  other 

negative regulators  involved  in gene expression, protein folding, trafficking or clearance  induce HSR 

in some tissues, but not  in others [20].   Due to a tissue‐specific hierarchy  in the  induction of HSF‐1, 

the neuronal heat  shock  response  is delayed  compared  to muscle  cells,  leading  to neurons being 

more sensitive to protein aggregation during heat stress. However, neurons have been found to have 

a higher potential for refolding and disaggregation than muscle cells [21]. Furthermore, muscle and 

neuronal  cells  differ  in  their  rate  of  UPS  degradation,  with  aging  influencing  the  degradation 

efficiency  in  a  tissue‐specific manner.  These  effects  could  be  explained  by  different  proteasome 

subunit composition in the two cell types [22]. However, little is known at this stage about how age‐

related protein aggregation is regulated in different tissues following proteostasis stress.  

Here we analyse differences  in  regulation of age‐related protein aggregation  in different  tissues of 

the  nematode  C.  elegans. We  find  that  PQC  impairment,  either  by  inhibition  of  proteasomal  or 

autophagic degradation or by knockdown of  the chaperone  system, affect  the pharyngeal and  the 

body wall muscle differently. While impaired PQC leads to an increase of protein aggregation in the 

body  wall  muscle,  we  demonstrate  an  unexpected  reduction  of  aggregation  in  the  pharyngeal 

muscle. We can show that age‐related aggregation is mostly due to the misfolding of proteins newly 

synthesized  in  the  aging  animal  and  that  proteostasis  disruption  inhibits  this  aggregation  by 

selectively reducing levels of newly synthesized aggregation‐prone proteins.  
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Results	

Tissue‐specific	reduction	of	inherent	protein	aggregation	is	caused	by	proteostasis	

disruption.	

As the induction of pathways responsible for proteostasis varies in different tissues [18‐20], we were 

wondering whether regulation of age‐related protein aggregation is tissue‐specific. 

For  analysis  of  inherent  protein  aggregation  with  age  in  different  tissues  we  chose  to  evaluate 

aggregation of KIN‐19, the mammalian homolog of casein kinase 1 isoform alpha (CK1a), tagged with 

the  fluorescent  tags  tagRFP  or mEOS2,  in  the  body wall muscle  and  the  pharyngeal muscle. We 

previously showed by mass spectrometry that endogenous KIN‐19 becomes 2‐fold or more insoluble 

with age [4]. KIN‐19 overexpressed under its endogenous promotor forms immobile puncta with age 

in  the  cytoplasm  of  the  pharyngeal  cells  (Figure  S1B)  [4].  KIN‐19  overexpressed  in  the  body wall 

muscle  accumulates  in  immobile  puncta  in  young worms  and  continues  to  aggregate  increasingly 

with age (Figure 1A and S1A) [4]. The early aggregation of KIN‐19 in the body‐wall muscle is likely due 

to high protein expression driven by the strong myo‐3 promotor [4]. 

To  examine  how  inherent  protein  aggregation  is  regulated  in  the  different  tissues  we  chose  to 

disrupt  proteostasis  by  inhibiting  the  proteasome,  the  autophagy  machinery  or  the  chaperone 

network. As  these  systems  are  important  for  the  correct  folding  and  degradation  of  proteins we 

would assume their inhibition to enhance inherent protein aggregation. As expected, downregulation 

of the proteasome by RNAi against the core subunit PBS‐3 or of the key autophagy component ATG‐

18  leads  to  an  increase  of  KIN‐19  aggregation  in  the  body‐wall muscle  (Figure  1A).  Furthermore, 

knockdown  of  the  heat  shock  factor  1  (HSF‐1),  the  key  transcription  factor  regulating  chaperone 

levels, significantly increases KIN‐19 aggregation with age in the body wall muscle (Figure 1A).  

Surprisingly however, disruption of proteostasis by  these  factors has a beneficial effect on KIN‐19 

aggregation  in the pharyngeal muscle. Downregulating the proteasome by PBS‐3/PAS‐6/RPT‐6 RNAi 

reduces  KIN‐19  aggregation  at  day  7,  while  loss‐of‐function  ATG‐18  mutation  reduces  KIN‐19 

aggregation  at  all  ages  (Figure  1B  and  S1C).  Also  reduced  chaperone  levels  caused  by  a  loss‐of‐

function HSF‐1 mutation  leads to a decrease  in the rate of KIN‐19 aggregation at all ages examined 

(Figure 1B and S1C).  

As  reduction  of  aggregation  as  a  consequence  of  proteostasis  disruption  in  the  pharynx  is 

unexpected, we  confirmed  those  results with another aggregation‐prone protein expressed  in  the 

pharyngeal muscle. Under  the control of  the  strong promotor myo‐2, Ras‐like GTP‐binding protein 

RHO‐1  forms aggregates already  in  young worms, and  shows an  increase of aggregation with age 

(Figure  1C).  Inhibiting  HSF‐1  or  protein  degradation  via  defective  proteasome  or  autophagy 
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significantly  reduces  RHO‐1  aggregation  compared  to  controls.  Notably,  as  we  obtained  similar 

results in the pharynx with both aggregation reporters which aggregate to varying extends and on a 

different  timescale, we  can  rule out  that differences  in  the outcome upon proteostasis disruption 

between  the  pharynx  and  the  body‐wall muscle  are  simply  a  consequence  of  different  levels  of 

aggregation‐prone proteins.  

Next,  we  asked  whether  the  conventional  protein‐quality  control  systems  could  be  potentially 

promoting directly or indirectly through their activity the process of inherent protein aggregation in 

the pharynx. For example,  this could be by degradation of an  important anti‐aggregation  factor by 

the  proteasome  or  by  HSF‐1  controlling  the  expression  of  a  prominent  pro‐aggregation  factor 

involved  in  inherent protein aggregation. However, we found that  increased proteasome activity by 

RPN‐6 overexpression [23] reduces RHO‐1 aggregation with age (Figure 1D). Similarly, overexpression 

of HSF‐1 and  thereby upregulation of  chaperones  leads  to a  clear  reduction of RHO‐1 and KIN‐19 

aggregation  (Figure  1D  and  S1C).  This  demonstrates  that  both  the  proteasome  and  chaperone 

systems normally prevent inherent protein aggregation. 

To determine the overall effect of the disruption of conventional PQC for the organism as a whole, 

we extracted the highly‐insoluble proteins from animals  lacking gonads treated with RNAi targeting 

different  proteasomal  subunits.  Analysis  of  the  total  insoluble  protein  fraction  from  all  somatic 

tissues  clearly  demonstrates  that  disrupted  proteostasis  leads  to  enhanced  protein  aggregation 

(Figure S2A). Analysis by antibody detection shows a similar trend for KIN‐19 insolubility (Figure S2B). 

These findings suggest that a reversal of protein aggregation upon proteostasis  impairment  is  likely 

restricted to the pharynx system and possibly a few less prominent tissues. 

Together,  these  results  reveal  that  disruption  of  cytoprotective  proteostasis mechanisms  usually 

responsible for preventing protein aggregation  induces a compensatory effect that protects against 

age‐related protein aggregation specifically in the pharyngeal muscles. 

 

Reduced	protein	aggregation	is	not	due	to	compensatory	upregulation	of	autophagy	or	

folding	capacity.	

From  these  results  the question arises how  impaired PQC can so effectively  reduce  the amount of 

protein  aggregates  in  the pharynx. We wondered whether  knockdown of  select PQC  components 

reduces  inherent protein  aggregation by  a  compensatory upregulation of other  conventional PQC 

components. For example, autophagy activity is up‐regulated upon proteasome inhibition [24‐26]. In 

that  case we would  expect  rescue  of  protein  aggregation  after  knockdown  of  both  degradation 

pathways. However, we found that reduced proteasome levels did not rescue KIN‐19 aggregation in 
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animals with  abrogated  autophagy  (Figure  2A). Next, we  asked whether HSF‐1  inhibition  reduces 

aggregation by upregulating degradation of misfolded proteins. Similarly, knockdown of autophagy in 

HSF‐1 mutant animals did not restore RHO‐1 aggregation in these animals (Figure 2B). 

These  results  indicate  that  reduction  of  protein  aggregation  triggered  by  disruption  of  the 

proteostasis  network  in  the  pharynx  is  not  due  to  compensatory  upregulation  of  the  other 

conventional network components.  

 

Newly	formed	proteins	are	prone	to	aggregate	with	age.	

To  understand  better  how  PQC  impairment  has  beneficial  effects  on  protein  aggregation  in  the 

pharynx  we  studied  the  aggregation  kinetics  of  age‐related  protein  aggregation.  Aggregation 

formation is possible at several stages of the proteins’ life cycle. It is yet unclear whether age‐related 

protein  aggregation  happens with  “new”  proteins  shortly  after  translation  or  rather with  “aged” 

proteins after they have accumulated damage. Aggregation of newly synthesized proteins with age 

could  be  due  to  translational mistakes  combined with  reduced  folding  and  degradation  capacity. 

Notably, a recent study demonstrated codon‐specific ribosome pausing  induces widespread protein 

aggregation  [27].  Furthermore,  a  large  fraction  (estimated  between  6%  and  30%)  of  newly 

synthesized  proteins  are  not  correctly  folded  and  are  degraded  by  the  proteasome  directly  after 

synthesis [28, 29]. In addition, newly synthesized proteins are prone to aggregate after thermal stress 

[30].  Conversely,  abundant  evidence  exists  for  the  role  of  post‐translational  modifications  in 

promoting  misfolding  and  protein  aggregation  in  disease  [31].  Importantly,  the  aggregating 

proteome  is  increasingly  carbonylated with  age  and oxidative  stress enhances  aggregation  [7]. To 

analyse whether age‐related protein aggregation is due to accumulation of older proteins with age or 

to misfolding of newly  synthesized protein, we used  the photoconvertible  fluorescent  tag mEOS2 

[32] fused to our proteins of interest. Irreversible photoconversion from a green to a red fluorescent 

state using blue  light enables  to distinguish between proteins present before  the photoconversion 

(red) and proteins newly synthesized after photoconversion  (green). We examined to which extent 

newly synthesized protein and older proteins are contributing to the age‐related protein aggregation 

observed  in  the different  tissues by quantifying  the number of green and  red aggregates. Of note, 

conversion  transformed  the  fluorescence  of  all  of  the  aggregates  already  present  into  the  red 

spectrum. However the conversion was not complete and the core region of some larger aggregates 

continued to emit green fluorescence. Already 24 hours after conversion, we observed a doubling of 

the number of animals with green‐labelled aggregates  in both  the pharynx and body‐wall muscle. 
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Conversely,  analysis  of  the  red‐labelled  aggregates  demonstrates  the  capacity  of  both  tissues  to 

remove a portion of aggregates over time (Figure 3 A, B and S3A).   

Confocal  imaging  shows  that  in  less  than 24 hours, newly  translated proteins aggregate over pre‐

existing  aggregates  suggesting  a  seed‐induced  aggregation.  To  a  lesser  extent, we  also  observed 

aggregation  independently  of  pre‐existing  aggregates  (Figure  3C  and  S3B).  Together  these  results 

demonstrate that aggregation‐prone proteins aggregate shortly after their translation.  

 

Protein‐quality	control	impairment	reduces	levels	of	newly	synthesized	aggregating	

protein	to	prevent	aggregation.		

Next, we asked which step of the aggregation process is modulated by PQC impairment. For this, we 

quantified  green  and  red  KIN‐19  aggregates  after  photoconversion  and  in  combination  with 

proteasome  inhibition. Reduced proteasome  levels did not  influence the slow rate of old aggregate 

removal  in  the  body  wall muscle  or  in  the  pharynx.  However,  proteasome  impairment  strongly 

prevented new aggregate formation  in the pharynx but not  in the body wall muscle (Figure 4A and 

4B).  

How does PQC disruption prevent the generation of aggregates? Possibilities for intervening with the 

misfolding and aggregation of newly synthesized proteins are increasing protein refolding or reducing 

of the amount of newly synthesized proteins. The  latter could be achieved by a decrease  in protein 

synthesis or an  increase  in protein  removal  in  form of degradation or  sequestration. Alternatively 

PQC impairment could be delaying the assembly of large aggregates and causing an accumulation of 

misfolded soluble proteins. 

To  assess  these  alternative  possibilities, we  analysed  the  total  protein  amount  of mEOS2‐labeled 

protein  by  quantifying  the  fluorescent  intensity  in  the  pharynx.  For  this  we  measured  green 

fluorescence  intensity  following photoconversion  in  control  conditions  and  after PQC  impairment. 

The conversion was performed  in day 2 young adults before the appearance of  large aggregates. In 

control  conditions,  KIN‐19::mEOS2  translated  after  conversion  accumulated  over  48h  due  to 

increased  transcriptional  activity  of  the  promoter  (Figure  4C  and  Figure  S4).  Upon  proteasome 

inhibition the accumulation of newly synthesized KIN‐19::mEOS2 is significantly reduced (Figure 4C). 

This  compensatory  mechanism  is  only  triggered  by  aggregation‐prone  proteins  as  proteasomal 

knockdown did not  significantly change  levels of newly  synthesized mEOS2‐tag alone  (Figure S4A). 

We observed similar findings when inhibiting autophagy (Figure 4C and Figure S4B). 
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As  reduced aggregation by an  increase  in protein  refolding would not change  total KIN‐19 protein 

levels, we  can  exclude  that  increased  folding  capacity  is  responsible  for  the  reduction  in  protein 

aggregation after proteasomal  inhibition. These  results  show  that disruption of proteostasis  in  the 

pharynx  selectively  reduces  the  levels of newly  synthesized aggregation‐prone proteins  in  the  cell 

and thereby prevents the strong age‐dependent increase of aggregation of these proteins.  

	

Discussion	

In this study we show that the regulation of age‐related protein aggregation is highly tissue‐specific. 

We find that  impaired PQC  impacts age‐related protein aggregation  in different tissues  in opposing 

directions by  increasing protein aggregation  in  the body wall muscle but  leading  to an unexpected 

reduction of aggregation with age in the pharyngeal muscle. We show that age‐related aggregation is 

generated from proteins newly synthesized in the aging body‐wall muscles and pharyngeal muscles. 

Disruptions  in proteasome, autophagy or  chaperone  systems  triggered a protective  compensatory 

response that selectively reduced levels of newly synthesized aggregation‐prone proteins with age.  

Our studies examining the dynamics of protein aggregation demonstrate that proteins do not need 

to age by accumulating damage over  time  to  localize  into aggregates.  Instead our data  reveal  that 

aggregation‐prone proteins assemble into aggregates shortly after translation. Recent findings show 

the  vulnerability  specifically  of  newly  synthesized  proteins  to  thermal  stress  and  proteostasis 

disruption  [30]. Furthermore, newly synthesized proteins are known  to be especially vulnerable  to 

misfolding through errors during protein synthesis and folding, for example codon pausing [27], lack 

of cofactors or  inadequate chaperone availability [33, 34]. Studies show that a significant part of all 

newly  synthesized  proteins  (Defective  ribosomal  products  (DRIPS))  are  directly  targeted  for 

degradation because they are unable to achieve a stable conformation due to folding and translation 

errors  and  accumulate  following  proteasome  inhibition  [28,  35].  Our  results  now  connect  these 

findings  with  aging,  as  newly  synthesized  proteins  are  responsible  for  the  increase  of  protein 

aggregation with age, indicating that the control mechanisms to prevent newly synthesized proteins 

from aggregating are decreasing  in efficiency with age,  leading to accumulation and aggregation of 

these proteins.  

An  important  question  is  how  the  contrasting  response  to  proteostasis  stress  is  triggered  in  the 

different  tissues.  Variance  in  the  expression  level  of  molecular  chaperones  and  other  proteins 

preventing  aggregation  [36],  or  in  other  factors  influencing  protein  aggregation,  like  pH, 

temperature,  ion  strength,  concentration  of  cosolutes  and  the  concentration  of  the  protein  itself 

[36], could influence the resilience of cells and could trigger compensatory mechanisms specifically in 
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one  tissue  and  not  the  other.  The  cellular  environments  of  both  the  body wall  and  pharyngeal 

muscles seem to favour protein aggregation, as we find KIN‐19 aggregating with age in both tissues. 

Our  results  strongly  suggest  that concentration of aggregation‐prone proteins  is unlikely  to be  the 

main factor  influencing this response. Furthermore, we can exclude the compensatory upregulation 

of the HSR as the reason for the reduction of protein aggregation following proteostasis disruption in 

the pharynx, as double knockdown of HSF‐1 and autophagy did not rescue the reduced aggregation 

phenotype.  

Further  research will be needed  to determine how  this compensatory  reduction of  levels of newly 

synthesized specifically aggregation prone proteins can be achieved following PQC disruption. Some 

possibilities  are  reduced  synthesis  of  specifically  aggregation‐prone  proteins  or  direct  removal  of 

these  proteins  by  an  unconventional  degradation  pathway,  like  microautophagy,  chaperone 

mediated autophagy [37] or exopher formation [38]. 

Our results provide interesting new insights into tissue‐specificity of proteostasis regulation, showing 

the ability of certain tissues to compensate in situations of proteostasis stress. Furthermore we show 

the vulnerability of newly  synthesized proteins  to age‐related protein aggregation.   As age‐related 

protein  aggregation  is  considered  to  be  an  important  factor  in  several  diseases,  finding ways  of 

improving proteostasis in aged organisms is an important step in preventing those diseases.  
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Figure 1. Proteostasis disruption differentially regulates age-related protein aggregation in the pharynx and 
the body wall muscle
(A) Age-related aggregation of KIN-19::tagRFP expressed in the body wall muscle is increased by inhibition 
of the proteasome (pbs-3), autophagy (atg-18) or the chaperone system (hsf-1). 
(B) Age-related aggregation of KIN-19::tagRFP expressed in the pharyngeal muscle is reduced by inhibition 
of the proteasome (pbs-3), autophagy (atg-18) or the chaperone system (hsf-1). 
(C) Proteostasis disruption by inhibition of the proteasome (pbs-3), autophagy (atg-18) or the chaperone 
system (hsf-1) reduces age-related aggregation of RHO-1::tagRFP expressed in the pharyngeal muscle.
(D) Activation of the proteasome (RPN-6 overexpression) or the chaperone system (HSF-1 overexpression) 
delays age-related RHO-1::tagRFP aggregation in the pharynx.
Percentage of worms exhibiting low, intermediate or high aggregation levels in a population of C. elegans. 
Numbers of worms indicated in the bars. Significance calculated low+medium versus high aggregation 
levels; *p<0.05, **p<0.01, ***p<0.001, ****p < 0.0001.
See also Figure S1, Figure S2
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Figure 2. Reduced protein aggregation following proteostasis disruption is not due to compensatory          
upregulation of the proteasome, autophagy or HSF-1.
(A) Inhibition of both the proteasome and autophagy systems does not restore KIN-19::tagRFP aggregation 
in the pharynx. 
(B) Inhibition of both the chaperone and autophagy systems does not restore KIN-19::tagRFP aggregation.
Percentage of worms exhibiting low, intermediate or high aggregation levels in a population of C. elegans. 
Numbers of worms indicated in the bars. Significance calculated low+medium versus high aggregation 
levels; *p < 0.05, **p < 0.01,****p < 0.0001.
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Figure 3. Age-related protein aggregation is due to the accumulation of newly synthesized proteins in aging 
animals.
(A) In the body wall muscle aggregation of newly synthesized (green) KIN-19::mEOS2 rapidly increases 
after photoconversion at day 2 whereas levels of red-labelled aggregates decline. 
(B) Following photoconversion at day 5 in the pharynx, the number of animals with green-labelled              
KIN-19::mEOS2 aggregates doubles over 24 hours. Conversely old aggregates labelled in red are slowly 
removed. 
Percentage of worms exhibiting low, intermediate or high aggregation levels in a population of C. elegans 
directly (AC), 24h or 48h after photoconversion. Numbers of worms indicated in the bars. Significance         
calculated low versus medium+high aggregation levels; *p < 0.05, ***p < 0.001,****p < 0.0001.  
(C) 24 hours after photoconversion at day 7, newly synthesized KIN-19::mEOS2 (green) forms new             
aggregates and  associates around older aggregates (red).  3D reconstruction of a confocal stack in the 
pharyngeal anterior bulb region. 
See also Figure S3.
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Figure 4. Proteostasis disruption prevents the aggregation of newly synthesized aggregation-prone proteins 
specifically in the pharynx. 
(A) In the pharynx, proteasomal inhibition strongly prevents aggregation of newly synthesized (green) 
KIN-19::mEOS2. Conversely the rate of old aggregate (red) removal is not influenced. Photoconversion at 
day 5. 
(B) In the body wall muscle, proteasomal inhibition does not influence aggregation of newly synthesized 
(green) or older (red) KIN-19::mEOS2 aggregates. Photoconversion at day 2. 
Percentage of worms exhibiting low, intermediate or high aggregation levels in a population of C. elegans 
directly (AC), 24h or 48h after photoconversion. Numbers of worms indicated in the bars. Significance 
calculated low versus medium+high aggregation levels; **** p < 0.0001.
(C) In the pharynx, inhibition of the proteasome or autophagy prevents the accumulation of total protein 
levels of newly synthesized (green) KIN-19::mEOS2. Photoconversion at day 2.  
Fluorescence intensity relative to Control RNAi after photoconversion (AC) at day 2. Significance calculated 
by 2-tailed t-test. *p < 0.05, **p < 0.01. 
See also Figure S4.
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Figure S1

Figure S1. Proteostasis disruption reduces age-related KIN-19 aggregation in the pharynx.
(A) KIN-19::mEOS2 puncta visible in the body wall muscle contain immobile protein, demonstrated by lack 
of fluorescent recovery after photobleaching (FRAP) after 5 minutes. Scale bar 2µm.
(B) KIN-19::mEOS2 puncta visible in the pharynx contain immobile protein, demonstrated by FRAP after 8 
minutes. Scale bar 2µm.
(C) Proteostasis disruption by inhibition of the proteasome (pbs-6, rpt-6), autophagy (atg-18 mutation) or the 
chaperone system (hsf-1 mutation) reduces age-related aggregation of KIN-19::tagRFP expressed in the 
pharyngeal muscle. Improving proteostasis by HSF-1 overexpression also reduces KIN-19::tagRFP 
aggregation. Percentage of worms exhibiting low, intermediate or high aggregation levels in a population of 
C. elegans. Numbers of worms indicated in the bars. Significance calculated low+medium versus high 
aggregation levels; *p < 0.05, **p < 0.01, ***p < 0.001,****p < 0.0001.
Corresponding to Figure 1.
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Figure S2. Proteostasis disruption leads to enhanced protein aggregation in whole worm extracts. 
(A) Insoluble protein fractions of gon-2(-) worms grown on control, pas-6 or rpt-6 RNAi till day 3 or day 7 
stained with total protein staining demonstrate increase of total protein insolubility following proteasome 
inhibition. 
(B) Insoluble protein fractions of gon-2(-) worms grown on control, pas-6 or rpt-6 RNAi till day 3 or day 7 
stained with KIN-19 antibody show increased levels of insoluble KIN-19 after proteasome inhibition. 
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Figure S3

Figure S3. Age-related protein aggregates form from newly synthesized protein in aged animals without 
seeding and around older aggregates.
(A) In the body wall muscle, aggregation of newly synthesized (green) KIN-19::mEOS2 rapidly increases 
after photoconversion at day 5 whereas levels of red-labelled aggregates decline. Percentage of worms 
exhibiting low, intermediate or high aggregation levels in a population of C. elegans directly (AC), 24h or 
48h after photoconversion. Numbers of worms indicated in the bars. Significance calculated low versus 
medium+high aggregation levels; *p < 0.05,****p < 0.0001.
(B) RHO-1::mEOS2 aggregates strongly already at day 1 and forms new aggregates (green) 24 h after 
photoconversion and associates with older aggregates (red). Scale bar 15µm, 7µm in zoom.
Corresponding to Figure 3.
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Figure S4. Proteostasis disruption does not generally influence levels of newly synthesized proteins. 
(A) In the pharynx, proteasomal inhibition does not influence total protein levels of newly synthesized 
(green) or older (red) mEOS2 control protein. 
(B) In the pharynx, inhibition of autophagy does not influence total protein levels of newly synthesized 
(green) or older (red) mEOS2 control protein. 
Fluorescence intensity relative to Control RNAi after photoconversion (AC) at day 2. Significance calculated 
by 2-tailed t-test. 
Corresponding to Figure 4.
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Experimental Procedures 

Strains: 

Wild type: N2 

CF2253: gon-2(q388)I 

Transgenics: 

CF3166: muEx473[pC03C10.1::C03C10.1::tagrfp + Ptph-1::gfp] 

CF3649: N2; muIs209[Pmyo-3::kin-19::tagrfp + Ptph-1::gfp] 

CF3706: N2; muEx587[Pkin-19::kin-19::meos2 + Punc-122::gfp] 

DCD13: N2; uqIs9[Pmyo-2::rho-1::tagrfp + Ptph-1::gfp] 

DCD69: N2; uqEx4[Pmyo-3::kin-19::meos2] 

DCD83: ttTi5605II; unc-119(ed3)III; uqEx[Pmyo-2::rho-1::meos2 + Punc-122::gfp + cb-unc-119(+)] 

DCD88: muIs115[Phsfp::hsf-1 + Pmyo-3p::gfp]; uqIs9[Pmyo-2::rho-1::tagrfp + Ptph-1::gfp] 

DCD173: hsf-1(sy441)I; muEx587[Pkin-19::kin-19::meos2 + Punc-122::gfp] 

DCD174: atg-18(gk378)V; muEx587[Pkin-19::kin-19::meos2 + Punc-122::gfp] 

DCD190: N2; uqIs9[Pmyo-2::rho-1::tagrfp + Ptph-1::gfp]; uthEx557[Sur-5p::rpn-6 + Myo-3p::gfp] 

DCD245: N2; uqEx49[Pkin-19::meos2] 

DCD258: hsf-1(sy441)I; muIs209[Pmyo-3::kin-19::tagrfp + Ptph-1::gfp] 

 

Maintenance: 

All strains were kept at 15°C on NGM plates inoculated with OP50 using standard techniques. Age-

synchronization was achieved by transferring adults of the desired strain to 20°C and selecting their 

progeny at L4 stage. From L4 stage on experiments were performed at 20°C. 

 

RNAi treatment: 

RNA treatment was performed by feeding as previously published [39]. The RNAi clones were 

acquired from the Marc Vidal or the Julie Ahringer RNAi feeding library (Source BioScience, UK) and 

sequenced. HT115 containing the empty vector L4440 was used as control.  
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Imaging: 

For confocal analysis using a Leica SP8 confocal microscope with the HC PL APO CS2 63x1.40 oil 

objective, worms were mounted onto slides with 2% agarose pads using 2 µM levamisole for 

anaesthesia. Worms were examined using the Leica HyD hybrid detector. The tag mEOS2 was 

detected using 506nm as excitation and an emission range from 508-525nm for green fluorescence 

and 571nm as excitation and an emission range from 573-602nm for red fluorescence. 3D 

reconstructions were performed using the Leica Application Suite (LAS X). 

 

FRAP analysis: 

FRAP analysis was performed as previously described [4] using the Leica SP8 confocal microscope 

with the HC PL APO CS2 63x 1.30 glycerol objective and PMT detector. Relative fluorescence intensity 

(RFI) was analysed as described previously following the equation RFI = (Tt/Ct)/(T0/C0), where T0 is 

the intensity in the region of interest (ROI) before photobleaching; Tt, the intensity in the ROI at a 

defined time after photobleaching; C0, the intensity in the non-bleached part of the puncta before 

photobleaching; and Ct, the intensity in the non-bleached part of the puncta after bleaching [40]. 

 

Protein extraction and western blotting analysis: 

Isolation of insoluble proteins for western blot analysis and western blotting was performed as 

previously published [41]. Bands were detected by immunoblot using KIN-19 antibody (Cell 

Signalling, 1:500) or whole blot staining by Sypro Ruby blot staining (Thermo Scientific) for total 

protein levels. 

 

Photoconversion of mEOS2-tag and quantification of fluorescence levels: 

For photoconversion worms were placed onto small (diameter 35 mm) NGM plates without food and 

exposed to blue light five times for six minutes, with 2 minutes breaks. For quantification of 

fluorescence levels worms were mounted onto slides with 2% agarose pads using 2 µM levamisole 

for anaesthesia. Using an Axio Observer.Z1 (Zeiss), levels of green (eGFP set 38HE, excitation 470 

±40nm, emission 525 ±50nm) and red (dsRED set 43HE, excitation 550 ±25nm, emission 605 ±70nm) 

fluorescence were detected and intensities determined using ImageJ [42, 43]. 
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Aggregation quantification in vivo: 

Aggregation levels were determined using Leica fluorescence microscope M165 FC with a Planapo 

2.0x objective. Animals overexpressing Pmyo-2::Rho-1::TagRFP were divided into three categories 

according to the aggregation visible in the Isthmus: animals with no aggregation (low aggregation), 

animals with aggregation in up to 50% (intermediate aggregation) and animals with aggregation in 

more than 50% (high aggregation) of the isthmus. Animals overexpressing Pmyo-3::KIN-19::TagRFP 

were divided into three categories: animals with more than 15 puncta in the head or the middle body 

region (low aggregation), animals with more than 15 puncta in the head and the middle body region 

(intermediate aggregation) and animals with puncta in head, middle body and tail region (high 

aggregation). Animals expressing Pkin-19::KIN-19::mEOS2 were divided into less than 10 puncta (low 

aggregation), between 10 and 100 puncta (intermediate aggregation) and over 100 puncta in the 

anterior bulb (high aggregation).  

Counting was done in a blind fashion. Two-tailed Fisher’s exact test using an online tool 

(http://www.socscistatistics.com/tests/fisher/default2.aspx) was performed for statistical analysis.  
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SUMMARY

Low-complexity ‘‘prion-like’’ domains in key RNA-
binding proteins (RBPs) mediate the reversible as-
sembly of RNA granules. Individual RBPs harboring
these domains have been linked to specific neurode-
generative diseases. Although their aggregation in
neurodegeneration has been extensively character-
ized, it remains unknown how the process of aging
disturbs RBP dynamics. We show that a wide variety
of RNA granule components, including stress
granule proteins, become highly insoluble with age
in C. elegans and that reduced insulin/insulin-like
growth factor 1 (IGF-1) daf-2 receptor signaling effi-
ciently prevents their aggregation. Importantly,
stress-granule-related RBP aggregates are associ-
ated with reduced fitness. We show that heat shock
transcription factor 1 (HSF-1) is a main regulator of
stress-granule-related RBP aggregation in both
young and aged animals. During aging, increasing
DAF-16 activity restores dynamic stress-granule-
related RBPs, partly by decreasing the buildup of
other misfolded proteins that seed RBP aggregation.
Longevity-associated mechanisms found to main-
tain dynamic RBPs during aging could be relevant
for neurodegenerative diseases.
INTRODUCTION

Young, healthy organisms strive to maintain their proteome in a

functional state through the tight control of rates of protein

synthesis, folding, and degradation. Extensive quality-control

systems are set up throughout the cell to prevent and manage

protein damage. As the organism ages, these control mecha-
454 Cell Reports 18, 454–467, January 10, 2017 ª 2017 The Author(s
This is an open access article under the CC BY-NC-ND license (http://
nisms become less efficient, leading to a disruption in protein

homeostasis (Balch et al., 2008; David, 2012). Aging is the

main risk factor for a variety of neurodegenerative diseases

where specific proteins accumulate as pathological aggregates.

Recently, there has been considerable interest in investigating

widespread protein aggregation in the absence of disease. Mul-

tiple studies have demonstrated that several hundred proteins

become highly detergent-insoluble in aged animals (Ayyade-

vara et al., 2016; David, 2012; David et al., 2010; Demontis

and Perrimon, 2010; Reis-Rodrigues et al., 2012; Tanase

et al., 2016; Walther et al., 2015). Computational analysis of

the insoluble proteome indicates an overrepresentation of

proteins with functional and structural similarities (David et al.,

2010). The examination of some of these proteins in vivo reveals

their assembly into large ‘‘solid’’ aggregates with age similar to

those formed in the context of disease. The discovery of endog-

enous age-dependent protein aggregation in model organisms

gives us the unprecedented opportunity to dissect the intrinsic

cellular machineries responsible for preventing protein aggrega-

tion without using ectopically expressed human disease-asso-

ciated proteins. At this time, very little is known concerning

the regulation of widespread protein insolubility with age and

its consequences for the health of the organism. Interestingly,

several studies show that protein insolubility is modified in

long-lived animals with reduced insulin/insulin growth factor

(IGF)-1 daf-2 signaling, but it remains unclear to which extent

(David et al., 2010; Demontis and Perrimon, 2010; Walther

et al., 2015).

A growing number of familial and sporadic forms of neurode-

generative diseases show pathological inclusions caused

by abnormal aggregation of RNA-binding proteins (RBPs).

The first RBPs identified in these inclusions were TAR DNA

binding protein of 43 kDa (TDP-43) and fused in sarcoma

(FUS), associated with amyotrophic lateral sclerosis (ALS) and

frontotemporal lobar degeneration (FTLD) (Arai et al., 2006;

Neumann et al., 2009; Neumann et al., 2006). Since then addi-

tional RBPs such as TAF15, EWSR1, hnRNPA2B1, hnRNPA1,
).
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Figure 1. RNA Granule Components No Longer Aggregate in Long-Lived Animals with Reduced daf-2 Signaling

(A) Distribution of fold changes with age in insolubility for 260 proteins (n = 3, biological replicates). Fold changes are measured by iTRAQ quantification.

(B) Flowchart describing the segregation of insolubility fold changes with age into different groups for analysis.

(C) Proteins with reduced aggregation in daf-2RNAi conditions and U2OS proteins precipitated by b-isox are enriched in aliphatic amino acids. Unequal variance

t test: proteins aggregatingmore with age in long-lived animals (n = 43, >1.2-fold), p = 0.04; proteins aggregating less with age in long-lived animals (n = 81, <0.83-

fold), p = 6.1E-15; proteins precipitated by b-isox (n = 126), p = 1.3E-9.

(legend continued on next page)
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and hnRNPA3 have been associated with neurodegenerative

diseases (Kim et al., 2013; Neumann et al., 2011). All of the

known RBPs associated with dementia contain a low-

complexity (LC) ‘‘prion-like’’ domain enriched in glycines and

uncharged polar amino acids, and similar to the sequences

driving yeast prion aggregation (Alberti et al., 2009; King

et al., 2012). Mutations in this domain enhance pathology by

accelerating aggregation (Johnson et al., 2009; Kim et al.,

2013). LC prion-like domains are also present in key RBPs

that mediate the assembly of RNA granules by liquid-liquid

phase separation (Lin et al., 2015; Molliex et al., 2015; Mura-

kami et al., 2015; Patel et al., 2015). Significantly, a small pro-

portion of liquid droplets made by RBPs transform into solid

aggregates over time in vitro (Lin et al., 2015; Molliex et al.,

2015; Murakami et al., 2015; Patel et al., 2015). For clarity,

we will use the term aggregation only when referring to the for-

mation of non-dynamic RBP aggregates. An important question

is whether the special assembly properties of RBPs puts them

at risk of aggregating during aging in a multicellular organism

and not just in the context of disease. Interestingly, several

RBPs with LC prion-like domains were identified in the insol-

uble proteome of aged animals (David et al., 2010). Overall, it

is imperative to know the causes and consequences of wild-

type RBP aggregation during aging in order to fully understand

RBP aggregation in neurodegenerative diseases. Furthermore,

it is likely that the organism has evolved specific mechanisms

to control liquid droplet protein aggregation.

In the current study, we chose to focus on key RBPs respon-

sible for stress granule formation. Stress granules are a specific

type of RNA granule that protect the cell by sequestering mRNA

from the translational machinery during periods of stress. Impor-

tantly, stress granule proteins are often found to co-localize with

pathological inclusions of TDP-43 and FUS (Bentmann et al.,

2013; Li et al., 2013). Whether these stress granule proteins

are innocent bystanders transiently interacting with TDP-43

and FUS or whether they co-aggregate and accelerate dis-

ease-associated RBP aggregation remains intensely debated

(Bentmann et al., 2013; Li et al., 2013).

We show that key stress-granule-related RBPs (sgRBPs)

accumulate in aberrant stress granule-like puncta and in large

solid aggregates in aged C. elegans. Proteomic analysis re-

vealed that long-lived animals with reduced daf-2 signaling pref-

erentially abrogate the insolubility of RNA granule components.

Importantly, sgRBP aggregates are associated with reduced

animal size,motility, and lifespan.We show that sgRBP aggrega-

tion is triggered at an earlier age by their co-aggregation with

other misfolded proteins, a process that is prevented by DAF-

16 in daf-2 mutants. In addition, the proteostasis network

established by heat shock transcription factor 1 (HSF-1) during
(D) Proteins that aggregate in both control and daf-2 RNAi conditions are enriched

aggregating more with age in long-lived animals (n = 43, >1.2-fold), p = 0.002;

p = 0.09; proteins precipitated by b-isox (n = 126), p = 0.6.

(E) Large SDS-insoluble aggregates precipitated by 20,000 3 g. Immunoblots d

CAR-1 (truncated band marked by asterisk). Relevant protein bands are indicate

(F) Flowchart showing a high overlap between proteins precipitated by b-isox

aggregating in daf-2(�) conditions.

See also Figures S1, S2, and S3 and Tables S1, S2, S3, and S4.
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development is required tomaintain dynamic stress granule pro-

teins throughout the animal’s life.

RESULTS

Long-Lived Animals with Reduced daf-2 Signaling
Prevent Widespread Protein Insolubility with Age
To identify and quantify changes in aggregation-prone proteins

in animals with reduced daf-2 signaling, we performed an in-

depth proteomic analysis of the insoluble proteome from both

control and long-lived animals (Figure 1A; Table S1). Because

protein misfolding and aggregation is highly abundant in aged

C. elegans gonads and masks changes in other somatic tissues

(David et al., 2010; Goudeau and Aguilaniu, 2010; Zimmerman

et al., 2015), we used a gonad-less mutant to focus our analysis

on protein insolubility in non-reproductive tissues. We isolated

large aggregates that are pelleted by low centrifugal forces

(20,000 3 g) and insoluble in 0.5% SDS. In three biological rep-

licates, we identified 260 insoluble proteins, of which 186 were

highly prone to aggregate with age in control animals (Figure 1B).

The strong correlations between the control replicates (r = 0.77,

r = 0.85, and r = 0.67) and long-lived replicates (r = 0.87, r = 0.86.

and r = 0.82) attest to the quality of the quantification and exper-

imental reproducibility (Figures S1A and S1B). None of these

insoluble proteins was more prone to aggregate with age in the

long-lived animals as compared with controls. These results

are consistent with previous observations (David et al., 2010;

Demontis and Perrimon, 2010). Surprisingly, a recent proteomic

study showed that endogenous protein insolubility is higher in

daf-2 mutants than in wild-type animals (Walther et al., 2015).

To account for procedural differences, we performed the extrac-

tion following the less stringent extraction protocol fromWalther

et al. (2015). By omitting SDS and using ultracentrifugation at

500,0003 g, Walther et al. analyzed highly insoluble large aggre-

gates (as in this study), as well as smaller and more soluble ag-

gregates. However, we did not observe a general change in

the action of daf-2 signaling on protein insolubility with age after

using the less stringent extraction protocol (Figure S1C). Next,

we asked whether the inconsistencies between the studies

could be related to protein aggregation in the gonad and indeed,

we found that long-lived animals with gonads have proportion-

ally more insoluble proteins compared with wild-type animals

with gonads (Figure S1D). These results suggest that aggrega-

tion in the gonad masks the protective effect of reduced daf-2

signaling in somatic tissues. Importantly, we confirmed this pro-

tective action of reduced daf-2 signaling with several candidates

(see below).

Taken together, these data demonstrate that reduced daf-2

signaling promotes protein solubility in most tissues with age.
in extended stretches of b-sheet propensity. Unequal variance t test: proteins

proteins aggregating less with age in long-lived animals (n = 81, <0.83-fold),

etecting RBPs PAB-1, FIB-1, HRP-1 (unspecific band noted by asterisk), and

d by red arrow.

and aggregation-prone proteins in C. elegans, in particular those no longer



R
ec

ov
er

y
H

ea
t s

tre
ss

A tagRFP::PAB-1, young

C
on

tro
l

maximum z-stack projection single plane zoom maximum z-stack projection single plane zoom

maximum z-stack projection single plane zoom maximum z-stack projection single plane zoom

R
ec

ov
er

y
H

ea
t s

tre
ss

C

C
on

tro
l

D
ay

 8
D

ay
 1

tagRFP::PAB-1B

D
ay

 1
4

D
ay

 1
D

ay
 8

Venus::TIAR-2D

D
ay

 1
4

tagRFP::PAB-1

0

20

40

60

80

100

High

Intermediate

Low

852

A
ni

m
al

s 
pe

r c
at

eg
or

y 
(%

) Aggregation 
levels:

Days

E

97 88 65

****
* ***

Venus::TIAR-2

0

20

40

60

80

100

Intermediate

Low 

742

A
ni

m
al

s 
pe

r c
at

eg
or

y 
(%

) Aggregation 
levels:

Days

F

59 58 47

* *

Venus::TIAR-2, young

G

Venus::TIAR-2

tagRFP::PAB-1

Venus::TIAR-2 + tagRFP::PAB-1, 
Day 9

merge

Figure 2. Stress-Granule-Related RBPs PAB-1 and TIAR-2 Aggregate with Age in C. elegans

(A) tagRFP::PAB-1 expressed in the pharyngeal muscles forms stress granules upon heat stress (2 hr, 32�C) on day 1 of adulthood. No stress granules are visible

after recovery (+24 hr). Scale bars: z stack projection, 15 mm; single-plane insets, 5 mm.

(B) tagRFP::PAB-1 distribution changes from a diffuse pattern in young animals to a punctate pattern in agedworms. Scale bars: z stack projection, 15 mm; single-

plane insets, 5 mm.

(C) Venus::TIAR-2 expressed in the pharyngeal muscles forms stress granules upon heat stress (2 hr, 32�C) on day 1 of adulthood. No stress granules are visible

after recovery (+24 hr). Scale bars: z stack projection, 15 mm; single-plane insets, 5 mm.

(D) Venus::TIAR-2 accumulates mainly in stress-granule-like puncta with age. Scale bars: z stack projection, 15 mm; single-plane insets, 5 mm.

(legend continued on next page)
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Reduced daf-2 Signaling Preferentially Abrogates the
Insolubility of RNA Granule Components
To investigate specifically changes in insolubility regulated by

reduced daf-2 signaling, we sorted proteins prone to aggregate

with age in control animals (>2-fold) by their fold change in insol-

ubility with age in the long-lived conditions. We restricted our

analysis to 87 proteins that aggregated less with age (<0.83-

fold) and 52 proteins that continued to aggregate with age

(>1.2-fold) in the long-lived animals (Figure 1B; Table S1). Previ-

ous bioinformatics analysis of aggregation-prone proteins re-

vealed an enrichment in both b-sheet propensity and aliphatic

amino acids (David et al., 2010). A similar enrichment in thewhole

insoluble proteome was identified in this study (Figures S1E and

S1F). Intriguingly, when examining the two groups of insoluble

proteins that were differentially regulated by reduced daf-2

signaling, we found a segregation of the two properties. Proteins

with abrogated aggregation with the daf-2 RNAi treatment were

highly enriched in aliphatic amino acids, in particular alanine,

glycine, and valines, but not in b sheets (Figures 1C, 1D, and

S1G). Conversely, proteins that still aggregate in the daf-2(�)

condition had a significant propensity to form b sheets but

were only modestly enriched in aliphatic amino acids (Figures

1C and 1D).

Next, we searched for functional differences between the

two groups differentially regulated by reduced daf-2 signaling.

Strikingly, ribosomal proteins and RNA granule components,

including stress granule and P-granule RBPs, were highly over-

represented among the proteins that were prevented from

aggregating with age in the long-lived animals (Tables S2A and

S3). Conversely, chaperones and vitellogenin yolk proteins

were overrepresented among proteins that were still prone to

aggregate with age in daf-2(�) conditions (Table S2B). Among

the RBPs, four are predicted to have LC prion-like domains

(Alberti et al., 2009): PAB-1, FIB-1, HRP-1, and CAR-1 (Fig-

ure S2A). By western blot, we confirmed that reduced daf-2

signaling abrogated their aggregation with age (Figures 1E

and S2B). In addition, we evaluated two proteins without RNA-

binding or LC prion-like domains, PAR-5 and DAF-21, quantified

by mass spectrometry as more insoluble with age in both

control and long-lived animals. We confirmed that PAR-5 and

DAF-21 continued to aggregate with age in long-lived animals

(by >7-fold and 10-fold, respectively), albeit to a reduced extent

compared with controls (Figure S2C). Of note, changes in aggre-

gation were not correlated with changes in total protein levels

(Figure S3).

A previous study found that the chemical b-isox exclusively

causes RNA granules to precipitate out from whole-cell lysates

by inducing their assembly into a hydrogel (Han et al., 2012;

Kato et al., 2012). Proteins precipitated by b-isox were also en-

riched in aliphatic amino acids (in particular glycine and to a

lesser extent alanine and valine) and not in the propensity to

form b sheets (Figures 1C, 1D, and S1G). We checked for pro-
(E) Increased tagRFP::PAB-1 aggregation with age in a population of C. elegans

(F) Increased Venus::TIAR-2 aggregation with age in a population of C. elegans.

(G) tagRFP::PAB-1 co-localizes with stress-granule-like Venus::TIAR-2 puncta

bar, 7 mm.

See also Figure S4.
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teins in common with our study and found a very significant

overlap between proteins precipitated by b-isox and proteins

no longer aggregating in the long-lived conditions (Figure 1F;

Table S4).

Together, these results indicate that different types of RNA

granule components including key RBPs responsible for their as-

sembly become insoluble with age, and long-lived animals with

reduced daf-2 signaling are highly successful in preventing their

aggregation. Interestingly, higher levels of aliphatic amino acids

in RNA granule components could help their assembly and/or

drive their age-dependent aggregation.

Key Stress Granule Proteins PAB-1 and TIAR-2 Form
Solid Aggregates in Aged C. elegans

To investigate further the aggregation of key RBPswith LC prion-

like domains and to understand the mechanisms involved, we

generated C. elegans strains expressing PAB-1 and TIAR-2 in

the pharyngeal muscles, fused to fluorescent tags. PAB-1 and

TIAR-2 are the C. elegans homologs of human polyadenylate-

binding protein 1 (PABP-1) and T-cell-restricted intracellular

antigen-1 (TIA-1), two prominent RBPs that localize to stress

granules and are also minor components of pathological inclu-

sions that occur in ALS and FLTD (Bentmann et al., 2012).

Both of these RBPs harbor LC prion-like domains (Figure S2A)

(Alberti et al., 2009).

Exposing cells to stressors such as heat induces RBPswith LC

prion-like domains to form liquid droplets (Molliex et al., 2015;

Patel et al., 2015). Similarly, heat shock in C. elegans caused

PAB-1 and TIAR-2 to form stress granules (Figures 2A and 2C;

Figure S4A) (Murakami et al., 2012; Rousakis et al., 2014).

When co-expressed, PAB-1 and TIAR-2 localized to the same

stress granules (Figure S4B). Consistent with the dynamic nature

of stress granules, these puncta were no longer observed 24 hr

after the heat shock (Figures 2A and 2C). Using antibodies, we

observed a similar change in pattern with endogenous PAB-1,

indicating the effect is not merely due to overexpression or the

fluorescent tag (Figure S4C). As an additional control, we

showed that kinase KIN-19, which is not an RBP and lacks a

LC prion-like domain, does not localize to stress granules upon

heat shock (Figure S4D).

With age, we observed a striking change in the distribution

pattern of these key stress granule RBPs. Whereas the majority

of PAB-1 and TIAR-2 proteins were diffusely localized in non-

stressed young animals, we found that both stress granule com-

ponents accumulated in distinct puncta in aged animals (Figures

2B and 2D; Figure S4F). This change was specific for PAB-1 and

TIAR-2 as the fluorescent tags alone (Venus or tagRFP) remained

diffusewith age (Figure S4E) (David et al., 2010). The results were

not simply caused by overexpression because endogenous

PAB-1 formed similar puncta with age, in the different head re-

gions where it is natively expressed (Figure S4G). For both

PAB-1 and TIAR-2, we observed a significant increase with
. Day 5 or 8 versus day 2: ****p < 0.0001.

Day 7 versus day 2: **p < 0.01.

in double-transgenic animals. Representative single-plane images. Scale
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age in the number of worms with large puncta that are visible by

low-magnification microscopy (Figures 2E and 2F; Figure S4H).

Interestingly, imaging at high magnification revealed that

TIAR-2 in aged animals was localized predominantly in small

puncta highly reminiscent of stress granules assembled during

heat shock, whereas PAB-1 accumulated to a greater extent in

large puncta that were not normally observed upon heat shock

in young animals (Figures 2B, 2D, single-plane insets, 3A, 3C,

and 3D). Quantification confirmed that stress granules induced

during heat shock and aberrant TIAR-2 stress granule-like

puncta formed during aging had similar sizes (Figure 3B).

Remarkably, when co-expressed, PAB-1 preferentially co-local-

ized within TIAR-2-positive age-dependent stress-granule-like

puncta (Figure 2G), suggesting that interactions between RBPs

change their aggregation patterns.

A hallmark of protein aggregation associated with disease is

the immobility of proteins within the aggregates. To evaluate

this aspect, we monitored fluorescence recovery after photo-

bleaching (FRAP) in large PAB-1 and TIAR-2 puncta (Figures

3E–3I). All large TIAR-2 puncta and half of the large PAB-1

puncta in aged animals showed no fluorescence recovery,

demonstrating that these are solid aggregates (Figures 3E–3I).

Because of the small size of the age-dependent stress-

granule-like puncta, it was not possible to assess the mobility

of TIAR-2 or PAB-1 in these structures. Consequently, we used

the large puncta as a readout for sgRBP aggregation in subse-

quent experiments.

Aggregation of Key Stress Granule Component PAB-1 Is
Associated with Reduced Fitness
The consequences of age-dependent protein aggregation for

the animal’s health are poorly understood. Here, we evaluated

the impact of the aggregation of a key stress granule component

during aging. Surprisingly, PAB-1 overexpression was protective

as animals, grown at 15�C, 20�C, or 25�C all their life, lived longer

than non-transgenic animals (Table S5). However, this effect is

likely due to higher levels of functional PAB-1 and not related

to protein aggregation because PAB-1 does not aggregate in

animals at 15�C (Figure S5A). In order to distinguish effects spe-

cifically related to PAB-1 aggregation, we separated PAB-1

transgenics at day 7 into three groups depending on their aggre-
Figure 3. TIAR-2 and PAB-1 Accumulate in Stress-Granule-like Puncta

(A) Small Venus::TIAR-2 puncta formed with age are similar to stress granules f

puncta for size quantification. Scale bars, 5 mm.

(B) Size quantification of Venus::TIAR-2 puncta from masks of representative sin

(C) Representative single-plane images and masks of puncta for size quantificatio

granules assembled during heat stress. Scale bars, 5 mm.

(D) Size quantification of tagRFP::PAB-1 puncta frommasks of representative sin

puncta.

(E) Representative immobile tagRFP::PAB-1 puncta at day 11 assayed by FRAP

(F) Representative immobile Venus::TIAR-2 puncta at day 8 assayed by FRAP. B

(G) FRAP analysis of immobile tagRFP::PAB-1 puncta present in aged worms (

Number of animals = 6, puncta evaluated = 6, mean ± SD is represented.

(H) Venus::TIAR-2 puncta monitored by FRAP were highly immobile both in yo

animals = 5, puncta evaluated = 5, mean ± SD is represented.

(I) Quantification of FRAP results shows increased immobility of tagRFP::PAB-1

worms (day 2) were immobile (number of animals = 18, puncta evaluated = 57) com

evaluated = 55).
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gation levels. We found that animals with PAB-1 aggregation

were significantly smaller in size compared with animals without

PAB-1 aggregation (Figure 4A; Figure S5B). In addition, smaller

animals were visibly less motile (Movie S1). Importantly, mildly

stressed animals with the highest levels of aggregation died

earlier (Figure 4B; Table S5). Overall, these results demonstrate

that PAB-1 aggregation is associated with impaired health.

HSF-1 Activity during Development Protects against
sgRBP Aggregation
Our proteomic study revealed that reduced daf-2 signaling effi-

ciently prevents the insolubility of stress granule components

with age. We confirmed that long-lived daf-2 mutants greatly

delay the formation of both stress-granule-like structures and

large aggregates of PAB-1 and TIAR-2 (Figures 5A and 5B;

Figures S6A and S6B). To gain insight into the mechanisms con-

trolling protein aggregation, we investigated the role of the tran-

scription factor HSF-1 activated by reduced daf-2 signaling (Hsu

et al., 2003; Volovik et al., 2012). Chaperones HSP110, HSP70,

and HSP40 modulate stress granule dynamics in Saccharo-

myces cerevisiae and/or in cell culture (Cherkasov et al., 2013;

Gilks et al., 2004; Kroschwald et al., 2015; Walters et al., 2015).

Because chaperone expression is controlled by HSF-1 in

C. elegans, we speculated that HSF-1 may regulate sgRBP ag-

gregation. Indeed, impairing HSF-1 activity in both daf-2(�)

and wild-type backgrounds caused severe PAB-1 aggregation

already in young adults as well as in aged individuals, an effect

that was reversed by overexpressing HSF-1 (Figures 5C–5E; Fig-

ures S6C and S6D). Interestingly, HSF-1 in daf-2mutants did not

control the aggregation of the kinase KIN-19, which was previ-

ously shown to misfold and form solid aggregates with age (Fig-

ure 5G) (David et al., 2010). These results suggest that HSF-1

regulates different types of endogenous protein aggregation

with age to different extents. It was previously shown that to

assure daf-2(�) longevity, HSF-1 is most highly expressed and

acts mainly during development (Volovik et al., 2012). We

observed that impairing HSF-1 activity by RNAi during adulthood

had no effect on PAB-1 aggregation (Figure 5F; Figure S6E).

Conversely, reducing HSF-1 activity by RNAi during develop-

ment caused PAB-1 aggregation in young adults, albeit mainly

in the anterior bulb (Figure 5F).
and Large Immobile Puncta in Aged C. elegans

ormed during heat stress. Representative single-plane images and masks of

gle-plane images in (A).

n showing large tagRFP::PAB-1 puncta formed with age compared with stress

gle-plane images in (C). Puncta larger than 0.5 mm2 were considered as ‘‘large’’

. Bleached area is marked by white box. Scale bar, 4 mm.

leached area is marked by white box. Scale bar, 2 mm.

days 11–12). Quantification of relative fluorescence intensity (RFI) over time.

ung (day 2) and in aged (day 8) animals. In both young and aged animals:

puncta with age. Twenty percent of tagRFP::PAB-1 puncta present in young

pared with 51% in aged worms (days 11–15) (number of animals = 18, puncta
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See also Figure S5, Table S5, and Movie S1.
The same chaperones discovered to regulate stress granule

dynamics in other model systems could also play a role in pre-

venting sgRBP aggregation. In yeast the Hsp40 proteins Sis1

and Ydj1 were shown to co-localize with stress granules and

to play a role in stress granule disassembly (Walters et al.,

2015). We evaluated worm strains overexpressing yellow fluo-

rescent protein (YFP)-tagged DNJ-13 and DNJ-19, the worm or-

thologs of Sis1 and Ydj1, together with tagRFP::PAB-1. We

observed occasional co-localization of both chaperones with

both heat-induced PAB-1 stress granules and age-dependent

large and stress-granule-like PAB-1 puncta (Figures S6G and

S6H). These findings were confirmed in single tagRFP::PAB-1

transgenics using antibodies against DNJ-13 and DNJ-19 (data

not shown). However, overexpression of DNJ-19 and DNJ-13

did not significantly reduce PAB-1 aggregation with age (Figures

S6F and S6I), indicating that these chaperones may not modu-

late sgRBP aggregation. In addition, we performed immuno-

staining for HSP110. However, we observed no co-staining

with either PAB-1 stress granules induced by heat shock or

PAB-1 puncta formed during aging. Therefore, it is possible

that HSP110 does not modulate stress granule dynamics and

sgRBP aggregation in C. elegans. Finally, we investigated the

role of HSP70 on sgRBP aggregation and found that inhibition

of HSP70 by RNAi did not alter PAB-1 aggregation (Table S6).

Of note, the later results could be caused by redundancy be-

tween chaperone functions.

Collectively, these results reveal that HSF-1 is an important

regulator of sgRBP aggregation throughout life, and it contrib-

utes to maintaining dynamic stress granule proteins in long-lived

daf-2mutants. The exact chaperones responsible for preventing

sgRBP aggregation remain to be determined.

daf-2 Mutants Avoid sgRBP Aggregation in Part by
Eliminating Putative Cross-Seeding
Next, we examined the role of the transcription factor DAF-16

activated by reduced daf-2 signaling (Lin et al., 1997; Ogg

et al., 1997). In daf-2 mutants, DAF-16 protected against PAB-1

aggregation in aged animals (Figures 5C and 5D). Importantly,

daf-2 mutants use DAF-16 to control different types of age-

dependent protein aggregation because delayed aggregation

of the kinase KIN-19 was also dependent on DAF-16 (Figure 5G).

Recent work performed inS. cerevisiae andDrosophila reveals

that stress granules dynamically interact with misfolded proteins
(Cherkasov et al., 2013; Kroschwald et al., 2015). We speculated

that widespread protein misfolding and aggregation occurring

with age could promote sgRBP aggregation. In support of this

hypothesis, we observed the co-localization of PAB-1 and

KIN-19 in large immobile aggregates in double transgenics

(Figures 6A and 6B). Next, we evaluated the rate of PAB-1 and

KIN-19 aggregation in the double transgenics relative to their ag-

gregation rates in single transgenics (Figures 6C and 6D). In the

single transgenics, KIN-19 aggregated faster and to a greater

extent than PAB-1. Importantly, when both PAB-1 and KIN-19

were co-expressed, the presence of misfolded KIN-19 triggered

more abundant PAB-1 aggregation at an earlier age (Figure 6C).

Conversely, KIN-19 aggregation was slightly impeded by PAB-1

overexpression (Figure 6D), indicating that sgRBP aggregation

does not cross-seed KIN-19 aggregation. Notably, PAB-1 ag-

gregation was not accelerated by the co-expression of a fluores-

cent tag alone (Figure 6E). Furthermore, we did not observe a

general induction of PAB-1 stress granules in young double-

transgenic animals expressing both KIN-19 and PAB-1 (Fig-

ure S6J). These data strongly suggest that PAB-1 aggregation

is not simply the consequence of generalized cellular stress

induced by KIN-19 overexpression. Rather, the co-localization

of KIN-19 and PAB-1 in the same aggregates as well as the

earlier and accelerated aggregation of PAB-1 is consistent with

a seeding mechanism related to KIN-19 aggregation.

Taken together, we interpret these findings to imply that the

accumulation of misfolded proteins with age acts as a seed for

sgRBP aggregation. Therefore, the overall reduction in wide-

spread protein aggregation in long-lived daf-2(�) conditions as

evidenced by our proteomic analysis, at least in part through

increased DAF-16 activity, could be an effective strategy to pre-

vent sgRBP aggregation.

Other Longevity Pathways Prevent Age-Dependent
sgRBP Aggregation
Several experimental manipulations have been shown to extend

the lifespan of C. elegans and protect against proteotoxicity

(Kenyon, 2010; Taylor and Dillin, 2011). We wondered whether

other pathways extending lifespan could also protect against

sgRBP aggregation. We found that both dietary restriction

mimicked in eat-2 mutant animals as well as inhibition of mito-

chondrial function achieved by targeting cyc-1 with RNAi

strongly limited PAB-1 aggregation with age (Figures 7A and
Cell Reports 18, 454–467, January 10, 2017 461
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7B). Therefore, maintaining dynamic RBPs could be a common

strategy associated with longevity.

DISCUSSION

We show that a wide variety of RNA granule components

become highly insoluble with age in C. elegans. Together with

previous in vitro and cell culture results, our findings demon-

strate that the capacity of RBPs to cycle between assembled

and disassembled states can become a liability in aging organ-

isms. Already in young animals, maintaining sgRBP dynamics

necessitates an active control system established by HSF-1.

The accumulation of other misfolded proteins during age acts

as a seed for the aggregation of key sgRBPs. Significantly, one

of the main outcomes of the longevity program initiated by

reduced daf-2 signaling while responding to widespread protein

aggregation is the preservation of RBP solubility with age.

In this study, we have examined in detail the aggregation

pattern of PAB-1 and TIAR-2, two key RBPs with LC prion-like

domains that are important for the formation of stress granules.

During the aging process, both proteins spontaneously assem-

bled into small puncta similar to liquid droplets induced during

stress and into larger aggregates. Significantly, upon co-expres-

sion, both PAB-1 and TIAR-2 co-localized in these age-related

stress-granule-like structures. Because our proteomic analysis

revealed a number of stress granule components in the insoluble

proteome, it is likely that secondary stress granule proteins are

also incorporated. Therefore, an attractive hypothesis is that

these small puncta represent stress granules formed as a

response to stress related to aging. The inherent aggregation

propensity of sgRBPs would induce at least some of these drop-

lets to undergo the irreversible transition into a solid state. These

stabilized stress granules could then grow into large aggregates

as we observed with PAB-1, or simply accumulate with age as

seen with TIAR-2.

An important question remains how the inherent propensity of

RNA granule components to aggregate with age could influence

pathogenesis in neurodegenerative diseases.

One possibility is that inherent RBP aggregation impacts

cellular health and thereby indirectly accelerates pathology.

We observed reduced lifespan and a striking decrease in size

and mobility of animals with higher levels of PAB-1 aggregation.

As yet, it remains unclear whether reduced fitness is a cause or
Figure 5. HSF-1 Activity during Development Protects against PAB-1 A

(A) Delayed tagRFP::PAB-1 aggregation with age in daf-2 mutant background. D

(B) Delayed Venus::TIAR-2 aggregation with age in daf-2mutant background. Da

****p < 0.0001, respectively.

(C) Levels of tagRFP::PAB-1 aggregation are highly increased at all ages exam

moderately protects against tagRFP::PAB-1 aggregation at day 11. daf-2(�) co

16(�);daf-2(�): *p = 0.02.

(D) Head regions of representative animals expressing Pmyo-2::tagRFP::PAB-1 i

bars: z stack projection, 15 mm; single-plane zoom, 5 mm.

(E) hsf-1 mutation alone increases tagRFP::PAB-1 aggregation dramatically, eve

(F) HSF-1 activity during development is essential in order to delay tagRFP::PAB-

from egg, ****p < 0.0001.

(G) Delayed KIN-19::mEOS (monomeric EOS) aggregationwith age in daf-2mutan

daf-2(�): day 2, **p = 0.0049; day 6, *p = 0.01. daf-2(�) compared with daf-16(�
See also Figure S6 and Table S6.
consequence of PAB-1 aggregation. In support of a gain of func-

tion related to sgRBP aggregation, two rare diseases are caused

by mutated PABPN1 and TIA-1, the human homologs of PAB-1

and TIAR-2, which accumulate in pathological aggregates (Brais

et al., 1998; Klar et al., 2013). Our proteomic analysis of aging

C. elegans highlighted three other RBPs with LC prion-like do-

mains that are highly prone to aggregate with age: HRP-1,

FIB-1, and CAR-1. The aggregation of the human homologs of

HRP-1, hnRNP-A1, and hnRNP-A3 was recently discovered to

cause multisystem proteinopathy and ALS/FTLD (Kim et al.,

2013; Mori et al., 2013). The aggregation of both FIB-1 and

CAR-1 could also be detrimental. Indeed, a loss in nucleolar pro-

tein FIB-1 function caused by its aggregation with age could

impair ribosomal biogenesis (Tollervey et al., 1991). The

mammalian LSM14B and LSM14A homologs of CAR-1 localize

to P bodies (Eulalio et al., 2007), and aggregation of key

P-body components could impair non-sense-mediated decay.

Therefore, it will be important to investigate the consequences

of FIB-1 and CAR-1 aggregation on cellular health.

Apart from accelerating pathology indirectly by reducing

cellular health, aggregating RBPs could directly influence patho-

logical protein aggregation. The presence of stress granule pro-

teins in pathological protein aggregates is emerging as a

common denominator in different types of neurodegenerative

diseases including ALS, FTLD, Alzheimer’s disease, and Hun-

tington’s disease (Aulas and Vande Velde, 2015; Bentmann

et al., 2013). The inherent aggregation propensity of stress

granule proteins demonstrates that they are unlikely to be tran-

sient interacting partners in pathological aggregates. It remains

to be determined whether age-related sgRBP aggregation acts

as a seed for disease-associated protein aggregation. Overall,

the role of stress granules in neurodegenerative diseases is

clearly highly complex because there is evidence supporting

the recruitment of disease-associated proteins to stress gran-

ules and vice versa. Interestingly, recent cell culture data show

that the assembly of stress granules caused by disease-associ-

ated protein aggregation in turn promotes pathological aggrega-

tion (Vanderweyde et al., 2016).

The age-dependent aggregation of sgRBPs and prevalence of

stress granule components in neurodegenerative diseases un-

derline their relevance as therapeutic targets. One successful

strategy would be to prevent the initial assembly of stress gran-

ules (Kim et al., 2014). Our work suggests another possibility,
ggregation in Adulthood in daf-2 Mutant and Wild-Type Adults

ays 5 and 7, daf-2(�) versus wild-type background: ****p < 0.0001.

ys 1, 4 and 7, daf-2(�) versus wild-type background: *p < 0.05, **p < 0.01, and

ined in hsf-1(�); daf-2(�) animals compared with daf-2(�) animals. DAF-16

mpared with hsf-1(�);daf-2(�): ****p < 0.0001; daf-2(�) compared with daf-

n daf-2(�), hsf-1(�); daf-2 (�) and daf-16(�); daf-2(�)mutants at day 11. Scale

n at day 2. ****p < 0.0001.

1 aggregation (control: L4440 empty vector). Days 1 and 2 with RNAi treatment

ts is dependent on DAF-16, but not onHSF-1. daf-2(�) comparedwith hsf-1(�);

);daf-2(�): ***p = 0.0003, day 10.
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Figure 6. PAB-1 Aggregation Is Accelerated by KIN-19

(A) tagRFP::PAB-1 co-localizes with KIN-19::Venus in large aggregates in double-transgenic animals. Representative head region displayed in 3D. Scale bars,

10 mm; overlay and zoom scale bar, 5 mm.

(B) Representative immobile mixed tagRFP::PAB-1 (magenta) and KIN-19::Venus (yellow) puncta at day 7 assayed by FRAP. Bleached area is marked by white

box. Scale bar, 2 mm.

(C) Accelerated tagRFP::PAB-1 aggregation in the anterior pharyngeal bulb in double transgenics compared with single transgenics. Days 2, 4,

and 7: ****p < 0.0001.

(D) Moderately reduced KIN-19::Venus aggregation in the anterior pharyngeal bulb in double transgenics compared with single transgenics. Day 7: **p = 0.0083.

(E) No significant increase of tagRFP::PAB-1 aggregation in the presence of mEOS2 overexpression. At all ages, p > 0.05.

See also Figure S6.
namely abrogating sgRBP aggregation. In future work, it will be

important to understand how longevity pathways relying on die-

tary restriction or defective mitochondrial respiration efficiently
464 Cell Reports 18, 454–467, January 10, 2017
prevent sgRBP aggregation. In the case of reduced daf-2

signaling, sgRBP aggregation is suppressed by at least two

mechanisms: DAF-16 activation prevents cross-seeding by
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Figure 7. Other Longevity Pathways Pre-

vent PAB-1 Aggregation with Age

(A) Dietary restriction delays tagRFP::PAB-1 ag-

gregation with age. Day 8, eat-2(�) versus wild-

type background: ***p < 0.001.

(B) Inhibition of mitochondrial function by cyc-1

RNAi halts tagRFP::PAB-1 aggregation. Days 1

and 8, cyc-1 RNAi versus control: *p < 0.05 and

****p < 0.0001, respectively.
delaying the accumulation of misfolded aggregation-prone pro-

teins, and increased activity of HSF-1 during development as-

sures enhanced sgRBP proteostasis throughout adulthood. To

date, cross-seeding of RBP aggregation has been observed

onlywith theHuntingtin protein containing an expandedpolyglut-

amine repeat region (Furukawa et al., 2009). It will be important to

investigate bywhichmeansendogenous aggregation-pronepro-

teins lacking motifs similar to the LC prion-like domain would

cross-seed RBPs aggregation. Overall, both of these strategies

used to restore the dynamic nature of stress granule proteins

could alsodirectly prevent disease-associatedRBPaggregation.

EXPERIMENTAL PROCEDURES

A list of strains, strain maintenance, RNAi treatment, and lifespan assays is

described in the Supplemental Experimental Procedures.

Heat Shock

Nematodes were heat shocked in M9medium with OP50 on a nutator. Control

worms were treated the same at 20�C. Worms were either fixed for imaging

analysis directly after heat shock or allowed to recover on normal growth

(NG) plates kept at 20�C before fixation.

Size Measurements

Images were taken of synchronized live C. elegans using a Leica fluorescence

microscope M165 FC with a Planapo 2.03 objective and Leica DFC310 FX

camera. Body length was determined for eachworm using Fiji software (Schin-

delin et al., 2012). Significance was evaluated by unpaired, two-tailed t test

using GraphPad Prism 6.

Imaging and Immunofluorescence Staining

Worms were examined with a Leica SP8 confocal microscope. Fixation and

immunostaining protocol including imaging parameters are described in the

Supplemental Experimental Procedures. Representative confocal images

are displayed as maximum z stack projection unless mentioned otherwise.

Aggregation Quantification In Vivo

In a population of synchronized live C. elegans, aggregation levels were deter-

mined using a Leica fluorescence microscope M165 FC with a Planapo 2.03

objective. Animals overexpressing Pmyo-2::Venus::TIAR-2 were divided into

two categories: animals with up to 10 (low aggregation) or more than 10

Venus::TIAR-2 puncta (intermediate aggregation) in the anterior and poste-

rior pharyngeal bulb. Animals overexpressing Pmyo-2:tagRFP:PAB-1 were

divided into three categories: animals with up to 10 (low aggregation) or

more than 10 (intermediate aggregation) tagRFP::PAB-1 puncta in the poste-

rior bulb, or more than 10 (high aggregation) tagRFP:PAB-1 puncta in the ante-

rior bulb. The latter mostly had more than 10 puncta in the posterior bulb.

Animals expressing Pkin-19::KIN-19::mEOS or Pkin-19::KIN-19::Venus were

divided into less than 10 puncta (low aggregation), between 10 and 100 puncta

(intermediate aggregation), andmore than 100 puncta in the anterior bulb (high
aggregation). To compare aggregation levels between KIN-19::Venus and

tagRFP::PAB-1, we evaluated tagRFP::PAB-1 puncta formation only in the

anterior bulb and with the same counting scheme as for KIN-19::Venus.

When comparing different strains, counting was done in a blind fashion. For

statistics, two-tailed Fisher’s exact test was performed using an online tool

(http://www.socscistatistics.com/tests/fisher/default2.aspx). Significance of

high + intermediate against low aggregation levels was calculated unless indi-

cated otherwise. Numbers of animals per time point are indicated in the

graphic bars.

FRAP Analysis

FRAP analysis was performed as previously described (David et al., 2010) us-

ing the Leica SP8 confocal microscope with the harmonic compound, plan,

apochromatic (HC PL APO) CS2 633 1.30 glycerol objective and photomulti-

plier tube (PMT) detector. Further experimental details are described in the

Supplemental Experimental Procedures.

Insoluble Protein Extraction, Quantification, and Mass

Spectrometry Analysis

To obtain large synchronized populations of aged animals and quantify protein

aggregation only in the somatic tissues, we used temperature-induced sterile

gon-2 mutants as previously described (David et al., 2010). To induce

longevity, we subjected animals to daf-2 RNAi and control animals to gfp

RNAi from the last larval stage L4 onward. Animals aged at 25�C were

collected at day 3 of adulthood (young) and when half the control animals

had died between days 14 and 18 (aged). No significant death was observed

in long-lived animals on daf-2 RNAi. Isolation of large SDS insoluble aggre-

gates for immunoblot and mass spectrometry analysis were performed as

previously described (David et al., 2010). See Supplemental Experimental Pro-

cedures for further details and antibodies used for immunoblots. The mass

spectrometry proteomics data have been deposited to the ProteomeXchange

Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE

partner repository (Vizcaı́no et al., 2014) with the dataset identifier PXD003451.

Bioinformatics Analysis

Aliphatic amino acid residues were defined as A, G, I, L, and V. Secondary

structure content was predicted using PSIPRED v2.6 (Jones, 1999). The

p values were calculated using the unequal variance t test compared with

the background set of all proteins detected by mass spectrometry

(n = 5,637). Additional details and functional analysis are described in the Sup-

plemental Experimental Procedures.

ACCESSION NUMBERS

The accession number for the mass spectrometry proteomics data reported in

this paper is PRIDE: PXD003451.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

six figures, six tables, and one movie and can be found with this article online

at http://dx.doi.org/10.1016/j.celrep.2016.12.033.
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EXTRA VIEWS

More stressed out with age? Check your RNA granule
aggregation

Marie C. Lechlera,b and Della C. Davida

aGerman Center for Neurodegenerative Diseases (DZNE), T€ubingen, Germany;
bGraduate School of Cellular & Molecular Neuroscience, T€ubingen, Germany

ABSTRACT. Low complexity (LC) prion-like domains are over-represented among RNA-

binding proteins (RBPs) and contribute to the dynamic nature of RNA granules. Importantly,
several neurodegenerative diseases are characterized by cytoplasmic “solid” aggregates formed
by mainly nuclear RBPs harboring LC prion-like domains. Although RBP aggregation in
disease has been extensively characterized, it remains unknown how the process of aging
disturbs RBP dynamics. Our recent study revealed that RNA granule components including 2
key stress granule RBPs with LC prion-like domains, PAB-1 and TIAR-2, aggregate in aged
Caenorhabditis elegans in the absence of disease. Here we present new evidence showing that
sustained stress granule formation triggers RBP aggregation. In addition, we demonstrate that
mild chronic stress during aging promotes mislocalization of nuclear RBPs. We discuss the
consequences of aberrant interactions between age-related RBP aggregation and disease-
associated RBP aggregation. In particular, we show that FUST-1 and PAB-1 co-localize in
aberrant cytoplasmic accumulations. Significantly, long-lived animals with reduced insulin/IGF-
1 signaling abrogate stress granule RBP aggregation through activation of the transcription
factors HSF-1 and DAF-16. We evaluate the different mechanisms that could maintain dynamic
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stress granules. Together these findings highlight how changes with age could contribute to
pathogenesis in neurodegenerative diseases and disruption of RNA homeostasis.

KEYWORDS. RNA-binding proteins, protein aggregation, prion-like domains, aging, stress
granules

INTRODUCTION

Anumberofdiseases includingcertainneurode-
generative disorders are characterized by the pres-
ence of pathological highly intractable or “solid”
proteinaggregates formedbyoneorseveraldistinct
proteins.Inthelastdecade,thelistofproteinsidenti-
fied in aggregates associated with disease has been
considerably extended with the addition of several
RNA-binding proteins (RBPs). These include
RBPs such as TDP-43 and FUS observed in aggre-
gates of patients with amyotrophic lateral sclerosis
(ALS) and frontotemporal lobar degeneration
(FTLD).1-3 RBPs associatedwith disease contain a
low complexity (LC) “prion-like” domain similar
to sequences identified in yeast prion proteins.4,5

Highlighting the importance of this domain, famil-
ial cases of these diseases are frequently related to
aggregation-promoting mutations in the LC prion-
likedomain.6,7 Inanon-diseasecontext,RBPswith
LC prion-like domains are key components of
RNA granules. Depending on their composition,
RNAgranules such as stress granules, P-bodies, P-
granules and neuronal granules perform different
functions in the cell. RNA granules are highly
dynamic membrane-less organelles and their
assembly is mediated by association of RBPs
through their LC prion-like domains and subse-
quent recruitment of RNA and associated proteins
by RNA-binding domains.8-10 In particular, weak
interactionsbuiltbetweenLCprion-likedomains in
RBPs promote a liquid-liquid phase separation in
vitro consistent with the observed liquid-like pro-
prieties of RNA granules in vivo.11-14 Considering
the special nature of the interactionsbetweenRBPs
with LC prion-like domains and the growing num-
ber ofRBPs forminghallmark aggregates in differ-
ent neurodegenerative disorders, we hypothesized
that aberrant aggregation of RBPs and RNA
granules could be an important problem that the
organism needs to actively avoid especially during
aging.

RBPs with LC Prion-Like Domains and
RNA Granule-Associated Proteins are
Highly Prone to Aggregate with Age in C.
elegans

Recently it has become clear that protein aggre-
gation is not restricted to specific proteins in a dis-
ease context. Notably, we and others have shown
that several hundred proteins are highly prone to
aggregate during normal aging in different model
organisms.15-19 Inour recent study,20 theproteomic
analysis of the aggregating proteome from long-
lived C. elegans with reduced daf-2/insulin/IGF-1
receptor signaling highlighted a specific group of
proteins namelyRNAgranule components. In par-
ticular we identified several stress granule compo-
nentsaswell as4RBPswithLCprion-likedomains
thatbecamehighlyinsolublewithageincontrolani-
mals but not in long-lived animals. These results
imply thatRNAgranulesorat least theircorestruc-
tures lose their dynamic characteristics with
age. Significantly, preserving dynamicRBPs is a
mechanismassociatedwith longevity.Wefocused
ourmainstudyonstressgranuleproteinsas theyare
frequently found to co-localizewith pathological
TDP-43andFUSinclusionsandhavebeenimplied
to play a role in pathogenesis.21,22 We overex-
pressed 2 key stress-granule-related RBPs
(sgRBPs) with LC prion-like domains, PAB-1,
homologofhumanpolyadenylate-bindingprotein
1 (PABP-1) and TIAR-2, homolog of human
T-cell-restricted intracellularantigen-1(TIA-1) in
C.eleganspharyngealmuscles.20Uponheatstress,
bothfluorescently-labeledproteinsassembled into
stress granules as expected. Importantlywithout
exposing animals to additional stress, PAB-1 and
TIAR-2accumulated in stress-granule-like struc-
turesaswellas largepuncta inagedC.elegans.The
absence of fluorescence recovery after photo-
bleaching confirmed that the large PAB-1 and
TIAR-2punctacontainedhighly immobileprotein
demonstrating that these are solid aggregates.
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Importantly, we found that animals with higher
levels of PAB-1 aggregation were smaller, less
motileandshorterlivedthananimalswithoutaggre-
gation.20These results demonstrate that aggrega-
tion of sgRBPs is potentially toxic and could
acceleratetheagingprocess.

Sustained Stress Granule Formation
Triggers sgRBP Aggregation

In vitro studies have shown that liquid drop-
lets formed by purified RBPs with LC prion-
like domains will eventually transition into a
more solid state over time, thus impairing their
disassembly.11-14 Solidification of liquid drop-
lets and concomitantly the formation of fibrils
was enhanced by disease-related mutations pro-
moting aggregation and repeated cycles of
phase separation.11,13 These findings lead us to
the hypothesis that sustained stress granule for-
mation could enhance their aggregation in
vivo. 24h after continuous mild stress at 25�C,
confocal analysis revealed the formation of
abundant stress granules in day-1-old adults
(Fig. 1A). Already on day 2, these animals

started to form large PAB-1 aggregates visible
at low-magnification. Overall, PAB-1 aggrega-
tion in a population of C. elegans grown at
25�C versus 20�C was greatly enhanced at all
ages evaluated (Fig. 1B, C). As control, we
examined the rate of aggregate formation by
KIN-19, an age-dependent aggregation-prone
protein without a LC prion-like domain or
RNA-binding domain. In this case, we
observed only a minor enhancement of KIN-19
aggregation rate at 25�C that is probably due to
the accelerated rate of C. elegans aging at this
higher temperature (Fig. 1D). These results
demonstrate that continuous liquid-liquid phase
separation over time plays an important role in
initiating the aggregation of RBPs, potentially
by allowing stress granules to stabilize and act
as a nucleation site for aggregation.

Mild Stress Combined with Aging
Promotes Mislocalization of RBPs
with LC Prion-Like Domains

Several neurodegenerative diseases such as
ALS and FTLD are characterized by cytoplasmic

FIGURE 1 (next page). Aging in combination with mild chronic stress enhances abnormal distribu-
tion of RNA granule components in C. elegans pharyngeal muscles. (A) Mild stress by elevation of
growth temperature from 20�C to 25�C causes abundant tagRFP::PAB-1 stress granule formation
in Pmyo-2::tagRFP::PAB-1 transgenics at day 1. Representative confocal images displayed as sin-
gle plane. Scale bar 7 mm. (B) Mild chronic stress highly enhances tagRFP::PAB-1 aggregation
with age in Pmyo-2::tagRFP::PAB-1 transgenics (Number of animals per group and time point is
indicated in the columns; Fisher’s exact test 2-tailed comparing low aggregation vs. all other cate-
gories at day 2, 4 and 7, 20�C vs. 25�C, ****p < 0.0001). (C) Representative images of tagRFP::
PAB-1 aggregation levels in pharyngeal muscles (maximal z-stack projection). Low, up to 10
puncta in posterior bulb; intermediate, more than 10 puncta in posterior bulb; high, more than 10
puncta in anterior bulb; very high, more than 50 puncta in anterior bulb. Scale bar 10 mm. (D) Mod-
est increase in KIN-19::mEOS aggregation in Pkin-19::KIN-19::mEOS animals aged at 25�C com-
pared with 20�C. (Aggregation determined in anterior pharyngeal bulb: low, up to 10 puncta;
intermediate, between 10 and 100 puncta; high, over 100 puncta. Fisher’s exact test 2-tailed com-
paring high C intermediate against low aggregation levels at day 7, 20�C vs. 25�C p < 0.0001).
(E) Mild chronic stress in combination with aging causes abnormal cytoplasmic tagRFP::HRP-1
localization in aged Pmyo-2::tagRFP::HRP-1 transgenics (Fisher’s exact test 2-tailed at day 7,
20�C vs. 25�C, ****p< 0.0001). (F) High-magnification representative confocal images with nuclear
Hoechst33342 staining showing cytoplasmic tagRFP::HRP-1 puncta at day 7 but not day 1 of adult-
hood, in Pmyo-2::tagRFP::HRP-1 transgenics aged at 25�C. Scale bar 5 mm. (G) Representative
confocal images showing tagRFP::PAB-1 co-localization with small cytoplasmic FUST-1::Venus
puncta in double transgenic animals expressing Pmyo-2::tagRFP::PAB-1; Pkin-19::FUST-1::Venus
at day 7. Arrows mark co-localization. Scale bar: 4 mm.
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inclusions of mainly nuclear-localized RBPs.
Therefore RBP mislocalization from the nucleus
to the cytoplasm is a key step toward pathogene-
sis. We investigated whether the aging process
triggers mislocalization of nuclear RBPs. For
this, we selected HRP-1, a nuclear RBP with a
LC prion-like domain, which we identified in our
proteomic analysis to become highly insoluble

with age. Significantly, the human homologs of
HRP-1, hnRNPA1 and hnRNPA3 form aberrant
cytoplasmic inclusions in multisystem proteinop-
athy and they are also found to co-aggregate in
inclusions in C9orf72 mutation-associated ALS/
FTLD.6,23 Using a fluorescent-tagged HRP-1, we
confirmed its primary nuclear localization
(Fig. 1E and 1F) and we observed that HRP-1 is
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not a normal constituent of cytoplasmic stress
granules as it remained in the nucleus upon acute
heat stress (2 hour heat shock at 32�C, data not
shown). Next we tested if aging modulates HRP-
1 localization. In C. elegans maintained in stan-
dard conditions at 20�C, HRP-1 remained in the
nucleus in the majority of aged animals (Fig. 1E).
However, this was strikingly different when ani-
mals were exposed to an additional mild stress by
aging them at 25�C. Whereas HRP-1 was local-
ized in the nucleus in young animals, we observed
the formation of distinct cytoplasmic puncta in
aged animals (Fig. 1F). Our quantification
reveals that 69% of day-7-old animals grown at
25�C developed cytoplasmic HRP-1 puncta
(Fig. 1E). Therefore, the combination of changes
related to aging and chronic exposure to mild
environmental stress drives the aberrant cyto-
plasmic localization of a nuclear RBP. It remains
to be investigated whether the aberrant cyto-
plasmic localization of RBPs that we observed in
C. elegans is due to a disruption in nuclear integ-
rity with age and/or a specific impairment in the
nuclear import machinery.24,25

Aberrant Interactions Between RBPs
and Other Aggregation-Prone Proteins

An important question is whether RBP
aggregation with age influences the aggregation
of other RBPs. In vitro phase separated RBPs
with LC prion-like domains recruit others into
the same assembly.10,12 Our data revealed that
PAB-1 and TIAR-2 have very different aggre-
gation patterns with age.20 Significantly, TIAR-
2 distribution in aged animals was remarkably
reminiscent of stress granule assembly caused
by heat shock in young animals whereas PAB-
1 tended to form mostly large aggregates with
age. Notably in double transgenics, TIAR-2
recruited PAB-1 preferentially into stress gran-
ule-like structures with age.20 These results
reveal that interactions between 2 RBPs with
different aggregation propensities can change
their aggregation patterns.

We also investigated the C. elegans ortholog
of FUS, FUST-1. Like the human FUS, nema-
tode FUST-1 has a LC prion-like domain, an
RNA recognition motif, a zinc finger domain

and a PY-NLS motif. In healthy cells, human
FUS is predominately nuclear while in the dis-
ease state, FUS forms cytoplasmic inclusions.
Similarly in C. elegans, FUST-1 was mostly
located in the nucleus. However, its overex-
pression alone was sufficient to cause the for-
mation of small cytoplasmic puncta visible at
higher magnification in young and aged ani-
mals (data not shown). As heat shock did not
result in a clear increase in cytoplasmic FUST-
1 puncta (data not shown), these aberrant
puncta are unlikely to be related to functional
stress granules. This is similar to observations
made with wild-type human FUS in mamma-
lian cells and in C. elegans showing that FUS
does not normally localize to stress granules
upon exposure to heat stress.26-28 Importantly
when co-expressed, FUST-1 recruited PAB-1
into these aberrant cytoplasmic puncta in both
aged as well as young animals (Fig. 1G).

Several studies have highlighted an aberrant
interaction between stress granules and misfolded
proteins in yeast and in cell culture.29-32 Signifi-
cantly, recent work showed that stress granules
containing misfolded proteins tend to bemore sta-
ble.31,32 InC. eleganswe found that sgRBPPAB-1
forms large solid aggregates together with a non-
RBP and age-dependent aggregation-prone
protein KIN-19, when both proteins were overex-
pressed.20 As KIN-19 greatly accelerated PAB-1
aggregation, cross-seeding mechanisms due to
protein misfolding with age is likely to be a main
cause of sgRBP aggregation. Important questions
remain and in particular related to how this aber-
rant interaction is initiated:Are non-RBP aggrega-
tion-prone proteins first recruited into age-induced
stress granules and thenact as seeds for their solidi-
fication into large aggregates? Or do small age-
dependent aggregates of non-RBPs trigger stress
granule formation and co-aggregation? One argu-
ment in favor of the first possibility is the fact that
stress granules inducedby heat stress inHeLa cells
subsequently recruitALS-linkedmutantSOD-1.31

Overall, these findings show that RBPs with
LC prion-like domains are prone to recruit
other RBPs into aberrant cytoplasmic accumu-
lations and to interact with other aggregation-
prone proteins. This could explain why stress
granule components are frequently observed
not only in disease-associated RBP aggregates
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but also in other pathological aggregates identi-
fied in Alzheimer disease and Huntington’s dis-
ease.21 Moreover our results strongly suggest
that sgRBPs are not passive players in neurode-
generative disease.

Strategies to Prevent Stress Granule
Aggregation

We found that sgRBP aggregation is effi-
ciently prevented by at least 3 independent lon-
gevity pathways in C. elegans, namely reduced
daf-2/insulin/IGF-1-like receptor signaling,
dietary restriction and reduced mitochondrial
function.20 Accordingly, maintaining dynamic
stress granules is likely to be a common strat-
egy to delay the course of aging. This concept
is further supported by the reduced fitness of
aged animals with sgRBP aggregation.20 Two

transcription factors, heat shock factor HSF-1
and DAF-16/FOXO, are strongly activated in
animals with reduced daf-2 signaling and play
an essential role in mediating longevity and
improving proteostasis. We demonstrated that
both factors are involved in promoting dynamic
RBPs.20 Notably HSF-1 activity during devel-
opment was essential to set-up an active qual-
ity-control system to avoid sgRBP aggregation
both in wild-type and in long-lived daf-2
mutants. As HSF-1 is the master regulator of
the chaperone system, we sought to determine
which specific chaperones may be involved in
abrogating sgRBP aggregation. Interestingly,
we did not find a connection between sgRBP
aggregation and the activity of the C. elegans
homologs of HSP40, HSP70 and HSP110,
which have been previously implicated in stress
granule dynamics in S. cerevisiae and/or cell
culture.9,29,30,33 In addition, HSP40, HSP70

FIGURE 2. Model depicting aggregation of sgRBPs during aging and the relationship with disease
RBPs.
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and HSP110 chaperones act together to pro-
mote protein disaggregation.34,35 However, we
did not observe the involvement of the nema-
tode disaggregase machinery in the modulation
of sgRBP aggregation (in particular DNJ-13,
HSP-1 and HSP-110, 20 and data not shown). In
a small RNA interference screen targeting 15
C. elegans chaperones individually, only the
knock-down of small heat shock protein HSP-
16.11 accelerated PAB-1 aggregation (statisti-
cally significant in 3 out of 4 repeats, data not
shown). In future work, it will be important to
test the chaperone complex HSPB8-BAG3-
HSP70 which is required to avert defective
ribosomal products from accumulating in stress
granules 32 and thus might also play a role in
sgRPB aggregation regulation. Furthermore a
recent study demonstrated that mini-chromo-
some maintenance MCM proteins stabilize
stress granules.36 As several mcm genes are
upregulated in hsf-1 mutants in C. elegans,37

these could be promising candidates as pro-
aggregation factors contributing to sgRBP
aggregation with age. In addition to strategies
enhancing stress granule disassembly, our
results implicate that preventing cross-seeding
by the aggregating proteome will be an effec-
tive way to reduce RBP aggregation. Signifi-
cantly, increasing DAF-16 activity could be
used as a general strategy to reduce widespread
protein aggregation with age.20

CONCLUSIONS

We propose the model depicted in Fig. 2 to
explain our results and their possible implica-
tions for neurodegenerative diseases. First,
RBPs with LC prion-like domains form stress
granules during aging and undergo a change in
structure allowing them to stabilize the whole
stress granule and avoid its disassembly. The
presence of other age-dependent aggregation-
prone proteins helps accelerate a further change
in structure and leads to the formation of large
aggregates. Second, the occurrence of a mild
chronic stress during aging triggers the misloc-
alization of certain nuclear RBPs in cyto-
plasmic accumulations. Third, we hypothesize

that aberrant interactions between age-depen-
dent aggregating RBPs and disease-associated
RBPs also affects disease protein aggregation.
As stress granule proteins are found not only in
disease-associated RBP aggregates but also in
tau aggregates and Huntingtin aggregates,21

their inherent propensity to aggregate with age
could impact pathogenesis in a range of neuro-
degenerative diseases.

Furthermore, aggregation of RNA granule
components with age could have dramatic conse-
quences for the normal function of RNA granules.
For example, the inability of stress granules to
disassemble after stress subsides and the perma-
nent sequestration of stress granule components
including mRNAs would stunt cellular adapta-
tions and recovery from stress. As such, stress
granule aggregation could explain reduced stress
resistance with age. In the age-dependent aggre-
gating proteome we also identified CAR-1, an
RBP with LC prion-like domain with homology
to the P-body component LSM14B.20 This could
indicate that P-bodies may solidify with age. This
would have important consequences for the
removal of aberrant mRNAs and could contribute
to the decline of nonsense-mediated decay
observed with age.38 Significantly the function of
other membrane-less structures such as the nucle-
olus are likely to be negatively affected by the
aggregation of RBPs with LC prion-like domains.
For instance, we identified that the nucleolus RBP
Fibrillarin (FIB-1) was highly prone to aggregate
with age.20 Previously FIB-1 was shown to
undergo liquid-liquid phase separation and
became less dynamic with age.39,40

The conservation of LC prion-like domains
throughout evolution from yeast to mammals
underlines the importance of this domain in the
cellular biology. In the last 10 years, an
increasing number of dementias have been
associated with the aberrant aggregation of spe-
cific RBPs. Overall our study highlights the
vulnerability of membrane-less organelles
organized by RBPs with LC prion-like domains
to transition into a solid state during normal
aging in a multicellular organism. This has
important implications for our understanding of
the role of aging in pathogenesis and toxicity in
neurodegenerative diseases.
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Abstract

Background: Whole-exome sequencing (WES) has been successful in identifying genes that cause familial
Parkinson’s disease (PD). However, until now this approach has not been deployed to study large cohorts of
unrelated participants. To discover rare PD susceptibility variants, we performed WES in 1148 unrelated cases
and 503 control participants. Candidate genes were subsequently validated for functions relevant to PD based
on parallel RNA-interference (RNAi) screens in human cell culture and Drosophila and C. elegans models.

Results: Assuming autosomal recessive inheritance, we identify 27 genes that have homozygous or compound
heterozygous loss-of-function variants in PD cases. Definitive replication and confirmation of these findings were
hindered by potential heterogeneity and by the rarity of the implicated alleles. We therefore looked for potential
genetic interactions with established PD mechanisms. Following RNAi-mediated knockdown, 15 of the genes
modulated mitochondrial dynamics in human neuronal cultures and four candidates enhanced α-synuclein-
induced neurodegeneration in Drosophila. Based on complementary analyses in independent human datasets,
five functionally validated genes—GPATCH2L, UHRF1BP1L, PTPRH, ARSB, and VPS13C—also showed evidence
consistent with genetic replication.

Conclusions: By integrating human genetic and functional evidence, we identify several PD susceptibility
gene candidates for further investigation. Our approach highlights a powerful experimental strategy with
broad applicability for future studies of disorders with complex genetic etiologies.
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Background
Next-generation sequencing (NGS) approaches have re-
cently accelerated the identification of variants respon-
sible for familial Parkinson’s disease (PD) [1–4]. While a
positive family history is common in PD, large, multi-
generational pedigrees, especially with available DNA
and clinical evaluations, remain exceptional, hindering
progress in unraveling the genetic underpinnings.
Importantly, several genes initially discovered to cause
PD in families, such as LRRK2, GBA, and PARK2/parkin,
were subsequently discovered with surprisingly high fre-
quency in “sporadic” PD cohorts [5, 6]. To date, large
population samples of individuals with PD have primar-
ily contributed to the discovery of common variant
susceptibility loci, based on genome-wide association
studies (GWAS) of case/control cohorts [7]. The vari-
ants identified by GWAS have modest effect sizes and
collectively fail to account for current estimates of PD
heritability [8, 9]. Considering the above, it seems likely
that additional less common alleles, with larger effect
sizes, contribute to PD risk in the population and NGS
is one promising approach to identify such alleles. Des-
pite recent successes in other neurodegenerative disease
with complex genetic etiologies, including Alzheimer’s
disease [10–12] and amyotrophic lateral sclerosis [13,
14], sequencing has yet to be deployed in large, unre-
lated PD case/control samples for rare variant discovery.
The successful discovery of rare variant risk alleles in

population-based PD samples faces a number of poten-
tial challenges. Perhaps most importantly, analyses of
rare variants in large family pedigrees is greatly facili-
tated by segregation analysis which is not possible in co-
horts of unrelated individuals, leading to an increased
number of candidate variants to consider. Assumptions
of a recessive inheritance model and the application of
stringent filters, such as consideration of only strongly
damaging, loss-of-function (LoF) variants, is one poten-
tial solution, but this is likely to miss many important
variants, including dominantly acting alleles. Further, PD
is characterized by extensive genic and allelic heterogen-
eity and extremely large cohorts may be required to
document sufficient numbers of cases to facilitate
meaningful statistical comparisons [15]. Lastly, as PD
is: (1) common (~1–3% prevalence); (2) strongly age-
dependent; and (3) often preceded by a prolonged pre-
symptomatic or minimally symptomatic phase, we may
expect to find truly pathogenic rare variants, including
those with large effect sizes, in “control” cohorts of
adults (due to unrecognized or early disease stages with
minimal symptoms). Therefore, given the occurrence of
rare variants, including potentially damaging variants, in
most genomes of presumably healthy individuals [16], it
may be difficult to identify genes/variants that truly
cause disease. Importantly, recent advances in cellular
and animal models, along with improved understand-
ing of PD pathogenesis, enable an integrated ap-
proach, in which variant discovery is coupled with a
functional screening pipeline for prioritization of
those genes worthy of more intensive study.
In this collaborative study of the International Parkinson’s

Disease Genomics Consortium (IPDGC), we report the
results of whole-exome sequencing (WES) in 1148 PD
cases, the largest such cohort examined to date. Con-
sistent with the younger age of PD onset in this cohort,
which is often associated with a recessive inheritance
[17–19], and to prioritize candidate genes/variants for
initial investigation, our analysis focuses on genes with
homozygous or compound heterozygous LoF variants.
We further couple the human genetic studies with
functional screening in mammalian cell culture and in-
vertebrate animal models, successfully identifying those
candidate genes showing interactions with established
PD mechanisms, including mitochondrial dynamics and
α-synuclein-mediated neurodegeneration. Although no
sufficiently powered exome dataset was available for
definitive replication, human genetic validation was
undertaken in several independent datasets. Our inte-
grated approach identifies five strong candidate PD sus-
ceptibility genes worthy of further investigation, and
exemplifies a powerful strategy with potential broad ap-
plicability to the follow-up of future rare variant studies
in PD and other neurologic disorders with complex
genetic etiologies.

Results
Discovery of recessive LoF variants from PD exomes
A total of 920,896 variants (93.2% single nucleotide var-
iants and 6.8% insertions and deletions) were called in
a WES dataset of 1651 participants, including 1148
young-onset PD cases (average age of onset, 40.6 years;
range, 5–56 years) and 503 control participants with
European ancestry. As our cohort has an average age at
onset of less than 45 years, we focused our search on
homozygous and putative compound heterozygous var-
iants, consistent with a recessive inheritance model. Al-
though most PD cases were prescreened for mutations
in established PD genes, we identified two participants
with homozygous exonic variants in parkin and PINK1
(Additional file 1: Table S1). In order to identify novel
PD gene candidates, we focused on variants that are
rare in control populations. Considering the worldwide
prevalence for PD (0.041% in individuals aged 40–49
years) [20], we used a minor allele frequency (MAF)
threshold of 1% and only considered LoF variants causing
a premature stop codon or splicing site mutations (see
“Methods”). When co-occurring with a heterozygous LoF
variant, we also considered rare, heterozygous amino-
acid changing missense alleles that were predicted to be
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deleterious (CADD > 20), consistent with a compound
heterozygous recessive genotype.
Figure 1 displays each variant filtering step along with

the corresponding numbers of implicated variants. Fol-
lowing Sanger sequencing confirmation, we identified a
total of 27 candidate genes—18 genes encompassing
homozygous variants and nine genes harboring putative
compound heterozygous variants—all predicted to cause
a loss of gene function (Table 1). Approximately 17% of
the variants are absent in public allele frequency data-
bases (1000 Genomes Project (1000G), Exome Sequen-
cing Project v. 6500 (ESP6500), or Exome Aggregation
Consortium (ExAC)) and therefore implicated to be
novel. Except in the case of ARSB, the other 26 genes
harbor LoF variants in only a single case, consistent with
the hypothesis that novel recessive PD alleles may con-
sist of many rare, “private” mutations. Four PD cases in
our cohort were identified with a LoF variant in the
Fig. 1 Flowchart explaining multiple filtering steps to select LoF variants w
performed with transcripts of RefSeq and UCSC databases. MAF annotation
ExAC database. Seventeen genes harbored homozygous variants causing s
variant. For the putative compound heterozygous genes, six genes were se
were based on the presence of one LoF variant and one missense variant (pr
ARSB gene, in which mutations have previously been
linked with the recessive lysosomal storage disorder,
MPS VI (also called Maroteaux-Lamy syndrome). All
four individual cases, along with one control participant,
were homozygous for a variant (rs138279020) predicted
to disrupt splicing. Although this variant is neither re-
ported in ExAC nor was frequency information avail-
able from dbSNP, the MAF was 0.065 in our cohort
(MAFCASES = 0.073, MAFCONTROLS = 0.052, p = 0.054).
Although relatively frequent in our control dataset
(MAF > 1%), we have retained it among our results,
based on three considerations. First, information was
not present in dbSNP, ExAC, or ESP6500, which was
the basis for applying this frequency filter in all other
cases. Second, at least one of the homozygous individ-
uals had clinical manifestations consistent with MPS
VI, supporting potential pathogenicity of this allele (see
“Discussion”). Lastly, as detailed below, our functional
ith assumed recessive inheritance pattern. Functional annotation was
s were based on 1000 Genomes project, Exome variant Server, and the
topgain or loss and one gene contained a homozygous splicing
lected based on the presence of two LoF variants, and three genes
edicted to belong to the 1% most harmful variants of the genome)
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studies identify links between manipulation of ARSB
and cellular/organismal phenotypes consistent with a
potential role in PD.
Of note, while the analyses of the IPDGC WES dataset

and subsequent work described here were in progress,
an independent family-based sequencing study identified
VPS13C as a cause of autosomal recessive parkinsonism
[21]. Although the single IPDGC subject with compound
heterozygous VPS13C LoF alleles was published as a
replicate case in that work, we retained it among the 27
candidates described here, since it was independently
carried forward for all analyses detailed below.

Tolerability of gene LoF in humans and animal models
The “tolerability” of recessive LoF genotypes has import-
ant implications for understanding the genetic basis of
adult-onset, age-influenced disorders such as PD. As
most of the identified homozygous and putative com-
pound heterozygous LoF genotypes are based on a single
individual, we also examined for their occurrence in a
large, recently published study [16] of predicted
complete gene knock-outs in the Icelandic population,
including 104,220 participants with imputed genotypes,
based on whole genome sequencing from a subset of
2363 individuals. The Icelandic population is enriched
for rare disease-causing mutations with a recessive in-
heritance pattern, given a strong founder effect and
non-random mating patterns. Twelve of the variants
that we identified are also present in the Icelandic study
(Additional file 1: Table S2); however, the observed
homozygote frequencies are not sufficiently high to
confidently exclude them as possible PD genes and im-
portantly, detailed phenotypic data are not publicly avail-
able for these participants. For example, 29 Icelandic
participants are reported homozygous for the identical
PTCHD3 stopgain variant (c.C1426T, p.R476X) as the sin-
gle PD case in our WES study. However, this is only
0.028% of the total sample set and below the reported
prevalence of young-onset PD (0.041%).
We additionally examined for the presence of other

LoF variants with a recessive inheritance pattern in our
implicated candidate genes (Additional file 1: Table S2).
For a subset of genes, we indeed identified several vari-
ants with particularly high homozygote frequencies in-
cluding OR7G3 (9.16%), SSPO (9.38%), and PTCHD3
(16.55%). This is consistent with prior reports describing
a homozygous deletion covering PTCHD3 in apparently
healthy individuals, consistent with a non-essential role
[22]. Assuming that the variants in OR7G3, SSPO, and
PTCHD3 confer similar LoF to the alleles identified in
our PD WES data, their high variant frequency makes
these genes unlikely to be highly penetrant PD-risk loci.
Human genes harboring homozygous LoF variants—espe-

cially those observed recurrently in large population-based
datasets—potentially identify genes that are dispensable
for fetal and subsequent child development. Given the
limited human phenotypic information available, we
further investigated the potential tolerability for the im-
plicated genes using a cross-species approach, perform-
ing systematic LoF analysis in the nematode, C. elegans.
Out of the 27 candidate genes identified in our WES
analysis, ten were well conserved in the C. elegans gen-
ome and nine had readily available RNA-interference
(RNAi) reagents for LoF screening (see “Methods”).
Each gene was targeted for knockdown using RNAi and
we assessed for developmental lethality and survival.
The results of these studies, along with other LoF data
from public databases, are available in Additional file 1:
Table S3. Knockdown of homologs of DIS3 (dis-3),
KALRN (unc-73), and PTCHD3 (ptr-10) resulted in
developmental arrest and/or reduced survival in C. ele-
gans. Notably, homologs of KALRN and DIS3 are also
associated with reduced viability following genetic dis-
ruption in both Drosophila [23, 24] and mice [25, 26].
Thus, these results are potentially consistent with con-
served, early, and/or essential developmental roles for
these genes and the absence of individuals harboring
homozygous LoF variants in the Icelandic cohort [16].
Since the human genome contains multiple gene para-

logs for KALRN and PTCHD3, genetic redundancy
might account for how LoF might be tolerated in
humans but not in simple animal models. Alternatively,
it is possible that the allelic variants implicated in our
PD WES cohort and Icelandic study might not cause a
complete LoF (i.e. genetic null) despite the algorithmic
predictions, instead causing only a partial LoF. Never-
theless, these cross-species comparisons suggest essen-
tial and early developmental roles for homologs of
PTCHD3, DIS3, and KALRN, and informing our consid-
eration of potential contribution to adult-onset disor-
ders, such as PD.

Variant aggregation analyses
For the 27 genes implicated based on our primary ana-
lyses of homozygous or compound heterozygous LoF
variants, we additionally considered evidence for the
presence of other allelic variants conferring risk for PD
in our cohort. We therefore performed burden analyses
leveraging our IPDGC WES data, testing two nested
classes of variants: (1) a subset predicted to be deleterious
(CADD > 20); and (2) all amino-acid changing missense
alleles. Rare variants (MAF < 0.018) were considered ei-
ther selectively or in joint models with common variants
(MAF > 0.018). As detailed in Additional file 1: Table S4,
the rare variant aggregation association analyses provided
further evidence in support of four candidate genes: GH2,
PTPRH, UHRF1BP1L, and ZNF453. Interestingly, the bur-
den association at the PTPRH gene is further enhanced
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when common and rare variants are simultaneously
modeled.
Our analyses of LoF variants in PD exomes identify a

number of promising candidate genes. However, even
though a positive family history was observed for almost
40% of the cases, segregation analysis of the variants in
families is not feasible, as DNA samples are not available
from additional family members. Further, since most of
the genes implicated contribute to single or few cases,
we are unable to perform meaningful statistical compari-
sons, based on the limited numbers of LoF variants
identified by WES in cases versus controls. As an alter-
native strategy, we therefore deployed a combination of
cell-based and model organism functional screens to
define potential links between the 27 candidate genes
(Table 1) and well-established mechanisms of PD sus-
ceptibility and pathogenesis, including (1) mitochondrial
health and (2) α-synuclein-mediated toxicity.
Functional prioritization: mitochondrial health
Although the mechanism of neurodegeneration in PD
remains incompletely defined and may be heteroge-
neous, mitochondrial dysfunction has been proposed to
play an important role, particularly in young onset PD
[27–29]. Notably, parkin (PARK2), DJ-1, and PINK1,
associated with autosomal recessive, juvenile-onset
Parkinsonism, have roles in mitochondrial dynamics and
quality control [30]. Specifically, Parkin is an E3 ubiqui-
tin ligase and recruited selectively to dysfunctional mito-
chondria with a low membrane potential [31]. Further,
the neurotoxicity of α-synuclein, the primary constituent
of Lewy body inclusions in PD, has also been linked to
mitochondrial injury [32]. We therefore hypothesized
that LoF in candidate genes identified from our analyses
of WES, might similarly impact mitochondria, consistent
with roles in PD susceptibility.
Therefore we quantified mitochondrial morphology

after gene knockdown in BE(2)-M17 neuroblastoma cells
by examining three parameters commonly used for
quantification of mitochondrial morphology: mitochon-
drial number, axial length ratio, and roundness [33].
Cells transduced with the short hairpin RNA (shRNA)
encoding a scrambled sequence were used for
normalization and positive controls for mitochondrial
morphology were included in each experiment. For ex-
ample, knockdown of the mitochondrial fission gene
dynamin 1-like (DNM1L), a positive control, results in
elongated mitochondria and therefore decreases mito-
chondrial axial length ratio and roundness (Fig. 2a, b)
[34]. Knockdown of 13 genes show a significant effect
on at least one of the three parameters (Additional file 1:
Table S5 and Table S6 and Additional file 2: Figure S1).
GPATCH2L shows the largest increase in mitochondrial
roundness, while UHRF1BP1L displays the largest de-
crease (Fig. 2c, d).
We also took advantage of a well-established Parkin

translocation assay [31, 35–38] based on BE(2)-M17 hu-
man neuroblastoma cells stably expressing Parkin-GFP.
As expected, upon exposure to the mitochondrial toxin
and electron transport chain uncoupling reagent, CCCP,
we observed robust translocation of Parkin-GFP from
the cytoplasm (Fig. 3a, untreated) to the mitochondria
(Fig. 3a, CCCP-SCR transduced) and this was PINK1-
dependent (Fig. 3a, CCCP-PINK1 shRNA), which provides
an internal, positive control in our assay. CCCP-induced
Parkin accumulation was assessed by high-content mi-
croscopy and automated image analysis following sys-
tematic shRNA-knockdown of our 27 candidate genes
(Fig. 3b). Based on stringent criteria (see “Methods”),
six genes significantly modified Parkin translocation
(Fig. 3c and d; Additional file 2: Figure S2; Additional
file 1: Table S5 and Table S6), including four genes
(GPATCH2L, PTCHD3, SVOPL, and ZNF543) with con-
sistent activities in both the mitochondrial morphology
and Parkin translocation assays.

Functional prioritization: α-synuclein-mediated toxicity
A wealth of evidence also supports a central role for α-
synuclein-mediated toxicity in PD pathogenesis. α-
synuclein aggregates, termed Lewy bodies, are the defining
disease pathology and α-synuclein gene (SNCA) muta-
tions, locus multiplication, and promoter polymorphisms
are associated with PD susceptibility [5]. Further, expres-
sion of α-synuclein in numerous animal models including
in the fruit fly [39–41], Drosophila melanogaster, recapitu-
lates features of PD-related neurodegenerative pathology.
Transgenic expression of α-synuclein in the fly retina
leads to neurotoxic changes [39] and is amenable for de-
tection of genetic modifiers [42, 43]. Genetic manipulation
of established PD susceptibility genes, including PARK2
[44, 45] and VPS35 [46], modulate α-synuclein toxicity in
transgenic flies, similar to findings in mammalian models
[44, 47]. We therefore hypothesized that LoF in homologs
of novel PD genes may similarly enhance α-synuclein-
induced retinal degeneration.
Out of the 27 candidate genes implicated by our

WES analyses, 13 were well-conserved in Drosophila
(Additional file 1: Table S7). Available RNAi stocks
targeting each of the 18 fly homologs (some genes had
multiple conserved paralogs) were crossed to flies in
which the human α-synuclein transgene was directed
to adult photoreceptors using the Rhodopsin1-GAL4
(Rh1) driver (Rh1 > α-synuclein) [48]. For rapid screen-
ing, retinal neurodegeneration was monitored using
the optical neutralization technique which allows as-
sessment of retinal tissue integrity in intact, unfixed
heads. In Rh1 > α-synuclein animals, the retina appears
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Fig. 2 High-content assay for mitochondrial morphology. Effect of DNM1L shRNA (a, b) and UHRF1BP1L shRNA (c, d). BE(2)M17 cells stained with
Hoechst (blue; nuclei), MitoTracker CMXros, and MitoTracker Deepred (yellow; mitochondria). a Cells infected with shRNA encoding a scrambled
sequence (SCR, left panel) and decrease in mitochondrial axial length ratio and roundness for DNM1L (positive control, right panel). b The graph
displays normalized mitochondrial roundness. c Cells infected with shRNA encoding a SCR sequence (left panel) and decrease in number of
mitochondria per cell, mitochondrial axial length ratio, and roundness for UHRF1BP1L (right panel). d The graph displays normalized mitochondrial
roundness. Data are median values ±median absolute deviation (MAD) of N = 6 measurements. *p < 0.05 and **p < 0.01, Mann–Whitney U test
(see “Methods”). All values were normalized to the negative control (infected with SCR shRNA) and all shRNA clones that meet the cutoff criteria
are shown (b, d)
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morphologically normal at 1 day (Fig. 4), but demonstrates
age-dependent degeneration leading to progressive vacu-
olar changes, rhabdomere loss, and culminating with ex-
tensive tissue destruction by 30 days. At the 15-day time
point selected for screening, only mild, if any, retinal
pathology is detectable on most histologic sections, con-
sistent with a weakly penetrant degenerative phenotype
following optical neutralization (mean penetrance ~25%)
(Fig. 4). However, co-expression of RNAi targeting fly
homologs of four candidate genes (ARSB, TMEM134,



Fig. 3 High content assay for Parkin translocation. Effect of PINK1 shRNA (a, b) and GPATCH2L shRNA (c, d). a, c Cells are labeled for nuclei (blue;
Hoechst), Parkin-GFP (green), mitochondria (red, Mitotracker Deepred). Untreated cells infected with shRNA encoding a scrambled sequence show
absence of puncta (left panel). Cells infected with a scrambled sequence but treated with CCCP show a significant increase in puncta formation
(middle panel). Infection of cells with shRNA targeting PINK1 or GPATCH2L prevents the accumulation of Parkin on mitochondrial (right panel). b, d
The graph displays the normalized ratio of cells positive for translocation and cells negative for parkin translocation. All values were normalized to
the negative control (CCCP treated infected with shRNA encoding a scrambled sequence). Data are median values ± median absolute deviation
(MAD) of N = 6 measurements. *p < 0.05, **p < 0.01, and ***p < 0.001, Mann–Whitney U test (see “Methods”). All shRNA clones that meet the cutoff
criteria (see “Methods”) are shown
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Fig. 4 α-synuclein-induced retinal degeneration and screening assays in Drosophila transgenic animals. Tangential sections through the fly retina
stained with hematoxylin and eosin reveal the ordered ommatidial array in control animals (a Rh1-GAL4 / +). Each ommatidia consists of a cluster
of eight photoreceptive neurons (seven visible at the level examined). The photoreceptors each contain a single rhabdomere, the specialized
organelle subserving phototransduction, giving the ommatidia cluster its characteristic appearance (arrowhead). Expression of α-synuclein in adult
photoreceptors (b, c Rh1-GAL4 / +; UAS-α-synuclein / +) causes age-dependent, progressive retinal degeneration. Compared to one-day-old Rh1
> α-synuclein flies (b), histologic sections in 30-day-old animals (c) demonstrate rhabdomere/cell loss and substantial vacuolar changes (asterisk).
The pseudopupil preparation allows visualization of rhabdomeres (arrowhead) in intact, unfixed intact fly heads, permitting medium-throughput
screening for progression of α-synuclein-induced retinal pathology. Compared to controls (d Rh1-GAL4 / +), in 30-day-old α-synuclein transgenic
animals (e Rh1-GAL4 / +; UAS-α-synuclein / +) rhabodomeres frequently appear indistinct (arrowhead) and vacuolar changes disrupt light refraction
(asterisk). Representative control histology (a) and pseudopupil images (d) are shown for 15-day-old animals, the timepoint used for screening, in
order to facilitate comparison with Fig. 5. Scale bar: 20 μm
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PTPRH, and VPS13C) was observed to robustly enhance
α-synuclein-mediated neurodegeneration in the retina
(mean penetrance ~ 75%; Additional file 1: Table S8).
All candidate enhancers of α-synuclein identified using

the screening assay were further confirmed based on ret-
inal histology, demonstrating accelerated pathologic
changes with a significantly increased overall extent and
severity of degeneration compared to Rh1 > α-synuclein
controls without RNAi transgenes present (Fig. 5). Im-
portantly, when each of these genes were targeted under
similar experimental conditions (Rh1 > RNAi), but inde-
pendent of α-synuclein expression, we did not observe
any significant retinal pathology in 15-day-old animals
(Fig. 5). Therefore, within the Drosophila α-synuclein
transgenic model system, the implicated LoF enhancers
appear consistent with synergistic (non-additive) effects
on α-synuclein-mediated retinal degeneration. Since in-
creased α-synuclein expression levels are one important
mechanism of PD susceptibility [5], western blot ana-
lyses were performed to determine whether any of the
identified genetic enhancers alter α-synuclein protein levels.
However, following RNAi-mediated knockdown, none led
to significant changes (Additional file 2: Figure S3).
Thus, we hypothesize potential interactions with more
downstream mechanisms of α-synuclein neurotoxicity.
For 3 out of 4 candidate enhancers (ARSB, VPS13C,
PTPRH), available siRNAs permitted additional testing
of gene homologs as candidate modifiers in an estab-
lished C. elegans model of α-synuclein toxicity [49].
However, no significant differences were detected in the
α-synuclein-induced locomotor phenotype observed in
one-week-old worms following knockdown of these genes
(Additional file 2: Figure S4). We speculate that these
contradictory results might stem from differences in assay
sensitivity and/or tissue-specific toxic mechanisms as the
fly and worm models are based on α-synuclein expression
in the retina versus muscle, respectively.
Of the four genes discovered to interact with α-

synuclein toxicity in Drosophila, we were able to obtain
additional genetic reagents, including classical LoF al-
leles, for the two homologs of PTPRH: Ptp10D and
Ptp4E. In our screen, two independent RNAi lines tar-
geting Ptp10D robustly enhanced α-synuclein toxicity,
but only one of the two available lines for Ptp4E met our
threshold criteria (Additional file 1: Table S8). Interest-
ingly, prior studies in Drosophila suggest that Ptp10D
and Ptp4E are the result of a gene duplication event and
these genes show evidence of partial functional redun-
dancy, including for nervous system phenotypes [50].
Consistent with this, we found that transheterozygosity for



Fig. 5 PD gene candidates harboring LoF variants enhance α-synuclein toxicity in Drosophila. Conserved fly orthologs of human genes discovered
from WES analysis were targeted with RNAi (IR) and screened for enhancement of α-synuclein pathology using the pseudopupil assay (a top row).
For each line evaluated, the severity of retinal degeneration was scored based on penetrance of the α-synuclein pseudopupil phenotype and
enhancers required consistent results for at least two independent RNAi lines (see Additional file 1: Table S8). Representative results from the
primary screen are shown for controls (Rh1-GAL4 / +; UAS-α-synuclein / +) and one IR line each for the implicated enhancers [Human Gene-Fly
Ortholog (experimental genotype shown)]: ARSB-CG32191 (Rh1-GAL4 / +; UAS-α-synuclein / UAS-CG32191.IR.v14294), TMEM134-CG12025 (Rh1-GAL4 /
UAS-CG12025.IR.v104336; UAS-α-synuclein / +), PTPRH-Ptp10D (Rh1-GAL4 / UAS-Ptp10D.IR.v1102; UAS-α-synuclein / +), and VPS13-Vps13 (Rh1-GAL4 /
UAS-Vps13.IR.HMS02460; UAS-α-synuclein / +). At the 15-day-old time point, Rh1 > α-synuclein causes a weakly-penetrant pseuodopupil phenotype
and mild histopathologic changes which are amenable to modifier screening (compare with Fig. 4, panels c and e). Enhancers identified in the primary
screen were confirmed based on retinal histology (a middle row) and demonstrated increased tissue destruction and disorganization. Activation of
RNAi was not associated with any significant retinal degeneration in the absence of α-synuclein co-expression (a bottom row, Rh1-GAL4 / IR transgene).
Scale bars: 20 μm. b Enhancement of α-synuclein-induced retinal degeneration was quantified based on the extent of vacuolar changes (area occupied
by vacuoles / total retinal area). For quantification, three animals were examined per genotype. For PTPRH, additional confirmation was obtained by
evaluating flies doubly heterozygous for strong alleles of the paralogs Ptp10D and Ptp4e (see also Additional file 2: Figure S5). Statistical comparisons
were made using unpaired t-tests. Error bars are based on Standard Error of the Mean. *p < 0.05; **p < 0.01
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strong (null) alleles of both genes enhanced α-synuclein-
induced retinal degeneration (Ptp4E1, Ptp10D1 / +; Rh1-
Gal4 / +; UAS-α-synuclein / +); whereas heterozygosity for
either allele in isolation showed no significant enhancement
(Fig. 5b and Additional file 2: Figure S5).

Genetic replication of candidate PD genes from WES
We next evaluated our 27 gene candidates in additional
available genetic datasets including: (1) an independent
exome sequencing dataset from the Parkinson Progres-
sion Markers Initiative (PPMI) project [51]; (2) a whole-
genome sequencing dataset including PD index cases of
a Dutch genetic isolate belonging to the Genetic
Research in Isolated Population (GRIP) program [52];
(3) an independent NeuroX exome array dataset [7, 53];
and (4) a large PD GWAS dataset [53]. Within the PPMI
exome dataset, including 462 PD cases and 183 controls,
evidence supporting replication was discovered for two
genes, in which we identified the identical variants from
the IPDGC discovery exome dataset (Additional file 1:
Table S9). A PD case from PPMI carries the same
homozygous stopgain variant (p.R362X) in GPATCH2L
as observed for an IPDGC case. Although the age of
onset differs 20 years between these two PD cases (47
and 68 years for the IPDGC and PPMI patients, re-
spectively), they share similar asymmetric clinical
symptoms at onset, which are characterized by resting
tremor, bradykinesia, and rigidity. Furthermore, both
PD cases have a father diagnosed with PD, implying the
variant to be highly penetrant. We excluded the possi-
bility that these two PD cases might be related by com-
puting pairwise genetic relationships [54] from
common SNPs (MAF ≥ 0.01). No evidence of related-
ness was observed (Ajk = −0.0018). Based on ExAC, only
one (0.003%) out of 32,647 European individuals has
this same homozygous variant. The observation of two
PD cases (0.12%) of our 1610 studied PD patients (1148
IPDGC WES plus 462 PPMI WES) with this GPATCH2L
mutation is consistent with a 40-fold enrichment in our
PD cohort. The second gene harboring an identical LoF
variant is FAM83A. The p.G86X variant in FAM83A,
detected within an IPDGC participant with sporadic
PD diagnosed at the age of 28 years, was also observed
in a single sporadic PD case from PPMI with an age of
onset of 62 years. These FAM83A carriers presented
with similar symptoms, including bradykinesa, rigidity,
and resting tremor. In both datasets, the p.G86X allele is
predicted to be in trans with another variant: p.R347X or
p.V137G in PPMI and IPDGC, respectively.
The second genetic independent dataset that was in-

vestigated included a whole-genome sequencing study
(39 PD index cases and 19 controls) of a genetic GRIP
isolate from the Netherlands, focusing on variants within
our candidate genes that were present in at least two PD
index cases and absent in controls. We identified a het-
erozygous missense variant (NM_001127444:c.1176G >
T:p.L392F) in CD36 for three PD index cases. Although
not consistent with a recessive inheritance model, this
variant has not been observed in the 60,706 unrelated
individuals of the ExAC database, suggesting potential
enrichment in PD cases. These heterozygote variant
carriers have a substantial higher age of onset (range,
61–79 years) in comparison to the PD patient (age of
onset, 38 years) with the putative compound heterozy-
gous variant within the discovery WES dataset. This
observation supports an additive model of pathogen-
icity, implying more severe disease onset when two
alleles are affected. Further, CD36 (p.L392F) is pre-
dicted to represent the top 1% most harmful variants
within the genome (CADD score = 23.3). In the IPDGC
discovery dataset, the discovered compound heterozy-
gous variants, p.Q74X and p.P412S (Table 1), are also
predicted to be strongly deleterious (CADD scores of
26.5 and 25.9, respectively).
We next interrogated the independent IPDGC NeuroX

dataset, including genotypes from 6801 individuals with
PD and 5970 neurologically healthy controls. NeuroX is
a genotyping array that includes pre-selected exonic
variants and is therefore not suitable to search for the
identical recessive LoF variants implicated by our WES
analyses. Instead, we examined the burden of multiple
variant classes within the 27 candidate genes, following
the same variant categories as for the original IPDGC
WES dataset (Additional file 1: Table S10). When only
considering variants predicted to be deleterious (CADD >
20), an association is detected for UHRF1BP1L with PD
risk (p = 0.005). This gene also shows an association with
PD in the IPDGC WES dataset when performing a similar
burden analysis considering missense variants (see above,
p = 0.016). Using the NeuroX dataset, we additionally
confirmed the enrichment of rare PTPRH variants in
participants with PD (WES: p = 0.034, NeuroX: p =
0.045). Furthermore, VPS13C and ARSB show signifi-
cant associations to PD when considering the joint ef-
fect of all variants, both common and rare (Additional
file 1: Table S10).
Leveraging available IPDGC GWAS data (13,708 cases/

95,282 controls), we next assessed for potential common
variant association signals (p < 1 × 10−4) using a 1-Mb gen-
omic window centered on each of the 27 candidate genes.
Three loci (VPS13C, PCDHA9, and TCHHL1) showed
evidence consistent with an association peak (Additional
file 2: Figure S6). A genome-wide significant association at
the VPS13C locus, was in fact recently reported [7]; the
best SNP (rs2414739, p = 3.59 × 10−12) maps ~150 kb
distal to VPS13C. Based on local patterns of linkage
disequilibrium defined by Hapmap (Additional file 2:
Figure S6), it is unlikely that rs2414739 is a proxy for



Jansen et al. Genome Biology  (2017) 18:22 Page 13 of 26
p.E3147X or similar LoF variants in VPS13C; however, it
might be possible that the SNP influences VPS13C expres-
sion by affecting the long non-coding RNA lnc-VPS13C-1
[55] in which the SNP is located. The other two candidate
association peaks, adjacent to PCDHA9 and TCHHL1, are
considerably weaker signals (rs349129 = 1.40 × 10−5 and
rs7529535 = 7.66 × 10−5, respectively) and given the dis-
tances (~500 kb) many other candidate genes are poten-
tially implicated.
In sum, we identify additional genetic evidence con-

sistent with replication for seven genes (GPATCH2L,
FAM83A, CD36, UHRF1BP1L, PTPRH, ARSB, and
VPS13C) that were implicated by our WES analysis, of
which five (GPATCH2L, UHRF1BP1L, PTPRH, ARSB,
and VPS13C) are further validated based on functional
evidence from PD-relevant experimental models.
Transcriptomics-based functional exploration
Lastly, we examined each candidate gene from our
WES analysis for co-expression with established PD
susceptibility gene in expression networks derived
from human substantia nigra, leveraging available data
from the United Kingdom Brain Expression Consor-
tium (UKBEC) and the Genotype-Tissue Expression
project [56]. Of the 27 candidate genes, seven were
not sufficiently expressed in substantia nigra on the
basis of UKBEC. Except for DIS3, these genes were
also expressed poorly in publicly available data of the
Genotype-Tissue Expression (GTEx) project [56].
Consequently, expression values for these genes were
not used for construction of the UKBEC gene co-
expression network (GCN). The remaining 20 genes
were assessed for co-expression with known Mendelian
PD genes (ATP13A2, FBXO7, LRRK2, PARK2, PARK7,
PINK1, RAB39B, SNCA, and VPS35) using the UKBEC
GCN (Additional file 1: Table S11 and Additional file 2:
Figure S7). This approach highlighted three genes
(UHRF1BP1L, GPATCH2L, and PTPRH) and the impli-
cated networks were further interrogated based on gene
set enrichment analysis using gene ontology (GO) terms
to denote potential functions. UHRF1BP1L was co-
expressed with SNCA, PINK1, GBA, and ATP13A2 in a
network significantly enriched for genes with roles in syn-
aptic transmission (p = 2.27 × 10−11) as well as astrocytic
(p = 8.18 × 10−8) and dopaminergic neuronal markers (p =
3.98 × 10−46). GPATCH2L was co-expressed with PARK7
in a network enriched for other neuronal genes (p =
3.41 × 10−12) with cellular roles in metabolism of macro-
molecules (p = 3.82 × 10−15). Lastly, PTPRH was assigned
to a co-expression module including FBX07 and enriched
for oligodendrocyte markers (p = 8.69 × 10−22). Importantly,
the implicated modules were preserved (Z.summary > =10)
in the independent GTEx dataset.
Discussion
We report the results from WES analysis in the largest
PD cohort studied to date. Assuming a recessive inherit-
ance model, we identified 27 candidate genes harboring
rare homozygous or compound heterozygous LoF vari-
ants. With the exception of ARSB, we did not identify
recurrent recessive alleles in more than a single PD case.
This result—potentially consistent with a highly hetero-
geneous genetic etiology for PD—creates significant bar-
riers for statistical confirmation and genetic replication
of novel PD susceptibility loci. Additional genetic sam-
ples were not available for segregation analysis and given
the rarity and heterogeneity of the implicated alleles, de-
finitive human genetic replication would likely require
very large sample sizes, including many thousands of PD
cases with either WES or gene resequencing. We there-
fore coupled our WES analyses with functional studies
in both mammalian cells and experimental animal
models, including Drosophila and C. elegans, in order to
prioritize genes for future study. Our results highlight 15
out of the 27 gene candidates that interact with mito-
chondrial dynamics and five loci that enhance α-
synuclein-mediated neurodegeneration. As discussed
below, while these results highlight a promising subset
of genes with potential links to PD-relevant mecha-
nisms, we cannot exclude contributions from other im-
plicated genes/variants. All of these data, including
promising variants from the human genetic analyses
and results of functional studies, will be a valuable
resource for future investigations of PD genomics.
Analyses of several other WES and complementary
large-scale, genetic datasets provide additional evidence
supporting replication for 7 out of 27 genes. Evidence
from human genetics and functional studies converge
to most strongly implicate five gene candidates dis-
cussed below; however, further investigation will be re-
quired to definitively link each of these loci to PD
susceptibility and elucidate the relevant mechanisms.
Nearly all of these genes are robustly expressed in brain
[56], including the substantia nigra, thereby consistent
with their implication in PD. A subset (GPATCH2L,
UHRF1BP1L, and PTPRH) are co-expressed with estab-
lished Mendelian PD genes in the substantia nigra
based on analyses of UKBEC and GTEx expression
data. In sum, our results define several promising new
susceptibility loci candidates for further investigation
and illustrate a powerful, integrative discovery strategy
for future, large-scale PD genomic studies.
Mitochondrial mechanisms have been strongly impli-

cated in PD risk and pathogenesis [28, 30]. Following
shRNA-mediated knockdown, 15 candidate recessive
loci identified in our WES dataset showed effects on
mitochondrial morphology and Parkin translocation to
mitochondria in cell culture. We focus our initial
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discussion on three genes, GPATCH2L, UHRF1BP1L,
and VPS13C, for which we discovered additional genetic
evidence consistent with replication in independent
cohorts. In the IPDGC cohort, a single PD case was
identified with a homozygous stopgain variant (p.R362X)
in GPATCH2L and a second individual with the identi-
cal, rare genotype was discovered in PPMI. This variant
is reported with a low frequency of 0.003% in ExAC.
Although minimal clinical or demographic information
is available within ExAC, this finding is compatible with
population prevalence estimates for PD [20]. Neverthe-
less, genotyping of p.R362X in additional large PD case
and control cohorts will be required to definitively estab-
lish an association with PD susceptibility. GPATCH2L
knockdown both increased mitochondrial roundness
and impaired Parkin translocation. The encoded protein,
GPATCH2L, which has not previously been studied,
contains a glycine-rich RNA-binding motif, the “G-
patch” domain [57]. GPATCH2, a paralog of GPATCH2L,
is upregulated in cancer cells, localizes to the nucleus
where it interacts with RNA-processing machinery, and
manipulation in culture alters cell proliferation [58, 59].
Notably, GPATCH2L is non-conserved in either the C. ele-
gans or Drosophila genomes, precluding study of this can-
didate in these models. While our results using cellular
assays implicate GPATCH2L in mitochondrial quality con-
trol mechanisms, further follow-up studies in mammalian
model systems will be needed to confirm a role in PD
pathogenesis.
Another promising gene, UHRF1BP1L, harbored a

homozygous stopgain variant (p.K1376X) in a single
IPDGC case. This is a novel variant, based on its ab-
sence from the ExAC cohort. Additional support for
UHRF1BP1L as a bona fide PD locus comes from com-
plementary analyses in both the IPDGC WES and Neu-
roX datasets, documenting a burden of rare missense
and LoF variants in association with disease risk. In the
UKBEC, UHRF1BP1L was associated with a substantia
nigra co-expression module including both SNCA and
PINK1, reinforcing potential links with established PD
genetic mechanisms. Indeed, UHRF1BP1L knockdown
cause sharply reduced mitochondrial numbers and altered
morphology. Interestingly, UHRF1BP1L encodes a protein
bearing an amino terminal homologous to yeast VPS13
and studies in cell culture provide support for a role in
retrograde transport from the endosome to the trans-
Golgi network [60].
Notably, LoF in human VPS13C was also implicated

by our analyses of IPDGC WES data and knockdown
disrupted mitochondrial morphology. Besides the single
IPDGC case, several families with autosomal recessive
early onset Parkinsonism and dementia due to VPS13C
were recently reported [21] and this locus also harbors
common PD susceptibility variants based on GWAS [7].
Our findings of a potential mitochondrial role for
VPS13C agree with those of Lesage et al. who addition-
ally reported that VPS13C localizes to the outer mem-
brane of mitochondria and LoF was associated with
reduced mitochondrial membrane potential, fragmenta-
tion, and increased Parkin-dependent mitophagy.
Importantly, VPS35, which causes autosomal dominant,
late-onset PD, is similarly involved in endosomal traf-
ficking [61] and has also recently been implicated in
mitochondrial dynamics [62], including interactions
with Parkin [63]. Like UHRF1BP1L, VPS13C and
GPATCH2L are expressed in the brain, including within
the substantia nigra; however, additional work will be
needed to define their functions, including potential in-
teractions with other established disease genes (e.g.
VPS35, parkin) and requirements for mitochondrial
maintenance.
Based on functional screening in Drosophila, four can-

didate genes from our WES analyses were implicated as
LoF enhancers of α-synuclein neurotoxicity, which also
has a central role in PD pathogenesis. We discuss the
three genes (VPS13C, PTPRH, and ARSB) where add-
itional human genetic evidence supports replication.
Interestingly, besides its requirement for mitochondrial
maintenance, RNAi-mediated knockdown of Drosophila
Vps13 enhanced α-synuclein toxicity. In the single re-
ported VPS13C PD case with a completed autopsy,
neuropathological findings included abundant α-
synuclein aggregates in both the brainstem and cortex
[21]. Thus, VPS13C and associated endosomal sorting
pathways (including VPS35) may represent a point of con-
vergence for mitochondrial and α-synuclein-mediated PD
mechanisms. Consistent with this, evidence for the impact
of α-synuclein toxicity on mitochondria has recently
emerged [28], including from studies in mammals [64].
In the IPDGC WES cohort, a single PD case was discov-

ered with compound heterozygous LoF variants in PTPRH
(p.Q887X and p.E200X). Both variants were also observed
at low frequencies in the ExAC database (0.039% and
0.003%, respectively); however, they each met our pre-
specified threshold of < 1% based on the population
prevalence of PD. Encoding a receptor protein tyrosine
phosphatase, PTPRH (also called SAP-1) was first
discovered for its potential association with gastrointes-
tinal cancers [65, 66] and remains poorly studied in the
nervous system context. In studies of both vertebrates and
invertebrates, receptor protein tyrosine phosphatases have
been strongly implicated as key neural cell adhesion
receptors, with roles in neurodevelopment and synaptic
function, and other members of this family have been
implicated in numerous neuropsychiatric disorders [67].
In Drosophila, RNAi-mediated knockdown of the
conserved PTPRH ortholog, Ptp10D, enhanced α-
synuclein-triggered retinal degeneration, but was not



Jansen et al. Genome Biology  (2017) 18:22 Page 15 of 26
associated with substantial neurotoxicity independent of
α-synuclein expression. Ptp10D mutant flies are also vi-
able and fertile but demonstrate long-term memory
deficits in behavioral assays [68]. More recent studies
further implicated Ptp10D in neural-glial interactions
during development of the central nervous system [69],
potentially consistent with our findings that human
PTPRH participates in a substantia nigra gene co-
expression network strongly enriched for oligodendro-
cyte markers. Besides our discovery of homozygous LoF
in PTPRH, further analyses of the IPDGC WES dataset,
and the substantially larger, independent NeuroX co-
hort, implicate a burden of rare variants at this locus in
association with PD susceptibility.
α-synuclein-induced neurodegeneration was also en-

hanced by knockdown of CG32191, a Drosophila homo-
log of ARSB. RNAi transgenic lines targeting three other
conserved fly ARSB homologs showed consistent inter-
actions with α-synuclein (Additional file 1: Table S7 and
Table S8). In the IPDGC cohort, we discovered four PD
cases homozygous for a variant predicted to disrupt spli-
cing of exons 1 and 2 in ARSB. Although the identified
variant has not previously been documented in ExAC,
we identified a single IPDGC control homozygote. Add-
itional evidence supporting association of the ARSB gene
with PD susceptibility comes from burden analysis in
the independent NeuroX cohort. The surprisingly com-
mon ARSB splicing variant (rs138279020, MAF = 0.065
in IPDGC) is a single nucleotide insertion allele within a
poly-A repeat, which we speculate might lead to ineffi-
cient capture in prior WES and possibly explain the ab-
sence of this variant from ExAC and the 1000 Genomes
project reference. All four PD cases in our data with the
homozygous ARSB splicing variant were confirmed by
Sanger sequencing. Intriguingly, mutations in ARSB,
encoding the lysosomal enzyme Arylsulfatase B, are
associated with the recessive lysosome disorder, Muco-
polysaccharidosis type VI (MPS VI, also called
Maroteaux-Lamy syndrome), in which the glycosami-
noglycan, dermatan sulfate, accumulates causing skel-
etal dysplasia and other heterogeneous manifestations
[70]. Substrate accumulation and associated cellular
stress has been reported to induce markers of im-
paired autophagy and mitochondrial dysfunction in
ARSB deficient fibroblasts from MPSVI patients, as in
other lysosomal disorders [71, 72]. Importantly,
Maroteaux-Lamy can be characterized by minimal or even
absent clinical signs, leading to incidental discovery or
diagnosis in adulthood, and such mild phenotypes have
been suggested to accompany partial LoF with preserved
low-level ARSB enzymatic activity [70, 73, 74]. Similar
genotype–phenotype relationships have been documented
for other lysosomal-storage disorders, including Gaucher’s
disease, which has established links with PD risk [75, 76].
While a full accounting is outside the scope of this study,
at least one of the three IPDGC cases for which records
were available revealed clinical features potentially over-
lapping with MPS VI.
The strengths of our study include the largest PD

WES discovery dataset assembled to date, complemen-
tary analyses in independent available cohorts to estab-
lish replication, and integration of promising human
genetic findings with multiple functional assays relevant
to PD mechanisms. Nevertheless, we also make note of
several inherent limitations. In order to prioritize candi-
date genes for initial investigation, assumptions were
made concerning the specific inheritance model (reces-
sive) and stringent criteria were employed for variant fil-
tering. In the future, it will be important to also consider
the possibility of dominantly acting alleles; however, this
substantially increases the number of variants to con-
sider and also potentially complicates functional studies
(i.e. compared with LoF screening using RNAi). Our
study design excluded consideration of many non-
synonymous variants that could potentially cause loss
(or gain) of gene function, along with certain non-
truncating, frameshifting alleles (see “Methods”). Even
with fairly stringent criteria for variant filtering and the
assumption of recessive inheritance, we found evidence
for substantial etiologic heterogeneity. Improved confi-
dence for the discovery of PD causal variants will likely
come from PD WES cohorts with significantly enhanced
sample sizes, as well as increased numbers of adult con-
trols, including those with careful neurological assess-
ments to exclude mild PD symptoms. Indeed, most of
the variants implicated by the IPDGC WES cohort were
represented at low frequencies within the largest avail-
able public database, ExAC [77, 78]; however, we have
no information about potential PD manifestations in
such individuals or even participant age.
Since no single cellular or animal experimental model

is expected to universally recapitulate all potential facets
of disease biology, we note that the employed functional
screening assays are potentially liable to false-negative or
false-positive findings. Importantly, experimental evi-
dence of a genetic interaction with either mitochondrial
dynamics or α-synuclein-mediated neuronal injury in
our screening assays cannot in isolation confirm a role
in disease causation, but rather serves to prioritize genes
for future investigation. Out of the 27 candidate genes
implicated in the IPDGC WES discovery analysis, 14
were insufficiently conserved for follow-up in α-
synuclein transgenic flies. While simple animal models,
including Drosophila or C. elegans, have made important
contributions to our understanding of PD pathogenesis,
selected mechanisms, such as the potential role of adap-
tive immunity or basal ganglia circuit dysfunction, can-
not be addressed in invertebrates [79, 80]. We were
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unable to confirm our findings from Drosophila in a
published C. elegans model of α-synuclein toxicity. In
the future, it will also be important to examine potential
genetic interactions in other PD models, including
LRRK2 transgenic flies or those containing mutations in
other PD loci, such as VPS35 or parkin. While neuro-
blastoma cells offer the convenience of robust mitochon-
drial readouts, they are limited by their undifferentiated,
transformed state distinct from that of postmitotic neu-
rons. In the future, human-induced pluripotent stem
cells, including those derived from individuals with PD,
can be differentiated into dopaminergic or other neur-
onal types and potentially deployed for functional
screening strategies. Additionally, genome-editing tech-
nologies may facilitate systematic functional evaluation
of candidate disease-associated variants of unknown
significance.

Conclusions
We have identified five excellent PD gene candidates
(GPATCH2L, UHRF1BP1L, PTPRH, ARSB, and VPS13C),
harboring homozygous or compound heterozygous LoF
variants in PD exomes, demonstrating functional interac-
tions with mitochondrial and/or α-synuclein-mediated
mechanisms, and supported by evidence of replication in
independent human datasets. The recent report [21] of
additional PD families segregating LoF mutations in
VPS13C along with other experiments supporting a role
in mitochondrial mechanisms significantly strengthens the
evidence in support of this gene in PD and validates our
overall approach. These loci are well-suited for future
efforts directed at human genetic replication and in-depth
functional dissection. We also make available results, in-
cluding findings from human genetic analyses and func-
tional studies in most cases, on 22 other promising loci.
These data will serve as a valuable reference for ongoing
and future PD genetic studies. More broadly, our ap-
proach of integrating high-throughput sequencing in PD
case/control cohorts with parallel systematic screening in
cells and model organisms for functional prioritization ex-
emplifies a powerful experimental strategy with great
promise for future genomic studies of PD and other hu-
man disorders.

Methods
Genetic analyses
Whole-exome sequencing
WES was performed on 1148 PD cases and 503 neuro-
logically healthy controls of European descent. All par-
ticipants provided written informed consent. Relevant
local ethical committees for medical research approved
participation in genetic studies. If PD patients were
prescreened for known pathogenic mutations, they were
excluded for exome sequencing when having such a
variant. The cases were diagnosed with PD at a relatively
young average age of 40.6 years (range, 6–56 years), of
which approximately 37% reported a positive family his-
tory. The neurologically healthy controls are on average
48.2 years of age (range, 10–97 years). A more extensive
overview of demographic information is reported in
Additional file 2: Figure S8.
Due to improvements of the exome sequencing proto-

col over time, the exome sample libraries were prepared
with different capture kits. For this study, three different
capture kits were used: Illumina TruSeq (San Diego, CA,
USA) (62 Mb target); Roche (Basel, Switzerland) Nim-
blegen SeqCap (44.1 Mb target); and Agilent (Santa
Clara, CA, USA) SureSelect (37.6 Mb target), which cap-
tured 96%, 81%, and 71% of the targeted exome at least
ten times, respectively (Additional file 1: Table S12).
Exome libraries were sequenced on a HiSeq 2000 (Illu-
mina, San Diego, CA, USA). The Burrows Wheeler
Aligner MEM v0.7.9.a [81] was used to align the 100-bp
paired-end reads to the human reference genome build
hg19. We called the single nucleotide variants (SNVs)
and insertions/deletions (indels) for all samples simul-
taneously using Genome Analysis Toolkit (GATK) 3.x
[82], followed by the exclusion of low-quality variant
calls not passing the default GATK filters. Individual
genotypes were removed with genotype quality Phred-
scores below 40. ANNOVAR [83] was applied to anno-
tate the variants with information concerning variant
type (valid annotations when Refseq in concordance
with UCSC), MAF in the general population, and predic-
tions of the variant’s effect on gene function, implement-
ing CADD [84].

Variant identification in IPDGC WES dataset
Considering the worldwide prevalence of 0.041% for PD
in the age range of 40–49 years [20], we selected rare
variants with a MAF < 1% (corresponding to a homozy-
gous frequency of 0.01%) in the European population.
Because the specified 0.041% of the population with
young-onset Parkinson’s disease (YOPD) is not caused
by one shared genetic factor, we expect a homozygous
frequency of 0.01% to be an adequate cutoff, which
would be able to determine variants present in approxi-
mately 25% of the YOPD population. As a comparison
to the most common genetic cause of YOPD, parkin
[85], the most frequent mutation is an exon 3 deletion,
which has been identified in 16.4% of YOPD patients
[86]. Using ANNOVAR [83], all variants were annotated
with MAF information of ESP6500si (European Ameri-
can population) [87], 1000 Genomes Project (European
population of April 2012 version) [88], and the ExAC
browser (non-Finish European population) [77, 78].
When no public allele frequency was available for homo-
zygous variants, the in-house control dataset of 503
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individuals was used as a reference for the general popu-
lation. Homozygous variants were excluded when being
common (>1%) in controls or having a relative higher
frequency in controls than in cases. KGGseq [89] was
used to count the number of homozygous variants for
the cases versus controls.
In addition to the population allele frequency filters,

we only selected SNVs and indels affecting the position
of the stop codon or located at a splice site (within 2 bp
of splicing junction), which are variants expected to re-
sult in a loss of gene function. As the aim of this study
was to validate our approach to identify high promising
PD candidate genes, rather than discovering all putative
PD genes present within our WES dataset, we set a con-
servative selection criteria by only including frameshifts
that caused an immediate stopcodon at the position of
the indel. Splice-site variants were only considered when
being adjacently located to an exon that is coding for
amino acids. As a final filter for the homozygous vari-
ants, we manually excluded variants that failed
GATKVQSR and hard filtering. Quality predictions
based on the ExAC database are more adequate, as it
includes ~37× more samples than our dataset.
For the putative compound heterozygous mutations,

both variants should be located within the same tran-
script and at least one allele should contain a LoF vari-
ant. The second variant could be: (1) a LoF variant; or
(2) a missense variant that is absent in dbSNP137 [90]
database and with a CADD score > 20 (predicted to be-
long to the 1% most deleterious variants of the total gen-
ome), indicating a pathogenic effect. The latter two filter
criteria should decrease the chance of including benign
missense variants. The putative compound heterozygous
variants were identified by scoring the number of vari-
ants per sample per gene with PSEQ (https://atgu.mgh.-
harvard.edu/plinkseq/pseq.shtml). The reads of variants
located within approximately 200 base pairs were visual-
ized in IGV [91] to judge the authenticity of the com-
pound heterozygous variant. When the different variants
are located on distinct alleles, the combination of vari-
ants was considered a true compound heterozygous
mutation.
All recessive variants that remained after the filtering

procedures were Sanger sequenced to confirm the vari-
ant calls generated by the exome pipeline.

Variant aggregation analyses in the IPDGC WES dataset
SKAT-c [92] was used to analyze the burden of coding
variants for each identified gene. Both rare variants only
and the joint effect of common and rare variants were
tested. Because variant aggregation tests are prone to
coverage differences, capture usage and population
stratification, we performed a more stringent individual
and variant QC, resulting in a reduced dataset of 1540
samples (1062 cases and 478 controls) covering 268,038
variants. Individuals were excluded when failing gender
test, showing evidence of relatedness, having dubious
heterozygosity/genotype calls, or being a population out-
lier. Variants were removed when having a genotype
missingness > 5%, a Hardy–Weinberg equilibrium p
value < 1e−6 or a p value for non-random missingness by
phenotype < 1e−5. Variants were only considered for as-
sociation analyses if located in a region targeted by all
different capture kits.
Benign variants have the potential to dilute a true as-

sociation signal of the combined effect of functional var-
iants in a gene. We therefore annotated variants with
ANNOVAR [83] to group variants according to their
type or predicted pathogenicity. Two subsets of variants
were examined: (1) predicted pathogenic variants, in-
cluding LoF variants and missense mutations that are
predicted to be pathogenic by the CADD framework;
and (2) missense variants, including amino-acid chan-
ging and LoF variants.
As suggested by SKAT, we selected a MAF cutoff of

0.018, which is based on the total sample size and sepa-
rates rare and common variants. Common variants
(MAF > 0.018) were pruned using PLINK [93] (indep
settings 50 5 1.5). Due to confounding factors (usage dif-
ferent capture kits and multiple CEU populations), 20
principle components, 10× coverage, and gender were
taken into account as covariates. Both a traditional
one-sided burden (assuming all variants to have a
harmful effect) and a two-sided SKAT test (allowing
variants to be either damaging or protective) were per-
formed. Empirical p values were calculated by compari-
son of the nominal p value to 10,000 permutations of
affection status. Genes with an empirical p value < 0.05
were considered to be significantly associated to PD.

Genetic replication 1: variant identification in
PPMI WES dataset
We obtained permission to access WES data generated
by the PPMI [51]. After standard variant and individual
QC, the dataset includes 477,512 variants for 462 PD
cases and 183 neurologically healthy controls. A similar
search for homozygous and putative compound hetero-
zygous LoF variants, as described for the original IPDGC
WES dataset, was applied for this second independent
PPMI WES dataset by using ANNOVAR [83] and
KGGSeq [89].

Genetic replication 2: GRIP genetic isolate
The southwest of the Netherlands contains a recently
isolated population which is part of the GRIP program
[52]. A total of 39 PD index cases and 19 controls of this
isolate were subjected to whole-genome sequencing to
explore the genetic factors underlying PD within this

https://atgu.mgh.harvard.edu/plinkseq/pseq.shtml
https://atgu.mgh.harvard.edu/plinkseq/pseq.shtml
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geographic region. Missense and LoF variants which
were present in at least two index cases and a MAF <
0.1% in public databases (ExAC, 1000G dbSNP138, and
ESP6500) were considered as potential PD variants.
Genes harboring such variants were surveyed for overlap
with our list of candidate genes.

Genetic replication 3: variant aggregation analyses
in NeuroX
We investigated the genetic burden of common and rare
variants in these genes by using the independent Neu-
roX dataset, which is generated by a custom-made geno-
type array [53] using a backbone of ~240,000 standard
Illumina Exome content as a basis with an additional
~24,000 variants that are suggested to be involved
neurological diseases. The same procedures as described
for the burden test in the IPDGC WES dataset were ap-
plied. After QC, a total of 6801 PD cases and 5970
neurologically healthy controls remained with high-
quality genotype data for 178,779 variants. Based on the
sample size, the MAF cutoff was 0.0063.

Genetic replication 4: overlap PD risk loci
Approximately 70% of the participants included in this
study have also been included in previous published
GWAS [7, 94, 95]. To explore the possibility that our
candidate genes might also contain common risk vari-
ants increasing the risk to develop PD, next to the iden-
tified LoF variants with assumed high penetrance, we
searched for GWAS loci within 1 Mb upstream and
downstream of the gene of interest using the recent PD
meta-analysis through pdgene.org [7]. Significant associ-
ations and suggestive p values < 1e-4 were considered.
To understand the underlying linkage disequilibrium
structure, LocusZoom [96] was applied to visualize the
European 1000G recombination events for the candidate
genes that were closely located to a GWAS locus.

Gene co-expression analyses
We constructed gene co-expression networks (GCN)
from two different substantia nigra datasets using the R
software package, WGCNA (weighted gene co-
expression network analysis) [97]. This was followed by
the same post-processing of WGCNA gene modules
based on k-means: a heuristic to rearrange misplaced
genes between modules using the number of modules
detected by the standard WGCNA as k and the eigen-
genes as centroids. The first GCN is based on 19,152
genes from 65 substantia nigra control brains from the
UKBEC consortium. The gene expression profiles are
based on Affymetrix Exon 1.0 ST Arrays [98]. The sec-
ond GCN is based on 63 samples from the same tissue,
GTEx [56] V6 gene RPKM values. Genes were filtered
with a RPKM based cutoff of 0.2 and missingness < 30%
resulting in the analysis of 18,363 Ensembl genes. We
corrected this gene expression dataset for the principal
components significantly correlated with GTEx samples
covariates using the Swamp R package. WGCNA gene
modules were functionally annotated with gProfileR
[99] R software package using GO database, accounting
for multiple testing with gSCS’s gProfiler test. Back-
ground genes used were all genes in the substantia nigra
GCN. Cell type enrichment analysis was performed with
the userListEnrichment function with brain specific en-
richment, implemented in the WGCNA R package. Pres-
ervation analysis of UKBEC GCN in GTEx’s substantia
nigra profiles was performed with WGCNA’s preservation
analysis. Results are reported with the Z.summary statistic
[100]. Graphical representation of the GCN subnetworks
were constructed by using the 27 candidate genes and
known PD genes (ATP13A2, FBXO7, LRRK2, PARK2,
PARK7, PINK1, RAB39B, SNCA, and VPS35) as seed
genes. For each of these genes sequentially, in a round
robin fashion, we added the gene with highest adjacency,
based on TOM values, and the links this gene has with all
the seed genes. We used Cytoscape 3.3 for display with a
Kamada-kawai layout algorithm [101].

Human cellular screen
shRNA virus production
Bacterial glycerol stocks containing the shRNA vectors
(Sigma, St. Louis, MO, USA; TRC1 and 1.5) were grown
overnight in Luria-Bertani media containing 100 μg/mL
of ampicillin (Sigma-Aldrich, St. Louis, MO, USA). We
selected at least five shRNA clones per gene. Endotoxin-
free shRNA plasmids were extracted according to the
manufacturer’s protocol (Zymo, Irvine, CA, USA; ZR
Plasmid Miniprep Classic kit). Lentivirus was produced
as follows: HEK293T packaging cells were seeded at a
density of 4 × 10Δ5/mL (100 μL per well) in cell culture
media, Optimem (Invitrogen, Carlsbad, CA, USA) con-
taining 10% fetal bovine serum (FBS) in 96-well tissue
culture plates. Cells were incubated for 24 h (37 °C, 5%
CO2). Each well was subsequently transfected with
100 ng of shRNA plasmid, 90 ng of packaging plasmid
(pCMV-dr8.74psPAX2), and 10 ng of envelope plasmid
(VSV-G/pMD2.G) combined with 0.6 μL of FugeneHD
(Promega, Madison, WI, USA) in a total volume of
10 μL. Transfection efficiency was monitored using the
pKLO.1 GFP plasmid (Sigma, St. Louis, MO, USA) and
had to be greater than 90%. Sixteen hours after transfec-
tion, media was refreshed and supernatant harvested
after a further 24 h. Virus was stored at −80 °C.
To ensure successful lentivirus production, HEK293T

cells were plated out at a density of 2 × 10Δ5/mL (100 μL
per well) in Optimem containing 10% FBS and 15 μg/
mL of protamine sulfate (Sigma, St. Louis, MO, USA).
Cells were infected with 10 μL, 25 μL, and 50 μL of
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lentivirus. The following day, media was refreshed with
media containing 2.5 μg/mL of puromycin. After a fur-
ther three days, plates were manually inspected to deter-
mine cell viability of each well. If more than 10% of the
wells contained dead cells, lentiviral production for that
plate was repeated.

Neuroblastoma cell culture
BE(2)-M17 (ATCC® CRL-2267™) and HEK 293 T
(ATCC® CRL-3216™) cell lines were obtained from the
American Type Culture Collection (Manassas, VA,
USA). BE(2)-M17 cell lines were cultured in Dulbecco’s
Modified Eagle/Nutrient Mixture F-12 Medium
(DMEM/F-12) with GlutaMAX (Invitrogen, Carlsbad,
CA, USA) supplemented with 10% FBS, 1× non-essential
amino acids (NEAA), and 1% Penicillin/Streptomycin.
HEK 293 T cells were cultured in Opti-MEM (Invitro-
gen, Carlsbad, CA, USA) containing 10% FBS and 1×
NEAA. All cell lines were routinely tested for myco-
plasma contamination. For lentivirus infection, 25 μL of
the lentivirus was added to each well of a 96-well plates
and protamine sulfate was added at a final concentration
of 1 μg/mL in each well of the 96-well plate. Specific
wells on each lentiviral plate contained GFP expressing
virus to ensure efficient transduction.

Cell-based screening assays
Four phenotypes were studied in two different assays:
Mitochondrial morphology [33] was examined in a

single assay with BE(2)-M17 cells, which were expanded
and plated at a density of 5 × 10Δ4/mL (100 μL per well)
in 96-well black CellCarrier plates (PerkinElmer,
Waltham, MA, USA) pre-pipetted with 25 μL of the
lentivirus. On day 2, media was refreshed with DMEM/
F12 (with 10% FBS) supplemented with 2 μg/mL puro-
mycin. On day 4, the cells were incubated with 100 nM
MitoTracker Red CMXros, 100 nM MitoTracker
DeepRed (Molecular Probes), and 1 μg/mL Hoechst for
20 min at room temperature. Media was refreshed and
the cells were incubated for a further 2 h before fixation
with 4% paraformaldehyde (pH 7.3).We examined three
parameters commonly used for quantification of mito-
chondrial morphology: mitochondrial number, axial
length ratio, and roundness.
For the Parkin translocation assay BE(2)-M17 cells

were also utilized. The PLVX inducible vector (Clontech,
Mountain View, CA, USA) overexpressing C-terminally
tagged Parkin-GFP was used to make polyclonal stable
BE(2)-M17 cells. Stable cell lines were cultured in
DMEM/F12 supplemented with 10% FBS, 1% NEAA, 1%
P/S, 250 ng/mL Puromycin, 200 μg/mL G418, and 1 μg/
mL of doxycycline. BE(2)-M17 cells were expanded and
plated at a density of 7.5 × 10^4/mL (100 μL per well) in
96-well black CellCarrier plates (PerkinElmer, Waltham,
MA, USA) pre-pipetted with 25 μL of the lentivirus. The
following day, media was exchanged with media without
doxycycline to induce the expression of Parkin-GFP. On
day 5, the cells were incubated with 100 nM Mito-
Tracker DeepRed (Molecular Probes, Eugene, OR, USA)
and 1 μg/mL Hoechst. After 20 min, media was
refreshed with media containing 15 μM Carbonyl cyan-
ide m-chlorophenyl hydrazone (CCCP). Cells were incu-
bated for 2 h before fixation in 4% paraformaldehyde
(pH 7.3).

Image acquisition and analysis
Image acquisition was carried out using the automated
confocal imaging system, Cell Voyager CV7000 (Yoko-
gawa, Tokyo, Japan). The mitochondrial morphology
assay involved a total of 60 fields per well using a 60×
water immersion objective lens for improved reso-
lution. Nuclei were imaged utilizing the 405 nm laser,
Mitotracker CMXros utilizing the 561 nm laser, and
mitotracker DeepRed utilizing the 640nM laser. For the
translocation assay, a total of 60 fields per well were
taken using a 20× objective lens. Nuclei were imaged
utilizing the 405 nm laser, Parkin-GFP utilizing the
488 nm laser, and mitotracker DeepRed utilizing the
640 nm laser.
Images were stored and analyzed by the Columbus

Image Data storage (PerkinElmer, Waltham, MA, USA).
Image quality control: only well-segmented interphase
cells were included. Mitotic, apoptotic badly segmented,
and out-of-focus cells were excluded. Cells touching the
border of the image were removed to avoid analysis of
artificially cropped cells. All wells where the perturb-
ation strongly decreased cell number were disregarded.
Morphological characteristics and signal intensities were
quantified and results exported to R package CellHTS2.
To quantify mitochondrial morphology, the median
mitochondrial number per object, roundness, axial
length ratio, and intensity of mitorackerCMXros (mito-
chondrial potential) were calculated.
To differentiate between CCCP-treated Parkin stable

cell lines and untreated cells, the number of spots
formed on mitochondria was calculated. Cells containing
more than two spots were considered positive for Parkin
translocation. The ratio of cells positive for translocation
versus the number of cells negative for translocation was
calculated per well to give a cell number independent
measure of Parkin translocation. CCCP-treated cells
transduced with a scrambled shRNA and CCCP-treated
cells transduced with shRNA targeting PINK1 were in-
cluded on each plate. An average Z’ of 0.61 was calcu-
lated for the entire screen, with a minimum Spearman’s
Rank correlation between replicates of 0.8.
Data from high content imaging assays were analyzed

using the BioConductor CellHTS2 package for the R
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software environment (R version 2.11.1, BioConductor
version 2.6). Data were normalized to negative controls
on a per-plate basis to minimize plate-to-plate vari-
ation. For the Parkin-translocation screen, negative
controls were considered as wells which had been
transduced with lentivirus encoding a scrambled se-
quence and had been treated with CCCP. For the
remaining screens, negative controls were considered
as wells that had been transduced with lentivirus en-
coding a scrambled sequence.

Statistical analysis
For each of the shRNA screens, each assay plate was
completed with six replicates to enable the detection of
subtle effects and minimize false negatives. For each
shRNA, Mann–Whitney U tests with false discovery rate
(FDR) correction were performed and the robust strictly
standardized median difference (SSMD*) was calculated
[102]. Effects were considered significant when the
SSMD* normalized effect of shRNA treatment was
greater than or less than 4 or −4 and at least two inde-
pendent clones per gene showed a significant effect.
Seed sequences were manually inspected to ensure no
common sequence.
For each assay, a positive control plate containing

known modifiers of the phenotype in question was run
in parallel to ensure the assay worked optimally. The ro-
bust Z-factor was calculated as previously described
[103], using the normalized values for the controls from
all plates. For the mitochondrial assay, known regulators
of mitochondrial fission or fusion were included. For the
Parkin translocation assay, TOMM7 and PINK1 were
used as positive controls.

shRNA knockdown validation
Cell culture and shRNA mediated knockdown were
performed as described above. Cells were harvested for
RNA isolation using the SV 96 Total RNA Isolation
System (Promega, Madison, WI, USA) according to the
manufacturer’s protocol. Total RNA primed with oligo
dT (Qiagen, Hilden, Germany) was used for cDNA syn-
thesis with Superscript III RT (Life Technologies,
Carlsbad, CA, USA) according to the manufacturer’s
specifications. Quantitative polymerase chain reaction
(PCR) was carried out in triplicates on a ViiA7 real-
time PCR system using SYBR Green PCR master mix
(Life Technologies, Carlsbad, CA, USA) and 0.04 μM
specific primer pairs for all targets. For multiple exons,
gene primers were designed to span exon-exon junc-
tions or to be separated by one intron on the corre-
sponding genomic DNA. Normalized relative quantities
were calculated with HMBS as housekeeping gene by
using the qbasePLUS software (Biogazelle, Gent,
Belgium) and knockdown efficiencies per clone were
calculated using scrambled control wells (n = 3) as a
reference.

Animal models
Orthologue selection
The function of the candidate genes and their involve-
ment in neurodegeneration was tested in two animal
models; C. elegans and Drosophila. The DRSC Integrated
Ortholog Prediction Tool (DIOPT) [104] was used to
identify the conserved homologs of human genes in the
nematode or fly genomes. Orthologues were defined
based on a minimum unweighted DIOPT score of 2,
such that two independent bioinformatics algorithms
were in agreement concerning the orthologue pairing. In
cases where multiple genes were identified as potential
orthologues for a given human gene, we carried forward
all candidates with DIOPT scores greater than 3.

Fly stocks and husbandry
The human α-synuclein transgenic flies with codon-
optimization for Drosophila (UAS-α-synuclein line #7),
were recently described [48] and are available from the
Bloomington Stock Center (Bloomington, IN, USA).
RNAi transgenic lines were obtained from the Vienna
Drosophila RNAi Centre (Vienna, Austria) or from
Bloomington for the Harvard Transgenic RNAi Project.
All RNAi lines used for this study are detailed in Add-
itional file 1: Table S8. The GAL4-UAS system [105] was
used for ectopic co-expression of both the α-synuclein
and RNAi transgene. The Rh1-Gal4 driver line (second-
chromosome insertion) has been previously described
[48, 106]. For screening, individual RNAi (IR) lines or
Canton S (as a control) were crossed to animals of the
genotype: Rh1-Gal4/CyO; UAS-Syn/TM6B. All crosses
were established at 18 °C and F1 experimental animals
(Rh1-Gal4 / UAS-IR; UAS-Syn / + or Rh1-Gal4 / +;
UAS-Syn / UAS-IR) were shifted to 25 °C within 24 h of
eclosion and aged 15 days. To examine for potential α-
synuclein independent retinal degeneration, each UAS-
IR transgenic line was separately crossed to Rh1-Gal4,
using identical conditions. Based on the results of
the primary RNAi screen, we also obtained from
Bloomington available mutant alleles for the fly
orthologues of PTPRH: Ptp10D and Ptp4E. The fol-
lowing additional stocks were used: (1) w, Ptp4E1;
(2) w, Ptp10D1; (3) yw, Ptp4E1, Ptp10D1 / FM7C. All
experimental results were quantified and photo-
graphed in female animals.

Characterization of retinal degeneration in Drosophila
For optical neutralization (also known as the pseudopu-
pil preparation), fly heads of 15-day-old animals were
immersed in mineral oil and transilluminated using a
40× objective on a Leica (Wetzlar, Germany) DM6000B
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light microscope. Eyes from at least four animals were
examined per genotype (at least eight retinae). All candi-
date modifier lines and controls were scored blinded by
three independent examiners. The penetrance of
degeneration caused by each RNAi line was calculated
by dividing the number of abnormal retinae, showing
evidence of either reduced rhabodomere numbers or
altered refraction of light indicative of vacuolar
changes, by the total number of retinae examined. For
identification of genetic enhancers, we required two
independent RNAi lines targeting non-overlapping se-
quences with 50% or greater degenerate retinaes ob-
served using the pseudopupil assay. Following our
initial screen of two RNAi lines targeting each of 18 fly
gene homologs, additional RNAi lines and mutant
strains were evaluated, where possible, for the most
promising candidates. For each enhancer gene, the
strongest RNAi line was independently re-tested for
consistency using the pseudopupil assay and retinal
histologic sections were also performed for further
confirmation. To examine for potential α-synuclein-
independent retinal degeneration, the strongest RNAi
modifier for each gene was separately crossed to Rh1-Gal4
and histologic sections were examined for 15-day-old ani-
mals. For histology, fly heads from 15-day-old animals
were fixed in 8% glutaraldehyde and embedded in paraffin.
Tangential (3 μm) retinal sections were cut using a Leica
Microtome (RM2245) and stained with hematoxylin and
eosin. Retinae from at least three animals were examined
and quantified per genotype. Enhancement of α-synuclein-
induced retinal degeneration was quantified based on the
severity of retinal vacuolar changes seen in stained histo-
logic sections. We examined representative photographs
taken with a 40× objective from well-oriented, intact tan-
gential sections at a depth in which the retina achieves
maximal diameter. Using ImageJ software [107], we re-
corded the area occupied by all vacuoles with a diam-
eter greater than 4 μm and divided by the total retinal
area to compute a percentage. Statistical comparisons
were implemented using a two-tailed student’s t-test.
α-synuclein expression levels were determined by im-
munoblot (clone 42, 1:1000, BD Transduction Labora-
tories, San Diego, CA, USA).
C. elegans media and strains
All strains were maintained as described previously
[108]. For this study, the worm strains N2 (wild-
type), CF512 (fer-15(b26)II; fem-1(hc17)III), and
OW40 (zgIs15[P(unc-54)::α-synuclein::YFP]IV) were
used. Strains were grown at 20 °C on Nematode
Growth medium (NGM) seeded with Escherichia coli
stain OP50. For each orthologue, one RNAi clone
was selected to target the corresponding gene.
Phenotype assays for basal phenotypes in C. elegans
The systematic RNAi screen was carried out as de-
scribed [109]. RNAi clones targeting the genes of inter-
est (9/27; Additional file 1: Table S3) were obtained from
the Vidal cDNA RNAi library or the Ahringer RNAi li-
brary. Bacteria expressing the empty vector L4440 were
used as negative control. For the survival assay, we
employed a sterile strain, CF512 (fer-15(b26); fem-
1(hc17)) [110]. To induce sterility, eggs were collected
and kept in M9 medium at 25 °C overnight until they
reached L1 arrest. Approximately 25 L1 worms were
added to plates seeded with RNAi clones of interest and
empty vector control and allowed to develop to adults at
25 °C. At day 9 of adulthood at 25 °C, when approxi-
mately half of the worms grown on control plates were
dead, the survival of worms on RNAi plates was
determined.
The offspring and developmental phenotypes were

tested in a single assay. N2 worms were grown at 20 °C
until L4 stage on OP50 bacteria and then transferred to
plates seeded with RNAi clones of interest and empty
vector control. At day 2 of adulthood, ten worms were
put onto a new plate seeded with the same RNAi clone
for 1 h to produce progeny. The plates containing the
progeny were kept at 20 °C until the F1 generation of
the control worms reached L4 stage. The number and
developmental phenotypes of the offspring were scored
at the last time point using a dissecting microscope. A
one-sided student’s t-test was used to determine the sig-
nificant changes compared to controls. All counting was
done in a blind fashion in which the identity of the sam-
ples was concealed and each experiment was performed
in three biological replicates.

Motility assay for α-synuclein toxicity model in C. elegans
Animals were age-synchronized by hypochlorite treat-
ment, hatched overnight in M9 buffer, and subsequently
cultured on NGM containing isopropylthio-β-D-galacto-
side (IPTG, 15 mg/L) and 50 μg/mL ampicillin (plates
for RNAi treatment). Plates were seeded with RNAi bac-
teria. Prior to the experiment, the plates were kept at
room temperature for two days to allow the production
of dsRNA by the bacteria. On day 1 of adulthood (one
day after larval stage L4), animals were transferred to
RNAi plates containing 5-fluoro-2’deoxy-uridine (FUDR)
to prevent the offspring from growing. RNAi clones
targeting C54D2.4 (ARSB), T08G11.1 (VPS13C), and
F44G4.8 (PTPRH) were used from the Ahringer C. ele-
gans RNAi library. All clones were verified by sequen-
cing. RNAi clones for the C. elegans orthologue F21F3.7
(TMEM134) was not available.
Animals were scored at day 4 and day 8 of adulthood.

Animals were placed in a drop of M9 and allowed to ad-
just for 30 s, after which the number of body bends was
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counted for another 30 s. Fifteen animals were scored
per condition. Relative body bends were calculated by
normalizing to control values. Error bars are showing
the standard error of mean. Assays were repeated in
three independent experiments and the relative body
bends of one representative experiment is shown.
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