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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 



120

Chapter 5

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 



5

123

Discussion

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.



5

127

Discussion

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 
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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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