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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)



14

Chapter 1

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 



16

Chapter 1

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 



29

Introduction

1
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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Genome
maintenance

capacity

PQC network
capacity
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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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