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Introduction 

Our DNA is constantly exposed to different exogenous and endogenous 

factors that may cause DNA damage, which can lead to the stalling of the 

replication fork. Understanding DNA repair mechanisms, discovering and 

characterizing the members of these pathways could provide key elements 

for the prevention of carcinogenesis, mutagenesis, and progeroid syndromes.  

DNA-protein crosslinks (DPCs) are formed when proteins covalently and 

irreversibly bind to the DNA. Any protein (histones, transcription factors, 

DNA repair and replication proteins) that is in the vicinity of the DNA can 

be covalently bound to the DNA. DPCs can be induced exogenously by 

different reactive aldehydes, ionizing irradiation, UV light, etc. or 

endogenously in our cells during metabolism. DNA-protein crosslinks, due 

their bulky size, inhibit transcription and DNA replication. Although DPCs 

are one of the most frequent and harmful DNA alterations, because they 

interfere with replication and transcription, their mechanism of repair and 

elimination is hardly known. Until recent findings, the repair of DPCs was 

considered to be performed only by canonical DNA repair pathways such as 

NER (Nucleic Excision Repair), homologous recombination, and the Fanconi 

anaemia pathway. A recent discovery in yeast revealed that during replication 

a newly identified protein, wss1, exhibits a DNA-dependent activity in 

degrading DPCs. The yeast wss1 protein is suggested to be a human Spartan 

homologue because both proteins contain a metalloprotease domain: Spartan 

an SprT domain and Wss1 a WLM domain.  

Spartan, a new protein of the DNA Damage Tolerance (DDT) pathway, was 

discovered and characterized in 2012 by our lab and others. We described 
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that Spartan promotes genomic stability by regulating the choice of rescue of 

the stalled replication fork and that the silencing of the protein results in a 

2.5-fold increase in sister chromatid exchange. Spartan’s essential role in the 

maintenance of chromosomal and genome integrity is supported by the facts 

that Spartan mutations were found in three patients from two unrelated 

families with early onset of hepatocellular carcinoma and progeroid features 

and complete loss of Spartan leads to early embryonic lethality in mice. 
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Aims 

Our aim was to describe and understand the function of the SprT-like 

metalloprotease domain of human Spartan and to characterize and highlight 

the role of human Spartan in the repair of DNA-protein crosslinks. 

To answer our questions, we designed experiments aimed at: 

• Investigating, describing, and characterizing the DNA-dependent 

protease activity of human Spartan  

• Investigating whether human Spartan has a role in the repair of DNA-

protein crosslinks 

• Developing and characterizing an S-phase- and DPC-specific BrdU 

comet assay  

• Investigating whether the SprT, DNA-binding, PIP and UBZ domains of 

Spartan contribute to cells’ resistance to DNA-protein crosslinks 

• Investigating whether Spartan facilitates immediate bypass of 

formaldehyde-induced DNA damage 

• Investigating whether Spartan and Rad18 act together in protecting the 

genome from DPCs 
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Methods 

• To create the plasmid constructs necessary for the purification of the 

human Spartan protein, restriction digestion, LR reaction, ligation, 

plasmid purification, bacterial and yeast transformation were performed. 

• The proteins were purified with GST affinity chromatography and the 

purification was verified with gel electrophoresis using denaturing 

polyacrylamide gel. 

• For the description of the DNA-dependent protease activity of the human 

Spartan protein, electrophoretic mobility shift assay using native 

polyacrylamide gel, Comassie blue staining, and Western blot analysis 

were carried out. 

• For the in vivo studies, the human immortalized HEK293 cell line was 

used, and transfection with different DNA constructs was performed. 

Different stably silenced cell lines were generated.  

• SDS-KCl precipitation assay was used to investigate the role of Spartan 

in the removal of DPCs 

• BrdU comet assay modified with Proteinase K was carried out in order to 

investigate whether human Spartan has a role in DPC repair 

• In order to investigate whether human Spartan facilitates immediate 

bypass of formaldehyde-induced DNA damage, DNA fiber assay was 

carried out  
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Results 

Spartan possesses a DNA-dependent protease activity 

Our in vitro experiments revealed that in the presence of DNA Spartan shows 

a DNA-dependent protease activity and can degrade itself similarly to other 

DNA-binding proteins such as Fan1, HLTF, and yRad5. Furthermore, we 

found that some proteins that have a high affinity to DNA such as RFC and 

RPA exhibit a concentration-dependent inhibitory effect on Spartan’s DNA-

dependent protease activity. 

To check the DNA structural requirements for Spartan’s protease activity, we 

tested various DNA structures for stimulation and found that several DNA 

structures could stimulate the activity at some level, but ΦX174 ssDNA 

stimulated the most, while double-stranded or nicked plasmid DNA 

stimulated quite weakly. In sum, our observations are consistent with a model 

of Spartan being targeted to exposed ssDNA, such as that found in case of 

fork stalling, where its protease activity can remove DNA-bound proteins. 

Spartan is required for DPC removal 

To reveal whether Spartan is involved in DPC removal in vivo, we monitored 

the DPC content of genomic DNA by separating the total genomic DNA into 

two fractions, a free-DNA- and a DPC-containing one, using a previously 

established SDS-KCl protein precipitation technique. We found that Spartan-

silenced cells exhibited a somewhat higher amount of DPC even at the end 

of the 2 h formaldehyde treatment and retained higher amounts of DPC than 

the WT control cells during the 3 h and 6 h recovery time following 

formaldehyde treatment. From this experiment, we conclude that Spartan has 

a role in the removal of DPCs in vivo. 
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DNA-protein crosslink-specific Proteinase K-modified BrdU comet 

assay 

The previously published BrdU comet assay (Single Cell Electrophoresis) 

protocol was modified in a way that the assay became highly specific for 

replication and DNA-protein crosslinks to reveal Spartan’s role in the 

replication of DPC-containing DNA. Although formaldehyde exposure 

generates DNA-protein crosslinks, DNA-DNA crosslinks are also induced to 

a lesser extent. To distinguish between these two kinds of damage, Proteinase 

K treatment was introduced to eliminate the proteins crosslinked to DNA. 

Due to the removal of crosslinks, the free DNA can migrate in 

electrophoresis, resulting in a higher percentage of comet tail DNA. This 

modification enables the monitoring and measurement of DPCs at the single-

cell level. Our result revealed that this method is reliable and highly DPC- 

and S-phase specific. Moreover, all formaldehyde concentrations used caused 

more prominent DPC accumulations in the Spartan-silenced HEK293 cell 

lines compared to control cells. From these results, we concluded that Spartan 

is required for the replication of DPC-containing DNA fragments; the lack of 

the protein leads to slower DPC removal; and Spartan’s protease- or DNA-

binding deficiency impairs highly the DPC-repair of replicating cells. 

The PIP, UBZ, DNA-binding, and protease domains of Spartan 

contribute to the cells’ resistance to DPCs 

To investigate the role of the PIP, UBZ, SprT and DNA-binding domains of 

Spartan in DPC removal, BrdU comet assay, cell viability assay, and DNA 

fiber assay were carried out. The results of these assays showed that the 

DNA-binding domain- and protease domain-mediated activities of Spartan 

are significant determinants of the function Spartan has in the protection 
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against the genotoxic effects of formaldehyde-induced DPCs. However, the 

PIP and UBZ domains are required too.  

Spartan facilitates immediate bypass of FA-induced DNA damage 

One of the main hallmarks of replication stress is the abnormal slowing of 

replication fork movement, which can eventually lead to the stalling of the 

replication fork. Our next question was whether Spartan plays a role in the 

immediate bypass of DPCs, which can pose strong barriers to the movement 

of not only the replicative polymerases but the translesion synthesis 

polymerases as well. To monitor the speed of replication, we used the DNA 

fiber assay with which we can follow the elongation of the nucleotide 

analogue-labelled nascent DNA track at the single molecule level. To reveal 

whether Spartan can facilitate the bypass of formaldehyde-induced DNA 

damage, we compared Spartan-depleted and control cells and noticed that the 

lengths of the second tracks of Spartan-silenced cells are significantly shorter 

compared to those of control cells after formaldehyde treatment, reflecting a 

significantly stronger inhibitory effect of formaldehyde-induced damage on 

immediate bypass in the absence of Spartan. 

Spartan and Rad18 act together in protecting the genome from DPCs 

No particularly defined pathway has been assigned to DPC repair yet, and the 

discovery that the Spartan protease is required for the replication of DPC-

containing DNA raised the question whether it constitutes an independent 

DPC repair pathway or acts together with other fork rescue pathways. To 

investigate whether Spartan acts together with Rad18 in DPC repair, we 

carried out cell viability, DNA fiber and BrdU comet assays. All three 

independent methods confirmed an epistatic relationship between SPARTAN 

and RAD18 in providing cellular resistance against DPC. 
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In summary, we showed that the purified human Spartan protein has a DNA-

dependent protease activity degrading certain proteins bound to DNA. Our in 

vivo findings revealed that Spartan deficiency causes slower DPC removal 

and that Spartan’s protease- or DNA-binding deficiency impairs highly the 

DPC repair of replicating cells as detected by a DPC-specific alkaline BrdU 

comet assay. Furthermore, we demonstrated, employing the DNA fiber 

method, that Spartan deficiency dramatically decreases the speed of 

replication forks under formaldehyde-induced replication stress, indicating a 

role for Spartan in the immediate replication of DPC-containing DNA.  

We provided genetic evidence that human Spartan is required for facilitating 

DPC repair and replication of DPC-containing DNA and that it acts together 

with the RAD6-RAD18 DDT pathway.  
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