
 

 

 University of Groningen

The impact of genotoxic stress on protein homeostasis
Huiting, Wouter

DOI:
10.33612/diss.168249330

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Huiting, W. (2021). The impact of genotoxic stress on protein homeostasis: a study on an emerging theme
and its relevance for age-related degeneration. [Thesis fully internal (DIV), University of Groningen].
University of Groningen. https://doi.org/10.33612/diss.168249330

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.168249330
https://research.rug.nl/en/publications/daf0f756-b1f6-43ba-9fd9-4aa7fc28e910
https://doi.org/10.33612/diss.168249330


the impact of genotoxic stress

A study on an emerging theme
and its relevance for

age-related degeneration

on protein homeostasis



The research described in this thesis was conducted at the University of Groningen, University Medical Center 
Groningen, The Netherlands, at the Department of Biomedical Sciences of Cells and Systems, and within the 
European Research Institute for the Biology of Ageing (ERIBA), between 2016 and 2021. The research was 
financially supported by the Netherlands Organisation for Scientific Research (NWO). Printing of this thesis 
was financially supported by the University of Groningen.

Cover Design: Sita Dijkstra, @zonniger INSTAGRAM
Thesis Layout: Els Kuiper, www.elskuiper.nl
Thesis printed by: Gildeprint, www.gildeprint.nl

Copyright © 2021 by Wouter Huiting. All rights reserved. No part of this thesis may be reproduced, stored in a 
retrieval system, or transmitted in any form or by any means without permission of the author.



The impact of genotoxic stress on 
protein homeostasis

A study on an emerging theme and its relevance for age-related degeneration

Proefschrift

 ter verkrijging van de graad van doctor aan de 
Rijksuniversiteit Groningen 

op gezag van de
rector magnificus prof. dr. C. Wijmenga

 en volgens besluit van het College voor Promoties

De openbare verdediging zal plaatsvinden op

Maandag 10 mei 2021 om 11.00 uur

door

Wouter Huiting

Geboren op 10 juni 1990

te Nieuwegein



SUPERVISORS

Dr. Steven Bergink

Prof. dr. Harm H. Kampinga

ASSESSMENT COMMITTEE

Prof. dr. Ineke Braakman

Prof. dr. Zuzana Storchová

Prof. dr. Marcel van Vugt



PARANYMPHS

Suzanne Dekker

Els Kuiper





Chapter 1

Introduction

9

Chapter 2

Impaired function of ATM, ATR, and DNA topoisomerases triggers the 

aggregation of a metastable subproteome through an overload of protein 

quality control systems

43

Chapter 3

Differential extraction of detergent-insoluble protein aggregates from cultured 

mammalian cells - a benchtop centrifuge method

79

Chapter 4

Loss of protein homeostasis is a common pathological mechanism in DNA 

damage response-compromised Caenorhabditis elegans

93

Chapter 5

Discussion

115

Bibliography 131

Appendix

List of abbreviations used

English summary

Nederlandse samenvatting

Acknowledgements

Short CV with a list of publications

167

171

177

183

191

CONTENTS





introduction
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GENOME INTEGRITY
THE HUMAN GENOME UNDER CONSTANT THREAT
All living organisms have a distinct genome, a biological blueprint that sets them apart from 

each other. The human genome contains the vast majority of instructions needed for cells 

to perform their functions, deal with changing environments, divide and reproduce. This 

information is stored as a collection of genes, dispersed along double polymer strands of 

DNA bases, each encoding protein or RNA products. 

The central position that DNA has in biology is sometimes paradoxical. For example, the 

induction of variation in its sequence underlies phenotypical differences in the population, 

which is fundamental to the process of evolution. On the other hand, even a single altered 

nucleotide may lead to profound pathology. Moreover, despite (or perhaps because 

of) the fact that DNA is the template for replication and transcription – and therefore of 

fundamental importance to virtually all cellular processes – DNA is the only molecule in the 

cell that cannot be replaced when damaged. Together, this indicates that DNA is not simply 

a passive ‘repository’ of genetic information, but a dynamic entity that needs to be actively 

monitored and regulated. 

A key aspect of this is the protection of genomic integrity over time. DNA is under continuous 

assault and – again paradoxically – the very fact that cells are alive appears to be one of 

the largest threats to its integrity. For example, reactive oxygen species (ROS), generated 

mainly during ATP production via oxidative phosphorylation in mitochondria, are highly 

genotoxic, as they react readily with DNA resulting in a plethora of different base products 1. 

During replication, stochastic errors made by DNA polymerases also severely challenge the 

integrity of the genome 2. Other, more spontaneous lesions (e.g. resulting from the inherent 

instability of the DNA molecule) include the formation of abasic (AP) sites, base deamination, 

and alkylation 3.

Exogenous sources further threaten genome integrity. For example, ionizing radiation can 

damage DNA directly, as well as indirectly by generating genotoxic hydroxyl radicals or 

ROS4. Ultraviolet radiation directly crosslinks adjacent pyrimidine bases, resulting in either 

cyclobutene-pyrimidine dimers or pyrimidine-pyrimidone (6-4) dimers. Both cause a distortion 

of the DNA double helix 5. Alkylating agents, aromatic amines (e.g. from cigarette smoke), 

various natural toxins and chemotherapeutic drugs can contribute to a cell’s DNA damage 

load as well, for example by forming bulky DNA adducts, or by inducing either interstrand 

crosslinks or DNA-protein crosslinks, both of which are highly cytotoxic 6,7. 
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Many of these endogenous and environmental insults can also result in the formation of 

single-strand DNA breaks (SSBs) which, when occurring in close proximity to each other, can 

lead to very harmful double-strand DNA breaks (DSB) 8. DSBs can also arise directly from 

for example ionizing radiation, or during replication or transcription via several different

processes, often as a consequence of an existing lesion or aberrant DNA structure. Together, 

all these different types of lesions are thought to result in a steady-state of many tens of 

thousands of different DNA lesions per cell per day 9,10, most of which can have extremely 

detrimental consequences if left unchecked.

THE DNA DAMAGE RESPONSE
To safeguard genetic information in the face of these threats, cells rely on a sophisticated 

and extensive network of cell cycle checkpoints, DNA repair pathways, and damage-induced 

signaling cascades, collectively referred to as the DNA Damage Response (DDR). The DDR 

ensures that DNA damage, including base-altering lesions, strand breaks and aberrant DNA 

secondary structures are detected and dealt with. As the highly complex systems of the DDR 

have been extensively discussed elsewhere in 11–14, here I will limit myself to a condensed 

overview of the core concepts of DNA damage-induced checkpoint activation and DNA repair, 

since these are most relevant to the work presented in this thesis.

In dividing cells, cell cycle checkpoints are crucial for the ordered progression of events during 

mitotic division, ensuring that any event can only occur upon completion of the previous 

one (i.e. G1 > S > G2 > M). As such, checkpoints ensure that each generation of cells has the 

correct amount and quality of genomic DNA. One of the most potent checkpoint activators 

is the presence of DNA damage, a reflection of the fact that unrepaired DNA damage can 

have devastating consequences during cell cycle progression - it can result in a dramatic loss 

of genomic integrity by inducing mutations and even large structural alterations 15, and it is 

strongly associated with cancer 16,17.

Upon detection of DNA damage, cell cycle progression is delayed, allowing repair to occur. 

Key players in this DNA damage-induced checkpoint activation are ATM and ATR, two PI3K-

like kinases that, depending on the type of damage and the current phase, are recruited early 

to sites of damage 18. Once activated, ATM and ATR phosphorylate numerous substrates, 

initiating a signaling cascade that drives a cell cycle arrest, and in parallel signals the 

appropriate DNA repair machinery (reviewed in 19). This cell cycle arrest is largely dependent 

on the activation of Chk2 and Chk1, two kinases immediately downstream of ATM and ATR, 

and their downstream targets p53 and cdc25 family members (a,b and c), respectively.
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DNA repair occurs through a range of highly complex and often interwoven pathways. Here, 

for simplicity, we group these pathways into two distinct categories: repair of single strand 

lesions, and DSB repair. Although many specialized sub-pathways exist as well, these two 

categories are generally further subdivided into six major distinct DNA repair pathways 

(Figure 1). The main pathways involved in the repair of single strand lesions use a similar step-

by-step approach to deal with lesions: after detection the helix is ‘opened up’ and the lesion 

is ‘cut’ out of the DNA helix by one or more DNA nuclease(s). The gap is then filled by a DNA 

polymerase, and finally a DNA ligase reseals the sugar-phosphate backbone. Base-excision 

repair (BER) relies on a broad set of DNA glycosylases that each recognize a distinct type of 

base damage, and subsequently catalyze its hydrolytic removal (reviewed in 20). Repair itself 

can proceed in two distinct manners, short-patch BER and long-patch BER, that mainly differ

in how much DNA is synthesized at the site of the lesion. Nucleotide-excision repair (NER) 

is the main repair pathway to repair a range of (mostly helix-distorting and bulky) lesions, 

including intrastrand crosslinks induced by sunlight (CPDs and 6-4PPs). Like BER, NER occurs 

in two sub-pathways, global genome (GG-) NER and transcription-coupled (TC-) NER, which 

differ in how the lesion is detected (reviewed in 21,22). Mismatched bases – including insertion-

deletion loops (IDLs) – in newly synthesized DNA are repaired by mismatch repair (MMR) 

(reviewed in 23).

During cell division, DNA lesions can block polymerase progression, which may lead to stalling 

of the replication fork 24. If left unchecked, this can culminate in fork collapse, resulting in DSB 

formation, chromosomal rearrangements, and cell death 25,26. Lesions in single-stranded DNA 

(ssDNA) cannot always simply be repaired using BER or NER (i.e. hydrolysis of the backbone 

during replication would result in a strand break), and because of this, these lesions are 

bypassed by the replication machinery, ensuring that genome replication proceeds (reviewed 

in 27). This ‘damage tolerance’ is facilitated by post-replication repair (PRR), which has two 

major modes of action: translesion synthesis (TLS) and template switching (TS) (Figure 1). 

Neither of these actually repairs lesions, but after completion of PRR and passing of the 

replication fork, tolerated lesions can subsequently be dealt with by for example BER or NER 
27. In TLS, the replicative DNA polymerase is replaced by a specifi  TLS polymerase, which has 

a larger catalytic site, allowing them to move over bulky DNA lesions 28,29. Although this also 

increases the promiscuity of these polymerases resulting in frequent synthesis errors, this is 

still a preferred outcome, likely because TLS can drastically limit the cytotoxic consequences 

of DNA damage 27. TS is triggered by the polyubiquitylation of PCNA and exists in different

forms, all of which rely on realignment of the nascent DNA strand with an alternative template 

to circumvent replication-blocking lesions 30. When this template is the newly synthesized 

daughter strand, TS is generally error-free, however, misalignment or alignment to any other 

ssDNA strand can result in genomic alterations 30,31.
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Figure 1. Overview of the core DNA repair mechanisms.
Base-excision repair (BER) takes place either via short-patch BER or long-patch BER. In the former a DNA 
polymerase only replaces the damaged nucleotide, in the latter it polymerizes up to 10 nucleotides, displacing 
the existing strand, which is in turn removed by a (flap) endonuclease. Nucleotide excision repair (NER) 
comes in two flavours, global genome (GG-)NER and transcription-coupled (TC-)NER. In GG- NER, the lesion 
is recognized by a scanning protein (mainly XPC) that has binding affinit for the small single-stranded DNA 

(legend continues on next page)
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DSBs require more complex repair mechanisms, as there is no complementary strand to 

guide repair. The decision which pathway is used to repair a DSB depends on a range of 

factors, including the nature of the DNA ends, and the current phase of the cell cycle 32. The 

constitutively active DSB repair pathway in mammalian cells is non-homologous end-joining 

(NHEJ) (Figure 1), of which several sub-pathways exist (reviewed in 33). Classical NHEJ is a 

highly versatile pathways that can act on a host of different DNA-end configurations, and 

largely independent of the cell cycle. Although NHEJ has long been considered to be inherently 

error-prone as it does not use an existing DNA template for polymerization – which can result 

in diverse sequence outcomes at the repaired site (e.g. mutations, deletions) – we now 

appreciate that classical NHEJ is not necessarily inaccurate, and that its outcome depends 

heavily on the complexity of the DSB, the initial structures of the DNA-ends, and whether or 

not any microhomology can be used. Dividing cells can also use homologous recombination 

(HR) to repair DSBs, a process that generally relies on the presence of a sister chromatid 

during late S and G2 phases of the cell cycle that can act as a synthesis template (Figure 1). 

Like in NHEJ, several HR sub-pathways exist (reviewed in 34). 

GENOMIC INSTABILITY AND ITS LINKS TO PATHOLOGY
Although the DDR successfully deals with DNA damage and prevents them from becoming 

‘locked-in’ genomic alterations, DNA lesions can occasionally be repaired improperly, resulting 

in an inherent tendency of any genome to accumulate changes over time, a phenomenon 

referred to as genomic instability 35. For example, point mutations (i.e. base substitutions) 

are the result of stochastic replication errors or DNA lesions that are improperly detected 

or repaired 36. Larger, structural variants – so named because they require a disruption 

(ssDNA) gap caused by the disrupted helix. In TC-NER, a lesion is detected during transcription when it blocks 
the progression of RNA polymerase II. After detection, the damaged strand is hydrolyzed on both sides of the 
lesion, and the resulting ssDNA oligomer is removed. After substrate recognition in mismatch repair (MMR), the 
incorrect nucleotide(s) is/are excised by DNA nucleases, followed by correct repair of the gap. Post-replication 
repair (PRR) ensures that DNA replication can continue upon encountering replication blocking ssDNA lesions 
(which are detected when the PCNA ring is blocked in its progression). In translesion synthesis (TLS), the lesion 
is bypassed by a specific TLS polymerase, whereas in template switching (TS) the lesion is circumvented by the 
use of a differentDNA template (in the situation depicted here the newly synthesized daughter strand is used). 
In non-homologous end-joining (NHEJ), factors are recruited to the DSB that stabilize the break, perform end-
processing, and position the ends prior to ligation. Differentmolecular cascades are possible, depending also 
on the initial end structures and whether or not any base pairing (i.e. ‘microhomology)’ between ends can 
guide re-joining. In homologous recombination (HR), the sister chromatid serves as a template, allowing repair 
of the DSB to be (mostly) error free. After recognition of the DSB, repair is initiated by end-resection resulting 
in 3’ ssDNA overhangs. This overhang can pair with the complementary strand of the sister chromatid, allowing 
DNA to be correctly synthesized. The extended ssDNA stretch is then displaced and annealed to the other 
ssDNA, after which the break can be fully repaired. 
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of the DNA sugar backbone – are caused by various mutational processes during DNA 

recombination, replication or repair (reviewed in 36). These different types of ‘locked-in’ 

genomic alterations can be inherited, but due the constant pressures of DNA damage and 

the inherent stochasticity of genome replication and maintenance, they can also occur de 

novo in the germline of the parent. In addition, they can arise somatically, resulting in distinct 

and unique genomic alterations in each individual cell 37. Lastly, genomic instability can also 

be considered to include the accumulation of unrepaired, persistent DNA lesions, although 

many of these are thought to eventually result in mutations or chromosomal rearrangements 

as well 2.

Genomic instability is a central feature of carcinogenesis 38,39, but it is also strongly implicated 

in a range of other pathologies. The cardinal impact of genomic instability on tissue 

homeostasis is underlined by the more than 50 disorders currently known to be caused by 

mutations in various DNA repair proteins 40. These disorders are characterized by a broad 

range of clinical (degenerative) features. These features can include a predisposition toward 

cancer, neurodegeneration, microcephaly and (cardio)myopathy. Some mutations can lead 

to premature ageing 40. Because of its compelling link to cellular degeneration, genomic 

instability is widely recognized as a hallmark of ageing 41. However, whereas the role of 

genomic instability in carcinogenesis is well-documented, how it can drive degenerative 

processes is far less understood. In this regard, an often underexposed side of genomic 

instability is its possible impact on the proteome.

THE HUMAN PROTEOME IN BALANCE: PROTEIN HOMEOSTASIS
The human genome contains an estimated 20,000 protein-coding genes, and it is believed 

that alternative splicing and extensive protein modifications increase the total reservoir of 

functional protein species several times over 42. This makes the human proteome extremely 

versatile, allowing cells to differentiate and respond to environmental changes. However, it 

also complicates the task of managing all these proteins, in time and in space.

This challenge is amplified dramatically by the inherent unstable nature of the human 

proteome. Most proteins are thermodynamically only marginally stable, largely the outcome 

of neutral genetic drift 43,44, but also of positive selection – the resulting structural flexibility

allows proteins to (locally) adapt their conformation, for example upon ligand binding and 

release (including nucleic acids and other proteins), or during enzymatic activity 45. In addition, 

an estimated 30-50% of proteins contain large regions of low complexity (i.e. intrinsically 

disordered regions, IDRs), most of which are only stabilized upon binding to specific partners 
46,47. Moreover, a large number of proteins are expressed at concentrations close to their 

solubility limit in the cellular environment, forming a ‘metastable subproteome’ that is highly 
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susceptible to misfolding and aggregation 48. All of this underlines the extreme complexity of 

the human proteome, in which thousands of marginally stable protein species are coordinately 

expressed, the majority of which need to fold into a well-defined three-dimensional structure 

(i.e. their ‘native state’), and be maintained at precise abundances to perform their function, 

alone or as a constituent of a multiprotein complex.

To maintain a healthy and balanced proteome, or protein homeostasis (often referred to 

as ‘proteostasis’), in this crowded environment, cells rely on the constant and dynamic 

supervision of an elaborate, interlinked system of molecular chaperones, regulators and 

protein degradation pathways, referred to as the protein quality control (PQC) network 
49. The PQC network ensures that proteins are folded correctly, and that proteins that are 

misfolded, aggregated or no longer needed are degraded (Figure 2). The functions of the PQC 

network can be classified into two major domains: surveillance and control of synthesis and 

folding, and protein degradation.

Recycling 
Transcription 

11  

22  

33  

Normal protein 
turnover 

Removal of terminally 
misfolded & aggregated 

proteins 

Protein degradation 

Protein synthesis 

Co-translational 
folding 

Proteasome 

Autophagy 

RQC 

Unfolding/misfolding 

Chaperones 

Protein folding & 
conformational maintenance 

mRNA 

Chaperones 

Chaperone-mediated 
degradation 

Figure 2. Protein quality control.
The protein quality control (PQC) network safeguards protein homeostasis by balancing protein synthesis, 
folding and conformational maintenance and degradation. RQC = ribosome- associated protein quality control. 
Although protein aggregates can be removed from cells, the extent to which this happens under physiological 
conditions is still incompletely understood. Image created with BioRender.
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PROTEIN SYNTHESIS, FOLDING AND CONFORMATIONAL MAINTENANCE
The involvement of the PQC network starts at the ribosome, during translation of an mRNA 

transcript. Here, ribosome-associated protein quality control (RQC) ensures that genetic 

information is faithfully translated. When a translating ribosome stalls on a faulty messenger 

RNA, this triggers the dissociation of ribosomal subunits, allowing the removal and subsequent 

degradation of both the mRNA molecule and the nascent polypeptide chain 50,51.

Translation dynamics are also important. Transcript elongation rates are nonuniform 

across a transcript, but instead determined locally through codon usage, context, mRNA 

secondary structure and tRNA abundance, resulting in bespoke elongation kinetics for each 

individual polypeptide 52–54. These dynamic rates may re� ect several trade-offs resulting 

from evolutionary pressure 55. For example, slower translation may aid proper folding, but 

excessively slow translation results in reduced expression which can hamper cell function, 

especially when this impairs a proteomic adaptation to a changing environment.

To prevent the nascent chain from engaging in premature and off-pathway interactions, 

various PQC network components constantly monitor the polypeptide as it emerges from 

the ribosome tunnel 55. For many proteins (especially multidomain proteins), folding appears 

to occur immediately at the ribosome 56 (i.e. ‘co-translationally’), under the guidance of 

molecular chaperones 57. As I will discuss below, this chaperone surveillance does not stop 

after synthesis, but rather continues – either intermittently or continuous – throughout the 

life of a protein.

Ever since the first structures of proteins were clarified, the question of how proteins are 

able to rapidly and spontaneously reach their native state has triggered enormous scientific

interest. Not only are proteins thermodynamically just marginally stable (this was appreciated 

only later), but the sheer number of conformational options available to a protein means 

that sequential sampling of all possible conformations would take an extraordinary amount 

of time 58. This apparent dichotomy between a near infinite conformational space and 

folding in a biologically relevant timeframe (sometimes seconds or even milliseconds) is 

known as Levinthal’s Paradox. In his famous 1969 lecture entitled ‘How to Fold Graciously’, 

Levinthal himself proposed that folding must be ‘speeded and guided’ by local intramolecular 

interactions that drive the formation of ‘local amino acid sequences which form stable 

interactions and serve as nucleation points in the folding process’. Much of this core premise 

still holds. We now appreciate that for many (globular) proteins, rapid folding is achieved 

stepwise along defined pathways, guided by many weak interactions via partially folded 

intermediates that increasingly limit conformational degrees of freedom, until a native 

conformation (i.e. ‘native state’) is ultimately reached 59,60.
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Before Levinthal, Anfinsen had already shown that in principle, a (smaller) protein can 

spontaneously fold into its native state 61. Nonetheless, during folding in vivo, substantial 

obstacles need to be overcome for a protein to reach and maintain a correct conformation. 

By traversing a landscape of folding intermediates, proteins can avoid many aberrant, off

pathway interactions. However, as these intermediates are generally metastable, they are 

still at great risk of misfolding and aggregation in the physiological context of the cell 62. 

Moreover, when proteins finally succeed in reaching their native state, for many of them 

misfolding and aggregation remain constant threats. 

Molecular chaperones (with the largest group being heat shock proteins, HSPs; named after 

their initial discovery in Drosophila) play a crucial role in safeguarding a functional proteome in 
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Figure 3. A simplified overview of the core chaperone machinery of the PQC network.
The PQC network is responsible for proper protein (re)folding, maturation, and maintenance of conformational 
stability, all to avoid aggregation and enable protein function; through these functions the PQC network is also 
of crucial importance for regulating the function of clients in DDR pathways. Interaction of HSP70 with protein 
substrates is allosterically controlled by ATP and the substrate itself, and co- regulated by different JDPs, which 
function as ‘targeting factors’ that further increase substrate affinity Through iterative cycles of substrate 
binding and release, where the substrate binding domain of the HSP70 machinery alternatingly adopts a ‘open’ 
or ‘closed’ conformation, substrate folding is promoted. Substrates can also be handed over – mediated by 
co- chaperones (e.g. HOP) – to the HSP90 machinery when they are metastable and/or require HSP90 for full 
maturation. HSP90 exists as a homodimer that assumes an extended conformation when bound to ADP. Its 
folding activity depends on alternating between this ‘open’ state and a ‘closed’ state, which is favored by ATP-
binding to the N-terminal domain that subsequently dimerizes. When proteins are terminally misfolded, they 
can be targeted for degradation, mediated by co-chaperones (e.g. the E3 ubiquitin ligase CHIP). sHSPs have 
a distinct mode of action. Upon activation, they disassemble from large oligomers of various size into smaller 
species (the basic building block is generally a dimer) that can engage misfolded substrates and prevent them 
from uncontrolled aggregation. In doing so, they facilitate later refolding or clearance of these proteins. 
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the face of these dangers by assisting in co-translational protein folding, as well as reverting 

protein misfolding and preventing aggregation 63 (Figure 3). Several conserved families of 

molecular chaperones exist, of which three are particularly relevant for the work presented 

in this thesis: HSP70, HSP90, and small heat shock proteins.

HSP70 is considered to be one of the core chaperone machineries of the PQC network 

(reviewed in 64). It has a strong affinit for hydrophobic stretches, which in the native state 

are hidden in the core, but become exposed when proteins unfold. HSP70 assists in the (re)

folding of these substrates by binding and subsequently releasing them in iterative, ATP-

dependent cycles, thus preventing aggregation and allowing their folding to take place 65,66. 

The HSP70 cycle is closely regulated by HSP40 chaperones (i.e. J-domain proteins, JDPs) which 

facilitate client engagement 65. HSP70 works in close concert with the chaperone machinery 

of HSP90, which is thought to take over partially folded clients directly and facilitate their 

complete (re)folding 67. Besides acting downstream of HSP70 in protein folding, HSP90 also 

facilitates the maturation and conformational stability of client proteins, often assisted by 

various ‘co-chaperones’ (reviewed in 68).

Whereas HSP70s and HSP90s are ATP-dependent, small heat shock proteins (sHSPs; 12 

to 43 kDa) are a family of chaperones that are ATP-independent and exhibit very distinct 

chaperone activities 69. sHSPs are thought to be organized as large (homo- or sometimes 

hetero-) oligomers when they are inactive. Upon ‘activation’, these large oligomers disperse 

into smaller species that exhibit high affinit for exposed hydrophobic stretches in substrate 

proteins 70. Instead of refolding these clients, sHSPs induce their sequestration into ‘near-

native’ protein clusters through a mechanism that is still incompletely understood 63,71. In 

the process, sHSPs become incorporated into these clusters themselves, which is thought 

to facilitate downstream HSP70 and HSP100-mediated refolding, or degradation 72 (Figure 

3). In this way, sHSPs are thought play an important role as early capacitators of misfolded 

proteins by preventing them from assembling into large protein aggregates that are difficul

to remove, and instead spatially organizing them into more manageable sequestrations 

(reviewed in 71).

When client proteins cannot be refolded, chaperones can also facilitate their (largely ubiquitin-

dependent) degradation via crosstalk with the proteolytic systems 73 (Figure 3), which will be 

discussed below. 

PROTEIN DEGRADATION
In healthy cells, protein synthesis is carefully balanced with protein degradation. This protein 

turnover is crucially important for cells to maintain protein homeostasis, and to rewire the 
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proteome in response to a changing cellular state or environment. In addition, degrading 

proteins when they are superflu us or no longer functional yields valuable metabolic building 

blocks that can be reused 74. Although turnover rates can vary by several orders of magnitude 

among proteins from the same cell type 75–77, the factors determining whether a protein is 

short or long-lived are still incompletely understood. Available evidence suggests multiple 

determinants play a role in eukaryotic cells, including sequence properties and functional 

involvement 75.

The two main intracellular proteolytic pathways are the ubiquitin-proteasome system (UPS) 

and the autophagy-lysosomal system. The UPS is responsible for most of the individual 

protein degradation. Importantly, this does not mean that it degrades proteins in bulk. UPS 

substrates can be superfluous proteins, but also misfolded or partially unfolded proteins, 

recognized by chaperones and post-translationally tagged by ubiquitin in a three-step 

enzymatic cascade to target them for degradation 78. This ubiquitylation (mostly poly-, but 

mono-ubiquitination is also common 79,80) results in the recruitment of additional regulatory 

factors that ultimately deliver substrates to the proteasome, where they are degraded.

The autophagy-lysosomal system is an umbrella term that describes three major forms 

of proteolysis: chaperone-mediated autophagy, microautophagy and macroautophagy. 

Importantly, all three make use of the same general principle of lysosomal degradation, and 

only differ in how they deliver substrates to the lysosome. Although they are thought to 

be strongly interconnected81, here I will only briefly discuss macroautophagy (from here on 

referred to simply as ‘autophagy’), as this is the best-understood and seemingly most central 

of these three. Autophagy occurs primarily in response to cellular stress, to free up molecules 

like amino acids or lipids for reuse, or to degrade large unwanted substrates, including protein 

aggregates and even damaged organelles like mitochondria 74. It starts by the engulfment of 

sequestered cytosolic cargo by a double-membrane structure known as an autophagosome. 

This autophagosome then translocates to the lysosome with which it fuses, after which the 

inner membrane together with the cargo are degraded by the hydrolytic enzymes inside the 

lysosomal lumen 82.

Importantly, although the UPS and autophagy have long been viewed as separate pathways, 

we are beginning to appreciate that they are to a certain extent interwoven. Not only do 

both systems rely heavily on ubiquitin (or ubiquitin-like molecules) as a primary means of 

targeting substrates, but crosstalk also exists between the two (reviewed in 80,83).  
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MAINTAINING PROTEIN HOMEOSTASIS UNDER STRESS: STRESS RESPONSE 

PATHWAYS
In addition to the inherently metastable nature of the human proteome, stresses like 

elevated temperatures 84, heavy metals 85 and ROS 86 can pose an added burden on the 

proteome by directly damaging proteins and impairing protein production. These stresses 

can trigger various interconnected response pathways that together rewire transcription 

and/or translation to restore protein homeostasis.

Globally, translation is regulated by various signaling pathways that converge largely on the 

assembly of two eukaryotic initiation factor complexes, eIF4F and the eIF2 ternary complex 87. 

Conditions that result in proteotoxic stress activate compensatory transcriptional pathways 
88, among which the integrated stress response (ISR). Upon activation of the ISR, assembly 

of the eIF4F and eIF2 ternary complexes is inhibited, leading to a repression of global protein 

synthesis, thus reducing the total protein folding burden 89. In parallel, the ISR induces a 

preferential translation of the transcription factor ATF4, which initiates the expression of 

several key PQC network components 90. 

Other main stress pathways include the heat shock response (HSR) and the unfolded protein 

responses (UPR), which are respectively activated in response to misfolded proteins in the 

cytosol, or in organelles like the ER (i.e. ER stress) or mitochondria. These pathways rely on 

distinct, complex molecular cascades and associated transcription factors that have been 

extensively reviewed elsewhere in 91–94. Like the ISR, the primary outcome of UPR activation 

is an elevated protein folding and protein degradation capacity, and an attenuation of global 

protein synthesis. 

PROTEIN AGGREGATION, PROTEOTOXICITY AND PATHOLOGY
When the PQC network is unable to guide or hold proteins in their native state, they can 

misfold and convert into a nonfunctional, aggregated state, which is believed to frequently 

result in a proteotoxic gain of function. How protein aggregates can drive pathology is 

thoroughly reviewed elsewhere in 95,96. Protein aggregates can adopt a range of different

conformations, but overall, they can be divided into two main classes: amorphous aggregates 

and amyloids. Whereas amorphous aggregates arise typically as a result of off-pathway,

hydrophobic interactions 49, amyloids can be formed by both on-pathway (i.e. ‘functional 

amyloids’ 97) and off-pathw y interactions, through the self-assembly of β-strand containing 

proteins into a ‘cross-β’ filament structure 45.
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Importantly, metastable or aggregation-prone proteins can also affect the stability of the 

global proteome, for example by increasing the aggregation propensity of other proteins, 

likely a result of the competition and/or sequestration of limited chaperone-mediated folding 

capacity 49,98. In addition, protein aggregates (in particular amyloids) can directly induce the 

‘co-aggregation’ of other proteins, which is expected to occur through various mechanisms 
99. These and other findings indicate that an initial aggregation event can drive a cascade (or 

‘snowballing’) of subsequent misfolding and aggregation events, which ultimately leads to a 

complete loss of protein homeostasis.

A loss of protein homeostasis can have dramatic consequences for a cell, resulting in 

dysregulation, functional impairment, and ultimately cell death 95,100. A loss of protein 

homeostasis is strongly associated with neurodegenerative disorders like Alzheimer’s 

and Parkinson’s diseases 101, but also with other (age-related) disorders, including (cardio)

myopathies 102,103. This underlines that a destabilization of the proteome can drive different

(degenerative) pathologies. Importantly, a loss of protein homeostasis is believed to be one 

of the primary hallmarks of ageing 95,101,108,109.

THE RELATIONSHIP BETWEEN GENOMIC INSTABILITY AND 
PROTEIN HOMEOSTASIS
The metastability of the human proteome renders it vulnerable to (chronic) stresses. Gene 

mutations are widely considered as one of those stresses, as they can impair the stability 

of individual proteins 49,101. However, whether this also signifie  that an increase in global 

genomic instability is sufficientl disruptive to challenge the state of protein homeostasis 

remains incompletely understood.

Importantly, emerging data suggests that genomic instability may indeed be inherently 

connected to a loss of protein homeostasis. A telling illustration of this is provided by 

cancer cells, which suffer from high levels of proteotoxic stress, resulting not only from 

their increased metabolism – elevating the protein folding demand – but also from a high 

burden of genomic alterations 106,107,110–112. Genomic instability has also been implicated in 

Alzheimer’s disease 113 and Parkinson’s disease 114, and vice versa, several recent studies have 

reported that proteotoxic stress plays a central role in disorders strongly associated with 

genomic instability 115,116. Moreover, although the DDR and the PQC network have long been 

approached as separate entities, over the last few years it has become clear that they are 

intricately interwoven with other core molecular pathways, and importantly, with each other 

as well 117,118. Together, these findi gs indicate that genomic instability and protein homeostasis 

loss are tightly connected, and suggest that they may share mechanisms leading to disease. 
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In the next sections, I discuss the relationship between genomic instability and protein 

homeostasis in detail, and review evidence suggesting that a loss of protein homeostasis 

could be a far more prevalent consequence of genomic instability than generally believed. 

I start by providing an overview of the emerging interconnectivity between DDR and PQC 

network components. Next, I focus on the often complex molecular links between distinct 

genomic alterations and protein stability, misfolding and aggregation. In the penultimate 

section, I discuss recent data suggesting that, at least in certain cases, protein homeostasis 

loss could be a crucial mechanism through which genomic instability drives pathology. I finish

by exploring the possibility of augmenting the capacity of the PQC network to mitigate these 

detrimental consequences.

PROTEIN QUALITY CONTROL MECHANISMS ARE INTERLINKED 
WITH GENOME MAINTENANCE
PROTEIN AGGREGATION POSES A THREAT TO THE INTEGRITY OF THE GENOME
A growing body of experimental data points at protein aggregation as a possible cause of DNA 

damage. Aggregation of certain disease-associated proteins, including amyloid-β fragments 

and α-synuclein, has been associated with elevated levels of DNA strand breaks 119–121, indicating 

that DNA damage can be an ancillary consequence of protein aggregation. Two primary 

biological cascades have been proposed to underlie this damage. First, aggregated proteins 

can elicit genotoxic oxidative stress by engaging mitochondria and driving mitochondrial 

dysfunction 122. One example comes from pathogenic  -synuclein aggregates, which can bind 

mitochondrial membranes and impair respiratory chain components, hampering oxidative 

phosphorylation 123. This in turn can lead to the dissipation of the mitochondrial membrane 

potential and to the formation of harmful reactive oxygen species (ROS). Although cause 

and consequence can sometimes be difficul to disentangle, aggregation of, among others, 

mutant SOD1 124, TDP-43 125, Huntingtin (Htt) 126 and amyloid-β 127 fragments have been reported 

to lead to a similar impairment of mitochondrial function.

Second, aggregating protein species can sequester factors required for DNA repair, thus 

draining the functional pool of proteins involved in maintaining genome integrity. Although it 

is not always clear if the sequestration of DNA repair factors is able to completely explain the 

observed impairment of genome maintenance, this appears to be a general phenomenon in 

several neurodegenerative disorders associated with protein aggregation 128–131.

Related to this, the native, soluble isoforms of certain disease-associated proteins, including 

Tau, FUS, SOD1 and α-synuclein, have been directly linked to genome maintenance in vivo, and 

genomic instability caused by their mutant species has been attributed to their effective loss 
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from the nucleus 132–135. Importantly, it is not always understood if this is a direct consequence 

of their misfolding, or a result of their accelerated aggregation in the cytoplasm.

 Although several studies have investigated the relationship between protein aggregates and 

reduced genome maintenance, it is still unclear to what extent this connection is limited to 

aggregation of specific disease-associated proteins. Recent experimental work suggests that 

it extends to protein aggregation in general, as artificial aggregation of firefl luciferase has 

also been found to impair genome maintenance in human cells 136.

THE PQC NETWORK IS CRUCIAL TO MAINTAIN GENOME INTEGRITY 
The PQC network safeguards protein homeostasis by carefully regulating protein synthesis, 

folding, and degradation, and through these functions it also plays a role in coordinating 

genome maintenance pathways. Many DNA repair proteins rely extensively on PQC 

network chaperones to shape their conformational stability, and control their assembly 

into multiprotein DNA repair complexes 137,138 (Figure 3). A well-studied example is HSP90, 

which has emerged as an important facilitator of many DNA repair processes 139. HSP90 

accumulates in DNA damage sites 140,141, and its inhibition sensitizes human cells to both UV 
142 and γ-irradiation 143. HSP90 chaperones multiple DNA repair factors in different pathways, 

including RAD51 (HR) 144, FANCA (HR and Fanconi repair) 140, DNA-PK (NHEJ) 145, Pol eta (TLS) 
142 and XRCC1 (BER) 146. It also has a critical role in the recruitment of the DSB repair machinery 

by stabilizing the MRN complex and stimulating the activity of ATM 147. HSP90’s function 

complements that of HSP70 in various genome maintenance pathways, including BER, MMR 

and HR 139. These findings appear to refle t a broad nuclear activity of the HSP90 chaperone 

machinery, which is further underlined by the conserved role of the HSP90 co-chaperone p23 

in several DNA repair pathways 148.

The two main proteolytic pathways of the PQC network, the autophagy-lysosomal system 

and the UPS, can also impact genome integrity. Not only do they mitigate oxidative DNA 

damage by controlling mitochondrial quality 149,150, they also infl ence the dynamics of genome 

maintenance by controlling the turnover of many key DNA repair proteins 151,152. This turnover is 

sometimes mediated by crosstalk between the two systems through the autophagy adaptor 

protein p62 153. For example, autophagy inhibition results in the nuclear accumulation of p62, 

which can indirectly alter HR by facilitating the proteasomal degradation of CHK1, FLNA and 

RAD51 154. The UPS also plays a central role in genome maintenance by orchestrating a vast 

amount of ubiquitylation events, most of which are however not linked to client degradation 

(reviewed in 155). Interestingly, although impairment of both autophagy and the UPS has been 

increasingly linked to genomic instability, several studies have also reported decreased DNA 

repair after inhibition of the proteasome 156–158. Together, this indicates that the autophagy-
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lysosomal system and the UPS have a complex – and still incompletely understood – role in 

the context of genome maintenance. 

The dependency of DNA repair on the PQC network also poses a risk. During chronic 

proteotoxic stress, an excessive protein folding and degradation demand can overwhelm the 

capacity of the PQC network, depleting free chaperone pools 49 and disrupting the function of 

both autophagy 159 and the UPS 160. This could potentially lower their net functional availability 

for other cellular processes, including genome maintenance. An interesting example of such 

a possible trade-offbetween protein homeostasis and genome integrity is proteotoxic stress-

induced aneuploidy, which has been shown to result from a reduced availability of the HSP90 

machinery for kinetochore assembly, leading to karyotype changes following cell division 
161. While this mechanism may benefit the population in the long term by increasing genetic 

variation in the face of changing environments 161–163, it has substantial consequences for the 

individual cell. Another example is the widespread use in both contexts of ubiquitin and 

ubiquitin-like proteins (most notably NEDD8 and SUMO) as posttranslational modifications.

These small polypeptides (8-11 kDa) are conjugated to target proteins and act as signaling 

molecules, often in concert with each other. They perform crucial regulatory roles in genome 

maintenance as modulators of protein-protein and protein-DNA interactions (reviewed 

elsewhere in 155,164,165), but in the PQC network they function primarily as coordinators of the 

UPS and the autophagy-lysosomal pathway 80,166, and as regulators of protein aggregation. 

The pervasive use of ubiquitin and ubiquitin-like protein modifications in both genome 

maintenance and protein homeostasis mechanisms have led to the idea that under proteotoxic 

stress, the PQC network competes for free ubiquitin with other ubiquitin-dependent 

processes, including genome maintenance and chromatin regulation pathways 167,168. In line 

with this, proteasome dysfunction and aggregation of ubiquitin-positive substrates have 

been shown to specifically deplete the nuclear pool of unconjugated ubiquitin 169,170, and one 

recent study reported that DNA repair capacity was hampered as a consequence of this 136. 

However, mechanistic intervention studies are lacking so far, and although ubiquitin, NEDD8 

and SUMO-positive substrates all accumulate in protein aggregates upon proteotoxic stress 
166,171,172, it is still unclear if competition for these posttranslational modifiers can explain 

increased genomic instability upon protein homeostasis loss.

GENOME MAINTENANCE DEFECTS ARE CAUSALLY LINKED TO A LOSS OF PROTEIN 

HOMEOSTASIS
Overall, safeguarding protein homeostasis appears to be important to preserve genomic 

integrity. Importantly, this relationship between cellular protein homeostasis and genome 

integrity extends in the both directions. For example, protein misfolding and aggregation can 
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affect genome maintenance, but genome maintenance defects are also causally linked to a 

loss of protein homeostasis.

A first indication of this is the notion that genome maintenance processes have been picked 

up in genetic screens designed to identify possible modulators of protein aggregation in 

various model organisms 173. More direct evidence for this connection is provided by heritable 

defects in several genome maintenance pathways that are causally linked to a loss of 

protein homeostasis. A well-studied example is ATM, a PI3K-like kinase that functions as a 

master switch in genome maintenance and cell cycle checkpoint regulation. The absence of 

functional ATM – which causes the severe neurodegenerative disorder ataxia-telangiectasia 

(A-T) 174 – results in a hypersensitivity to DSBs and to oxidative stress-inducing drugs, and leads 

to higher intracellular ROS levels 175. This increase in baseline ROS is associated with reduced 

cellular health, and in particular with a loss of protein homeostasis, including endoplasmic 

reticulum (ER) stress and activation of the UPR 175–177.

More recent work has revealed that ATM acts as a central regulator of cellular redox 

homeostasis, and that this function can, surprisingly, be genetically separated from ATM’s 

role in the response to DNA damage 178. In the same study, impaired activation of ATM by 

either DNA damage or oxidation both resulted in the accumulation of aggregated protein 

species. Additional oxidative stress further exacerbated protein aggregation only in the latter. 

This indicates that a loss of ATM can potently affect protein homeostasis via a dysregulated 

redox homeostasis, but also through impaired genome maintenance. In agreement with this, 

loss of kinase activity of the yeast ATM/ATR kinase Mec1 – or its downstream signaling targets 

– also causes widespread protein aggregation and confers sensitivity to stresses challenging 

protein homeostasis 179. In A-T, it is – arguably – the absence of ATM’s central role in the 

response to DNA damage that causes the strong cerebellar degeneration observed 180. This 

raises the question whether a genomic instability-induced loss of protein homeostasis could 

be an underlying pathogenic mechanism in this context.

Interestingly, a similar destabilization of the proteome has been found after impairments of 

other genome maintenance pathways, mechanistically largely unrelated to ATM. For example, 

Werner syndrome (WS) is a progeroid disorder cause by mutations in WRN, a DNA helicase 

involved NHEJ and HR 181. Fibroblasts from WS patients accumulate protein aggregates and 

exhibit a dramatic upregulation of autophagy 182. Cockayne syndrome (CS) is another severe 

progeroid disorder, caused by mutations in the TC-NER genes CSA or CSB 183. A recent study 

showed that CS patient-derived cells exhibit increased levels of misfolded proteins and ER 

stress, postulated to result from a reduced ribosomal translation fidelity 184. Similarly, loss of 

the central NER protein XPA, which is associated with neurodegeneration 185, has also been 
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shown to lead to increased levels of polyubiquitylated proteins 186, impaired UPR function 

and accelerated protein aggregation 187. For most of these examples, the molecular chain 

of events connecting a genome maintenance defect to a loss of protein homeostasis is 

still far from understood, and different pathological mechanisms have been postulated for 

each of them. However, the notion that impairments of mechanistically distinct genome 

maintenance pathways all lead to an eventual loss of protein homeostasis suggests that they 

may also share a common underlying cause: a destabilization of the proteome resulting from 

genomic instability.

GENOMIC INSTABILITY INTRINSICALLY CHALLENGES PROTEIN HOMEOSTASIS
How can genomic instability a� ect global protein homeostasis? Over the last two decades, 

studies focusing on age-related disorders, including Alzheimer’s and Parkinson’s diseases, 

have contributed enormously to our appreciation of the broad proteome-destabilizing 

impact of speci� c inherited and de novo mutations 45,81. Accumulating evidence suggests that 

this connection between genomic instability and a loss of protein homeostasis may extend 

to somatically acquired alterations and persistent DNA damage as well. For example, recent 

advances in single-cell sequencing techniques that enable the profiling of cell-to-cell genomic 

variation (i.e. mosaicism) in high-throughput have revealed that – in parallel to declining 

protein homeostasis – genomic instability increases widespread in ageing tissues 188–193. 

Moreover, we now appreciate that a large array of different types of genomic alterations, 

including persistent DNA damage, has the potential to destabilize the proteome, either 

directly or indirectly. In the next sections, we will review the main mechanisms linking these 

genomic alterations to a loss of protein homeostasis.

Single nucleotide alterations: conformational instability and synthesis of aberrant mRNA

The potential of genetic alterations to affect protein homeostasis is first highlighted by 

the numerous base substitution mutations linked to protein conformational diseases, for 

example in Parkinson’s disease 45. Many of these mutations alter the conformation of a 

single protein, which is believed to drive a cascade of misfolding and aggregation events that 

ultimately destabilizes the proteome, leading to pathology 81. From a molecular perspective, 

an intrinsic connection between base-substitutions and protein conformational instability is 

evident. The marginal thermodynamic stability of proteins leaves the protein folding process 

highly vulnerable to mutations that result in a change in the amino acid sequence, so-called 

missense mutations, as most of these are destabilizing 194. In certain cases, depending on 

the stability of the native protein and its folding intermediates, and on the location (e.g. 

hydrophobic core residues are generally less tolerant than hydrophilic surface residues 195), 

even a single missense mutation can completely destabilize a protein, causing it to misfold 

and/or increase its propensity to aggregate. Examples of this include certain mutations 
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in α-synuclein 196, PFN1 197, p53 198, lysozyme 199 and transthyretin 200, and this list is far from 

exhaustive. In general, disease-associated mutations appear to occur more frequently at loci 

vulnerable to substitution-induced protein destabilization and aggregation 201, adding further 

support to the notion that protein aggregation has a pervasive impact on human disease.

Other mechanisms by which missense mutations can lead to protein aggregation have been 

reported as well – amino acid substitutions that are not directly destabilizing may still drive 

a protein into an aggregation-prone conformation. For example, most of the disease-linked 

mutations in tau reduce its binding affinit for cytoskeletal microtubules, resulting in the 

accumulation of unbound tau which is highly aggregation-prone 202. A related mechanism has 

been uncovered for gelsolin, where mutations can impair its ability to bind calcium, leading 

to the gradual destabilization of the protein. However, unlike tau, the conformational change 

does not lead to the aggregation of gelsolin itself, but instead exposes a previously buried 

cleavage site, resulting in the production of small, highly amyloidogenic gelsolin fragments 
203. High levels of aggregating amyloid-β and apolipoprotein A-I fragments are the result of a 

similar mutation-induced dysregulated proteolysis events 204,205. 

The incorporation of a different amino acid is not the only mechanism through which point 

mutations can challenge protein homeostasis. The removal or introduction of a premature 

stop codon (i.e. ‘nonsense’ mutation) can prevent a protein from ever being properly 

synthesized in the first place, as illustrated in the case of Apolipoprotein A-II and PrP, 

respectively 206,207. In both examples, translation is halted at the wrong place of the transcript, 

leading to the production of (partially) unfolded, aggregation-prone polypeptide fragments. 

Mutations can also affect protein production by altering splicing patterns, which can result 

in unstable and/or aggregation-prone polypeptides. In this regard, accumulating evidence 

suggests that also synonymous (long referred to as ‘silent’) mutations can profoundly affect

both protein expression and conformation. For instance, next to many missense mutations, 

synonymous mutations in the MAPT gene (encoding for tau) can cause altered splicing of the 

MAPT transcript, resulting in increased synthesis of the disease-associated 4R tau isoform 208. 

Synonymous mutations can even act more subtle, by altering mRNA stability, or by affecting

translation rates leading to disrupted co-translational folding 209. A recent study in E. coli 

showed that synonymous mutations can impair cellular fitness by driving misfolding of the 

native protein 210, supporting the idea that these mutations can lead to proteotoxicity as 

well. Although far less studied, mutations located outside of the coding sequence of a gene, 

including promoter and enhancer regions, introns, and 3’ and 5’ UTRs may all affect protein 

homeostasis through similar mechanisms 209. 

Of special interest are insertion and deletion mutations (‘indels’). Indels spanning a number of 

nucleotides divisible by three will lead to the incorporation or deletion of one or more amino 
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acids from the polypeptide, which may challenge folding stability. However, indels of any 

other size, including single-nucleotide alterations, can dramatically affect protein biogenesis 

because they change the reading frame of the genetic sequence (a ‘frameshift’). For example, 

frameshift mutations in the transcription factor p63 have been shown to lead to extensions 

of its C-terminus, resulting in the production of aggregating peptide fragments that display 

a toxic gain-of-function 211. Frameshift mutations in the tumor suppressor protein PTEN were 

also found to increase aggregation propensity, far stronger than both missense mutations 

and non-frameshifting indels 212. The extent to which frameshift mutations, especially those 

occurring in somatic cells, contribute to a loss of protein homeostasis is still largely unknown 

– they are difficul to detect in conventional short read sequencing data 213 and likely much less 

frequent than substitutions 189. Moreover, their pathological impact has been investigated 

mainly in the context of carcinogenesis. Nevertheless, their potentially profound impact 

on the proteome supports the idea that they can play a strong role in disrupting protein 

homeostasis.

STRUCTURAL VARIANTS AND PLOIDY CHANGES: SUPERSATURATION AND 

STOICHIOMETRIC IMBALANCES
A large, but relatively poorly understood group of genomic alterations is formed by structural 

variants (SVs), here defined as inversions, translocations, duplications and large indels. SVs 

typically comprise DNA segments spanning more than 50 basepairs 214, leading to either 

chromosomal rearrangements or changes in absolute DNA content. Although the existence 

of SVs was initially met with skepticism, a growing body of evidence has shown that SVs are 

pervasive 215, and that they accumulate with age 216. As a group, SVs are thought to account 

for most of the interindividual variation among human genomes in terms of total nucleotides 

involved 217. Their relationship to pathology and degeneration has been studied mainly in 

the context of carcinogenesis 218, and although SVs can potentially have a strong proteomic 

impact - through gene disruption or fusion, or by altering gene expression 217 – their global 

effect on protein homeostasis is still largely unexplored. 

The proteomic impact of SVs is better characterized in the case of copy number variants 

(CNVs), resulting from either large duplications or deletions. CNVs are associated with a 

range of diseases and phenotypic outcomes, including ageing and neurodegeneration 219,220. 

Of particular interest here are the CNVs of SNCA and APP which have been directly linked 

to an accelerated loss of protein homeostasis and disease progression in Parkinson’s 221 and 

Alzheimer’s diseases 222, respectively. These extra-copy CNVs are thought to increase the 

expression of aggregation-prone α-synuclein and amyloid-β. Interestingly, Down’s syndrome 

patients, carrying an extra APP gene due to trisomy 21, are highly prone to Alzheimer’s 
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disease as well 223. 

These findings may reflect the phenomenon of protein supersaturation, where an increased 

abundance of marginally stable proteins causes them to supersede their in vivo solubility, 

catalyzing aggregation 48. This is supported by findings showing that in yeast, aneuploidy 

causes widespread proteotoxicity, irrespective of the chromosome involved 224. Moreover, 

the proteotoxicity resulting from a single extra chromosome leads to a decrease in yeast 

replicative lifespan, the extent of which is proportionate to the size of the chromosome 225. 

Recent work has uncovered an additional mechanism through which aneuploidy may lead to 

proteotoxic stress: loss of protein complex stoichiometry. Eukaryotes rely on coordinated 

protein expression to maintain the proper stoichiometry required for multiprotein complex 

assembly. The significant expression changes caused by aneuploidy result in a net surplus of 

protein complex subunits, which have to be dealt with by the PQC network – they are either 

degraded, or they aggregate 226,227. 

Like other SVs, CNVs and aneuploidy can pose a significant threat to the stability of the 

proteome 228, but their contribution to for example the age-related decline in protein 

homeostasis has not been fully elucidated. One of the reasons for this is that most studies 

investigating the proteomic consequences of CNVs and aneuploidy have approached it 

mostly from a germline perspective. Nonetheless, despite at times conflicting data 229, many 

studies have reported that both CNVs, including large megabase variants, and aneuploidy 

accumulate with age 230, also in humans 216,231. Their impact on protein homeostasis may very 

well depend on the proteins involved, and future studies will therefore have to establish if 

they have a degenerative role in the general population. 

A related class of genomic alterations that can disrupt protein homeostasis is formed by 

expansions of repetitive DNA sequences. Although such repeat expansions (or ‘tandem 

repeats’) can also be considered SVs, underneath we discuss these alterations separately as 

they can have profoundly distinct proteomic consequences 232.

TANDEM REPEATS: AGGREGATION-PRONENESS, RAN TRANSLATION AND SOMATIC 

EXPANSION
Currently, 13 different types of tandem repeats (tri-, tetra-, penta- or hexanucleotide) have 

been identified, together causing over 40 distinct hereditary disorders 233. In many of these 

diseases, the expanded tandem repeat leads to the production of a highly aggregation-

prone protein that gradually destabilizes the proteome, ultimately leading to a loss of 

protein homeostasis 234. One of the most prevalent expansions is the CAG expansion, which 
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occurs in several different proteins. The resulting polyglutamine stretch (i.e. polyQ) causes 

diseases like Huntington’s disease (HD) and most spinocerebellar ataxias (SCAs) 235. In all 

known polyglutamine diseases, the size of the expanded CAG tract is inversely correlated 

to the age of disease onset 236. This is attributed mainly to the length-dependent ability of 

polyQ stretches to form stable β-hairpins, resulting in a highly amyloidogenic conformation, 

although other factors have been shown to affect polyQ aggregation as well 236. Similarly, 

several disorders are driven by polyalanine expansions, which causes the proteins involved 

to self-assemble into potentially proteotoxic aggregates 237,238. 

Although close to half of the repeat expansion disorders are thought be primarily driven by 

RNA-dependent gain-of-function mechanisms 239, most of these have been associated with a 

loss of protein homeostasis as well. One important reason for this is that repeat expansion 

transcripts can produce proteins in multiple reading frames without the need for a canonical 

AUG start codon (i.e. repeat-associated non-AUG or RAN translation) 240. Hence, even when 

an expansion lies outside a protein-coding region, both sense and antisense transcripts can 

produce different aggregation-prone repetitive polypeptides 241. This is illustrated by the 

CTG expansion in Junctophilin 3 (JPH3) which causes an HD-like syndrome (HDL2). Here, 

RAN translation of the antisense CAG transcript results in the production of polyglutamine 

stretches that aggregate, which is thought to be a main driver of HDL2 pathology 242. A 

similar mechanism may also play a role myotonic dystrophy type 1, which is caused by a CTG 

expansion in the 3’ UTR of DMPK 243,244. RAN translation is also responsible for the production 

of proteotoxic dipeptide-repeats from the G4C2 repeat expansion located in the first intron of 

C9orf72, which is strongly linked to amyotrophic lateral sclerosis (ALS) and frontotemporal 

dementia (FTD) 245,246. Interestingly, RAN translation of both G4C2 and CGG (associated with 

fragile X-associated tremor/ataxia syndrome) repeats has been shown to be activated in a 

PERK- and eIF2a-dependent manner by the integrated stress response (ISR). This points at 

the existence of a pathological feed-forward loop, where a gradual destabilization of the 

proteome favors additional RAN translation of toxic proteins, accelerating the protein 

homeostasis decline 247. 

Recently, advanced genome profiling techniques like long-read sequencing have unveiled 

previously unknown neurodegeneration-associated repeat expansions linked to protein 

aggregation 248,249, suggesting that pathological tandem repeats may be more common than 

generally thought. In addition, known tandem repeats may also contribute more to the 

age-related decline of protein homeostasis than currently believed. Repeat expansions are 

often highly unstable, expanding further from one generation to the next, a phenomenon 

referred to as anticipation 233. However, for several tandem repeats, including CAG, CTG, and 

C9orf72, ongoing expansion has also been observed in somatic cells 250,251, in some (but not 
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all, see 252) cases specifically in those tissues most prominently involved in pathology 253, and 

correlating with disease progression 254–256. This supports the idea that in certain situations, 

somatic expansion can influence disease progression, and perhaps even pathogenesis. In 

line with this, recent work has found that expansion of the only naturally occurring mouse 

polymorphic CAG repeat (located in the tbp gene) takes place in aged WT mice 257. Although 

studies investigating ongoing somatic expansion of tandem repeats have so far been largely 

correlative in nature, it is tempting to speculate about their possible impact on the stability 

of the proteome. Additional studies combining for example long-read single-cell sequencing 

with proteomics are therefore needed to address the global effectsof expansions on protein 

homeostasis in the context of both disease and normal ageing. 

PERSISTENT DNA DAMAGE: TRANSCRIPTION BLOCKAGE AND TRANSCRIPTIONAL 

MUTAGENESIS
Wrongly repaired DNA damage can lead to mutations and other stable genetic alterations, but 

importantly, even unrepaired damage can impact protein homeostasis. Although accurately 

measuring the steady-state levels of such persistent DNA lesions in high-throughput is still 

difficult they do appear to accumulate with age, and this has been proposed to be one of 

the main drivers of the ageing process itself 40,258,259. DNA lesions can affect transcription by 

impairing or even completely blocking the progression of RNA polymerase II, resulting in the 

reduced production of mRNA. In addition, complete transcription blockage has been linked 

to the formation of vulnerable (i.e. unpaired) DNA R-loops that are lesion-prone, which may 

in turn lead to a vicious cycle of genotoxic events 258. Although such a molecular cascade has 

been associated with increased apoptosis and cellular senescence 40, it may also influence the 

stability of the proteome, for example by altering the stoichiometry of protein engaged in 

multiprotein complexes. Alternatively, many DNA lesions can also be bypassed by Pol II, but 

this can severely reduce transcriptional fidelity and lead to transcriptional mutagenesis 260. In 

these cases, transcription-coupled repair is not triggered, which can result in a rapid build-up 

of faulty transcripts 261, a process that has been hypothesized to contribute to the protein 

aggregation observed in neurodegenerative diseases 260,262. Although both transcriptional 

blockage and transcriptional mutagenesis have the potential to drive a destabilization of the 

proteome, their (relative) contributions on a genome-wide level in vivo remain incompletely 

understood.

Interestingly, persistent DNA damage has recently been found to drive the activation of 

the ISR, a signaling network important for maintaining protein homeostasis 263. In this study, 

activation of the ISR was shown to promote cell survival through increased translation of ATF4, 

a transcription factor controlling various stress response genes. Although the transcriptional 
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response initiated by ATF4 in this context has yet to be illuminated, notable downstream 

targets of the ISR and of ATF4 in particular include key PQC network components 90. Future 

research should investigate the relative proteomic impact of transcriptional blockage and 

transcriptional mutagenesis, and determine whether ATF4 dependent stress signaling indeed 

plays a role in maintaining protein homeostasis upon persistent DNA damage.

ADDITIONAL FACTORS: TRANSPOSONS, 3D GENOME ORGANIZATION, AND NATURAL 

VARIATION
Factors that increase the instability of the genome that are largely independent of 

conventional DNA damage have in recent years also been brought under attention. Although 

these processes are likely very important for cellular function and disease, there is still much 

unknown about them and how they contribute to pathology. Importantly, their potential 

impact on protein homeostasis would likely occur through similar processes as discussed 

above. For these reasons, we will only touch upon two examples briefly. 

The first is dysregulated retrotransposon activity. A substantial fraction of the human genome 

is made up of transposable elements, among which retrotransposons, a class of TEs that 

includes for example the long interspersed nuclear elements (LINEs) 264. Retrotransposons 

are mobile genetic elements that can be copied and randomly re-inserted (i.e. transposition) 

into the genome. Not only can this process be highly mutagenic and change coding or 

regulatory sequences 265,266, but transcription of retrotransposons may also result in cytotoxic 

polypeptides 267. In healthy cells most of them are thought to be silenced, but a loss of 

their silencing has been associated with age-related degenerative disorders, most notably 

Alzheimer’s disease and ALS 268. 

A second example is aberrant three-dimensional (3D) genome organization. Instead of 

floating around freely or being randomly folded inside the nucleus, dynamic genome 

organization is tightly controlled. Each chromosome occupies a defined territory, and within 

each chromosome, several layers of organization appear to determine the position of specific

chromosomal regions relative to each other, and to the nuclear lamina (reviewed in 269). This 

organization is crucial in DNA replication and gene regulation, underlying the formation of 

closed and open chromatin and the function of distal cis-regulatory elements, but also larger 

processes like X-chromosome inactivation in humans. Aberrant 3D genome organization has 

been linked to increased genomic instability and disease, for example in Hutchinson-Gilford 

progeria syndrome (HGPS) 270. Interestingly, a recent study found that proteotoxic stress 

plays is a crucial driver of atherosclerosis in HGPS, arguably the most debilitating symptom 

of this disease 115.
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Both examples reflect a growing awareness that our genomes are far from static, but that 

they are instead shaped by numerous internal and external factors, many of which are active 

throughout life. Together with the more established sources of genomic instability discussed 

above, they illustrate the vastly complex relation between genome and proteome. Although 

it is still unclear whether specifically dysregulated TE activity and aberrant 3D genome 

organization can challenge protein homeostasis, each has the potential to profoundly shape 

this relation.

Finally, the broad potential of genomic alterations to impact protein homeostasis also raises 

the question to what extent ‘naturally’ occurring genetic variation (e.g. single-nucleotide 

polymorphisms, SNPs) may contribute to a loss of protein homeostasis. Importantly, such 

variation is generally not considered as the outcome of genomic instability, but as a result of 

the inherent stochasticity of genome maintenance processes coupled to neutral and adaptive 

genetic processes, the main driving forces of evolution in a population 271. The impact of this 

variation on disease and lifespan is still far from understood, but it is thought to contribute 

substantially to the variation observed in protein homeostasis decline with age as well 272,273. 

PROTEOME INSTABILITY AS A TARGETABLE PATHOLOGICAL MECHANISM OF 

GENOMIC INSTABILITY
Although genome alterations – in particular single nucleotide alterations – can lead to loss 

of protein function, it is clear that many (if not all) types of DNA changes and lesions also 

have the potential to disrupt proteome stability and drive protein aggregation through a 

proteotoxic gain of function (Figure 4). Importantly, this is not restricted to specific disease-

associated proteins, but extends to a large fraction of the proteome, and as a consequence, it 
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Figure 4. The potential proteomic impact of genomic alterations. 
Schematic overview of the various pathways via which genomic alterations and DNA damage can potentially 
destabilize the proteome and drive a proteotoxic gain of function.
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does not necessarily take specifi  or large genomic changes to challenge protein homeostasis 
234,274. From the inherent metastability of the proteome 273, the pervasive aggregation-prone 

characteristics 275,276, and possible feed-forward loops in place 247, it can be inferred that even 

a seemingly small amount of random genetic alterations – damage, mutations or SVs; either 

inherited, arisen in the germline, or acquired somatically – may at some point in time (when 

the PQC network is unable or no longer able to deal with it) set off a cascade of aggregation 

events 81, driving a loss of protein homeostasis.

How pervasive the link between genomic instability and proteome instability really is, and 

what role it plays in disease, is a crucial question that has so far been largely left unanswered. 

As a loss of protein homeostasis can profoundly impact cellular function, and potently drive 

pathology, could a loss of protein homeostasis then also contribute to the degeneration 

resulting from genomic instability? Intriguingly, emerging data suggest that, at least in 

certain situations, protein homeostasis loss may not only be a consequence of genomic 

instability, but even one of the primary mechanisms underlying downstream pathology, as 

we will discuss below. First, we need to briefly outline how the PQC network can be used to 

control the consequences of genomic alterations. 

THE PQC NETWORK CAN MODULATE THE DEGENERATIVE CONSEQUENCES OF 

GENOMIC INSTABILITY
For almost two decades it is known that the PQC network plays an important role in shaping 

the consequences of genomic alterations. Early work from the � eld of evolutionary biology 

found that bacterial strains engineered to accumulate a large number of mutations survive 

by upregulating the expression of the chaperonin GroEL and the molecular chaperone DnaK, 

the bacterial HSP70 277,278. Normally, these heat shock proteins collaborate in the folding 

and assembly of proteins, and prevent them from becoming misfolded 279. During increased 

genomic instability, they buffer the effectsof mutations by similarly engaging mutated client 

proteins and kinetically stabilizing them so that they remain functionally active 75,280,281. 

This role of the PQC network appears to be highly conserved. In order to sustain their inherent 

proteotoxic stress and even thrive under it, cancer cells hijack the PQC network, including the 

UPS and chaperone systems 107,282. The abundant heat shock protein HSP90 283 has emerged 

as a particularly interesting chaperone in eukaryotes in this regard. Like GroEL and DnaK in 

bacteria, HSP90 can bind and stabilize genetically altered proteins, allowing them to explore 

new functions, thus potentiating genetic variation 280. Cancer cells make extensive use of 

HSP90’s ability as a potentiator as a means of stabilizing oncogenic proteins 284, including 

mutant p53 285 (often in concert with HSP70 286).
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Importantly, this modulatory role of the PQC network is not just limited to cancer. In a 

recent study by Karras and colleagues, HSP90 was shown to act as a pervasive bufferagainst 

mutations, mitigating their detrimental effectson protein function 287. The bufferingof HSP90 

comes at the price of rendering the manifestation of detrimental genetic variation vulnerable 

to cellular stresses – e.g. upon heat stress, Hps90’s ability to potentiate genetic alterations 

is compromised 287 – which could be highly relevant in situations of chronic stress like ageing. 

A LOSS OF PROTEIN HOMEOSTASIS MAY BE A MAJOR LINK BETWEEN GENOMIC 

INSTABILITY AND PATHOLOGY
As HSP90 can mitigate the loss of function of individual proteins, this raises the question 

whether the PQC network can also dampen the phenotypic consequences of increased 

genomic instability. Recent studies indicate that this may be the case. Overexpression of the 

transcription factor HSF1 (the major transcriptional regulator of the PQC network) is able 

to counteract not only the global proteotoxicity caused by aneuploidy in human cells, but 

also rescue the associated growth defects 288. More recently, protein homeostasis loss was 

found to play a crucial role in the etiology of Down syndrome (DS) and HGPS, two disorders 

for which, respectively, a large genomic alteration (trisomy) or global genomic instability has 

been well-established as a primary underlying cause 289–291. In cell culture and mouse models 

of both syndromes, increased ER stress and UPR activation have been observed 115,292,293, along 

with an elevated sensitivity to either induction of ER stress or heat shock 294. Importantly, 

the use of chemical chaperones was shown to reduce protein aggregation, and in addition 

prevent cell degeneration and death in DS 295,296. A similar strategy in an HGPS mouse model 

was able to diminish vascular pathology, and extend lifespan 115. 

In a particularly insightful study, Zhu and colleagues inferred that the proteome instability 

in DS may even be responsible for a substantial part of the DS cognitive phenotype 116. They 

discovered that the DS-associated defects in long-term memory and synaptic plasticity 

are driven by a maladapted downregulation of protein synthesis by the ISR, repressing 

transcriptional programs that are crucial for memory formation. Suppression of the ISR 

reversed these transcriptional changes, and restored synaptic plasticity and cognitive 

function 116. This poses the interesting hypothesis that proteome instability may also affect

cellular function by triggering a transcriptional rewiring at the expense of normal cellular 

functioning. Future studies should determine how intervening in this rewiring affects long-

term pathological outcomes, as restoring transcription would be expected to also increase 

the protein folding burden, potentially further destabilizing the proteome.

Together, these findings show that the PQC network plays an important role in shaping 

the downstream consequences of genomic instability in these disorders, suggesting that 
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protein homeostasis loss is – either directly or indirectly – a key intermediate event leading to 

disease. Whether protein homeostasis loss is a general pathological consequence of genomic 

instability remains unknown, but it represents a very promising avenue for future research, 

as it could help explain the substantial overlap between pathologies associated with a loss 

of protein homeostasis and genomic instability, including cancer and neurodegeneration, 

and may provide an answer as to why many genome maintenance disorders exhibit strong 

(neuro) degenerative symptoms 297. 

TARGETING PROTEOME INSTABILITY TO BREAK A VICIOUS CYCLE OF DEGENERATION?
The data discussed above indicate that genomic instability and proteome instability are closely 

interconnected phenomena, similar to what has been proposed by others 118. Importantly, 

the fact that defects in one can result in impairments of the other points at the possibility of a 

vicious cycle of events (Figure 5), which could be important for disease. Genomic alterations 

also increase widespread in somatic cells over time 188,189,192,193,298, and the cumulative impact 

of these changes on the proteome is still largely unknown. Considering that this increase in 

genomic instability frequently correlates with the progression of degenerative pathologies 

associated with a loss of protein homeostasis 191,254,299,300, this indicates that this cycle may 

even play a fundamental role in ageing.

ROS
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Figure 5. Genomic instability and proteome instability locked in a vicious cycle.
Proteome instability is closely associated with (neuro)degenerative phenotypes, and genomic instability is 
strongly linked to cancer. However, significant overlap between pathologies associated with each of them 
exists as well, which may be explained by a vicious cycle of events. Proteome instability can result in genomic 
instability through the formation of protein aggregates which either drive oxidative stress or sequester 
genome maintenance components. In addition, it can cause a reduction in the availability of PQC network 
components involved in genome maintenance. Vice versa, genomic instability may further increase proteome 
instability through the accumulation of genomic alterations that, either directly or indirectly, challenge 
protein homeostasis. Auxiliary stresses like ROS or heavy metals, as well as declining capacities of genome 
maintenance systems and the PQC network can add additional momentum to this cycle
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Dissipating momentum from this cycle could be a very interesting opportunity to mitigate 

pathologies associated with both a loss of protein homeostasis and genomic instability. It 

seems unlikely that this can be achieved by targeting genomic instability, as several crucial 

issues would need to be overcome. Although over the last few years several studies have 

reported that DNA repair can be selectively improved 301–303, this can be a dangerous endeavor, 

as it is often dysregulated DNA repair 304 – instead of absent repair – that leads to genomic 

instability, and hyperactive DNA repair has been linked to carcinogenesis as well 305–307. 

Moreover, DNA damage occurs largely stochastic, both in its nature and in genomic location, 

and through a range of different processes, and so the spectrum of lesions will be different

from cell to cell. Even though protein aggregates can sequester DNA repair factors, it would 

therefore be impossible to precisely restore DNA repair capacity without the risk of adverse 

effects. Complicating this problem even further is the fact that, in order for this strategy to 

be effe tive (i.e. to repair lesions and prevent them from becoming ‘locked-in’ alterations), 

DNA repair would not only need to be boosted precisely, but also continuously, from an early 

age onwards. Enhancing DNA repair capacity sufficientl to prevent or even alleviate global 

genomic instability may therefore not be possible.

In contrast, attenuating proteome instability by enhancing the capacity of the PQC network 

is likely a far more feasible strategy 62,101. Nature frequently relies on activation and broad 

transcriptional upregulation of the PQC network to maintain protein homeostasis upon 

stress situations, for example during elevated temperatures or starvation 308. In addition, 

the PQC network has been shown to be able to dampen the detrimental consequences of 

genomic alterations (discussed above). It would be highly insightful to investigate whether 

PQC network components can be used to mitigate degenerative phenotypes associated 

with genomic instability, for example in DNA repair syndromes. There are several particularly 

interesting targets in this regard, including the core PQC network machinery of HSP90, 

but other chaperones, specifically those with broad substrate ranges like small heat shock 

proteins, may be interesting too, as these have been shown to form a first line of defense 

against protein aggregation under a range of cellular stresses 309. Stimulation of the two 

proteolytic systems, autophagy and the UPS, via drug-mediated manipulation of specific

components in these pathways could also be an attractive strategy to safeguard protein 

homeostasis upon genomic instability 310,311. Importantly, much more work is needed to 

investigate the value of each of these approaches in this context. As many PQC network 

components are intricately involved genome maintenance, altering their capacity might not 

always be bene� cial, and may in some cases even lead to increased genomic instability 312. 

Future studies should determine how and when modulation of the PQC network could abate 

the pathological consequences of genomic instability. 
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OUTLINE OF THIS THESIS
In this introduction I have so far introduced the concepts of genomic instability and protein 

homeostasis, and touched upon evidence indicating that genomic integrity and proteome 

stability rely on intricately connected regulatory pathways. In particular, I have spent a 

considerable amount of time discussing the enormous complexity of the connection 

between genome and proteome, and outlined the high inherent potential of a wide range of 

genomic alterations to disrupt protein homeostasis. We now know that this impact does not 

stop at point mutations and repeat expansions in coding regions that lead to misfolding and 

aggregation-prone proteins (Figure 4).

Decades of research have yielded tremendous insight into genomic alterations and protein 

homeostasis, but as they are often approached as separate fields of study, we still do not 

fully understand how they relate to each other, and how relevant this is for pathology and 

degeneration. For example, in the general population, few people have congenital defects in 

DDR pathways that result in increased genomic instability, or inherited genomic alterations 

that result in accelerated protein aggregation, yet ageing is (almost) unequivocally and 

universally accompanied by both 49,300. What is the connection between these gradually 

occurring phenomena? Uncovering whether the relationship between genomic instability 

and a loss of global protein homeostasis plays an important role in vivo, and if so, which 

of these phenomena then contributes the most to associated degenerative phenotypes still 

stands as a major future goalpost. 

The work presented in this thesis aims to provide a deeper insight into this relationship by 

taking as a starting point the following research question: to what extent does genomic 

instability affec  the state of protein homeostasis? I present evidence from several model 

systems, gathered using different experimental set-ups, that together support the idea that 

genotoxic stress conditions can, in general, profoundly challenge protein homeostasis, and 

moreover, that this can be a crucial downstream mechanism driving degeneration. Below, I 

provide an overview of how each chapter fits into this body of work.

CHAPTER 2
In Chapter 2, I describe how the genotoxic stress conditions of ATM and ATR inhibition, as 

well as topoisomerase poisoning, challenge the state of protein homeostasis. Through 

proteomic profi ing combined with RNA sequencing, I show that these conditions result in 

the aggregation of an inherently metastable subproteome. Using two different cell-lines, I 

show that this aggregation is context-dependent: depending on the cell-line, the most 

vulnerable proteins left to aggregate do so first. Aggregating proteins share several features 
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with proteins that aggregate upon chronic stress and in (neuro)degeneration, including a 

high propensity to engage in liquid-liquid phase separation. I provide evidence indicating that 

this aggregation is the result of an overload of the PQC network. Lastly, I show that the stress-

responsive small heat shock protein HSPB5 is able to largely restore protein homeostasis in 

cells lacking ATM.

CHAPTER 3
Protein aggregation can be studied in various ways, using for example folding-substrates 

or microscopy. However, unbiased quantification and analysis of the global aggregated 

proteome requires that endogenous protein aggregates are isolated from cells. In Chapter 3 

of this thesis, I describe a standardized differentialdetergent fractionation method to extract 

insoluble proteins from cultured cells, and briefly discuss options for downstream analysis 

using for example label-free mass-spectrometry. Work presented in Chapters 2 and 4 relies 

on this method (or an adapted version thereof).

CHAPTER 4
The fin ings reported in Chapter 2 indicate that genotoxic stress, caused either by ‘direct’ 

DNA damage (through topoisomerase poisoning) or an impaired DDR, can challenge 

protein homeostasis. In Chapter 4, I present evidence that chronic impairment of several 

DDR pathways also challenges the state of protein homeostasis in C. elegans. I show that 

expression of chaperone hsp-16.2, an ortholog to mammalian HSPB5, is increased in animals 

in which DDR pathways have been targeted. In models of age-related degenerative diseases, 

upregulation of PQC network components, including chaperones and degradation pathways, 

is able to suppress proteotoxic stress and mitigate degeneration 313–317. I provide evidence 

that safeguarding protein homeostasis through overexpression of hsp-16.2 can also prevent 

the health span decline observed in animals suffering from impairments in DDR pathways. 

These findings show that a loss of protein homeostasis can be a crucial intermediate of 

degeneration resulting from impaired genome maintenance.

CHAPTER 5
Chapter 5 is a discussion of the work presented in this thesis. Here, I assess our findings

and place them in a larger scientific framework. I underline how the work presented here 

contributes to our understanding of the degenerative processes associated with (neuro-) 

degeneration and normal ageing, and possibly with pathology in DDR disorders. I also 

discuss how these findingsmay relate to other age-related degenerative processes, including 

senescence. I fi ish with discussing some major outstanding questions, and I make several 

(practical) recommendations for future research to address these.
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ABSTRACT
Loss of the DNA damage response kinase ATM in humans causes the degenerative syndrome 

ataxia-telangiectasia (A-T), but the molecular events driving this degeneration are still 

incompletely understood. Several related disorders, including the ataxias SCAN1 and SCAR23, 

are associated with an impaired response to covalently trapped DNA topoisomerases. Here, 

we show that a functional impairment of ATM, but also of the related kinase ATR and DNA 

topoisomerases has a profound impact on cellular protein homeostasis. We find that cells 

lacking ATM or subjected to transient topoisomerase I poisoning exhibit a widespread 

aggregation of a vulnerable, supersaturated subfraction of the human proteome, that is 

largely soluble in unstressed conditions. These proteins share many features with proteins 

that aggregate during chronic stress, pathology and ageing, including a high intrinsic 

propensity to engage in liquid-liquid phase separation. Increased aggregation appears not to 

be the result of any quantitative transcriptional changes of these proteins. Instead, our data 

indicates that under these conditions, protein quality control mechanisms are overwhelmed, 

resulting in a loss of regulatory control over this metastable subproteome. In line with this, 

we find that metastable model substrates, including a huntingtin polyglutamine reporter, 

aggregate faster in these cells. Importantly, overexpression of the stress-responsive small 

heat shock protein HSPB5/αB-crystallin mitigates protein aggregation in cells lacking ATM. 

Our fin ings reveal that distinct genotoxic stress conditions drive an overload of protein 

quality control systems, leading to widespread protein aggregation.
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INTRODUCTION
The PI3K-like kinase ataxia telangiectasia mutated (ATM) functions as a central regulator 

of the DNA damage response (DDR), recruited early to DNA double-strand breaks (DSBs) 

by the MRE11/RAD50/NBS1 (MRN) complex 1. The absence of functional ATM results in a 

hypersensitivity to DNA damage, primarily DSBs 2. Defects in ATM give rise to the devastating 

autosomal recessive degenerative disorder ataxia-telangiectasia (A-T) 3. A-T is a multisystem 

disorder which is not only linked to a predisposition toward cancer, but also includes a 

progressive neurodegeneration, most notably of the cerebellar cortex. The underlying 

molecular events driving this degeneration are still incompletely understood.

Interestingly, loss of functional ATM has also been linked to a disrupted protein homeostasis. 

Protein homeostasis is normally maintained by a complex, interwoven system of chaperones 

and degradation pathways, primarily the autophagy-lysosomal system (here referred to 

simply as ‘autophagy’) and the ubiquitin-proteasome system (UPS). This system is referred 

to as the protein quality control (PQC) network 4–6. Cells lacking ATM have been found to 

exhibit ER stress, and show activation of the unfolded protein response (UPR) 7–9, impaired 

proteasomal degradation capacity 10, and disrupted autophagy 11,12. A loss of protein 

homeostasis has profound consequences for a cell, and has been suggested to trigger a 

cascade of protein misfolding and aggregation events that can disrupt cellular function, and 

ultimately cause cell death. This process is strongly associated with a range of (degenerative) 

diseases, including neurodegeneration 6,13–16.

The notion that a lack of ATM challenges protein homeostasis has fueled the interesting 

idea that a loss of protein homeostasis may be a critical pathomechanism in A-T. The loss 

of protein homeostasis associated with a loss of ATM has been attributed mainly to a direct 

role of ATM as a regulator of cellular homeostasis in response to oxidative stress, next to its 

canonical function in the DDR. Reactive oxygen species (ROS) have been shown to directly 

activate ATM in a distinct manner 17, upon which ATM can initiate several downstream 

signaling cascades to control cell cycle progression and normalize ROS levels11,18.

However, many related syndromes caused by DDR defects also include – often overlapping 

– degenerative phenotypes. For example, hypomorphic mutations in MRE11, which functions 

upstream of ATM in the DDR, result in ‘A-T like disorder’ (ATLD), a rare syndrome with 

neurological features similar to those associated with A-T 19–21. Spinocerebellar ataxia with 

axonal neuropathy type 1 (SCAN1) is caused by a mutation that impairs the function of 

TDP1, a downstream DDR target of ATM which repairs covalent topoisomerase-I (TOP1)-

DNA complexes 22. An accumulation of TOP1-DNA lesions has been directly implicated in 

neurodegeneration 23,24. Mutations in TDP2, involved in the repair of covalently trapped 
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topoisomerase-II (TOP2) on the DNA, have recently also been linked to the rare cerebellar 

ataxia SCAR23 25,26. In addition, related progressive ataxias, including several variants of ataxia 

with oculomotor apraxia (AOA), are caused by defects in proteins that function in the DDR 27. 

Together, these related disorders strongly support the idea that the associated, overlapping 

degenerative phenotypes are primarily the result of an impaired response to DNA damage 28. 

The notion that a disrupted protein homeostasis may play a role in A-T is nevertheless 

intriguing, in particular because accumulating evidence indicates that genomic instability 

may inherently challenge the stability of the proteome (as discussed in Chapter 1). In addition, 

emerging data indicate that a loss of protein homeostasis may also be an important disease 

mechanism in the related diseases mentioned above. For example, mutations in APTX 

(AOA1) and SETX (AOA2) have recently also been linked to a perturbed protein homeostasis, 

manifesting among others through the upregulation of core chaperone families (e.g. HSP70), 

impaired autophagy, and protein aggregation 29,30. This raises the question whether next to a 

loss of ATM, genotoxic stress in general affects protein homeostasis.

Here, we report that a functional loss of ATM indeed leads to a strong increase in protein 

aggregation in mammalian cells. Importantly, we find that this not only happens after a loss 

of ATM, but also upon targeting of the related PI3K-like kinase ATR, and after chemically 

poisoning TOP1 or TOP2.  Using label-free proteomics in combination with RNA sequencing, 

we uncover that a loss of ATM and TOP1 poisoning similarly challenge protein homeostasis, 

and drive the aggregation of a metastable subproteome. This subproteome shares many 

features with proteins that aggregate upon chronic stress and in (neuro)degeneration. 

We also find that targeting ATM, ATR and topoisomerases accelerates the aggregation of 

(disease-associated) model substrates. Chaperone clients are highly overrepresented among 

aggregating proteins, suggesting that a lack of sufficien PQC network capacity drives 

protein aggregation under these genotoxic conditions. In line with this, the PQC network 

is rewired in cells in which TOP1 has been transiently poisoned, as well as in ATM KO cells. 

Importantly, increasing the levels of the ageing-associated and neuroprotective small heat 

shock protein HSPB5 (αB-crystallin) is able to largely restore protein homeostasis in ATM 

KO cells. These findings indicate that a loss of ATM, but also functional impairment of ATR 

and topoisomerase trapping drive a collapse of protein homeostasis, which may be highly 

relevant for DDR disorders, ageing and (neuro)degeneration.
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RESULTS
PROTEIN HOMEOSTASIS IS CHALLENGED UPON TARGETING ATM, ATR AND DNA 

TOPOISOMERASES
A loss of protein homeostasis is often hallmarked by an accumulation of misfolding proteins 

and insoluble aggregates 4. Global protein aggregation can be measured through a differential

detergent fractionation, enabling the isolation and quantificati n of insoluble proteins (see 

Materials and Methods; protocol described in detail in chapter 3). We find that ATM KO cells 

indeed accumulate insoluble proteins (Figure 1A-C), in line with previous findings 18.

To compare the proteomic impact of a loss of ATM function to disruptions in other, related 

DDR pathways, we transiently treated HEK293T cells with chemical agents, targeting not 

only ATM, but also ATR, PARP1-3 or TDP1, and evaluated insoluble protein levels 48-72 hours 

post-treatment (Figure 1D) (see Table 2 in Methods for a detailed overview of the agents 

used). Transient inhibition of ATM resulted in an increase in aggregated proteins 48-72 hours 

after treatment, which was moderate compared to the increased aggregation observed in 

the knockout (Figure 1E, F). Transient chemical inhibition of the related checkpoint signaling 

kinase ATR also enhanced protein aggregation. Inhibition of Poly(ADP-ribose) polymerases 

1-3 (PARP1-3) or TDP1 had no significant effect on protein aggregation, although in the latter 

the effectwas highly variable (Figure 1E, F). It is unclear why inhibition of PARP1-3 and TDP1 

has no clear effect,perhaps a result of insufficien inhibition, functional redundancy, or in the 

case of TDP1, limited TOP1 trapping occurring in a timeframe of 72 hours.

Strikingly, treatment with either camptothecin or etoposide resulted in a strong increase 

of protein aggregation as well (Figure 1E, F). Camptothecin and etoposide selectively trap 

(i.e. ‘poison’) TOP1 and TOP2 cleavage complexes on the DNA, resulting in DNA damage 
31,32. The strong impact of both these compounds on protein aggregation suggests that it 

is the resulting DNA damage – a shared consequence of these compounds – which causes 

a disruption of protein homeostasis. This triggered us to investigate the kinetics of the 

enhanced protein aggregation in more detail. In the first set of experiments, drug treatments 

were performed transiently, followed by a recovery period of 48-72 hours (Figure 1D). We 

observed no effect on protein aggregation within the first 24 hours after treatment with 

these compounds (Figure 1G, H). This suggests that the enhanced protein aggregation 

does not stem from any (unknown) immediate damaging effect of either camptothecin or 

etoposide on mRNA or protein molecules, for example through ROS. Importantly, protein 

insolubility increases in a dose-dependent manner following transient treatment with either 

camptothecin or etoposide (Figure 1I, J), suggesting that protein stress resulting from TOP1 

or TOP2 poisoning is directly related to the severity of the genotoxic insult.
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Figure 1. Protein aggregation is increased following a functional loss of ATM, ATR and upon topoisomerase 
poisoning.
(A) Western blot analysis using anti-ATM and anti-tubulin antibodies of WT and ATM KO U2OS cells. (B) In-gel 
Coomassie staining of indicated fractions of cell extracts of WT and ATM KO U2OS cells. The relative amounts 
of each fraction loaded are indicated. (C) Quantification of B. Squares depict results of individual experiments. 
(D) Experimental outline. (E) SDS-insoluble and whole cell lysate (WCL) fractions of cells treated with chemical 
agents targeting the indicating proteins (see also Table 2). (F) Quantificat on of E. Circles depict results of 
individual experiments. (G) Protein fractions of HEK293T cells treated transiently with camptothecin (CPT) or 
etoposide (Etop), targeting TOP1 or TOP2, respectively, 24 h or 72 h after treatment. Separate SDS-PAGE gels 
with SDS-insoluble proteins (silver stain) and WCL (Coomassie) are shown. (H) Quantification of G. (I) Protein 
fractions of HEK293T cells treated with increasing amounts of camptothecin (20-100 nM) or etoposide (0.6-
3 µM). Separate SDS-PAGE gels with SDS-insoluble proteins (silver stain) and WCE (Coomassie) are shown. 
(J) Quantification of I. In all graphs, squares or circles represent independent biological repeats. Red lines 
indicate the mean. In 1C, error bars represent standard deviation. In 1F, H and J, significance is calculated using 
independent t-tests, followed by Bonferroni correction for multiple comparisons. 
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PROTEINS THAT AGGREGATE OVER TIME IN CPT-TREATED HEK293T CELLS ARE 

ABUNDANT, PREDICTED TO ENGAGE IN LIQUID-LIQUID PHASE SEPARATION, AND 

PRONE TO AGGREGATE FROM AN UNFOLDED STATE
To investigate the strong aggregation induced by camptothecin treatment in greater detail, 

we next subjected cells treated transiently with either DMSO or camptothecin (CPT) to label-

free proteomics (LC-MS/MS). LC-MS/MS was performed on both isolated aggregated protein 

fractions and whole cell extracts (WCL). In parallel, RNA was isolated from the same samples 

for RNA sequencing (RNAseq) (Figure 2A). For both LC- MS/MS and RNAseq n = 4 biological 

replicates were analyzed.

We identified a total of 983 insoluble proteins in HEK293T cells across conditions, of which 

106 were found to aggregate significantly more after CPT treatment (p<0.05, and log2fold 

change>1) (Figure 2B). 75 of these 106 proteins were only picked up in CPT-treated cells 

(Figure 2C), indicating that they are normally soluble in HEK293T cells. Moreover, 50% of 

these proteins aggregate in all 4 independent repeats (Figure 2C), making it highly unlikely 

that their aggregation is the result of genetic alterations in these proteins themselves.

GO-enrichment analysis reveals that proteins that aggregate after CPT-treatment belong to a 

range of different cellular components, most notably mitochondria and microtubules (Figure 

2D). However, they are predicted to be highly interlinked by STRING (Figure 2D). This shows 

that the loss of protein homeostasis in CPT-treated cells is not limited to a specific structure 

or cellular location, but also suggests that certain functional processes are disproportionally 

affected. Intriguingly, many of the aggregating proteins are RNA-binding proteins (Figure 

2D), a class of proteins that is strongly associated with aggregation in neurodegeneration 33.

To investigate if protein-specific characteristics can explain the increased aggregation in CPT-

treated cells, we first defined a generic, HEK293T baseline aggregating fraction (from here 

on referred to as ‘baseline aggregation’ or ‘HEK293Tbaseline’), consisting of proteins that are 

picked up in at least 2 repeats in both conditions, and that show no enrichment (p>0.05, and 

log2fold change [-0.5, +0.5]). 105 proteins make up the baseline aggregation in HEK293T cells 

(Figure 2B). This baseline aggregating fraction served as a benchmark to which we compared 

the proteins that aggregate more in CPT-treated cells (‘HEK293TupCPT’).

Cross-referencing our data against iBAQ data from a HEK293 reference proteome 34 revealed 

that baseline aggregation in HEK293T cells is made up primarily of proteins that are relatively 

abundant (Figure 2F). Proteins that aggregate more in CPT-treated cells are also relatively 

abundant, but comparable to the baseline aggregation. In general, protein enrichment in the 

WCL sample correlates with aggregation enrichment, but with very little explained variation 
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Figure 2. Increased protein aggregation in HEK293T cells treated with camptothecin consists of a functionally 
interlinked group of abundant, LLPS-prone proteins.
(A) Experimental outline. All samples are generated in parallel from the same cells. (B) Vulcanoplot of label-
free quantification (LFQ) analysis of HEK293T cells. (C) Top pie chart shows enriched proteins (i.e. proteins 
that aggregate more in HEK293T cells treated with CPT) and new proteins (i.e. proteins that aggregate 
only in HEK293T cells treated with CPT). Bottom pie chart shows how consistent aggregating proteins 
were identified across independent repeats. (D) GO-term analysis of the increased aggregation in HEK293T 
cells treated with CPT. The top 10 terms with <2000 background genes are shown. (E) STRING analysis of 
the increased aggregation in HEK293T cells treated with CPT. Highlighted nodes represent terms from (D) 
that contain at least one unique protein. (F) Abundance of aggregated fractions (baseline and increased, i.e. 
‘upCPT’) compared to all proteins from a HEK293 reference proteome (see text for reference). (G) Pearson 
correlation analysis between abundance in the HEK293T WCL fractions and all aggregated proteins (picked up 
in at least 2 repeats in both DMSO-treated and CPT-treated cells). (H) Vulcanoplot of differentially expressed 
genes in HEK293T cells. Lines indicate cut-offs for significance. (I) Overlap between RNA sequencing analysis 
and LFQ analysis for WCL and insoluble proteins. For LFQ: only proteins that are identified in at least 2 repeats 
of HEK293T CPT-treated cells. (J) catGRANULE LLPS prediction scores of HEK293T baseline aggregation 
and increased aggregation (upCPT). Dotted line indicates threshold of LLPS propensity. Asterisks indicated 
as reference. (K) Aggregation enrichment of ALS risk genes in CPT-treated HEK293T cells. Underneath, the 
number of repeats in which that particular gene is identified is shown, for the experimental condition (CPT) 
and control condition (untreated). (L) TANGO amyloid-propensity scores of aggregated fractions compared to 
all human proteins from the Ciryam et al database (see text). (M) Zyggregator (Zagg) amyloid-propensity scores 
of aggregated fractions compared to all human proteins from the Ciryam et al database. (N) CamSol scores of 
HEK293T baseline aggregation and increased aggregation (upCPT). Dotted line indicates threshold of relative 
solubility. (O) Structurally corrected Zyggregator scores (Zagg

SC) of aggregated fractions compared to all human 
proteins from the Ciryam et al database (see text).
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(Figure 2G). This implies that abundance alone does not fully explain whether or not a 

protein becomes aggregated in CPT-treated cells. Importantly, when comparing aggregated 

proteins to RNAseq data, we found that very few aggregating proteins are transcriptionally 

upregulated (Figure 2H, I). This shows that, although abundance is a relevant factor in 

determining the extent of aggregation, the enhanced aggregation in CPT-treated cells is not 

driven by quantitative transcriptional changes of the aggregating proteins themselves.

The likelihood of any protein species to aggregate depends on its abundance in relation 

to its intrinsic properties, including sequence composition and tertiary structure 35–37. As 

indicated above, a large fraction of the proteins that aggregate after CPT treatment are RNA-

binding proteins, a class of proteins that is believed to frequently undergo liquid-liquid phase 

separation (LLPS, or ‘condensation) 38,39. Protein aggregation has been extensively linked to 

an aberrant progression of biomolecular condensates into a solid-like, aggregated state 38,40,41. 

This prompted us to evaluate the LLPS propensity of the identified aggregating proteins. A 

particularly important determinant of LLPS is the presence of intrinsically disordered regions 

(IDRs) 39,42,43. The online tool catGRANULE considers among others intrinsic disorder and 

nucleic acid binding propensities of proteins to predict their LLPS propensity 44. catGRANULE 

predicted that baseline aggregating proteins and proteins that aggregate more in CPT-

treated cells have on average an equally high propensity to phase separate (Figure 2J).

These findings show that in general, proteins that aggregate in HEK293T cells represent a 

subfraction of the proteome that is more abundant, and inherently has a high propensity to 

engage in LLPS. This supports the idea that LLPS events are inherently at a risk of failure or 

disruption 45, and suggests that in CPT-treated cells, this risk may be increased even further. 

This is illustrated by fiveALS risk genes that are known to undergo LLPS: FUS, TARDBP, MATR3, 

hnRNPA1 and hnRNPA2B1. All of them are identified as aggregating in HEK293T cells, but 

they only aggregate fully consistently in CPT-treated cells (i.e. in every independent repeat) 

(Figure 2K). Moreover, although none of them aggregate signi� cantly more in CPT-treated 

cells compared to untreated cells, all five show a trend towards increased aggregation (log2FC 

between 0.46 and 2.2; p-values between 0.09 and 0.47). 

Although the relationship between LLPS and pathological aggregation has yet to be fully 

elucidated, aberrant LLPS is thought to be accelerated when the proteins involved are 

intrinsically also more prone to aggregate and/or form amyloids 45. To investigate this, we 

employed a set of established algorithms that use the amino acid sequence of proteins to 

predict their aggregation propensity. Using TANGO 46–48, Zyggregator 49 (both obtained 

from Ciryam et al 50) and CamSol 51, we found that the intrinsic aggregation propensity and 

insolubility of aggregating proteins is not higher than the proteome average (Figure 2L-N). 
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This is perhaps not surprising, as many proteins have the ability to aggregate from their 

unfolded state – in many (globular) proteins, aggregation-prone regions are buried inside the 

core 52. However, both TANGO and CamSol predicted that proteins that aggregate more in 

CPT-treated cells have a higher propensity to aggregate than baseline aggregating proteins 

(Figure 2K-M).

As CamSol, TANGO and Zyggregator scores are all calculated based on sequence alone, they 

effectivelypredict a protein’s propensity to aggregate from an unfolded state. To investigate 

whether native protein structure may play a role in the observed aggregation, we also 

obtained the structurally corrected Zyggregator scores (Zagg
SC) 53 from the database from 

Ciryam et al 50. Strikingly, we found that baseline aggregating proteins have a higher Zagg
SC 

compared to the proteome average, whereas this is not the case for proteins that aggregate 

more after CPT (Figure 2O).

Together, this shows that the observed aggregation in HEK293T cells can be subdivided 

based on the intrinsic propensity of proteins to aggregate. Baseline aggregation is made 

up of abundant, LLPS-prone proteins that are more prone to aggregate specifically from 

a folded state, also when compared to the entire proteome. In contrast, proteins that 

aggregate more in CPT-treated cells are equally abundant and LLPS prone, but have a higher 

propensity to aggregate specifically from an unfolded state. This indicates that the increased 

aggregation in CPT-treated HEK293T cells could be the result of the (partial) unfolding of 

proteins, independent of any in cis damage or genetic alterations.

LOSS OF ATM AGGRAVATES AN INHERENTLY HIGH PROTEIN STRESS IN U2OS CELLS 

IN A SIMILAR FASHION AS CPT-TREATMENT IN HEK293T CELLS
As we found that increased protein aggregation occurs both after genotoxic stress via 

topoisomerase trapping, and via chemically and genetically impairing the DDR (Figure 1), we 

next investigated what drives aggregation in ATM-compromised cells. To this end, we used 

the ATM KO U2OS cells that we generated (Figure 1A), and subjected these and parental 

cells to label-free proteomics and RNA sequencing, using the same pipeline as previously 

employed for HEK293T cells (Figure 2A). We identified a total of 1827 aggregating proteins in 

U2OS, almost twice as many as in HEK293T (Figure 3A). 171 proteins were found to aggregate 

significantlymore in ATM KO cells compared to the wild type (‘U2OSupATM’). Similar to HEK293T 

cells, aggregation in U2OS ATM KO cells is made up primarily of proteins that are normally 

largely soluble, but now aggregate highly consistently (Figure 3B). We defined a baseline 

aggregating fraction of 520 proteins (‘U2OSbaseline’) using the same cut-off as in HEK293T 

cells. Protein aggregation in HEK293T cells overlaps strongly with that in U2OS cells, with 
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Figure 3. Increased protein aggregation in U2OS ATM KO cells is functionally linked to the aggregation in 
HEK293T cells, but more widespread, and consists also of abundant, LLPS-prone proteins.
(A) Vulcanoplot of label-free quantification (LFQ) analysis of U2OS cells. (B) Top pie chart shows enriched 
proteins (i.e. proteins that aggregate more in U2OS ATM KO cells compared to wild-type cells) and new proteins 
(i.e. proteins that aggregate only in U2OS ATM KO cells). Bottom pie chart shows how consistent aggregating 
proteins were identified across independent repeats. (C) Venn diagram showing overlap between U2OS and 
HEK293T aggregation, for both baseline aggregating fractions and increased aggregation. (D) GO-term analysis 
of the increased aggregation in U2OS ATM KO cells. The top 10 terms with <2000 background genes are shown. 
(E) STRING analysis of the increased aggregation in U2OS ATM KO cells. Highlighted nodes represent terms 
from (D) that contain at least one unique protein. (F) GO-term and STRING analysis of functionally interlinked 
proteins in the increased aggregation in CPT-treated HEK293T cells and U2OS ATM KO cells. (G) Abundance of 
aggregated fractions (baseline and increased, i.e. ‘upATM’) compared to all proteins from a U2OS reference 
proteome (see text). (H) Pearson correlation analysis between abundance in the U2OS WCL fractions and 
all aggregated proteins (picked up in at least 2 repeats in both wildtype and ATM KO cells). (I) Vulcanoplot 
of differentially expressed genes in U2OS cells. Lines indicate cut-offs for significance. (J) Overlap between 
RNA sequencing analysis and LFQ analysis for WCL and insoluble proteins. For LFQ: only proteins that are 
identified in at least 2 repeats of U2OS ATM KO cells. (K) catGRANULE LLPS prediction scores of U2OS baseline 
aggregation and increased aggregation (upCPT). Dotted line indicates threshold of LLPS propensity. Asterisks 
indicated as reference. (L) Aggregation enrichment of ALS risk genes in U2OS ATM KO cells. Underneath, the 
number of repeats in which that particular gene is identified is shown, for the experimental condition (ATM KO) 
and control condition (untreated). (M) TANGO amyloid-propensity scores of aggregated fractions compared 
to all human proteins from the Ciryam et al database (see text). (N) Zyggregator (Zagg) amyloid-propensity 
scores of aggregated fractions compared to all human proteins from the Ciryam et al database. (O) CamSol 
scores of U2OS baseline aggregation and increased aggregation (upATM). Dotted line indicates threshold of 
relative solubility. (P) Structurally corrected Zyggregator scores (Zagg

SC) of aggregated fractions compared to 
all human proteins from the Ciryam et al database. 
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67 proteins shared proteins among the two baseline aggregating fractions (Figure 3C). This 

indicates that protein aggregation in these two cell lines is driven by highly similar processes. 

Importantly however, of the 106 proteins aggregating more in CPT-treated HEK293T cells, 

another 74 are already part of the U2OS baseline aggregation as well (Figure 3C). This implies 

that in wild-type U2OS cells already far more proteins have succumbed to aggregation than 

in HEK293T cells. In U2OS cells lacking ATM, another, additional group of proteins has now 

started to aggregate on top of this.

Only one protein (Acetyl-CoA acetyltransferase 1; ACAT1) was found to aggregate more in 

both U2OS ATM KO cells and CPT-treated HEK293T cells (Figure 3C). Proteins that aggregate 

more in ATM KO cells are also frequently functionally interlinked, albeit less closely than 

the proteins that aggregate in CPT-treated HEK293T cells (Figure 3D, E). They belong to a 

broad range of cellular components, and function in a range of different pathways. A large 

fraction belongs to various components of the endomembrane system, or is annotated as 

nucleoplasmic (Figure 3E). Interestingly however, many of them are either components of 

microtubules and/or the cytoskeleton, or are involved in components or processes connected 

to these (Figure 3D). 10% are RNA-binding proteins. This indicates that although aggregating 

proteins in CPT-treated HEK293T and U2OS ATM KO cells are largely different, they may to 

some extent overlap functionally.

In line with this, merging STRING networks of the increased aggregation fractions 

(HEK293TupCPT and U2OSupATM) revealed that across these two cell lines, several aggregating 

proteins are predicted to engage in interactions with each other (Figure 3F). It is possible that 

this refl cts a strong dependence of the involved cellular components on LLPS, as has been 

reported before for ribonucleoprotein complexes, cytoskeletal and microtubular processes 
54–60, and that this increases their risk of aggregation. It is however also possible that these 

components are particularly vulnerable to an underlying cascade of aggregation events. 

Their aggregation could also be the result of an active rewiring of the proteome to prevent 

a complete collapse of protein homeostasis. Regardless, the notion that interlinked proteins 

are aggregating again underlines that these proteins are likely not genetically altered 

themselves, but instead belong to an inherently vulnerable subgroup.

The difference between CPT-induced aggregation in HEK293T cells and aggregation in U2OS 

ATM KO cells is reflected in the abundance and LLPS-propensity of aggregating proteins. For 

both characteristics, the differencebetween aggregating fractions and the proteome average 

appears to be dampened. Although aggregating proteins are more abundant compared 

to a cell line specific reference proteome, they are significantly less abundant than U2OS 

baseline aggregating proteins (Figure 3G). WCL enrichment again correlates with observed 
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aggregation, but it is only able to explain a marginal fraction of the variance (Figure 3H). 

Increased aggregation in ATM KO cells is not related to quantitative transcriptional changes 

of aggregating proteins (Figure 3I, J), as was also the case in CPT-treated HEK293T cells.

CatGRANULE predicts that proteins that aggregate more in U2OS ATM KO cells are prone to 

engage in LLPS, but significantly less so than U2OS baseline aggregating proteins (Figure 3K). 

This suggests that many LLPS-prone proteins have already aggregated. A possible reflection

of this is again provided by the five ALS risk genes FUS, TARDBP, MATR3, hnRNPA1 and 

hnRNPA2B1 61. Whereas in HEK293T all of them showed an upward trend in CPT-treated cells, 

each of these genes is already consistently identified as aggregated in U2OS cells (i.e. present 

in all repeats), without any indication of a relative increase in ATM KO cells (log2FC between 

-0.13 and 0.11; p-values between 0.27 and 0.93) (Figure 3L). 

Interestingly, TANGO, Zyggregator and CamSol do show a similar pattern to what we found 

in HEK293T cells, with proteins aggregating specifically in ATM KO cells being in general more 

prone to aggregate from an unfolded state (Figure 3M-O). Baseline protein aggregation has 

again a higher propensity to form aggregates from a folded state compared to the proteome 

average, whereas proteins that aggregate more in ATM KO cells do not (Figure 3P).

A LOSS OF ATM AND TRANSIENT CPT TREATMENT ACCELERATE THE AGGREGATION 

OF SUPERSATURATED, METASTABLE PROTEINS
These findings indicate that a loss of ATM and treatment with CPT have a similar impact 

on protein homeostasis: both result in the aggregation of a vulnerable subfraction of the 

proteome, that is normally largely soluble. These proteins are abundant, prone to engage 

in LLPS, and have a higher propensity to aggregate specific lly from an unfolded state 

compared to baseline aggregation. However, our findings also show that the ‘starting 

point’ of aggregation in HEK293T and U2OS cells is quite different, as in U2OS cells, far more 

aggregation-prone proteins have already aggregated in the wild type.

To investigate whether this difference could explain why also less-abundant and less LLPS-

prone proteins have become aggregated in U2OS ATM KO cells, we turned to the concept of 

protein ‘supersaturation’. Supersaturation refers to proteins that are expressed above their 

critical concentration, and therefore at a greater risk of aggregation (i.e. they are metastable). 

Supersaturation can be estimated using a protein’s global abundance and its intrinsic 

propensity to aggregate 50,62. Proteins that have a low intrinsic aggregation propensity can 

still be supersaturated, as long as they are expressed at high levels, and vice versa (Figure 4A).

We plotted the average abundance of all WCL proteins, proteins that aggregate consistently 
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(i.e. no significa t log2FC, picked up in at least 2 repeats each), and proteins that aggregate 

more after either CPT-treatment or in ATM KO against their intrinsic aggregation propensity 

(here, TANGO). We found that CPT-treatment in HEK293T cells results in the aggregation of 

proteins that are expected to be relatively more supersaturated compared to all proteins 

identified in the HEK293T WCL. However, many of the most supersaturated proteins (i.e. top 

right corner) were still not identified as aggregating. In contrast, in U2OS cells the majority of 

the most-supersaturated proteins present have aggregated already in the wild type. Proteins 

that aggregate specifically in U2OS ATM KO cells appear to represent a next ‘layer’ of less 

supersaturated proteins.

Next, we cross-referenced our data with a human global estimated supersaturation database 

from Ciryam et al 50. This database contains estimated average supersaturation scores, 

calculated using TANGO or Zyggregator scores for unfolded proteins, and the structurally 

corrected Zyggregator score for folded proteins. These metrics indicated that all aggregating 

fractions are on average supersaturated compared to the global human proteome average 

(Figure 4A-C).

Importantly, protein abundances can differ substantially between tissues, and by extension, 

a protein can be supersaturated in one cell type, but not in another. Supersaturation 

scores in the database of Ciryam et al are estimated using an average expression for each 

protein out of 70 different types of human tissue. This explains why the relative differences

between different aggregating fractions deviate slightly from our own supersaturation 

estimates, which are based on cell line specific reference proteomes. For example, TANGO 

supersaturation calculated by Ciryam et al indicates that HEK293TupCPT and HEK293Tbaseline 

aggregating fractions are comparable (Figure 4C), but based on the similar abundance and 

higher TANGO scores (Figure 2), we know that the average TANGO supersaturation in the 

former is higher.

Nevertheless, these three global supersaturation estimates are overall in line with our own 

cell-line specific estimates. Moreover, they confirm that proteins that aggregate specifically

in U2OS ATM KO cells are less supersaturated than the other fractions. This appears to be 

indeed largely the result of a different aggregation starting point in U2OS cells, where many 

of the most supersaturated protein species have already aggregated in the wild type.

TRANSIENT TARGETING OF ATM, ATR, AND DNA TOPOISOMERASES ACCELERATES 

THE AGGREGATION OF METASTABLE MODEL PROTEINS
These data reveal that upon a loss of ATM or treatment with CPT, metastable proteins that 
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Figure 4. Proteins that aggregate following a loss of ATM and CPT-treatment are supersaturated.
(A)(B) Supersaturation estimation. TANGO scores plotted against abundances. Grey dots depict all proteins 
identified in WCL fractions. (C) Estimated supersaturation scores of aggregating fractions from an unfolded 
state, based on TANGO (uT). (D) Estimated supersaturation scores of aggregating fractions from an unfolded 
state, based on Zyggregator (σU). (E) Estimated supersaturation scores of aggregating fractions from a folded 
state, (σf), based on structurally corrected Zyggregator scores. Scores depicted in (C), (D), (E) were obtained 
from Ciryam et al (see text).
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are otherwise still largely soluble now start to aggregate. Our � ndings thus argue that the 

accelerated aggregation in CPT treated and ATM KO cells is mainly driven by the intrinsic 

properties of the aggregating proteins, instead of through direct genetic changes in these 

proteins as a consequence of the genotoxic insult. To investigate whether metastable 

proteins indeed aggregate faster in these backgrounds, we employed HEK293 cells carrying 

a tetracycline-inducible GFP-tagged Huntingtin exon1 containing a 71 CAG-repeat (Q71, 

polyQ). Disease-associated polyQ-proteins are inherently aggregation-prone, and they have 

been shown to aggregate faster in systems in which protein homeostasis is challenged 63,64. 

Using a similar treatment regime as before (Figure 5A), we found that polyQ aggregation 

is accelerated in cells that have been subjected to genotoxic drugs 24-48 hours prior to the 

addition of tetracycline (Figure 5B). These findings closely mirror the increased insolubility 

that we observed before (Figure 1). Whereas transient inhibition of TDP1 had no significant

effect, transient inhibition of either ATM or ATR, and in particular treatment with CPT and 

etoposide, accelerated polyQ aggregation up to several fold (Figure 5C). Soluble polyQ levels 

are increased in CPT- and etoposide-treated cells, but it is unlikely that this explains the 

increased polyQ aggregation, as inhibition of ATM or ATR has no such effect.Moreover, we 

found that polyQ aggregation is also accelerated at a lower dose of etoposide that does not 

overtly alter soluble polyQ levels (Figure 5D). ATM inhibition also has dose-dependent effect

on polyQ aggregation (Figure 5E).

The propensity of polyQ proteins to aggregate relates closely to the length of the CAG repeat 

expansion, and genomic instability is a potential source of CAG repeat-instability 65. Moreover, 

DNA repair genes have been identified as genetic modifiers of clinical onset in Huntington’s 

disease 66. To test whether the aggravated polyQ aggregation could be explained through an 

enhanced instability of the integrated CAG repeat locus itself, we analyzed CAG track lengths 

in drug treated cells. Although the CAG repeat is indeed intrinsically unstable, none of the 

drug treatments exacerbated this instability (Figure 5F). This argues against increased repeat 

length-instability as the cause for the observed accelerated polyQ aggregation. Instead, 

these findings are in agreement with our proteomic analysis, and strongly indicate that under 

these conditions, polyQ aggregates faster due to an underlying destabilization of protein 

homeostasis. In line with this, in HEK293 cells expressing a tetracycline-inducible GFP-tagged 

luciferase, both transient inhibition of ATM and transient treatment with camptothecin 

resulted in a specific enrichment of luciferase-GFP in the insoluble fraction (Figure 5G, H). 

Together, these results confirm that upon targeting ATM, ATR, TOP1 or TOP2, the aggregation 

of (disease-associated) metastable proteins is in general accelerated. 
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Figure 5. Targeting ATM, ATR or topoisomerases accelerates the aggregation of metastable model proteins.
(A) Experimental outline. (B) Left panel: filter trap assay of HEK293 cells inducibly expressing Q71-GFP that 
received the indicated treatment, probed with GFP antibody. Right panel: quantification. (C) Western blot 
loading control of (B). (D) Left panel: filter trap assay of HEK293 cells that received the indicated treatment 
of etoposide, probed with GFP antibody. Right panel: Western blot loading control of left panel. (E) Western 
blot and filter trap assay of HEK293 cells inducibly expressing Q71-GFP, treated with incremental doses of 
ATM inhibitor (see Materials and Methods). (F) Histograms showing the distribution of CAG repeat length 
of HEK293 GFP-Q71 cells treated as in (B). The red line indicates the 71-CAG repeat length. (G) Experimental 
outline. (H) HEK293 cells inducibly (i.e. tetracycline) expressing luciferase-GFP, treated with ATM inhibitor or 
CPT, fractionated and analyzed via Western blot.
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SUPERSATURATION OF AGGREGATING PROTEINS IS REFLECTED IN CHAPERONE 

ENGAGEMENT 
Our findings raise the question why the aggregation of LLPS-prone, supersaturated proteins 

is accelerated under genotoxic stress conditions. Metastable proteins are thought to require 

intensive surveillance and (re)folding assistance from molecular chaperones 67–70. Proteomic 

stress situations have been hypothesized to cause an overload of protein quality control 

systems, resulting in a competition for the limited chaperone folding capacity available and 

as a consequence, protein aggregation 64,71. This is for example illustrated by the enhanced 

aggregation of mutant SOD1 and polyQ proteins in the background of conformation-

destabilizing mutations in other proteins 72,73. The accelerated polyQ aggregation that we 

found after targeting ATM, ATR and after topoisomerase poisoning is very reminiscent of this.

HSP70s are among the most ubiquitous chaperones, and they have been shown to play a 

key role in maintaining protein homeostasis in virtually all domains of life 74–76. To investigate 

if HSP70 clients are enriched among aggregating proteins, we cross-referenced our data 

against a recently generated database of HSPA8 (i.e. constitutively expressed HSP70) and 

HSPA1A (i.e. stress-inducible HSP70) clients 77. Strikingly, we found that HSPA8 and HSPA1A 

clients are strongly enriched among aggregating proteins, to an extent that closely mirrors 

LLPS-propensity and supersaturation (Figure 6A). 52% of proteins in the HEK293T baseline 

aggregating fraction are identified as clients of HSPA8 or both, and 47% of proteins that 

aggregate in CPT-treated cells are identified as clients of both. 43% of proteins in the U2OS 

baseline aggregating fraction are clients of HSPA8 and/or HSPA1A, compared to 23% of 

proteins that aggregate specific lly in ATM KO cells. In sharp contrast, in both cell line specific

reference proteomes only 13% of all proteins are identified as clients (Figure 6A).

Next, we mined the BioGRID human protein-protein interaction database (see Materials and 

Methods) for putative chaperone clients (physical interactions only) using an established 

dataset of 168 human proteins annotated as (co)chaperones, obtained from the KEGG 

online database (https://www.genome.jp/kegg/). This revealed that 34% of all human 

proteins entered in the BioGRID database have at least one reported (co)chaperone binding, 

excluding any (co)chaperones themselves (Figure 6B). We cross-referenced these putative 

clients against our dataset of aggregating proteins, again excluding any aggregating (co)

chaperones. This revealed that putative chaperone clients are enriched among aggregating 

proteins (Figure 6B). Between 66% and 88% of aggregating proteins have at least one 

reported (co)chaperone binding. Proteins that aggregate speci� cally in U2OS ATM KO cells 

are the least enriched for putative clients. Aggregating proteins are frequent interactors of 

a broad range of chaperone families, most notably HSP70s (in line with what we discussed 

above), HSP90s and chaperonins (Figure 6C).
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Interestingly, and in contrast to the HSP70 client database numbers, LLPS-propensity and 

supersaturation do not fully explain chaperone interaction pro� les. Proteins that aggregate 

in CPT-treated HEK293T cells have by far the most reported (co)chaperone interactions 

(Figure 6C, D). Proteins that aggregate specifically in ATM KO cells have also more reported 

interactions than what would be expected if LLPS-propensity and supersaturation are the 

primary determinants of chaperone engagement. This is perhaps explained by the notion 

that proteins that aggregate under these genotoxic conditions are more prone to aggregate 

Figure 6. (Putative) chaperone clients are enriched among aggregated proteins.
(A) Pie charts showing the presence of HSPA1A and HSPA8 clients in aggregated protein fractions, compared 
to clients present in both reference proteomes. HSPA1A and HSPA8 client data was obtained from Ryu et al, 
2020 (see text). Only clients identified in at least two out of three repeats in Ryu et al were used. (B) BioGRID 
(co)chaperone interactions with aggregated proteins identified in this study, divided per cell line. Pie charts 
depict the percentage of proteins with at least one reported (co)chaperone binding logged in the BioGRID 
protein-protein interaction database (see text). (C) BioGRID (co)chaperone interactions with aggregated 
proteins identified in this study, per (co)chaperone, depicted as a heatmap. Darker colors represent a higher 
percentage of proteins binding to that (co)chaperone. (D) Table showing the median and mean number of 
reported (from BioGRID) interacting (co)chaperones per aggregating fraction. For (B), (C), (D), only reported 
physical interactions were used. (F) Conceptual overview of aggregation in HEK293T and U2OS cells. U2OS 
cells inherently deal with a further progressed protein aggregation.
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specifically from an unfolded state compared to their respective baseline aggregating 

proteins. 

Overall, these data are strikingly in line with our previous findings. They show that the 

metastable proteins that we identify as aggregating are enriched for (putative) chaperone 

clients. Proteins that aggregate after CPT-treatment may represent a particularly vulnerable 

subfraction of proteins that is under close surveillance of chaperone systems. In U2OS cells, 

most of these proteins have already aggregated in the wild type, so that in ATM KO cells, a 

second ‘layer’ of less-metastable proteins now starts to aggregate as well (Figure 6E). These 

findings strongly indicate that genotoxic stress conditions result in an overload of the PQC 

network, which causes widespread protein aggregation. 

HSPB5 SUPPRESSES PROTEIN AGGREGATION IN ATM KO CELLS WITHOUT AFFECTING 

GENOME MAINTENANCE CAPACITY
One of the primary PQC degradation pathways to clear intracellular protein aggregates is 

(macro)autophagy 78. Indeed, in CPT-treated HEK293T cells we found that several autophagy 

genes are upregulated (Figure 7A). As has been shown by others 79,80, this autophagy 

upregulation is not limited to TOP1 poisoning. Transient etoposide treatment (targeting 

TOP2) in cells results in an accumulation of LC3-2, the lipidated (i.e. activated) form of LC3, 

48-72 hours post-treatment (Figure 7B). Treatment with the autophagy inhibitor bafilomycin

A1 further enhanced LC3-2, as well as p62, suggesting that autophagic flux is indeed increased 

following transient TOP2 poisoning (Figure 7C).

Wild-type U2OS cells show a higher expression of certain chaperones compared to untreated 

HEK293T cells, including the stress-inducible HSP70 (> 100x higher), various small heat shock 

proteins (up to 400x higher), and mitochondrial chaperones (up to 20x higher) (Figure 7D), a 

striking reflection of the widespread protein aggregation inherently present in this cell line. 

ATM KO U2OS cells grow slower than wild-type cells, which could offer an explanation as to 

why we observe an increased expression of several chaperone families upon CPT-treatment 

in HEK293T cells, but hardly so in U2OS ATM KO cells compared to the wild type (Figure 7D). 

ATM KO cells may have already adapted (for example by lowering their metabolism) to reach 

a new, likely fragile, homeostatic state. A range of chaperones aggregate highly consistently 

in both HEK293T and U2OS cells (Figure 7E), in line with the notion that PQC network 

components can be co-sequestered in protein aggregates as they attempt to engage and 

clear misfolded/aggregated proteins 4,81.

Upregulation of individual PQC components of the chaperone network can prevent or 
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(legend continues on next page)

Figure 7. The PQC network is rewired upon genotoxic stress conditions, and overexpression of HSPB5 is a 
potent suppressor of the increased aggregation in U2OS ATM KO cells.
(A) Quantification of all differentiallyexpressed (-1 > log2FC > 1) genes directly related to autophagy in HEK293T 
cells. (B) Western blot analysis using the indicated antibodies of HEK293T cells treated with vehicle (DMSO) or 
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counteract aggregation of disease-associated proteins 14,81. This anti-aggregation property 

is often unambiguous, with high substrate speci� city, but chaperones with a more generic 

substrate repertoire exist as well 68. If the chaperone network is indeed overwhelmed 

under genotoxic stress conditions, we reasoned that we should be able to rescue the protein 

homeostasis collapse in the cells by increasing chaperone capacity. 

To test if chaperones can reduce the accelerated protein aggregation in U2OS ATM KO 

cells, we screened an overexpression library of several major chaperone families, including 

HSP70s (HSPAs), J-domain proteins (JDPs) and small heat shock proteins (HSPBs) for their 

ability to reduce the increased protein aggregation (Figure 7F). Most of these did not overtly 

decrease protein aggregation, and some even appeared to cause to a further increase. 

However, overexpression of several JDPs reduced protein aggregation, including the generic 

anti-amyloidogenic protein DNAJB6b. Particularly effective appears to be the small heat 

shock protein HSPB5 (Figure 7F). HSPB5, also known as αB crystallin (or CRYAB), is a potent 

suppressor of aggregation, with a broad substrate range 82. Intriguingly, although HSPB5 

is not a frequently reported interaction partner of aggregating proteins (Figure 6D), U2OS 

cells inherently upregulate the expression of HSPB5 through a dramatic ~400-fold increase 

compared to HEK293T cells (Figure 7D). Moreover, in ATM KO cells, HSPB5 is one of three 

transcriptionally upregulated chaperones (Figure 7D). HSPB5 is also the only chaperone 

etoposide (etop). (C) Western blot analysis using the indicated antibodies of cells treated with vehicle (DMSO) 
or etoposide (etop), with or without treatment with the autophagy inhibitor Bafilomycin A1. * = non-specific
band. (D) Quantific tion of all differentiallyexpressed (-1 > log2FC > 1) chaperone genes. Left panel: differential
expression between U2OS wildtype and HEK293T untreated cells. Middle panel: differentialexpression between 
CPT- and untreated HEK293T cells. Right panel: differential expression between U2OS ATM KO and wildtype 
cells. (E) Quantification of chaperones identified in aggregated fractions of HEK293T and U20S cells. On top 
of each bar the respective adjusted p-value of log2FC is shown. Underneath, the number of repeats in which 
that particular gene is identified is shown, for experimental conditions (Exp: CPT or ATM KO) and controls (Ctrl: 
DMSO or wildtype (WT)). (F) Screen for chaperones that can alleviate the increase in SDS-insoluble proteins in 
U2OS ATM KO cells. Indicated chaperones were expressed for 48 h. Cells were fractionated and analyzed. SDS-
insoluble and WCL fractions separated by SDS-PAGE and stained by Coomassie are shown. (G) Upper panel: 
Western blot analysis of U2OS wildtype and ATM KO cells stably overexpressing HSPB5 (cell lines generated 
using retroviral infection, see Methods) or not using the indicated antibodies. Lower panel: Quantification of 
the upper panel. Squares indicate independent experiments. (H) Insoluble protein fraction of cells in (G). (I) 
Total quantificatio  of H. Squares depict independent experiments. (J) Representative immunofluorescence
pictures of U2OS wildtype and ATM KO cells stably overexpressing HSPB5 or not. Upper row: staining with 
Proteostat (red) and Hoechst (blue) is shown. Lower row: staining with anti-FUS (green) and Hoechst (blue) 
is shown. (K) Quantification of aggresomes (upper panel) and extranuclear FUS inclusions (lower panel). (L) 
Plot showing the number of U2OS wildtype and ATM KO cells stably overexpressing HSPB5 or not with 53BP1 
foci, after 2 Gy of γ-irradiation. (M) Plot showing the number of 53BP1 foci per cell after 2 Gy of γ-irradiation. In 
(G), (I), (K), (L) and (M), bars represent mean ± SD of at least three independent experiments.
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whose abundance is significantl  increased in the U2OS ATM KO WCL compared to the wild 

type (not shown).

We generated U2OS cells that stably overexpress HSPB5 in both wild-type and ATM-deficient

backgrounds, and confirmed that this drastically reduced the enhanced protein aggregation 

in ATM KO cells (Figure 7G-I). HSPB5 overexpression also reduced aggresome staining and 

cytoplasmic FUS puncta (Figure 7J, K), two other markers of a challenged protein homeostasis. 

To our knowledge, HSPB5 has not been linked to genome maintenance itself. In line with this, 

we find no indication that overexpression of HSPB5 alters DNA repair capacity itself, as the 

ionizing irradiation-induced accumulation and resolution of 53BP1 was not affectedby HSPB5 

expression, in neither wild-type nor ATM KO cells (Figure 7L, M).

DISCUSSION
We showed that protein homeostasis is disrupted under various, distinct genotoxic stress 

conditions. Cells (transiently) lacking functional ATM or ATR exhibit enhanced protein 

aggregation, and transient topoisomerase poisoning dramatically increases protein 

aggregation as well. Through deep proteomic profiling combined with RNA sequencing we 

uncovered that the proteomic impact of a chronic loss of ATM or transient TOP1 poisoning 

with camptothecin is highly similar. Both drive the aggregation of a supersaturated, 

metastable subproteome, consisting of abundant, LLPS-prone proteins that are normally 

largely soluble. This metastable subproteome is under close control of HSC70 and HSP70 

systems, and is frequently engaged by a broad range of other chaperones as well. We found 

that under these genotoxic conditions, cells rewire their PQC network in an effort to restore 

protein homeostasis. This is underlined by the notion that the expression of the small heat 

shock protein HSPB5 is elevated in U2OS ATM KO cells, and that overexpression of HSPB5 

reduces aggregation and rebalances protein homeostasis. Together, these data indicate that, 

under various genotoxic stress conditions, the capacity of the PQC network to safeguard 

conformational stability and maintain global protein homeostasis is overloaded, causing 

metastable proteins that are normally kept soluble to now aggregate.

The increased aggregation resulting from this overload of protein quality control systems can 

to a large extent be explained through the concept of protein supersaturation, but not fully. 

If supersaturation is the sole driving force behind the observed aggregation, then we would 

expect the most supersaturated proteins to aggregate the first in CPT-treated and ATM KO 

cells. This does not appear to be the case (Figure 4B). This may reflect the fact that many 

proteins are not homogenously abundant in a cell, but often locally concentrated. Using a 

total proteome abundance can therefore only give an estimate of local supersaturation. It 

could however indicate that other factors also play a role. This is underlined by the notion 
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that chaperone engagement does not fully mirror supersaturation. An interesting factor in 

this respect is liquid-liquid phase separation. LLPS is a concentration-dependent process, in 

which (locally) abundant, soluble proteins together with nucleic acids (primarily RNA) ‘de-

mix’ from solution (i.e. they condense) when it is energetically favorable for them to switch 

from interacting with water (i.e. being soluble) to interacting with other macromolecules 
45. Although this is a different biochemical process than protein aggregation (i.e. different

underlying mechanisms and principles), aberrant LLPS can drive the nucleation of insoluble 

(fibrillar) protein aggregates, including polyQ 40–42. It is therefore believed that LLPS events, 

as well as the proteins (and the RNA) involved in them, need to be closely regulated and 

monitored by the PQC network to prevent aberrant progression into a solid-like state 45. 

Although data is so far limited, chaperones have been reported to play an important role 

in preventing the formation of aberrant biomolecular condensates, with autophagy as a 

possible backup clearance system 83.

GENOTOXIC STRESS AS A SOURCE OF PROTEOME INSTABILITY AND PROTEIN 

AGGREGATION
In general, proteins that aggregate as a consequence of an overload of the PQC network 

don’t necessarily have to be damaged or genetically altered themselves. As mentioned 

above, during proteomic stress situations a competition may arise for the limited folding 

capacity available. Indeed, the increased aggregation caused by genotoxic stress conditions 

appears not to be caused by sequence alterations or quantitative expression changes of the 

aggregating proteins themselves. The accelerated polyQ- and luciferase aggregation are in 

line with this as well. This suggests that genotoxic stress conditions result in a destabilized 

proteomic background that competes for protein quality control capacity.

We find that U2OS wild-type cells have rewired their PQC network to rebalance protein 

homeostasis in the face of an inherently high protein stress. The notion that already in the 

U2OS wild type far more proteins aggregate than in HEK293T cells is perhaps a reflection of 

the fact that U2OS is a cancer cell line (osteosarcoma), whereas HEK293T cells have a vastly 

differentorigin (embryonic kidney). Cancer cells inherently exhibit elevated levels of protein 

stress, not only because of their high metabolism (high protein production, i.e. a high protein 

folding demand), but also because of their inherently increased genomic instability, resulting 

in dysregulated and aberrant protein production 84–87. Importantly, this also highlights that, 

although metastable proteins are in general at a high risk of aggregation, different cell types 

may be faced with different proteomic consequences. Aggregation likely depends on which 

proteins are (currently) expressed and in what abundance, and on the steady state of the 

PQC network in that particular cell(type) 64,71.
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Intriguingly, many proteins that aggregate more in CPT-treated HEK293T cells or U2OS ATM 

KO cells are nucleotide- and/or RNA binding proteins, or function in microtubule/cytoskeletal-

related processes. A number of them are components of the mitochondrial matrix. These 

(types of) proteins have been found to frequently aggregate in (neuro)degenerative 

disorders, and also during ageing. Aggregation of RNA-binding proteins has been strongly 

linked to diseases like ALS, FTD and spinal muscular atrophy 89–91. Aggregation of microtubule 

and cytoskeletal proteins, including intermediate filaments and actin, or associated proteins 

like tau has been directly implicated in the etiology of ALS and FTD as well, but also in for 

example Parkinson’s disease and Charcot-Marie-Tooth disease 92–97. In many of these, and 

other related diseases, aggregation of mitochondrial proteins has also been widely observed 
98–101, pointing at a possible link between genotoxic stress and age-related, degenerative 

diseases.

GENOTOXIC STRESS MAY LINK DDR DEFECTS TO DEGENERATIVE PHENOTYPES
It is believed that the process of gradually expanding protein aggregation can drive a 

pathological ‘protein misfolding cascade’, resulting in cellular degeneration and death 37,102. 

This process is thought to occur also in disorders like Alzheimer’s and Huntington’s disease. 

The notion that (even transient) genotoxic stress over time has a similar impact on protein 

homeostasis is highly relevant, as it may increase our understanding of the large variation 

in occurrence of these and other age-related degenerative diseases. In addition, it could 

have important implications for the usage of genotoxic compounds, for example in cancer 

treatment, where topoisomerase poisons are employed as chemotherapeutic agents. Our 

data further underline the need for more targeted approaches.

Intriguingly, this may also offer an explanation for why many DDR defects result in often 

overlapping (neuro)degenerative phenotypes, one that would also be in line with the notion 

that the primary driving force these phenotypes is an impaired response to DNA damage 

28. The strong connection between a loss of ATM and a disrupted protein homeostasis has 

been repo rted before 7,8,10, but largely attributed to a direct role of ATM in redox signaling 
11,17,18. Our findin s show that other genotoxic stress conditions have a highly similar impact on 

protein homeostasis, indicating that a loss of protein homeostasis is a common downstream 

consequence of genotoxic stress.
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MATERIALS AND METHODS
STATISTICAL ANALYSES
Statistical testing was performed using Graphpad Prism software, except for LFQ proteomics 

and RNA sequencing, which was performed in R. For experiments with pairwise comparisons, 

Student’s unpaired t-test was used, unless otherwise indicated. For experiments with multiple 

comparisons, a one-way or repeated measures ANOVA with Dunnet’s test, or unpaired t-tests 

with Bonferroni correction (when indicated) was performed on unpaired or paired datasets, 

respectively. P-values are shown for all experiments. Repetitions (n) originate from distinct 

samples (i.e. biological replicates).

MAMMALIAN CELL CULTURE
HEK293(t) and U2OS cells were cultured in DMEM (GIBCO) supplemented with 10% FBS 

(Sigma Aldrich), 100 units/ml penicillin and 100 µg/ml streptomycin (Invitrogen). HEK293T 

cells stably expressing GFP-HttQ71 have been described previously 103. U2OS ATM KO cells were 

generated using the ATM CRISPR/Cas9 KO and ATM HDR plasmids (sc-400192, sc-400192-HDR 

from Santa Cruz) according to the manufacturer’s guidelines. Individual clones were picked 

and verified by PCR and Western blotting.

WESTERN BLOTTING
For Western blotting, proteins were transferred to either nitrocellulose or PVDF membranes 

and probed with the indicated antibodies.

Primary antibody Type Supplier Product ID Concentration

anti-GFP MoM Takara Bio Clontech 632380 1:5000

anti-ATM MoM Santa Cruz sc-23921 1:200

anti-LC3 RbP Novus Biologicals NB600-1384 1:3000

anti-p62 RbP Enzo BML-PW9860 1:1000

anti-HspB5 MoM Stressmarq SMC-159 1:2000

anti-GAPDH MoM Fitzgerald 10R-G109a 1:10000

anti-alpha tubulin MoM Sigma T5138 1:4000

Secondary antibody Type Supplier Product ID Concentration

anti-mouse ShP GE Healthcare NXA931 1:5000

anti-rabbit DkP GE Healthcare NA934 1:5000

Table 1. Antibodies used for immunoblotting.

Mo = mouse, Rb = rabbit, Sh = sheep, Dk = donkey; M = monoclonal, P = polyclonal
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GENOTOXIC DRUG TREATMENTS
For genotoxic drug treatments, experiments cells were treated with drugs in the indicated 

doses. The culture medium was replaced 24 hours after drug treatment, and after another 48 

hours cells were harvested by scraping in PBS, centrifugation and snapfreezing.

DIFFERENTIAL DETERGENT PROTEIN FRACTIONATION
Protein fractionation was performed as described in Chapter 3. Briefly,cells were resuspended 

in ice-cold lysis buffer containing 25 mM HEPES pH 7.4, 100 mM NaCl, 1 mM MgCL2, 1% v/v 

Igepal CA-630 (#N3500, US Biological), complete EDTA-free protease inhibitor cocktail 

(Roche Diagnostics), and 0.1 unit/µl Benzonase endonuclease (Merck Millipore) and left for 1 

hour on ice with intermittent vortexing. Protein content was measured and equalized to 2 µg/

µl, and Igepal CA-630 insoluble proteins were pelleted by high-speed centrifugation (21,000 

rcf, 45 minutes). Insoluble protein pellets were washed with lysis buffer without Igepal CA-

630, and dissolved in lysis buff r supplemented with 1% v/v SDS at RT in a Thermomixer R 

(Eppendorf) at 1200 rpm for 1-2 hours. SDS insoluble proteins were then pelleted by high-

speed centrifugation (21,000 rcf, 45 minutes). SDS insoluble protein pellets were washed 

with lysis bufferwithout any detergent, and solubilized in urea buffer (8 M urea, 2% v/v SDS, 

50 mM DTT, 50 mM Tris/HCl pH 7.4) overnight at RT in a Thermomixer R (Eppendorf) at 1200 

rpm. Fractions were separated using SDS-PAGE, stained (Coomassie/silver as indicated) and 

analyzed using Image J software. For Western blotting of luciferase-GFP, protein pellets were 

boiled in sample buffer (2% SDS, 60 mM Tris-HCl pH 6.8, 50 mM DTT), and further solubilized 

overnight at RT in a Thermomixer.

LC-MS/MS ANALYSIS
Samples were reduced (Dithiothreitol 25 mM, 37 ºC, 30 minutes), alkylated (Iodoacetamide 

100 mM, room temperature, 30 minutes in darkness) and trypsin digested on S-trap 

columns (Proti� ) using the high recovery protocol (http://www.protifi.com/wp-content

uploads/2018/08/S-Trap-micro-high-recovery-quick-card.pdf). After elution, samples where 

Drug Target Concentration

Camptothecin TOP1 20-100 nM

CD00509 TDP1 4 µM

Etoposide TOP2 0.6-3 µM

Ku-55933 ATM 2-6 µM

Ku-58948 PARP1 4 µM

VE-821 ATR 3 µM

Table 2. Genotoxic drugs used in this study.
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dried up on speed-vac and resuspended in 25 uL of 0.1 % (v/v) formic acid in water (MS quality, 

Thermo). Mass spectral analysis was conducted on a Thermo Scientific Orbitrap Exploris. 

The mobile phase consisted of 0.1 % (v/v) formic acid in water (A) and 0.1 % (v/v) formic acid 

in acetonitrile (B). Samples were loaded using a Dionex Ultimate 3000 HPLC system onto 

a 75 um x 50 cm Acclaim PepMapTM RSLC nanoViper column � lled with 2 µm C18 particles 

(Thermo Scienti� c) using a 120-minute LC-MS method at a flow rate of 0.3 µL/min as follows: 

3 % B over 3 minutes; 3 to 45 % B over 87 minutes; 45 to 80 % B over 1 minute; then wash at 

80 % B over 14 minutes, 80 to 3 % B over 1 minutes and then the column was equilibrated 

with 3 % B for 14 minutes. For precursor peptides and fragmentation detection on the mass 

spectrometer, MS1 survey scans (m/z 200 to 2000) were performed at a resolution of 120,000 

with a 300 % normalized AGC target. Peptide precursors from charge states 2-6 were sampled 

for MS2 using DDA. For MS2 scan properties, HCD was used and the fragments were analyzed 

in the orbitrap with a collisional energy of 30 %, resolution of 15000, Standard AGC target, and 

a maximum injection time of 50 ms.  

MaxQuant version 1.6.7.0 was used for peptides and protein identification 104,105 and 

quantification with a proteomic database of reviewed proteins sequences downloaded 

from Uniprot (08/17/2020, proteome:up000005640; reviewed:yes). Abbreviated MaxQuant 

settings: LFQ with minimum peptide counts (razor + unique) ≥ 2 and at least 1 unique peptide; 

variable modifi ations were Oxidation (M), Acetyl (Protein N-term), and Phospho (STY); 

Carbamidomethyl (C) was set as a fixed modification with Trypsin/P as the enzyme. 

ProteinGroup.txt from MaxQuant output was used for protein significance analysis via 

post-processing in R: potential contaminant and reversed protein sequences were filtered

out, partial or complete missing values in either case or control replicates were imputed 
106 using a single seed, log2 transformed LFQ intensities were used for t-tests, including 

Benjamini-Hochberg corrected, p-adjusted values. Log2 fold-change for each protein record 

was calculated by subtracting the average log2 LFQ intensity across all replicates in control 

samples from the average log2 LFQ intensity across all replicates in case samples. To mitigate 

imputation-induced artifacts among significant proteins, only significant proteins detected 

and quantified in at least two replicates were considered: p-adjusted value ≤ 0.05 and, for 

cases (log2 fold-change ≥ 1, replicates with non-imputed data ≥ 2), or for controls (log2 fold-

change ≤ -1, replicates with non-imputed data ≥ 2). The results are represented in volcano 

plots displaying using log2 fold-change on x-axis and -log10 p-adjusted value on the y-axis.

BULK RNASEQ LIBRARY CONSTRUCTION AND SEQUENCING
RNA was isolated from cells with the AllPrep DNA/RNA Mini Kit from Qiagen. RNA 

concentrations were measured on a Nanodrop. 150 ng of RNA was used for library preparation 
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with the Lexogen QuantSeq 3’ mRNA-Seq Library Prep Kit (FWD) from Illumina. Quality 

control of the sequencing libraries was performed with both Qubit™ (DNA HS Assay kit) and 

Agilent 2200 TapeStation systems (D5000 ScreenTape). All libraries were pooled equimolar 

and sequenced on a NextSeq 500 at the sequencing facility in the UMCG, Groningen, the 

Netherlands. 

BULK RNASEQ DATA ANALYSIS
Data preprocessing was performed with the Lexogen Quantseq 2.3.1 FWD UMI pipeline on 

the BlueBee Genomics Platform (1.10.18). Count files were loaded into R and analyzed with 

edgeR 107. Only genes with > 1 counts in at least 2 samples were included in the analysis. Count 

data was normalized using logCPM for Principal Component Analysis (PCA). Differentialgene 

expression analysis was performed using the likelihood ratio test implemented in edgeR. 

Cutoffs of an absolute log fold change > 1 and an FDR-adjusted p-value < 0.05 were used to 

identify signific ntly differentia ly expressed genes (DEGs). Visualizations were made with 

the CRAN package ggplot2.

QUANTIFICATION OF POLYGLUTAMINE AGGREGATION
24 hours after seeding, stable tetracycline-inducible HTT Q71-GFP-expressing HEK293 cells 

were treated with the indicated genotoxic drugs listed in Table 2 as described above. Cell 

lysis, polyQ filter-trap and immunodetection were performed as described previously 103, and 

results were analyzed using Image J software. The experiment was repeated four times.

 CAG REPEAT LENGTH ANALYSIS
DNA was isolated from HEK293 cells through MasterPure™ Complete DNA and RNA 

Purification Kit (Epicentre®) according to the manufacturer’s instructions. The CAG repeat 

length analysis was performed by PCR with 100ng of DNA in a 10 µl reaction volume 

Analysis Tool Source/weblink

Aggregation propensity TANGO 50

Zyggregator 50

CamSol Intrinsic http://www-mvsoftware.ch.cam.ac.uk

LLPS propensity catGRANULE http://s.tartaglialab.com/

Supersaturation 50

Chaperone interactions HSC70/HSC70 client identification 77

BioGRID https://thebiogrid.org 108

Table 3. Tools and databases.
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containing AmpliTaq Gold® Fast PCR Master Mix (Applied Biosystems), and 0.2 µM of both 

forward (HEK293Q71F [FAM]: 5’ - GAGTCCCTCAAGTCCTTCC - 3’) and reverse (HEK293Q71R: 

5’ - AAACGGGCCCTCTAGACTC - 3’) primers, flanking the CAG repeat tract. The samples were 

subjected to an initial denaturation step (95° C, 10 min), 35 amplification cycles (96° C, 15 s; 

59.2° C, 15 s; 68° C, 30 s) and a final extension of 72° C, 5 min. PCR was followed by capillary 

electrophoresis in a ABI3730XL Genetic Analyzer (Applied Biosystems). Results were analyzed 

through GeneMapper Software V5.0 (Applied Biosystems).

 

RETROVIRAL OVEREXPRESSION OF HSPB5
Retrovirus was produced in the Phoenix-AMPHO retroviral packaging cell line using a pQCXIN–

HSPB5 vector as described before 109. U2OS wild-type and ATM KO cells were infected in the 

presence of 5 µg/ml polybrene (Santa Cruz). Cells in which the HSPB5 vector integrated 

successfully were selected using G418, and integration was confirmed via Western blotting.

 

PROTEOSTAT AND IMMUNOSTAINING IN MAMMALIAN CELLS
Cells were grown on coverslips, � xed in 2% formaldehyde, permeabilized with 0.1% Triton-X100 

and incubated for 15 minutes with 0.5% BSA and 0.1% glycine solution in PBS. Proteostat 

staining (ENZO, ENZ-51023-KP050) was performed according to the manufacturer’s 

instructions. Primary antibody incubation (see Table 4) was performed overnight at 4°C. 

After secondary antibody incubation cells were stained with Hoechst (Invitrogen, H1399) 

and mounted on microscopy slides in Citifluor (Agar Scientific). Cells were observed using a 

confocal scanning microscope (Leica) and images were analyzed using ImageJ software. The 

aggresome signature was defined as cells exhibiting both a curved nucleus and perinuclear 

Primary antibody Type Supplier Product ID Concentration

anti-TARDBP1 (TDP43) MoM Santa Cruz sc-376311 X 1:1000

anti-p62 RbP Enzo BML-PW9860 1:500

anti-FUS MoM Santa Cruz sc-47711 1:200

anti-53BP1 RbP Santa Cruz sc-22760 1:150

Secondary antibody Type Supplier Product ID Concentration

Alexa Fluor anti-mouse 488 DkP Thermo Fisher A-21202 1:500

Alexa Fluor anti-mouse 594 DkP Thermo Fisher A-21203 1:500

Alexa Fluor anti-rabbit 488 DkP Thermo Fisher A-21206 1:500

Table 4. Antibodies used for immunofluorescence. 

Mo = mouse, Rb = rabbit, Dk = donkey; M = monoclonal, P = polyclonal 
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presence of Proteostat dye.

For DNA repair kinetics experiments cells were irradiated with 2 Gy (IBL-637 irradiator, CIS 

Biointernational), fixed at the indicated timepoints post-irradiation and stained for 53BP1. 

Images were analyzed using ImageJ software.
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SUMMARY
Protein aggregation is strongly associated with accelerated ageing and (neuro)degeneration, 

and considerable effort is directed towards studying this process in vivo. Reliable, unbiased 

quantification and analysis of endogenous, insoluble protein aggregates requires their 

specific isolation from the total proteome. Here, we describe a user-friendly differential

detergent fractionation method to sequentially extract increasingly insoluble proteins from 

cultured cells. We also discuss options for downstream quantification and analysis. The use 

of a benchtop centrifuge instead of ultracentrifugation makes this method simple and cost-

effective
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BACKGROUND
A loss of protein homeostasis can have dramatic consequences, resulting in a dysregulation 

of cellular pathways and functional impairment, degeneration and ultimately cell death 
1,2. In humans, a loss of protein homeostasis is associated with several neurodegenerative 

disorders like Alzheimer’s, Parkinson’s and Huntington’s diseases 3, but also with a range of 

other (age-related) disorders, including (but not limited to) several (cardio)myopathies 4,5 

and diabetes 6, underlining that a destabilization of the proteome can drive a wide range of 

(degenerative) pathologies. Importantly, a loss of protein homeostasis is widely recognized 

as one of the primary hallmarks of ageing itself 1,3,7,8.

A loss of protein homeostasis is hallmarked by the accumulation of insoluble protein 

aggregates (see also Chapter 1). Studying the nature and composition of these aggregates 

sheds light on the underlying protein homeostasis collapse in a particular cell type, as well 

as (overlapping) constituents, and general principles of protein aggregation. For example, 

previous studies have found that many protein aggregates are formed by (often newly 

synthesized) proteins that adopt an amyloid-like structure 9, that aggregation differsbetween 

different cell types 10, and that the process of aggregation (also during ageing) is strongly 

dependent on protein abundance exceeding its solubility limits (i.e. ‘supersaturation’) 11,12. 

In addition, through studying the make-up of protein aggregates, we now appreciate that 

aggregation (and co-aggregation) is a universal process in biology that likely occurs through 

various biochemical cascades 11,13,14, often involving similar subcellular components in systems 

as diverse as plants, bacteria, and eukaryotes 15–20.

Protein aggregation can be studied using biochemical fractionation methods that allow the 

researcher to isolate insoluble protein content from cells or organisms. A common method is 

to sequentially extract proteins using different buffers and increasingly stringent detergents, 

combined with ultracentrifugation to separate soluble and insoluble protein fractions 21. 

However, the use of an ultracentrifuge can make these methods expensive and laborious. 

Here, we describe a simplified fractionation procedure for human cells relying on the use of a 

benchtop centrifuge. This protocol can be easily adjusted for other model systems, including 

mammalian tissue and small organisms like C. elegans and D. melanogaster.

Instead of sonication, which has been shown to affect protein aggregation in cell lysates 22,23, 

this method relies on chemical lysis and needle shearing. To ensure proper homogenization, 

cell lysis is performed in an excess of buffer of a mild detergent (1% igepal CA-630), on ice, in 

the presence of a nuclease to digest the bulk of all nucleic acids, eliminating their confounding 

effectson protein extraction. After lysis, total protein yield is calculated, after which protein 

concentrations can be equalized across samples. A whole cell extract (WCL) serves as a loading 
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control. Using a series of differential solubilization and centrifugation steps, this method 

allows for the sequential isolation of increasingly insoluble proteins (Figure 1). It yields a total 

of three subcellular protein fractions (Figure 1). WCL contains all lysed and suspended cellular 

components and therefore serves as assay input (i.e. loading control). Fraction U, the final

1% SDS insoluble protein fraction, is enriched for metastable proteins (see also Figure 2). This 

fraction requires the high chaotropic conditions of 8 M urea to be fully solubilized.

Figure 1. Simplified schematic overview of cell fractionation procedure.
(1) Cells are lysed and protein content is equalized across samples. From this, a whole cell extract (WC) is taken 
which serves as input control (steps 1-4). 
(2) Equalized homogenates are centrifuged, from the supernatant the 1% igepal-CA630 soluble protein fraction 
is prepared, containing all water-soluble, organelle- and plasma membrane (PM) bound proteins (steps 5-7).
(3) The remaining protein pellet is washed and then dissolved in 1% SDS containing buffer S. After complete 
dissolution of the pellet, a total 1% igepal-CA630 insoluble protein fraction can be taken if required (steps 8,9).
(4) Samples are centrifuged. From the supernatant the 1% SDS soluble protein fraction is prepared, containing 
the remaining cytoskeletal and nuclear envelope-bound proteins, as well as misfolded proteins coalesced as 
structurally disordered protein aggregates (steps 10-12).
(5) The � nal protein pellet is washed and then dissolved in 8 M urea containing bufferU. This fraction contains 
all 1% SDS insoluble, structurally ordered protein aggregates (step 13,14).

SupernatantPellet

whole cell extract (WCL)

1% igepal-CA630 soluble (I)

1% SDS soluble (S)

1% SDS insoluble (U)

SupernatantPellet

Lysis in buffer I (1% igepal-CA630)

Dissolve in buffer S (1% SDS)

Dissolve in buffer U (8 M urea)

centrifugation 14,000g

centrifugation 14,000g

Optional: 1% igepal-CA630
  insoluble

1

2

3

4

5
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MATERIALS AND EQUIPMENT

Reagent or resource Source Identifie

Chemicals

Igepal CA-630 N/A N/A

cOmplete EDTA free protease inhibitor cocktail Roche Cat#11836170001

Benzonase nuclease, Purity > 90% Merck Millipore Cat#70746

Critical Commercial Assays

Detergent compatible protein quantification assay: 
e.g. DC protein microassay

Bio-Rad Cat#5000116

Software and Algorithms

ImageJ 24 https://imagej.nih.gov/ij/

Other

Vortex N/A N/A

Refrigerated benchtop microcentrifuge N/A N/A

Dry block thermoshaker N/A N/A

Bright mini-LED N/A N/A

30G needles (e.g. B Braun Sterican 30G) N/A N/A

1 ml syringes (e.g. B Braun Omnifix-F Solo) N/A N/A

KEY RESOURCES

Reagent Final concentration Stock concentration Volume (per ml)

HEPES, pH = 7.4 125 mM 0.5 M 250 µl

NaCl 500 mM 2 M 250 µl

MgCl2 5 mM 0.5 M 10 µl

MilliQ 490 µl

Total 1000 µl

BUFFER A
Buffer A is the 5X primary buffer stock solution. Make in advance and store at 4 °C for up to 

4 weeks.
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Reagent Final concentration Stock concentration Volume (per ml)

Buffer A 1X 5X 200 µl

Igepal CA-630 1% (v/v) 20 % (v/v) 50 µl

cOmplete EDTA free protease 
inhibitor cocktail

1X 50X 20 µl

Benzonase nuclease ~50 U/ml 25-29 U/µl 2 µl

MilliQ 728 µl

Total 1000 µl

BUFFER I

BUFFER U
We recommend that buffer U is prepared in advance, and stored as one-time-use aliquots. 

In solution, urea is more stable at lower temperatures, so store aliquots at -80 °C for up to 

3 months. Note: Buffer U can be challenging to make, because 8 M is close to the solubility 

limit of urea. In addition, the urea usually constitutes a large volume by itself. We recommend 

preparing at least 50 ml buffer U in advance. Add SDS, DTT and Tris solutions to urea and 

carefully add MilliQ to reach the desired volume. Adding moderate heat (20-25 °C) while 

stirring will accelerate the endothermic dissolution of urea in water. However, don’t increase 

heat further, as it will lead to the decomposition of urea into reactive cyanate ions.

Reagent Final concentration Stock concentration Volume (per ml)

Buffer A 1X 5X 200 µl

SDS 1% (v/v) 20 % (v/v) 50 µl

MilliQ 750 µl

Total 1000 µl

BUFFER S

Reagent Final concentration Stock concentration Volume (per ml)

Buffer A 1X 5X 200 µl

MilliQ 800 µl

Total 1000 µl

WASH BUFFER EB
We recommend that buffers EB, I and S are prepared fresh from stock solutions on the day 

of the experiment.
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Reagent Final concentration Stock concentration Volume (per ml)

Urea 8 M - -

SDS 2% (v/v) 20 % (v/v) 100 µl

DTT 50 mM 1 M 50 µl

Tris pH 7.4 100 mM 2 M 50 µl

MilliQ 728 µl

Total 1000 µl

Reagent Final concentration Stock concentration Volume (per ml)

SDS 8 % (w/v) 20% (w/v) 400 µl

Tris pH 6.8 250 mM 2 M 125 µl

DTT 200 mM 1 M 200 µl

Bromophenol blue 0.025% (w/v) 0.5% (w/v) 50 µl

Glycerol 20% (v/v) 100% 200 µl

MilliQ 25 µl

Total 1000 µl

4X DTT SB
4X DTT sample buffer (4XSB) can be prepared in advance, aliquoted for one-time-use and 

stored at -20 °C for up to a year.

Name Instructions

HEPES, NaCl, MgCl2 stocks Make in advance using milliQ, and store at 4 °C for up to 6 months.

cOmplete EDTA free protease 
inhibitor stock

Dissolve one tablet in 1 ml milliQ to make a 50X stock solution. 
Aliquot per 20 µl (i.e. one-time-use for 1 ml buffer I), and store at -20 
°C for at least 12 weeks.

Benzonase nuclease
Aliquot per 50 units (i.e. one-time-use for 1 ml buffer I), and store at 
-20 °C for up to 3 years.

DTT
Make fresh when needed using milliQ. 
Alternatively, make in advance, aliquot for one-time-use, and store 
at -20 °C for up to a year.

Bromophenol blue (0.5% w/v)
Make in advance by adding 5 mg of bromophenol blue into 1 ml 
milliQ and dissolve. Store at -20 °C for up to a year.

OTHER SOLUTIONS



86

Chapter 3

ALTERNATIVES
• HEPES is preferred as buffering agent in buffer A because of its pH range (6.8-8.2) 

and a more stable pKa at lower temperatures. Tris can be used in buffer A as well 

(preferably in a 250 mM final concentration), but make sure to check the pH of your 

buffer at 4 °C before use.

• cOmplete EDTA free protease inhibitor can be replaced with any other commercially 

available protease inhibitor, as long as it does not contain EDTA in a concentration 

greater than 1 mM, as this will inhibit benzonase activity. It can also be replaced by 

adding a combination of pepstatin A (1.5 µM), leupeptin (2 µM) and PMSF (2 mM).

• Benzonase nuclease can be replaced with other commercially available nucleases like 

DENARASE. Concentrations may need to be optimized when using a differentnuclease.

• In buffer U, 8 M urea can be replaced with 6 M urea + 2 M thiourea when stronger 

chaotropic conditions are needed to increase final protein solubilization even further.

STEP-BY-STEP METHOD DETAILS 
For simplicity, this protocol is written for lysis of one well of 6-well culture plate, followed 

by 250 µg of protein as starting material per sample. This can be adjusted to your needs. The 

optimal range of starting material for this assay is around 150-500 µg of total protein content 

per sample. For many stable cell lines this translates to one well of a 6-well culture plate, at 

70-90% confluency, but this needs to be verified for your specific set-up. 

PREPARATION OF CELL SAMPLE
Timing: 0.5 – 2 hours

1. Prepare cell culture starting material according to your research question. 

a. Harvest cells via scraping in ice-cold PBS.

b. Pellet cells in 1.5 microcentrifuge tubes via low-speed centrifugation in a pre-

cooled benchtop centrifuge (5 minutes, 500 x g, 4 °C).

c. Discard supernatant.

[Pause point] Cell pellets can be frozen in liquid nitrogen and stored at -80 °C

2. Prepare assay buffers as needed. 

a. Prepare buffer A.

i. Prepare a minimum of 120 µl + (100 µl per 500 µg expected protein yield from 

lysis) bufferA per sample. Example: for one well of a 6-well culture plate, with 

HEK293T cells at 90% confluency, the expected total protein yield after lysis 

would be 400-500 µg. If three samples will be generated from one well each, 

prepare 3 x (120 + 100) = 660 µl of buffer A.
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b. From buffer A, prepare buffers EB, I and S.

ii. Prepare 550 µl wash buffer EB per sample.

iii. Prepare 200 µl of both buffer I and buffer S per sample.

c. Prepare buffer U.

CELL LYSIS AND EQUALIZATION OF PROTEIN CONTENT 
Timing: 1-1.5 hours

To ensure proper homogenization, cell lysis is performed in an excess of buffer I, on ice, for a 

total of ~45 minutes. This also allows the Benzonase nuclease to digest the bulk of all nucleic 

acids, eliminating their confounding effects on protein extraction. After lysis, total protein 

yield is calculated, after which protein concentrations can be equalized across samples.

Notes: 

Steps 1-3 need to be executed on ice with ice-cold buffers and a pre-cooled benchtop 

centrifuge.

• For each experiment, equalize protein content to a fixed total amount to minimize 

variability between experimental repeats. We generally aim for a concentration of 2 

g per µl.

•  Homogenate can be frozen in liquid nitrogen and stored at -80 °C until further use. In 

this way, excess homogenate can also be stored and used for additional experiments.

•  Lysis has to be complete, as any cell clumps that remain will transfer together with 

insoluble proteins to the next protein fraction, skewing data. The use of a bright LED 

to visually check samples for floating cell clumps and for precipitate at the bottom 

of the microcentrifuge tube is recommended. Only proceed when suspension is 

homogenous and transparent, otherwise extend the lysis time on ice with intermittent 

vortexing.

1.  Lyse pelleted cells in 1.5 ml microcentrifuge tubes in 150 µl ice-cold buffer I.

a. Vortex cell pellets in buffer I until dissolved completely, then put tubes on ice.

b. Vortex cell pellets 5-10 seconds every 10 minutes for 30 minutes.

c. Homogenize cell lysates further with a 1 ml syringe and 30G needle (5 strokes).

d. Vortex homogenates 5-10 seconds, leave on ice for another 10 minutes.

e. Visually verify that cell lysis is complete (no cell clumps left).

2.  Perform protein measurement, preferably using a detergent compatible 

protein quantification method (e.g. DC protein assay, Bio-Rad) and performing 

measurements in triplicate.

3.  Equalize protein concentration between samples using remaining buffer I. Equalize 

to 250 µg of total protein per sample (total volume = volumestart).
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CELL FRACTIONATION AND DIFFERENTIAL PROTEIN AGGREGATE EXTRACTION
Timing: 4-5 hours + overnight solubilization.

Notes: 

• Steps 4-8 need to be executed on ice with ice-cold buffers and a pre-cooled benchtop 

centrifuge.

• At all times, pipetting needs to be performed with great caution as to not disturb or 

lose insoluble protein material. We recommend the use of a bright LED to visually 

check samples whilst pipetting.

• Steps 9-14 need to be executed at room temperature to prevent precipitation of SDS.

• In step 14, fraction U can also be dissolved in 2xSB (+ 10 minutes boiling), but this can 

result in a suboptimal dissolution of the insoluble protein pellet.

4.  Take desired volume (volumeWCL) from the equalized homogenate to serve as WCL.

a. Take 15-25 µg for simple assay verification (e.g. staining, Western blotting), take 

more for multiple downstream analyses.

b. Add 4XSB into homogenate in a 1:3 ratio. Mix by brief vortexing.

c. Boil (5 min, 95 °C).

d. Store at -20 °C.

5. Centrifuge remaining homogenate in a pre-cooled (4 °C) benchtop centrifuge at 

14,000 x g for 45 minutes.

6. Take desired volume (volumeI) from supernatant to serve as fraction I

a. Add 4XSB into supernatant in a 1:3 ratio. Mix by brief vortexing.

b. Boil (5 min, 95 °C).

c. Store samples at -20 °C.

7. Carefully take off the rest of the supernatant, discard.

8. Wash the protein pellet.

a. Add 250 µl ice-cold wash buffer EB without disturbing the protein pellet.

b. Centrifuge in a pre-cooled (4 °C) benchtop centrifuge at 14,000 x g for 15 minutes

c. Take off the supernatant, discard.

9. Dissolve the 1% igepal-CA630 protein pellet in buffer S.

a. Add appropriate volume of buffer S (volumeS = volumestart - volumeWCL - volumeI) 

at room temperature.

b. Break up the protein pellet using a p200 pipettip.
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c. Put the tube in a dry block heating shaker at room temperature, shaking at 1000-

1200 rpm for 1 hour.

d. Check if protein pellets are completely dissolved. If not, extend shaking time.

Optional: To get a measure of the total intracellular protein aggregation, take an additional 

sample before step 10, after the 1% igepal-CA630 insoluble protein pellet has been dissolved 

(Figure 1). This sample reflects the in toto pool of insoluble proteins, with a variable load of 

protein aggregates. For primary analysis take of this fraction (e.g. staining, Western blotting), 

take 10-15 µl, take more for multiple downstream analyses. Proceed by adding 4XSB in a 1:4 

ratio, vortex, boil and store at -20 °C.

10. Centrifuge the protein suspension in a benchtop centrifuge at 14,000 x g for 45 

minutes at room temperature.

11. Take desired volume from supernatant to serve as fraction S.

a. Add 4XSB into supernatant in a 1:3 ratio. Mix by brief vortexing.

b. Boil (5 min, 95 °C).

c. Store samples at -20 °C.

12. Carefully take off the rest of the supernatant, discard.

13. Wash pellet.

a. Add 250 µl wash buffer EB (room temperature) without disturbing the protein 

pellet.

b. Centrifuge in a benchtop centrifuge at room temperature, 14,000 x g for 15 

minutes.

c. Take off supernatant, discard.

14. Dissolve the 1% SDS insoluble protein pellet in buffer U

a. Add 35-50 µl buffer U to the protein pellets to ensure proper dissolution.

b. Put the tube in a dry block heating shaker at room temperature, shaking at 1000-

1200 rpm for 3 hours to overnight.

c. Check if pellet has dissolved properly. If not, extend shaking time.

d. Freeze samples in liquid nitrogen and store at -80 °C.

Note: Avoid heat greater than 25 °C when dissolving proteins in buffer U. 
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DOWNSTREAM QUANTIFICATION AND ANALYSES
Timing: 3-4 hours (+ optional: protein mass spectrometry)

PRIMARY ANALYSIS
Initial analysis of protein fractions can be performed using 2D SDS-PAGE, followed by in-

gel protein quantification. WC, I and S fractions can be run side-by-side and separated in a 

polyacrylamide gel. Fraction U contains 8 M urea which can affect the separation of other 

fractions, and should therefore be run separately for optimal result.

Notes:

• Instead of in-gel staining, imaging systems supporting stain-free (UV-based) imaging 

can also be used.

• If possible, run a dilution series (>3) of unstained protein ladder with known 

concentrations alongside your samples. This will allow you to later obtain a (rough!) 

approximation of absolute protein quantity.

• Excess sample can be stored again for later analysis (WCL, I, S in -20 °C; U in -80 °C).

• As an alternative to ImageJ, most imaging software packages offer user-friendly lane-

intensity quantification with automatic background subtraction which can be used.

• Staining of the WCL fraction should be comparable in all conditions, as protein 

concentrations were equalized at the start of the fractionation. This is your input 

control. WCL can also be used in Western blot to probe for housekeeping genes (e.g. 

actin, tubulin in mammalian cells) as an additional loading control.

15. Run WCL, I and S fractions on a polyacrylamide gel (precast or made in-house).

a. Load 3-5 ug of protein per sample. This is generally sufficient to obtain a good 

signal/noise ratio in staining or stain-free quantification.

16. Run U fractions separately on a polyacrylamide gel

a. Add 1 µl of 0.5% bromophenol blue to each sample.

b. Vortex, and briefly centrifuge

c. Load 25-50% of fraction U.

17. After separation, stain protein fractions using a method of your choice.

a. For simple analysis, we recommend colloidal Coomassie (G-250) staining for 

the WCL, S and I fractions. This offers user-friendliness, good sensitivity and 

reproducibility.

b. Fraction U generally contains very few proteins, so we recommend a highly 

sensitive Silver staining.
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18. Quantify stained protein fractions

a. Use imaging software to plot and measure whole lane intensities (e.g. with the 

freely available package ImageJ) to obtain a relative quantification between 

fractions.

b. When unstained ladder was included, normalize lane intensities to ladder 

intensities to get an approximate absolute quantification.

SOME RECOMMENDATIONS FOR SAMPLE PREPARATION FOR MS/MS ANALYSIS
For detailed identification and relative quantification of insoluble proteins, samples can be 

analyzed using label-free proteomics. Samples can either be prepared from the separated 

proteins in the polyacrylamide gel, provided they were stained using a mass spectrometry-

compatible staining method like SYPRO Ruby or ‘Blue Silver’ 25. Alternatively, stored remaining 

samples can be used. Importantly, 8 M urea can interfere with MS/MS sample preparation, in 

particular with tryptic digestion through carbamylation of arginine and lysine side-chains 26.

• We recommend adding ammonium chloride to bufferU to a final concentration of 25 

mM to prevent carbamylation of proteins.

• Urea can also be removed from the sample before sample preparation. An excellent 

tool for this are S-trap columns (http://www.protifi.com/s-trap ), which allow you to 

perform sample clean-up and tryptic digestion in one system.

Figure 2. Differ ntial extraction enriches for 
metastable proteins.
Data from Chapter 2. (A), (B) Camptothecin (CPT)-
treated HEK293T cells accumulate SDS-insoluble 
proteins. (C) SDS insoluble proteins (Fraction U) are 
enriched for supersaturated, metastable proteins 
that are vulnerable to aggregation.W

C
L

100

130

70

kDa

S
D

S
 in

so
lu

bl
e

70

55

40

100

130

170

CPT
Drug

-

-6

-4

-2

0

2

4

TA
N

G
O

 s
up

er
sa

tu
ra

tio
n 

(lo
g 10

)

Hum
an

 pr
ote

om
e

CPT ag
gre

ga
tio

n

p < 0.0001

DMSO
0

1

2

3

4

p=0.005

p<0.001

CPT

AAA B C

In
so

lu
bi

lit
y 

(n
or

m
al

iz
ed

 F
C

)





Loss of protein homeostasis is a 
shared degenerative mechanism in 
DNA damage response-compromised 
Caenorhabditis elegans

Wouter Huiting1, Alejandra D. Jaramillo1, Renée I. Seinstra2, Harm H. Kampinga1, 

Ellen A.A. Nollen2, and Steven Bergink1,*

1Department of Biomedical Sciences of Cells and Systems, University Medical Center Groningen, University of 
Groningen, 9713 GZ Groningen, The Netherlands
2European Research Institute for the Biology of Ageing, University Medical Center Groningen, University of 
Groningen, 9713 GZ Groningen, The Netherlands

Manuscript in preparation

4



94

Chapter 4

ABSTRACT
An impaired DNA damage response (DDR) is linked to a wide range of degenerative processes, 

including progressive neuropathy and accelerated aging. How defects in the DDR can drive 

these degenerative processes is still incompletely understood. Here we show that silencing 

of key components of various DDR pathways, including cell-cycle checkpoint signaling, non-

homologous end-joining, homologous recombination and base-excision repair aggravates 

the age-dependent loss of protein homeostasis in C. elegans. Stable overexpression of hsp-

16.2 suppresses this loss of protein homeostasis without affecting genome maintenance 

capacity itself. Surprisingly, rebalancing protein homeostasis is sufficien to prevent the 

associated health span decline in DDR-deficient strains. Our data thus reveal that impaired 

genome maintenance can drive degeneration through a loss of protein homeostasis.
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INTRODUCTION
To maintain the integrity of the genome, cells rely on a complex system of DNA repair 

pathways and cell cycle checkpoints referred to as the DNA damage response (DDR). Failure 

or dysregulation of the DDR can have dramatic consequences, which is underlined by the 

more than 50 human disorders caused by inherited DDR defects 1. These disorders, caused by 

mutations in genes that function in the distinct DDR pathways, are often characterized by a 

range of differentpathological features, including cancer predisposition, neurodegeneration, 

and accelerated ageing, which has fueled the idea that genomic instability is a major driving 

force of the degenerative processes that occur with ageing 2. Importantly, how these defects 

(often in mechanistically distinct pathways) can drive a range of disease phenotypes and 

tissue degeneration, particularly in the early stages preceding cell death, is a question that 

has so far only partially been answered.

Greater insight may be provided by another primary feature of ageing tissues. Over time, the 

proteomes of many organisms tend to drift from a state of balance, or protein homeostasis, 

towards a more instable state. This loss of protein homeostasis is hallmarked by a global 

increase in dysregulated and misfolded proteins that, if not properly degraded, can self-

assemble into potentially cytotoxic protein aggregates (reviewed in 3). A loss of protein 

homeostasis results in cellular dysfunction, and is strongly associated with a range of – often 

degenerative – disorders (i.e. ‘proteinopathies’), including several (cardio)myopathies, kidney 

diseases, and most notably neurodegenerative disorders like Alzheimer’s (AD), Parkinson’s 

(PD), and Huntington’s diseases (HD) (reviewed in 4–6).

As highlighted earlier in this thesis, defects in the DDR machinery have been linked to 

proteinopathies. For example, impaired activity of several DNA repair pathways, including 

non-homologous end-joining (NHEJ) 7,8, homologous recombination (HR) 9, base-excision 

repair (BER) 10,11 and nucleotide-excision repair (NER) 12 has been implicated in the etiology 

of AD and/or PD. Moreover, DNA damage accumulation appears to be a frequent early event 

in these disorders 13,14, further indicating that impaired or insuffi ent genome maintenance 

may play an important role in their onset and progression. These findings raise the question 

to what extent impaired genome maintenance can in general result in a loss of protein 

homeostasis, and moreover, if that could be pathological mechanism driving downstream 

degeneration.

Here, we report that disruption of various DDR pathways exacerbates the age-dependent 

loss of protein homeostasis in C. elegans. Remarkably, rebalancing protein homeostasis is 

sufficien to prevent the accelerated motor degeneration that we observed in animals 

suffering from impaired genome maintenance. Thus, we find that impairment of several 
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genome maintenance pathways has a profound detrimental effect on protein homeostasis, 

and that this loss of protein homeostasis is an important downstream effector driving 

degeneration.

RESULTS
SILENCING OF SEVERAL DISTINCT DDR COMPONENTS EXACERBATES ENDOGENOUS 

PROTEIN AGGREGATION
The model organism C. elegans is a nematode that shares many evolutionary conserved 

pathways with humans, including those involved in the DDR 15. This animal displays a natural 

accumulation of aggregated proteins as an early event of the ageing process 16,17, and has 

a largely post-mitotic soma which makes it an ideal model to assess long-term effects of an 

impaired DDR on the proteome. We used a feeding RNAi method in N2 wildtype animals to 

induce a systemic knockdown of ten core DDR genes, primarily active in seven major DDR 

pathways (Table 1) from L1 larval stage onwards (Figure 1A). Control animals were fed the 

empty vector (‘ev-ctrl’). Gene knockdown was confirmed through RT-PCR (Figure 1B).

At post-replicative age (i.e. adult day 5), whole body protein aggregation was measured 

using a stringent 1% SDS extraction method followed by in-gel silver staining (Figure 1C). 

Knockdown of several DDR genes, most notably brc-1, atm-1 and ung-1, repeatedly resulted in 

a strong increase in endogenous protein aggregation (Figure 1E, F). In sharp contrast, RNAi-

mediated knockdown of four randomly selected genes (‘off-targ t’; picked from the Ahringer 

RNAi library by a random number generator) did not affect the age-dependent accumulation 

of protein aggregates compared to ev-ctrl animals, neither individually nor when pooled as a 

group (Figure 1D-F).

Pooling aggregation scores of animals in which DDR components were silenced revealed 

that overall, protein aggregation was significantly increased in DDR-compromised animals 

compared to the ev-ctrl (Figure 1F). This significance holds up even when the top three hits, 

brc-1, atm-1 and ung-1, are omitted. Knockdown of rad-51, fcd-2, xpa-1, msh-6, atl-1, lig-4 and slx-

1 yielded a more variable and less pronounced effect (Figure 1E, F). Knockdown of rad-50 and 

mre-11, which function upstream of atm-1, also led to an increase in SDS-insoluble proteins 

(Figure 1G, H), corroborating that the increased protein aggregation is caused by impaired 

genome maintenance. We observed no clear or consistent alterations in body sizes in the 

various RNAi-treated animals compared to the ev-ctrl animals (not shown). Grouping these 

genes based on their function in genome maintenance reveals that, although the magnitude 

of increased protein aggregation differs between various DDR pathways, the impact of 

impaired genome maintenance on protein aggregation is widespread. Targeting components 
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of CCC signaling, NHEJ, HR and BER all significantly accelerated protein aggregation between 

1.5 and 2-fold (Figure 1I), indicating that the accelerated protein aggregation is a shared 

consequence of disruptions in several distinct DDR pathways.

Pooling aggregation scores of animals in which DDR components were silenced revealed 

that overall, protein aggregation was significantly increased in DDR-compromised animals 

compared to the ev-ctrl (Figure 1F). This significance holds up even when the top three hits, 

Protein Type
Primary 
DDR 
pathway

Primary role in DDR Ref

atm-1 PI3K-like kinase CCC Initiates response to DSBs 18,19

atl-1 PI3K-like kinase CCC
Initiates response to DSBs, 
lesions following replication fork collapse,  
and UV damage

20,21

brc-1 E3 ubiquitin-protein ligase HR
Active during DNA replication and repair;  
ubiquitylates DDR components, 
early scaffold molecule

22,23

rad-51 Recombinase HR
Localizes to RPA-coated ssDNA during HR; 
displaces RPA, initiates homology search 
and strand invasion

24,25

lig-4 DNA ligase NHEJ
Involved in aligning DNA ends; 
catalyzes ligation of DNA backbone

26,27

fcd-2 Regulatory protein ICLR
Stabilizes replication fork upon ICL encounter;  
recruits additional ICLR factors;  
regulation of fork restart

28,29

slx-1 Subunit of endonuclease ICLR
Enzymatic processing of DNA intermediates 
arising during ICLR

30,31

ung-1 Uracil-DNA glycosylase BER
Recognizes uracil in DNA; 
catalyzes uracil removal through hydrolysis

32,33

xpa-1 Regulatory protein NER
Coordinates assembly of NER factors at 
lesion; acts as a scaffold for the excision of the 
oligonucleotide containing the lesion

34,35

msh-6 Regulatory protein MMR
Interacts with the base mismatch;  
recruits additional MMR factors

36,37

Abbreviations: CCC = cell cycle checkpoint signaling; HR = homologous recombination; NHEJ = non-
homologous end-joining; ICRL = interstrand crosslink repair; BER = base excision repair; NER = nucleotide 
excision repair; MMR = mismatch repair.

Table 1. Overview of DDR factors targeted for RNAi-mediated knockdown.
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Figure 1. Endogenous protein aggregation is enhanced in DDR-compromised C. elegans.
(A) Experimental outline. (B) Knockdown efficiencie of the indicated genes measured with RT-PCR. (C) 
Overview protein fractionation procedure. (D) Protein fractions of animals of the indicated age. (E) Typical 
examples of SDS-insoluble and WCE protein fractions of off-target and DDR-knockdown animals. (F) 
Quantification of SDS-insoluble protein levels of animals in which the indicated genes are knocked down 
relative to ev-ctrl animals. Right inlay: statistical analysis of SDS insolubility in pooled off-target RNAi animals 
versus pooled DDR RNAi animals; on the right with ung-1, atm-1 and brc-1 SDS insolubility levels omitted. (G) 
Protein fractions of animals fed the indicated RNAi’s. (H) RT-PCR of animals of G. (I) Quantification of SDS-
insoluble protein levels grouped per DDR pathway, relative to ev-ctrl animals. P-values are indicated. For 
all protein fractionation figures, SDS-PAGE gels with SDS-insoluble proteins stained by silver stain and WCE 
proteins stained by Coomassie are shown. In all graphs, error bars indicate SEMs.
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brc-1, atm-1 and ung-1, are omitted. Knockdown of rad-51, fcd-2, xpa-1, msh-6, atl-1, lig-4 and slx-

1 yielded a more variable and less pronounced effect (Figure 1E, F). Knockdown of rad-50 and 

mre-11, which function upstream of atm-1, also led to an increase in SDS-insoluble proteins 

(Figure 1G, H), corroborating that the increased protein aggregation is caused by impaired 

genome maintenance. We observed no clear or consistent alterations in body sizes in the 

various RNAi-treated animals compared to the ev-ctrl animals (not shown). Grouping these 

genes based on their function in genome maintenance reveals that, although the magnitude 

of increased protein aggregation differs between various DDR pathways, the impact of 

impaired genome maintenance on protein aggregation is widespread. Targeting components 

of CCC signaling, NHEJ, HR and BER all significantly accelerated protein aggregation between 

1.5 and 2-fold (Figure 1I), indicating that the accelerated protein aggregation is a shared 

consequence of disruptions in several distinct DDR pathways. 

KNOCKDOWN OF DDR COMPONENTS ACCELERATES POLYQ AGGREGATION
Next, we investigated whether the accelerated protein aggregation following silencing of 

DDR components reflects a loss of protein homeostasis. Various proteinopathies, including 

HD and several spinocerebellar ataxias (SCAs), are primarily caused by proteins containing 

expanded polyglutamine stretches (polyQ) that aggregate and display a toxic gain-of-function 
38,39. As these polyQ-proteins are known to aggregate faster inside a destabilized proteome, 

they can be used as a read-out to gauge protein homeostasis 38,40. When polyQ is tagged 

with a fluorescent marker, its aggregation can be scored using fluorescence microscopy 40. 

We subjected animals expressing a Q40::YFP construct in their body wall muscle cells (strain 

AM141 41) to the same RNAi-mediated knockdown regime as before (Figure 2A). Knockdown 

of the DDR genes rad-51, brc-1, atm-1 and ung-1 significantly increased the presence of Q40-

YFP aggregates at post-replicative age, up to ~1.5-fold of ev-ctrl animals (Figure 2B, C). 

To biochemically test if these fi dings reflect a true increased aggregation of the Q40-YFP 

construct, and whether they are the result of a reduced expression of the targeted DDR gene, 

we crossed brc-1 and ung-1 KO animals with the Q40::YFP reporter strain. In both crosses, 

a � lter-trap assay showed a clear increase in Q40::YFP aggregation at post-replicative age 

(Figure 2D). Importantly, the amount of Q40::YFP aggregates scored by microscopy after 

knockdown of DDR genes in Q40::YFP expressing animals (AM141) animals correlated with 

the increased protein aggregation in N2 wildtype animals (Figure 2E), further underlining that 

impairment of several distinct DDR pathways challenges protein homeostasis.
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THE SMALL HEAT SHOCK PROTEIN HSP-16.2 MAINTAINS PROTEIN HOMEOSTASIS 

UPON AN IMPAIRED DDR 
In Chapter 2 we showed that a loss of protein homeostasis in ATM-deficient cells is associated 

with increased expression levels (both mRNA and protein) of the small heat shock protein 

HSPB5 (i.e. αB-crystallin), and that further overexpression of HSPB5 is able to suppress 

aggregation in this model. HSPB5/αB-crystallin is a well-studied chaperone that delays 

aggregation of a broad range of client proteins 42,43. Expression of its C. elegans ortholog hsp-

16.2 has been shown to predict lifespan 44, and overexpression of hsp-16.2 in C. elegans or of 

the fruit fly ortholog l(2)efl in D. melanogaster promotes longevity 45,46. In addition, HSPB5/

αB-crystallin is a target gene of the insulin/IGF-signaling axis, and modulation of this axis has 

been shown to dramatically decelerate ageing in wildtype animals 47,48.

Hsp-16.2 mitigates toxic protein aggregation in C. elegans 49. To test whether overexpression 

of hsp-16.2 can also mitigate the accelerated protein aggregation caused by a compromised 

Figure 2. PolyQ aggregation is accelerated in DDR-compromised C. elegans.
(A) Experimental outline. (B) Fluorescence stereomicroscopy pictures of Q40::YFP animals subjected to ev-ctrl 
or atm-1-, ung-1 or brc-1 RNAi. (C) Quantification of counted Q40::YFP aggregates, relative to ev-ctrl animals. 
Mean ± SEM are indicated. (D) Top panels: verification of brc-1 and ung-1 knockout in crossed animals. Bottom 
panels: filter trap assays of crossed animals at adult day 5, probed with anti-GFP. (E) Pearson correlation 
between SDS-insoluble protein levels in N2 animals and Q40::YFP aggregation levels in AM141 animals. Shaded 
area indicates the 95% confidence interval. Error bars represent SEMs.
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DDR, we employed a strain harboring an extra GFP-tagged copy of hsp-16.2 under the 

control of its endogenous promoter, that has been shown to be long-lived and resistant 

to proteotoxic stress (GL400; 50). Expression of hsp-16.2::GFP is rapidly increased following 

heat stress (Figure 3A), which induces protein stress and aggregation 51. Using the same 

RNAi feeding method, we targeted atm-1, brc-1 and ung-1, which we consistently found to 

accelerate protein aggregation most prominently in our experiments (Figure 1F, I). We also 

included the mismatch repair (MMR) gene msh-6, which in our experimental results in only 

modest signs of accelerated protein aggregation, despite a ~90% reduction in msh-6 mRNA 

expression levels (Figure 1B, 1F, 2C). In the GL400 strain we observed an increased hsp-16.2 

signal by fluorescencemicroscopy compared to ev-ctrl at in adult animals after knockdown of 

ung-1, brc-1 and atm-1, primarily in the intestinal region (hsp-16.2 is expressed strongest in the 

intestine 52) (Figure 3B). The hsp-16.2::GFP signal is a striking reflection of protein aggregation 

in N2 wildtype animals, especially since we only observed a very marginal increase in hsp-

16.2 expression upon knockdown of msh-6 (Figure 3B). We isolated the insoluble protein 

Figure 3. Elevated levels of hsp-16.2 guard protein homeostasis in DDR-compromised C. elegans.
(A) Hsp-16.2::GFP expression before and after heat shock in GL400 animals. Typical fluorescence
stereomicroscopy pictures are shown. (B) Hsp-16.2::GFP expression in (adult day 3) GL400 animals subjected 
to ev-ctrl or msh-6, atm-1-, ung-1 or brc-1 RNAi, respectively. Typical fluorescence stereomicroscopy pictures 
are shown. (C) SDS-insoluble and WCE fractions of ev-ctrl animals and animals fed msh-6, brc-1, atm-1 and ung-1 
RNAi in hsp-16.2 (GL400) or wildtype animals. (D) RT-PCR of RNAi-fed wildtype and hsp-16.2 (GL400) animals, 
relative to ev-ctrl. Data represented as mean ± SEM.
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fraction from matched wildtype (HE1006) and GL400 post-replicative animals, and found that 

knockdown of ung-1, atm-1 or brc-1 increased protein aggregation only in the wild type, and 

not in GL400 animals (Figure 3C), despite comparable knockdown efficiencie for each gene 

between strains (Figure 3D). From this, we conclude that increased expression of hsp-16.2 

suppresses protein aggregation in DDR-compromised animals.

EXTRA-COPY HSP-16.2 DOES NOT AFFECT GENOMIC (IN)STABILITY
Although to our knowledge neither HSPB5/αB-crystallin nor any of its orthologs have been 

shown to have a role in DNA repair, in recent years several molecular chaperones were found 

to be (indirectly) involved in the DDR (reviewed in 53). Therefore, we investigated whether the 

decreased protein aggregation might be caused by any unknown role of hsp-16.2 in the DDR. 

We � rst tested whether an extra copy of hsp-16.2 affects germline apoptosis in wildtype and 

GL400 young adults, an established read-out for impaired genome maintenance in C. elegans 
54, using acridine orange, a dye that is selectively retained in apoptotic cells 55. Knockdown of 

brc-1 and atm-1 resulted in a small but significant increase in apoptotic germ cell count in the 

gonads compared to ev-ctrl animals, but no differencebetween wildtype and GL400 hsp-16.2 

animals was found (Figure 4A-C). Additional γ-irradiation yielded a typical apoptotic corpse 

count, with ung-1 and brc-1 knockdown resulting in enhanced sensitivity compared to ev-ctrl 

animals, and knockdown of atm-1 limiting germline apoptosis (Figure 4A-C). Importantly, we 

again found no significant difference between wildtype and GL400 animals for any of the 

RNAis that we tested. We observed that knockdown of brc-1 in wildtype animals resulted in 

a developmental delay, another read-out that is closely associated with impaired genome 

maintenance 56, but we also found no difference for this phenotype between wildtype and 

Figure 4. Extra-copy hsp-16.2 does not affect genome maintenance capacity upon DDR disruption.
(A) Fluorescence stereomicroscopy pictures of the posterior gonads in indicated animals, γ-irradiated with 100 
Gy or not, stained with acridine orange. Arrow heads indicate acridine orange positive apoptotic bodies. (B,C) 
Graphs depicting the quantification of C in two different comparisons; B: ev-ctrl against DDR RNAi animals; 
C: wildtype against hsp-16.2 animals (D) Graph depicting progeny delay in wildtype and hsp-16.2 animals, fed 
empty vector (ev-ctrl) or brc-1 RNAi bacteria, 50h after synchronization. Y-axis shows percentage of animals 
not yet developed into gravid adults. In all graphs, data is represented as mean ± SEM.
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GL400 hsp-16.2 animals (Figure 4D). These findings argue against any clear compensatory 

function of hsp-16.2 in the DDR. Together with the notion that overexpression of hsp-16.2 

mitigates protein aggregation upon impairment of mechanistically distinct DDR pathways, 

we conclude that hsp-16.2 acts at the level of the proteome to safeguard protein homeostasis.

GUARDING PROTEIN HOMEOSTASIS WITH EXTRA-COPY HSP-16.2 IS SUFFICIENT TO 

PREVENT ACCELERATED MOTOR DEGENERATION IN DDR-COMPROMISED ANIMALS
In several model organisms, including C. elegans, age-related destabilization of the proteome 

drives a gradual decline in muscle function and movement 57–59. We asked whether the 

enhanced protein aggregation caused by an impaired DDR could contribute to this age-

related motor degeneration, and if elevated hsp-16.2 may be able to prevent it. 

We first tested if depletion of atm-1, brc-1 or ung-1 affectsmotor degeneration by measuring 

crawling activity on adult day 5, a timepoint at which we found that protein aggregation is 

accelerated (Figure 5A). In wildtype animals, crawling activity was ~25% lower compared to 

ev-ctrl after a knockdown of brc-1, atm-1 and ung-1 (Figure 5B-D). In contrast, in the hsp-16.2 

overexpression strain we observed no relative difference in crawling activity between ev-ctrl 

animals and brc-1, atm-1 and ung-1 RNAi animals. To evaluate this motor impairment also over 

time, we next used paralysis as a proxy for motor degeneration (Figure 5E). Whereas brc-1, 

atm-1 and ung-1 RNAi accelerated relative paralysis rates in the wildtype strain, extra-copy 

hsp-16.2 completely returns paralysis to the level of ev-ctrl animals, mirroring our findings in 

the crawling assay (Figure 5F-H). 

We noted that in both experiments, GL400 animals consistently outperformed wildtype 

animals (Figure 5C, H), in line with previous studies showing that hsp-16.2 expression predicts 

motor activity and health span in ageing animals 52,60, and that transgenic overexpression 

of hsp-16.2 delays age-related degeneration 45. Importantly, normalization of both crawling 

activity and paralysis to each respective ev-ctrl clearly shows that extra-copy hsp-16.2 

completely buffers the accelerated motor degeneration, with the exception of paralysis in 

brc-1 RNAi animals, which is however also decelerated (Figure 5C, D, H). Although knockdown 

of msh-6 resulted in reduced crawling and accelerated paralysis compared to ev-ctrl as 

well, this was true for both the wildtype strain and the GL400 strain (Figure 5C, D, F, H). As 

knockdown of msh-6 had no strong effect on protein aggregation (Figure 1E, F; Figure 2C) or 

hsp-16.2 expression (Figure 3B, C), we conclude that targeting MMR from the L1 larval stage 

onwards causes a motor defect largely unrelated to protein homeostasis.

These data show that hsp-16.2 rescues an accelerated motor degeneration caused by impaired 

DDR pathways, specifically when those defects are accompanied by increased protein 
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aggregation. Together with our findings showing that hsp-16.2 potently suppresses protein 

aggregation in DDR compromised animals without affecting genome maintenance capacity 

itself, this shows that hsp-16.2 prevents the health span decline in DDR-compromised animals 

by acting on the proteome to safeguard protein homeostasis.

Figure 5. Safeguarding protein homeostasis in DDR-compromised C. elegans rescues accelerated motor 
degeneration.
(A) Experimental outline. (B) Representative result of individual trajectories of wildtype and hsp-16.2 animals 
subjected to ev-ctrl or the indicated RNAis. Tracks of 8 animals per plate are shown. (C) Absolute quantification
of B. (D) Relative quantificationof B compared to each respective ev-ctrl. (E) Experimental outline. (F) Paralysis 
rates of wild type (left) and hsp-16.2 (right) animals fed the indicated RNAi bacteria. One representative 
experiment is shown. (G) Quantification of the difference in area under the curve (AUC) of paralysis rates 
between wildtype and hsp-16.2 backgrounds. AU = arbitrary units. (H) Difference in the percentage of paralyzed 
RNAi-subjected animals compared to ev-ctrl over time. >0% indicates a faster paralysis rate. Triangles represent 
mean result of each experiment. In all graphs, data is represented as mean ± SEM.
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DISCUSSION
We � nd that targeting various DDR components challenges protein homeostasis in C. elegans. 

These DDR components fulfill vastly different roles, and act in distinct DDR pathways (Table 1) 

that are mostly mechanistically separated from each other. In particular, atm-1, brc-1 and ung-

1 are three completely unrelated proteins, with entirely different functions and enzymatic 

activities. In addition, this loss of protein homeostasis is hallmarked by an enhanced polyQ 

aggregation in body wall muscle cells, as well as elevated hsp-16.2 expression primarily in 

the intestinal regions, indicating that it is not restricted to any particular cell type. Overall, 

this strongly suggests that the loss of protein homeostasis that we observe is not a result of 

any particular molecular defect, but rather a general outcome of a shared and widespread 

underlying event.

Impairing DDR leads to increased genomic instability, manifesting as an accumulation of 

(persistent) DNA damage and ‘locked-in’ genomic alterations, which inherently have a high 

potential to challenge protein homeostasis, as we discussed in Chapter 1 of this thesis. In 

Chapter 2, we have presented evidence indicating that genotoxic stress, caused either by 

disrupted CCC signaling or by more direct DNA damage, results in strong protein aggregation 

in mammalian cells. Here, we report that sustained knockdown of components of CCC 

signaling, but also NHEJ, HR, and BER from the L1 larval stage onwards results in a loss of 

protein homeostasis in adult C. elegans. These findings expand not only on our previous data 

presented in Chapter 2, but also on other studies that have identified DDR components as 

possible modifiers of protein aggregation in various animal models 61.

The data presented here are also strongly in line with other preliminary evidence suggesting 

that a defective DDR may have a direct impact on protein homeostasis. For example, cells 

derived from patients with Werner syndrome (WS) or Cockayne syndrome (CS), two 

progeroid disorders caused by defects in differentDDR pathways (double-strand break repair 

and transcription-coupled NER, respectively) were recently found to exhibit a profound 

disruption of protein homeostasis, as indicated by an increased load of misfolded proteins, 

ER stress, and protein aggregation 62,63. Functional loss of XPA, a crucial NER protein, or of 

ATM, a central DDR kinase regulating cell cycle checkpoint (CCC) signaling, which both also 

cause severe progeroid syndromes (xeroderma pigmentosum, XP, and ataxia-telangiectasia, 

A-T, respectively), have been associated with a similar destabilization of the proteome 64–69. 

Although it is not always clear to what extent it is the impairment in genome maintenance 

that underlies these findings (e.g. ATM can also affectprotein homeostasis independent of its 

role in the DDR 66), the notion that defects in mechanistically distinct DDR pathways all give 

rise to a similar disruption of protein homeostasis is striking, and further fuels the idea that 

genomic instability intrinsically challenges protein homeostasis.
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THE LOSS OF PROTEIN HOMEOSTASIS RESULTING FROM AN IMPAIRED DDR MAY 

STEM FROM AN EARLY-LIFE IMPACT ON GENOMIC STABILITY
Silencing DDR components involved in interstrand crosslink repair (ICLR), MMR and NER 

did not result in significantly enhanced protein aggregation, although for many of these a 

trend could be observed (Figure 1I, 2C). Caution must therefore be exercised when drawing 

conclusions from this, as we cannot always exclude that this lack of a clear, significant effect

could also be the result of functional compensation by other pathways or proteins (e.g. ICLR 

may proceed also in the absence of slx-1 34), or simply of experimental variables like poor 

knockdown efficiencies For example, we did not observe a clear loss of protein homeostasis 

upon a knockdown of the core NER component xpa-1, whereas a recent study reported an 

increased polyQ aggregation after knockdown of xpa-1 in a highly similar experiment (using 

the same read-out, strain and RNAi feeding method) 65. Importantly, we were unable to verify 

xpa-1 expression levels via RT-PCR (Figure 1B). For components of both CCC signaling (atr-1 

and atm-1) and HR (rad-51 and brc-1), a more effective silencing resulted in a stronger increase 

in protein aggregation (Figure 1B, 1F, 1I), underlining that varying knockdown efficienc may 

help to explain differences.

Differences may also be a direct consequence of our particular experimental set-up. Upon 

hatching, C. elegans L1 larvae consist of ~600 somatic cells, and through three additional larval 

stages – in which only a subset of cells still undergoes divisions – an adult hermaphrodite 

animal finally contains exactly 959 postmitotic somatic cells 70. E� cient knockdown of the 

MMR protein msh-6 did not result in a significant increase in either total protein insolubility 

or polyQ aggregation in adult worms, and appeared to only slightly elevate the expression 

of hsp-16.2::GFP (Figure 1E, F; 2C; 3B). Although this would indicate that a defective MMR 

does not have a particularly large impact on protein homeostasis, it could also reflect the fact 

that MMR is active in dividing cells 71, and in our feeding-RNAi approach msh-6 knockdown is 

induced only when proliferation is already largely completed. However, following the same 

reasoning, it seems surprising that knockdown of for example brc-1 yields such a strong and 

consistent effecton protein homeostasis, as brc-1 is generally believed to function primarily in 

HR, which is primarily active in dividing cells as well 71. This could suggest that the proteomic 

impact of impaired HR in C. elegans is simply larger than that of impaired MMR. It may also 

indicate that brc-1 is still active in other DSB repair pathways in non-dividing cells, as has been 

reported previously for its human ortholog BRCA1 72–74.

Alternatively (or perhaps in parallel), the fact that in our experiments DDR gene knockdown 

is induced when most somatic genome replications have already been completed could also 

provide important clues to how the stability of the proteome is compromised in these animals. 

DDR functionality (including CCC signaling, and DSB repair by HR and NHEJ) is believed to 
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decline rapidly after the embryonal stages 75–77, and in adult somatic cells many DDR genes 

are transcriptionally repressed 78. This suggests that the effect of DDR gene knockdown 

on protein homeostasis – at least for atm-1 and brc-1 – is the result of increased genomic 

instability already early in life.

This raises the intriguing (not mutually exclusive) possibility that silencing DDR components 

may disrupt organismal protein homeostasis through the ~1000 germ cells arising (from a 

single primordial germ cell) in each gonad arm, most of which are generated between L4 

and day 2-3 of adulthood 79. In several organisms, including C. elegans, the germline has a 

profound impact on protein homeostasis in somatic tissues 80–82. Worms lacking a germline 

live substantially longer 83,84, and importantly, this lifespan extension has been shown to be 

primarily the result of an enhanced capacity of protein quality control (PQC) mechanisms 

regulated by insulin/IGF-signaling 84, which also controls hsp-16.2 expression 85. In the current 

study, we observed increased levels of germline apoptosis, indicating that the knockdown 

of DDR components extends to oocytes as well. Interestingly, a loss of protein homeostasis 

has recently also been found to occur widespread in oocytes themselves, and this was only 

reverted upon fertilization through sperm-secreted hormones 86. After sperm depletion, 

unfertilized oocytes accumulate in the gonads of aged worms, a process that is believed to 

be a driver of the ageing process 87. Aged animals have been reported to accumulate protein 

aggregates in ‘sclerotic’ oocyte structures, which have been proposed to act as ‘favorable 

environments’ for protein aggregation to occur 17. Investigating if and how the germline 

contributes to the loss of protein homeostasis following silencing of certain DDR components 

– either directly in the germline, or indirectly by affecting protein homeostasis in the soma – 

could therefore be a highly interesting avenue of future research. In addition, uncovering 

how such a mechanism translates to higher organisms (including humans), for example 

through stem cell niches, may provide crucial insight into the fundamental processes driving 

the decline in protein homeostasis inherent to biological ageing 88. 

HSP-16.2 MAY BE PART OF A CONSERVED COMPENSATORY SYSTEM TO MITIGATE THE 

PROTEOMIC CONSEQUENCES OF GENOMIC INSTABILITY
We found that the loss of protein homeostasis resulting from impaired DDR pathways 

is associated with a striking increase in the expression of hsp-16.2, a C. elegans ortholog of 

HSPB5/αB-crystallin, and that transgenic hsp-16.2 overexpression is able to counteract this 

process. These findings strikingly mirror the data presented in Chapter 2, where we reported 

a rather specific increase in the expression of HSPB5 in ATM KO mammalian cells, and showed 

that further overexpression is able to largely restore protein homeostasis in these cells. Our 

data indicates that in worms and in mammalian cells, overexpression of respectively hsp-16.2 

and HSPB5 does not affect DNA repair capacity itself. Together, this strongly suggests that 
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what we observe in C. elegans is analogous to our findings in human cells, and indicates that 

HSPB5/αB-crystallin orthologs may represent a conserved (transcriptional) line of defense 

against the proteomic consequences of genomic instability.

How hsp-16.2 would function to safeguard protein homeostasis in the face of genomic 

instability is still unclear. Small heat shock proteins generally act as early processors of 

misfolded, aggregation-prone proteins by spatially organizing them into sequestrations 

that can either be subsequently refolded by the HSP70/HSP90 machinery, or degraded by 

proteolytic systems 89. HSPB5 has been reported to have a particularly broad substrate 

range, able to deal with many differentdestabilized protein species 42,43,90. This suggests that 

genomic instability resulting from impaired DDR pathways drives an increase in misfolded 

proteins, the proteotoxic consequences of which can be buffered by elevated levels of hsp-

16.2. Whether this is true, and if so, what happens to substrates downstream of hsp-16.2 still 

needs to be determined. 

A LOSS OF PROTEIN HOMEOSTASIS IS AN IMPORTANT PATHOMECHANISM OF AN 

IMPAIRED DDR
Importantly, we find that safeguarding protein homeostasis using an extra copy of hsp-16.2 is 

sufficien to prevent the health span decline that we observed in DDR compromised animals. 

These findings thus identify a loss of protein homeostasis as a crucial cytotoxic effector of 

an impaired response to DNA damage. Our study thus suggests that an important fraction 

of the degenerative phenotypes caused by defects in the DDR are not the result of a loss of 

function, but rather a downstream consequence of a proteotoxic gain of function. This offers

an attractive explanation for why defects in differentDDR pathways often have overlapping, 

degenerative phenotypes. More work is needed to investigate if a loss of protein homeostasis 

indeed contributes to disease progression in for example DDR disorders.

Treatment of genomic instability in the soma resulting from DDR defects is difficul due 

to its inherent stochastic nature. As our work suggests that a downstream loss of protein 

homeostasis is not only a general consequence of an impaired DDR, but also an important 

pathomechanism, it represents a viable alternative target. Controlled stimulation of PQC 

capacity may therefore be a therapeutic avenue to pursue for patients suffering from 

degenerative pathologies caused by impairments in the DDR.
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MATERIALS AND METHODS
STATISTICAL ANALYSES
All statistical tests were performed using Graphpad Prism software. In all protein insolubility 

and polyQ aggregation assays, Student’s one-sample t-test was used to calculate if the 

insolubility ratios between experimental conditions and the control are significantly different

from 1. Pearson’s correlation test was used to evaluate the correlation between protein 

insolubility and polyQ aggregation. For experiments with pairwise comparisons, Student’s 

unpaired t-test was used to calculate if two groups differed significantly. For experiments 

with multiple comparisons, a one-way or repeated measures ANOVA with Dunnet’s test was 

performed on unpaired or paired datasets, respectively. For all experiments: *p<0.05 **p<0.01 

***p<0.001. All repetitions (n) originate from distinct samples (i.e. biological replicates).

 

MEDIA AND STRAINS
Unless mentioned otherwise, C. elegans were propagated at 20°C using standard lab 

conditions. Animals were age-synchronized by hypochlorite bleaching, and eggs allowed to 

hatch overnight in M9 buffer. The strains used or generated in this study are listed in Table 

2. In all experiments in Figures 3-5 a strain (HE1006) carrying rol-6 as control for the rol-6 

integration marker in GL400 was used.

Strain Description Genotype Reference

N2 Bristol wild isolate wildtype

AM141 Q40-YFP rmIs133[unc-54p::Q40::YFP] 41

DW102 brc-1 deletion C36A4.8(tm1145) III #1

RB2581 ung-1 deletion Y56A3A.29(ok3593) III #1, #2

HE1006
Dominant Roller; 
matched wildtype for GL400

rol-6(su1006) II

GL400 Hsp-16.2::GFP rfls400 [pCL79(hsp-16.2::GFP) + pRF4] 50, #3

OW1501
OW1502 homozygous 
isogenic wildtype

wildtype This study

OW1502 DW102 x AM141 C36A4.8(tm1145); rmIs133[unc-54p::Q40::YFP] This study

OW1503
OW1504 homozygous 
isogenic wildtype

wildtype This study

OW1504 RB2581 x AM141 Y56A3A.29(ok3593); rmIs133[unc-54p::Q40::YFP] This study

Table 2. Strains used in this study.

#1 Strain provided by the CGC, funded by NIH Office of Research Infrastructure Programs (P40 OD010440).
#2 Strain generated by the C. elegans Gene Knockout Project at the Oklahoma Medical Research Foundation.
#3 A kind gift from dr. Gordon J. Lithgow.
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RNAI EXPERIMENTS
Age-synchronized L1 larvae were cultured on NGM agar plates containing 1 mM IPTG and 

50 mg/ml ampicillin seeded with RNAi bacteria until they reached adulthood. Adult animals 

were washed o�  the plates every other day and transferred to fresh RNAi plates to remove 

progeny.

Washed animals were inspected visually to ensure no progeny was transferred. At adult day 

5, animals were collected for further analysis via protein fractionation and RT-PCR. All RNAi 

constructs used in this study are from the Ahringer library, constructs are listed in Table 

3. Random RNAi constructs were picked from the library using a digital random number 

generator.

1Transcript not detected

Gene Gene ID Primer sequences used for RT-PCR

  Forward Reverse

Off-targe

slc-25A10 K11G12.5 TTTACTGGTGGAGCATATCC CCAATGGGCTTCTTTAAGGG

elpc-1 Y110A7A.5 TTCCTTGTCGTTTCGAACCG CTGCTGAAACAGTTGTGTCG

N.A. K12D12.4 GACAAGCATCCCAGGGTTCG ACACGAAACACGTGGCGAGG

gcc-2 T05G5.9 GAGCCAACACAGCCTGATCG GACCTTGAATTTCTCCTCCG

DDR

atl-1 T06E4.3 GGATGATGGGTTCGAGG CCGGTTTTCGTCGTGAG

atm-1 Y48G1C_55.a TGATGGCGAAAGTGATGG GAGAGAATGTGGACGACCG

brc-1 C36A4.8 AATGCCGCTGGATATCAC CGGTTCTACCGGTTCTG

fcd-2 Y41E3.9 TTGCCGAGCAATCTGATG GAACTCTATGGTGGTGAGGA

lig-4 C07H6.1 GGTCAGAAATTCTTTCTGC CGAATCACCGTATTCCTTCG

msh-6 Y47G6A_242.C CCGCTAGGATTTTCGGATTTG GCCCCTGAGTTGCAAAATTAC

mre-11 ZC302.1 AAGCCGATAGCGAAAGATTC GTTCTCGAAGTAGACTGTGG

rad-50 T04H1.4 GTGACATCAGGAACGAAAGC GAAGTCGCAAACTTTGCTGC

rad-51 Y43C5A.6 CGAATCGCTGGCATTTAC CGTCGTGAATCCCATCTG

slx-1 F56A3.2 TTTGCGAGCACTTCTCAG TCGCTACGACTGATGAGAC

ung-1 Y56A3A.29 TCGGAGAAGCCTATTGTC CGAGAAGCATTTGCATCC

xpa-1 K07G5.2 1

Reference

pmp-3 C54G10.3 CACTCATCTCTATGACGACGTTTC CACCGTCGAGAAGCTGTAGA

Table 3. RNAi and primers.
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QUANTITATIVE RT-PCR IN C. ELEGANS
To assess the efficienc of RNAi knockdown in C. elegans, total RNA was extracted from RNAi 

treated animals using TRIzol reagent (#15596018, Invitrogen) according to the manufacturer’s 

instructions. The RNA concentration and quality was measured with a NanoDrop 2000 

spectrophotometer (Thermofis er). cDNA was synthesized with the RevertAid H Minus 

First Strand cDNA Synthesis kit (#K1632, Life Technologies) using random hexamer primers. 

Quantitative real-time PCR was performed using a Roche LightCycler 480 Instrument II 

(Roche Diagnostics) with SYBR green dye (#172-5125, Bio-Rad) to detect cDNA amplification.

Relative transcript levels were quantitated using a standard curve of pooled cDNA samples. 

Expression levels were normalized against pmp-3; an endogenous reference gene. Primers 

used for RT-PCR in this study are listed in Table S3.

 

PROTEIN FRACTIONATION
Protein fractionation was slightly simplified compared to the protocol described in Chapter 

3, as we found that reverting to a 1-step solubilization step in a 1% SDS-containing buffer

yielded more reproducible results for C. elegans. Animals were resuspended in lysis buffer

(50 mM Tris/HCl pH 7.4, 100 mM NaCl, 1% v/v SDS, complete protease inhibitor cocktail, 

(Roche Diagnostics)), homogenized by 5-7 20s cycles with a FastPrep-24 (MP Biomedicals) 

at 4 m/s, and clarified by low-speed centrifugation (2500 rcf). Protein content was measured 

and equalized (DC protein assay, Bio-Rad), Whole Cell Extract (WCE) fraction was taken 

and insoluble proteins were pelleted by high-speed centrifugation (21,000 rcf, 45 minutes). 

Insoluble protein pellets were washed with lysis buffer containing 50 mM Tris/HCl pH 7.4 and 

100 mM NaCl, and solubilized in urea buffer (8 M urea, 2% v/v SDS, 50 mM DTT, 50 mM Tris/

HCl pH 7.4) overnight at RT in a Thermomixer R (Eppendorf) at 1200 rpm. Fractions were 

separated using SDS-PAGE and analyzed using ImageJ software.

 

QUANTIFICATION OF POLYGLUTAMINE AGGREGATION
Polyglutamine aggregates present in Q40 animals fed RNAi bacteria were counted using 

a fluorescence dissection stereomicroscope (Leica Microsystems). Twenty animals were 

counted per experiment and each experiment was repeated for at least 3 times. Punctae were 

counted with no size cut-off.RB2581 ung-1(ok3593) and DW102 brc-1(tm1145) mutant animals 

were crossed to Q40 animals, and gene knockouts were verifie  via PCR using the following 

primers: brc1FW 5’- TTTCGGTGGCGCCACATGGA - 3’, brc1RV 5’ – CTCCGTAGCTTGAAGTCTCA 

– 3’, ung1FW 5’- AATCGTCTCTGGCTCTCTGG - 3’, ung1RV 5’- CGGTTTGCCTGCAAATAACT - 3’. 

Polyglutamine aggregation was evaluated in adult day 5 animals using a filter-trap assay as 

described previously 91.
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GERMLINE APOPTOSIS
Synchronized young adult animals grown on RNAi bacteria at 25º were stained with 75 µg/ml 

acridine orange (AO)(Sigma) for 1 hour, and transferred to fresh NGM agar plates for 3 hours 

to clear excess AO from their intestines. AO positive germ corpses present in the posterior 

gonads were counted using a fluorescencedissection stereomicroscope (Leica Microsystems). 

Irradiated animals were analyzed 24-36 hours post irradiation with the indicated doses (IBL-

637 irradiator, CIS Biointernational).

 

LARVAL DEVELOPMENT ASSAY
Adult day 2 RNAi-fed animals reared at 25º C were allowed to lay eggs on corresponding fresh 

RNAi NGM agar plates for 2 hours. After incubation at 25º C for 50 hours, the developmental 

stage of the animals was evaluated based on vulval morphology and the presence of eggs to 

distinguish young adults from gravid adult animals.

CRAWLING ASSAY
Adult day 5 animals RNAi-fed bacteria reared at 25º C were transferred onto fresh 9 cm 

NGM agar plates, 8 animals per plate and two plates per RNAi, using fixed marked starting 

positions. Animals were allowed to crawl overnight. The next day, animals were taken off,

and plates were imaged and subsequently analysed using a digital grid overlay to quantify 

crawling tracks.

 

PARALYSIS ASSAY
Each individual paralysis experiment was started with 100 L4 RNAi-fed animals and carried out 

at 25º C. Animals were placed on fresh RNAi plates (10 worms per plate) and were assessed 

daily for paralysis by touching their noses and tail-prodding with a paintbrush hair. Worms 

that moved their nose but not their body were scored as paralysed.
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discussion

Parts of this chapter are published as
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RECAPITULATION OF THE MAIN FINDINGS PRESENTED IN THIS THESIS
1. Varous genotoxic stress conditions result in widespread protein aggregation in 

mammalian cell lines. This protein aggregation effect is dose-dependent, and occurs 

gradually over time.

2. Proteomic profiling reveals that these aggregating proteins represent a metastable 

subproteome that is normally largely soluble. This subproteome consists of abundant 

proteins that are prone to engage in liquid-liquid phase separation (LLPS), have a 

relatively high propensity to aggregate from an unfolded state, and are enriched for 

chaperone clients.

3. Increased aggregation upon genotoxic stress cannot be explained by quantitative 

transcriptional changes of aggregating proteins. Various protein quality control 

components – including chaperones – are transcriptionally upregulated in these 

conditions, indicating that protein quality control systems are overwhelmed. One 

of these chaperones is the stress-responsive small heat shock protein HSPB5 (αB-

crystallin).

4. Overexpression of HSPB5 is able to strongly reduce enhanced protein aggregation in 

ATM KO cells.

5. In the nematode C. elegans, targeting several DDR pathways, including cell cycle 

checkpoint signaling, base-excision repair and homologous recombination increases 

protein aggregation.

6. Expression of hsp-16.2, a C. elegans ortholog of αB-crystallin, is elevated in animals in 

which these DDR pathways are targeted. A strain constitutively overexpressing hsp-

16.2 no longer exhibits increased protein aggregation under these conditions.

7. Targeting DDR pathways in wildtype animals results in a health span decline with age, 

as indicated by reduced crawling and accelerated paralysis. Targeting these same 

pathways in animals in which hsp-16.2 is overexpressed has no health span effect.This 

beneficial impact of elevated hsp-16.2 is only true for impairments in DDR pathways 

that also overtly increased protein aggregation.
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PROTEIN HOMEOSTASIS IS CHALLENGED BY VARIOUS DISRUPTIVE STRESSES, AND 

GENOTOXIC STRESS CONDITIONS ARE AMONG THEM
Many different stresses, including heat stress, oxidative stress, pH changes, and exposure 

to toxic molecules like heavy metals can challenge the state of protein homeostasis 1–4. 

These stresses are in general believed to act directly at the proteome level, changing the 

conformational stability of proteins, thereby causing them to unfold and/or misfold. Other 

(stress-induced) processes like global mRNA mistranslation and translational dysregulation 

can drive a net influx of altered proteins that need to be dealt with 5–7. Given sufficien protein 

stress, the resulting increased strain on the PQC network (including chaperone systems) can 

cause it to become overwhelmed, resulting in widespread protein aggregation. This process 

has been widely linked to (neuro)degenerative disorders, including Alzheimer’s, Parkinson’s 

and Huntington’s diseases, but also to other disorders like (cardio)myopathies and kidney 

disease (reviewed in 8–10).

The PQC network may also be overwhelmed when global folding demand is unchanged, but 

when its capacity is lowered. For example, disease-associated mutations in (co)chaperones 

can lead to a loss of protein homeostasis, resulting in protein aggregation. Well-studied 

examples of this include the co-chaperone BAG3, JDPs, and various small heat shock proteins, 

including B-crystallin 11–13. The capacity of the PQC network has been found to decline during 

generic ageing as well, a process that is believed to be a major driver of the age-associated 

loss of protein homeostasis 14.

The findings presented in this thesis show that a functional loss of various DDR pathways, as 

well as more direct genotoxic stress conditions have over time a similarly disruptive impact 

on protein homeostasis. Many of the proteins that we found to aggregate in mammalian 

cells after genotoxic stress have either been validated as HSP70/HSC70 clients, or at the very 

least have been found to frequently interact with chaperone family members. A range of 

PQC network components, including chaperones, are upregulated in these conditions, and 

autophagic flux appears to be increased. Moreover, elevating one of these upregulated 

chaperones, αB-crystallin, reduced protein aggregation in ATM KO cells, and in DDR-impaired 

C. elegans. Together, this strongly suggests that the observed protein aggregation after 

genotoxic stress conditions is not a result of an impaired PQC network, but of an increased 

protein stress that has gradually overloaded its capacity.
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PROTEINS THAT CONSISTENTLY AGGREGATE FOLLOWING GENOTOXIC STRESS ARE 

LIKELY NOT THE PRIMARY CAUSE OF THE PQC NETWORK OVERLOAD
What is happening in cells (transiently) subjected to genotoxic stress that causes the PQC 

network to become overwhelmed? Classically, the detrimental impact of DNA damage 

is viewed as being either toxic or mutagenic, but in recent years this division has become 

increasingly more fluid. This includes our understanding of how genotoxic stress conditions 

may challenge protein homeostasis. As discussed in Chapter 1, we are beginning to understand 

that not only heritable mutations and other ‘locked-in’ genomic alterations can challenge 

protein homeostasis, but that somatic mutations, and even (persistent) DNA damage can 

have a similar impact. 

Let us assume, for the sake of argument, that the observed loss of protein homeostasis 

is a consequence of the transcriptomic burden of random (persistent) DNA lesions and 

new, ‘locked-in’ genomic alterations. As discussed in Chapter 1, many of these events can 

profoundly alter the composition and stability of the transcriptome and/or proteome, 

through a multitude of biological cascades. The inherent stochasticity of these changes 

indicates that the cumulative proteomic consequences would likely be largely different from 

cell to cell. However, many of the proteins that we found to aggregate upon genotoxic stress 

in mammalian cells do so highly consistently, in independent, biological repeats, while they 

are normally soluble. This makes it highly unlikely that these proteins aggregate as a result of 

stochastic in cis damage or coding alterations.

Importantly, this does not indicate that transcriptomic and/or proteomic changes are not 

involved in the overload of the PQC network that we observed. On a global proteome level, 

proteins that aggregate are not necessarily damaged or altered themselves. Although many 

proteins exhibit an intrinsic propensity to aggregate, and can even form amyloids, protein 

aggregation in vivo does not occur randomly throughout the entire proteome. Instead, in 

any proteome a subfraction of proteins is predicted to be to some extent supersaturated, 

and therefore at a higher risk to aggregate 15–17. These proteins are expected to be highly 

dependent on chaperones for their stability and function. This causes a potential conflictwhen 

proteomic stress situations (e.g. heat) result in a competition for the limited PQC network 

capacity available. The existence of such a competition has been hypothesized before, and 

is supported by a range of findings in several model systems 18. A particularly telling line of 

evidence is the notion that expression of metastable (disease-associated) polyQ proteins and 

mutant SOD1 results in widespread folding defects in the endogenous proteome 19,20. Vice 

versa, these metastable proteins also aggregate faster in a background of folding mutations 

(here: hypomorphic, temperature sensitive alleles) in other, endogenous proteins.
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The data discussed in this thesis are in line with this. We show that polyQ proteins aggregates 

faster in DDR-impaired C. elegans, and that polyQ as well as the metastable model substrate 

luciferase aggregate faster in both ATM KO cells and cells treated transiently with CPT. 

Moreover, at least in mammalian cells, the accelerated polyQ aggregation cannot be explained 

by an increase in the intrinsic instability of the integrated polyQ locus itself. This suggests that 

the metastable proteins that we found to consistently aggregate are themselves not the 

reason for the overload of the PQC network. Instead, our finding  point at the possibility that 

genotoxic stress over time results in a destabilized proteomic background that competes 

for protein quality control capacity. As a consequence, these metastable proteins become 

aggregated.

In this respect, it is also intriguing that the proteins that we identified as aggregating are in 

general predicted to have a high propensity to engage in liquid-liquid phase separation. LLPS 

is a concentration-dependent process, which in recent years has emerged as a fundamental 

principle of protein organization (reviewed in 21,22). During biomolecular LLPS, proteins and 

nucleic acids condense (i.e. ‘de-mix’ from solution) when it is energetically favorable for them 

to switch from interacting with water molecules to interacting with other macromolecules 23. 

In other words, the (local) concentration of a protein needs to exceed a certain threshold to 

allow LLPS to occur. In its simplest form, this results in two distinct phases – a dilute phase and a 

dense phase. Next to local concentration, a complex interplay of factors determines whether 

LLPS occurs for a given macromolecule, including its intrinsic properties (e.g. structural 

disorder, valency), the presence of binding partners or post-translational modifications

(PTMs; e.g. ubiquitylation, acetylation), and environmental conditions affecting solubility 

(e.g. temperature, salt, pH) 24–29. Biomolecular condensation can have a broad functional 

impact in cells, for example by locally concentrating certain factors to facilitate reactions or 

processes (e.g. in gene regulation 30, DNA repair 31, autophagy 32), or even by sensing and/or 

exerting direct mechanical force on its surroundings 33. Condensates may also serve as a pro-

survival mechanism during stress 34. 

Importantly, accumulating evidence indicates that when LLPS goes awry, this can drive 

protein aggregation. This is believed to occur when biomolecular condensates have 

undergone further transitions to reach an almost irreversible, (fibrillar) solid-like structure 
35,36. The PQC network is thought to play an important role in regulating LLPS 37. Interestingly, 

even proteins that aggregate in unstressed HEK293T cells are predicted to have on average 

a high propensity to engage in LLPS. This could suggest that LLPS inherently increases the 

risk for the involved proteins to aggregate. This may explain why several LLPS-prone proteins 

implicated in ALS were consistently identified in aggregating fractions. Our findings point 

at the possibility that under various genotoxic stress conditions, an overload of the PQC 
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network results in a loss of regulatory control over LLPS events, culminating in increased 

protein aggregation.

If and how LLPS may be disrupted under these conditions is so far unclear, but again, but 

investigating the impact of genotoxic stress conditions on global LLPS events is a promising 

avenue for future research. Again, proteins that aggregate as a result of aberrant LLPS don’t 

necessarily have to be damaged or genetically altered themselves. Misfolded proteins are 

believed to have a tendency to accumulate in biomolecular condensates 37,38. This process has 

been suggested to serve as a ‘low-pass filter’ to reduce transcriptional noise 39, or to sequester 

misfolded proteins to facilitate their autophagic degradation 40. Single-celled organisms may 

also rely on this principle to retain misfolded proteins in the mother cell (as is believed to be 

true for aggregation in general) 41–43. However, the accumulation of misfolded proteins in 

biomolecular condensates has also been shown to trigger a further transition into a solid-like 

state 37. This indicates that other misfolded proteins in the proteomic background may trigger 

the consistent aggregation of LLPS proteins. Additional factors that lie beyond the scope 

of this discussion, including global disruptions in PTMs, pH changes, or dysregulated RNA 

synthesis may also affect LLPS processes 24,25,36,44,45.

Lastly, it is also possible that the increased aggregation reflects a more active rewiring of 

the proteome in response to underlying protein stress. It has been hypothesized that the 

PQC network is organized in a modular manner, which may serve to ‘compartmentalize’ 

the aggregation of metastable proteins, and stop protein aggregation from becoming 

widespread 46. This rewiring of the proteome in response to protein stress has been reported 

to occur most notably for LLPS-prone, stress granule proteins 46. Importantly, although these 

and other findi gs have caused protein aggregation to be sometimes referred to as being 

protective, it often still seems to be a matter of ‘fighting firewith fire’. Ideally, you don’t want 

any.

This does not mean that aggregation is always toxic. Although all protein aggregates are 

potentially toxic, emerging evidence indicates that ‘functional aggregation’ (perhaps ‘super-

assembly’ serves the distinction better) may play important roles in biology 47–50. Understanding 

the mechanisms that underlie protein super-assembly – how it can be wielded without being 

toxic, yet may go awry in the context of ageing and disease – is rapidly emerging as a central 

theme in molecular biology.

A LOSS OF FUNCTION, OR A GAIN OF TOXIC FUNCTION?
Uncovering how protein homeostasis is disrupted in genotoxic stress conditions, and 

whether this is caused by genomic and/or transcriptomic changes that affect the proteome, 
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or perhaps through other molecular (signaling?) cascades, stands as a major goal for future 

studies.  Meanwhile, our findings in C. elegans do indicate that this process is far more than 

just an unfortunate, collateral event. In fact, they indicate that a loss of protein homeostasis 

can be a crucial mechanism through which genotoxic stress conditions result in a functional 

decline. The question is then to what extent the functional decline resulting from a loss 

of protein homeostasis could be the result of a loss of protein function, or a gain of toxic 

function (discussed also in Chapter 1).

Our findingssupport a role for at least the latter. RNAi-mediated silencing of three distinct DDR 

components (atm-1, brc-1 and ung-1) results in a similarly affectedhealth span in C. elegans. In 

the presence of elevated hsp-16.2 (similar to HSPB5 in mammalian cells) protein aggregation 

is normalized, and with it the associated health span decline. In the fruit fly D. melanogaster, 

overexpression of the αB-crystallin ortholog l(2)efl reduces protein aggregation and alleviates 

the shortened lifespan caused by early life irradiation (not shown here, thesis of Suzanne 

Dekker). The consistency and reproducibility of these findings is difficul to reconcile with a 

loss of protein function following genotoxic stress conditions.

Nevertheless, we do not yet know the exact substrates of αB-crystallin in these experiments, 

nor its mode of action in reducing protein aggregation after genotoxic stress. In mammalian 

cells, we found that HSPB5 is not a frequently reported interactor of the identified

aggregating proteins themselves. This could be a result of so far limited reported protein 

interactions of HSPB5, but it may also indicate that αB-crystallin aids folding in general, and 

buffersdestabilizing events in the proteomic background that lead to an overload of the PQC 

network. Although perhaps unlikely, a loss of function may also play a role. For example, it 

is conceivable that αB-crystallin could also help to conformationally stabilize the population 

of speci� c (metastable) substrates. In this respect, it is interesting that many of the proteins 

that we identifi d as aggregating upon genotoxic stress are components of the cytoskeleton, 

or are involved in related processes or structures. A primary role of αB-crystallin is thought to 

be the stabilization of cytoskeletal proteins 51,52, but other small heat shock proteins (sHSPs), 

including HSPB1 and HSPB8, are believed to play a role in this as well 53,54.  This indicates 

that both a loss and gain of function may play a role in the degenerative phenotypes that 

we observed. Interestingly, several HSPBs, including the aforementioned three, are capable 

of forming heterodimeric or -oligomeric complexes with each other in vivo, which has been 

shown to affect their function 55–58. Uncovering the interaction spectrum of αB-crystallin in 

these conditions would therefore be highly insightful, not only to identify clients, but also to 

investigate whether other sHSPs are involved. 

The idea that sHSPs may play an important role in buffering the proteomic consequences of 
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genotoxic stress could help to reconcile several lines of thinking. A growing body of evidence 

has fueled the hypothesis that increased genomic instability is a primary driver of the ageing 

process 59,60. In parallel, the global capacity of the PQC network is believed to decline with 

age 14. However, sHSPs are among the few chaperones whose expression does increase 61–63. 

Overexpression of sHSPs, including αB-crystallin, has been shown to delay the age-associated 

loss of protein homeostasis, and extend lifespan in model systems 64,65. This indicates that 

the natural increase of sHSPs during ageing can be pushed further. Why cells don’t do this 

themselves is still unclear. It may be a result of a lack of evolutionary selection during ageing, 

or it could suggest (not mutually exclusive) that overexpression of sHSPs also has certain 

detrimental consequences.

sHSPs have been shown to be able to counteract protein aggregation associated with age-

related neurodegenerative disorders 66. Although several studies have found that certain 

sHSPs can inhibit the elongation of amyloid fibrils 67,68, their main anti-aggregation effect is 

generally believed to result from their ability to bind (partially) unfolded proteins, and protect 

them against irreversible aggregation 69. sHSPs have also been implicated in LLPS. HSPB2 

itself has been shown to undergo LLPS 70, and other sHSPs, including HSPB5, HSPB8 and 

HSPB1 have been found to associate with certain membrane-less organelles 71–73. The latter 

two have also been linked to respectively preventing the occurrence of aberrant LLPS, or 

mitigating downstream consequences of aberrant LLPS 73. 

The data presented in this thesis provide a possible link between these findings, and open up 

the possibility that (certain) sHSPs represent a conserved, second line of defense against the 

proteome-destabilizing consequences of genomic instability (Figure 1).

A LOSS OF PROTEIN HOMEOSTASIS FOLLOWING GENOTOXIC STRESS MAY BE A 

HIGHLY RELEVANT MECHANISM DRIVING PATHOLOGY, BUT THE PATHOLOGICAL 

CONSEQUENCES COULD DIFFER VASTLY BETWEEN TISSUES
The notion that a disrupted protein homeostasis can be a key downstream pathological 

mechanism of genotoxic stress is highlighted by our proteomics analysis in mammalian 

cells. We found that the proteins that aggregate under these conditions share several key 

characteristics with proteins that aggregate in certain (degenerative) disorders and in ageing 

model systems. Both in function (e.g. cytoskeletal, mitochondrial, RNA-binding), and in their 

properties (e.g. supersaturated, LLPS-prone), they show substantial overlap. This opens up 

the possibility that genotoxic stress plays a fundamental role in affecting the state of protein 

homeostasis, and that this may catalyze (age-associated) degeneration and functional decline.

Such a pathological cascade could even extend much further. In Chapter 1, we discussed that 
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a loss of protein homeostasis is closely and infamously associated with neurodegenerative 

disorders like Alzheimer’s, Parkinson’s and Huntington’s diseases. Other, non-neuronal 

(largely) post-mitotic cell types, including cardiomyocytes and skeletal muscle cells, have also 

been found to accumulate protein aggregates during ageing 74,75. Protein aggregation has 

been directly implicated in various (cardio)myopathies 76,77. Although this seems to suggest 

that disruptions in protein homeostasis affect post-mitotic cells most prominently, this is 

not necessarily true. It is likely in part a consequence of the fact that protein homeostasis 

disruptions are often more clearly identifiable in these cells.

Unlike single-celled organisms (and possibly also dividing cells in a multicellular organism), post-

mitotic cells cannot use cell divisions to selectively partition 78 or possibly ‘dilute’ potentially 

toxic protein aggregates. As a result, protein aggregates that cannot be degraded will not 

Figure 1. Conceptual overview of the relationship between genotoxic stress conditions and a loss of protein 
homeostasis, and its impact on health span.
Under genotoxic stress conditions, induced either by a loss of DDR capacity or by more direct DNA damage, 
protein homeostasis can be challenged. This can accelerate a ‘normal’ age-associated functional decline. 
Increasing the capacity of the PQC network, for example via small heat shock proteins (sHSPs), but perhaps 
also via other mechanisms, can buffer proteomic and phenotypic consequences of genotoxic stress.
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be removed, and will instead tend to accumulate over time. In dividing cells, a loss of protein 

homeostasis could very well manifest itself without an overt accumulation of (large) protein 

aggregates, and evaluating the state of protein homeostasis in them may therefore require 

differentread-outs. For example, dividing cells make use of the same stress responses to cope 

with protein stress, including the integrated stress response (ISR), the heat shock response 

(HSR), and the unfolded protein responses (UPR; in ER and mitochondria) (see also Chapter 

1). Over the last decade, activation of these stress response systems has been implicated in 

a fast-growing number of disorders affecting also mitotic tissues, ranging from diabetes and 

atherosclerosis, to liver, kidney, lung and gastrointestinal diseases 79,80. As discussed in detail 

in Chapter 1, even a well-studied disorder like Down’s syndrome has now been broadly linked 

to a disrupted protein homeostasis 81–84. These examples underline that a challenged protein 

homeostasis may not only appear different in distinct cell types, but that it likely also has 

vastly different phenotypic impacts. Proteomes can differ substantially between cell types 

and even within tissues, a refle tion of differentiation and (local) functional specialization 
85–87. Proteins that are supersaturated in one cell type, may not be supersaturated in another, 

and vice versa. Likely as a consequence, the PQC network is believed to be wired differently

from cell to cell 18. Our data are in line with this notion, and underscore the importance of 

using different cell types to better understand the proteomic consequences of an overload 

of PQC network capacity.

Variation also applies to genomic instability. Because genotoxic stress affects DNA largely 

stochastically, DNA damage profiles will never be homogenous. Local chromatin states, 

replication timing (i.e. late or early), transcriptional activity, and several other variables 

can however a� ect the susceptibility of a given chromatin region to stochastic damage 

and subsequent stable alterations 88–92. This is believed to be mainly the result of an altered 

local accessibility of the DNA molecule to genotoxic stressors or DNA repair factors. 

Heterogeneity can also exist between tissues, cell types, and likely even between different

microenvironments 93,94. For example, tissues more exposed to environmental mutagens and/

or with high turnover rates (e.g. skin, lung, intestines) have been reported to accumulate 

more mutations over time than tissues that are less exposed or have a lower turnover (e.g. 

muscle, prostate) 95. Accordingly, studies in multicellular model organisms have found that 

the DDR does not always operate similarly across tissues, but can vary between cell types, 

and depend for example on proliferation status 96,97.

Together, this indicates that the relationship between genotoxic stress and a loss of protein 

homeostasis could vary from tissue to tissue, and possibly even in time. This also suggests 

that the PQC and DDR networks may have co-evolved. Any proteome-destabilizing impact of 

genotoxic stress conditions may depend on the susceptibility of a cell to DNA damage, the 
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local wiring of the DDR and PQC network, and the ground state of the proteome. Phenotypes 

resulting from such a pathological cascade would be expected to vary accordingly. This may 

help to further explain why certain cell populations appear to be far more sensitive to DNA 

damage than others, for example within tumors. Investigating to what extent this variation 

depends on the cell type-dependent nature of the proteome and the PQC network could 

be a promising avenue of future research. It may provide novel insight into how the PQC 

network could be used in to mitigate degenerative consequences of genotoxic stress (Figure 

1). Although αB-crystallin appears to have a broad impact, it is entirely possible that different 

cell types and tissues would benefit from different PQC network components.

GENOTOXIC STRESS, PROTEIN HOMEOSTASIS, AND CELLULAR SENESCENCE
The notion that a loss of protein homeostasis can be induced by genotoxic stress may also be 

very relevant for other hallmarks of ageing. A particularly interesting hallmark in this respect 

is the process of cellular senescence. Cellular senescence is believed to act as a possible 

defense mechanism against dysregulated proliferation and cancer (although it may also 

have a pro-carcinogenic effect  98–100. Emerging evidence suggests that senescence is highly 

interconnected with a disrupted protein homeostasis 101–103. In fact, a loss of cellular protein 

homeostasis may be an important intermediate on the path to senescence (or a senescence-

like state). Many of the stress conditions that can induce a senescence (-like) phenotype 

in cultured cells act also on protein quality control systems (e.g. ER stress induction, UPR 

activation), or have been shown to have the ability to directly disrupt the stability of the 

proteome (e.g. oxidative stress, heat stress) 104–107. Aggregation of amyloid-β peptides and 

tau has been hypothesized to drive cellular senescence in the brain 108,109. UPR activation has 

even been reported to be a crucial trigger for the induction of senescence in various model 

systems 110,111, and alleviation of ER stress using the chemical chaperone tauroursodeoxycholic 

acid (TUDCA) has been shown to suppress senescence 112.

One of the primary methods to evoke senescence is the induction of DNA damage, for example 

through irradiation or treatment with chemical agents, including topoisomerase poisons 113. 

Various defects in the DDR have been found to increase the susceptibility to senescence 

as well 114. The data reported in this thesis are complementary to these findings, and they 

underline that genotoxic stress, a loss of protein homeostasis, and cellular senescence are 

highly interwoven. Investigating how these processes are linked, for example by evaluating 

whether a loss of protein homeostasis plays a role in genomic instability-induced senescence, 

may yield valuable insights into the fundamental processes that underlie ageing. This could 

be highly relevant, as removal of senescent cells from a progeroid mouse model has been 

shown to dramatically delay the onset of ageing phenotypes 115.
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A GREAT TRADEOFF: THE IMPORTANCE OF PROTEIN HOMEOSTASIS MAY HAVE 

CAUSED EVOLUTIONARY PROCESSES TO BECOME INEVITABLY LINKED TO AGE-

RELATED DEGENERATION
Genetic alterations, and likely also (persistent) DNA damage, can profoundly affect

phenotypes when their proteomic consequences are released. Pioneering work from 

researchers like Susan Lindquist has shown that chaperones (in particular HSP90) can play 

a pivotal role in this, by acting as capacitators of variation 116–119. When faced with selective 

pressures, these stochastic genomic changes provide the driving force of adaptation, and 

the evolution of species. 

A gradual accumulation of genomic changes in somatic cells has also been hypothesized to 

drive the ageing process 120,121. Evidence supporting this ‘somatic mutation theory’ of ageing 

is however lacking, and whether or not so-called somatic genome mosaicism (as opposed 

to speci� c ‘deactivating’ mutations) is relevant for functional decline during general ageing 

remains unclear. A main, long-standing argument against a causal role of stochastic genome 

alterations is that the somatic mutation frequency would be too low to have a significant

impact on cellular function. However, over the last few years, advanced next-generation 

sequencing techniques have shown that this argument does not necessarily hold. Somatic 

genomic alterations occur with high frequency (possibly much higher than in the germline 

122), and they accumulate during ageing 94,123–128. Persistent DNA lesions have been found to 

accumulate widespread in ageing tissues as well, and most DNA repair pathways are thought 

to become less efficien over time 60,97,129. Moreover, as discussed in Chapter 1, even seemingly 

limited genomic changes can have a large impact on the proteome. One hypothesis of how 

this could lead to pathology is that local selective pressure may lead to clonal expansion of 

genetic alterations in disease genes that are advantageous to the individual somatic cell, 

but potentially detrimental to the organism 59. A clear example of this would be cancer, but 

there is evidence that supports a causal role for such ‘somatic evolution’ in other age-related 

disorders, including cardiovascular disease 59. 

Our data opens up the additional possibility that an accumulation of stochastic somatic 

genomic changes (possibly in concert with a decline in PQC network capacity) results in 

age-related degeneration by driving a gradual loss of protein homeostasis. Genotoxic 

stress conditions may accelerate this process. This of course remains to be tested – our 

understanding of how somatic changes affect the ageing proteome is limited. Nevertheless, 

it sets the stage for an interesting paradox: perhaps the same forces that drive proteome 

diversity and thus the evolution of species, inevitably lead to a loss of protein homeostasis 

over time.
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WHERE TO GO FROM HERE?
The fin ings presented in this thesis open up several opportunities for future research. As 

mentioned earlier, one key question that they raise is to what extent the loss of protein 

homeostasis is due to an accumulation of stochastic genomic changes (i.e. both damage 

and ‘locked-in’ alterations) that affect the proteome. This is not an easy question to answer 

in mammalian cells, mostly because of technical limitations (currently) in place that impede 

the detection of cell-to-cell variation with both a high resolution and in high-throughput. 

Yes, recent advances have dramatically increased the signal-to-noise ratio of single-cell 

sequencing techniques. For example, novel computational analyses have been developed 

to correct for coverage bias 130, and unamplified ‘bulk’ DNA can be analyzed in parallel to 

filter out ampli� cation artifacts 127,131. Long-read sequencing is rapidly emerging as a powerful 

method to pro� le structural genomic variants at a single-cell level as well 132. However, high-

throughput methods to profile DNA damage at a single-cell level in a high resolution are still 

lacking. Moreover, proteomic profiling at a single-cell level is (despite its promise and rapid 

progress 133,134) still a technology of the future. The same is true for other highly-relevant 

techniques like single-cell ribosome profiling. A potential solution to these problems could 

be to switch to a clonal expansion set-up, preferably using yeast or bacteria for practical 

reasons. These can be transiently subjected to a low dose of genotoxic stress, then sorted 

into single cells and allowed to form clonal colonies. Clones can then be analyzed in bulk 

via a combination of high-resolution sequencing (preferably both DNA and RNA), protein 

fractionation/aggregation assays, and protein mass spectrometry. Although more practical, 

this strategy has drawbacks, in particular the fact that it does not allow for a direct evaluation 

of the potential impact of (persistent) DNA damage, but only of stable genomic alterations.

An inverse – and perhaps more unbiased – approach would be to work back from αB-crystallin, 

and identify its client spectrum in cells/animals subjected to genotoxic stress. This can be done 

using for example proximity labeling assays (e.g. BioID 135, UBAIT 136; both have been used to 

map chaperone interaction network before 137,138) in combination with immunoprecipitation 

and protein mass spectrometry. This method holds the potential risk of missing the full scope 

of underlying proteomic changes occurring after genotoxic stress. However, considering 

that αB-crystallin potently reduces aggregation, and in C. elegans and D. melanogaster even 

prevents degenerative phenotypes ensuing genotoxic stress, it could also precisely reveal the 

most relevant proteins – those that disrupt protein homeostasis and drive degeneration. This 

approach may help to understand not only how B-crystallin safeguards protein homeostasis 

upon genotoxic stress, but also how broad and conserved this function truly is.

In general, more studies are needed that evaluate the long-term proteomic consequences 

of genotoxic stress. Despite the inherent connection between global genomic stability and 



128

Chapter 5

protein homeostasis, this is a theme that is not often addressed in studies investigating the 

cellular and organismal impact of DNA damage. One particularly relevant aspect that should 

be considered carefully is how to identify cause and consequence. This will likely be difficult

considering that genomic stability and protein homeostasis are closely interwoven, as are 

the processes that oversee them. However, it is of great importance for many fields. It may 

provide valuable insight into the degenerative phenotypes that are associated with DNA 

damage, for example in the case of pesticide exposure, or side-effects in cancer therapy. Vice 

versa, we may be able to exploit this knowledge in the fight against cancer. It could help us 

to better understand pathology in DDR disorders, and uncover possible therapies. Finally, it 

may help to further uncover the fundamental processes of age-related degeneration, and 

how these are interlinked.
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A-T  Ataxia-Telangiectasia

ALS  Amyotrophic lateral sclerosis

AOA  Ataxia with oculomotor apraxia

AP site  Apurinic/apyrimidinic site

ATLD  A-T like disorder

BER  Base-excision repair

CCC  Cell cycle checkpoint

CNV  Copy number variant

CPT  Camptothecin

CS  Cockayne syndrome

DDR  DNA damage response 

DSB  Double-strand (DNA) break

FTD  Frontotemporal dementia

HD  Huntington’s disease

HGPS  Hutchinson-Gilford progeria syndrome

HR  Homologous recombination

HSP  Heat shock protein

HSR  Heat shock response

ICLR  Interstrand crosslink repair

IDR  Intrinsically disordered (protein) region

ISR  Integrated stress response

JDP  J-domain protein

LLPS  Liquid-liquid phase separation 

MMR  Mismatch repair

NER  Nucleotide-excision repair

NHEJ  Non-homologous end-joining

PQC  Protein quality control

PRR  Post-replication repair

RAN  Repeat-associated non-AUG

ROS  Reactive oxygen species

RQC  Ribosome-associated protein quality control

SCA  Spinocerebellar ataxia

SCAN1  Spinocerebellar ataxia with axonal neuropathy type 1

sHSP  Small heat shock protein

SNP  Single-nucleotide polymorphism

SSB  Single-strand (DNA) break

SV  Structural variant

TLS  Translesion synthesis
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List of abbreviations used

TS  Template switching

UPR  Unfolded protein response 

WS  Werner syndrome

XP  Xeroderma pigmentosum
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Appendix

THE IMPORTANCE OF PROPER DNA-MAINTENANCE
Every cell in our body contains DNA, stored safely inside the nucleus. DNA can be viewed as a 

vast set of instructions. Cells rely on those instructions, which we call genes, to be functional. 

This is because every gene encodes a specific protein or RNA-product, each of which has its 

own part to play in the cell.

DNA is under continuous threat. To ensure that the information stored in the DNA is kept 

safe, the cell can employ several highly specialized DNA-repair systems. These systems detect 

damaged DNA, remove it, and finally replace it. It is vital that these DNA-repair systems 

function properly, as the DNA-molecule itself cannot be replaced. DNA-repair is very efficient

but it is not always perfect. Moreover, during natural ageing the efficienc of DNA-repair 

systems tends to decline. Together this results in a gradual accumulation of DNA mistakes 

and damage in cells over time. This process is believed to play an important role during 

natural ageing.

The importance of DNA-maintenance is underlined further by a number of rare syndromes of 

which we know that they are caused by heritable defects in DNA-repair systems. These DNA-

repair syndromes are hallmarked by a broad range of partially overlapping symptoms. One 

particularly well-documented symptom is an often increased risk to develop cancer.

Another frequently occurring symptom is a gradual loss of nerve function and a decay of 

nervous tissue (neurodegeneration). Several of these syndromes are also associated with 

accelerated ageing. The underlying cause of this is still poorly understood.

One example of such a DNA-repair disease is Ataxia-Telangiectasia (A-T). A-T is caused by a 

mistake (a mutation) in the gene that encodes the protein ATM. ATM plays a key role in the 

response to DNA-damage: it decides whether the damage can still be repaired, of that cell 

death should be initiated. A-T patients are extremely sensitive to DNA damage and often 

develop cancer. In addition, A-T patients age very fast, and suffer from neurodegeneration 

already at an early age.

AGGREGATING PROTEINS
Here, we need to make a small side-step to proteins in general. Most proteins need to be 

folded in a specific 3D-shape before they become functionally active. This shape can be 

altered by mutations in the corresponding gene. Throughout the life of a protein, its shape 

can also be affe ted when it is damaged. In both cases, a protein can lose its function. There 

is also another reason why improperly folded proteins are problematic: they can become 

aggregated.
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Protein aggregation can severely affecta cell. It can trigger a chain reaction, driving more and 

more proteins into aggregates. This disrupts the overall protein balance in cells (the protein 

homeostasis). As a result, cells will lose their function, and the involved tissue will ultimately 

succumb to degeneration.

Several well-documented neurodegenerative diseases, including Alzheimer’s, Parkinson’s, 

and Huntington’s diseases, as well as ALS, are hallmarked by such an accumulation of protein 

aggregates (primarily in the brain). A disruption of protein homeostasis is also believed to 

play a fundamental role in normal ageing.

The consequences of improper DNA-maintenance overlap – at least partially – with those of 

a disrupted protein homeostasis. Indeed, both are associated with neurodegeneration, and 

both are thought to play an important role in ageing. Could this mean that improper DNA-

maintenance leads to a disruption of protein homeostasis? And could this then form a link 

with neurodegeneration and ageing?

IMPAIRMENTS IN SEVERAL DNA-REPAIR SYSTEMS CAUSES THE AGGREGATION OF 

VULNERABLE, SUPERSATURATED PROTEINS
In our study we found that various defects in DNA-maintenance, including a loss of ATM, 

indeed leads to a disruption of protein homeostasis. Exposure to so-called topoisomerase-

poisons (TPs) had a particularly disruptive impact. These chemicals cause breaks in the DNA 

molecule.

We discovered that the proteins that aggregate after exposure to a TP or after a loss of ATM 

are not random proteins. The vast majority of these proteins aggregate highly consistently, 

across multiple independent experiments.

So why do these particular proteins aggregate? While most proteins are in principle soluble 

inside the watery environment in a cell, some need to be present in a very high concentration 

to perform their function. This causes these proteins to exist close to their maximum 

solubility. You can compare this to sugar in a cup of tea: while the first lump dissolves fast, 

each additional lump will dissolve more slowly. At a sufficientl high concentration, the sugar 

will no longer dissolve. The tea is dan said to be saturated.

Similarly, every protein also has its own solubility limit. When the concentration of a protein 

is very high, we refer to this as supersaturation. Supersaturation makes a protein vulnerable 

to aggregation. We found that many of the proteins that aggregate after a loss of ATM or 

exposure to a TP are supersaturated.
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UPON IMPAIRED DNA-MAINTENANCE, PROTEIN CHAPERONES ARE NO LONGER ABLE 

TO GUARD PROTEIN HOMEOSTASIS
Normally, proteins are protected against aggregation by a group of highly specialized 

guardian proteins, called chaperones. Chaperones aid in the proper folding of other proteins 

(their clients), and help them refold when they are damaged. Clients that can no longer be 

folded properly or that are no longer necessary can be directed towards protein degradation 

pathways.

Proteins that aggregate after a loss of ATM or exposure to a TP are enriched for chaperone 

clients. Moreover, in the protein aggregates themselves we found several chaperones. 

Together, this indicates that chaperones tried to counteract aggregation, but were 

insufficientl capable of doing so, causing them to become trapped in the aggregates as well.

If insu� cient chaperone capacity is the reason that vulnerable proteins start to aggregate 

under these conditions, then increasing this capacity in cells should mitigate aggregation. In 

one of the cell types that we investigated we found that a loss of ATM leads to an increased 

production of one p

articular chaperone, HSPB5. In our lab we generated cells that continuously produce even 

more HSPB5. In these cells, a loss of ATM was far less disruptive to protein homeostasis.

These findings show that upon impaired DNA-maintenance, a cell’s chaperone capacity 

is overwhelmed. How this happens exactly is still unclear. The cell tries to adapt to this by 

actively increasing chaperone capacity, but is insufficientl able to do so. Eventually this leads 

to a situation where more and more proteins succumb to aggregation.

A DISRUPTED PROTEIN HOMEOSTASIS RESULTING FROM IMPAIRED DNA-

MAINTENANCE ACCELERATES AGE-RELATED DEGENERATION
To determine the relevance of this process for age-related degeneration, we made use of 

small roundworms (C. elegans, ~1 mm in length). Worms have been shown to gradually lose 

their ability to crawl during ageing. It is known that a disrupted protein homeostasis plays an 

important role in this.

We discovered that in these worms, a loss of ATM also leads to an increase in protein 

aggregation. We also found that impairments in several other DNA-maintenance systems 

have a similar impact. Moreover, worms that suffer from impaired DNA-maintenance lose 

their ability to crawl faster than normal worms.
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Worms have their own variant of the chaperone HSPB5, called hsp16.2. From previous research 

we know that hsp-16.2 can slow down ageing in these animals. We discovered that worms 

that have an extra gene for hsp-16.2 (and therefore produce twice as much of this chaperone) 

no longer exhibit increased protein aggregation upon impaired DNA-maintenance. Moreover, 

the presence of this extra hsp-16.2 is sufficien to largely prevent the accelerated crawling 

decline.

IN SUMMARY
The fin ings of our study point at a crucial two-stage mechanism: various impairments in 

DNA-maintenance result in a disrupted protein homeostasis, and this in turn accelerates age-

related degeneration. Our data also indicate that DNA-damage itself can trigger this process.

Although more research is needed, this knowledge promises to contribute greatly to our 

understanding of DNA-repair syndromes. It is also highly relevant for the general population. 

It puts the spotlight on a long underexposed, but potentially very important role of DNA-

damage and compromised DNA-repair, both in common neurodegenerative diseases and in 

normal ageing.
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HET BELANG VAN GOED DNA-ONDERHOUD
Iedere cel in ons lichaam bevat DNA, veiliggesteld in de celkern. DNA is in feite een enorme 

verzameling instructies. Cellen gebruiken die instructies, die we genen noemen, om functies 

uit te voeren. Elk gen codeert namelijk voor een bepaald eiwit of RNA-product, die allemaal 

een eigen rol vervullen in de cel.

Het DNA wordt vrijwel continu bedreigd. Om de kwaliteit van het DNA te bewaken beschikt 

de cel over gespecialiseerde DNA-reparatiesystemen. Deze systemen detecteren een 

beschadigd stuk DNA vroegtijdig, verwijderen dit en vervangen het. Het is cruciaal dat de 

DNA-reparatiesystemen goed werken, want het DNA-molecuul zelf kan niet vervangen 

worden. DNA-reparatie werkt zeer efficiënt maar is niet altijd foutloos. Bovendien neemt 

tijdens normale veroudering het vermogen van cellen om DNA-schade te repareren af. Samen 

zorgt dit ervoor dat fouten en beschadigingen langzaam ophopen in het DNA van een cel. Dit 

fenomeen lijkt een belangrijke rol te spelen in het natuurlijke verouderingsproces.

Het belang van DNA-onderhoud wordt verder onderstreept door een aantal zeldzame 

ziektes, waarvan we weten dat ze veroorzaakt worden door erfelijke fouten in DNA-

reparatiesystemen. Deze DNA-reparatieziektes worden gekenmerkt door een grote 

verscheidenheid aan deels overlappende symptomen. Een symptoom dat vaak voorkomt is 

een verhoogd risico op kanker.

Een ander, veelvoorkomend symptoom bij deze ziektes is een geleidelijk verlies van 

zenuwfunctie en afbraak van zenuwweefsel (neurodegeneratie). Ook gaan een aantal van 

deze ziektes gepaard met een versnelde veroudering. Hoe dit precies komt, begrijpen we 

nog niet goed.

Een voorbeeld van zo’n ziekte is Ataxia-Telangiectasia (A-T). A-T wordt veroorzaakt door een 

fout (een mutatie) in het gen dat codeert voor het eiwit ATM. ATM speelt een sleutelrol in de 

beslisboom na DNA-schade: het bepaalt of DNA-schade nog gerepareerd kan worden, of dat 

celdood in gang moet worden gezet. A-T patiënten zijn extreem gevoelig voor DNA-schade 

en ontwikkelen vaak kanker. Daarnaast verouderen A-T patiënten erg snel en lijden ze al 

vroeg aan neurodegeneratie.

SAMENKLONTERENDE EIWITTEN
Hier maken we even een korte stap zijwaarts naar eiwitten in het algemeen. Voor de meeste 

eiwitten geldt dat ze eerst in een bepaalde 3D-vorm moeten worden gevouwen voordat ze 

hun rol kunnen vervullen. Deze vorm kan veranderen door mutaties in het betreffende gen. 

Gedurende het leven van een eiwit kan de vorm ook aangetast worden door beschadigingen. 
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Beide situaties kunnen leiden tot een verlies van functie van het eiwit. Echter, onjuist 

gevouwen eiwitten zijn ook om een tweede reden zeer problematisch: ze kunnen gaan 

samenklonteren.

Eiwitklontering kan zeer nadelig zijn voor een cel. Het kan namelijk een sneeuwbaleffect

tot gevolg hebben, waarbij steeds meer eiwitten samenklonteren. Hierdoor raakt de totale 

balans van eiwitten in een cel (de eiwithomeostase) verstoord. Cellen functioneren daardoor 

steeds minder goed, wat uiteindelijk leidt tot degeneratie van de betrokken weefsels.

Een flink aantal neurodegeneratieve ziektes, zoals de ziektes van Alzheimer, Parkinson, 

Huntington en ALS worden gekenmerkt door zo’n ophoping van geklonterde eiwitten 

(vooral in de hersenen). Een verstoring van de eiwithomeostase vindt niet alleen plaats bij 

ziektes, maar lijkt ook een grote rol te spelen in het normale verouderingsproces. 

De gevolgen van onvoldoende DNA-onderhoud overlappen – in ieder geval deels – met die 

van een verstoorde eiwithomeostase. Immers, beide zijn geassocieerd met neurodegeneratie 

en beide lijken een belangrijke rol te spelen bij veroudering. Zou het dan zo kunnen zijn dat 

een verslechterd DNA-onderhoud leidt tot een verstoorde eiwithomeostase? En zou dit dan 

een schakel met neurodegeneratie en veroudering kunnen vormen?

MANKEMENTEN IN VERSCHILLENDE DNA-ONDERHOUDSSYSTEMEN LEIDEN TOT HET  

SAMENKLONTEREN VAN KWETSBARE, SUPERVERZADIGDE EIWITTEN
In ons onderzoek ontdekten we dat verschillende mankementen in DNA-onderhoud, 

waaronder een verlies van ATM, inderdaad leiden tot een verstoorde eiwithomeostase. 

Daarbij bleek een tijdelijke blootstelling aan topoisomerase-remmer (TRs) een bijzonder grote 

impact te hebben. Deze chemische stoffen veroorzaken breuken in het DNA.

We ontdekten dat de eiwitten die samenklonteren na blootstelling aan een TR en na een 

verlies van ATM geen willekeurige eiwitten zijn. Een groot aantal van hen klontert zeer 

consequent samen, over meerdere experimenten.

Waarom klonteren deze eiwitten samen? Terwijl de meeste eiwitten in principe goed 

oplosbaar zijn in de waterige binnenkant van een cel, moeten sommige voor hun functie in 

een hoge concentratie aanwezig zijn. Hierdoor zitten ze dicht bij hun maximale oplosbaarheid. 

Vergelijk dit met suiker in een kop thee: het eerste schepje lost makkelijk op, maar ieder 

volgend schepje steeds moeilijker. Bij een voldoende hoge concentratie zal de suiker niet 

langer oplossen. De thee is dan verzadigd.
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Ook ieder eiwit heeft zo zijn eigen maximale oplosbaarheid. Als de concentratie van een eiwit 

in de cel erg hoog is, dan noemen we dit ook wel superverzadiging. Superverzadiging maakt 

een eiwit kwetsbaar voor klontering. Wij vonden dat veel eiwitten die samenklonteren na 

een verlies van ATM of na behandeling met een TR superverzadigd zijn.

NA VERSLECHTERD DNA-ONDERHOUD ZIJN CHAPERONNES ONVOLDOENDE IN 

STAAT OM DE EIWITHOMEOSTASE TE BEWAKEN
Normaal gesproken worden eiwitten tegen samenklonteren beschermd door een groep 

gespecialiseerde eiwitten, genaamd chaperonnes. Chaperonnes helpen andere eiwitten (hun 

cliënten) goed te vouwen, of te hervouwen als ze beschadigd zijn. Cliënten die niet langer 

goed gevouwen kunnen worden of overbodig zijn kunnen door chaperonnes overgedragen 

worden aan eiwitafbraak systemen.

Onder de eiwitten die samenklonteren na blootstelling aan een TR of na een verlies van ATM 

vonden wij veel chaperonne-cliënten. In de eiwitklonteringen zelf vonden we bovendien 

meerdere chaperonnes terug. Samen suggereert dit dat chaperonnes wel hebben geprobeerd 

om de klontering tegen te gaan, maar dat ze er niet tegen opgewassen waren en uiteindelijk 

zelf ook vast kwamen te zitten.

Als een tekort aan chaperonnecapaciteit ervoor zorgt dat kwetsbare eiwitten nu wél 

samenklonteren, dan zou het verhogen van de chaperonnecapaciteit in de cel de 

eiwitklontering tegen moeten gaan. In een van de celtypes die we bestudeerden ontdekten 

we dat een verlies van ATM ertoe lijdt dat van één specifieke chaperonne, HSPB5, meer wordt 

geproduceerd. In ons lab genereerden we cellen die continu nóg meer HSPB5 aanmaken. In 

deze cellen bleek een verlies van ATM de eiwithomeostase veel minder te verstoren.

Deze data laten zien dat na verslechterd DNA-onderhoud de chaperonnecapaciteit in de 

cel overvraagd wordt. Hoe dit precies gebeurt is nog onduidelijk. De cel probeert dit te 

corrigeren door zelf actief deze capaciteit te vergroten, maar is hiertoe onvoldoende in staat. 

Uiteindelijk leidt dit ertoe dat steeds meer kwetsbare eiwitten samenklonteren.

EEN VERSTOORDE EIWITHOMEOSTASE  NA VERSLECHTERD DNA-ONDERHOUD 

VERSNELT  BEPAALDE VEROUDERINGSPROCESSEN
Om de relevantie van dit proces voor verouderingsprocessen te bestuderen, maakten we 

vervolgens gebruik van kleine rondwormen (C. elegans, ~1 mm groot). Wormen die ouder 

worden gaan steeds langzamer kruipen en het is bekend dat een verstoorde eiwithomeostase 

hierin een belangrijk rol speelt.
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We ontdekten dat in deze wormen een verlies van ATM ook leidt tot een verergerde 

eiwitklontering. Ook vonden we dat een verlies van verschillende andere DNA-

onderhoudssystemen een vergelijkbaar effect heeft. Wormen met gemankeerde DNA-

onderhoudssytemen verliezen bovendien sneller hun vermogen om goed te kruipen dan 

normale wormen.

Wormen hebben een eigen variant van de chaperonne HSPB5, genaamd hsp-16.2. Uit 

eerder onderzoek weten we dat hsp-16.2 veroudering kan afremmen in deze diertjes. Wij 

ontdekten dat wormen die een extra gen hebben voor hsp-16.2 (en dus dubbel zoveel van 

dit chaperonne eiwit hebben) niet langer verergerde eiwitklontering hebben na verslechterd 

DNA-onderhoud. De aanwezigheid van dit extra hsp-16.2 gen blijkt bovendien voldoende om 

ook het kruipvermogen van deze wormen vrijwel volledig normaal te laten verlopen.

SAMENVATTEND
De resultaten van ons onderzoek lijken een cruciale tweetrapsraket te onthullen: verschillende 

mankementen in het DNA-onderhoud leiden tot een verstoorde eiwithomeostase, wat op 

zijn beurt bepaalde verouderingsprocessen versnelt. Onze data suggereren dat ook DNA-

schade zelf dit proces in gang kan zetten.

Alhoewel meer onderzoek nodig is, belooft deze kennis van grote waarde te zijn voor ons 

begrip van DNA-reparatieziektes. Ook voor de algemene bevolking zijn deze bevindingen 

uitermate relevant. Ze vestigen de aandacht op een lang onderbelichte, maar mogelijk zeer 

belangrijke rol van DNA-schade en verslechterd DNA-onderhoud, zowel bij vaak voorkomende 

neurodegeneratieve aandoeningen als bij normale veroudering.
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The data and ideas that are presented in this thesis took significantly longer than 4 years 

to generate. Literally days before I started my PhD project in July 2016, I finished my final

6-month Master’s research project on the same topic in the labs of dr. Steven Bergink and 

prof. dr. Ellen Nollen. And after my PhD contract ended in July 2020, I was very lucky to get 

a total of 10 months extension. Actually, as I am writing this, I am still finishing up some final

bits before I move on. It has been quite a journey, one that I completed only through the help 

of some very talented, supportive, patient and loving people.

First, I want to express my deepest gratitude to my supervisor and co-promotor dr. Steven 

Bergink. Steven, ik heb ontzettend veel geleerd van het werken met jou aan dit (grote) 

project. Je zou kunnen zeggen dat je een kleine gok nam toen je mij aannam – ik had per slot 

van rekening een vrij ongebruikelijke aanloop voor een carrière in de moleculaire celbiologie. 

Het feit dat je het met me zag zitten (en dat je het liefst ook gelijk met me van start wilde) 

zie ik als een reflectie van een van je grootste kwaliteiten: je ziet snel wetenschappelijke 

kansen en laat je daarin minder van de wijs brengen door mogelijke obstakels. Je hebt er 

ogenschijnlijk weinig moeite mee om in het ‘wetenschappelijke diepe’ te springen. Dit leverde 

tussen ons wel eens een stevige discussie op over de koers die we moesten varen, maar dat 

scherpte mij ook – en vaak kwamen we er wat mij betreft beter uit. Jouw enthousiasme 

en optimisme hierin, maar ook je wetenschappelijke creativiteit en enorme kennis hebben 

mij door de jaren heen absoluut geprikkeld. Wat ik misschien wel het leukste vond is dat 

er ook een grote ‘Steven buiten de wetenschap’ is. Als alles weer eens tegenzat in het lab, 

was jij er om te zeggen dat ik er maar om moest proberen te lachen, thuis een koud biertje 

moest pakken, om na het weekend met frisse moed opnieuw te beginnen. Je hebt een hele 

brede interesse en een sterke mening, wat het erg leuk maakt om met jou te sparren over 

allerlei zaken. Op maandag maakte jij grappen over (FC) Twente, spotte ik met Feyenoord en 

Brabant en discussieerden we over politiek, eten, reizen en de natuur. In het bijzonder vond 

ik het inspirerend om te zien dat je duidelijk tijd inruimde voor je gezin (alhoewel ongetwijfeld 

minder dan Milena had gewild) en dat je daar zoveel vreugde aan beleefde. Je sprak het 

meest gepassioneerd wanneer je het had over je prinses Iris en je (inmiddels niet meer zo) 

kleine dondersteen Igor. Steven, ik ben oprecht dankbaar voor de kansen en de enorme 

vrijheid die je me gedurende meer dan 5 jaar hebt gegeven als onderdeel van jouw groep.

Second, I want to thank my promotor prof. dr. Harm Kampinga. Harrie, jouw aanstekelijke 

enthousiasme en creatieve inzichten hebben mij meerdere malen over een dood punt heen 

geholpen. Net zoals bij Steven stond ook jouw deur altijd open. Gedurende mijn tijd op de 5e 

verschoven jouw werkzaamheden steeds meer richting de afdeling, en steeds ietsje verder 

weg van het onderzoek in jouw eigen groep. Dat vond je zichtbaar jammer. Er was en is 

bij jou namelijk nog steeds totaal geen sprake van dat het onderzoek zélf een gepasseerd 
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toewijding, voor het in dienst stellen van jouw functie en jouw netwerk voor de carrières van 

je studenten, waaronder ook zeker ik. Lieve Paulien, ook jij bedankt voor alles.

Next, I would like to thank prof. dr. Ellen Nollen. Ellen, in feite heb ik ook 5 jaar bij jou in het 

lab mogen rondlopen, een periode waarin je me deel uit liet maken van jouw groep. Dank 

je voor die enorme gastvrijheid (niet alleen in het lab maar ook thuis, tijdens Sinterklaas en 

BBQ), de ondersteuning die je me gaf en de uiterst waardevolle feedback. Ook wij konden op 

het scherpst van de snede discussiëren. Ik heb ontzettend veel van je geleerd. Together with 

prof. dr. Fulvio Reggiori you also made up my PhD council, for which I want to thank both 

of you. Particularly during the first few years of my PhD, you provided me with invaluable 

feedback and support. 

To my PhD-thesis reading committee, prof. dr. Zuzana Storchová, prof. dr. Ineke Braakman, 

and prof. dr. Marcel van Vugt, and to my PhD assessment committee, prof. dr. Ellen Nollen, 

prof. dr. Fulvio Reggiori, prof. dr. Rob Henning, and prof. dr. John LaCava. Please accept my 

thanks and great appreciation that you have taken the time to critically review and assess my 

work.

Next, I really want to thank my paranymphs, Els and Suzanne. Lieve Els en Suus, jullie waren 

een belangrijke reden waarom ik het zo enorm naar mijn zin heb gehad in onze groep. We 

zijn drie heel verschillende personen, maar hadden onderling een heerlijke chemie. Anderen 

werden nog wel eens gek van ons lawaai, en inderdaad, ik heb zelden zo hard en zo vaak op 

mijn werk gelachen als toen ik met jullie op één kantoor zat. We deelden frustraties over van 

alles en nog wat, gaven elkaar ‘advies’, biechtten gênante dingen op uit het weekend. Het 

was fantastisch. Jullie zijn allebei waanzinnig lieve en getalenteerde mensen waar ik heel veel 

van heb geleerd, ook op persoonlijk vlak. Ik voel me vereerd dat jullie mijn paranimfen willen 

zijn. Lieve Els, dank je ook voor je werk aan dit proefschrift!

One of the things that I like the most about science is the people doing it. I have had the good 

fortune to spend my days in the lab with some very talented, fun and genuine people, coming 

together from all corners of the world. In a sort of chronological order of (re)appearance: 

dear Maiara, Joris, Anna, Bert, Abhi, Rafaella, Gabriel, Suzanne, Els, Niels, Eduardo, Jan, 
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Despina, Matteo, Steven, Maria, Jeanette, and Harrie, the composition of our group(s) was 

ever changing, but I always felt that we had a great and open atmosphere. The same goes 

for dr. Mark Hipp and his group, Courtney and Joost. To all of you: I believe I have shared an 

offic with most of you at some point in time. Thank you for helping me, and thank you for 

making my workdays a lot more fun. You are a terrific bunch of people, and working with you 

has been an honor. A special thanks to those of you who worked on this project with me, in 

particular Suzanne, Joris, Maiara, Rafaella and Maria. I really could not have finished this book 

without your effort and input. Here I also want to mention my Master students, Alejandra, 

Laura and Pascal. Thank you for trusting me to be your supervisor, for the fun we had, and for 

your contributions to the work presented here.

Then to all the other people of our department, past and present, in particular of the 5th floo . 

First of all, thank you so much for the invaluable input to my project, but more importantly, 

for the great atmosphere. To all the other group leaders on our floo , prof. dr. Ody Sibon, 

prof. dr. Rob Coppes, dr. Lara Barazzuol, thank you for the absolute lack of hierarchy, and 

the general ‘my door is always open’ policy. I really loved it. In my opinion, we occupied far 

too little space with far too many people, making our floor often frustratingly crowded. And 

yes, very messy. But we made the best of it. And in the end, it was also kind of cozy. At least 

it ensured heaps of fun at borrels, Christmas dinners, and in particular the annual (Before 

Corona) labday, one of my favorite days of the whole year. To all of you, thank you so much 

for making me feel at home! Right now, there are so many new faces walking around in the 

lab right now, faces partly hidden behind a mask. It is a great shame that because of COVID-19 

I did not get to know most of you. But know this: you are surrounded by a lot of great people, 

so I am sure you will turn out alright. 

I owe the sweet and great technicians of our floor a separate mentioning. Jeanette, Maria, 

Marjanne, Mirjam, Bart, Ellie, Erika, Anne, Uilke and Paulien (and Hette). Je zou het zo 

vergeten, maar sommige van jullie ken ik al ruim 10 jaar. Dat was het moment dat het Harrie 

een goed idee leek om me uit te nodigen voor een Bachelor’s project op de 5e. Toen was ik 

ook al de enorme wijsneus die ik nu nog steeds kan zijn. Ontzettend bedankt voor jullie grote 

vriendelijkheid, jullie hulp, jullie antwoorden op ontelbare vragen van mijn kant (‘mag ik die 

schaar lenen’, ‘kun je dit voor me bestellen’, ‘hebben we nog meer voorraad van dat’), jullie 

grappen, en voor het steeds weer helpen om mezelf niet al te serieus te nemen. Greetje, ook 

jij bedankt voor alle ondersteuning.

Then, I owe a huge ‘thank you’ to the entire group of prof. dr. Ellen Nollen. Of course, some 

former members of the group have also helped me out in the lab (thank you Ale, Anita), but I 

want to continue in Dutch, because I need to thank a few people in particular. Renée, zonder 
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STELLINGEN
Horend bij het proefschrift:

The impact of genotoxic stress on protein homeostasis 
A study on an emerging theme and its relevance for age-related degeneration

WOUTER HUITING

1. Onder diverse genotoxische omstandigheden kan het vermogen van een cel om eiwitaggregatie tegen te gaan – 
dan wel op te vangen – overvraagd worden. Als gevolg hiervan valt een groot deel van het proteoom geleidelijk 
ten prooi aan aggregatie, beginnend bij de intrinsiek meest kwetsbare eiwitten (dit proefschrift).

2. Het verlies van eiwithomeostase na genotoxische stress is waarschijnlijk zeer relevant voor pathologie en 
veroudering (dit proefschrift).

3. Alhoewel cellen eiwitaggregatie onder bepaalde omstandigheden gecontroleerd kunnen laten plaatsvinden, 
is het nogal misleidend om dit proces als ‘gunstig’ te bestempelen (o.a. Arrasate et al. Nature. 2004 Oct 14; 
431(7010):805-10 & Espay et al. Neurology. 2019 Feb 12; 92(7):329-337). Volgens deze logica zou het activeren van 
een sprinklerinstallatie tijdens een brand gunstig zijn voor het gebouw en het uitklappen van airbags tijdens een 
ongeluk gunstig voor de auto.

4. Dezelfde krachten die evolutie stuwen in eencelligen zijn nog steeds aanwezig in de soma van meercelligen: 
genetische variatie én selectiedruk. Kanker kan worden gezien als een falen van het systeem om evolutie binnen 
een meercellige af te remmen.

5. In het afgelopen decennium hebben ontdekkingen op het gebied van biomoleculaire fasescheiding (Shin & 
Brangwynne, Science. 2017 Sep 22; eaaf4382), prionen (Chakravarty & Jarosz, J Mol Biol. 2018 Nov 2; 430(23):4607-
4618) en de cellulaire rol van RNA (Ganser et al. Nat Rev Mol Cell Biol. 2019 Aug; 20(8):474-489) ervoor gezorgd dat 
een binaire kijk op moleculaire biologie, waarin de cel wordt gezien als een klassieke computer en de eiwitten 
voornamelijk als enen (aan) en nullen (uit), definitief overboord kan.

6. We moeten stoppen met studenten aanleren om voornamelijk kennis te reproduceren, en veel meer inzetten op 
het ontwikkelen van hun nieuwsgierigheid en verbeelding.

7. Het introduceren van marktwerking in onze universiteiten is een van de grootste beleidsblunders van de afgelopen 
decennia geweest. Het heeft niet alleen van onderzoekers producten gemaakt, maar het zal ook het fundament 
van onze wetenschap – de hoge kwaliteit van ons onderwijssysteem – doen afbrokkelen.

8. De energietransitie in de Westerse wereld is, hoe cruciaal ook, moreel niet te verantwoorden wanneer deze 
afhankelijk blijft van de systematische uitbuiting van mensen en de vernietiging van ecosystemen in ‘verre’ oorden.

9. Een aspirant moleculair bioloog zonder enige interesse in bioinformatische analyses kan beter een ander 
carrièrepad kiezen, maar hetzelfde geldt voor een die zich erop blindstaart.

10. Als wetenschap is als het lopen van een marathon, dan is het doen van een PhD te vergelijken met een zeer 
intensieve intervaltraining. Rust en herstel tussendoor is cruciaal. 

11. Een wetenschapper zijn is zowel een dramatische carrièrekeuze als een groot voorrecht.

12. We zijn zo goed geworden in het meten van dingen dat we de neiging hebben te vergeten dat het leven veel meer 
is dan empirische data. Inderdaad, ‘niet alles dat telt kan worden geteld’ (William Bruce Cameron, vaak foutief 
toegewezen aan Albert Einstein).

13. Kennisontwikkeling volgt een exponentiele groeicurve, maar ieder nieuw inzicht werpt meerdere nieuwe vragen 
op. Hieruit volgt dat ons huidig begrip van het universum tot nul nadert.

14. Een van de grootste denkfouten in de moderne wetenschap is het wijdverbreide gebruik van alcohol om lab 
apparatuur schoon te maken, terwijl een stortvloed aan bewijs ons laat zien dat boenen met een simpel sopje 
vaak vele malen beter werkt.


