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The genomic DNA provides all the instructions for correct development and functioning of 

organisms. Damage to this DNA may interfere with critical cellular processes such as 

transcription and replication, and has the potential to drive mutagenesis, which in turn may 

underlie inherited disorders and accelerate progression of cancer and ageing-related 

diseases1,2. The protection of cells and organisms against these potentially devastating 

effects of DNA damage largely relies on the DNA damage response (DDR), which comprises 

a network of signaling and repair pathways that coordinate lesion removal and accommodate 

suitable adjustments in for instance transcription and cell cycle status3. 

Although essential in the protection against DNA damage, the DDR is not sufficient to protect 

us against all conceivably life-threatening hazards. For example, a first line of defense against 

pathogens, which upon host invasion can cause serious diseases, is provided by the immune 

system. Activation of the immune response encompasses multiple mechanisms, including 

physical barriers and biochemical cascades that are specialized in the neutralization of 

potentially harmful germs4,5. Importantly, by recognizing and facilitating the clearance of non-

self cells or molecules, the immune system also contributes to the prevention of cancer6. 

Evidently, it is crucial that all proteins that are involved in the pathways that protect our cells, 

be it via the DDR, the immune system or other defense mechanisms, function correctly. Plain 

(upregulation of) transcription to produce the required proteins is not sufficient to guarantee 

their performances in the respective stress responses. Additionally, it is essential that protein 

functionality is tweaked by post-translational modifications (PTMs) that fine-tune activity, 

localization and interactions. Such modifications range from the stabilization of a protein by 

creating disulfide bonds, to its activation by cleavage of a small peptide or the reversible 

introduction of a functional group to spatiotemporally coordinate the different steps of a 

pathway. Clearly, extension of our knowledge regarding these post-translational control 

mechanisms could significantly contribute to our understanding of the development, and 

potentially the treatment, of the numerous disorders that are associated with loss of protein 

regulation in protective responses. The research described in this thesis has already improved 

our insights into how the availability of functional proteins is maintained, as well as how their 

activities are further modulated by PTMs, yet has raised some additional questions that 

provide a base for further research and discussion. 

 

The importance of chaperonins in the prevention of disease 

Upon translation, folding of a nascent polypeptide into a stable and potentially active protein 

can be considered the first critical step in guaranteeing its subsequent functioning. Protein 

homeostasis is maintained by a network of chaperones and protein degradation machineries, 

collectively referred to as the proteostasis network (PN)7. Assistance in the folding of fast-

folding proteins is usually provided by the heat shock protein families, which mainly act as 

monomers or homodimers that stabilize hydrophobic regions of nascent polypeptides until 

the desired conformation has been established. Proteins that are more difficult to fold are 

transferred to specialized chaperone systems that apply a method of non-native protein 

encapsulation in a central cavity, as displayed by the chaperonin TRiC8-10. We uncovered a 

crucial role for TRiC in ensuring the stability of the CSA protein that is essential in DNA 

damage recognition and subsequent DNA damage repair via transcription-coupled 
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nucleotide excision repair (TC-NER) (described in Chapter 3). When not folded or stabilized 

correctly, CSA is degraded instead of being incorporated into the cullin-RING E3 ubiquitin 

ligase complex CRLCSA, leading to a deficiency in functional CSA/CRLCSA. Importantly, we 

discovered that patient mutations in CSA’s WD40 domain cause increased binding of CSA 

to TRiC, indicating the protein’s instability and/or folding complications11. While the 

mechanism behind the cause of Cockayne syndrome by these mutations had thus far 

remained elusive, this finding may provide an important explanation for how they affect the 

functioning of CSA and could ultimately underlie disease. Most likely, the examined 

mutations inhibit proper folding and thereby the release of CSA by TRiC. Alternatively, CSA 

harboring these mutations is incapable of adopting the correct conformation, even despite 

the assistance of TRiC, making incorporation into CRLCSA impossible and resulting in re-

binding of the unstable CSA protein by TRiC. 

By regulating the functioning of CSA, TRiC likely contributes to preserving genome stability 

in response to transcription-stalling DNA damage. Given that TRiC’s interactome has been 

estimated to comprise at least 5-10% of all cytoplasmic proteins, it is conceivable that it 

facilitates the folding and/or stabilization of additional, yet to be identified DDR factors, and 

thus protects genome stability in an even broader manner than currently anticipated12. The 

frequently applied method of protein precipitation followed by mass spectrometry to analyze 

coprecipitated factors could be a first step in identifying TRiC-bound proteins. However, if 

aiming to tag the TRiC complex to ease its purification, the subunit should be carefully chosen 

to prevent interference with complex build-up, as well as masking of the tag inside the 

chaperonin complex. Furthermore, tagging of the endogenous protein via CRISPR-Cas9-

mediated gene editing is preferred over ectopic (over)expression of a tagged subunit to 

minimize overshadowing of TRiC by tagged protein that has not been incorporated into the 

complex. 

Ultimately, TRiC’s involvement in the DDR may also imply a role for this chaperonin in 

suppressing cancer development. Accordingly, TRiC was shown to stabilize several proteins 

that are implicated in genome stability maintenance and cancer progression, including the 

tumor suppressors VHL and p53 and oncoproteins cyclin B and cyclin E, which have all been 

shown to function in the DDR as well13-21. 

Evidently, given its role as a chaperonin, TRiC may also be crucial in the prevention of 

(ageing-related) neurodegenerative diseases that are hallmarked by protein aggregation. In 

agreement, TRiC-interacting proteins were shown to be enriched for aggregation-prone 

polypeptides. Importantly, its substrates include the Huntingtin protein, which in its 

aggregated form has been linked to Huntington’s disease12,22,23. A possible association 

between the chaperone system and abnormal protein deposits in the brain is furthermore 

supported by a decline in the expression of heat shock proteins in Alzheimer’s disease 

patients24. In contrast, cancer cells display upregulated levels of TRiC, as well as other 

molecular chaperones, resulting from de novo protein synthesis19,24. Thus, regulation of the 

levels of PN components seems to be crucial in the prevention of disease. Interestingly, 

however, elevated chaperone protein levels do not necessarily correlate with increased 

activity, as this is likely modulated by the functional interplay with other chaperones. For 

example, overall TRiC folding activity was shown to be reduced when levels of co-chaperones 
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Hsc/p70 and prefoldin are high and vice versa19. Potentially this implies the precise fine-

tuning of specific chaperone activities, and consequently protein homeostasis, by modulating 

co-chaperone as well as substrate protein availabilities. Likewise, we speculate that disease-

causing mutations that lead to high levels of protein persistently bound to TRiC could also 

have an impact on pathways in which the mutated protein is not (in)directly involved. By 

lowering the amount of free chaperone that is available to facilitate the folding/stabilization 

of other proteins, even seemingly unrelated cellular processes may be negatively affected.  

 

The contribution of Zimp7 to cellular functioning 

Further expanding our knowledge on protein-modifying enzymes, we uncovered the PIAS-

like protein Zimp7 as a conceivable new SUMO E3 ligase. Its Siz/PIAS-RING (SP-RING) 

domain, which resembles that in PIAS ligases, appeared to confer bona fide SUMO-

conjugating activity. Evidently, the ligase activity of full-length Zimp7, which may adopt a 

conformation that differs from the truncated protein that we studied, remains to be 

established. Furthermore, its actual behavior in vivo may be precisely regulated and needs 

to be examined as well. Mass spectrometry using cells that express either wildtype or SP-

RING-mutated Zimp7 would be a straightforward first approach to reveal its contribution to 

overall SUMOylation under various conditions. In addition, this may expose specific potential 

targets, which subsequently could be validated in an in vitro set-up. Although the catalytic 

activity of Zimp7’s SP-RING domain already is a valuable finding in terms of our general 

understanding of the repertoire of PTM-catalyzing factors, the true challenge lies in 

elucidating Zimp7’s specific biological functions. Our observations, which are supported by 

those described in literature, indicate potential roles for Zimp7 in normal DNA replication 

and transcription, as well as in the DDR (described in Chapter 4). 

In agreement with the colocalization of Zimp7 with newly synthesized DNA and PCNA at 

replication foci in S-phase, we established a clear interaction between Zimp7 and PCNA in 

unperturbed conditions, strengthening its possible involvement in DNA replication25. 

Furthermore, the described enrichment of Zimp7 at hydroxyurea-stalled replication forks, as 

detected in an iPOND study, argues for an additional role in the response to replication 

stress26. In yeast, adjustment of the PCNA SUMOylation status comprises an important 

mechanism to coordinate normal DNA replication as well as pathway choice upon replication 

stress. SUMOylation of PCNA influences its interaction with the anti-recombinogenic protein 

Srs2 that prevents (undesired) RAD51 filament formations that could facilitate homologous 

recombination between the newly formed sister chromatids27-29. Likewise, the human helicase 

PARI interacts with PCNA and may function analogously to Srs230,31. Investigating potential 

functions of Zimp7 in regulating the SUMOylation of PCNA and other replication (stress) 

factors and/or the spatiotemporal modulation of the PARI-PCNA interaction could shed 

significant light on Zimp7’s contribution to DNA replication and associated stress response 

pathways. 

In addition, Zimp7’s function may extend to (other pathways of) the DDR, which is 

demonstrated by its recruitment to sites of laser-induced DNA damage. The importance of 

the SUMO conjugation system for various aspects of the DDR is underscored by for example 

roles of PIAS1 and PIAS4 in the SUMOylation and/or recruitment of numerous factors in 
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response to double-strand DNA breaks (such as BRCA1, RAP80, 53BP1, RNF168 and RNF4), 

the enhancement of both homologous recombination and non-homologous end-joining by 

PIAS3, and the SUMOylation of proteins during BER (for instance TDG) or NER (including 

GG-NER factors XPC and DDB2, and TC-NER factor CSB)32-41. Exploring Zimp7’s interaction 

partners and SUMOylation targets  will gain more insight into the DNA damage response(s) 

that Zimp7 is involved in. Given that Zimp7 interacts with the BRG1 and BAF57 components 

of the SWI/SNF-like chromatin remodeling complexes, which have been implicated in several 

DDR pathways, it is interesting to speculate that Zimp7 assists in making structural 

adjustments in the chromatin that contribute to lesion accessibility during  repair25,42-44. 

Furthermore, this may constitute a mechanism by which Zimp7 modulates regular 

transcription, during which chromatin remodeling is essential as well. Since Zimp7 was 

originally identified as an enhancer of androgen receptor-mediated transcription, studies 

related to its function have consequently focused on its transcription-regulating 

capacities25,45,46. Accordingly, augmentation of  transcription that is controlled by a number 

of other nuclear hormone receptors, as well as the coactivation of the Wnt/β-catenin signaling 

pathway have been functionally ascribed to Zimp725,47. RNA-seq experiments that examine 

the varying transcriptome in the presence or absence of Zimp7 would comprise a meaningful 

extension to this research, which has solely been based on reporter assays, and could 

enlighten a role in regular transcription. Importantly, the ability to regulate transcription 

would further  justify Zimp7’s classification as a PIAS-like protein, as numerous cases of either 

transcriptional activation or repression by the PIAS proteins have been reported48. 

Interestingly, whereas most of these were shown to depend on the SUMO-conjugating 

function of the involved PIAS protein, implying a functional link between its SUMOylating 

and transcription-regulating activities, this catalytic activity appeared to be dispensable for 

other cases of PIAS-dependent transcriptional regulation. For example, gene activation that 

is mediated by the DNA-binding protein SATB2 was shown to be decreased by PIAS1-

induced SUMOylation49. On the contrary, although PIAS1 and PIAS4 were shown to 

SUMOylate the transcription factors Msx1 and LEF1, respectively, their effects on 

transcription via modulating the subnuclear localization of these proteins may occur through 

SUMO-independent mechanisms48,50,51. Regulation of hormone receptor-mediated 

transcription by Zimp7 is most likely at least in part facilitated by the intrinsic transcriptional 

activity that is provided by a C-terminal transactivation domain (TAD)25. The identification of 

a specific mutation that renders Zimp7 incapable of promoting SUMO conjugation, that is 

C616A, will significantly aid in determining to what extent Zimp7’s functions, including those 

in transcription, can (additionally) be explained by its SUMOylating activity. 

Given Zimp7’s potential implications in the correct functioning of several crucial cellular 

processes such as transcription and DNA replication, as well as the protection against the 

hazardous effects of DNA damage, resolving its specific functions may also prove Zimp7’s 

importance in the prevention of ageing-related diseases and cancer development. For 

example, Zimp7 was shown to be highly expressed in prostate cells, which require correct 

functioning of the androgen receptor (AR) for normal development as well as the prevention 

of tumorigenesis45,52. In addition to Zimp7, all the PIAS proteins have been shown to affect 

AR-mediated transcription in prostate cancer cells and presumably play important roles in 
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tumor initiation and progression53-57. Interestingly, again both coactivating and co-repressing 

effects on AR-controlled genes have been reported. Regulation of AR target genes by the 

PIAS proteins has consequentially been suggested to be target specific54,57. Furthermore, a 

delicate interplay between the AR, transcription factors and the PIAS proteins seems to 

regulate transcriptional activity58. Since we detected a clear interaction between Zimp7 and 

PIAS3, and interactions with other PIAS proteins have been described as well, it is tempting 

to hypothesize that Zimp7 may contribute to (physical) protein-protein interaction 

competitions and thereby provide an additional regulatory layer to AR-mediated 

transcription59. As the TAD in Zimp7 is (partly) responsible for Zimp7-induced stimulation of 

transcription that is controlled by the AR, the engagement of this domain in the involved 

interactions would be interesting to investigate25. Evidently, the requirement of Zimp7’s 

SUMOylating catalytic activity for such mechanisms and regulation of AR-coordinated 

transcription in general should be assessed as well.  

Most likely, future studies will not only give insight into Zimp7’s role in the protection against 

tumorigenesis of prostate cells, but instead reveal general mechanisms that extend to the 

prevention of other types of cancer and ageing-related diseases. Although we are just at the 

beginning of unraveling its exact biological functions, Zimp7’s broad implications in the 

processes that ensure correct cellular development and functioning, including genome 

stability maintenance, already seem to predict its significance in health and disease. 

 

The association between NER defects and varying human disorders 

The biological relevance of accurate spatiotemporal coordination of TC-NER stages and 

signaling cascades is illustrated by the broadly varying clinical consequences that are 

associated with inherited NER defects. The observation that not only different mutations in 

the same gene/protein, but even identical genetic alterations can have multiple clinical 

outcomes adds even more complexity to explaining the multifaceted disease 

manifestations3,60. Overall, defects in one of the XP (xeroderma pigmentosum) proteins that 

function in GG-NER seem to predominantly render patients hypersensitive to sunlight and 

increase cancer susceptibility61. This may be explained by the accumulation of DNA lesions 

throughout the genome, leading to mutagenesis in case of impaired GG-NER and bypass by 

translesion DNA polymerases during DNA replication62. Mutations in genes encoding the TC-

NER proteins CSA or CSB primarily cause neurodevelopmental problems and accelerated 

ageing, while not augmenting cancer predisposition63,64. These clinical hallmarks of Cockayne 

syndrome may at least in part be accounted for by the accelerated cell death that is induced 

by persistently stalled transcription complexes2. This simplified explanation of the clinical 

consequences of defective NER also elegantly provides an interpretation of the combined 

XP/CS phenotypes that can be observed for (certain) mutations in proteins that function in 

the core NER machinery, that is XPA, XPB, XPD, XPF or XPG61,65-67.  

The hypothesis that the ability of cells to degrade lesion-stalled RNA polymerase and repair 

complexes when NER is compromised may contribute to the clinical outcome of NER gene 

mutations has remained an important matter of debate. The rationale behind this theory is 

not only that avoidance of persistently stalled RNA polymerase is crucial in the prevention of 

a p53-mediated signaling response that leads to premature cell death, but also involves the 
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accessibility of lesions to other repair pathways that could be generated by displacement of 

incompetent repair complexes62,68-70. If valid, this would imply that the more severe 

(neurological) phenotypes are to be expected when DNA damage-induced RNAPII 

degradation is disabled. Interestingly, while wildtype fibroblasts showed an overall decrease 

in the levels of the serine 5-phosphorylated RPB1 subunit of RNAPII (p-S5-RPB1) upon UV 

irradiation, we indeed observed that CS-A and CS-B patient cells were incapable of 

degrading p-S5-RPB1 after DNA damage induction. In contrast, cells derived from UVsS 

patients displayed slightly faster UV-induced p-S5-RPB1 degradation as compared to 

wildtype, which is in agreement with the relatively mild clinical phenotype of 

photosensitivity3. Furthermore, cells derived from an XP patient with a defect in XPA, for 

whom no neurological problems have been described, displayed a decrease in p-S5-RPB1 

levels upon UV irradiation as well. Surprisingly, however, when we examined cells that were 

derived from two different patients that both harbored a mutation in the XPD gene, yet 

suffered from either XP or combined XP/CS, UV-induced p-S5-RPB1 degradation was 

detectable in (and comparable between) both cell lines. Thus, although seemingly a valid 

explanation for the difference between CS and UVsS, the ability to remove stalled RNAPII or 

repair complexes does not necessarily preclude the development of neurological problems.  

Evidently, the impact of a single cellular event, in this case the removal of stalled RNA 

polymerase, on the clinical outcome of a genetic defect is difficult to evaluate. In our efforts 

to explain patient phenotypes, potential implications of the associated defective protein in 

cellular processes other than NER, or even outside the DDR, should be taken into account as 

well. This is illustrated by mutations in XPB or XPD  that not only cause CS features, but owing 

to their functions as subunits of the transcription factor TFIIH, additionally result in brittle hair 

and nails – a disorder known as trichothiodystrophy72. Similarly, roles for the CS proteins in 

transcription, maintenance of mitochondrial DNA stability and oxidative damage repair have 

been described73-78. For example, CSB may contribute to BER by facilitating the recruitment 

of XRCC1 to transcription-stalled RNAPII that is trapped at repair intermediates79. Removal 

of oxidative damage may be of particular importance in the brain, where the relatively high 

metabolic activity generates high levels of reactive oxygen species. Accordingly, defective 

oxidative damage repair in neurons has been linked to neurodegenerative disorders such as 

Alzheimer’s disease and Parkinson’s disease80,81. Defects in CS proteins that, next to TC-NER 

impairment, cause additional defects in oxidative damage repair, could therefore 

(theoretically) lead to even more severe neurological problems. 

Altogether, the complexity of NER-associated diseases and the clinical heterogeneity 

between patients, argue for research that not only studies the changes in cellular responses 

in the complete absence of a NER factor, but also examines the effect of specific patient 

mutations. As described previously, such an approach has already provided us with some 

important insights regarding the TRiC-mediated stability of CSA, by explaining how specific 

missense mutations can cause an overall decrease in protein availability11. Notably, the 

absolute absence of a protein may in some cases even be less detrimental than the presence 

of a defective one, as has been demonstrated for a case of UVsS that is associated with a 

mutation in the CSB  gene causing a complete deficiency in CSB protein82. Although studying 
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individual patient mutations may at first complicate disease explanations even further, this 

will eventually improve our understanding of (the heterogeneity in) NER-related disorders.  

 

Potentiation of C1-inhibitor activity by polysaccharides 

The consequences of protein defects that negatively interfere with pathway progression and 

restrict its proper and complete execution have been described extensively. Yet, 

inappropriate or uncontrolled activation of protective responses may be equally harmful. 

Good examples are provided by the numerous autoimmune disorders that are characterized 

by abnormal activation of self-reactive immune responses, resulting in the attack of healthy 

body tissue. As a part of the immune system, cascades of proteolytic cleavages in short time 

can amplify a signal to evoke a massive response83. The serine protease inhibitor (serpin) C1-

inhibitor regulates several of these pathways by trapping the initiating proteases into a 

conformation with a disrupted active site, thereby preventing their spontaneous activations84. 

Fundamental to C1-inhibitor’s function is its reactive center loop (RCL), which contains the 

P1-P1’ residues that appear as a substrate to the target protease. Attempts of the protease 

to process this bond result in an irreversible conformational change that transfers the 

protease to the other side of the serpin85-87. Importantly, deficiency of C1-inhibitor has been 

shown to underlie hereditary angioedema (HAE), which is hallmarked by recurrent attacks of 

swellings that are potentially life-threatening when occurring in the upper airways88,89. 

Disproportional activation of the kallikrein-kinin cascade of the contact system, which is under 

control of C1-inhibitor, results in the release of bradykinin that increases vascular 

permeability. Since its development in the 1970s, replacement therapy using C1-inhibitor 

isolated from human blood plasma has been used as a treatment for HAE90,91. Despite its 

proven effectiveness in the treatment of acute attacks, the use of plasma-derived protein has 

its downsides, including its availability and the risk of contamination. A significant step 

towards improving the therapy was made by the production of recombinant human C1-

inhibitor secreted in the milk of transgenic rabbits, which for instance eliminates the risk of 

contamination with blood-borne viruses, but has its own limitations92. We suggest that further 

optimization can be sought in increasing the activity and/or effectiveness of the medicated 

serpin. The reported potentiation by glycosaminoglycans (GAGs), of which heparin and the 

synthetic dextran sulfate have been studied the most in this context, therefore seems a 

promising observation93-95. It would be interesting to explore the possibility to administer a 

pre-incubated GAG-C1-inhibitor complex or a combination of C1-inhibitor and a specifically 

designed molecule that enhances its activity. Evidently, a good understanding of how this 

potentiation is established is a prerequisite for such design. Our model, which is based on 

the structure of active serpin crystallized in the presence of dextran sulfate, provides some 

essential insights into the binding of the ligand to C1-inhibitor. Dextran sulfate binds to C1-

inhibitor’s F1 helix without inducing a conformational change.  

Importantly, our docking studies also explain why potentiation of C1-inhibitor’s activity is 

different towards its various target proteins – a finding that can be relevant in developing a 

molecule that specifically enhances the inhibition of a certain protease. Most likely, negatively 

charged polysaccharides neutralize the repulsive forces between the serpin’s positively 

charged F1 helix and the protease’s autolysis loop96. To validate these models (described in 
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Chapter 5), we propose that crystallization and structure solving of C1-inhibitor and dextran 

sulfate together with the studied proteases are performed.  

Clearly, in view of therapy optimization, formation of single C1-inhibitor-GAG-protease 

complexes is preferred over the binding of either multiple C1-inhibitor or protease 

molecules. Although binding of GAGs can potentiate the activity of C1-inhibitor against some 

of its target proteases, the molecule to be used should therefore be carefully designed to 

prevent polymerization. Accordingly, we observed that multiple C1-inhibitor molecules bind 

to increasing sizes of dextran sulfate96. Isothermal calorimetry (ITC) experiments in the 

presence of a protease could show whether this would interfere with serpin-protease 

complex formation and which relative concentrations would be a suitable starting point for 

further research. Complex formation and stoichiometries could additionally be studied by 

native PAGE or (another method of) size exclusion chromatography, followed by 

immunoblotting.  

Overall, exploring the possibilities for implementation of C1-inhibitor potentiation in disease 

treatment involves multiple complicated considerations that should guarantee therapy 

improvement as opposed to for example inducing multimerization or affecting other cellular 

processes. Furthermore, the desired specific promotion of kallikrein inhibition by a GAG(-like 

molecule) seems challenging, as our models indicate that the introduction of dextran sulfate 

mainly affects the inactivation of proteases with a positively charged autolysis loop. 

Nevertheless, we consider dextran sulfate a good foundation for further research, as it does 

not seem to interfere with antithrombin functioning (in contrast to heparin) and doses 

required for potentiation might be non-toxic, as suggested by some of our valuable insights 

into its binding and potentiating behavior96,97. 
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