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1 Summary 
   DNA is constantly exposed to various endogenous and exogenous sources 

causing different kinds of DNA damage. To overcome this threat, cells have 

evolved various repair mechanisms. Impairments of these repair mechanisms 

result in diverse diseases. Ruijs-Aalfs syndrome is a monogenic disease 

characterized by accelerated ageing and carcinogenesis, typical features of 

impaired DNA repair and was shown to be caused by germline mutations of 

SPRTN, a newly identified and only partially understood protein. A role of SPRTN 

in DNA damage response was previously shown and an involvement in translesion 

synthesis (TLS) proposed. However, later discoveries revealed an essential 

function of SPRTN, being indispensible for embryonic development of vertebrates 

and cellular survival, whereby this function is independent of SPRTN’s proposed 

function in TLS. The essential function of SPRTN was proposed to be contained in 

its protease domain but remained unclear. 

   In this study we identify SPRTN as the first mammalian metalloprotease that 

repairs DNA-protein-crosslinks (DPCs). DPCs represent a specific type of DNA-

lesions with bulky protein adducts covalently linked to DNA thereby being highly 

toxic as they potentially stall replication forks and lead to double strand breaks and 

genomic instability. DPC-repair remains only partially understood despite their 

frequent appearance and toxicity. With this study we discover and characterize a 

new mechanism of DPC-repair in mammalian cells - a proteolytic cleavage of the 

protein adduct by the metalloprotease SPRTN. Accordingly, a proteolytic activity of 

SPRTN is demonstrated and s SPRTN-recruitment to DNA upon DPC-induction 

displayed. Furthermore, SPRTN exhibits degradation of different proteins 

covalently bound to DNA in form of DPCs, but not of unbound fractions of the 

same protein substrates. Consequently, mutations of SPRTN’s proteolytic core as 

well as a mislocalization or depletion of SPRTN result in impaired DPC-repair. The 

importance of SPRTN-mediated DPC-removal is confirmed by a severely 

compromised response to DPC-inducing agents for cells with impaired SPRTN 

function. Additionally to the discovery of SPRTN’s essential function this study 

further provides an explanation of the molecular mechanism underlying Ruijs-Aalfs 
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syndrome (RJALS), the segmental progeroid syndrome resulting from SPRTN 

mutation. The effects of the identified clinical mutations on the DPC-repair function 

of SPRTN are explained and a DPC-accumulation in cells carrying clinical 

SPRTN-mutation displayed. The obtained data provides sufficient evidence that an 

impaired DPC-repair is the pathophysiologic cause of RJALS-syndrome, 

confirming the importance of SPRTN’s newly identified function. In conclusion, 

SPRTN is the first identified mammalian metalloprotease with a DPC-repairing 

function and the impairment of SPRTN-mediated DPC-removal is the underlying 

mechanism of RJALS syndrome. 
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1 Zusammenfassung 
DNA ist ständig verschiedenen endogenen und exogenen Quellen ausgesetzt, die 

unterschiedliche Arten von DNA-Schäden verursachen. Um diese Bedrohung zu 

überwinden, haben Zellen verschiedene Reparaturmechanismen entwickelt. 

Beeinträchtigungen dieser Reparaturmechanismen führen zu verschiedenen 

Krankheiten. Das Ruijs-Aalfs-Syndrom ist eine monogene Erkrankung, die durch 

beschleunigtes Altern und Tumorentwicklung gekennzeichnet ist, typische 

Merkmale einer gestörten DNA-Reparatur, und es wurde gezeigt, dass sie durch 

Keimbahnmutationen von SPRTN, einem neu identifizierten und nur teilweise 

verstandenen Protein, verursacht wird. Eine Rolle von SPRTN bei der DNA-

Schadensantwort wurde bereits gezeigt und eine Beteiligung an der 

Translesionssynthese (TLS) vorgeschlagen. Spätere Entdeckungen ergaben 

jedoch, dass SPRTN eine essentielle Funktion hat, die für die embryonale 

Entwicklung von Wirbeltieren und das zelluläre Überleben unverzichtbar ist, wobei 

diese Funktion unabhängig von der von SPRTN für TLS vorgeschlagenen 

Funktion ist. Für die essentielle Funktion von SPRTN wurde vermutet, dass sie in 

seiner Protease-Domäne enthalten ist, sie verblieb jedoch unklar. 

   In dieser Studie identifizieren wir SPRTN als die erste Metalloprotease in 

Säugetieren, die DNA-Protein-Crosslinks (DPCs) repariert. DPCs stellen einen 

spezifischen Typ von DNA-Läsionen dar, bei denen sperrige Proteinaddukte 

kovalent an DNA gebunden sind, wodurch sie hochtoxisch sind, da sie 

möglicherweise Replikationsgabeln blockieren und zu Doppelstrangbrüchen und 

genomischer Instabilität führen. Die Reparatur von DPCs ist trotz ihres häufigen 

Auftretens und ihrer Toxizität nur teilweise verstanden. Mit dieser Studie 

entdecken und charakterisieren wir einen neuen Mechanismus der DPC-

Reparatur in Säugetierzellen - eine proteolytische Spaltung des Proteinaddukts 

durch die Metalloprotease SPRTN. Dementsprechend wird eine proteolytische 

Aktivität von SPRTN gezeigt und eine SPRTN-Rekrutierung zur DNA nach DPC-

Induktion gezeigt. Darüber hinaus zeigt SPRTN einen Abbau verschiedener 

Proteine, die in Form von DPC kovalent an DNA gebunden sind, jedoch nicht 

ungebundener Fraktionen derselben Proteinsubstrate. Folglich führen Mutationen 
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des proteolytischen Kerns von SPRTN sowie eine Fehllokalisierung oder 

Depletion von SPRTN zu einer Beeinträchtigung der DPC-Reparatur. Die 

Bedeutung der SPRTN-vermittelten DPC-Entfernung wird durch eine stark 

beeinträchtigte Reaktion auf DPC-induzierende Mittel von Zellen mit 

beeinträchtigter SPRTN-Funktion bestätigt. Zusätzlich zur Entdeckung der 

essentiellen Funktion von SPRTN liefert diese Studie eine Erklärung des 

molekularen Mechanismus, der dem Ruijs-Aalfs-Syndrom (RJALS) zugrunde liegt, 

dem segmentalen Progeroid-Syndrom, das aus der SPRTN-Mutation resultiert. 

Die Auswirkungen der identifizierten klinischen Mutationen auf die DPC-

Reparaturfunktion von SPRTN werden erläutert und eine DPC-Akkumulation in 

Zellen mit klinischer SPRTN-Mutation dargestellt. Die erhaltenen Daten liefern 

ausreichende Hinweise dafür, dass eine beeinträchtigte DPC-Reparatur die 

pathophysiologische Ursache des RJALS-Syndroms ist, was die Bedeutung der 

neu identifizierten SPRTN-Funktion bestätigt. Zusammenfassend ist SPRTN die 

erste identifizierte Metalloprotease in Säugetieren mit einer DPC-

Reparaturfunktion, und die Beeinträchtigung der SPRTN-vermittelten DPC-

Verarbeitung ist der zugrunde liegende Mechanismus des RJALS-Syndroms. 
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2 Introduction 
2.1 SPRTN regulates a progeria and tumorigenesis axis 
   The identification of compromised molecular mechanisms underlying diseases is 

becoming a growing concept in identifying and understanding cellular processes 

on one side as well as pathogenesis and potential therapeutic targets for diseases 

on the other side. Monogenic diseases represent an ideal opportunity to make 

impactful scientific contributions since they enable a direct connection from a 

dysfunctional protein to the clinical symptoms. In this way a newly found protein 

named SPRTN, with only partial previous characterization, was identified to be 

mutated in a new clinical syndrome and thereby found to have a more important 

function than previously expected (Fig 1). This main function of SPRTN, essential 

for genetic integrity, needed to be further characterized. 

 

2.1.1 RJALS-syndrome as the clinical manifestation of SPRTN malfunction 
   Monogenic disorders are rare diseases characterized by a germline mutation 

affecting a single gene1. Hereditary diseases are often classified into groups due 

to similar clinical presentations. Interestingly, syndromes from the same group are 

often caused by impairments of connected underlying cellular mechanisms2,3. As 

an example, a large proportion of progeroid syndromes results from defective 

DNA-repair mechanisms4. 

   Progeroid syndromes are a class of hereditary diseases characterized by 

accelerated aging symptoms (name derived from the Greek word meaning 

‘’prematurely old’’). A classic representative is the Hutchinson-Gilford Progeria 

Syndrome (HGPS) Foo also known as childhood-progeria, a rare autosomal 

dominant disease caused by a mutation in the LMNA gene encoding Lamin A5. 

Lamin A is a structural protein supporting the nuclear envelope. Another classical 

progeroid syndrome is Werner Syndrome, also known as adulthood-progeria (due 

to its later appearance), an autosomal recessive disorder resulting from a mutation 

in the WRN gene6. Common WRN mutations result in a truncated and impaired 

WRN helicase activity that is required for repair of DNA double strand breaks7. 
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Classical symptoms of Werner syndrome are short statue, premature cataracts, 

skin changes similar to scleroderma and hair graying or loss6. 

   There are a several more diseases distinct from the above mentioned due to 

different underlying mutations but all manifest in similar and at least partially 

overlapping symptoms of premature aging often with carcinogenesis as well8. 

These diseases, similar but not identical to Werner Syndrome, are called 

segmental progeroid syndromes and they typically result from defective DNA 

damage repair9. Ruijs et al. described in 2003 a boy of Moroccan origin with an 

atypical progeroid syndrome and hepatocellular carcinoma, who died with 17 

years (Fig. 2) 10. Molecular analysis excluded the clinically supposed Werner 

syndrome in this case. Therefore, they proposed a new syndrome with a possible 

mutation in a helicase gene and after the first identifiers, the disease was named 

Ruijs-Aalfs syndrome (RJALS). Approximately 11 years later, two patients from 

another family of Australian origin with similar clinical manifestations were 

identified and described in Lessel et al9. A genome-wide linkage analysis with 

additional exome sequencing of the patients revealed biallelic exome mutations in 

the SPRTN gene in all three individuals. 

 

2.1.2 SPRTN acts in DNA damage repair 
   SPRTN, which is also known as C1orf124 or DVC1, was first mentioned in 2012 

as a protein with an SprT-like domain at its N-terminus and was therefore named 

Spartan or SPRTN. SprT is a protein found in Escherichia coli and the domain-

family was shown to bind zinc and supposed to have protease activity.  

   SPRTN is a 489-amino-acid protein encoded in chromosome 1 (1q42.2) and 

encompasses multiple domains11. In addition to the mentioned SprT-like protease 

domain (amino acids 45–212) it is endowed with a ubiquitin-segregase p97 

(VCP16)-interacting motif named SHP (amino acids 253-261), a proliferating cell 

nuclear antigen (PCNA) interacting box, known as a PIP-box (amino acids 325-

332) and an ubiquitin-binding zinc finger domain, known as UBZ4 (amino acids 

453–475) (Fig. 1)12-14. 
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   The first analysis of SPRTN in 2012 revealed the PCNA-binding (PIP box) and 

the ubiquitin-binding domains (UBZ), which implicated an involvement of SPRTN 

in the DNA damage response (as ubiquitylated PCNA is primarily connected to 

DNA repair)12,15. SPRTN was proposed as a recognizer of ubiquitylated PCNA, 

thereby supporting post-replication DNA damage repair. The initial results 

suggested an important role in promoting translesion DNA synthesis (TLS), a 

mechanism enabling DNA-replication in cases of DNA damaged with ultraviolet-

irradiation12-14,16. 

 

 
Figure 1 SPRTN’s gene location, amino-acid sequence and domain structure. SPRTN is 
encoded on Chromosome 1 (locus 1q42.2) and is build up of 489 amino-acids. At the 
beginning of this study 4 different domains have been identified including the N-terminal 
SprT-domain with a supposed proteolytic function and 3 interacting motifs binding to p97 
(SHP), PCNA (PIP) and Ubiquitin (UBZ) respectively. 

 

   At the start of our work there were 9 published studies dedicated to SPRTN with 

different, partially opposing interpretations of its function in the DNA damage 

response. Details about these findings and SPRTN’s supposed function in DNA 

damage repair will be explained later. Briefly, SPRTN was shown to play a role in 

providing cells resistance towards different DNA-damage inducing agents like 

ultraviolet (UV) radiation, Hydroxyurea (HU), Cisplatin or Camptothecin and was 

primarily studied in response to UV-radiation14,17,18. Several studies showed that 

SPRTN forms DNA-damage induced foci co-localizing with ubiquitylated PCNA 

and facilitates the recruitment of TLS polymerase Pol η, thereby functioning in 

TLS12-14,16. Later studies revealed an interaction with the segregase p97 and 

suggested that SPRTN recruits p97 to exchange Pol η with Pol ε , thereby ending 

TLS17-19. Irrespective of the mentioned debate about SPRTN’s function in TLS, the 
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function of SPRTN’s N-terminal SprT-like domain (amino acids 45–212) prevailed 

unclear.  

 

2.1.3 SPRTN’s essential function remains unknown 
   The importance of SPRTN function was first sufficiently described in 2014 with a 

mouse model20. It was shown that homozygous SPRTN-knockout (KO) mice die at 

a very early stage of embryonic development (embryonic day 3.5) and give no 

viable offspring. This proved that SPRTN has a more profound function than 

initially supposed, showing an essential function (at least in higher vertebrates) 

since its deletion causes early embryonic lethality. Interestingly, a different mouse 

model, hypomorphic for SPRTN function, displayed small body size, 

lordokyphosis, cachexia and cataracts, which all are characteristics typical of 

progeroid syndromes. A comparison of hypomorphic SPRTN mice with the Ruijs-

Aalfs syndrome patients carrying mutations in the SPRTN gene and progeroid 

phenotypes exhibits crucial similarities determining an evolutionary conserved 

function of this protein, further implying an important role of SPRTN (Fig. 2B) 10,20. 

 

 
 

Figure 2 RJALS-syndrome scheme showing heritage and symptoms. (A) Family 
diagrams for the 3 patients with found RJALS-syndrome from 2 families. Patients 
expressing RJALS-symptoms are colored in blue with the underlying SPRTN-mutations 
underneath the symbols. The first identified patient carries a homozygous ΔC/ΔC-
mutation and is named A-IV:1, the other two patients have heterozygous Y117C/ΔC-
mutations and are named B-II:1 and B-II:4. In the family of patient A-IV:1 a consanguinity 
of unknown degree was found, marked in the figure by an interrupted bound between the 
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ancestors. (Figure adapted from Lessel et al.2014). (B) Comparison of symptoms found 
in mice with a hypomorphic level of SPRTN-expression and in the 3 RJALS-patients 
reveals analogous progeroid phenotypes (not all symptoms are listed, figure based on 
Lessel et al. 2014 and Maskey et al. 2014).  

 

   A detailed analysis of SPRTN-mutations in the individuals leads to an important 

observation. One boy had a homozygous point mutation leading to a premature 

stop codon resulting in a truncated version of SPRTN missing the C-terminal part 

(ΔCSPRTN) 9. Taking into account the fact that the previously characterized 

functions of SPRTN depend on its PCNA-, Ubiquitin- and p97-interacting motifs, 

which are all located in its C-terminal half (missing in the patients truncated 
ΔCSPRTN form), suggests that PCNA, p97 or Ubiquitin binding activities of SPRTN 

are dispensable for human development and raises the possibility that SPRTN’s 

essential function is contained within its proteolytic core (Fig 3) 9,12-14,16-18. 

 

 
Figure 3 Scheme of SPRTN genotype, protein expression and resulting phenotype 
observed in patients and mice. Supposed SPRTN-function is demonstrated as the 
known TLS-function depending on the C-terminus of the protein and a unknown function 
contained in the SprT-domain. (A) Mice with a complete SPRTN-KO are embryonic 
lethal. (B) Mice hypomorphic for SPRTN show a progeroid phenotype. (C) Patients B-II:1 
and B-II:2 with a weakened function of the SprT-domain and a heterozygously conserved 
normal TLS-function (since equal heterozygous TLS-functions are found in 
asymptomatic relatives) exhibits a progeroid phenotype similar to the observations in 
mice. (D) Patient A-IV:1 with a homozygous ΔC/ΔC-mutation demonstrates a weakened 
function of the SprT-domain due to a mislocalization (for details see main text) but is 
completely lacking TLS-function resulting from the missing C-terminus. Since a complete 
loss of SPRTN is embryonic lethal in mice and a complete loss of SPRTN’s TLS function 
in human is compatible with life, the essential function of SPRTN is supposedly 
contained in its SprT-domain. 
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   The importance of SPRTN’s proteolytic function is further implied by the other 

mutation found in RJALS-patients (Y117CSPRTN) since the mutation lies in close 

proximity to the catalytic core of the protease domain9,19. While individuals carrying 

only a heterozygous ΔCSPRTN-mutation remained symptom-free, an additional 

mutation of the protease domain of the remaining SPRTN gene lead to an 

inhibition of SPRTN’s function, exhibited by severe clinical symptoms. The 

mentioned observations propose that the SprT-like domain carries the essential 

function of SPRTN, as its complete loss is not compatible with live in vertebrates 

(in contrast to the missing C-terminus) while its malfunction leads to serious 

defects. This proteolytic function remains uncharacterized but is supposed to be 

connected to DNA damage response since its malfunction leads to carcinogenesis 

and progeria, symptoms related to an impairment of DNA-damage-repair. 
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2.2 DNA damage response (DDR) 
   DNA is constantly exposed to potentially harmful endogenous and exogenous 

agents21.  Furthermore, physiological processes like DNA-replication can cause 

damage to DNA endogenously e.g. by mispairing, deletion or insertion of 

nucleotides22-24. The recognition of damaged DNA and its repair is essential for 

ensuring genetic integrity and thereby continuation of life25. Therefore, cells have 

developed different mechanisms to repair or tolerate DNA damage. These 

mechanisms are collectively known as DNA damage response (DDR). The 

importance of these processes is best presented by different diseases caused by 

impairments of DDR-mechanisms showing severe to lethal effects26. For instance, 

mutations of genes included in DDR-pathways sensitize cells towards different 

exogenous agents or cause spontaneous mutations leading to cell death or 

uncontrolled proliferation. This results in cancer development, premature aging, 

neurodegenerative diseases, and early death27,28. In some cases, impaired DDR-

mechanisms are even not compatible with life26.  Due to the importance of DDR, a 

magnitude of different studies over decades has resulted in a comprehensive 

understanding of DNA damage repair mechanisms although a lot of questions 

prevail unsolved. 

 

2.2.1 Types of DNA lesions 
   DNA can be damaged by endogenous sources (through reactive metabolites like 

reactive oxygen species (ROS) or as errors during replication) or by exogenous 

agents (including physical agents as ultraviolet/UV or ionizing radiation/IR and 

chemical agents as aromatic amines, alkylating agents, toxins as well as 

environmental stress as extreme heat or hypoxia)29,30. The distinct types of DNA 

damage can be distinguished by their structure (Fig 4).  

   Deaminated bases (bases without their exocyclic amine) appear spontaneously 

during DNA-processes especially on single-stranded DNA (ssDNA)21. Abasic or 

apurinic/apyrimidinic (AP) sites are formed by hydrolysis of the base from the 

sugar-phosphate backbone leaving this part of DNA without a base31. DNA bases 

can become oxidized (8-oxoguanine) as a result of ROS, which can additionally 
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lead to breaks of the DNA-strand (explained later). Similarly, DNA bases can be 

alkylated (O6-methylguanine) by alkylating agents (as in tobacco or 

chemotherapeutics) or by normal methylation reactions29,30,32. 

   Further types of DNA damage include mismatched base pairs (where an error 

during replication puts a non-matching nucleotide opposite to the original one) or 

UV-induced pyrimidine dimers22-24,33. An especially dangerous type of DNA 

damage are breaks of one or both sugar phosphate backbone strands named 

single strand breaks (SSB) or double strand breaks (DSB) respectively, which are 

usually caused by IR, ROS or stalled DNA replication. A distinct type of DNA 

lesions are crosslinks of DNA to diverse molecules34,35,36. As an example, a 

covalent bond can be formed between DNA strands producing interstrand 

crosslinks (ICLs). Accordingly, DNA can covalently bind to proteins forming DNA-

protein-crosslinks (DPCs), which will be addressed later37,38. Since there are 

diverse types of DNA damage, cells developed different repair mechanisms 

specifically acting on each type of lesion. 

 

 
Figure 4 DNA-damage types and causing agents. (Lower part) Different types of DNA-
lesions range from mispaired lesion between two DNA strands up to breaks of one or 
both sugar-phospate backbones. (Upper part) Various endogenous and exogenous 
sources causing DNA-damage. The causes of different DNA-lesions are demonstrated 
by classical damaging agents, but the causal relations are more complex with one agent 
leading to various sorts of DNA-lesions simultaneously or successively. 
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2.2.2 DNA damage repair mechanisms  
Repair of damaged bases 
   The simplest DNA damage repair mechanism is a reversal of the base damage 

as in the case of alkylated bases (Fig 5). The added alkyl group is released from 

O-alkylated DNA bases to the repair enzyme, O6-alkylguanine-DNA 

alkyltransferase (AGT) or O6-methylguanine-DNA methyltransferase (MGMT), an 

expensive process as one enzyme can irreversibly repair only one alkylated 

base39. Similarly, N-alkylated bases are repaired by ALKBH1-8 (Alkylation repair 

homologues) and FTO (Fat mass and obesity associated) enzymes40,41.  

 

Base excision repair (BER) of damaged bases 
   Damaged DNA-bases, which cannot be repaired by a reverting enzyme but do 

not lead to structural distortions of the DNA helix, are excised by 11 different 

glycosylases thereby leaving an abasic (apurinic/apyrimidinic or AP) site, which is 

further prepared by an Apurinic/apyrimidinic AP endonuclease (APE1) and filled in 

with a nucleotide by Polymerase Pol β42-45. This nucleotide is then ligated to the 

sugar-phosphate backbone by DNA ligase (LIG1) or complex of LIG3 and 

XRCC146-48. Alternatively, the transformed abasic site of more than one single 

base (mostly 2-10) is filled the canonical replication machinery (Polymerase Pol 

δ/ε with PCNA) and further processed by a flap endonuclease (FEN1) and LIG149-

52. 

 

Nucleotide excision repair (NER) of bulky damages 
   If the base damage causes a distortion of the DNA helix (like UV-induced 

thymidine dimers), not only the base but a short stretch of nucleotides surrounding 

the damage is excised with a following re-synthesis and ligation. The lesion is 

recognized either due to the structural distortion by the heterodimer XPC-RAD23 

(Xeroderma pigmentosum group C and Restriction site associated DNA-marker 

23) - a pathway named global genome NER (GG-NER) - or due to a stalled RNA-

polymerase II transcription by CSA and CSB proteins (Cockayne syndrome A or 

B) - a pathway named transcription coupled NER (TC-NER) 53-56. After recognition 
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of a distorted DNA-helix, the TFIIH-complex (Transcription factor II human) is 

recruited and unwinds roughly 30 surrounding nucleotide pairs (XPB and XPG), 

incises the sugar-phosphate backbone (XPF and XPG) and re-synthesizes the 

gap (Pol δ/ε/κ with PCNA, Replication factor C/RFC, and LIG1 or XRCC1-LIG3) by 

a similar principle as in the BER pathway57-60.  

 

Mismatch repair (MMR) 
   DNA damage resulting from mismatched bases during DNA replication is 

typically repaired post-replicatively. MutS (Mutator S) complexes recognize the 

mismatch with the help of MutL complexes, which incise the new strand61-64. The 

newly synthesized daughter strand containing the wrong base is differentiated 

from the parental strand by the nicks inside the sugar-phosphate backbone. At 

these nicks the DNA-strand is excised by EXO1 (Exonuclease 1), the ssDNA 

stabilized by RPA (Replication protein A) and further re-synthesized and ligated by 

the canonical machinery including Pol δ, PCNA, RFC (Replication factor C), 

HMGB1 (High mobility group box 1) and LIG1 as in the previously explained BER 

and NER pathways65-67. 

 

Single strand break repair 
   The DNA sugar-phosphate backbone can be disrupted on one or both strands, 

thereby forming single strand-breaks (SSB) or double-strand breaks (DSB) 

respectively. In the case of SSB, the DNA backbone nick can block replication or 

transcription and needs to be repaired. PARP1 (Poly ADP-ribose polymerase 1) is 

recruited to the lesion causing PARylation, followed by processing of the free ends 

by APE1, APTX (Aprataxin), PNKP (Polynucleotide kinase 3’-phosphatase) and 

FEN1 producing a gap of ssDNA further filled by Pol β/δ/ε and ligated by LIG1 or 

368-70. A specific SSB is produced by a Topoisomerase I (Topo I) covalent complex 

and is processed by Tyrosyl-DNA phosphodiesterase 1 (TDP1) as explained 

later71. 
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Figure 5 Scheme of DNA-damage repair mechanisms for single strand damage. A 
comparison of the main mechanisms reveals 4 crucial steps except the most simple 
adduct removal pathway consisting only of 2 steps. The 4 steps are shown in columns 
from top to bottom for each mechanism. DNA-damage is shown by red marks. The repair 
factors are symbolically demonstrated and their names mentioned in the lines for each 
step. (For details see main text). 

 
Double strand break repair 
   Double strand breaks represent highly dangerous DNA lesions as they 

completely destroy the integrity of the DNA double helix and cause severe 

genomic instability72. DSBs are repaired by two major pathways, namely 

homologous recombination (HR) and non-homologous end joining (NHEJ) (Fig6) 

73. 

 

Homologous recombination (HR)  
   Homologous recombination (HR), relies on a homologous DNA strand, found in 

the sister chromatid74. The process is initiated by the MRN-complex activating 

ATM (Ataxia-teleangiectasia mutated), with further phosphorylation and 

ubiquitylation of Histone H2AX, thereby recruiting 53BP1 (p53-binding protein 1) 

and BRCA1 (Breast cancer type 1 susceptibillity protein 1) 75. BRCA1 ubiquitylates 

CtIP, also known as RBBP8 (RB binding protein 8), which together with MRN 
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provides nucleolytic cleavage of the free 5’-ends of the DSB thereby producing 

ssDNA-ends76,77. These ends are covered by RPA, prolonged by EXO1 and then 

coated by RAD51 in a BRCA2-dependent manner78,79. The RAD51 nucleoprotein 

chain enables the search for a homologous DNA sequence and invasion of this 

sequence on the sister chromatid, which serves as a template for synthesis and 

further extension of the ssDNA80-82. Thereby the 3’-end is extended on the 

template in a D-loop formation. The process is continued further by two pathways. 

In a pathway called SDSA (synthesis dependent strand annealing) the synthesis 

stops soon and the D-loop is dissolved by RTEL1 (Regulator of telomerase 

elongation helicase 1)83. In another pathway called DSBR (double strand break 

repair) a Holliday junction is formed, whereby the complementary strand from the 

DSB-containing chromatid gets bound to its complementary strand from the sister 

chromatid and also gets further synthesized. This Holliday junction is resolved 

afterwards by BLM-Topo III-RMI1-RMI2 complex, GEN1, MUS81-EME1, and 

SLX1-SLX4 causing in most cases a crossover between two sister chromatids84. 

 

Non-homologous end joining (NHEJ) 
   Non-homologous end joining (NHEJ) is a less accurate than homologous 

recombination, as it is performed without a homologous template and simply binds 

the free DSB-ends together85,86. The first step is the recruitment of the Ku70/Ku80-

complex, which binds XRCC4 (X-ray repair cross-complementing protein 4) to 

stabilize the ends and activates DNA-PKcs (DNA-dependent protein kinase, 

catalytic subunit)86-89. In case of incompatible DSB-ends further end-processing is 

performed by the Artemis-complex leaving naked strands followed by later gap 

filling by Polymerases Pol λ or Pol µ and subsequent ligation by LIG4/XRCC4 and 

XLF (XRCC4-like factor)90-93. 
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Figure 6 Scheme of mechanisms for repair of double-strand breaks (DSBs). Breaks are 
either repaired by HR or more error-prone NHEJ (non-homologous end joining). (Left 
part) Homologous repair includes degradation of the 5’-end in order to produce ssDNA, 
which gets covered with RAD51 and invades a homologous DNA sequence. If both 
RAD51-ssDNA-chains invade a homologous chromosome, a Holliday junction is formed 
and cleaved leading to an exchange of DNA, known as crossover. (Middle part) In case 
of invasion by a single RAD51-ssDNA-chain a D-loop is formed and after prolongation of 
the strand and recognition by the ssDNA-strand of the other side of the break it is 
annealed to it. (Right part) Non-homologous end joining is performed by annealing 
(optionally proceeded by processing of incompatible ends) without a homologous 
sequence as a template and thereby more error-prone. 

 
 
Interstrand crosslink (ICL) repair 
   As ICLs represent a specific type of DNA damage covalently binding two DNA 

strands, their repair includes several canonical repair pathways explained in other 

chapters94,95. Briefly, Fanconi anemia proteins (a big family of 21 protein important 

for crosslink resistance and mutated in Fanconi anemia) are recruited to the ICL, 

assemble and mono-ubiquitylate the ID complex (FANCI-FANCD2), which initiates 

incision of the DNA strand by endonucleases as XPF-ERCC1 to unhook the 
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crosslink96-99. The re-synthesis of the newly formed gap is performed by 

translesion synthesis (TLS) and the remaining ICL hook is later removed by the 

NER pathway98,100. The repair mechanism differs between replicating and non-

replicating cells. One side of the ICL is repaired as mentioned, while the other side 

is simultaneously processed into a DSB, which is further repaired by MRN, RAD51 

and homologous recombination (HR)10,102. During transcription the NER pathway 

is important for recognition and initial processing. 

 

Translesion synthesis 
   The synthesis of DNA upon DNA damage is necessary to prevent replication 

stalling and highly toxic DNA breaks103. Therefore, cells developed a DNA-

synthesis mechanism that is able to bypass lesions but also with less accuracy, 

thereby potentially causing mutations104. The translesion synthesis (TLS) is 

performed by 11 polymerases characterized by a more open active site, less 

contact to DNA and a missing proofreading activity enabling a synthesis over 

damaged DNA or ssDNA but also making them more error-prone105. These 

polymerases replace the canonical DNA polymerases upon collision of the 

replication fork with damaged DNA enabling fork progression103. Additionally, TLS 

plays an important role as a part of other DNA damage repair mechanisms as 

mentioned before. TLS is primarily induced via mono-ubiquitylation of PCNA in a 

RAD6/RAD18-dependent manner. The poly-ubiquitylation of PCNA by RAD5 leads 

to template switching rather than TLS15,103. 

 

2.2.3 Proposed SPRTN function in DNA damage response 
   As already mentioned SPRTN was initially described as a factor important in 

translesion synthesis (TLS), although its exact function remains under debate (Fig 

7)103. SPRTN’s relation to DNA is demonstrated by its ability to form foci primarily 

during S-phase and at replication sites, thereby colocalizing with PCNA16-18. 

Importantly, SPRTN-foci formation is increased upon DNA damage (caused by 

e.g. UV, microirradiation or MitomycinC/MMC) and colocalizes with DNA damage 

sites marked by γH2AX13,14,16-18. The importance of SPRTN in this process is 
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shown by an increased DNA-damage-sensitivity in SPRTN-depleted cells. 

Thereby several agents like UV, Methyl methanesulfonate (MMS), Camptothecin 

(CPT) and Cisplatin showed an increased toxicity, while other agents like IR or 

MMC showed no effect12,14,16-18. 

   The recruitment of SPRTN to DNA damage sites depends on its ability to bind to 

PCNA and ubiquitin in accordance to a supposed function in TLS as ubiquitylated 

PCNA (Ub-PCNA) serves as a signal for the exchange of canonical DNA-

replication machinery with TLS-polymerases12-15,17. The binding of SPRTN to 

ubiquitin and PCNA was shown by mass spectrometry, pull down and co-

immunoprecipitation and is impaired upon mutation of its PIP- or UBZ-domains 

thereby leading to an impaired UV-resistance for instance12-14,16-18. Furthermore, a 

direct binding of SPRTN to Ub-PCNA and even a preference to Ub-PCNA in 

comparison to PCNA was shown16,17. Additionally SPRTN is included in the 

recruitment of Ub-PCNA to DNA upon DNA damage (like UV), implying a feed-

forward loop12,14,16. Accordingly, RAD18, the main ligase for the ubiquitylation of 

PCNA is connected to SPRTN, and SPRTN-foci formation depends on RAD18 

and Ub-PCNA12,13,16. Furthermore, SPRTN and RAD18 act in the same pathway, 

at least in the case of UV-sensitivity12,14. All this data shows that SPRTN is 

performing its DNA repair function upon binding to Ub-PCNA and thereby as a part 

of the TLS-mechanism. 

   However, the exact role of SPRTN in TLS is not resolved. Some studies suggest 

a model, in which SPRTN promotes recruitment of Polymerase η, one of the main 

TLS-polymerases, as SPRTN-depletion or inhibition of its binding to Ub-PCNA 

reduces Polymerase η-foci12,16. A different model proposes that SPRTN resolves 

Pol η -foci via its interaction with the segregase p97, as SPRTN binds to this 

segregase (shown by mass spectrometry and co-immunoprecipitation) and further 

recruits p97 to DNA damage foci preventing prolonged Pol η -foci 

persistence14,17,18. In this model the SPRTN-p97-mediated resolving of Pol η is 

inhibiting a prolonged DNA-synthesis by this error-prone protease. Thereby 

SPRTN is important for TLS through its prevention of potential TLS-induced 

mutagenesis. In conclusion, SPRTN is acting with TLS-machinery in repair of 
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certain DNA damage (like UV- or laser-induced lesions), whereby its function 

requires its C-terminally located PIP- and UBZ-box.  

 

 
Figure 7 SPRTN’s proposed function in Translesion synthesis (TLS). Replication fork 
arrests upon unresolved DNA-lesions, which cannot be replicated. Fork stalling initiates 
a RAD6/RAD18-mediated ubiquitylation of PCNA. Ub-PCNA serves as a signal for the 
exchange of the canonical DNA-Polymerases (Pol δ) with TLS Polymerases (Pol η). 
SPRTN was shown to be involved in TLS acting in two proposed distinct mechanisms 
(Upper part) SPRTN is recruited to stalled replication forks and promotes RAD18-
mediated PCNA-ubiquitylation in a feed-forward loop thereby enabling access of TLS 
polymerases and stabilizing them. (Lower part) SPRTN recognizes Ub-PCNA and 
recruits the segregase p97, which subsequently removes the potentially error-prone TLS 
polymerases switching them with canonical DNA-Polymerases. Thereby SPRTN 
prevents a TLS-associated mutagenesis. 

 

   Despite the fact that SPRTN was shown to be implicated in TLS, since this 

function depends on its C-terminal part, the observed deficits in the patient 

carrying a clinical mutation of SPRTN (being alive although missing the C-

terminus) cannot be explained by SPRTN’s function in TLS. Therefore SPRTN has 

to have another, essential function in DNA damage repair, which is contained in its 

N-terminal part. 
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2.3 DPC and DPC-repair mechanisms 
   A specific sort of DNA damage distinct from the above-mentioned are so called 

DNA-protein-crosslinks (DPCs). DPCs are complexes of proteins that are 

covalently and irreversibly bound to DNA. They represent highly dangerous 

lesions, since they block almost all processes on DNA such as DNA replication or 

transcription, and additionally cannot be repaired by the canonical DNA repair 

mechanisms due to their bulkiness106-109. 

 

2.3.1 Types and genesis of DPCs 
   Since DNA is a complex structure and constantly subjected to various 

processes, a high number of proteins (needed for chromatin structure 

maintenance as well as for DNA repair, replication or transcription) lie in close 

vicinity to DNA. These proteins are associated and constantly interacting with DNA 

thereby increasing the propensity of forming different transient connections. As a 

result, crosslinks between proteins and DNA can appear easily and 

frequently21,109. This can occur either if transient connections of enzymes to DNA 

become permanent and irreversible, or if nonspecific proteins become covalently 

trapped on DNA by endogenous or exogenous sources. DPCs can therefore be 

divided in two categories by their origin: enzymatic and non-enzymatic DPCs (Fig 

8)110. 

 
Enzymatic DPCs 
   Many enzymes transiently form covalently linked intermediates with DNA while 

performing their enzymatic function111,112. An example of this is Topoisomerase I 

(Topo I), an enzyme that prevents supercoiling of DNA. Topo I induces a 

temporary cut in one DNA-strand (single strand break or SSB) enabling it to rotate 

around the sister strand113,114. In order to cut the DNA-strand, Topo I is transiently 

covalently linked to the 3’-end of the cut DNA-strand. Specific conditions like 

distortion by DNA damage prevent the re-ligation step of DNA and can be induced 

with compounds such as Camptothecin (CPT) 115-117. Camptothecin can intercalate 
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within this connection. Both situations trap Topo I permanently to DNA making it a 

DPC118. 

   Another example is Topoisomerase II (Topo II) which similarly to Topo I causes 

a DNA break, but in this case of both strands (double strand break or DSB) in 

order to enable the DNA from the sister chromatin to pass through the DSB and 

thereby prevents supercoiling of the sister chromatids after replication119. As Topo 

II forms a transient link with the 5’-end of the cut DNA, it can also be permanently 

trapped to DNA by intercalating agents such as Etoposide (ETO), Anthracyclines 

(as Doxorubicin) or Anthraquinones (as Mitoxantrone) forming DPCs120. 

   Although not forming a classical covalent link with DNA, PARP1 can also 

become closely bound to DNA while performing its function of PARylation to  

signal for the recruitment of repair enzymes. Known PARP-inhibitors like Olaparib 

(OLA) trap PARP1 to DNA so tightly that it forms a DPC-like structure121. It was 

shown that this trapping ability is more important for the effect of PARP1-inhibitors 

than the catalytic inhibition121. Furthermore, PARP1 can become covalently linked 

to abasic sites formed by BER122. Further examples of enzymes, which can form 

DPCs if their usual function is being interrupted are DNA Polymerase β or DNA-

glycosylases if problems occur during BER110,111,123,124. 

 
Non-enzymatic DPCs 
   Not only enzymes which are transiently linked to DNA, but also many other 

proteins lying in close vicinity to DNA, without interfering with it, have been shown 

to form DPCs under certain circumstances38,124. These crosslinks can be caused 

by exposure to exogenous radiation or toxins or even by endogenously produced 

reactive metabolites125. Various reactive intermediates occur frequently due to the 

intensive molecular activity on or around DNA125. As a result, DPCs show 

progressive accumulation in neuronal and heart tissue126. The most common 

metabolic intermediates that induce DPCs are reactive aldehydes that are 

produced by processes such as sugar metabolism, lipid peroxidation or ethanol 

oxidation127. An example is alcohol dehydrogenase (ADH), whereby the released 

carbonyl part of a reactive aldehyde can perform an electrophilic attack on the 
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primary amine of a DNA base forming a Schiff base which can react with another 

DNA base (forming an ICL) or a lysine or arginine residue of a protein128. Similarly, 

histone or DNA demethylations, both common processes, produce Formaldehyde 

(FA) as a byproduct129. FA is a very reactive molecule with genotoxic functions 

principally forming DPCs through a Schiff base stable amide bound between the 

amino-group of amino acids and DNA bases similar to other aldehydes102,130. 

DPCs can also appear as a result of DNA damage or as a result of their repair. For 

instance, abasic sites occurring endogenously or during BER have reactive 

aldehyde groups, which can easily covalently bind nearby proteins21. 

 

 
Figure 8 Sorts and induction of DNA-protein-crosslinks (DPCs). (A) Enzymatic DPCs 
appears spontaneously and in higher frequency upon DPC-toxins. (B) Endogenous 
DPC-inducing agents include various metabolic reactions, reactive aldehydes and 
reactive oxygen species (ROS). (C) Exogenous sources as chemical agents or radiation 
covalently bind proteins to DNA. DNA-damage and its repair can induce DPCs as well. 

 

   DPCs commonly result from exogenous toxic sources like radiation or toxins 

similar to other DNA lesions38. Some examples of widely used chemotherapeutic 

drugs (Etoposide, Camptothecin) were already mentioned as DPC-inducing 

agents115. Further, platinum-based anti-cancer drugs (such as Cisplatin) form 

platinum-DNA complexes which crosslink to proteins (such as Histones) 37. 5-aza-

dC is incorporated into DNA as a cytosine analogue and covalently traps DNA 

methyltransferase (DNMT) while it is methylated by this enzyme107,131. Nitrogen-

mustard derivatives such as Mustine (HN2) are also used in cancer therapy due to 

their alkylating function, which induces DPCs132. The toxicity of DPCs is already 
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being used to treat cancers by inducing double strand breaks on a genome-wide 

scale, DPCs can be caused by environmental factors resulting in similar 

hazardous effects.  

   Metal ions such as nickel or chromium can cause chemical crosslinking of 

proteins to DNA127. A wide range of other substances including 1,2-dibromoehane, 

1,3-butadiene can lead to DPCs simply as a result of their ROS production133. 

Free radicals can attack DNA bases causing oxidative base lesions as well as 

other modifications, which serve as sites for DPC formation. Additionally, radicals 

attack the DNA backbone causing SSBs and DSBs30,134. The ROS damage to 

lipids causes lipid peroxidation thereby forming aldehydes, which are known to 

generate DPCs as well135,136. Ultraviolet (UV) light typically excites DNA bases 

causing them to react with one another thereby producing covalently linked 

pyrimidine dimers, or causing them to react with adjacent amino acids, thereby 

forming DPCs33,137,138. Additionally, UV-light is known to cause DSBs and 

produces ROS with diverse consequences137,138. Ionizing radiation (IR) damages 

DNA directly or by producing ROS and free radicals from surrounding water or 

oxygen molecules which can target DNA or proteins as previously 

mentioned139,140. As a result, DNA base lesions, SSBs and particularly toxic DSBs 

as well as protein adducts occur34,35. Interestingly, under normal conditions, IR 

induces mainly DSB but under hypoxic conditions IR produces preferentially 

DPCs, rather than DSBs38,141,142. Since DSBs are more dangerous for cells, 

hypoxia is making cells more resistant towards IR, which causes a problem in 

clinical treatment of hypoxic tumor regions. A better understanding of DPCs and 

their repair could be helpful not only in understanding cell physiology but also in 

explaining the anti-neoplastic effect of cancer therapy, as well as in tumor 

resistance or cell death. 

 

2.3.2 DPC-repair 
   The existing knowledge on DPC-repair mechanisms is in comparison to the 

repair of other DNA-lesion (e.g. DSB) obviously reduced despite the fact that 

DPCs represent a frequently appearing and highly toxic form of DNA damage143. 
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As explained, there is a range of different DNA damage repair mechanisms, which 

in most cases act specifically on one type of lesion144. Whether they also 

participate in DPC repair needs further investigation. However, some canonical 

DNA repair mechanisms are shown to provide resistance towards DPC-inducing 

agents and could therefore also play a role in DPC-removal. These include NER, 

HR and the Fanconi anemia pathway145. 

 

DNA damage repair mechanisms included in DPC-repair 
   The nucleotide excision repair (NER) mechanism was shown to resolve DPCs, 

with different partially controversial findings146. Studies show that the ability of the 

NER system to remove DPCs is strongly dependent on the protein adduct size. An 

in vitro assay performed in bacterial cells showed that NER repairs DPCs of up to 

16kDa, while in vivo this was possible for adducts under 12-14kDa144,147-149. In 

mammalian cells, DPCs up to 8kDa were removed in vitro, while in vivo conflicting 

results were obtained which most likely depend on the cell model used and on the 

type of DPCs induced149-151. It is important to mention that the resistance provided 

by NER towards DPC-inducing toxins (like aldehydes) can be explained by NER-

dependent repair of DPCs or by NER-provided repair of other sorts of DNA 

damage caused by those toxins145,148-149. Taken together, NER may be included in 

the repair of specific DPCs small enough (although the exact maximal size 

remains unclear) and thereby making a previous size reduction necessary. 

   Another canonical DNA damage repair pathway suggested to repair DPCs is 

homologous recombination (HR)145,149. As an example, in E. coli HR is important 

for resolving DPCs to large to be resolved by NER148. In mammalian cells, HR is 

included in repair of FA-induced DPCs regardless of their size149. Interestingly in 

yeast, HR is protective against chronic low-dose FA treatment, but harmful under 

acute high-dose FA145. Since NER was shown to protect cells against this high-

dose FA (which causes primarily SSB), maybe an inadequate repair pathway 

choice by HR instead of NER could explain this finding145. It is not excluded that 

the observed HR-mediated protection against DPC-inducing agents results from a 
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repair of DSBs or stalled replication forks, which are caused by DPCs, rather than 

from a direct repair of DPCs.  

   The Fanconi anemia pathway, primarily important for repairing interstrand 

crosslinks (ICL), was additionally given a role in DPC repair. This resulted from the 

increased sensitivity of cells deficient in Fanconi anemia factors towards DPC-

inducing aldehydes, 5-aza-dC or PARP-inhibitors, although with opposite findings 

and no proposed underlying molecular mechanism152-157. 

 

Mechanisms acting specifically on DPCs 
   Due to the mentioned versatility of possible DPCs most probably various distinct 

repair mechanisms are needed. Theoretically DPCs could be repaired by at least 

three non-redundant mechanisms acting either on the chemical bond of the protein 

to the DNA (cutting the crosslink), on the DNA component (cutting the DPC-

containing part out of the DNA) or on the protein component (cleaving the protein 

from DNA) (Fig. 9). 

 

 
Figure 9 Scheme of DPC-repair. DPs can be resolved by 3 distinct approaches acting 
on the 3 main parts of a DPC (the linkage point, DNA or protein respectively). (Left part) 
Specific Repair mechanisms resolve the link between the protein and DNA as 
exemplified by TDP1 and TDP2. (Middle part) DPCs can be recognized as damaged 
DNA and repaired by canonical DNA damage repair mechanisms as NER or HR, which 
nick the DNA containing the crosslinked protein. (Right part) The protein crosslinked to 
DNA can be degraded by the proteasome or by proteolitic cleavage performed by a 
potential protease cleaving DPCs. 

 

   The first repair mechanism acting specifically on a DPC was discovered in 1996 

and showed that Tyrosyl-DNA phosphodiesterase 1 (TDP1) is able to hydrolyze 
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the phosphotyrosyl bond between the 3’-end phosphate and the Tyrosine-residue 

in Topo I-DPCs158,159. In order to perform this hydrolysis, Topo I first needs to be 

partially degraded to a smaller peptide to make it accessible for TDP1160. After 

degradation and hydrolysis of the DPC, the remaining SSB is further processed by 

polynucleotide kinase 3’-phosphatase (PNKP) and repaired by the SSB-repair 

machinery including PARP1, XRCC1 and LIG3161. A similar mechanism of DPC 

crosslink hydrolysis is known for Topo II-DPCs and performed by Tyrosyl-DNA 

phosphodiesterase 2 (TDP2) 162,163. The difference to the Topo I-DPC repair is that 

the hydrolysis is performed on a 5’-end phosphate and that it leaves a DSB, which 

is then repaired by canonical DSB repair mechanisms (HR or NHEJ) 162,164. 

   Since the crosslinks between DNA and proteins can be chemically very different, 

it is not very probable that there is a specific repair-mechanism for each sort of 

crosslink. A more efficacious way to deal with different DPCs would be a 

nucleolytic cleavage of the DNA part of the DPC, which could be performed by 

canonical DNA repair mechanisms. In order with this the MRN-complex consisting 

of meiotic recombination 11 (MRE11), RAD50 and Nijmegen breakage syndrome 

protein 1 (NBS1), which is usually active in DSB repair, has been shown to 

remove DPCs containing different proteins (Topo I, Topo II, Spo11) as 

well75,76,162,165,166. This is done by cleaving both strands of the DNA near the 

protein adduct in order to remove the DPC-containing DNA part from the intact 

DNA and thereby forming a DSB, which can be further repaired by HR or NHEJ. 

 

Potential function of proteolysis in DPC-repair 
   A specific problem regarding DPC-repair is the potentially very large and bulky 

nature of DPCs since this sterically hinders the repair molecules from recognizing 

and reaching the inaccessible point of linkage or DNA. This implies that a repair 

mechanism targeting the protein component would be the most efficient. The 

protein adduct could be released from DNA completely or at least it has to be 

reduced first and subsequently enabling access to the linkage or the affected DNA 

by the above-mentioned or similar repair mechanisms.  
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   The possibility that DPC-repair includes degradation of the protein adduct was 

shown by several studies. The degradation is thereby mediated by the 

proteasome167. In the case of Topoisomerase-DPCs, the Ubiquitin(Ub)/26S 

proteasome was shown to degrade the protein component to a small peptide 

remnant thereby revealing the crosslink and making it accessible for hydrolysis by 

TDP1 or TDP2 as previously explained160,168-171. Additionally, It was shown that 

proteasomal degradation is important for repair of DNA-methyltransferase-

DPCs151,172. Accordingly, the inhibition of proteasome impairs the repair of FA-

induced DPCs as well as chromium (VI)-induced DPCs173. Although the 

mechanism on molecular level has not been completely identified, there is enough 

convincing evidence to support a model of proteasome-mediated degradation of 

DPCs145. This model, where the proteasome reduces the bulky protein moiety of 

DPCs in order to either allow further repair of the crosslink or to enable lesion 

bypass has been widely accepted but there is evidence that this might not be the 

only proteolysis-mediated mechanism in DPC-cleavage. A proteolysis-based 

mechanism included in DPC-repair independent of the proteasome was shown to 

exist supporting the hypothesis that cells possess proteases that can cleave the 

protein component of DPCs as well. 

 

2.3.3 Proposed SPRTN function in DPC-repair 
   The idea that SPRTN could act as a protease that cleaves DPCs emanates from 

two major findings. 

   First, a study in cell-free Xenopus laevis egg extracts focusing on DPC repair 

showed that in vitro replication is stalled by DPCs but resumes after proteolytic 

degradation of the protein adduct, whereby the proteolytic cleavage was directly 

measured for the first time in metazoan and shown to be independent of 

proteasome174. However, the protease responsible for the proteolytic cleavage 

remained unidentified. 

   Second, a study in budding yeast identified the DNA-dependent metalloprotease 

Wss1 as the first protease with direct proteolytic activity on DPCs. This study was 

of special interest to us since Wss1 and SPRTN show similarities with convincing 
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evidence that Wss1 (Weak suppressor of smt3) could be the yeast orthologue of 

SPRTN175. 

   Taking into account that SPRTN is involved in DNA damage repair and that it 

has a protease-domain and being aware of the fact that its proposed yeast 

orthologue is a DPC-protease, while a mechanism of DPC-proteolysis has been 

shown in metazoan, we propose that SPRTN’s unknown essential function could 

be a proteolytic cleavage of DPCs. This would mean that SPRTN presents the first 

shown DPC-cleaving protease in mammalian cells. 
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3 Aim 
   The aim of this study is to identify the essential function of SPRTN and to clarify 

SPRTN’s role in DNA damage response. We hypothesize that SPRTN’s main 

function is contained in its protease domain and that its proposed proteolytic 

activity is necessary for the maintenance of genomic integrity. We thereby propose 

a potential involvement of SPRTN in DPC-repair as the underlying mechanism of 

SPRTN’s essential activity. 

   The initial objective is to determine if SPRTN is a protease and to identify its 

potential substrates. A further aim is to clarify if SPRTN acts in DPC-repair. 

Accordingly, we aim to demonstrate an interaction of SPRTN with DPCs and 

validate a SPRTN-mediated DPC-cleavage. In case of a proven DPC-removal by 

SPRTN, a further aim is to determine the relevance of SPRTN in cellular response 

to DPCs. A second objective is to explain the effects of the clinical mutations of 

SPRTN and subsequently give a molecular explanation of the underlying 

mechanism of RJALS-syndrome. 
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4. Results 
4.1 SPRTN has a proteolytic function 
   In order to investigate the function of SPRTN and the effect of SPRTN mutations 

found in Ruijs-Aalfs syndrome patients, we first wanted to investigate whether 

SPRTN has proteolytic activity, how it acts as a protease and how this function is 

compromised by mutations. Therefore, we focused on comparing the function of 
WTSPRTN and its mutated variants, especially the catalytic inactive form. We used 

a SPRTN-variant completely lacking the potential protease activity, E112ASPRTN 

(first established by Kim et al.) as the glutamic acid in the HExxH-core of the 

protease domain is necessary for substrate cleavage (Fig. 10) 19,176,177. Since a 

knockout mouse model of SPRTN was shown to be embryonic lethal, we used an 

overexpressing system where SPRTN is over-expressed in cell lines without 

previously silencing endogenous SPRTN in order to avoid additional side effects20. 

 

 
Figure 10 SPRTN as a 489-amino-acid-long Zn2+-binding metalloprotease and its 
mutations. (A) WT-SPRTN contains multiple domains, the biggest one being the N-
terminal SprT-domain with a HExxH motif typical for zinc-dependent metalloproteases. 
(B) Catalytic E112A-mutant has a mutated glutamic acid in the HExxH motif essential for 
polarizing H2O and enabling a nucleophilic attack on the substrate. Clinical Y117C-
mutant has a mutation in close proximity to HExxH, which presumably alters the 
structure of the catalytic core with impaired proteolysis similar to E112A. (C) Two clinical 
ΔC-mutants are truncated versions of 246 or 249 amino acids respectively with a 
preserved protease SprT-domain. (D) Scheme of proteolysis by the HExxH motif 
demonstrated by subsequent reaction steps: 1 - Zn2+ (coordinated by H111 and H115) is 
activating C=O of the substrate protein and H2O simultaneously. 2 – Negatively charged 
E112 deprotonates H2O by a nucleophilic attack binding a H+. 3 – Polarized OH- from 
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H2O attacks C=O of the substrate via a nucleophilic addition. 4 – N from the substrate 
deproteinates E112A by binding of H+ previously taken from H2O. 5 – O-oxyanion from 
substrate initiates elimination and cleavage of the peptide bond of the substrate. 

 

4.1.1 SPRTN is a protease with an autocleavage activity 
   An investigation of SPRTN’s proposed proteolytic function without a known 

substrate required a different approach. We first looked at the behavior of SPRTN 

in cells without any interference. Regarding that autolysis or self-cleavage is a 

commonly seen phenomenon among proteases serving either to promote (as in 

precursor molecules) or to decrease their activity, we aimed to test whether self-

cleavage occurs in the case of SPRTN. With this assumption we compared cells 

overexpressing the active form WTSPRTN and cells overexpressing the catalytic 

inactive E112ASPRTN (with inactive proteolytic activity) and observed by western 

blot faster migrating SPRTN fragments in the WTSPRTN but not in the 
E112ASPRTN, presenting cleaved SPRTN fragments (Fig. 11). This finding supports 

the idea that SPRTN has the ability to cleave proteins and that the activity of its 

protease domain is needed for its self-cleavage, since mutating the protease 

domain impairs self-cleavage. The small amount of degraded forms of the inactive 
E112ASPRTN is most likely a consequence of cleavage by the endogenous SPRTN. 
 

 
 
Figure 11 SPRTN has an autocleavage activity impaired upon mutation. (A) HEK293T 
cells were transiently transfected with GFP-tagged WT-SPRTN or the catalytic mutant 
E112A-SPRTN and left to express the proteins for 72h. Cell-lysates were analyzed by 
SDS-PAGE followed by immunoblotting with GFP-specific antibodies and compared to 
PCNA as a loading control. The WT-cell lysate shows cleaved GFP-tagged fragments, 
which are strongly reduced in E112A. (B) Immunoprecipitation with GFP-binding beads 
from cells expressing GFP-tagged WT, the catalytic inactive E112A or the truncated 
ΔC-variant validates an impaired self-cleavage in E112A. SPRTN is cleaved from the 
C-terminus showing different N-terminally labeled truncated fragments. One of the main 
cleavage products shows a similar molecular weight as the ΔC-variant. 
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   We further wanted additional support of the self-cleavage activity of SPRTN on 

cellular level by visualizing with additional methods. We took advantage of the fact 

that the ΔCSPRTN-mutant (which actually represents the N-terminal part of 

SPRTN, missing the C-terminal half) is localized in the cytoplasm while the full-

length protein remains inside the nucleus, as it was shown in previous studies9. As 

we observed that one of the most abundant cleaved fragments shows a size 

approximately half the size of the full-length protein (Fig. 11B), we assumed that 

the cleavage is producing a cleaved SPRTN-form approximately similar to 
ΔCSPRTN. Since additional smaller cleavage fragments were seen, there are other 

cleavage sites in the SPRTN molecule as well, but not of interest for this 

experiment. Taking this into account, we developed a SPRTN-molecule labeled 

with GFP at the N-terminus and mCherry at the C-terminus. We expected to see 

the full-length protein as a yellow signal in the nucleus (as a result of simultaneous 

green and red fluorescence) as well as a green signal of the GFP-tagged N-

terminal cleavage fragment in the cytosol (Fig. 12A). Indeed, as supposed we 

observed cytosolic N-terminal cleavage product as a proof of SPRTN’s auto-

cleavage activity in vivo (Fig. 12B).           

 
Figure 12 SPRTN’s in trans self-cleavage shown in vivo. (A) Scheme of double-labeled 
SPRTN-molecules and cleavage products and their intracellular localization. The full-
length protein is localized in the nucleus while the truncated SPRTN missing the C-
terminus shows a cytoplasmic localization. (B) HEK293T cells were transiently 
transfected with a vector carrying either a double-tagged WT-SPRTN or E112A-SPRTN. 
Microscopic view of cells expressing double-tagged SPRTN-variants shown as a yellow 
intranuclear signal, resulting from the collective green (GFP) and red (mCherry) 
fluorescence. Cells expressing WT-SPRTN additionally exhibit a green signal in their 
cytoplasm from cleaved SPRTN-fragments demonstrating SPRTN-autolysis, which is 
missing in the cells expressing the catalytic mutant E112A-SPRTN. 
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   We conclude that SPRTN has a proteolytic function exemplified by the self-

cleavage of this protein, which is dependent on its conserved protease domain. 

Importantly, mutations of this part lead to a loss of this function. In addition, we 

were further able to show that SPRTN-autoproteolysis happens in trans since a 

small but still present cleavage happens on the catalytic inactive E112ASPRTN as 

well (Fig. 11A). Since E112ASPRTN has no proteolytic activity, it has to be cleaved 

by another protease, and due to the fact that the cleavage products are the same 

as in self-cleavage of WTSPRTN (seen in western blot assay) the most likely 

explanation for this observation is that the catalytic mutant is cleaved in trans by 

other SPRTN molecules, which are endogenously present in cells. This was 

additionally supported by a slight green signal from the cleaved E112ASPRTN in the 

cytosol under microscopic observation. 
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4.2  SPRTN interacts with DNA-bound proteins 
   After providing evidence that SPRTN has a proteolytic function and considering 

that SPRTN plays a role in the DNA damage response we reasoned that SPRTN 

acts in proteolysis of proteins related to or bound to DNA12-14,16-18. Since there was 

no known substrate we performed an unbiased screen for potential substrates. For 

this we used liquid chromatography-mass spectrometry after SILAC-labeling 

(stable isotope labeling with amino acids in cell culture) to identify proteins with 

different abundance between WTSPRTN and ΔCSPRTN cells (with thanks to J. 

Lopez-Mosqueda who performed the experiment using the ΔCSPRTN instead of 
E112ASPRTN, as cells expressing the catalytic mutant died prematurely) (Fig. 13A). 

The search for newly formed amino-terminal amino acids (formed as a 

consequence of protein cleavage, thereby signalizing cleaved substrates) revealed 

a myriad of proteins as potential WTSPRTN-substrates. 
    

 
Figure 13 Substrates of SPRTN detected by mass spectrometry. (A) Scheme of the 
SILAC mass spectrometry using cells stably expressing WT-SPRTN or ΔC-SPRTN 
grown in either light- or heavy-isotope media to label substrate proteins. Cells were lysed 
after 24 h. After combining both differently labeled lysates, the proteins were separated 
by SDS-PAGE, purified and digested by trypsin. The prepared samples were separated 
by liquid chromatography and analyzed by their mass to charge ratio via mass 
spectrometry. (B) SPRTN-interactome shown as a diagram presenting different 
substrates recognized by newly formed amino-acids and distinguished by their 
abundance ratio between ΔC-SPRTN and WT-SPRTN. DNA-bound proteins like 
Histones, PARP1 and Topoisomerases together with SPRTN showed prominently higher 
prevalence upon SPRTN-mutation and therefore present potential substrates (with 
thanks to J. Lopez-Mosqueda). 
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   Interestingly, among those proteins there were several prominent ones known to 

be related to DNA, either functionally or structurally (Fig. 13B). Those proteins 

were of special interest to us, in view of SPRTN’s relation to DNA. We decided to 

further focus on enzymes known to be transiently bound to DNA but which could 

be permanently trapped forming DPCs under certain conditions (like PARP1, or 

Topoisomerase I or II) considering that SPRTN’s yeast orthologue Wss1 functions 

as a DPC-cleaving protease118,120,121,175. 

 

4.2.1 SPRTN is recruited to DNA by DPCs 
   In consideration of our hypothesis we assumed that the mentioned enzymes 

would serve as SPRTN’s substrates only if they are trapped to DNA and thereby 

formed DPCs, rather than in their free form. Otherwise, if these proteins would 

generally interact with SPRTN, SPRTN would function as an inhibitor of the 

mentioned enzymes with important functions in DNA damage repair thereby 

having a negative effect on DNA-repair, opposite to the current findings. In order to 

provide support for our hypothesis, a method that shows primary interaction of 

SPRTN with the DNA-bound protein fraction, instead of general SPRTN-protein-

interaction, was needed. Therefore co-immunoprecipitation, usually used to show 

protein-protein interactions, was not suitable for this purpose. Instead, we took 

advantage of the fact that DPCs are by definition bound to DNA, and if they are 

supposed substrates of SPRTN, their presence should track SPRTN to DNA in 

order to enable cleavage. Accordingly we isolated chromatin and analyzed the 

level of SPRTN on DNA in dependence of DPCs. The induction of DPCs should 

serve as a signal for recruiting SPRTN to its newly formed substrate and thereby 

to DNA. With this presumption we tested whether DPC-induction has an effect on 

the amount of SPRTN bound to DNA. As assumed, we could detect a clear 

increase of SPRTN-level on DNA upon DPC-induction indicating that DPCs recruit 

SPRTN to DNA (Fig. 14). 

   We conclude that the chromatin-recruitment of SPRTN is dependent on the 

induction of DPCs. This experiment was performed using various known DPC-

inducing agents (Etoposide, Camptothecin, Olaparib), each one targeting a 
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specific enzyme, which was found in the mass spectrometry screen as a potential 

substrate of SPRTN. Given the fact that all used DPC-inducing drugs had the 

same effect, regardless of the enzyme identity, this finding indicates a broad role 

of SPRTN function in DPC-repair. Since the employed DPC-inducing agents act 

selectively trapping one protein to DNA respectively, this increase in SPRTN-level 

on DNA upon DPC-induction treatment is explained either through a direct 

recruitment of SPRTN by its potential substrate or alternatively, through an indirect 

recruitment by SPRTN interacting proteins, namely PCNA, ubiquitin or VCP/p97. 

In either case, SPRTN function is implicated in DPC-repair, but the exact 

mechanism has to be further analyzed. 

 

 
 

Figure 14 SPRTN’s chromatin bound level is increased upon DPC-induction. HEK293T-
cells transiently expressing either GFP-WT-SPRTN or inactive E112A-mutant were 
treated with different DPC-inducing agents and compared to untreated cells. Cell lysates 
were fractionated to isolate chromatin-bound proteins and afterwards analyzed by 
immunoblotting with GFP-antibodies compared to a loading control. (A) Olaparib 
treatment with 100µM for 5h inducing PARP1-DPCs. (B) Etoposide treatment with 
500µM for 1h inducing Topoisomerase II-DPCs. (C) Camptothecin treatment with 100µM 
for 1h inducing Topoisomerase I-DPCs. 

 

4.2.2 Recruitment of SPRTN to DNA is affected by its proteolytic activity 
   Analyzing SPRTN recruitment upon DPC-induction, we observed that the 

catalytic inactive E112ASPRTN showed an increased level on DNA upon DPC-

induction. An increase in protein levels on chromatin can generally be caused 

either by an increase in SPRTN transcription, by a stronger binding affinity or by a 

sustained binding. The only difference between E112ASPRTN and WTSPRTN is a 

point mutation in the protease domain thereby only affecting its proteolytic function 

without major effects on its structure19. This fact makes a stronger DNA-binding 

affinity unlikely and indicates that the increased amount of E112ASPRTN on DNA is 

rather a result of its inability to remove DPCs, subsequently remaining on DNA 
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without performing its function. This is further supported by the fact that the 

difference between E112ASPRTN and WTSPRTN abundance is more pronounced 

upon DPC-induction. Yet, to exclude that the higher E112ASPRTN level is caused 

by a higher expression level of E112ASPRTN in total, a simultaneous analysis of the 

chromatin fraction (CF) and total cell lysate (TCL) was performed in physiological 

and DPC-inducing conditions. We could see that the total level of E112ASPRTN is 

only slightly higher compared to WTSPRTN but clearly more pronounced in the 

chromatin fraction, especially under DPC-induction, confirming that the inactive 
E112ASPRTN is preserved on DNA more than WTSPRTN (Fig. 15).	  	  	  

	  
	  

	  
Figure 15 SPRTN remains chromatin-bound upon inhibition of its proteolytic function. 
(A) Comparison of chromatin bound SPRTN-level with total cell level in HEK293T-cells 
transiently expressing GFP-tagged SPRTN-WT, E112A or ΔC. An increased chromatin 
bound SPRTN-level is observed upon Etoposide treatment (250µM for 24h) with a low 
effect on the total cell level. The ΔC-variant shows a cytosolic localization with a raised 
chromatin-level after Etoposide-treatment. (B) Scheme of SPRTN recruitment to 
chromatin upon induction of Topo II-DPC by Etoposide with an increased level of the 
catalytic mutant supposedly due to its impaired cleavage of the Topo II-DPCs.  

 

   We used this system to measure the extent of SPRTN recruitment to DNA upon 

DPC-induction and how the total level of SPRTN is affected by DPC-induction. 

Further we wanted to simultaneously compare both known mutant versions 

(ΔCSPRTN and E112ASPRTN) to WTSPRTN. Thereby we could conclude that DPC-

induction is recruiting all SPRTN variants to DNA, while the mutated forms remain 

on DNA to a higher extend. This is especially obvious in the case of ΔCSPRTN, 

since this mutant is primarily located in the cytoplasm but under DPC-induction 

becomes recruited to DNA. This observation gives further and stronger evidence 

for the connection of SPRTN and DPCs. 
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4.3 SPRTN cleaves DNA-protein-crosslinks (DPCs) 
   Subsequently to the evidence that SPRTN is a protease and that it is recruited to 

DNA by DNA-protein-crosslinks (DPCs) in a manner dependent on its proteolytic 

activity, the next obvious objective was to demonstrate proteolysis of DPC-

substrates. 

 

4.3.1 DPC-removal is dependent on SPRTN 
   In order to demonstrate DPC-cleavage, it is necessary to visualize complexes of 

proteins bound to DNA separately from the free proteins and additionally to detect 

changes in protein-level, not in total, but only for the fraction of proteins bound to 

DNA (the DPC-fraction), while simultaneously proving that the free protein portion 

is left unchanged. While searching for a way to distinguish cleavage of DPCs from 

cleavage of free proteins, we found a cesium chloride (CsCl) density gradient 

assay enabling us to isolate DNA-bound proteins from free ones (regardless if they 

are in the cytosol or nucleus)178. This was done by an ultracentrifugation of cell 

lysates through a CsCl density gradient and further analysis of the amount of the 

protein of interest, in our case Topoisomerase II (Topo II), DNA-bound and 

unbound separately (Fig. 16A)179. The finding that upon Etoposide treatment most 

of Topo II is DNA-bound (moving from the free fraction to the DNA-bound fraction) 

correlates with the known DPC-inducing function of Etoposide and simultaneously 

confirms the accuracy of this experimental method (Fig. 16B).  

   Since the DNA-bound fraction representing Topo II-DPCs is strongly reduced 

upon overexpression of WTSPRTN, this experiment gives the first clear evidence 

that DPC-removal is depending on SPRTN. This removal was shown to be a result 

of the proteolytic activity of SPRTN validated by the obvious difference in the 

amount of Topo II left DNA-bound (representing DPCs) between the proteolytic 

inactive E112ASPRTN (with a high level of Topo II-DPCs) and the active WTSPRTN 

(with almost no Topo II-DPCs detectible) (Fig. 16B). Importantly, this difference 

was only shown in the DNA-bound fraction of Topo II, not in free Topo II-fraction, 

which basically remained unaltered, supporting that SPRTN cleaves Topo II only 

in its DPC-form, as presumed. With these results, we obtained clear evidence that 
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SPRTN cleaves the DNA-bound fraction of its substrate protein (DPCs) and that 

this function depends on its protease domain. 
 

 
 

Figure 16 SPRTN cleaves proteins covalently bound to DNA. (A) Illustration of the CsCl-
gradient assay. Cells were treated with Etoposide (250µM 1h) to induce Topo II-DPCs 
and compared to untreated cells. Cell lysis under denaturing conditions using Laemmli 
buffer was followed by ultracentrifugation in a CsCl-gradient column in order to separate 
free proteins left in the upper part of the column from the DNA-fraction in the bottom part 
of the column containing covalently bound proteins (DPCs). (B) Comparison of Topo II-
level upon Etoposide treatment with an untreated control, in endogenous HEK293T-cells, 
cells transiently transfected with GFP-tagged WT-SPRTN or with the catalytic mutant 
E112A respectively. Distinct fractions from the CsCl-gradient ultracentrifugation were 
separately transferred by Dot blot (lower numbers presenting lower gradient fractions 
containing DPCs and higher numbers showing fractions with free proteins) and analyzed 
by immunoblotting with Topo II-specific antibodies. 

 

4.3.2 SPRTN’s proteolytic activity is relevant for DPC-removal   
   After demonstrating that DPC-cleavage depends on SPRTN, we aimed to further 

validate this finding by additional analysis of the protein-cleavage. First, we wanted 

to simultaneously measure the amount of SPRTN and its DPC-substrate in order 

to rule out the unexpected possibility that the observed difference in DPC-

cleavage is a result of a lower expression level of E112ASPRTN compared to 
WTSPRTN. Furthermore, since the CsCl density gradient gives only information 

about the amount of Topo II in total without dichotomizing between full-length or 

fragments (as it shows all parts reacting with the used anti-Topo II-antibody in the 

probed fraction) we further wanted to confirm that the demonstrated cleavage 

happens on the full-length protein. For that reason we utilized SDS-PAGE to 

segregate the Topo II from its potential fragmented forms and to determine 
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SPRTN-level at the same time. Since only DPC-cleavage was of interest, we 

previously isolated the chromatin-bound fraction of the cell lysates. Consistent with 

our finding from the CsCl-assay, a clearly higher level of unresolved full length 

DNA-bound-Topo II upon Etoposide treatment in E112ASPRTN compared to 
WTSPRTN could be determined. At the same time, the level of E112ASPRTN was 

raised in comparison to WTSPRTN, thereby confirming that the observed higher 

cleavage of Topo II-DPCs in WTSPRTN is directly reliant on SPRTN’s proteolytic 

function, not its level (Fig. 17A). We repeated the assay with ΔCSPRTN as well and 

observed a similar, yet less pronounced deficit in the cleavage of Topo II-DPCs 

compared to WTSPRTN. Notably, there was an obviously lower expression of 
ΔCSPRTN on DNA compared to WTSPRTN (consistent with our previous results 

and the known cytosolic localization of this mutant) (Fig. 17B). Therefore the 

observed higher level of Topo II-DPCs in cells expressing ΔCSPRTN could be 

explained by the mislocalization of this mutant, rather than a weakness in its 

proteolytic activity. Nevertheless, both mutations lead to a greater accumulation of 

DPCs as a final result, compatible with the deficits observed clinically and 

experimentally for both variants9,10. 
                 

 
Figure 17 DPC-cleavage by SPRTN depends on its proteolytic function and localization. 
HEK293T-cells transiently expressing different GFP-SPRTN variants were treated with 
Etoposide (250µM 24h) to induce Topo II-DPCs and cell lysates fractionated to isolate 
chromatin-bound proteins followed by immunoblotting with different antibodies to detect 
the amount of Topo II-DPCs and DNA-bound SPRTN-level in parallel. (A) Comparison of 
Topo II-DPC cleavage and SPRTN-level in cells expressing either GFP-tagged WT-
SPRTN or the catalytic inactive E112A.  Higher Topo II-DPC-level after Etoposide 
treatment is seen in the catalytic mutant variant. (B) Analogous comparison of cells 
expressing GFP-ΔC-variant or GFP-WT. An impairment of Topo II-DPC cleavage is seen 
in the ΔC-variant (similar but less pronounced as in E112A, despite weaker chromatin 
recruitment). 
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   Surprisingly, the level of full length Topo II was found to be decreased upon 

Etoposide treatment in western blot assays regardless of the SPRTN-variant 

expressed. This could be observed in all experimental settings, regardless of 

exposure time or concentration of Etoposide. As Etoposide is known to bind Topo 

II to DNA, Topo II-level is expected to be higher, especially on DNA120. The most 

reasonable explanation for this adverse finding is that under Etoposide Topo II is 

forming DPCs, which are toxic and quickly become cleaved thereby reducing Topo 

II-level. To investigate the effect of Etoposide on chromatin-bound Topo II, we 

exposed cells to Etoposide for increasing time points and observed a decline in 

Topo II-level upon time, supporting our hypothesis (Fig. 18). As the Topo II-

reduction upon Etoposide is more pronounced in the chromatin fraction (Fig. 19), 

this explanation seems even more feasible. Additionally, the same effect of 

protein-level reduction upon DPC-formation was observed for other DPC-inducing 

agents (data not shown), further supporting this theory. Regardless of the 

underlying mechanism, since this observation was consistent in all experimental 

settings regardless of the used SPRTN variants, it had no relevance for our study 

of SPRTN and needed no further investigation. 

 

 
Figure 18 Time dependent decline of the DNA-bound fraction of Topoisomerase II upon 
Etoposide treatment. (A) Immunoblotting of chromatin bound Topo II with loading control 
from HEK293T-cells treated with Etoposide 250µM for the indicated time. (B) Diagram 
showing Topo II-level normalized to the loading control showing a time dependent 
decrease of chromatin bound Topo II after Etoposide treatment. 

 

   After explaining the reduced Topo II-level on DNA upon Etoposide treatment as 

a result of Topo II-DPC repair, we wanted to compare Topo II-DPCs and the total 

level of Topo II in order to estimate SPRTN’s proteolytic function on DNA-bound 

and total Topo II in parallel. We made use of the previously performed 
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WTSPRTN/E112ASPRTN comparing assay but with simultaneous analysis of the 

chromatin-bound fraction (CF) and the total cell lysate (TCL) (Fig. 19A). Indeed by 

comparing the Etoposide-induced DNA-bound and total Topo II-level (presented 

as ratios of Topo II after and before Etoposide treatment) between WTSPRTN and 
E112ASPRTN we found that an impaired proteolytic function of SPRTN leads 

predominantly to a higher abundance of Topo II bound to chromatin (DPC), rather 

then Topo II in total thereby confirming SPRTN as specific DPC-cleaving protease 

(Fig. 19B). 

 

 
Figure 19 SPRTN cleaves the DNA-bound fraction of Topoisomerase II. (A) 
Simultaneous immunoblotting of chromatin bound proteins and total cell proteins. 
HEK293T-cells expressing GFP-WT or E112A with/without Etoposide treatment  (250µM 
24h) were harvested and divided to equal amounts for direct total cell lysis and for 
fractionation in chromatin bound and free proteins. Topo II-level upon Etoposide 
treatment is stronger decreased by WT than by inactive E112A. The difference in Topo 
II-level between WT and E112A (as a marker of SPRTN-activity) is pronounced in the 
chromatin bound fraction demonstrating a proteolysis of primarily Topo II-DPCs. (B) 
Diagram showing Topo II-ratios (after and before Etoposide treatment) for chromatin 
bound Topo II-DPCs and total cell Topo II in cells expressing the proteolytic active WT or 
inactive E112A. The comparison of chromatin fractions and total cell lysates reveals a 
primary effect of WT-SPRTN on DNA-bound Topo II-DPCs, less on Topo  II in total. This 
proteolytic effect is missing in the catalytic E112A-mutant.       

 

4.3.3 Loss of function of SPRTN impairs DPC-removal 
   After confirming that SPRTN functions as a DPC-cleaving protease, we wanted 

to further validate that this DPC-cleavage is not only a result of SPRTN 

overexpression, but happens as a result of endogenous SPRTN activity as well. In 

order to demonstrate this, we needed to compare a model with unaltered SPRTN-

function to a model where SPRTN-function is lost, not only mutated. Since a 
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complete SPRTN-knockout (KO) is lethal we used a conditional knockout system 

established by Maskey et al. 201420. In this model mouse embryonic fibroblasts 

(MEFs) carrying a floxed SPRTN-allele (SPRTNflox/-) were transduced with Cre-

ERT2-retroviruses introducing a Cre-recombinase, which can convert the floxed 

SPRTN-allele into a KO-allele (thereby completely terminating SPRTN-expression) 

but only upon 4-hydroxytamoxifen (4-OHT) treatment (SPRTNflox/-;Cre-ERT2-MEFs) 

(Fig. 20A). We used mouse embryonic fibroblasts (MEFs) and treated them with 4-

hydroxytamoxifen (4-OHT) to induce SPRTN-KO. According to our finding that 

SPRTN cleaves DPCs we wanted to investigate the effect of SPRTN-KO on DPC-

levels and treated these MEFs with Olaparib in order to induce PARP1-DPCs121. 

Using a chromatin fractionation assay we determined the prevalence of DPCs by 

measuring PARP1-level in the DNA-bound fraction and compared this between 

the 4-OHT-treated MEFs (SPRTN-KO) and the untreated MEFs (SPRTN-WT). As 

suspected, we could observe that a knockout of SPRTN leads to an accumulation 

of DPCs (shown by a raised PARP1-level on DNA) (Fig. 20B).    
 

 
Figure 20 SPRTN-deficiency causes impaired DPC-cleavage similar to SPRTN-mutation 
(A) Scheme of inducible KO of SPRTN. MEFs were treated with 2µM 4-OHT for 96h to 
activate a Cre-recombinase by allowing it to enter the nucleus. After entering the nucleus 
the Cre-recombinase subsequently excises the floxed SPRTN allele thereby 
transforming the cells to SPRTN-KO MEFs (right part of the picture). Untreated MEFS 
contained the Cre-recombinase in the cytosol and thereby inactive resulting in an 
unaltered SPRTN-gene and a normal SPRTN-expression (left part). (B) Immunoblotting 
of PARP1 upon Olaparib treatment. Control SPRTN and SPRTN-KO MEFs were treated 
with Olaparib 100uM for 24h or left untreated. Cells were simultaneously subjected to 
chromatin fractionation and direct lysis respectively followed by an analysis by 
immunoblotting. 

 

   Since this result resembles the observed increase of DPC-level caused by a 

mutation in SPRTN’s protease domain (E112ASPRTN), we concluded that inhibition 
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of SPRTN’s proteolytic activity has the same effect on DPC-cleavage as a 

complete loss-of-function of SPRTN (Fig. 19). Together with our previous findings 

this supports that the relevant function of SPRTN pertaining to DPCs is contained 

within its proteolytic core and its malfunction leaves DPCs unrepaired, thereby 

causing genetic instability. 

 

4.3.4 SPRTN is a promiscuous protease  
   Considering the fact that different DPCs can be cleaved by SPRTN (e.g. Topo II, 

PARP1) we reasoned that SPRTN could have an unspecific proteolytic function 

cleaving various distinct DPCs. Yet, the DPCs we studied were enzymatic DPCs, 

formed by trapping enzymes permanently bound to DNA (by exogenous sources 

like toxins), so we wanted to test if SPRTN is also able to cleave non-enzymatic 

DPCs, formed by proteins in close vicinity to DNA. These proteins can be trapped 

and form DPCs due to external influences or, of more importance, endogenously 

during cell metabolism38,110,125. In search for a candidate protein with DPC-forming 

potential we chose histones due to their abundance and their close connection to 

DNA, making the possibility of spontaneous Histone-DPC formation high. 

Furthermore, post-translational modifications are shown to occur very frequently in 

all four core histone proteins. In an chromatin fractionation assay, similar to the 

previously explained but using a gradient gel to better separate low molecular 

weight proteins like histones, we discovered cleavage products of DNA-bound 

Histone H3 exclusively upon overexpressing WTSPRTN, not its mutated versions 

(Fig. 21).  This result clearly demonstrates that Histone H3-DPCs become cleaved 

by SPRTN, and further supports the previously found impairment of DPC-cleavage 

in mutated SPRTN variants.  

   Interestingly, by analyzing SPRTN autocleavage, we could observe that the 

cleaved fragments of SPRTN were detected primarily in the total cell level and 

only at a low amount in the chromatin fraction, thereby showing that the cleaved 

SPRTN fragments are released from DNA (Fig. 21A+B). This finding is in 

accordance to the cytosolic localization of SPRTN-degradation products (Fig. 12). 
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Figure 21 SPRTN has a promiscuous DPC-cleaving activity. (A) Immunoblotting of cells 
expressing GFP-tagged-WT, the catalytic inactive E112A or the truncated ΔC-variant 
treated with Etoposide 250µM for 24h or left untreated. Cell lysates were subjected to 
chromatin fractionation and cleavage of histone H3-DPCs and SPRTN was detected by 
simultaneous immunoblotting with H3- and GFP-specific antibodies. Cleaved products 
were detectable only in cells expressing WT, promoted upon Etoposide treatment. (B) 
Immunoblotting for SPRTN- and H3-cleavage upon treatment with Camptothecin 100µM 
for 24h. (C) Illustration of effect of DPC-induction (e.g. Etoposide treatment) on SPRTN 
function. After recruitment autocleavage and substrate cleavage of the induced DPC, as 
well as of surrounding DPCs is induced. 

 

   An additional aim was to investigate whether SPRTN acts on endogenously 

appearing DPCs (such as H3-DPCs) under normal conditions or only upon 

activation by DPC-inducting treatment. Furthermore we wondered if this SPRTN-

activation causes cleavage of one specific DPC-substrate or promotes cleavage of 

other DPC-substrates in general. In order to test this we used DPC-inducing 

agents, which are not acting on histones (Etoposide or Camptothecin trapping 

solely Topo II or Topo I respectively) instead of an unspecific DPC-causing agent 

(as Formaldehyde) since a formation of H3-DPCs would naturally raise H3-DPC-

cleavage and give no information about the specificity of SPRTN-

activation102,118,120,130. We found that H3-DPCs become cleaved endogenously. 

However we observed simultaneously that the H3-cleavage was noticeably higher 
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upon Etoposide treatment, as well as the auto-cleavage of SPRTN, indicating that 

SPRTN-activation (regardless by which inducing agent) promotes SPRTN activity 

and DPC-cleavage of various substrates generally and unspecifically (Fig. 21C). 

With these results we conclude that SPRTN is a DPC-cleaving protease acting on 

various different proteins crosslinked to DNA. This promiscuous proteolytic 

function, whereby SPRTN once activated cleaves various substrates could have 

dangerous consequences and therefore needs to be regulated and coordinated, a 

topic we also wanted to address. 
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4.4 SPRTN is relevant for cellular resistance to DPC-s 
   In view of the validation that SPRTN cleaves DPCs proteolytically we wanted to 

investigate the significance of this newly found function. Accordingly, we wanted to 

assess whether SPRTNs DPC-cleaving function is relevant for cell activity and to 

which extend it affects cell survival and growth.  

 

4.4.1 SPRTN deficiency sensitizes cells towards DPC-causing agents 
   SPRTN’s essentiality for cellular survival and embryonic development was 

already demonstrated by the fact that its complete loss of function is embryonic 

lethal in mice and that its impairment leads to growth deficits and progeroid 

features9,20. On cellular level, SPRTN-KO reduces cell proliferation and induces 

cell death as already published and seen in our experiments as well (data not 

shown)9. Despite the multiple evidence of SPRTN’s crucial role in cells, we wanted 

to address whether SPRTN provides tolerance to DPC-inducing agents. Therefore 

we analyzed the effect of DPC-inducing agents on cells with intact or deficient 

SPRTN-function by measuring ATP release as a marker for cell viability (Fig. 

22A)178. For this experiment we chose a SPRTN-knockout system instead of the 

previously used catalytic mutation to overcome any potential effects of higher 

expression levels of the E112ASPRTN mutant (the analogous effect of catalytic 

mutation and expression-deficiency of SPRTN on DPC-cleavage was already 

shown). As presumed, an evidently lower cell survival rate after exposure to DPC-

causing agents is observed in SPRTN-KO-cells, thereby showing that SPRTN-

deficiency increases cell sensitivity towards DPCs (Fig. 22B).   
   Additionally to the previously used DPC-inducing agents, we used 

Formaldehyde in order to provide support that SPRTN’s function is important for 

cell survival not only due to its ability to cleave enzymatic DPC, but also due to its 

cleaving of non-enzymatic DPCs (e.g. histones) after gaining evidence of a 

SPRTN-mediated Histone H3 cleavage (Fig. 21A). FA is an agent known to induce 

a high level of crosslinking thereby causing various different and unspecific 

DPCs102,130. It was of special interest additionally because Formaldehyde was 

shown to be endogenously produced in the vicinity of chromatin as a byproduct of 
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histone demethylation129. As we could see that SPRTN deficiency increases cell 

sensitivity towards Formaldehyde, this indicates that SPRTN’s function is 

important for cells in various conditions where they are exposed to DPCs (like 

alkylating agents, radiation etc.). Of course, this presumption needs to be further 

proven. 

 
 

 
Figure 22 SPRTN-deficiency impairs cellular response to DPCs (A) Scheme of the 
survival assay comparing SPRTN-KO MEFs and MEFs with endogenous SPRTN-
expression. Cells were treated with 4-OHT for 96h to induce KO of SPRTN or left 
untreated. After seeding of 200 cells and 20h treatment with Etoposide 50µM, 
Camptothecin 1000µM or Formaldehyde 500µM cells were subjected to analysis of ATP-
level as a marker of surviving cell number. Relative cell number was measured by 
Luminescence of ATP-dependent Luciferase reaction. (B) Demonstration of SPRTN-
dependent DPC-toxicity by comparing survival fractions of WT and KO cells. Survival 
fractions were determined as ratios of cells treated with DPC-inducing toxins and 
untreated cells. Data shown as Mean+SEM from 4 experimental replicates analyzed by 
paired t-test. An increased DPC-sensitivity is found in SPRTN-deficient cells. 

 

4.4.2 SPRTN facilitates DPC-resistance and enables cell proliferation 
   As we wanted to examine the relevance of SPRTN’s function to cleave DPCs, 

we further looked whether SPRTN can provide resistance against DPCs enabling 

not only temporary cell survival, but subsequent proliferation as well. To analyze 

proliferation ability we performed a colony formation assay, which shows the ability 

0%#

10%#

20%#

30%#

40%#

50%#

60%#

70%#

80%#

90%#

100%#

WT## KO#

Camptothecin#

0%#

10%#

20%#

30%#

40%#

50%#

60%#

70%#

80%#

90%#

100%#

WT# KO#

Etoposide#

0%#

10%#

20%#

30%#

40%#

50%#

60%#

70%#

80%#

90%#

100%#

WT# KO#

Formaldehyde#

*#

*#

*#

B"

SPRTNHWT# SPRTNHKO#

SPRTN
flox/H

;CreHER
T2
HMEFs###+/H##

Seed#200#cells/well#aPer#96h#

DPCHinducing#agents#for#20h#

ATP"

ATP"

ATP" Luciferase"

Measure#ATP#release#(proporWonal#to#cell#

number)#by#LuminescenceHintensity#

Luciferin"

Oxyluciferin"

+"

A" 4OHT"



	   55	  

of a single cell to form a colony (Fig. 23A). In this assay cells deficient for SPRTN 

were compared to normal cells to examine the negative effect of SPRTN-

deficiency on resistance towards DPC-inducing agents. Therefore cells were 

exposed to DPC-inducing agents and allowed to form colonies in order to detect 

the fraction of cells with retained capacity to divide and proliferate. 

      	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

 
Figure 23 Cellular survival upon DPC-induction depends on SPRTN. (A) Scheme of the 
clonogenic experiment. SPRTN-deficiency was induced by siRNA and compared to 
endogenous SPRTN-expression. Cells were diluted and after treatment with DPC-
inducing agents left to grow for 10 days. (B) Immunoblotting proving SPRTN-depletion 
upon siRNA-treatment. (C) Images of colonies formed from 500 cells after 10 days and 
stained with 0.5% crystal violet. (D) Survival curves upon different concentrations of 
DPC-toxins comparing SPRTN-deficient and endogenous cells. Data shown as 
Mean+SEM, from 3 replicates, analyzed by paired t-test. A decline in colony number 
upon increased DPC-toxin-concentrations is evident. A consistently reduced survival in 
SPRTN-deficient cells compared to control cells (statistically significant in all settings) is 
particularly obvious upon intermediate DPC-toxin-level proving SPRTN-dependent DPC-
resistance. Higher concentrations of DPC-toxins resulted in raised cell death in both, 
SPRTN-deficient and control cells, with a lower dependence on SPRTN. 

 

   To specifically measure sensitivity towards DPC-inducing agents we determined 

survival fractions as ratios between colonies after treatment and untreated 

colonies, for cells intact or deficient for SPRTN respectively. SPRTN-deficiency 

was induced using a siRNA-system since the SPRTN-KO system leads to cell 
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culture decline after 6-7 days without any treatment (Fig. 23B). Consistent with our 

assumption, cells with deficient SPRTN-function are more sensitive to DPC-

inducing agents compared to controls showing a significantly stronger survival- 

and proliferation-impairment upon treatment (Fig. 23c+D).  This leads to the 

conclusion that SPRTNs DPC-cleaving ability has a dominant and important role in 

cellular resistance against DPCs. 
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4.5  SPRTN’s C-terminus is dispensable for DPC-cleavage but 
relevant for regulation of SPRTN 

   In accordance to the importance of SPRTN’s DPC-cleaving function being 

essential on one side, but additionally being potentially harmful while acting on 

various substrates on the other side, a regulation of SPRTN activity is necessary. 

We proposed that the C-terminus of SPRTN plays a role in this regulation, as a 

complete lack of the C-terminal SPRTN regions allows for cell viability, providing 

the essential DPC-cleavage, but shows a hypomorphic function9. This is 

demonstrated in Ruijs-Aalfs syndrome patients carrying a homozygous ΔCSPRTN-

mutation9,10. This finding implies an important role of the C-terminus, which we 

wanted to further study. 

 

4.5.1 SPRTN-level is replication-coupled 
   Several observations imply that SPRTN’s function is related to DNA damage 

response (DDR). Our findings of chromatin binding (Fig. 14) in addition to 

previously demonstrated increased DNA-damage as a result of SPRTN-

malfunction support this theory9. Accordingly, it was already shown that SPRTN 

shows a cell cycle dependent expression with an increased level when cells enter 

S phase17. We further proposed that the demonstrated DPC-cleaving function is 

connected to DNA replication, as DPCs primarily represent an obstacle for 

replication fork progression106-109. As SPRTN’s high expression during S/G2 phase 

suggests a replication-dependent function, we wanted to provide evidence of this 

notion by analyzing SPRTN upon interrupted DNA replication, reasoning that a 

replication-blockage should result in a lower SPRTN level17. We made use of the 

fact that SPRTN is degraded mostly during mitosis, and wanted to determine if 

SPRTN degradation is increased upon replication-blockage17. Therefore a 

cycloheximide (CHX) chase assay was utilized, whereby the protein synthesis is 

blocked enabling to study its degradation. We used L-mimosine, which inhibits 

DNA-replication/elongation, to compare SPRTN-degradation in cells with intact 

and blocked replication. As presumed, SPRTN is degraded in a time-dependent 
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manner after replication is blocked demonstrating that SPRTN is primarily needed 

during active replication (Fig. 24B). 

 

 
Figure 24 SPRTN-abundance depends on replication. HEK293T-cells transiently 
transfected with mCherry-SPRTN were subjected to translation inhibitor Cycloheximide 
and lysed after indicated time points to detect SPRTN-degradation. (A) No measurable 
degradation of mCherry-WT-SPRTN compared to p53 degradation. (B) Replication-
blockage by L-mimosine induces SPRTN-degradation indicating a function of SPRTN 
related to DNA-replication. (C) ΔC-SPRTN exhibits slower degradation compared to WT 
upon replication blockage. 

 

   However, the same experimental setting only including the ΔCSPRTN-variant 

instead of WTSPRTN showed an impaired SPRTN-cleavage, thereby excluding the 

possibility that SPRTN is degraded due to L-mimosine-induced chelation (Fig. 

24C). The finding that ΔCSPRTN shows a slower degradation upon replication-

blockage implies a role of the C-terminus in degradation of SPRTN. This is in 

accordance to the observed higher total cell level of ΔCSPRTN in various 

experimental settings. The observed replication-dependent level of SPRTN 

strongly suggests a replication-coupled function and further leaves the interesting 

possibility that SPRTN functions together with the replication machinery, as 

supposed for the previously unknown DPC-cleaving protease found by Duxin et 

al.174. 

 

4.5.2 The C-terminus determines the nuclear localization of SPRTN  
   The fact that the C-terminal part of SPRTN is essential for correct nuclear 

localization of SPRTN has already been demonstrated by the defective cytosolic 

localization of the ΔCSPRTN-variant9. This finding was confirmed in our 

visualization of cells stably expressing different variants of SPRTN used in our 
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studies (WTSPRTN, E112ASPRTN and ΔCSPRTN respectively). Consistent with 

previous data the catalytic mutation has no impact on the localization, while a 

truncation of SPRTN with a C-terminal deletion diminishes nuclear localization. 

However, a weak but still present nuclear signal could be observed in ΔCSPRTN (a 

finding in accordance to the low but still present ΔCSPRTN -fraction bound to 

chromatin in immune-blotting assays) (Fig. 25C).  We explain these observations 

by a possible entrance of a specific portion of the protein into the nucleus during a 

breakage of the nuclear envelope in mitosis.  

 
Figure 25 Cellular distribution of SPRTN depends on its C-terminus. Microscopic view of 
U2O3 cells with an inducible SPRTN-expression. Different GFP-tagged SPRTN-variants 
under a Flp-in TREx promoter are expressed upon Doxycycline-treatment. (A) WT-
SPRTN exhibits a regular intranuclear expression by green GFP-fluorescence similar to 
blue Dapi-fluorescence of DNA after induction by Doxycycline. (B) The mutation of the 
catalytic domain is not affecting the intranuclear localization as displayed by the proper 
localization of the E112A-SPRTN-mutant. (C) The truncated ΔC-SPRTN missing the C-
terminus exhibits a cytoplasmic localization.  

 

   However, the main question is why the C-terminal part of SPRTN is a 

prerequisite for a correct nuclear localization. As the nuclear envelope acts as a 

clear barrier allowing only small molecules to pass through the nuclear pores, all 

other molecules depend on two specific nuclear transport systems enabling either 

import or export180. Proteins transported by these systems need special 

sequences, which are recognized either by importins or exportins (proteins 

responsible for the transport through nuclear pores). We reasoned that SPRTN 
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has to contain such a signal, a nuclear localization signal (NLS) in its C-terminal 

part, in order to be properly transported via importins into the nucleus. Such NLS 

requires a lysine residue being followed by two additional basic residues (K-K/R-X-

K/R)181. Consistent with our presumption a bioinformatic analysis of the amino-acid 

sequence of SPRTN showed three potential NLS-sequences, fulfilling these 

criteria (Fig. 26A). Of these candidates, the NLS sequence at aa407-411 (KRPRL) 

seamed as the most promising one, since it is located in the C-terminal part and 

additionally highly conserved among vertebrates (Fig. 26B).        

 
Figure 26 The nuclear localization of SPRTN results from a C-terminally located NLS 
(nuclear localization signal). (A) SPRTN encompasses three potential K-K/R-X-K/R 
motifs typical for NLS along its amino-acid-sequence. (B) One of three potential NLS-
sequences is located at the C-terminus (KRPRL-sequence at aa407-411) and 
demonstrates a strong sequence-homology in SPRTN genes from various vertebrate 
species. (C) Microscopic demonstration of a cytosolic mislocalization upon mutation of 
the NLS sequence compared to intranuclear WT-SPRTN (with thanks to J. Lopez-
Mosqueda, who performed the microscope localization experiment). 

 

   Indeed our hypothesis of a NLS at aa407-411 being necessary and sufficient for 

proper nuclear localization could be validated by the fact that upon mutation of this 

sequence (R408A-L411ASPRTN) SPRTN is located in the cytosol, similar to ΔCSPRTN 

(Fig. 26C, data from experiments performed by J. Lopez-Mosqueda). Taken 

together our investigation serves as the first explanation of the mechanism 

underlying SPRTN nuclear localization.  
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4.5.3 DPC-cleavage is contained in the SprT-domain 
   Since the importance of SPRTN’s C-terminal region for its proper localization 

was demonstrated and the underlying mechanism explained by the identification of 

the NLS, we further aimed to determine whether the proper localization is the main 

role of the C-terminus in DPC-cleavage. In order to do so, we wanted to see if a 

restoration of the proper nuclear localization is enough to establish an adequate 

DPC-cleavage. Therefore we established a hybrid SPRTN-variant containing the 

N-terminal SprT-domain with an additional NLS-sequence but missing the 

remaining parts of the C-terminus and named it ΔC+NLSSPRTN. Using this model, 

we tested the DPC-cleaving ability by measuring H3-cleavage in cells expressing 

either ΔC+NLSSPRTN, WTSPRTN or known mutant-variants in comparison to each 

other. We measured the DNA-recruitment by comparing chromatin fractions with 

total cell lysates (Fig. 27). Consistent with our previous finding we could detect a 

proper H3-cleavage upon overexpression of WTSPRTN, while E112ASPRTN and 
ΔCSPRTN were not able to produce measurable cleaved fragments of H3. The 

addition of the NLS sequence to the functionally impaired ΔC-variant 

(ΔC+NLSSPRTN) restores a H3-cleavage comparable or even higher than in 
WTSPRTN.  

	  

 
Figure 27 SPRTN’s cleavage-function is determined by a proper nuclear localization. 
Simultaneous analysis of DNA-bound SPRTN-level and histone-cleavage. HEK293T-
cells expressing GFP-tagged SPRTN-variants (WT, E112A, ΔC or the hybrid ΔC with 
added NLS respectively) were subjected to parallel chromatin fractionation and total cell 
lysis. Cleaved histone fragments are detected in chromatin fractions in cells expressing 
full-length WT and the ΔC-mutant with a rescued nuclear localization (ΔC+NLS) but not  
in cells expressing the cytosolic ΔC-mutant or the catalytic inactive E112A. The ΔC+NLS 
shows a lower abundance on chromatin despite high cleavage activity. 
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   This finding demonstrates that SPRTN’s function is contained within its N-

terminal region containing the SprT-domain, since this part alone (represented by 

the ΔC+NLSSPRTN-variant) upon proper localization is as active as the WTSPRTN. 
ΔCSPRTN showed impaired H3-cleavage and decreased DNA-recruitment, despite 

its total expression-level being higher than in WTSPRTN or E112ASPRTN, further 

suggesting its mislocalization as the explanation for its weak DPC-cleavage. 

However, opposite to our expectation, ΔC+NLSSPRTN did not show a higher, but 

instead a lower level in the chromatin-bound fraction. Since its total expression 

level was higher than of WTSPRTN or E112ASPRTN and a proper nuclear 

localization was demonstrated separately (by microscopic detection of intranuclear 

localization of the ΔC+NLSSPRTN-variant, data not shown) the only explanations are 

that ΔC+NLSSPRTN is recruited less to chromatin than WTSPRTN (staying 

intranuclear but not chromatin bound) or that it is faster removed from chromatin. 

As a high level of H3-cleaved fragments (as a marker for DPC-cleavage) in 
ΔC+NLSSPRTN was clearly detected and this function requires a previous 

recruitment to chromatin, a weaker chromatin-recruitment of ΔC+NLSSPRTN is 

excluded. Thereby it is possible that a DNA-binding region is located in the C-

terminal region of SPRTN, in addition to one located within the SprT-domain. The 

fact that the catalytic inactive E112ASPRTN shows the exact opposite effect - a 

higher chromatin-bound level with a lower cleavage activity - further supports this 

explanation. Taken together, our observations show that the C-terminus of SPRTN 

is not essential for the DPC-cleaving function and the deletion of the C-terminus 

(as in ΔCSPRTN) does not alter the DPC-cleaving ability itself but compromises its 

execution by mislocalizing SPRTN to the cytosol and perhaps abrogates its ability 

to properly bind to DNA. 

 

4.5.4 The C-terminus is important for SPRTN-SPRTN interaction 
   As we found that SPRTN cleaves itself in trans, this supports an interaction of 

two SPRTN molecules. We wanted to further analyze this interaction wondering 

which part of SPRTN is included in it. Therefore we performed a co-

immunoprecipitation using a mCherry-labeled inactive form (mCherry- 
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E112ASPRTN) with different GFP-tagged variants of SPRTN, full-length or missing 

either the C-terminal (ΔCSPRTN) or the N-terminal half (ΔNSPRTN). As expected, 

we could observe a binding of two full-length SPRTN-molecules. Interestingly, we 

found that this binding is preserved only in the ΔNSPRTN-variant and missing in 

the ΔCSPRTN, meaning that the interaction of two SPRTN molecules depends on 

the C-terminus (Fig. 28). 

     
Figure 28 SPRTN-dimerization depends on its C-terminus. Co-immunoprecipitation with 
GFP-binding beads from cells expressing inactive mCherry-tagged-E112A and either 
GFP, GFP-tagged-WT or the C-terminal (ΔN) or N-terminal half (ΔC) of SPRTN. The 
mCherry-E112A is pulled down by WT and the C-terminal part (ΔN) demonstrating an 
endogenous direct or indirect dimerization or interaction enabled by the C-terminus. 

 

However, the N-terminal part is unable to perform the observed in trans auto-

cleavage as it misses a protease domain. Furthermore, the C-terminus was 

already shown to be dispensable for substrate cleavage. Therefore the most 

reasonable explanation for this finding is that SPRTN recognizes another SPRTN-

molecule or an interactor via its C-terminus enabling a direct or indirect 

dimerization and although this binding is not necessary for the substrate- or 

autocleavage function, it may promote it by proper SPRTN localization to its 

potential substrate, thereby demonstrating an additional function of the C-terminus 

of SPRTN. This theory is in accordance to the clinical observation that the patient 

with homozygous expression of ΔCSPRTN was alive but symptomatic, meaning 

that SPRTNs essential function is still preserved but obviously disturbed, implying 

that the C-terminus plays a regulatory role, maybe via binding with interacting 

molecules or recruitment of SPRTN before acting on DPCs9. 
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4.6 RJALS-syndrome shows defective DPC-cleavage 
   After gaining new insight into SPRTN’s function and providing support that 

SPRTN acts as a DPC-cleaving protease, we further wanted to confirm that this 

function of SPRTN is impaired and responsible for the clinical manifestations 

observed in RJALS-syndrome associated with SPRTN mutations. Increased DNA 

replication stress with slower replication, replication fork stalling and DSBs has 

already been shown in cells from patients with SPRTN-mutations9. These findings 

as mechanisms underlying the genetic instability with progeroid phenotypes and 

tumorigenesis could potentially be caused by an increased DPC-level, since DPCs 

represent bulky DNA lesions blocking DNA replication and leading to DSBs106-109. 

 

 
Figure 29 DPC-cleavage is impaired in mice with SPRTN-mutation. (A) Mice 
homozygously expressing WT-SPRTN or Y118A-SPRTN were used to isolate muscle 
fibers followed by cultivation of the isolated myoblasts. Cells were treated with Etoposide 
for the indicated time and harvested. (B) Immunoblotting of the chromatin fraction of 
myoblasts with Topoisomerase II-antibodies and Tom20-antibodies as a loading control. 
(C) Diagram comparing Topoisomerase II-DPCs after correction to the loading control 
demonstrates a higher abundance of Topo II-DPCs in myoblast from mice carrying the 
Y118A-SPRTN-mutation, especially upon Etoposide treatment. 
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   However, an accumulation of DPCs in patient cells needed to be demonstrated. 

Therefore we made use of a newly established mouse model carrying the mouse 

variant of the clinical mutation Y117CSPRTN, namely a Y118A-mutation (this model 

was ordered by Dikic laboratory after the discovery of the SPRTN-mutations 

underlying RJALS-syndrome). Muscle cells from Y118A/Y118A mice as well as 

WT/WT mice were isolated and chromatin-bound Topo II-level as a marker of 

DPCs was measured to see whether DPC-accumulation is increased 

spontaneously in cells carrying patient mutations in vivo (Fig. 29A)182. As an 

additional support of impaired DPC-cleavage, cells were exposed to Etoposide 

treatment in order to determine the ability of the clinical mutant to accurately 

respond to high DPC-levels (as a constant exposure to DPC-toxins is known). 

Indeed, cells harboring the Y118CSPRTN-mutation showed a raised Topo II-DPC-

accumulation compared to cells with WTSPRTN, additionally pronounced upon 

Etoposide treatment (Fig. 29B+C). 

   Since our previous results based on cell models either overexpressing or 

silencing (by siRNA/knockout) SPRTN, this finding demonstrates that DPC-

cleavage is compromised as a result of SPRTN-mutation under normal expression 

levels as well. Moreover, it demonstrated for the first time that DPCs accumulate in 

vivo in an organismal model - an animal model carrying a SPRTN-mutation 

analogous to that found in Ruijs-Aalfs syndrome patients. Further evidence of the 

impaired DPC-repair in the clinical mutant was demonstrated in lymphoblastoid 

cells derived from patients with RJALS-syndrome (ICE assay showing defective 

removal of Topo II-DPCs performed by Jaime Lopez-Mosqueda, data not shown).  
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Figure 30 Anomalism found in mice carrying a Y118A-SPRTN-mutation. (A) Embryos 
sacrificed at week 3 demonstrate a dwarfism among Y118A/Y118A mice compared to 
heterozygous or WT mice. (B) Representative images of eyes from mice with a 
homozygous Y118A/Y118A-SPRTN-mutation showing microphtalmia or cataracts 
respectively. 

 
   The Y118A/Y118A-mice exhibited phenotypes similar to the patients as well as 

to mice with hypomorphic SPRTN expression described by Maskey et al. 20149,20. 

We found a decreased ratio of Y118A/Y118A-offsprings born alive in the litters. An 

analysis of embryos sacrificed in week 3 revealed a dwarfism among the 

Y118A/Y118A-mice compared to their control littermates (Fig. 30A).  An according 

growth difference was found in adult mice as well with smaller body sizes of the 

mice carrying a SPRTN-mutation. Additionally, anomalies in eye development 

including microphtalmia and cataracts were observed at a higher frequency among 

Y118A/Y118A-mice compared to control WT mice (Fig. 30B). The observed 

phenotypes recapitulate the short statue and otphtalmological abnormalities 

observed in patients with RJALS, thereby further supporting this model. 

   As previously mentioned, the Y118ASPRTN-mutation in mice is equal to the 

human Y117CSPRTN-mutation lying close to the protease core and impairs 

SPRTN’s DPC-cleavage activity (as recapitulated by the E112ASPRTN mutation). 
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The other clinical mutation found in RJALS-patients, the ΔCSPRTN-mutation was 

also already shown to be defective in DPC-cleavage, and the underlying 

mechanism explained by the mislocalization of this SPRTN-variant. Taken 

together, these molecular explanations of the impact of both clinical mutations on 

SPRTN’s DPC-repair activity, the demonstrated raised sensitivity upon SPRTN-

malfunction and the proof of DPC-accumulation upon clinical SPRTN-mutation in 

vivo collectively provide convincing evidence for a causal relation between 

defective DPC-repair and RJALS-syndrome. 
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5 Discussion 
   As this study identified SPRTN as the first protease that cleaves DNA-protein-

crosslinks (DPCs) in metazoans and demonstrated the functional relevance of this 

activity, these novel findings of an essential previously unknown function of 

SPRTN initiated further validation in different experimental set-ups. This was done 

by our group as well as by several other groups simultaneously or subsequently to 

our observations. Therefore, a further aim of this work additionally to 

demonstrating our findings is to collectively analyze the published findings 

describing SPRTN in comparison with the results of this study as well as to give an 

overview of the existing data about SPRTN and thereby establishing a model of 

SPRTN’s function. 

   We proposed that SPRTN has an essential function and that this function lies in 

its ability to cleave DPCs. Accordingly, a genome wide CRISPR screen revealed 

that SPRTN indeed is an essential protein183. This is in accordance to the 

previously published data that a complete SPRTN knockout leads to embryonic 

lethality20, as well as to our own observation of the lethal effect of SPRTN-

malfunction on cellular survival. Furthermore, the proteolytic repair of DPCs was 

demonstrated to be crucial for DNA-replication upon DPC-induction and 

subsequently for genomic integrity and cellular survival37,184,185. Noticeably, an 

unbiased screen for proteases involved in DPC-cleavage pinpointed SPRTN 

together with the proteasome as main players186. As a result of this important role 

of SPRTN, its function demands a detailed analysis of its activity and its 

regulation. 
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5.1 Structure and protein-interaction of SPRTN  
   Solving the protein structure as well as its functional domains is important in 

unraveling the function of a protein. In the case of SPRTN, several functional 

domains have already been identified and partially characterized prior to this 

study. Accordingly, a N-terminal zinc-metalloprotease domain as well as further C-

terminal domains including a p97-binding domain, an ubiquitin-binding domain and 

a PCNA-binding domain were already identified in SPRTN’s amino acid 

sequence12-14. Our work contributed to the understanding of SPRTN’s structure by 

revealing an additional nuclear localization signal (NLS) at aa407-411 and thereby 

explaining SPRTN’s cellular localization and the mislocalization of ΔCSPRTN allele 

that is missing that NLS (Fig. 31). 

   In addition to the nuclear localization, the DNA-binding of SPRTN also needed to 

be explained. Our efforts provided evidence that SPRTN binds to DNA in vitro 

demonstrated by an electromobility shift assay (EMSA) a slower movement of 

DNA when incubated with purified SPRTN187. Similar observations of SPRTN-

DNA-binding were demonstrated by several other groups, additionally confirming 

the importance of the C-terminal part of SPRTN for DNA-binding, as shown in this 

study. Initially 5 DNA-binding regions in the C-terminus have been proposed188. As 

the truncated 1-310SPRTN binds DNA similar to WTSPRTN and 1-216SPRTN in our 

work clearly less, the region following the SprT-domain has to be crucial for DNA-

binding, more precisely the aa200-250, as later revealed by mass spectrometry 

analysis183,187,189. Further work identified a DNA-binding box (KKGK) at aa220-

223, named basic region (BR). This region is evolutionary conserved and a 

mutation of it shows a highly decreased affinity to any type of DNA189. As the DNA-

binding is not completely abolished upon mutation of the BR (KKGKSPRTN to 

AAAASPRTN) an additional DNA-binding region has to be contained in the N-

terminal part. Although some experiments demonstrated a missing DNA-binding in 

truncated SPRTN-variants as 1-220SPRTN or 1-216SPRTN, a conserved binding of 

these forms was shown in vitro and by NMR analysis demonstrating a direct 

binding of the SprT-domain, which was confirmed by the SPRTN crystal 

structure187,188,190. The differences can be explained by different experimental set-
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ups and by the fact that the BR binds dsDNA and ssDNA, while the SprT-domain 

can bind only ssDNA (Fig. 31C)190. 

 

 
Figure 31 SPRTN and its clinical mutations. (A) The full length WT-SPRTN is a 489-
amino-acid-long protein Zn-binding metalloprotease consisting of multiple domains. 
Among various different sites were SPRTN is getting cleaved the most prominent one is 
at K227/L228. (B) 6 identified SPRTN-domains including the previously known SHP, PIP 
and UBZ interacting motifs binding to p97, PCNA or Ubiquitin respectively and the 
nuclear localization signal (NLS) discovered in this study and the later identified basic 
region (BR). The previously sparsely characterized SprT-domain was shown to consist of 
2 subdomains, a N-terminal metalloprotease domain (MPD) and a following zinc binding 
domain (ZBD). (C) Both SprT-subdomains bind one Zn2+-ion respectively. SPRTN’s DNA-
binding is enabled by the BR binding ssDNA and dsDNA and additionally by the ZBD 
binding solely ssDNA. Further interacting proteins are demonstrated as well.  

 

   SPRTN’s main function as a DPC-protease, as demonstrated in this work and 

confirmed in vitro by our and other groups, was additionally resolved by the crystal 

structure of the SprT-domain (aa26-214) in complex with a 5nt-oligodC-DNA190. 

The SprT-structure revealed two subdomains important for proteolysis linked by a 

highly conserved loop. The N-terminal subdomain, named metalloprotease-

domain (MPD), binds a Zn2+-ion (with H111, E112, H115 and H130) essential for 

substrate cleavage, as previously predicted by Phyre server19. Another Zn2+-ion is 

additionally bound by the more C-terminally positioned zinc-binding domain (ZBD). 

A binding of two Zn2+-ions was previously shown188. Both these subdomains 

contain 3 alpha-helices and a three-banded beta-sheet respectively and are linked 
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by a loop, whereby the active site lies in a groove formed by these subdomains 

and shielded by the ZBD. This enables a substrate selection allowing only proteins 

with flexible regions able to fit in the active site to be cleaved by SPRTN (Fig. 

32B)183. 

   Insights into the structure of the SprT-domain enable an explanation of the 

effects of SPRTN mutations. The inactive E112ASPRTN used in this study and most 

SPRTN-experiments is impaired as the catalytic core in the SprT-family (HExxH) 

coordinating the Zn2+-ion depends on the glutamic acid that polarizes a H2O 

molecule in order to enable a nucleophilic attack on the substrate protein (Fig. 10 

and 32C)19,176,177,183.    Thereby a mutation to alanine abolishes the cleavage 

ability. Noticeably, a structural alteration by this mutation was excluded, leading to 

the conclusion that the defects seen in E112ASPRTN are solely a result of its 

catalytic impairment. However, the Y117C-mutation found in the patient is not a 

part of the HExxH-motif. Although proposed to be involved in substrate binding 

based on the Wss1-structure, the SprT-structure revealed that the tyrosine is part 

of the alpha-helix and important for its orientation through hydrophobic bounds 

with side chains183,190. The mutation to a cysteine therefore causes an alteration of 

the alpha-helix structure impairing the catalytic activity of the HExxH core (Fig. 

32C). 

   While SPRTN’s proteolytic function is performed by the MPD-subdomain 

containing the catalytic core, the protease activity depends additionally on the 

ZBD-subdomain. Additionally to its function in substrate selection by shielding of 

the active side and restricting it to flexible protein-substrates, the ZBD is important 

for selective DNA-binding as well. It forms an aromatic pocket  (with Y179 and 

W197), which binds DNA nucleotides190. Since it is only able to bind nucleotides 

and not base pairs, it enables binding to ssDNA, restricting dsDNA, different to the 

BR region additionally explaining SPRTN’s preferential binding to ssDNA189. The 

importance of this ZBD-DNA-binding is demonstrated by the deficient auto- and 

substrate-cleavage ability upon mutation of the aromatic pocket. As a result 

SPRTN cleaves DPCs in the vicinity of ssDNA, as demonstrated in several other 

experiments183,191. Another important part of the SprT-domain is a positively 



	   72	  

charged patch which plays a determining role in DNA-binding and consequently in 

the proteolysis as well. 

 

 
Figure 32 Scheme of SPRTN as a Zn-binding metalloprotease with additional C-terminal 
interacting motifs. (A) The domains are encircled and the respective amino-acid 
sequences listed for each domain. The SprT-domain consists of 2 subdomains (namely 
MPD and ZBD), each binding a Zn2+-ion marked by purple circles. The 2 subdomains 
form a pocket, wherein the DPC-substrates are cleaved. (B) Structure of the SprT-
domain consisting of the bigger N-terminally located MPD and the smaller ZBD. Each 
subdomain is build up of 3 alpha-helices and a three-stranded beta-sheet and binds a 
Zn2+-ion marked by circles. A pocket is formed between the MPD and ZBD-subdomain 
and contains the catalytic active HExxH motif in its center. This pocket represents the 
proteolytic core of SPRTN (marked with red). (C) More detailed view of the HExxH-motif 
in the center of the active site pocket of the SprT-domain. The Zn2+-ion in the center is 
coordinated by 2 Histamines and together with the Glutamic acid E112A it interacts and 
cleaves the substrate DPC-protein. 

 

   Although most studies focused primarily on the essential N-terminal part of 

SPRTN, the C-terminal PCNA-binding domain, the PIP-box, was also further 

investigated192. Thereby PCNA-binding was shown in a model and the affinity of 

SPRTN’s PIP-box was shown to be low, in accordance to observations on cellular 
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level, and lower than the affinity of PIP-boxes of TLS polymerases, thereby 

proposing that SPRTN is recruited to PCNA but in vicinity on TLS polymerases 

looses its PCNA-binding in favor of TLS12. 

   An autocleavage activity of SPRTN was demonstrated in this work and further 

validated. The cleavage-site was also of interest, especially in terms of further 

functionality of the cleaved fragments. A mass spectrometry analysis revealed at 

least 5 autocleaved fragments and further analysis determined the major cutting-

site at K227/L228 with other additional cleavage sites in accordance to our finding 

of the main cleaved fragment being approximately half the size of full-length 

SPRTN and accompanied with several other smaller fragments as further 

cleavage products (Fig. 31A)183,188.  The importance of the autocleavage will be 

discussed later. 
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5.2 Relation to the supposed yeast orthologue Wss1 
   A relation between SPRTN and Wss1 was been proposed relatively early after 

the discovery of SPRTN, primarily due to their domain-organization17,183,184. Our 

finding of a similar DPC-cleaving activity of these two proteins further supports this 

idea. Additionally, a phylogenetic analysis using a reciprocal BLAST search for 

proteins homologous to Wss1 revealed a common ancestry and a conservation of 

eukaryotic Wss1/SPRTN proteases with three main groups, a Wss1 branch and a 

UBL-Wss1 branch in plants and fungi as well as a Spartan branch in metazoans, 

whereby a higher divergence was found in metazoans183,193.  

   However, a closer analysis of the amino acid sequence by our group revealed a 

poor conservation of the sequence between SPRTN and Wss1187. The protease 

domain, as the main connecting part thereby showed especially weak preservation 

as additionally proven by the comparison of their structures187,190. Although the 

catalytic core with the HExxH-motif shows an undoubted similarity, the remaining 

sequences show limited analogy. On structural level the protein folding of the 

MPD-subdomain with 3 alpha-helices and a three-banded beta-sheet is 

comparable to the WLM-domain in Wss1 with 4 tightly packed alpha-helices and a 

four-stranded beta-sheet183. Despite the coinciding active side organization a 

major difference between the protease domains results from the exposure of the 

active site of Wss1 compared to the rather closed active site of SPRTN, at the 

base of a groove shielded by the additional ZBD-domain, which is completely 

missing in Wss1183,190. With this substrate binding cleft SPRTN can cleave only 

proteins with a flexible loop and subsequently shows a reduced substrate-

promiscuity compared to Wss1 with an exposed catalytic core. Furthermore the 

shielded active site of SPRTN is opened only upon binding to ssDNA, whereby 

SPRTN displays an additional regulation of a potentially promiscuous proteolysis, 

missing in Wss1. The higher conservation of the SprT-domain among metazoans 

further argues against a similarity of SPRTN/Wss1 proteases. 
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Figure 33 Comparison of SPRTN and Wss1 regarding their amino-acis-sequences and 
domain organization. (A) Similarities including DNA-binding, DPC-cleavage and 
interaction with p97 or Cdc48 are marked in green. (B) Differences (missing of a 
ubiquitin- or PCNA-interaction and an NLS sequence in Wss1) are marked in red. While 
SPRTN interacts with ubiquitin, Wss1 interacts with SUMO. Additional to the domain 
differences, Wss1 is about half the size of SPRTN. 

 

   A correlation in domain organization between SPRTN and Wss1 is exhibited by 

the N-terminal protease domain and a segregase-binding domain (p97 or the 

yeast homologue Cdc48 respectively)183,194. Nonetheless there are two major 

discrepancies in the domain organization: first, SPRTN possesses an additional 

PCNA-binding motif (PIP-box) lacking in Wss1, which was shown to be relevant 

for SPRTN’s activity and second, the interactor-recognizing motifs differ, whereby 

SPRTN contains a ubiquitin-binding zinc finger (UBZ) while Wss1 harbors two 

SUMO-interacting motifs (SIMs)12,14,16-18. Each of these two interactors is important 

for proper functioning of SPRTN or Wss1 respectively (Fig. 33)175,183,195. 

   Functionally a relation between SPRTN and Wss1 seems very obvious since 

they both act as DPC-cleaving proteases and show a DNA-dependent 

function183,196,197. Furthermore their levels exhibit a tight regulation by a self-

cleaving activity193. However, despite the common DPC-cleaving activity there are 

indisputable differences regarding this function. Accordingly, our group 

demonstrated that SPRTN in not able to compensate  Wss1 function in yeast, as it 

cannot promote cell growth in yeast lacking Wss1/Tdp1187. In addition, while 

SPRTN is clearly essential in higher eukaryotes, Wss1 is dispensable in yeast, 

demonstrating the distinct roles these two proteins play20,175,187,18,199. 
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   In conclusion, SPRTN and Wss1 show a homologous relation with a common 

phylogenetic ancestry, a partially comparable domain organization and a common 

function in DPC-cleavage196,200. Nonetheless, they show differences in amino acid 

sequence, protein-interaction and the functional performances greater than 

expected and consequently SPRTN is not a complete functional othologue of 

Wss1. 
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5.3 Activities of SPRTN and their cellular functions 
5.3.1 SPRTN exhibits an autocleavage activity 
   The results presented in this study demonstrate a new function for SPRTN as a 

protease. As the first evidence of proteolytic activity, we were able to show SPRTN 

self-cleavage, which happens in trans (Fig. 11). Our data on cellular level was 

confirmed by additional in vitro experiments. As demonstrated by our group and in 

several other studies, purified SPRTN is rapidly degraded by itself showing 

different cleaved fragments, whereby the cleavage happens from the C-terminal 

part and the main product is a 227aa-remnant, which is similar to the ΔCSPRTN as 

found in our work (Fig. 11B) and is still proteolytically active183,188,190,191. A further 

cleavage to a 218aa-remnant leads to a loss of activity188. As expected, 
E112ASPRTN exhibits no, and Y117CSPRTN a diminished or reduced in vitro self-

cleavage of 20%183,188. An in trans autocleavage was confirmed in vitro correlating 

to the results shown here as the inactive E112ASPRTN is cleaved by 
WTSPRTN183,187,188,190. Importantly, the in vitro self-cleavage is dependent on the 

presence of DNA, regardless if ssDNA or dsDNA, as verified in several settings, 

but with ssDNA being the stronger inducer183,187,188,190,191. Additionally, the 

autocleavage is increased by DPC-inducing agents as shown for Etoposide in this 

study (Fig. 21)  or for Formaldehyde in another demonstrating a connection of 

SPRTN’s substrate and 183,188. A causal relation of this observation still needs to 

be revealed. 

 

5.3.2 SPRTN’s main function is the proteolytic cleavage of DPCs 
   A potential proteolytic cleavage of DNA-protein-crosslinks was proposed to exist 

before this study as DPCs were removed from DNA without cutting DNA, leaving 

the protein as the only remaining part for repair174. A proteolysis was 

demonstrated for the proteasome previously as well167. This study identified for the 

first time a protein in metazoans able to cleave proteins crosslinked to DNA (Fig. 

16 and 21). Even more, an unbiased screen for factors in DPC-cleavage identified 

SPRTN in addition to the proteasome as the prime DPC-cleaving agents186. The 

requirement of SPRTN for DPC-repair was shown by an increase of the total level 
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of proteins on isolated DNA in SPRTN-deficient cells (up to 5-fold) or cell from 

RJALS-patients (up to 2-fold) with a higher DPC-accumulation upon known DPC-

inducing agents such as Formaldehyde, Camptothecin or Etoposide188. The 

findings of this study show an increase in Etoposide-induced Topo II-DPCs upon 

SPRTN-impairment (Fig. 19). The importance of SPRTN for response to 

Etoposide were further verified by our group in a SPRTN-KO model showing a 

higher Topo II-DPC abundance, which is corrected upon overexpression of 

SPRTN187. Similar findings were observed upon Formaldehyde or Camptothecin-

treatment188,191. An increase in Topo I-DPCs was detected in SPRTN-KO cells and 

in livers of 4 months old SPRTN-deficient mice20,201. 

 

 
 
Figure 34 SPRTN’s main function is the repair of DNA-protein crosslinks by proteolytic 
cleavage. Different endogenously or exogenously induced DPCs recruit SPRTN to DNA. 
SPRTN resolves these DPCs by proteolytic cleavage leaving a small peptide remnant on 
DNA, which is either further repaired by canonical DNA-damage repair mechanisms (e.g. 
NER, HR) or passed by translesion synthesis (TLS). 

 

   This study focused on Topo II and histone H3 as direct SPRTN substrates. The 

histone cleavage was later validated in vitro by independent studies183,188. Further 

investigation revealed that SPRTN is able to cleave a variety of different proteins. 

Although a mass spectrometry analysis of SPRTN-depleted cells showed an 

increase predominantly in non-DNA binding proteins, only DNA-bound proteins 

could be cleaved by SPRTN in vitro as shown in several studies183,188,191. 

However, proteins involved in DNA damage repair like PCNA (ubiquitylated or 

native), RFC or RPA are not cleaved by SPRTN191. A specific cleavage site in 

SPRTN substrates has not been identified but SPRTN primarily cleaves regions 
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enriched with serine, lysine or arginine and requires a distorted free region in 

accordance to its rather closed active site188,190. Collectively the published data 

demonstrates a promiscuous activity in SPRTN - cleaving a variety of proteins 

crosslinked to DNA. 

   The relevance of SPRTN’s uninterrupted function for DPC-repair is best 

illustrated by the impaired DPC-cleavage upon different mutations of SPRTN. The 

results of this study show an increase in DPCs in SPRTN-deficient cells and cells 

overexpressing SPRTN-mutant variants compared to WTSPRTN (Fig. 17, 20 and 

29). This finding was further validated in a cell model devoid of endogenous 

SPRTN and reconstituted with different SPRTN-mutations187. This analysis 

showed impaired DPC-cleavage in all conditions except where cells were 

reconstituted with WTSPRTN187,188,191. Complementary findings were shown in vitro 

for histone- and Topo-cleavage, providing further evidence of the effect of SPRTN-

mutations183,188. E112ASPRTN does not elicit cleavage, Y117CSPRTN elicits a 

strongly (8%) and ΔCSPRTN only a partially reduced activity or even an activity 

similar to WT183,188,191. Interestingly, on cellular level ΔCSPRTN shows a markedly 

reduced histone-cleavage as demonstrated in this study (Fig. 21). This difference 

can be explained by the mislocalization of ΔCSPRTN in cells, in accordance to a 

simultaneous intact activity on intermolecular level and an evidently deficient 

function in the patient cells (Fig. 25)183,187,188. 

 

5.3.3 SPRTN’s proteolytic function is important for DNA-replication 
   SPRTN-deficiency was shown to have deleterious effects on cells like impaired 

cellular survival, genomic instability and severe replication deficits prior to this 

study9,13,16-19. An increase in sensitivity in SPRTN-deficient cells to different DNA-

damage-inducing agents such as Formaldehyde proposed a connection to SPRTN 

in the DNA damage response. In this study, a relevance of SPRTN for resistance 

towards Formaldehyde was displayed by an increased cell death upon treatment 

with Formaldehyde or other DPC-inducing agents like Etoposide or Camptothecin 

found in SPRTN-depleted cells (Fig. 22 and 23). As further evidence that this 

sensitivity is a result of an impaired DPC-repair, another study showed that the 
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high Formaldehyde-sensitivity in SPRTN-deficient cells is suppressed by 

concomitant removal of Topo I, thereby preventing Topo I-DPC-formation188. 

MEFs hypomorphic for SPRTN showed a pronounced Camptothecin-sensitivity, 

and different SPRTN-mutations were shown to increase UV-sensitivity, 

corresponding to the findings of this study201. The observed sensitivity required an 

explanation of the underlying mechanism. With this study we hypothesized that 

SPRTN’s proteolytic function is necessary for providing unperturbed DNA-

replication by cleaving DPCs and thereby preventing replication fork collision and 

stalling.  

 

 
 
Figure 35 SPRTN’s function in resolving DNA-protein-crosslinks is important for DNA 
replication and genomic integrity. Different endogenous (metabolites, aldehydes, 
enzymatic intermediates) or exogenous sources (chemotherapeutic agents, ionizing 
radiation) can cause DPCs, which block progression of the replication fork. (Upper part) 
DPCs induce SPRTN recruitment, which further resolves DPCs by proteolysis, enabling 
replication to continue and sustaining genomic integrity for cell proliferation. (Lower part) 
In case of SPRTN-depletion, mutation or inhibition, DPC proteolysis is impaired resulting 
in a stalling and collapsing of the replication fork with deleterious DNA-damage ultimately 
leading to cell death or tumorigenesis. 
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   The relation of SPRTN to DNA-replication is implied by the finding that SPRTN’s 

protein levels peak during S phase and that SPRTN-deficiency increases 

Formaldehyde-sensitivity only in proliferating cells, not in G0-arrested cells17,188. 

Accordingly, we found that SPRTN is degraded when replication is inhibited by L-

mimosine. Furthermore, BrdU and DNA fiber assays exhibited slower DNA-

replication dynamics in SPRTN depleted cells188,191. Interestingly the role of 

SPRTN during DNA replication was shown to be more important under 

Formaldehyde or UV-treatment191. This decrease in DNA replication could be a 

result of an impaired DPC-proteolysis, as DPC accumulation leads to replication 

fork stalling174,106-109. Later studies revealed that SPRTN is indeed accumulating 

on replicating DNA and even travelling with the replication machinery as shown by 

iPOND analysis188,201,202. Moreover SPRTN cleaves DPCs during replication, 

similarly to the proteasome186. However, SPRTN is known to play an important 

role in translesion synthesis and subsequently to the negative effect on SPRTN-

impairment and DNA-replication could potentially result from an impaired TLS14,16-

18. This is an unlikely explanation, as the proteolytic SprT-domain alone is able to 

rescue replication defects in SPRTN-deficient cells, but SPRTN-mutants missing 

either the UBZ, PIP or SHP-domain not20,191. Additionally the SprT-domain alone 

travels with the replication fork equally as the full-length protein201. These findings 

prove that SPRTN ensures efficient DNA-replication by its proteolytic function and 

independently of its TLS function. This is in accordance to our results showing that 

only mutations in SPRTN’s proteolytic core lead to impaired cell proliferation upon 

exposure to DPC-inducing agents, while a missing of C-terminal interacting motifs 

does not affect DPC-cleavage (if the nuclear localization is provided) (Fig. 27). An 

analysis of cell proliferation in MEFs completely lacking SPRTN demonstrated an 

impaired TLS and an accumulation in S phase, whereby an addition of the 

proteolytic SprT-domain relieves the cells from S phase accumulation, but not form 

the TLS-deficit201. Impaired DNA replication is known to produce unstable 

replication intermediates prone to DSBs and increase in genetic instability. 

SPRTN-deficient cells exhibit the same characteristic chromosomal deficits with 

4C DNA content, measured by flow cytometry of SPRTN KO MEFs and increased 
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γH2AX, as a marker of DSBs in mice cells with reduced SPRTN-level20. 

Furthermore, a higher level of 53BP1, also a marker of DSBs, was observed in 

SPRTN-deficient cells upon DPC-induction (by Formaldehyde or Camptothecin), 

but only during S phase, thereby showing that the DSBs are produced as 

replication intermediates during an impaired DNA-synthesis188. 

   In conclusion, all the findings discussed above collectively support that SPRTN, 

as a DPC repair protease, prevents replication fork stalling upon collision with 

DPCs and thereby avoids replication defects, DSBs and genomic instability 

independently of its TLS-related function. This explains the observed slower 

replication as well as the chromosome defects in cells with a deficient or mutated 

SPRTN-proteolysis. 

 
5.3.4 SPRTN has an important role in cell cycle regulation 
   A connection of SPRTN and cell cycle regulation is implied by SPRTN’s 

important role in DNA-replication9,188,201. Interestingly SPRTN was shown to have 

a higher impact on cell cycle progression, beyond prolonged DNA-replication, as 

SPRTN-deficiency leads additionally to a lack in G2/M checkpoint activation upon 

replication stress with resulting chromosomal instability9,183. Cells with impaired 

SPRTN activity actually exhibit faster initial S phase progression, although with 

more chromosomal aberrations, and mostly accumulate in late S or G2 

phase20,201. A similar effect of slower replication and fork stalling was found upon 

Checkpoint kinase 1(CHK1)-deficiency, with no additive effect during simultaneous 

SPRTN-deficiency implying a common pathway for cell cycle regulation202. Indeed 

SPRTN acts on CHK1 as on a DPC-substrate, releases it from DNA and 

additionally cleaves its C-terminal part, thereby activating it and subsequently 

enabling a cell cycle arrest. This explains the observed G2/M-checkpoint deficit in 

SPRTN-deficient cells and proposes a model, in which upon replication stress 

SPRTN acts as a CHK1 activator thereby delaying mitotic entry, stabilizing 

replication forks and preventing chromosomal aberrations. 
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5.4 Review of regulation of SPRTN activity 
   The proteolytic function in SPRTN is on one side important for DNA damage 

repair, as it cleaves DPCs and thereby enables normal DNA replication and cell 

cycle progression106-109. Yet on the other side, the ability to cleave proteins bound 

to DNA simultaneously presents a potential danger, since many essential 

functions are performed by DNA-binding proteins and must not be interrupted. 

Therefore SPRTN’s promiscuous proteolysis must be tightly regulated. 

 
5.4.1 SPRTN is activated upon DNA-binding 
   Since SPRTN is a protease cleaving specifically proteins crosslinked to DNA, 

the results of this study demonstrate a role for DNA in SPRTN’s function. As 

already discussed, SPRTN binds to DNA via its DNA-binding basic region (BR), 

and additionally via its ZBD-region of its protease domain189,190. The type of DNA, 

which SPRTN binds to, differs among different experimental data, whereby 

SPRTN shows binding to ssDNA and dsDNA in vitro while other in vitro 

experiments and supershift assays showed a clear preference to ssDNA189,190. 

The difference can be explained by a possible spontaneous formation of ssDNA 

parts at the end of dsDNA. Subsequently a causal relation between DNA-binding 

and SPRTN activity was supported by our group and others, showing that in vitro 

autocleavage is only possible upon addition of DNA183,188,190,191. Similarly, a 

requirement of DNA was confirmed for substrate cleavage as well, whereby 

autocleavage was detected upon ssDNA and dsDNA while substrate cleavage 

was primarily or exclusively activated by ssDNA, but in other settings by dsDNA as 

well 183,188,190,202. The importance of DNA-binding for SPRTN’s function is 

undoubtedly displayed by the impairment of substrate cleavage upon decreased 

DNA-binding. Accordingly, a mutation of SPRTN’s BR-domain, which highly 

decreases DNA-binding, leads to an impaired repair of UV-induced lesions in vivo 

and a diminished cleavage activity in vitro189-191. Furthermore, a mutation of the 

DNA-binding ZBD-domain reduces histone-cleavage markedly190. In concordance, 

the addition of proteins known to have a high ssDNA-affinity as RPA or RFC 

suppresses SPRTN’s cleavage activity, as these proteins cover ssDNA making it 
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inaccessible for SPRTN. Despite little differences, the existing data collectively 

confirms SPRTN-activity as DNA-dependent and primarily being induced by 

ssDNA. 

 

5.4.2 SPRTN’s function depends on DNA-synthesis 
   The fact that SPRTN’s main function is DPC-cleavage and that DPCs primarily 

represent a problem during DNA-replication implicate the intriguing concept that 

SPRTN’s function is dependent on DNA-replication. As a replication-blockade 

causes a persistence of DPCs and the results of this study show a degradation of 

SPRTN upon replication-blockage, the idea of a replication-dependent SPRTN-

activity becomes even more reasonable (Fig. 24). Indeed, later studies showed 

that SPRTN co-immunoprecipitates major DNA-replication proteins as PCNA or 

Pol δ. In addition, an iPOND assay revealed a presence of SPRTN on nascent 

DNA and further supports a movement of it together with the replisome188,201. 

Further analysis uncovered that SPRTN accumulates on DNA upon replication 

and that it cleaves DPCs during replication186. However, the presence of the 

replisome is not strictly required for SPRTN’s DPC-cleavage as SPRTN performs 

its function upon inhibition of replication likewise, as long as ssDNA is present, 

consistent with the in vitro data showing substrate cleavage upon ssDNA183,190,191. 

On a cellular level, DNA-synthesis detected on ssDNA was shown to be the 

determining factor required for DPC-cleavage, as solely ssDNA with an inhibition 

of DNA-synthesis cannot trigger DPC-repair in vivo186. More precisely, SPRTN’s 

DPC-cleavage cannot be activated by the helicase colliding with the DPC but only 

by the polymerases synthesizing DNA during DNA-replication186. This data is 

consistent with the finding that polymerases can approach up to the DPC-binding 

DNA-base and are blocked after insertion of a paired nucleotide at this position186. 

The proof of DPC-cleavage induction by DNA-polymerases together with our and 

further findings that SPRTN-level and recruitment are replication-reliant 

demonstrates that SPRTN’s DPC-cleavage is dependent on DNA-synthesis 

(distinct to the Proteasome) and reserved to the context of DNA-replication (Fig. 

24)186. However, SPRTN is not a part of the replication machinery as proposed, 
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since it is recruited to the replication fork separately than  the replisome, during its 

resolution188,189. 

 

5.4.3 The influence of Interacting proteins on SPRTN function 
  The several different domains in SPRTN’s amino acid sequence for interaction 

with other proteins prompt for a possible regulation of SPRTN’s proteolytic function 

by some of these interacting proteins (Fig. 32). The most promising candidate is 

ubiquitin. As already mentioned SPRTN encompasses a ubiquitin-binding-zinc-

finger (UBZ). A ubiquitylation of SPRTN has been demonstrated by the 

endogenous presence of a monoubiquitylated form of SPRTN (Ub-SPRTN) 191. A 

site analysis revealed that distinct lysine residues in SPRTN can be ubiquitylated 

with no preference among them183. Furthermore the monoubiquitylation of SPRTN 

depends on its UBZ-domain, as a mutation of this domain diminishes Ub-

SPRTN183,191. As a UBZ-dependent monoubiquitylation of a protein was shown for 

other proteins like Polymerase η, thereby affecting the activity of the protein, a 

similar regulation could be present in the case of SPRTN187,203,204. The fact that 

Ub-SPRTN does not bind to DNA in vitro and that Formaldehyde-treatment 

induces de-ubiquitylation of SPRTN and simultaneously recruits SPRTN to DNA 

supports this idea183. However, SPRTN recruitment to DNA is observed by other 

conditions like UV, which has no de-ubiquitylating effect, although this process 

depends on the UBZ and PIP-domains, as mutations of either of these motifs 

impair recruitment 12-14,17,183. Additionally our group showed an increased cleavage 

activity of SPRTN in vitro upon addition of ubiquitin, which is in contrast with the 

theory of a promoting effect of a SPRTN de-ubiquitylation on its activity187. These 

findings make a regulation of SPRTN by ubiquitylated substrates or interactors 

more feasible than by ubiquitylation of SPRTN itself. 

   DPCs can be ubiquitylated similarly as other proteins and their ubiquitylation was 

shown to recruit the proteasome for subsequent cleavage186. The DPC-repair by 

the proteasome was demonstrated to be dependent on this process. In 

comparison, an inhibition of DPC-ubiquitylation does not completely abolish 

SPRTN-activity, as in the case with the proteasome, but still reduces it. 
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Subsequently, non-ubiquitylated DPCs are cleaved by SPRTN, yet only if the 

UBZ-domain remains intact186. This finding indicates that SPRTN’s cleavage 

function does not necessary require an ubiquitylation of the DPC-substrate itself, 

but rather depends on an ubiquitylated interacting protein. Importantly, this 

interaction is promoting SPRTN’s function but it is not indispensible for it, as DPC-

cleavage is found in ΔCSPRTN, lacking the UBZ-domain in our study (only upon 

proper nuclear localization demonstrated by ΔC+NLSSPRTN) and in vitro by other 

studies as well (Fig. 27)183,188,191. Additionally, the UBZ-domain was shown to be 

dispensable for progression through S phase20. The influence of ubiquitin on 

SPRTN activity is illustrated by the fact that a reduction of the ubiquitin-level 

causes a decrease of DPC-proteolysis in cell extracts174. In parallel in vitro data 

from our group showed that the addition of ubiquitin to SPRTN increases self- and 

histone-cleavage187. The most probable underlying mechanism is an in trans 

binding to a ubiquitylated interacting protein either recruiting SPRTN to the DPC or 

activating its proteolytic activity. 

   A search for the potential ubiquitylated interactor of SPRTN proposes PCNA as 

a probable candidate, primarily because SPRTN contains a PCNA-interacting 

motif and shows a relevant PCNA-binding in vitro and in vivo16-18. Additionally, 

mono-ubiquitylation of PCNA is known to play a pivotal role in DNA-replication 

stress response15,103. Correspondingly, the importance of SPRTN’s interaction with 

PCNA and Ubiquitin was demonstrated by the finding that SPRTN with a mutated 

PIP or UBZ-domain shows an impaired recruitment to UV-induced DNA-lesions 

and a defective lesion bypass12-15,17,20,183. Additionally, Rad18, a known PCNA-

ubiquitylating enzyme, was shown to act with SPRTN in the same pathway in 

restoring replication fork as a simultaneous mutation of both proteins shows no 

additive defect in fork replication progression or sensitivity to 

Formaldehyde12,14,191. However, only a UBZ-mutated SPRTN-variant exhibits an 

impaired DPC-cleavage, not a PIP-mutated174. A closer analysis of the distinct 

findings shows that PCNA-binding is important for the recruitment of SPRTN and 

replication upon DNA lesions, functions previously already attributed to SPRTN’s 

role in translesion synthesis (TLS), while a clear connection of PCNA-binding and 
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DPC-cleavage is not demonstrated until now. A positive effect of PCNA-binding on 

SPRTN’s cleavage function seams feasible via an advance of SPRTN recruitment 

to DPCs or stalled replication forks, which still needs to be elaborated. 

  Collectively the existing data about interactions of SPRTN with other proteins 

shows an obvious promoting influence of ubiquitin-binding on DPC-cleavage, 

although not strictly required, which is most probably achieved via a binding of 

SPRTN to a yet unknown ubiquitylated interacting protein instead of an 

ubiquitylation of the substrate or SPRTN itself. The PCNA-binding of SPRTN 

seems less important for its DPC-cleavage activity and is primarily relevant for 

SPRTN’s function in lesion bypass. 

 

5.4.4 SPRTN dimerization 
   Additionally to the interaction to other proteins, the interaction of SPRTN with 

another SPRTN molecule also presents a possible regulation mechanism for its 

function. The assumption of a SPRTN-SPRTN interaction results from our finding 

that SPRTN shows a self-cleavage function in trans as shown in this study, 

proving an interaction of this protein with itself (Fig. 11). This study additionally 

demonstrated that two SPRTN-molecules dimerize (directly or indirectly) in vivo 

(Fig. 28). Interestingly, a structural analysis revealed that DNA binds two SPRTN 

molecules and that these two molecules interact with each other leaving the 

possibility that SPRTN also functions primarily as a dimer189,190. Of even more 

importance, the sequence of SPRTN forming the interface between two SPRTN 

molecules shows a high evolutionary conservation as an indication for its 

relevance. The importance of SPRTN-dimerization for its activity was further 

shown by the fact that a mutation in the dimer-interface region of SPRTN leads to 

a decreased DPC-cleavage activity190. However, while our findings support a co-

immunoprecipitation between two SPRTN molecules depending on its C-terminal 

half, a structural analysis of DNA-bound SPRTN demonstrated a dimerization in 

the N-terminal SprT-domain. This difference could be explained by a potential 

dimerization at the N-terminus after DNA-binding of SPRTN, whereby a C-terminal 

interaction can happen independent of DNA, as in our experiment one SPRTN 
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molecule was lacking the DNA-binding N-terminal half. The fact that the in trans 

autocleavage of SPRTN happens primarily at the C-terminus further supports the 

hypothesis of two distinct mechanisms of SPRTN-SPRTN-interaction, especially 

since the N-terminally bound SPRTN-dimer is not capable of autocleavage in trans 

as the binding interface is right next to the catalytic core thereby sterically 

hindering the C-terminal part of one SPRTN molecule to come close enough to the 

protease core in order to be cleaved. Further investigation is needed to elaborate 

the proposed effect of SPRTN-dimerization for SPRTN’s proteolytic activity. 

 

5.4.5 The impact of autocleavage on SPRTN activity 
   As SPRTN-autocleavage was demonstrated to appear endogenously in vivo by 

this study (Fig. 12) and in vitro by other studies, an effect of the autocleavage on 

SPRTN-activity is a reasonable proposal183,187,188. The autocleavage could thereby 

promote DPC-cleavage, if the cleaved SPRTN is its active form, or inhibit DPC-

cleavage. A positive relation between autocleavage and substrate cleavage is 

suggested by a demonstrated increased autocleavage of SPRTN upon DPC-

induction by Etoposide in our study (Fig. 21), or by Formaldehyde in another183. 

The higher affinity of SPRTN to itself than to substrates further implies that the 

autocleavage may precede the substrate cleavage thereby promoting or even 

enabling it183. However, an analysis of the cleavage kinetics in vitro revealed that 

SPRTN is cleaving substrates (e.g. histones) faster than itself, which rejects this 

hypothesis188. The higher binding- affinity to itself than to substrates could instead 

maybe cause a dimerization of SPRTN as a first step, followed by DPC-cleavage 

by a functionally active SPRTN dimer, although this theory needs to be elaborated 

further.  

   On the other side, a potential negative effect of SPRTN’s autocleavage on DPC-

cleavage is indicated by the finding that autocleaved fragments like 1-218SPRTN 

lose their proteolytic activity188,190. Interestingly this study showed an intact in vivo 

H3-cleavage of the truncated ΔCSPRTN (resembling an autocleaved fragment) if a 

nuclear localization is enabled (Fig. 27). Accordingly, ΔCSPRTN showed an 

unaltered H3-cleavage and autocleavage in vitro as well188. However, an impaired 
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substrate cleavage (e.g. of Topo I and Topo II and histones) was found by other 

studies183,188. In any case, a reduced substrate cleavage of shorter SPRTN-

variants is demonstrated, appearing either at the level of the ΔCSPRTN or at 

shorter fragments, and subsequently provides evidence for a negative effect of 

autocleavage on SPRTN function. The simultaneous retained autocleavage ability 

of cleaved SPRTN fragments further supports a model where autocleavage is 

performed after substrate cleavage thereby ending a prolonged SPRTN-mediated 

proteolysis183,188. Accordingly, although autocleavage is activated by DPC-

induction, it displays a different activity than substrate-cleavage. As DPC levels 

increase, SPRTN’s substrate-cleavage is primarily activated, while a following 

decrease in DPCs activates autocleavage equally to substrate-cleavage183. 

Furthermore, as it was shown that inactive SPRTN-variants are more recruited to 

DNA, like in this study and stay longer recruited, the autocleavage seems to play a 

role in SPRTN-release from DNA once activated (Fig. 15)183. In conclusion, 

SPRTN’s autocleavage activity serves most probably as a negative regulation 

mechanism aimed to end SPRTN’s proteolytic activity after activation (as it 

happens simultaneously but shows slower kinetics) and thereby preventing 

unwanted proteolysis of important proteins by SPRTN. 

 

 
Figure 36 Regulation of SPRTN-activity. SPRTN-mediated DPC-cleavage shows a 
complex regulation with various involved factors. Distinct regulation mechanisms have 
been proposed with different supporting evidence. This figure serves as a short 
overview of factors with demonstrated positive or negative effects on SPRTN function. 
Further details can be found in the main text. 
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5.4.6 The cell cycle-dependent regulation of SPRTN  
   A connection of SPRTN to the cell cycle was demonstrated in several studies as 

already discussed17,202.  A cell cycle dependent SPRTN-level is supported and 

seems reasonable as SPRTN’s activity is DNA-coupled and replication-

dependent17,183,188,90. An interesting question is how SPRTN-activity is regulated 

by the cell cycle. This study showed that SPRTN is degraded upon blockage of 

replication (Fig. 24). Previous work supports the notion that SPRTN is degraded 

by the APC/Cdh1-complex17. This study could further confirm this finding by the 

fact that an inhibition of APC/Cdh1-dependent proteasomal degradation stabilizes 

SPRTN even upon replication blockage (data not shown). Additionally, this study 

shows that the degradation of SPRTN depends on the C-terminus as ΔCSPRTN 

shows an impaired degradation. These findings propose a regulation of SPRTN-

level via the cell cycle dependent APC/Cdh1 complex as an underlying 

mechanism of SPRTN’s cell cycle dependence. 

   Another interesting mechanism of cell cycle dependent SPRTN regulation is 

proposed by the finding that CHK1 is acting on SPRTN202. It was shown that 

CHK1-overexpression restores fork progression and chromatin stability in SPRTN-

deficient cells. An increased SPRTN-recruitment to chromatin upon CHK1-

overexpression and a reduced DPC-level upon CHK1-overexpression in SPRTN-

depleted cells was shown proposing that CHK1 promotes the activity of the 

remaining SPRTN. Furthermore, a phosphorylation of SPRTN by CHK1 was 

described. Thereby, phosphorylation sites in SPRTN were found at S373, S374 

and S383 as typical target motifs for CHK1 with a strong reduction in SPRTN-

phosphorylation upon their mutation. A regulation of SPRTN-activity by CHK1-

mediated phosphorylation therefore seems promising. 

   Taken together, the existing data demonstrates a clear cell cycle dependence of 

SPRTN-level and activity with distinct regulation mechanisms being involved. 

Further investigation will be needed to elucidate the exact regulation. 
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5.5 Explanation of the clinical findings in RJALS-syndrome	  
   The observed phenotypes in the three patients harboring mutations in the 

SPRTN gene were collectively described as RJALS-syndrome. The main 

characteristics, progeroid features and tumorigenesis, are commonly results of an 

underlying impaired DNA-replication or DNA damage repair205. Accordingly, 

severe replication defects were observed in SPRTN-deficient cells. These cells 

demonstrate slower replication speed with a higher rate of stalled replication forks 

and newly fired origins in fiber assay9. As a consequence of the defective DNA 

replication, genomic instability was shown in different models of SPRTN-

deficiency9,20,188. Replication intermediates and unrepaired breaks in the form of 

chromatin bridges and micronuclei were observed in SPRTN KO MEFs20. Patient 

fibroblast exhibit variegated translocation mosaicism9. Additionally to structural 

abnormalities numerical chromosomal instability was detected as increased rates 

of aneuploidy in proliferative MEFs, lung and prostate mouse cells with reduced 

SPRTN activity and further confirmed in liver biopsies from patients as increased 

levels of DNA damage markers, primarily for DSBs9,20,201. 

   However, the cause of the observed genomic instability upon SPRTN mutation 

remained unclear up to this study. With our work we were able to uncover the 

essential function of SPRTN, which is impaired in RJALS-patients and thereby 

explained the underlying mechanism of the observed phenotypes upon SPRTN 

mutation. As already discussed, SPRTN’s TLS-related function was completely 

abolished in one patient, who was still alive, while the DPC-function was impaired 

in all three patients, either due to a homozygous mislocalization of ΔCSPRTN, or 

due to a heterozygous partial mislocalization of one half and a simultaneous 

impaired proteolysis of the other half of SPRTN proteins in Y117CSPRTN/ 

ΔCSPRTN-cells. We provided evidence of an impaired DPC-cleavage in cells 

expressing mutated SPRTN-variants corresponding to the clinical mutations (Fig. 

17 and 21). The impaired DPC-cleavage was further demonstrated in cells directly 

derived from RJALS-patients by our group, and by other groups with an additional 

increased DPC-sensitivity187,188. 
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   The defective DPC-repair and subsequent replication impairment lead to severe 

proliferation and survival impairments as shown by reduced proliferation rates in 

hypomorphic and KO MEFs and additional increases in apoptosis20. Similar 

observations are shown in patient cells as well9. The severity of these impairments 

on a cellular level was confirmed by their consequences on an organismal level, 

namely in a zebrafish model and a mouse model with graded reduction in SPRTN 

expression20. Mice with hypomorphic SPRTN function display phenotypes 

resembling the clinical features observed in patients with RJALS-syndrome, 

namely dwarfism, lordokyphosis, cataracts and cachexia, features typically found 

in progeroid syndromes9,10,20. Similar findings were demonstrated in this study as 

well (Fig. 30).  While hypomorphic (H/H) mice with less then 10% of SPRTN 

activity are born in an expected normal frequency, but exhibit dwarfism, H/- mice 

(heterozygous with one hypomorphic and another KO allele) as well as complete 

KO mice are not viable. A complete KO causes embryonic lethality in mice with no 

viable offsprings and embryos die before the implantation stage20. This study 

demonstrated for the first time an increase in DPC-accumulation upon SPRTN-

impairment on an organismal level (Fig. 29). Thereby a mouse model with a 

catalytic SPRTN-mutation exhibited a higher level of Topo II-DPCs, endogenously 

and even more pronounced upon Etoposide-treatment. This is in accordance to 

the hypothesized impaired DPC-cleavage as the underlying pathogenesis of the 

RJALS-syndrome. Similarly, a mouse model with reduced WTSPRTN-activity 

showed accumulated Topo I-DPCs201. 

   Another important phenotype observed in RJALS-patients is tumorigenesis, 

primarily in the liver, which was also shown to be in common between mice and 

humans with deficient SPRTN-function9,201. An analysis of 22-25 month-old 

SPRTN-deficient mice with a H/H genotype screened for neoplasia revealed a 

clear increased spontaneous tumor formation in 70%, as compared to control mice 

with only 25% tumor prevalence201. The finding that the liver is the prime organ 

susceptible for tumorigenesis supports the hypothesized DPC cleavage as the 

main underlying mechanism in RJALS since the liver, as a metabolically highly 

active organ, produces high levels of potential DPC-inducing toxins. Furthermore, 
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due to its physiologic role as the prime detoxifying organ in vertebrates, the liver is 

constantly exposed to various toxins with possible DPC forming activity. For 

instance, Formaldehyde-accumulation in the liver was already demonstrated206. 

   The explained analysis of the existing data regarding RJALS from clinical 

observations, from mouse models as an organismal level and from cells derived 

from patients with the clinical mutations united give sufficient evidence for the 

hypothesized impaired DPC-cleavage as the underlying mechanism of the 

disease. SPRTN-malfunction thereby hinders DPC-cleavage and leads to impaired 

DNA-replication with subsequent genomic instability resulting in premature aging 

phenotypes and tumorigenesis. 
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5.6 Future perspectives 
5.6.1 SPRTN as a DNA damage response regulator 
   The existing data demonstrates an involvement of SPRTN in several different 

processes related to DNA damage response. SPRTN shows an essential function 

in DPC-cleavage as demonstrated by this study; it is demonstrated to play an 

important role in TLS; and in parallel it is shown to be connected to the checkpoint 

regulation of cell cycle (Fig. 19 and 22)12-14,16-18,202. These findings of SPRTN 

functioning in distinct mechanisms of DNA damage repair and control, together 

with the fact that SPRTN was proposed to be an essential protein by several 

methods prompts a hypothesis that SPRTN could act as a central actor in DNA 

damage response, for instance as a connecting point of different mechanisms, as 

a regulation/control point in pathway choice or as a factor in various DNA damage 

repair pathways. The fact that SPRTN was shown to act in the same pathway with 

TDP1, RAD18, CHK1 as well as the multiple interacting proteins of SPRTN 

connected to DNA like ubiquitylated PCNA, p97, Pol η, REV1 (DNA repair protein 

REV1) and REV7 (DNA polymerase zeta processivity subunit) further support the 

concept of SPRTN as a main actor in DNA damage response12,14,188,191,202. All this 

data implies an important and complex role of SPRTN and pronounces the 

importance of further investigations of this protein. 

 

5.6.2 The role of SPRTN in tumorigenesis and cancer therapy 
   The relevance and toxicity of DPCs was already explained in detail. It is 

noteworthy that the frequency of DPCs in native tissue correlates with proliferation 

rates and that DPC-toxicity is exaggerated during DNA-replication188,207,208. For 

instance, DNA repair enzymes like MGMT naturally form transient DPC-

intermediates and can potentially be crosslinked to DNA permanently similar to 

other proteins209,210,211,212. Therefore it is not surprising that in tumors the level of 

SPRTN is elevated in comparison to non-proliferating normal tissue (Fig. 37) 213. 

These observations propose an important function of SPRTN in tumorigenesis on 

one side as well as in tumor treatment on the other side. Since SPRTN shows a 

protective function for cells in response to DPCs and DPCs are more present and 
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more toxic in proliferative cells like tumor cells, SPRTN-inhibition should sensitize 

tumor cells to DPCs subsequently enhancing tumor cell death. Therefore SPRTN-

inhibitors represent a completely new potential chemotherapeutic approach.  

 

                         
 

Figure 37 SPRTN gene expression across glioma histologies. Expression of SPRTN 
was generated using the Gravendeel dataset and the GlioVis algorithm. 

 

   The fact that many different commonly used chemotherapeutic agents induce 

DPCs makes SPRTN-inhibition even more interesting as a potential 

chemotherapeutic agent. The DPC-inducing agents employed in this study, like 

Etoposide, Camptothecin or Olaparib, are all established chemotherapeutic 

drugs214. PARP-inhibitors like Olaparib were even shown to be primarily toxic in 

chemotherapy due to their DPC-inducing function, more than due to their catalytic 

inhibition of PARP1121. The effect of DPC-induction for other chemotherapeutics in 

comparison to their known inhibiting function would need to be investigated. 

According to our hypothesis of SPRTN as an important regulator of 

chemotherapeutic sensitivity, we already showed that SPRTN-deficiency 

sensitizes cells to different chemotherapeutic drugs (e.g. Etoposide) (Fig. 22 and 

23). These results implicate a potential synergistic effect of SPRTN-inhibition in 

addition to DPC-causing agents in tumor therapy. 
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   A further important connection to SPRTN with tumor therapy is the finding that 

ionic radiation (IR) used in radiotherapy induces DPCs in addition to double strand 

breaks (DSB), in particular under hypoxic conditions142. Hypoxic areas with 

necrosis are characteristic features of tumors and hypoxia per se has been 

implicated to reduce sensibility to cancer-treatments including radio- and 

chemotherapy215. Generally, DPCs are less toxic than DSBs, therefore to exploit 

the full potential of radiotherapy an additional DPC-repair inhibition (e.g. by 

SPRTN inhibition) could be a synergistic co-treatment approach to target therapy 

resistant tumor regions38. There is convincing data suggesting an important role of 

DPC resolving mechanisms and thereby of SPRTN in tumor progression and 

therapy resistance. Thus far however, this mechanism has not been exploited for 

therapeutic purposes. Analyzing the existing data a model where SPRTN 

mediates tumor resistance against chemo- and radiotherapy seems feasible. 

Subsequently, SPRTN-inhibition presents an interesting new strategy to improve 

tumor treatment. 

   In summary, SPRTN as the first mammalian protease shown to cleave DPCs 

represents a completely new and interesting DNA-repair mechanism with many 

potential implications in cellular physiology and pathology, especially in 

tumorigenesis. Therefore, this study together with the according SPRTN 

investigations opens a new and promising approach in the study of DNA damage 

response, tumorigenesis and tumor therapy. 
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6 Materials and Methods 
Experimental settings, reagents and antibodies 
Experiments were performed following standard procedures or new established 

variants of them as described. The utensils, wells and flasks used in the 

experiments were sterilized. Sterile deionized water was used in the experiments. 

Experimental materials, reagents and chemicals were purchased from Agilent, 

Applichem Calbiochem, Clonetech, Enzo Life Sciences, Biolabs, Biorad, 

Invitrogen, LC Labs, Merck, Milipore, Promega, Roche, Roth, Sigma, Thermo 

Fisher Scientific. Restriction enzymes were ordered from Biolabs, NEB and 

Thermo Scientific. Antibodies used in this study are listed as follows: primary 

antibodies included anti-GFP (Santa Cruz, sc-9996), anti-mCherry (Eurogen, 

AB233), anti-Histone H3 (Abcam, ab1791), anti-p53 (Santa Cruz, sc-126), anti-

PCNA (Santa Cruz, sc-56), anti-PARP1 (Cell Signaling, 9542), anti-SPRTN 

(Sigma, HPA025073), anti-TOM20 (Abcam, ab56783), anti-Topoisomerase I 

(Biomol, A302-590A), anti-Topoisomerase II alpha (Abcam, ab52934), anti-

Vinculin (Sigma, V4505), secondary HRP-coupled goat antibody were anti-mouse 

(Bio-Rad, 170-6516) and anti-rabbit (Dako, P0448). 
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6.1 Cellular biology techniques  
Buffers and solutions 
Growth medium 

- 450ml DMEM  

- 50ml FBS to a final concentration of 10% 

- 1mM Pyruvate  

 

Mincing solution 

- 14.85ml PBS 

- 150µl Pen/Strep to a final concentration of 1% 

 

Digesting medium 

- 8.65ml DMEM 

- 250µl HEPES (2.5%) 

- 150µl Pen/Strep to a final concentration of 1% 

- Collagenase II shortly before usage to a final concentration of 400U/ml 

 

Isolating solution  

- 450ml DMEM 

- 50ml FBS to a final concentration of 10% 

- 1mM Pyruvate 

- 5ml Pen/Strep to a final concentration of 1% 

 

Crystal violet 

- 0.5g crystal violet powder 

- 20ml Methanol 

- 80ml H2O 

- 6% Glutaraldehyde  
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Cell lines 
Cells lines (HEK293T, U2OS) were purchased from the American Type Culture 

Collectio (Manassas, VA) with identities verified by STR analysis.  

Mouse embryonic fibroblasts (MEFs) with the conditional SPRTN-knock-out 

system were provided by Yuichi Machida (Mayo Clinic, Rochester Mn.). 
Y118C/Y118CSPRTN-primary myoblasts were isolated from skeletal muscle of adult 
Y118C/Y118Cmice ordered for Dikic Laboratory as described. Cell lines used in the 

experiments were proven to be mycoplasma-free by PCR (Minerva Biolabs, 

Germany). 

 

Culturing of cells 
Cells were grown in Dulbecco’s modified Eagles’s minimal essential medium 

(DMEM) (Invitrogen, 41965-039) enriched with 10% fetal bovine serum (FBS) 

(Thermo Scientific, 10207). Cells were incubated at 37°C in a humidified 

atmosphere containing 5%CO2 in 10cm dishes. Cell expansion was allowed up to 

approximately 80% confluence and cells were splitted by washing with PBS and 

detachment using 2.5ml Trypsin-EDTA-solution (Invitrogen, 25300-054) for 3min, 

which was blocked by addition of 2.5ml DMEM/10%FBS . Suspensions were 

collected in a Falcon tube and gently centrifuged followed by supernatant removal 

and resuspension of cell pellet in 10ml DMEM/10%FBS. Suspensions were diluted 

1:20 in new 10cm dishes for further maintenance or in 6-well or 96-well plates for 

experiments. 

	  
Determination of cell number 
Cell concentration was measured using the TC20 Automated Cell Counter 

(BioRad Laboratories). Samples were prepared by combining equal amounts 

(10µl) of cells suspended in PBS (Gibco, 14190-094) and T10 trypan blue dye and 

mixed by gentle pipetting ten times. 10µl of the mixture was added on a TC10 

counting slide and analyzed by the cell counter. Samples were counted in 

duplicates and only the number of viable cells was calculated for further 

experimental steps. 
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Isolation of primary myoblasts 
Myoblast isolation was performed based on a protocol by Hindi et al. 2017. Adult 
Y118C/Y118Cmice were euthanized by cervical dislocation after previous anesthesia 

with isoflurane. The mice were pinned face up on a sterile plate and both posterior 

limbs were sprayed with 70% ethanol followed by skin removal with sterilized 

scissors and forceps. Afterwards the quadriceps, anterior tibialis, gastrocnemius, 

soleus and extensor digitorum longus muscles were resected and placed in a dish 

containing the mincing solution, each limb separately. Muscles were washed in the 

solution and replaced in another dish with an equal mincing solution. With a 

second pair of sterilized scissors and forceps muscles were minced followed by 

centrifugation (20000g at room temperature for 30s) and aspiration of supernatant. 

The pellets containing the minced muscles were digested by transfer to a tube 

containing digestion medium with Collagenase II and filtered by pipetting through a 

syringe of a sterile 1ml injection. After shaking and vortexing several times for 5s 

respectively, the digested muscle solutions were centrifuged (1400g at room 

temperature for 5min) followed by supernatant removal. Remaining muscle pellets 

were resuspended in isolation media with multiple pipetting to enable release from 

tissue filaments and filtered through a pre-wet (70µm)-filter. Subsequently, the 

solutions were centrifuged followed by supernatant removal and seeded in 10cm 

dishes containing growth media. Following an incubation at 37°C with 5%CO2 to 

allow cell expansion, myoblasts were maintained by culturing in growth medium as 

described and left to expand to <70% confluence before splitting. Myoblast were 

additionally stored in freezing medium at -80°C. 

 
Stable U2OS cell lines with inducible SPRTN-expression 
The FLP-In TREx U2OS host cell line was previously established in Dikic 

laboratory using the FLP-In TREx system by Invitrogen. FLP-In TREx U2OS host 

cells were cotransfected with pcDNA5/FRT/TO expression vector containing 

SPRTN and the pOG44 Flp recombinase plasmid (in order to integrate the 

SPRTN-vector). SPRTN was cloned into the pcDNA5/FRT/TO expression vector 

(as described), which contained the inducible promoter and the target site for Flp 
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recombinase to enable an integration as well as a antibiotic resistance gene for 

selection. Following cotransfection with two plasmids, U2OS cells were subjected 

to selection by an addition of antibiotic and left for selection for 10 days with 

splitting at low confluence as well as an exchange of the antibiotic-containing 

growth medium every 3 days for selection of stable transfectants. Surviving 

colonies were picked and further cultured. Transfection-efficiency was tested by 

incubation with Doxycycline for 24h and subsequent analysis by microscope and 

immunoblotting. Expression of SPRTN was induced in further experiments by 

addition of 1µg/ml Doxycycline for 24h. 

 

SPRTN-knock-out 
H7 conditional SPRTNflox/-;Cre-ERT2-MEFs were provided by Machida et al. MEFS 

were previously established with a floxed SPRTN-allele (SPRTNflox/-) and 

transduced with retroviruses to express the Cre-ERT2 recombinant fusion protein 

(Cre-ERT2-MEFs) with the ability to convert the floxed SPRTN-allele into a KO-

allele. H7 conditional SPRTNflox/-;Cre-ERT2-MEFs from Machida et al. were treated 

with 2µM 4-hydroxytamoxifen (4-OHT) to generate SPRTN-KO-MEFs. Media was 

replaced by growth medium after 96h and MEFs were used for further 

experiments. 

 
SPRTN-depletion via siRNA 
HEK293T cells were seeded in a 6-well dish to a confluence of 60-80%. For each 

well a 6-well dish two separate solutions containing either 2.5µl Lipofectamine 

RNAiMAX (Invitrogen, 11668019) or 2.5µl of 20µM siRNA were diluted in 250µl 

Opti-MEM Reduced Serum Medium (Invitrogen, 31985062) respectively. The two 

prepared solutions were mixed in equal amounts and incubated at room 

temperature for 30min. Afterwards the mixture was added to cells in growth 

medium (500µl per well) and left for incubation at 37°C with 5%CO2 for 3 days. 

SPRTN-depletion was checked by immunoblotting. 
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Transient transfection 
HEK293T cells were transfected with different pEGFP-C1 plasmid (Clonetech, 

France) (GFP-SPRTN, GFP-E112A-SPRTN, GFP-ΔC-SPRTN, GFP-ΔC-SPRTN-

NLS, GFP-R408A-L411A-SPRTN, mCherry-SPRTN, mCherry-E112A-SPRTN, 

GFP-SPRTN-mCherry, GFP-E112A-SPRTN-mCherry) using the Genejuice 

transfection reagent (EMD Millipore, 70967-4). For each well of a 6-well plate 

100µl Opti-MEM was prepared in a tube and 3µl Genejuice was added and mixed 

by vortexing. After incubation at room temperature for 5min, 700ng of plasmid was 

added, mixed by gentle pipetting and left to incubate for 15min. The prepared 

solution was added to cells in growth medium and left to incubate at 37°C with 5% 

CO2 for 48h. Transfection efficiency was checked daily under a fluorescent 

microscope. 

 

Treatment with DPC-inducing toxins 
DNA-protein-crosslinks (DPCs) were induced using following drugs: Camptothecin 

(Santa Cruz; CAS 7689-03-4) dissolved in DMSO at 25mM stock concentration; 

Etoposide (Santa Cruz; CAS 33419-42-0) dissolved in DMSO to a 50mM stock 

concentration; Formaldehyde (Santa Cruz, sc-281692) dissolved in PBS to a 

100mM stock concentration and Olaparib (LC labs, 0-9201) dissolved in DMSO to 

a 10mM stock concentration. Previously to each experiment a Mastermix of each 

drug was prepared and added simultaneously to each cell culture. Cells were 

treated by exchange of growth medium with the prepared Mastermixes of DPC-

inducing toxins at final concentrations as indicated and incubated for time points 

as indicated for each experiment. 

 
Degradation assay 
Degradation of SPRTN was determined by a cycloheximide chase assay (as 

described) of cells previously subjected to replication blockage by L-mimosine, 

proteasomal inhibition by MG132 or endogenous conditions. L-mimosine treatment 

was performed by an exchange of growth media with a Mastermix containing L-

mimosine at a final concentration of 500µM in DMEM/10%FBS followed by 
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incubation for 24h. The Mastermix was generated using a stock solution of 10mM 

L-mimosine (Sigma, M0253) dissolved in DMSO. MG132 (Calbiochem, 474790) 

was applied in a final concentration of 10µM for 1h from a stock solution of 10mM 

MG132 dissolved in DMSO (Roth, A994.1) 

 

Cycloheximide chase assay 
Cells were seeded in a 6-well plate in growth media at equal concentrations and 

left to grow to a confluence of 80%. Cycloheximide (CHX) (Applichem, A0879) was 

dissolved in DMSO to a stock with a 100mg/ml concentration and added to growth 

media to form a final concentration of 100µg/ml by gently pipetting. The 

cycloheximide addition was performed for each well subsequently at different time 

point with 30min intervals in order to establish 6 different incubation times ranging 

from 180min to 0min. Cells were harvested from all wells of a 6-well plate 

simultaneously to generate total cell lysates as described. The collected lysates 

from all time points were subjected to SDS-PAGE and analyzed by 

immunoblotting. 

 
Cell viability assay                    
Cells were seeded in a 96-well plate, seeding 200 cells per well after cell counting 

(as described). Samples were prepared using the conditional KO-system as 

explained and MEFs were incubated at 37°C in 5%CO2 for 96h  followed by cell 

counting, dilution and seeding in a 96-well plate. MEFs were exposed to a 

treatment with Etoposide at 50µM, Formaldehyde at 500µM or Camptothecan at 

1000µM respectively. After treatment for 20h, DPC-toxin containing media were 

replaced by DMEM/10%FBS. Cell survival was determined by ATP concentration. 

ATP level was measured via a luciferase reaction and measured by the relative 

endpoint luminescence signal. Samples were prepared by the CellTiter-Glo 

Luminescent Cell Viability Assay (Promega, G755A). Plates were left at room 

temperature for 30min. The CellTiter-Glo Buffer and Substrate were incubated at 

room temperature and mixed by gentle vortexing. The mixed CellTiter-Glo 

Reagent was added to the growth medium in a 1:1 ratio, mixed on a shaker for 
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2min and left to incubate at room temperature for 30min. Luminescence was 

recorded using BioTek Synergy H1 hybrid multi mode reader. Control wells without 

cells and only growth medium were used for a background luminescence 

determination.  

	  

Clonogenic assay 
HEK293T cells were counted as described and a total of 500 cells was seeded in 

each well of a 6-well plate and incubated at 37°C in 5%CO2 for 24h. Afterwards, 

cells were treated with either Formaldehyde at 100µM or 2mM for 3h, Etoposide at 

100µM or 2mM for 24h or Camptothecin at 1µM for 24h and after the indicated 

time the toxin-containing solutions were washed out. Following treatment, cells 

were left to grow in DMEM/10%FBS at 37°C in 5%CO2 for a total of 10 days. The 

grown colonies were washed from growth medium with PBS and afterwards fixed 

and stained with 0.5% crystal violet in 6% glutaraldehyde for 30min followed by 

careful washing with H2O and drying at room temperature. Colonies of more than 

50 cells were macroscopically counted. Counting was repeated in triplicates. The 

survival fraction was defined by the ratio of the number of colonies formed after 

treatment and the number of colonies formed without treatment. 

 
Microscopy 
Live cell imaging was performed using 6-well-plates on a Visitron confocal 

spinning disc microscope with Yokogawa CSU-X1 Scanning head CSU X1-A1-

5000rpm, single filter sets for GFP, mCherry, EBFP2 and a HXP 120 Xenon Lamp 

for epi-fluorescence illumination. Images were processed using ImageJ (NIH).  
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6.2 Molecular biology techniques 

Buffers and solutions 
PCR reaction mix 

- 36µl H2O 

- 5µl Buffer Ultra II 10x 

- 1,5µl dNTP 

- 1µl Plasmid (concentration 25ng/mL) 

- 5µl Oligonucleotide Forward or Oligonucleotide Reverse 

- 1,5µl Pfu Ultra II 

 

LB plates 

-‐ 5g Trypton 

-‐ 2.5g Yeast extract 

-‐ 2.5g NaCl 

-‐ 4g Agar Agar 

-‐ fill up to 0.5l with H2O and autoclave 

-‐ 0.5ml Amp/Kan added later 

 

LB medium 

-‐ 50mM Tris base pH 8.5 

-‐ 100mM NaCl 

-‐ 10µM ZnCl2 

-‐ 10% Glycerol 

-‐ 1% NP40 

 
Molecular cloning 
   SPRTN was tagged with GFP by inserting SPRTN into pEGFP-C1 plasmid 

(Clonetech). Double-tagged GFP-SPRTN-mCherry was created by insertion of 

mCherry from pMcherry-N1 (Clonetech) downstream of the GFP-SPRTN (pEGFP-

C1). SPRTN was additionally cloned into the pcDNA5/FRT/TO expression vector. 

The gene of interest and plasmid were checked for restriction sites by Serial 
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Cloner program and the according restriction enzymes used for digestion of both 

DNA-products separately. 1µg of DNA was digested by both restriction enzymes in 

a 20µl reaction at 37°C for 2h followed by separation of the restriction fragments 

by agarose gel electrophoresis on a 0.9% gel running for 35min under a voltage of 

100V. The separated restriction fragments were extracted using the Gel Extraction 

Kit by GenJET (Thermo Scientific, K0692) following manufacturer’s instructions. 

Gel fragment were diluted in Binding buffer, bound in a Purification column by 

centrifugation followed by 2 washing steps and finally eluted from the column by 

centrifugation of an Elution buffer through the column. The extracted DNA 

fragments were ligated in a mixture containing 1µl of the vector plasmid and 5µl of 

the gene of interest with T4DNA Ligase (Biolabs, B0202S) in a reaction volume of 

10µl T4 Buffer incubated at 25°C for 2h. Ligation product was used for reproduced 

in bacteria, plasmids prepared and sequenced as described. 

 

Mutagenesis 
Mutagenesis was performed to add point mutations to SPRTN (E112A, ΔC-

SPRTN, NLS, R408A-L411A), using site-directed mutagenesis  (Agilent, 

Germany). Oligonucleotides containing the desired mutations were designed 

manually and ordered from Sygma.  Amplification of two complementary 

oligonucleotides was carried out by PCR. First, PCR-mixes of the plasmid and the 

oligonucleotide were prepared for both primers separately in a final reaction 

volume of 50µl with an addition of Pfu Ultra II polymerase (Agilent, 600674-51) 

shortly before amplification. PCR-amplification was performed by thermocycling in 

a Biometra T1 Thermocycle (Biometra/Analytik Jena, TProfessional TRIO) by 

programs with parameters adjusted to melting temperatures of primers and 

elongation times for product length following manufacturers instructions. After 8 

cycles the complementary forward and reverse plasmids were combined followed 

by additional amplification cycles (17 repeats in total). Amplification was followed 

by digestion of parental DNA with Dpn I (1.5µl)  (Thermo Scientific, FD1704) 

incubated at 37°C for 90min. Cleaning of the PCR reaction was performed using 

the GenJET PCR Purification Kit (Thermo Scientific, K0701) according to 
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manufacturer’s instructions.  The PCR-mix was added to 150µl Binding Buffer and 

the DNA collected in a Kit-column by spinning and washing with 700µL Washing 

Buffer followed by an elution in 25µl H2O. Plasmids were cloned by transformation 

and analyzed by sequencing as described. 

 

Plasmid multiplication   
12.5µl of plasmid-DNA were transformed into 50µL DH5α E.coli strains (Invitrogen, 

18258012) and incubated at 4°C for 10min followed by a heat shock at 42°C for 

45s. Bacteria were incubated in 500µl LB medium at 37°C for 30min. 100µl of the 

bacteria-solution were plated on LB agar plates containing an antibiotic needed for 

selecting. Cultures were incubated at 37°C overnight and 3 single colonies per 

plate were inoculated in 5 ml liquid LB medium with selection antibiotics at 37°C 

for 9h.  

 

Plasmid preparation 
Plasmid DNA was purified using a Mini Prep purification Kit (Thermo Scientific, 

K0503) following manufacturer’s guidelines. Bacteria were centrifuged at 6800g at 

room temperature for 2min and after supernatant removal resuspended in 250µl 

Resuspension Buffer, followed by lysis in 250µl Lysis Buffer for 1-2min, which was 

stopped by 350µl Neutralization Buffer. Cell debris was removed by centrifugation 

(17900g at 4°C for 10min) and supernatant was collected in a column by spinning 

down, followed by 2 cycles of washing in 700µl Washing Buffer. Plasmids were 

washed from the column by spinning down 50µl H2O and suspension analyzed by 

sequencing. 

 

Plasmid sequencing 
Purified plasmids were diluted to 100ng/µl and 10µl from each plasmid-solution 

diluted in 5µl H2O. Sequence analysis was performed by Sanger Cycle 

Sequencing (SeqLab-Microsynth GmbH, Göttingen, Germany). 
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Nucleic acid quantification 
The concentration of DNA was determined photometrically using the NanoDrop 

ND-1000 Spectrophotometer (Thermo Scientific) following manufacturer’s 

instructions provided by the. Absorbance was measured and concentrations 

calculated with the Nucleic Acid application. Samples were diluted to required 

DNA-concentrations as indicated. 
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6.3 Biochemical techniques 
Buffers and solutions 
Lysis  buffer 

-‐ 50mM Tris/HCl pH 7.5 

-‐ 150mM NaCl,  

-‐ 1% NP40 

-‐ 5mM BME 

-‐ Complete protease inhibitors (EDTA-free) 

 

Buffer A 

-‐ 10mM HEPES pH 7.9 

-‐ 10mM KCl 

-‐ 1.5mM MgCl2 

-‐ 0.34 M Sucrose 

-‐ 10% Glycerol 

-‐ 1mM DTT 

-‐ Protease inhibitors cocktail 

 

Buffer B 

-‐ 3mM EDTA 

-‐ 0.2mM EGTA 

-‐ 1mM DTT 

-‐ Protease inhibitors cocktail 

 

1% Sarkosyl/TE  

-‐ 10mM Tris base pH 8.0 

-‐ 1mM EDTA 

-‐ 1% Sarkosyl 

 

Laemmli buffer 4x 

-‐ 277.8mM Tris base pH 6.8 
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-‐ 44.4% Glycerol 

-‐ 4.4% SDS 

-‐ 0,02% Bromophenol blue 

-‐ fill up to 50ml with H2O 

-‐ addition of BME 5% before use 

 

TBS 20x 

-‐ 121.85g Tris base 

-‐ 350g NaCl 

-‐ fill up to 5l with H2O pH 7.6-7.7 

 

TBS-T 0,1% 

-‐ 40ml 20% Tween20 

-‐ 400ml 20x TBS 

-‐ fill up to 8l with H2O 

 

TBS/BSA 

-‐ 100ml 1M Tris base 

-‐ 60ml 5M NaCl 

-‐ 20ml 10% Na-Acid 

-‐ 100g BSA 

-‐ 10ml 0,5% Phenol red 

-‐ fill up to 2l with H2O pH 7.5 

-‐ filter with 0,45um 

 

TBE 5x  

-‐ 54g Tris base 

-‐ 27.5g Boric acid  

-‐ 4.6875g Disodium EDTA  

-‐ fill up to 750ml H2O pH 8.3 

-‐ 100ml of solution + 900ml H2O for final TBE 0.5x for gel running 
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Transfer buffer 10x 

-‐ 840g Glycine 

-‐ 178.58g Tris base 

-‐ fill up to 8l with H2O pH 8.3 

-‐ 100ml of solution + 200ml Methanol pH 8.3 + 700ml H2O for final Transfer 

Buffer 1x 

 

Ponceau 

-‐ 0.5% Ponceau S 

-‐ 5% TCA 

 

Gel 10% 

-‐ 3ml 40% Acrylamide 

-‐ 3ml Lower buffer 4x 

-‐ 6ml H2O 

-‐ 60µl 10% APS (ammonium persulfate) 

-‐ 6µl Temed 

-‐ fill up with Upper buffer 

 
Lower buffer 

-‐ 91g Tris base 

-‐ 300ml H2O pH 8.8 

-‐ take 500ml with H2O, add 2g SDS 

 

Upper buffer 

-‐ 30.25g Tris base 

-‐ 700ml H2O pH 6.8 

-‐ take 500ml, add 2g SDS 
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Total cell extract lysis 
Plates containing cell cultures were put on ice and after aspiration of growth 

medium washed with 1ml ice-cold PBS per well 2 times. Cells were detached and 

lyzed by addition of 150µl Lysis buffer and pipetting inside the well. After 

incubation at 4°C for 10min, cell suspensions were transferred to a cooled Falcon 

tubes and sonicated  (Sonics, Vibracell) ten times at 50% for 2s with an interval of 

1min. Afterwards the solutions were centrifuged in a microcentrifuge (1300g at 4°C 

for 15min) to remove cell debris and 120µl of the supernatant were collected. 

Concentrated Laemmli buffer was added to the solutions in a ratio to form a final 

1x concentration, followed by vortexing and boiling at 95°C for 10min. 

   In case of parallel chromatin fractionation and total cell lysis cells were initially 

lyzed in the wells with 200µl of Buffer A containing Triton X with an incubation on 

ice for 8min and 65µl of each suspension were used for total cell lysis performed 

by addition of 135µl Lysis buffer and incubation for 15min. The solutions were 

afterwards sonicated three times, centrifuged, mixed with Laemmli buffer and 

boiled as described.  

 

Chromatin fractionation 
Cells were harvested from a 6-well plate by exchange of growth medium with 

750µl PBS at 4°C followed by scratching with a cold plastic cell lifter and additional 

rinsing with 750µl PBS. The cell suspensions were transferred to a cooled 

microcentrifuge tubes. Centrifugation was performed in a microcentrifuge (1300g 

at 4°C for 2min) followed by aspiration of supernatant. After addition of 1ml ice-

cold PBS without resuspension an additional centrifugation with supernatant 

removal was performed. Cell pellets were resuspended in 200µl of Buffer A with 

TritonX-100 and left to incubate on ice for 8min. 65µl were used for total cell lysis 

as described. The remaining 135µl were microcentrifuged (1300g at 4°C for 5min) 

followed by separation of supernatant. The supernatant was further 

microcentrifuged (20000g at 4°C for 5min) and the supernatant collected as 

cytosolic fraction. 400µl Buffer A was added to the remaining cell pellets, 

microcentrifuged and removed afterwards. Pellets were incubated in 200µl Buffer 
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B on ice for 30min, followed by microcentrifugation (1700g at 4°C for 5min) and 

supernatant removal. An additional resuspension in 400µl Buffer B was followed 

by microcentrifugation and removal of 400µl. The remaining chromatin pellet was 

lysed by an addition of 120µl Laemmli buffer, sonication in 3 cycles of 5s at 50% 

with intervals of 15s and subsequent boiling at 95°C for 10min. The chromatin-

associated proteins were analyzed by SDS-PAGE and immunoblotting. 

 

Cesium Chloride (CsCl) density gradient assay 
A separation of DNA-bound and free proteins was established by a CsCl density 

gradient based on a protocol described by Aedo et al 2012. Samples were 

prepared from cell cultures grown in 6-well plates. On ice, growth medium was 

aspirated from each well followed by resuspension of the cells in 500µl 

1%Sarkosyl/TE. After incubation on ice for 10min, cell lysates were replaced into 

tubes and sheared slowly with a 25gauge needle ten times. A CsCl stock solution 

with a density of 1.86g/ml was diluted to final densities of 1.82g/ml, 1.72 g/ml, 

1.50g/ml or 1.37g/ml respectively. The solutions were subsequently put into an 

OptiSeal tube, 1ml of each in layers slowly to prevent mixing, with the highest 

density being at the bottom. Afterwards, 1ml of the prepared samples containing 

cell lysates were added on top of each solution respectively using 16gauge 

needles slowly without mixing. Finally, four OptiSeal tubes analyzed in parallel 

were carefully balanced on a scale with 1% Sarkosyl/TE to equal their weights. 

The tubes were sealed with the caps and placed in the SW41 rotor in a Beckman 

Coulter, Avanti J-30I.. Ultracentrifugation was performed at 36000rpm at 4°C for 

20h with slow speeding up and slowing down to prevent disturbances of the 

gradient. After completion of the ultracentrifugation, the tubes were removed; the 

top 1ml of each solution removed and the necks of the tubes were cut of with a 

scalpel. The CsCl gradient solutions containing the fractionated cell lysates were 

separated in 20 fractions by careful collection of 250µl from the top respectively. 

The fractions were separately analyzed by dot blot and immunoblotting as 

described. 
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Dot Blot 
Cell lysate fractions from CsCl-gradient assay were analyzed using the Biometra 

Dot Blot 96 Blotting System (Biometra Analytik Jena) First the nitrocellulose 

membrane was equilibrated in Transfer Buffer for 5min at room temperature for 

5min. The dot blotting apparatus was set up and the membrane was placed inside 

on a Whatman filter paper previously wet in Transfer Buffer and covered with the 

96-hole cover. After establishing a vacuumization by the membrane vacuum 

pump, 100µl of the Transfer Buffer were soaked through each hole. Afterwards, 

200µl of solution of each cell lysate fraction was added in each hole. Under 

constant vacuumization the membrane was washed with 100µl Transfer Buffer per 

hole and left to vacuumize until complete drying. After release from the apparatus, 

the dot blot membrane was cut in parallel slices and blocked by BSA followed by a 

simultaneous analysis of all slices by immunoblotting as described. 

 
Immunoprecipitation and co-immunoprecipitation 
Samples used for immunoprecipitation were prepared from cells containing GFP-

fused proteins. Cells were harvested by scraping and lysing as described. After 

cell lysis, 10% of the lysate was analyzed by immunoblotting as an input and the 

rest was used for immunoprecipitation of GFP-tagged SPRTN. GFP-trap agarose 

beads (ChromoTek, gta-20) were equilibrated following manufacturers instructions 

by vortexing and washing with dilution buffer for three times. Cell lysates diluted in 

dilution buffer were added to the equilibrated beads and incubated at 4°C for 1h 

under continuous rotation. After three washes with dilution buffer including 

centrifugation (2500g at 4°C for 2min) and supernatant removal, the GFP-trap 

beads were resuspended in Lysis buffer and boiled at 95°C for 5min for 

dissociation of complexes from beads. Following centrifugation, the supernatant 

collecting the GFP-tagged proteins and covalently bound complexes was analyzed 

by SDS-PAGE and immunoblotting as described. 
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SDS-polyacrylamide gel electrophoresis SDS-PAGE 
Electrophoresis was performed using self-cast 10%-gels or precast 4-12%-

gradient gels (Biorad, 4561095) in a running buffer at a voltage of 90V for different 

times (60-90 minutes) in a Biorad running system. Samples analyzed by SDS-

PAGE were prepared by addition of Laemmli buffer to a final concentration of 1x 

followed by boiling at 95°C for 10 minutes. Equal amounts of cell lysates were 

loaded in each well parallel to a molecular weight marker. 

 

Transfer from gel to membrane 
Proteins separated by electrophoresis were transferred from the SDS- 

polyacrylamide gel on a nitrocellulose membrane. Membranes were previously put 

in transfer buffer for 1 min. Transfer was performed in a Biorad tank system in 

Transfer Buffer cooled by ice cubes under a constant current of 200mA for 90 

minutes with checking of voltage to remain over 65V. Effective protein-transfer to 

the nitrocellulose membrane was checked by detection of proteins using Ponceau 

staining for 5min upon shaking and washed five times afterwards. 

 

Immunoblot analysis 
Membranes containing transferred proteins were blocked in TBS-T containing 

bovine serum albumin solution (BSA) (Thermo Scientific, 23209) for 1h. After 

washing out the blocking buffer with TBS-T membranes were incubated in primary 

antibody solutions overnight and washed 3 times with TBS-T for 10min 

respectively. Afterwards, membranes were incubated with a dilution of the HRP-

conjugated secondary antibody for 1h followed by 3 washes with TBS-T for 10min 

respectively. All incubations were performed at room temperature with continuous 

shaking. ECL was performed by mixing 1ml of peroxide solution and 1ml Lumigen 

enhancer solution (Lumigen, TMA-100) immediately before incubating membranes 

in the mixture. After incubation at room temperature for 1 minute, membranes 

were removed from the solution and put in plastic sheet protector followed by 

removal of excess liquid by pressure and fixing of the plastic sheet in a film 

cassette. In a dark room X-ray films were placed above the membranes and left 
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for light exposure. Several X-ray films were used subsequently with increasing 

exposure time. X-ray films were developed in an AGFA, Curix 60 developer in the 

dark room and scanned afterwards. 

	  
Mass spectrometry 
Mass spectrometry analysis of SPRTN substrates was performed using WTSPRTN 

and ΔCSPRTN cells in parallel. Cells were first SILAC-labeled (stable isotope 

labeling with amino acids in cell culture) by growing them in lysine- and arginine-

free DMEM with 10% FBS, arginine with the addition of either heavy- or light-

labeled lysine for 24h in order to allow cells to incorporate the labeled lysines in 

their proteins. Cells were harvested, lysed and mixed together in an equal ratio. 

The proteins were extracted by immunoprecipitation using agarose-coupled beads 

for 1h and subjected to elution on a SDS-gel reduction, alkylation with 

chloroacetamide and in-gel digestion with Trypsin overnight and extracted from the 

gel. Cleaning of the digested peptides was performed using high performance 

liquid chromatography columns to desalt and decontaminate them. Afterwards, the 

desalted peptide mixtures were stage tipped, reconstituted  by injection and elution 

in high performance liquid chromatography organic solvents and loaded on fused 

silica capillaries followed by detection on an Orbitrap Fusion LUMOS (Thermo 

Scientific). The mass spectrometry data was processed using default parameters 

of the MaxQuant software with the human UniProt database. 
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8 Abbreviations 
 
3’-ends DNA end with phosphate at 3’ carbon of ribose ring 

4-OHT 4-hydroxytamoxifen 

5-aza-dC Decitabine / 5-aza-2’-deoxycytidine 

5’-ends DNA end with phosphate at 5’ carbon of ribose ring 

53BP1 p53-binding protein 1 

A Alanine 

A Amper 

aa Amino acid 

ADH Alcohol dehydrogenase 

AGT O6-alkylguanine-DNA alkyltransferase 

ALKBH1-8 Alkylation repair homologues 1-8 

Amp/Kan Ampicillin/Kanamycin 

AP Apurinic/apyrimidinic 

APE1 Apurinic/apyrimidinic AP endonuclease 1 

APS Ammonium persulfate 

APTX Aprataxin 

ATM Ataxia-teleangiectasia mutated 

ATP Adenosine triphosphate 

BER Base excision repair 

BLM Bloom syndrome protein 

BME Beta-mercaptoethanol 

BRCA1 Breast cancer type 1 susceptibillity protein 

BRCA2 Breast cancer type 2 susceptibillity protein 

BSA Bovine serum albumin 

C Cysteine 

c centi- 

C=O Carbonyl group 

C-terminus Carboxy-terminus 

C1orf124 Chromosome 1 open reading frame 124 / Spartan 
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CF Chromatin fraction 

CHK1 Checkpoint kinase 1 

CHX Cycloheximide 

CO2 Carbon dioxide 

CPT Camptothecin 

Cre Causes recombination protein 

CsCl Cesium Chloride 

CSA Cockayne syndrome A  

CSB Cockayne syndrome B 

CtIP CtBP(C-terminal binding protein)-interacting protein 

Da Dalton 

DDR DNA damage response 

DH5α D. Hanathan 5 α Escherichia coli strain 

DMEM Dulbecco’s modified Eagles’s minimal essentail medium 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DNA-PKcs DNA-dependent protein kinase, catalytic subunit 

DNMT DNA methyltransferase 

dNTP Deoxynucleotide triphosphate 

DPC DNA-protein-crosslink 

Dpn I N6-methyladenine(m6A)-dependent restriction enzyme 

dsDNA Double-stranded DNA 

DSB Double-strand breaks 

DSBR Double strand break repair 

DTT Dithiothreitol 

DVC1 DNA damage protein targeting VCP 

E Glutamic acid 

E. coli Escherichia coli 

E112A Glutamic acid at aa112 mutated to Alanine 

ECL Electrochemiluminescence 

EDTA Ethylenediaminetetraacetic acid 
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EGTA Ectazic acid 

EME1 Crossover junction endonuclease EME1 

ERCC1 Excision repair cross-complementing  protein 1 

ERT2 Estrogen receptor activated by tamoxifen 

et al. et alii 

ETO Etoposide 

EXO1 Exonuclease 1 

FA Formaldehyde 

FANCI Fanconi anemia group I protein 

FANC2 Fanconi anemia group D2 protein 

FBS fetal bovine serum 

flox Flanked by LoxP 

Flp Flippase 

FEN1 Flap endonuclease (FEN1) 

FTO Fat mass and obesity associated 

g gram 

g Gravity as relative centrifugal force 

G2 phase Growth phase 2 

GEN1 Flap endonuclease GEN homolog 1 

GFP Green fluorescent protein 

GG-NER Global genome NER 

H Histidine 

h Hour 

H+ Hydrogen ion 

H/H Hypomorphic / hypomorphic 

H2AX Histone H2A family member X  

H2O Water 

H3 Histone H3 family member 

H7 Inducible SPRTN-KO mouse cell line  

HCl Hydrochloric acid 

HEK293T Human embryonic kidney cell mutated SV40 large T antigen 
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HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HExxH Histidine-Glutamic acid-variable aa-variable aa-Histidine 

HGPS Hutchinson-Gilford Progeria Syndrome 

HMGB1 High mobility group box 1 

HN2 Chlormethine / mustine 

HR Homologous recombination 

HRP  Horseradish peroxydase  

HU Hydroxyurea 

ICE In vivo complex of enzyme assay 

ICL Interstrand crosslinks 

ID Complex of FANCI andFANCD 

IR Ionizing radiation 

K Lysine 

k kilo- 

K-K/R-X-K/R Lysin-Lysine/Arginine-variable aa-Lysine/Arginine 

KCl Potassium chlorice 

KO Knockout 

KRPRL Lysine-Arginine-Proline-Arginine-Leucine 

Ku70 ATP-dependent DNA helicase II 70kDa subunit 

Ku80 ATP-dependent DNA helicase II 80kDa subunit 

L Leucine 

l liter 

L411A Leucine at aa411 mutated to Alanine 

LB Lysogeny broth 

LC Liquid chromatography mass spectrometry 

LIG1 DNA ligase 1 

LIG3  DNA ligase 3 

LIG4 DNA ligase 4 

LMNA Lamin A 

M mol 

m mili- 
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mCherry Red fluorescent protein mCherry 

MEF Mouse embryonic fibroblast 

MG132 Protease inhibitor MG132 

MgCl2 Magnesium chloride 

MGMT O6-methylguanine-DNA methyltransferase 

min minute 

MMC MitomycinC 

MMR Mismatch repair 

MMS Methyl methanesulfonate 

MRE11 Meiotic recombination 11 

MRN Complex consisting of MRE11, RAD50 and NBS1 

MUS81 Crossover junction endonuclease MUS81 

MutL Mutator L complex 

MutS Mutator S complex 

N Nitrogen 

N-terminus Amino-terminus 

NaCl Sodium chloride 

NBS1 Nijmegen breakage syndrome protein 1 

NER Nucleotide excision repair 

NHEJ Non-homologous end joining 

NLS Nuclear localization signal 

NP40 Nonyl phenoxypolyethoxylethanol 

O- Oxyanion 

OH- Hydoxide 

OLA Olaparib 

Opti-MEM Opti-MEM Reduced Serum Medium 

P Proline 

p53 Cellular tumor antigen p53 / p53 protein 

p97 Protein p97 cilium adhesin 

PARP1 Poly ADP-ribose polymerase 1 

PARylation Poly ADP-ribosylation 
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PBS Phosphate-buffered saline 

pcDNA Protamine complementary DNA 

pcDNA5/FRT/TO pcDNA with 5/Flp recombination target/Tetracycline On 

PCNA Proliferating cell nuclear antigen 

PCR Polymerase chain reaction 

pEGFP-C1 Plasmid expressing GFP 

Pen/Strep Penicillin-streptomycin 

Pfu Ultra II Pyrococcus furiosus DNA Polymerase Ultra 2 

pH Acidity scale 

PIP PCNA-interacting protein 

pMcherry-N1 Plasmid expressing mCherry 

PNKP Polynucleotide kinase 3’-phosphatase 

pOG44 Flp-Recombinase Expression plasmid 

Pol β  DNA Polymerase β (beta) 

Pol δ DNA Polymerase δ (delta) 

Pol ε DNA polymerase ε (epsilon) 

Pol η DNA polymerase η (eta) 

Pol λ DNA Polymerase λ (lambda) 

Pol µ DNA Polymerase µ (mu) 

R Arginine 

R408L Arginine at aa408 mutated to Leucine 

RAD5 Restriction site associated DNA-marker 5 

RAD6 Restriction site associated DNA-marker 6 

RAD18 Restriction site associated DNA-marker 18 

RAD23 Restriction site associated DNA-marker 23 

RAD50 Restriction site associated DNA-marker 50 

RAD51 Restriction site associated DNA-marker 51 

RBBP8 RB(retinoblastoma-associated protein)-binding protein 8 

REV1  DNA repair protein REV1 

REV7  DNA repair protein REV7 

RFC Replication factor C 
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RJALS Ruijs-Aalfs syndrome 

RMI1 RecQ-mediated genome instability protein 1 

RMI2 RecQ-mediated genome instability protein 2 

RNA Ribonucleic acid 

ROS Reactive oxygen species 

RPA Replication protein A 

rpm Rotations per minute 

RTEL1 Regulator of telomerase elongation helicase 1 

S Serine 

s second 

S phase Synthesis phase 

SDSA Synthesis dependent strand annealing 

SILAC Stable isotope labeling with amino acids in cell culture 

siRNA Small interfering RNA 

SLX1 Synthetic lethal of unknown function protein 1 

SLX4 Synthetic lethal of unknown function protein 4 

Spo11 SPO11 initiator of meiotic double stranded break 

SprT Protein SprT in Escherichia coli 

SPRTN Protein with SprT-like domain at the N terminus / Spartan 

SSB Single-strand breaks 

ssDNA Single-stranded DNA 

SDS Sodium dodecyl sulfate 

SDSA Synthesis-dependent strand anealing 

SDS-PAGE SDS-polyacrylamide gel electrophoresis 

STR Short tandem repeat 

T4 Bacteriophage T4 

TBE Tris/Borate/EDTA 

TBS Tris-buffered saline 

TBS-T TBS with 0.1% Tween20 

TC-NER Transcription coupled NER 

TCA Trichloro acetic acid 
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TCL Total cell lysate 

TDP1 Tyrosyl-DNA-phosphodiesterase 1 

TE Tris buffer with EDTA 

Temed Tetramethylethylenediamine 

TFIIH Transcription factor II human 

TLS Translesion synthesis 

TOM20 Translocase of outer mitochondrial membrane 20 homolog 

Topo I Topoisomerase I 

Topo II Topoisomerase II 

Topo III Topoisomerase III 

TRex Tetracycline response element 

Tris Tris(hydroxymethyl)aminomethane 

Tween20 Polysorbate 20 

U Unit 

U2OS Human bone steosarcoma epithelial cell 

Ub Ubiquitin 

Ub-PCNA Ubiquitylated PCNA 

Ub-SPRTN Ubiquitylated SPRTN 

UBZ Ubiquitin-binding zinc finger 

UV Ultraviolet 

V Volt 

VCP Valosin-containing protein 

WRN Werner syndrome ATP-dependent helicase 

Wss1 Weak suppressor of smt3 

WT Wild type 

X times / concentration 

X-ray Röntgen radiation 

XLF XRCC4-like factor 

XPB Xeroderma pigmentosum group B 

XPC Xeroderma pigmentosum group C 

XPF Xeroderma pigmentosum group F 
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XPG Xeroderma pigmentosum group G 

XRCC1 X-ray repair cross-complementing protein 1 

XRCC4 X-ray repair cross-complementing protein 4 

Y Tyrosine 

Y117C Tyrosine at aa117 mutated to Cytosine 

Y118A Tyrosine at aa118 mutated to Alanine 

Zn Zinc 

ZnCl2 Zinc chloride 

ΔC SPRTN mutation missing the C-terminus 

µ micro- 

γH2AX Phosphorylated Histone H2AX 
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