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SUMMARY 

Eukaryotic cells need to accurately replicate and segregate chromosomes during cell 

division to maintain the stability of their genomes. Errors in these processes may lead to 

genetic disorders, pre-mature aging and cancer. The evolutionary conserved Smc5/6 

complex is one of the three Structural Maintenance of Chromosomes (SMC) protein 

complexes with essential roles in preserving genomic stability during cell division, ensuring 

proper chromosome segregation and DNA repair. The function of this complex and its 

individual components is still not well understood, particularly in higher eukaryotes. 

In this thesis we show that the RING domain in Nse1, one of the subunits of the Smc5/6 

complex, has a crucial role in the maintenance of genomic integrity in human cells. By using 

CRISPR/Cas9 we created stable NSE1 mutants in the C-terminal RING domain which show 

no detectable levels of Nse1 and other subunits of the complex, except Nse2. These mutant 

cells have a genomic instability phenotype, characterized by slow growth, prolonged 

mitosis, spontaneous endogenous DNA damage, slowdown of replication fork progression 

and sensitivity to MMS, a genotoxic drug. Our results suggest that NSE1 mutant cells enter 

into mitosis with either under-replicated DNA or unresolved DNA structures consequently 

leading to chromosome breaks and genomic instability in the next generation.  

The Smc5/6 complex is also known to prevent accumulation of toxic recombination 

structures by inhibiting Mph1 helicase in Saccharomyces cerevisiae. The suppression of 

Mph1 fork regression activity rescues smc5/6 mutants, indicating that the Smc5/6 complex 

function in the same pathway as Mph1. However, it is unknown if this functional interaction 

is conserved in human cells. Our genetic interaction experiments suggest that the Smc5/6 

complex and FANCM (homologue of Mph1), operate in distinct pathways as the loss of both 

causes synthetic sickness in human cells.  

Finally, we identify novel interactors of the human Nse1 protein using a yeast two hybrid 

screen. Some of these interactors have cytoplasmic localization, suggesting that either the 

Smc5/6 complex has functions outside of the nucleus, or that Nse1 can also exert a function 

independently from the Smc5/6 complex. Although the function of these interactions is 

currently unknown, they could be useful for future analysis in order to better understand 

the role of human Nse1. 

Altogether, our results demonstrate the importance of the RING domain in human Nse1 for 

the stability of the SMC5/6 complex and the maintenance of genomic integrity. 
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RESUM 

La correcta replicació i segregació dels cromosomes durant la divisió cel·lular és essencial 

per al manteniment de l’estabilitat genòmica en cèl·lules eucariotes. Errors en aquests 

processos poden comportar el desenvolupament de diversos desordres genètics, 

envelliment prematur i càncer. El complex Smc5/6, conservat evolutivament en eucariotes, 

és un dels tres complexos de manteniment de l’estructura dels cromosomes (Structural 

Maintenance of Chromosomes, SMC), amb funcions essencials en el manteniment de 

l’estabilitat genòmica, assegurant una correcta segregació dels cromosomes i la reparació 

dels danys en el DNA. La funció d’aquest complex i la de les diferents subunitats que el 

formen, encara no és ben coneguda, particularment en eucariotes superiors.  

En aquest treball de tesi es mostra que el domini RING de la subunitat Nse1 del complex 

SMC5/6, té un paper crucial en el manteniment de l’estabilitat genòmica en cèl·lules 

humanes. Mitjançant CRISPR-Cas9 hem creat mutants estables de NSE1 en el domini RING 

C-terminal. En aquests mutants no es pot detectar la proteïna Nse1, ni altres subunitats del 

complex, excepte Nse2. Aquests mutants presenten un fenotip d’inestabilitat genòmica, 

caracteritzat per un creixement lent, mitosis més prolongades en el temps, dany endogen 

en el DNA, un alentiment en la progressió de les forquilles de replicació i sensibilitat a 

l’agent genotòxic MMS. Els nostres resultats suggereixen que els mutants en NSE1 entren 

en mitosis amb la presència de zones del DNA no replicades o amb estructures de 

recombinació no resoltes, que porten al trencament de cormosomes i a inestabilitat 

genòmica en la següent generació.  

En llevat, el complex Smc5/6 evita l’acumulació d’estructures de recombinació tòxiques 

mitjançant la inhibició de l’helicasa Mph1. La supressió de l’activitat de regressió de 

forquilles de Mph1 rescata els mutants smc5/6, indicant que el complex Smc5/6 funciona 

en la mateixa via que Mph1. Actualment, no es coneix si aquesta interacció funcional està 

conservada en cèl·lules humanes. Els experiments d’interacció genètica que hem realitzat 

suggereixen que el complex Smc5/6 i FANCM (homòleg de Mph1) operen en vies diferents 

ja que la pèrdua d’ambdós factors en cèl·lules humanes agreuja el fenotip dels mutants 

simples. 

Finalment, mitjançant un cribratge amb un assaig di-híbrid, hem identificat nous interactors 

de la proteïna Nse1 humana. Alguns d’ells tenen localització citoplasmàtica, el que 

suggereix que el complex Smc5/6 podria tenir funcions fora del nucli, o bé, que Nse1 podria 

exercir algunes funcions independentment del complex Smc5/6. Tot i que encara no 

coneixem la funció d’aquestes interaccions, podrien ser d’utilitat per entendre millor la 

funció de la proteïna Nse1 en cèl·lules humanes en futurs estudis. 
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En conjunt, els resultats d’aquesta tesi demostren la importància del domini RING de la 

proteïna Nse1 en l’estabilitat del complex Smc5/6 i en el manteniment de la integritat 

genòmica en cèl·lules humanes. 
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RESUMEN 

La correcta replicación y segregación de los cromosomas durante la división celular es 

esencial para el mantenimiento de la estabilidad genómica en células eucariotas. Errores en 

estos procesos pueden llevar a diversos desórdenes genéticos, envejecimiento prematuro y 

cáncer. El complejo Smc5/6, conservado evolutivamente en eucariotas, es uno de los tres 

complejos proteicos necesarios para el mantenimiento de la estructura de los cromosomas 

(Structural Maintenance of Chromosomes, SMC), con funciones esenciales en el 

mantenimiento de la estabilidad genómica, asegurando una correcta segregación de los 

cromosomas y la reparación del daño en el ADN. Aún no se conoce bien la función de este 

complejo y la de las diferentes subunidades que lo forman, particularmente en eucariotas 

superiores.  

En este trabajo de tesis se muestra como el dominio RING de la subunidad Nse1 del 

complejo Smc5/6, tiene un papel crucial en el mantenimiento de la estabilidad genómica en 

células humanas. Hemos creado mutantes estables de NSE1, en el dominio RING C-terminal 

de la proteína, con la utilización de CRISPR-Cas9. En estos mutantes, no se puede detectar la 

proteína Nse1, ni otras subunidades del complejo, excepto Nse2. Presentan un fenotipo de 

inestabilidad genómica, caracterizado por un crecimiento lento, mitosis más prolongadas en 

el tiempo, daño endógeno del ADN, enlentecimiento en la progresión de las horquillas de 

replicación y sensibilidad al agente genotóxico MMS. Nuestros resultados sugieren que los 

mutantes en NSE1 entran en mitosis con la presencia de zonas en el ADN no replicadas o 

con estructuras de recombinación no resueltas, lo que lleva a la rotura de cromosomas, y a 

inestabilidad genómica en la siguiente generación.  

En levadura, el complejo Smc5/6 evita la acumulación de estructuras de recombinación 

tóxicas mediante la inhibición de la helicasa Mph1. La supresión de la actividad de regresión 

de horquillas de Mph1 rescata a los mutantes smc5/6, indicando que el complejo Smc5/6 y 

Mph1 son epistáticos en la estabilización de las horquillas de replicación dañadas. 

Actualmente, no se conoce si esta interacción funcional se mantiene en células humanas. 

Los experimentos de interacción genética que hemos realizado sugieren que el complejo 

Smc5/6 y FANCM (homólogo de Mph1) tienen funciones en vías diferentes, ya que la 

pérdida de ambos factores en células humanas agrava el fenotipo de los mutantes sencillos.  

Finalmente, mediante un cribado con un ensayo di-híbrido, hemos identificado nuevos 

interactores de la proteína Nse1 humana. Algunos tienen localización citoplasmática, lo que 

sugiere que el complejo Smc5/6 podría tener funciones fuera del núcleo, o bien, que Nse1 

podría ejercer algunas funciones independientemente del complejo Smc5/6. Aunque no 

conocemos la función de estas interacciones, podrían ser de utilidad para entender mejor la 

función de la proteína Nse1 en células humanas en futuros estudios. 
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En conjunto, los resultados de esta tesis demuestran la importancia del dominio RING de la 

proteína Nse1 en la estabilidad del complejo Smc5/6 y en el mantenimiento de la integridad 

genómica.  
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INTRODUCTION 

 

1.1   Eukaryotic cell cycle and genomic stability 
 

The eukaryotic cell-division cycle is a fundamental tightly coordinated process that allows 

proliferation of cells and the development of multicellular organisms. Our current 

knowledge of cell division started with pioneering studies during the 19th century. It was 

first described in 1835 by the German botanist Hugo von Mohl, who observed dividing cells 

from green algae under the microscope. Thirty nine years later, the German cytologist 

Eduard Strasburger characterized the different stages of cell division in plants [Harashima et 

al., 2013, Baluška et al., 2012+. In the 1880s, the German biologist Walther Flemming 

identified somatic cell division with the term mitosis [Mitchison and Salmon, 2001].  

Due to the intensive studying of cell division throughout the years, we now know in detail 

its different phases and the mechanisms involved in its regulation, which are highly 

conserved in all eukaryotes. The cell cycle is mainly divided in two stages: interphase and 

mitosis. Interphase involves the growth of the cell and the duplication of the genetic 

material. It is the longest phase of the cell cycle and includes G1, S and G2 stages. The G1 

phase is a gap, during which the cell is preparing for DNA synthesis. In S phase the cell 

replicates DNA. After DNA replication, cells enter the second gap phase (G2) in preparation 

for mitosis. Mitosis corresponds to the nuclear division and requires equal segregation of 

chromosomes to daughter cells. Thus, S phase and mitosis are separated by two gap phases, 

G1 and G2, ensuring the temporal separation between DNA replication and chromosome 

segregation. After completion of one cell cycle, cells might enter successive cycles or enter 

quiescence (also known as G0 phase), a decision that normally depends on the presence or 

absence of mitogenic signals [Cooper, 2000, Li et al., 2015, Lalan et al., 2011]. 

The main regulators of the cell cycle are Cyclin-CDK (Cyclin-Dependent Kinase) complexes 

and checkpoints. CDKs are serine/threonine protein kinases that are activated by 

interaction with cyclin proteins. CDK4, CDK6 and CDK2 are activated during the G1 phase, 

CDK2 is active during the S phase, and CDK1 – during M phase [Vermeulen et al., 2003]. 

Activation of Cyclin-Cdk complexes promotes irreversible transitions between different 

phases of the cell cycle. On the other hand, these transitions are monitored by regulatory 

circuits known as cell cycle checkpoints. Checkpoints coordinate the proper order of cell 

cycle events thus ensuring, for example, that the genetic material is completely duplicated 

without errors before mitosis. In this way, checkpoints determine if cells can progress 

through the cell cycle or if they should delay or stop at specific phases, providing time to 

resolve unresolved issues [Cooper, 2000].  
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Fig.1 A schematic representation of eukaryotic cell cycle and its regulation. The cell cycle is divided 

in two main stages: interphase and M-phase. Interphase is subdivided into G1, S, G2 phases; M-

phase includes mitosis. The progression of one phase to another is tightly controlled by Cyclin-CDK 

complexes (Yang, 2018). 

 

1.1.1   S phase 

 

The S phase is the period of the cell cycle in which DNA replication occurs. In eukaryotes, 

DNA replication is triggered and carried out by highly conserved enzymes and protein 

complexes that coordinate the accuracy of the process. DNA replication is mainly divided 

into three phases: initiation, elongation and termination.  

DNA replication initiates at many chromosomal regions in the genome known as replication 

origin. To ensure that DNA is replicated only once per cell cycle, the initiation of replication 

is separated in two steps: licensing and firing. Origin licensing involves the formation of a 

pre-replication complex (pre-RC) during late mitosis and G1 phases of the cell cycle and 

subsequent loading of Mcm2–7 replicative helicase at replication origins. Once in S phase, 

the cell cycle machinery activates the replicative helicase becomes active and recruits the 

rest of replisome components to the origin, allowing the DNA synthesis to start. In addition, 

the cell cycle machinery prevents formation of new pre-replication complexes when cells 
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enter S phase. This is critical to avoid genome re-duplication events and to maintain the 

stability of the genome [Wu et al., 2014 (2), Fragkos et al., 2015, Yekezare et al., 2013, 

Reusswig and Pfander, 2019]. Although many origins are licensed, not all of them become 

finally activated. The inactive origins are called “dormant” and are used only in case of 

perturbations during DNA replication. Besides, the replication origins can be fired at 

different times in S phase. Some origins are replicated early and others late in S phase. This 

regulation of origin firing helps to guarantee genomic stability and to inhibit tumorigenesis 

[Yekezare et al., 2013, Kang et al., 2018, McIntosh and Blow, 2012].  

Formation of Pre-RC complex is associated with the assembly of several replication factors, 

such as ORC (origin recognition complex Orc1–6), Cdc6, Cdt1, and minichromosome 

maintenance (MCM) replicative helicase complex, composed of six subunits Mcm2–7. ORC, 

Cdc6 and Cdt1 recognize the origin and load the Mcm2–7 helicase in a form of inactive 

double hexamers, which encircle the double stranded DNA in a specific orientation. The 

activation of the DNA helicase is triggered by a Cyclin-dependent kinase (CDK) and Dbf4-

dependent kinase (DDK), which recruit and phosphorylate additional replication factors, 

including Cdc45 protein and a tetrameric GINS complex consisting of Sld5, Psf1, Psf2 and 

Psf3 subunits. These factors contribute to unwinding DNA from 3′ to 5′ direction by the DNA 

helicase and starting the initiation of DNA replication by further recruitment of several DNA 

polymerases, replication protein A (RPA), replication factor C (RFC), PCNA (proliferating cell 

nuclear antigen) and other replication proteins. During helicase activation, the double 

Mcm2–7 hexamer is converted into a single hexamer allowing bidirectional DNA replication. 

Each activated origin forms two bidirectional DNA replication forks. The multi-protein 

complexes that synthesize DNA are called replisomes and are highly conserved from yeast 

to humans [Fragkos et al., 2015, Kang et al., 2018, Burgers and Kunkel, 2017]. At least three 

polymerases (Pol α, Pol ε and Pol δ) associated with the CMG complex (formed by Cdc45, 

GINS and a single MCM hexamer), are required for DNA synthesis at the replication fork. 

The single stranded DNA (ssDNA) generated by the movement of the replicative helicase 

CMG complex along DNA is coated by RPA protein, which prevents rejoining of the single 

strands. The DNA Polα-primase complex binds to GINS complex through Mcm10 and Ctf4 

cofactors and starts to synthesize short RNA primers [Kang et al., 2018, Burgers and Kunkel, 

2017]. The primers are ribonucleotides needed to start DNA replication and are later 

replaced by DNA nucleotides. The leading and lagging DNA strands are both initiated by pol 

α but are synthesized in a different way. The leading strand is synthesized continuously, 

whereas the lagging strand is replicated discontinuously through smaller DNA fragments 

called Okazaki fragments. The extension of the synthesis of both DNA strands is carried out 

by Pol ε and Pol δ. The leading strand is mainly synthesized by Pol ε, whereas the lagging 

strand is synthesized by Pol δ *Burgers and Kunkel, 2017, Kang et al., 2018+. The binding of 

both polymerases to PCNA protein enhances their processivity. PCNA is a ring shaped sliding 

clamp which is loaded onto primer template junctions by the chaperone-like RFC complex. 

RFC binds PCNA forming a RFC-PCNA complex that recognizes the 3’ ends of the primer 
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template. Next, RFC loads PCNA at the primer-template junction and DNA polymerases are 

subsequently recruited to PCNA to start DNA polymerization [Moldovan et al., 2007, Kang et 

al., 2018].  

The process of DNA synthesis terminates with the maturation of Okazaki fragments and 

displacement of each RNA-DNA primer by Pol δ. The generated displaced flap is cleaved by 

Flap endonuclease 1 (FEN1) (Rad27 in yeast) which in turn creates nicks between Okazaki 

fragments. DNA Ligase I ligates the gaps by joining together the Okazaki fragments [Kang et 

al., 2018, Zheng and Shen, 2011]. The recruitment of FEN1 and Ligase I to the Okazaki 

fragment is due to their interaction with PCNA [Kelman, 1997, Strzalka and Ziemienowicz, 

2011]. In addition to its function in elongation and termination of DNA replication, PCNA 

also plays a key role in DNA repair pathways and chromatin assembly [Boehm et al., 2016, 

Strzalka and Ziemienowicz, 2011, Maga and Hubscher, 2003]. Finally, the termination of 

DNA replication occurs when the two replication forks which move in opposite directions 

meet each other causing fork convergence. The converging forks lead to disassembly of 

replication protein machinery from DNA by polyubiquitination of the MCM complex [Kang 

et al., 2018, Bailey et al., 2015]. 
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Fig.2 Initiation of DNA replication in eukaryotes.  a) DNA replication initiates at many replication 

origins, forming a pre-replicative complex (preRC). b) The minichromosome maintenance (MCM) 

helicase complex is then loaded, starting to unwind DNA from 3′ to 5′ direction. The leading and 

lagging DNA strands are both initiated by pol α but are synthesized in a different way. The leading 

strand is synthesized continuously, whereas the lagging strand is replicated discontinuously through 

smaller DNA fragments called Okazaki fragments. c) Several replication factors (RPA, RFC, PCNA) 

required for DNA synthesis are assembled at the replication fork. The processing of Okazaki 

fragments involves the endonuclease Rad27 (FEN1 in humans), Dna2 helicase, RNase H, Polδ and 

DNA ligase I (LigI) (Branzei and Foiani, 2010). 
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1.1.2   Mitosis 

 

The accurate segregation of chromosomes is of utmost importance for preserving the 

integrity of the genome. Mitosis begins with the condensation of chromosomes during 

prophase. Condensation involves tightly packaging of DNA into rod-shaped structures 

known as chromosomes. Each replicated chromosome consists of two identical DNA 

molecules, called sister chromatids with three main structural elements: telomeres, 

centromeres and chromosome arms [Rieder, 2011, Maeshima and Eltsov, 2008, Maddox et 

al., 2006]. Chromosome arms connect centromeres to telomeres and contain most of the 

genetic information. Telomeres are repetitive DNA sequences localized at both ends in each 

chromosome. They preserve chromosomal stability by protecting the chromosome ends 

from degradation and fusion with other chromosomes [Buchkovich and Greider, 1996, 

Khattar and Tergaonkar, 2016]. Each sister chromatid contains one single centromere. 

Depending on the localization of the centromere, chromosomes are classified as 

metacentric (centromere is located in the middle and both chromosome arms are of equal 

length), submetacentric (centromere is not located exactly in the center and the two arms 

are asymmetric in the length), acrocentric (centromere is localized near one end of the 

chromosome) and telocentric (centromere is located at the end of the chromosome) 

[O'Connor, 2008]. Importantly, centromeres direct the assembly of a large protein 

structure, called the kinetochore, which directly connects chromosomes to the cytoskeleton 

for chromosome segregation [Westhorpe and Straight, 2016].  

Sister chromatids are physically cohesed to each other by a multisubunit protein complex 

called cohesin, which is loaded at centromeres and along sister chromatid arms. Cohesin is a 

member of a family of highly conserved SMC (Structural Maintenance of Chromosomes; see 

below). According to current models, cohesin has a ring-shaped structure able to 

topologically entrap the two sister chromatids [Makrantoni and Marston, 2018]. On the 

other hand, condensin, a cohesin-related SMC complex, reduces the overall length of 

chromosomes by entrapping two distant chromosome regions, thus promoting 

chromosome condensation [Antonin and Neumann, 2016]. 

During prometaphase spindle microtubules attach to kinetochores, allowing the 

microtubule-dependent pulling of sister chromatids [London and Biggins, 2014, Barnum and 

O'Connell, 2014, May and Hardwick, 2006]. Premature sister chromatid separation by 

microtubule pulling of sister kinetochores is prevented by cohesin. Following metaphase, 

the condensed chromosomes are aligned at the equatorial plate [McIntosh, 2016]. The 

progression into anaphase is triggered by the Anaphase-Promoting Complex or Cyclosome 

(APC/C) [Barnum and O'Connell, 2014, Bharadwaj and Yu, 2004]. APC/C is a multiprotein E3 

ubiquitin ligase complex which ubiquitylates several proteins, including Cyclin B1 and the 

anaphase inhibitor Securin, targeting them for degradation. The destruction of Cyclin B 

https://www.nature.com/scitable/topicpage/chromosome-segregation-in-mitosis-the-role-of-242
https://www.nature.com/scitable/topicpage/chromosome-segregation-in-mitosis-the-role-of-242
https://www.nature.com/scitable/topicpage/chromosome-segregation-in-mitosis-the-role-of-242
https://www.nature.com/scitable/topicpage/chromosome-segregation-in-mitosis-the-role-of-242
https://www.nature.com/scitable/topicpage/chromosome-segregation-in-mitosis-the-role-of-242
https://www.nature.com/scitable/topicpage/chromosome-segregation-in-mitosis-the-role-of-242
https://www.nature.com/scitable/topicpage/chromosome-segregation-in-mitosis-the-role-of-242
https://www.nature.com/scitable/topicpage/chromosome-segregation-in-mitosis-the-role-of-242
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downregulates CDK activity in late mitosis, thus resetting the cell cycle. The degradation of 

securin leads to activation of separase, a protease that proteolytically cleaves cohesin 

molecules [Bharadwaj and Yu, 2004, London and Biggins, 2014, May and Hardwick, 2006]. 

Separase-dependent Inactivation of cohesin at the onset of anaphase allows the spindle to 

equally distribute sister chromatids, leading to the formation of two identical daughter 

nuclei. Although cohesin dissociates from chromosomes by proteolytic cleavage during 

anaphase in S. cerevisiae, the inactivation of cohesin follows a two-step process in human 

cells [Brooker and Berkowitz, 2014, Hauf et al., 2005]. First, during prophase the main bulk 

of cohesin is dissociated from chromatid arms through the phosphorylation activity of three 

mitotic kinases: CDK1, PLK1 and Aurora B [Eot-Houllier et al., 2018]. The prophase 

dissociation of cohesin is the cause for the observed X-shape of chromosomes during 

prometaphase and metaphase, as sister chromatids resolve and remain connected only at 

the centromere. The remaining pool of cohesin at centromeres is removed by separase-

dependent cleavage of cohesin at the metaphase-to-anaphase transition. The activity of 

separase is strictly regulated. Its function is normally inhibited by the chaperone securin. 

When all chromosomes are properly aligned and bioriented on the mitotic spindle, APC/C 

triggers destruction of securin, thereby unleashing separase to cleave cohesin molecules at 

centromeres [Peters et al., 2008].  

1.2   Cell cycle checkpoints 
 

Eukaryotic cells activate specific surveillance mechanisms to ensure proper cell division, by 

monitoring cellular perturbations such as spindle damage, changes in temperature, osmotic 

stress and DNA damage among other defects. These control mechanisms, known as cell 

cycle checkpoints, are highly conserved signaling pathways which delay or arrest the cell 

cycle progression in response to DNA damage or stress factors. Once the problems are 

solved, checkpoints are inactivated, allowing cell cycle resumption. The main checkpoints 

are known as G1-S checkpoint, G2-M checkpoint and spindle checkpoint, based on the 

transition state which is inhibited. They are composed of several different proteins which 

act as sensors, signal transducers, mediators and effectors [Sancar et al., 2004]. The sensor 

and signal transducer proteins detect and signal troubles, with the help of mediators, to 

downstream effectors which arrest cell cycle progression and trigger repair [Visconti et al., 

2016, Yoshiyama et al., 2013].  

The DNA damage checkpoint monitors that the genetic material is in perfect state before 

chromosome replication or segregation [Donzelli and Draetta, 2003, Murakami and 

Okayama, 1997, Sancar et al., 2004, Barnum and O'Connell, 2014]. During the initial phase 

of checkpoint activation in response to DNA damage, sensor proteins aid in the activation of 

the signal kinases, ATM and ATR [Abraham, 2001]. ATM (ataxia-telangiectasia mutated) and 

ATR (ATM and Rad3-related) are the main regulators of the DNA damage response. ATM 
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signaling pathway is mainly activated in response to DNA double-strand breaks (DSBs, for 

example, in response to ionizing radiation), whereas ATR responds to various types of DNA 

lesions that are processed through generation of single-stranded DNA (ssDNA) [Awasthi et 

al., 2015, Abraham, 2001, Yoshiyama et al., 2013, Maréchal and Zou, 2013, Houtgraaf et al., 

2006, Sancar et al., 2004]. 

Sensor proteins which transmit the signal to the transducers can detect different types of 

DNA damage. In case of DSBs, the first sensor factor recruited to these lesions is the 

MRE11/RAD50/NBS1 (MRN) complex. The MRN protein complex in turn recruits and 

activates the ATM kinase. RPA functions as a sensor protein in ATR activation. RPA coats 

single-stranded DNA (ssDNA), and is involved in different DNA repair pathways. ATR is 

activated by ATR-interacting protein (ATRIP) which interacts directly with RPA bound to 

ssDNA and thus localizes ATR to damaged sites. Another sensor which activates the ATR 

pathway is the RAD9/RAD1/HUS1 (9-1-1) ring complex, a PCNA-like complex that is loaded 

at primer-template damaged sites. 9-1-1 is loaded onto ssDNA-dsDNA junctions by the 

Rad17-RFC2-5 complex. After loading of the 9-1-1 complex on damaged DNA, its component 

RAD9 is phosphorylated. This phosphorylation allows the interaction of DNA topoisomerase 

II-binding protein 1 (TopBP1) with ATR and subsequent activation of the sensor kinase 

[Yoshiyama et al., 2013, Maréchal and Zou, 2013, Awasthi et al., 2015]. 

The mediator proteins interact with sensors and signal transducers and facilitate the 

activation of transducers. Several mediator proteins are known, including the mediator of 

DNA-damage checkpoint protein 1 (MDC1), p53-binding protein (53BP1), BRCA1, 

topoisomerase II-binding protein 1 (TOPBP1) and CLASPIN [Sancar et al., 2004, Yoshiyama et 

al., 2013, Houtgraaf et al., 2006]. MDC1, 53BP1 and BRCA1 are mainly involved in the ATM 

pathway, whereas TOPBP1 and CLASPIN facilitate the ATR pathway. In addition, H2AX, MRN 

complex and the SMC1 subunit in the cohesin complex have also been found to function as 

mediators, apart from their role in DNA repair and chromosome segregation [Sancar et al., 

2004]. Histone variant H2AX is a subtype of H2A and is phosphorylated at Ser139 (γH2AX) 

by ATM and ATR [Podhorecka et al., 2010]. In turn, phosphorylation of H2AX recruits repair 

and mediator proteins such as NBS1, BRCA1, MDC1, and 53BP1 at sites of DNA damage. 

Post-translational modifications of these proteins regulate specific DNA repair pathways. 

First, MDC1 initiates the ATM-dependent phosphorylation of H2AX and then interacts with 

γH2AX, forming a positive feed-back loop. γH2AX is an early sign of DNA damage whose 

levels are increased in DNA-damaging conditions. It has been suggested that the complex 

formed between ATM, γH2AX and MDC1 is critical for the activation of the checkpoint signal 

[Podhorecka et al., 2010, Yoshiyama et al., 2013]. 

The signal transducers transmit the signal to downstream proteins and activate them by 

phosphorylation. In response to DNA damage, ATM and ATR phosphorylate a large number 
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of protein substrates at Ser/Thr-Glu motifs, including NBS1, BRCA1, p53, Chk1 and Chk2 

[Awasthi et al., 2015, Sancar et al., 2004]. Chk1 is phosphorylated specifically by ATR, 

whereas Chk2 is phosphorylated by ATM kinase. The activated checkpoint kinases in turn 

trigger downstream responses by phosphorylation of effector proteins [Patil et al., 2013, 

Maréchal and Zou, 2013+. Chk1 and Chk2 regulate the activity of the effectors: 

phosphotyrosine phosphatases - Cdc25A, Cdc25B and Cdc25C. In normal conditions, 

unphosphorylated Cdc25 phosphatases trigger G1/S and G2/M transitions by 

dephosphorylation of Cdks. Upon DNA damage, Cdc25 proteins are phosphorylated by Chk1 

and Chk2, inactivating them and leading to cell cycle arrest [Sancar et al., 2004, Houtgraaf et 

al., 2006, Yoshiyama et al., 2013]. Another effector protein is the transcription factor p53 

which is crucial for the fate of the cell. During DNA damage, p53 undergoes ATM/ATR and 

Chk1/Chk2 mediated phosphorylation, leading to its activation [Giono and Manfredi, 2006, 

Yoshiyama et al., 2013]. The activated p53 decides whether the cell undergoes cell cycle 

arrest and DNA repair or programmed cell death [Yoshiyama et al., 2013]. Another possible 

outcome of p53 activation is cellular senescence, which is a permanent cell cycle arrest 

[Marusyk et al., 2007].                                                                                                        

 

Fig.3 Cell cycle checkpoint signaling. In response to DNA damage, sensor proteins (shown in green) 

recruit and activate ATM and ATR signal transducers (shown in pink) which in turn transmit the 

damage signal to mediator proteins (shown in grey) and phosphorylate Chk2 and Chk1 kinases. 

ATM-Chk2 and ATR-Chk1 together transmit the signal to effector proteins (shown in blue). The latter 

leads to different cellular outcomes: DNA repair, cell cycle arrest, apoptosis or senescence 

(Yoshiyama et al., 2013). 
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1.2.1   G1/S checkpoint 

 

The G1/S checkpoint blocks cell cycle progression into S-phase. The signaling pathway of cell 

cycle arrest depends on the type of damage and ultimately leads to activation of the tumor 

suppressor p53 [Wenzel and Singh, 2018, Houtgraaf et al., 2006, Abraham, 2001]. As 

mentioned above, the presence of DSBs in G1 phase activates ATM, which then 

phosphorylates H2AX and triggers the recruitment of repair factors at site of DNA damage. 

In addition, ATM phosphorylates and activates Chk2, initiating G1/S arrest [Shaltiel et al., 

2015, Sancar et al., 2004]. Chk2 inactivates Cdc25A and thus inhibits the phosphorylation of 

S phase promoting cyclin A/Cyclin-dependent kinase (Cdk) 2 and cyclin E/Cdk2 complexes 

resulting in G1/S cell cycle arrest. If the DNA damage is caused by single strand breaks, 

another signal pathway is activated - ATR/Rad17-RFC/9-1-1, leading to phosphorylation of 

Chk1 [Sancar et al., 2004, Houtgraaf et al., 2006]. The initiated G1/S arrest by Chk1/Chk2 

phosphorylation is maintained by the transcription factor p53 in both ATM and ATR 

pathways. ATM and ATR phosphorylate p53 at Ser15, whereas Chk1 or Chk2 at Ser20 which 

results in stabilization of the transcription factor. The stabilized p53 in turn activates 

transcriptional targets, including a cyclin-dependent kinase (Cdk) inhibitor protein p21 (also 

known as CDKN1A). The accumulated p21 binds and also inhibits the cyclin A/Cdk2 and 

cyclin E/Cdk2 complexes, preventing G1 to S phase progression. Surprisingly, the G1/S 

checkpoint is the only known checkpoint signal which is completely abolished due to the 

loss of function of p53 or p21 [Sancar et al., 2004, Caspari, 2000, Shaltiel et al., 2015, 

Abraham, 2001].                    

1.2.2    G2/M checkpoint 

 

The G2/M checkpoint prevents cells from entering into mitosis upon DNA damage. In G2 

phase, checkpoint kinases Chk1 and Chk2 inhibit the phosphatase Cdc25A and activate a 

protein kinase, called Wee1 by phosphorylation. Wee1 in turn prevents cells with 

unreplicated or damaged DNA from entering into mitosis by blocking the activity of 

Cdk1/cyclin B complex [Sancar et al., 2004, Rieder, 2011, Houtgraaf et al., 2006, Geenen and 

Schellens, 2017]. In contrast to G1/S, the maintenance of G2/M arrest in response to DSBs is 

not completely mediated by ATM, p53 and p21 signaling. It has been found that it mainly 

depends on ATR and Chk1 kinases [Shaltiel et al., 2015, Houtgraaf et al., 2006].  

The G2/M checkpoint can be also controlled by another pathway, involving MAP kinase p38 

and CHFR ubiquitin ligase. The MAP kinases p38γ and p38α are mainly activated in response 

to ionizing and UV radiation [Rieder, 2011, Sancar et al., 2004]. They can also suppress 

cyclin A- and B- dependent kinases by inhibiting the two phosphates Cdc25A and Cdc25B 

and can contribute to the maintenance of G2/M cell cycle arrest. The dependence of p38 
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pathway on ATM or ATR phosphorylation still remains unclear [Rieder, 2011, Shaltiel et al., 

2015]. 

 1.2.3   Replicative stress and S phase checkpoint  

 

The S phase checkpoint, also known as intra-S checkpoint, is activated in response to DNA 

damage or replication stress during S phase. Replication stress is characterized by slowing or 

stalling of replication forks and is a major source of genomic instability [Zeman and 

Cimprich, 2014, Macheret and Halazonetis, 2015]. To prevent this, the S phase checkpoint, 

slows down DNA replication, blocks cell cycle progression and stabilizes replication forks 

[Willis and Rhind, 2009, Iyer and Rhind, 2017]. Persistent replication stress and failure to 

stabilize stalled forks may lead to fork collapse and production of broken DNA ends [Cortez, 

2015, Allen et al., 2011]. The fork collapse results from destabilization of the replisome and 

can cause genomic instability and cell death [Zeman and Cimprich, 2014].  Therefore, the 

intact S phase checkpoint is crucial for cell survival and genome integrity [Segurado and 

Tercero, 2009]. 

Various exogenous and endogenous factors that block fork progression induce replicative 

stress. Exogenous sources include UV light, ionizing radiation (IR) and many genotoxic 

chemicals. To the endogenous sources can be attributed depletion of nucleotides, origin-

poor regions, repetitive DNA sequences, chromosome fragile sites, oncogene activation, 

reactive oxygen species (ROS), etc. [Vesela et al., 2017, Zeman and Cimprich, 2014]. 

The majority of lesions encountered during DNA replication inhibit replicative polymerases, 

leading to stalled replication forks. However, replicative helicases continue to unwind the 

parental DNA, leading to uncoupling between the helicase and DNA polymerase activities 

[Iyer and Rhind, 2017]. The uncoupling can also appear between the leading and lagging 

strand polymerase activity [Pasero and Vindigni, 2017]. This replication fork uncoupling 

generates long stretches of ssDNA which activate the DNA replication stress response. The 

exposed ssDNA is immediately coated by RPA, which in turn leads to S phase checkpoint 

activation and recruitment of ATR kinase and downstream effector proteins [Zeman and 

Cimprich, 2014, Iyer and Rhind, 2013, Jossen and Bermejo, 2013, Gelot et al., 2015, Iyer and 

Rhind, 2017].  

The intra-S checkpoint preserves genome stability by regulating origin firing, fork 

progression and transcription of G1/S genes [Segurado and Tercero, 2009, Iyer and Rhind, 

2017]. Similar to other DNA damage checkpoints, the regulation of origin firing is originally 

considered as a global checkpoint mechanism in which the origins that are distant from the 

damaged sites are blocked from firing. On the contrary, the fork progression regulated by 
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the S phase checkpoint can be global or local. In the global response all of the replication 

forks are slowed, whereas in the local mechanism only the forks that encounter DNA 

damage are slowed down [Iyer and Rhind, 2013].  

In addition, activation of the ATR protects stalled replication forks from degradation and 

prevents late origin firing and ssDNA formation [Zeman and Cimprich, 2014, Iyer and Rhind, 

2017]. ATR first binds to ATRIP which recognizes RPA-ssDNA and then recruits several 

sensor and mediator proteins such as Rad9-Rad1-Hus1 (9-1-1), TopBP1, Claspin which are 

required for its activation. Then, activated ATR suppresses CDK activity, as explained above, 

and thus slows down S phase progression and inhibits mitosis, allowing time for restarting 

or repairing stalled replication forks [Jones and Petermann, 2012, Iyer and Rhind, 2017]. 

 

Fig.4 S phase checkpoint activation. Upon DNA damage or replication stress, DNA replication fork 

stalls leading to generation of ssDNA-RPA complex which recruits ATR kinase and downstream 

effector proteins (shown in purple, green and pink). The latter leads to activation of S phase 

checkpoint which stabilizes stalled forks by slowing down DNA replication and blocking cell cycle 
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progression. ATR-Chk1 pathway regulates several processes upon DNA damage (fork stabilization, 

transcription, origin firing inhibition, chromatin structure alteration and ect.) (Iyer and Rhind, 2017). 

 

1.2.4    Spindle checkpoint 

 

Spindle assembly checkpoint (SAC) ensures proper segregation of sister chromatids by 

delaying entry into anaphase until all chromosomes are properly attached to the mitotic 

spindle [Visconti et al., 2016, May and Hardwick, 2006].  

The SAC detects unattached kinetochores, as well as lack of tension between sister 

kinetochores, and prevents chromosome segregation by inhibiting the Anaphase-Promoting 

Complex or Cyclosome (APC/C) and suppressing cyclin B and securin degradation. The latter 

keeps separase inactive, preventing cohesin cleavage [Barnum and O'Connell, 2014, Visconti 

et al., 2016]. Thus, it allows time for chromosomes to re-orient. 

Spindle checkpoint is composed of multiple conserved proteins, which were first identified 

in yeast: Mad1, Mad2, BubR1, Bub1, Bub3 and Mps1. Most of them are recruited to 

kinetochores in a hierarchical manner and signal for checkpoint activation [London and 

Biggins, 2014]. Mad proteins accumulate at unattached kinetochores, whereas the Bub 

proteins can be recruited to kinetochores lacking microtubule attachment or tension [Hixon 

and Gualberto, 2000, May and Hardwick, 2006].  

The activity of APC/C is mediated by its binding to two regulating proteins: Cdc20 and Cdh1. 

Cdc20 is the main target of SAC and can associate with some of the SAC components: 

BubR1, Bub3 and Mad2 [May and Hardwick, 2006, Barnum and O'Connell, 2014, Visconti et 

al., 2016]. In case of incorrectly attached kinetochores, Mad2 (Mitotic Arrest Deficient) 

binds to Cdc20 and forms a subcomplex, which interacts with Mad3/Bub1R-Bub3 

subcomplex leading to the formation of a mitotic checkpoint complex (MCC). The latter 

inhibits Cdc20, resulting in the inactivation of APC/C complex and preventing cells from 

entering into anaphase [Lara-Gonzalez et al., 2012, May and Hardwick, 2006]. 

The conserved kinetochore kinase monopolar spindle 1 (Mps1) acts as a main effector of 

the spindle checkpoint, as well as in promoting chromosome bio-orientation [London and 

Biggins, 2014]. The Aurora B, Polo and NIMA-related (Nek) kinases also participate in the 

correction of the spindle defects [Barnum, and O'Connell, 2014]. Aurora kinase is 

particularly important to promote sister chromatid bi-orientation, as it disrupts other 
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unwanted microtubule-kinetochore configurations. For example, sister kinetochores can be 

mono-oriented when one or both sister chromatids are attached to the microtubules from 

the same pole, forming monotelic or synthelic attachment, respectively. Another unwanted 

possibility is the merotelic attachment, occurring when both sister kinetochores bind to 

microtubules from the same spindle pole. Importantly, if these defective attachments were 

left unresolved, they could lead to chromosome missegregation and chromosome instability 

[London and Biggins, 2014]. 

  

Fig.5 Spindle assembly checkpoint (SAC). The SAC delays anaphase onset until all chromosomes are 

correctly attached to the spindle by kinetochores. Recruitment of checkpoint proteins (BubR1, Bub3 

and Mad2) to unattached kinetochores leads to inactivation of APC/C complex, which in turn inhibits 

cyclin B and securin degradation. Thus, the protease separase is kept inactive and cohesin is intact. 

Once kinetochores are properly attached to the mitotic spindle, the APC/C complex becomes active 

with the aid of the activator Cdc20. The activation of APC/C leads to degradation of securin and 

activation of the separase, which in turn cleaves cohesin and allows the separation of the sister 

chromatids (Bharadwaj and Yu, 2004). 
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1.3  DNA repair mechanisms 
 

Our cells are challenged by hundreds of thousands of lesions every day. Accurate repair of 

these lesions is of utmost importance for maintaining genome stability. DNA repair 

pathways are highly conserved in evolution and require the coordinated action of multiple 

proteins. In eukaryotes, at least five diverse repair mechanisms are known to protect the 

genome from DNA damage: the double-strand break repair which involves homologous 

recombination and non-homologous end joining, base-excision repair, mismatch repair, 

nucleotide excision repair and interstrand cross-link repair. 

 1.3.1    Homologous recombination (HR) 

 

Homologous recombination (HR) is a multistep repair mechanism which deals with lesions 

affecting both strands of DNA: double strand breaks (DSBs). DSBs are one of the most 

dangerous types of DNA damage. HR is promoted by the action of several proteins and 

takes place at the S or G2 phases of the cell cycle. HR repairs the DSBs in an error-free 

manner by using an intact homologous DNA template [Hakem, 2008, Wright et al., 2018]. 

The process requires 5’-3’ resection of the DNA broken ends to produce 3’- single-stranded 

DNA (ssDNA). The end-resection is initiated by Sae2/CtIP nuclease and the MRN complex 

composed of Mre11, Rad50 and Nbs1 proteins. It is then continued by the action of the BLM 

helicase (Bloom syndrome, RecQ helicase-like), which opens up the double helix, and the 

Exo1 exonuclease, which extends resection [Rodgers and McVey, 2016, Dexheimer, 2013]. 

RPA then binds to ssDNA protecting it from degradation [Mladenov and Iliakis, 2011, 

Rodgers and McVey, 2016]. Next, RPA is replaced by Rad51, which forms a nucleoprotein 

filament on ssDNA, with the aid of mediator proteins Rad52, BRCA1/PALB2/BRCA2 and 

Rad51 paralogues: RAD51B, RAD51C, RAD51D, XRCC2 and XRCC3 in mammalian cells 

[Dexheimer, 2013]. Rad51 is a DNA-dependent ATPase which promotes invasion of a 

homologous repair template [Rodgers and McVey, 2016, Mehta and Haber, 2014]. In most 

cases a sister chromatid is used as a homologous repair donor. This is due to its physical 

proximity, provided by cohesin-dependent sister chromatid cohesion in the S and G2 phases 

[Rodgers and McVey, 2016]. The Rad51 nucleoprotein searches and invades a homologous 

sequence with the help of the motor protein Rad54 in an ATP-dependent manner. As a 

result, a new DNA strand is synthesized by Pol ε or δ using the 3’-end of the invading strand 

[Dexheimer, 2013, Mehta and Haber, 2014]. Following subsequent ligation by DNA ligase I, 

two Holliday junctions (four-way junction intermediate structures) are formed. These joint 

molecules can be further cleaved symmetrically or asymmetrically by structure-selective 

endonucleases Slx1/Slx4 and Mus81/Eme1, respectively or can be resolved by resolvases 

GEN1/Yen1 leading to formation of crossover or non-crossover products [Rodgers and 

McVey, 2016, Dexheimer, 2013]. The DSB repair can be completed by three different HR 

models: synthesis-dependent strand annealing (SDSA), double-strand break repair (DSBR), 
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which is the classical model for HR, and break-induced replication (BIR). Each of these 

models differs from each other by the strand invasion reaction and the outcome of the 

produced recombination intermediates [Pardo et al., 2009]. 

 1.3.2    Non-homologous end joining (NHEJ) 

 

Non-homologous end joining (NHEJ) is an alternative pathway for repairing the double-

strand breaks (DSBs). In contrast to HR repair, NHEJ ligates the DSB ends without the need 

for a homologous template and is thought to be an error-prone mechanism which normally 

leads to the generation of small insertions and deletions (INDEls) [Pardo et al., 2009]. NHEJ 

operates throughout the cell cycle, but mainly at G1 phase *Hühn et al., 2013+.  The process 

initiates with binding of Ku70-Ku80 (Ku) heterodimer to the broken ends of DNA. The 

resulting Ku-DNA complex subsequently recruits the catalytic subunit of DNA-dependent 

protein kinase (DNA-PKcs) and activates its kinase activity [Dexheimer, 2013, Fleck and 

Nielsen, 2004]. DNA-PKcs is a member of the phosphatidylinositol-3 (PI-3) kinase-like kinase 

family (PIKK), which includes also the main regulators of the DNA damage response (DDR): 

ATM and ATR [Davis et al., 2013]. During the recruitment to the Ku-DNA complex, DNA-PKcs 

undergoes autophosphorylation and activates the NHEJ-specific endonuclease called 

Artemis which is able to cut single-stranded or double-stranded overhangs [Chang et al., 

2017, Dexheimer, 2013]. The DNA-PKcs-Artemis complex is also known to bridge DNA 

ligases to DSBs in the last step of the NHEJ by direct interaction between the C-terminal part 

of Artemis and the N-terminus of DNA ligase IV [Yang et al., 2016, Pardo et al., 2009, Chang 

et al., 2017]. Next, two DNA polymerases, Pol μ and Pol λ, are recruited to the Ku-DNA 

complex which re-synthesize the missing nucleotides. Other factors such as APE1, Tdp1, and 

PNKP and the exonucleases Exo1 and WRN can also participate in DNA re-synthesis. Finally 

the DNA ends are rejoined by XRCC4-DNA ligase IV complex with the aid of an additional 

factor XLF (XRCC4-like factor) [Fleck and Nielsen, 2004, Dexheimer, 2013]. The X-ray repair 

cross-complementing 4 (XRCC4) enzyme recruits several processing NHEJ factors to the 

DSBs ends and facilitates DSB bridging for efficient ligation [Pannunzio et al., 2017, ]. XRCC4 

interacts with DNA ligase IV and forms a subcomplex with XLF which stimulates ligase IV 

activity to carry out the ligation step [Yang et al., 2016, Davis et al., 2013, Chang et al., 

2017]. 

  

                 

 



 

 

17 
 

 

Fig. 6 Schematic overview of homologous recombination (HR) and non-homologous end joining 

(NHEJ).  HR (on the right) uses a homologous DNA sequence as a template to repair DSBs. HR 

initiates with a resection, mediated by MRN/CtIP complex. The resection leads to formation of 

ssDNA, which is first coated by RPA and then replaced by Rad51 with the aid of mediator proteins. 

Rad51 filament promotes strand invasion on the homologous template which leads to generation of 

a D-loop. The formed D-loop intermediate can be processed by three different pathways: SDSA, 

DSBR or BIR. NHEJ (on the left) directly ligates the ends of the broken DNA. NHEJ starts with binding 

of the Ku heterodimer to the DNA ends and then recruits and activates DNA-PKcs. Non-compatible 

DNA ends are processed by endonucleases and the DSB is repaired by the Ligase IV XRCC4-XLF 

complex (Brandsma and Gent, 2012). 

 

1.3.3   Base-excision repair (BER) 

 

Base-excision repair (BER) repairs non-bulky lesions induced by alkylation, oxidation (ROS) 

and deamination of bases. BER recognizes and removes DNA lesions without distortion of 

the DNA helix by the enzymatic activity of several DNA glycosylases and specific 

endonucleases [Fleck and Nielsen, 2004, Dexheimer, 2013]. The synthesis and ligation steps 

are divided in two general pathways: short-patch and long-patch, depending on the number 

of nucleotides that are incorporated at the DNA damage site [Dexheimer, 2013]. The 
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specific DNA glycosylase removes only the damaged base from the sugar-phosphate 

backbone, leaving an abasic site - apurinic or apyrimidinic (AP site). The AP site is incised by 

AP endonuclease 1 (APE-1) which hydrolyses the phosphodiester backbone. Next, in case of 

short-patch BER repair the gap is filled by incorporation of nucleotides guided by DNA 

polymerase β (Pol β) and ligated by XRCC1/Ligase III complex. The long-patch repair fills the 

gap by Pol β, ε or δ with the help of PCNA (proliferating cell nuclear antigen) and RFC 

(replication factor C), which displace the 5’ lesion into a flap intermediate. Finally, the 

generated flap structure is excised by FEN1 (flap-1 endonuclease) and the nick is sealed by 

DNA ligase I [Dexheimer, 2013, Giglia-Mari et al., 2011, Hakem, 2008]. 

   

Fig.7 A schematic illustration of base-excision repair mechanism (BER). BER initiates with the aid of 

DNA glycosylases which excise only the damaged base, forming an AP site. The AP endonuclease 

cleaves the AP site, creating a single-strand break which can then be processed by short-patch or 

long-patch BER (see text for details) (Fleck and Nielsen 2004). 

 

 1.3.4    Mismatch repair (MMR) 

 

 Mismatch repair (MMR) removes mismatches and small insertion and deletion loops 

generated by replication errors during DNA replication. The mechanism is triggered by the 

evolutionary conserved MMR proteins and involves three steps: recognition, excision and 

gap filling by DNA resynthesis [Ambekar et al., 2017, Fleck and Nielsen, 2004]. First, human 

Msh2 forms a subcomplex with Msh3 and Msh6 and binds DNA mismatches. Then, the 

heterodimer Mlh1-Pms2 is recruited and cleaves mismatches by its endonuclease activity. 

In the end, exonuclease 1 Exo1 removes the DNA segment around the mismatch and the 
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single-strand gap is re-synthesized by DNA pol δ along with PCNA and RPA and is 

subsequently ligated by ligase I [Dexheimer, 2013, Fleck and Nielsen, 2004, Fukui, 2010]. 

 

 

Fig.8 A schematic representation of mismatch repair (MMR). MMR is mediated by the help of MMR 

proteins (MSH2, MSH3, MSH6, MLH1, PMS2). First, MSH2 and MSH6 recognize the damaged site 

and recruit MLH1 and PMS2 which along with Exo1 excise mismatches. The single-strand gap is then 

repaired by Pol δ, PCNA and RFC and RPA. Finally, the DNA strand is re-ligated by DNA ligase I (Fleck 

and Nielsen 2004). 

 

1.3.5   Nucleotide excision repair (NER) 

 

Nucleotide excision repair (NER) is a multistep repair mechanism which recognizes and 

removes various types of bulky DNA lesions produced by UV irradiation, mutagens and 

chemotherapeutic agents [Dexheimer, 2013]. NER involves several steps to repair DNA: 

DNA damage recognition, unwinding of DNA, excision of a short single-stranded 

oligonucleotide around the lesion and filling of the generated gap by DNA synthesis [Ulrich, 

2012, Dexheimer, 2013]. This mechanism is divided into two subpathways: global genome 

repair (GGR) and transcription-coupled repair (TCR) [Fleck and Nielsen, 2004]. GGR which is 

initiated by XPC-RAD23B and DDB1-DDB2/XPE proteins which detect and remove lesions 
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throughout the genome, whereas TCR is triggered by stalled RNA polymerase and CSA and 

CSB factors which specifically repair lesions that block transcription *Schärer, 2013+. After 

the distinct recognition step, both subpathways use a common mechanism to complete 

repair. First, a protein complex called transcription factor IIH (TFIIH) is recruited to the DNA 

damage site and with the help of two helicases XPB and XPD unwinds the DNA around the 

lesion. Next, XPA and RPA stabilize the unwound DNA leading to recruitment of the 

endonucleases XPG and ERCC1-XPF. ERCC1-XPF protein complex along with XPG incises the 

damaged strand 3’ and 5’ to the damage, respectively and creates ~30 base nucleotide 

single-strand gap which is filled by re-synthesis from DNA pol δ or ε together with the 

replication factors RFC, PCNA and RPA. Finally, the gap is ligated by DNA ligase I or III and 

the NER process is completed [Fleck and Nielsen, 2004, Dexheimer, 2013, Giglia-Mari et al., 

2011]. 

 

Fig. 9 A schematic illustration of nucleotide excision repair (NER). NER is mediated by two main 

pathways: global genome repair (GGR) and transcription-coupled repair (TCR). GGR detects the 

lesion by the aid of protein complexes (XPC-RAD23B and DDB1-DDB2/XPE). TCR recognizes stalled 

RNA polymerase II at a lesion and recruits CSA and CSB proteins. After lesion recognition both 

pathways follow the same mechanism to excise and repair the damage (see text for details) (Fleck 

and Nielsen 2004). 
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1.3.6   Interstrand cross-link repair (ICL)    

Interstrand cross-link (ICL) repair occurs during the S phase of the cell cycle. It removes 

highly cytotoxic DNA lesions that covalently link two bases on complementary strands of 

DNA. These types of lesions prevent unwinding of two DNA strands and thus block critical 

DNA transactions such as replication and transcription, potentially leading to chromosomal 

breakage or cell death [Clauson et al., 2013, Noll et al., 2006, Muniandy et al., 2010]. ICLs 

can be produced by bifunctional alkylating agents, platinum compounds, mitomycin C or 

natural products such as psoralen [Noll et al., 2006]. These crosslinking agents can induce 

also base monoadducts, intrastrand crosslinks, and DNA-protein crosslinks [Chatterjee and 

Walker, 2017]. Due to the diversity of the crosslinking agents and the structural alterations 

that they cause in DNA, the exact mechanisms of ICL are still not well-understood 

[Muniandy et al., 2010, Legerski, 2010]. It is known that several DNA repair and tolerance 

pathways, including NER, HR and translesion DNA synthesis (TLS) are involved in the repair 

of ICLs [Muniandy et al., 2010, Andreassen and Ren, 2009]. During ICL repair the replication 

fork is stalled at the ICL and undergoes programmed collapse [Zhang and Walter, 2014]. The 

classical model of ICL pathway in replicating cells initiates with the incision of the fork by 

unhooking the ICL from the lagging strand, which in turn leads to the formation of a double-

stranded DNA break (DSB). Next, the TLS tolerance pathway provides specific DNA 

polymerases to bypass the unhooked ICL, allowing DSB repair by HR and restoring the 

replication fork [Clauson et al., 2013, Zhang et al., 2015]. In non-replicating cells ICLs are 

repaired by TLS and NER systems using similar mechanisms [Clauson et al., 2013]. 

The ICL pathway is promoted by proteins of the Fanconi anemia (FA) pathway [Knipscheer 

et al., 2009]. Fanconi anemia is a rare genetic disease which was first described in 1927 by 

the Swiss pediatrician Guido Fanconi. It is an autosomal recessive disorder, a result of 

mutations in any of the 22 FA genes which is  characterized by progressive bone marrow 

failure (BMF), aplastic anemia and cancer predisposition, mainly acute myeloid leukemia 

[Che et al., 2018, Sumpter and Levine, 2017, Kim and D'Andrea, 2012, Taniguchi and 

D'Andrea, 2006]. Cells from patients with FA show high sensitivity to agents that induce ICLs 

due to the failure in their repair capacity [Lopez-Martinez et al., 2016].  

Depending on their function in the FA pathway, FA proteins are mainly divided into three 

main groups. The first group is composed of eight FANC proteins (FANCA, FANCB, FANCC, 

FANCE, FANCF, FANCG, FANCL and FANCM) along with three other proteins (FAAP20, 

FAAP24 and FAAP100) that form the FA core complex. The FA core complex is required for 

activation of DNA repair by ubiquitylation [Lopez-Martinez et al., 2016]. FANCM is the first 

protein that recognizes the ICL stalled fork facilitating the recruitment of the other FA 

proteins. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Sumpter%20R%5BAuthor%5D&cauthor=true&cauthor_uid=28811338
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FANCM is an ATP-dependent helicase/translocase which is a member of ERCC1/XPF 

endonuclease family. It contains a C-terminal inactive nuclease domain which binds 

branched DNA structures and an N-terminal helicase domain with translocase activity which 

interacts with the FA core complex [Deans and West, 2011, Gari et al., 2008]. The 

translocase activity of FANCM can remodel stalled forks, facilitating DNA repair [Gari et al., 

2008].  

FANCM forms a complex with FAAP24 (Fanconi Anemia associated protein of 24 kDa) and 

MFH1/2 (histone fold protein complex), allowing the recruitment of the FA core complex to 

the stalled fork [Kim and D'Andrea, 2012, Clauson et al., 2013]. The FA core complex 

functions as an E3 ubiquitin ligase complex which along with the E2, UBE2T/FANCT 

subsequently monoubiquitylates the second group of FA proteins - FANCD2 and FANCI 

*Rodríguez and D'Andrea, 2017, Lopez-Martinez et al., 2016]. It is believed that 

FANCD2/FANCI complex is first recruited to ICLs and then monoubiquitylated. This 

monoubiquitylation is essential for activation of the FA pathway and for maintaining the 

genomic stability [Liang et al., 2016, Deans and West, 2011, Schwab et al., 2015, Lopez-

Martinez et al., 2016]. Other proteins are also subsequently recruited to the damaged DNA, 

such as BLM helicase, Topo IIIa (topoisomerase IIIa) and RPA which form another large 

complex called BRAFT along with proteins of FA core complex (FANCA, FANCC, FANCE, 

FANCF and FANCG) [Lopez-Martinez et al., 2016]. 
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Fig.10 Interstrand cross-link (ICL) repair. ICL lesions are first detected by FANCM protein, which in 

turn recruits Fanconi anaemia (FA) core complex and monoubiquitylation of FANCD2–FANCI, as well 

recruits downstream FA proteins and DNA repair proteins. The ICL is repaired by incision of the 

damaged DNA strand by the nucleases FANCP (SLX4), FAN1 and ERCC4 (an endonuclease that also 

functions in nucleotide excision repair), creating a DSB. The unhooked ICL is then bypassed by TLS 

polymerases and the DSB is repaired by HR with the aid of BRCA2, RAD51 and RAD51 paralogue 

(RAD51C) (Ceccaldi et al., 2016). 

The monoubiquitylation of the FANCD2/FANCI complex leads to the recruitment of 

downstream FA proteins from the third group and other DNA repair proteins. The third 

group of FA proteins comprises of FANCD1 (BRCA2), FANCJ (BRIP1), FANCN (PALB2), FANCO 

(RAD51C), FANCP (SLX4), FANCQ (XPF), FANCR (RAD51) and FANCS (BRCA1) [Lopez-Martinez 
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et al., 2016]. The FA pathway triggers the repair of ICL through incision of the damaged DNA 

strand by the nucleases FANCP (SLX4), FAN1 and ERCC4. Next, the unhooked ICL is bypassed 

by TLS polymerases and the DSB is repaired by HR with the aid of FANCD1, FANCR and 

FANCO proteins [Nalepa and Clapp, 2018]. 

1.3.7   DNA damage tolerance (S phase specific) 

 

DNA lesions encountered in the wake of the replication fork cannot be repaired by most 

DNA repair pathways without incurring into double-strand breaks. In these cases, DNA 

lesions are bypassed through evolutionary conserved DNA damage tolerance pathways 

(DDT). There are two main pathways of DDT: translesion DNA synthesis (TLS) and template 

switching (TS) which are mediated by ubiquitylation or SUMOylation of PCNA [Ghosal and 

Chen, 2013]. 

TLS uses specialized DNA polymerases which can directly replicate across the lesion [Sale, 

2012, Gao et al., 2016] In contrast to normal replicative polymerases, TLS polymerases lack 

proofreading activity and can incorporate wrong nucleotides during DNA synthesis. 

Therefore, TLS is mainly considered as an error-prone mechanism. However, growing 

evidence supports that TLS can be also error-free depending on the type of lesion and the 

type of the recruited polymerase [Chang and Cimprich, 2009, Ghosal and Chen, 2013]. 

Eukaryotic cells have eleven TLS polymerases (REV1, POL η, POL ι, POL κ, POL ζ, POL μ, POL 

λ, POL β, POL ν, POL θ), which are grouped in four families (Y, B, X and A) and PrimPol *Bi, 

2015, Chatterjee and Walker, 2017, Ghosal and Chen, 2013, Chang and Cimprich, 2009]. 

Each of these polymerases has different substrate specificities depending on DNA lesion. 

TLS is initiated by monoubiquitylation of PCNA through the Rad6 E2 and Rad 18 E3, 

promoting the polymerase switch at the replication fork [Ghosal and Chen, 2013].  

TS is an error-free pathway which is activated by the polyubiquitylation of PCNA through 

Rad5-Ubc13-Mms2 ligase complex. It uses the newly synthesized daughter strand as a 

homologous template to bypass the lesion via fork reversal or a recombination-based 

mechanism [Gao et al., 2016, Chang and Cimprich, 2009]. The latter process leads to the 

formation of sister chromatid junctions which resemble hemicatenane-like structures. 

These cruciform structures are later resolved by the RecQ helicase BLM syndrome protein 

(BLM) [Branzei, 2010]. The incorrect repair by DDT pathways leads to the formation of DSBs 

and subsequent replication fork collapse requiring HR to restart the replication [Sale, 2012]. 

The rescue of stalled replication forks includes their stabilization and restart. The ATR 

pathway stabilizes the stalled forks by preventing the loss of replisome. Additionally, it 

prevents fork collapse and subsequent formation of deleterious DSBs by regulating the 
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activity of DNA repair proteins Rad51 and fork remodeling helicase SMARCAL1. The latter 

mediates the replication fork reversal or regression. The replication fork reversal is a 

protective mechanism, which resume DNA synthesis without breakage [Errico and 

Costanzo, 2012, Liao et al., 2018, Couch et al., 2013, Quinet et al., 2017] 

When the source of replication stress is removed, the ATR pathway allows the stalled 

replication forks to restart. There are several different models for replication fork restart, 

including fork restart by repriming, translesion synthesis (TLS) and template switching [Gelot 

et al., 2015, Iyer and Rhind, 2017]. 

The fork restart by repriming is a highly conserved mechanism in which DNA synthesis is 

resumed by repriming downstream the DNA lesion, leaving an unreplicated ssDNA gap 

behind the damaged forks, which should be repaired by postreplicative repair pathways. 

The lesion encountered on the lagging strand is directly bypassed due to the discontinuous 

nature of lagging-strand synthesis. However, the repriming of leading strand is more 

complex and it uses the primase-polymerase (PrimPol) which has primase and translesion 

polymerase activity in order to continue DNA synthesis [Pasero and Vindigni, 2017, Ait 

Saada et al., 2018, Guilliam et al., 2017, Iyer and Rhind, 2017].   

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/lesion


 

 

26 
 

                

 Fig.11 DNA damage tolerance pathway (DDT). A DNA lesion (yellow square) in DNA template stalls 

replication forks. DDT promotes bypass of the lesion by replicating across the lesion (translesion 

synthesis TLS, left) or by using the newly synthesized daughter strand as a homologous template 

(template switching TS, right). TLS is mediated by monoubiquitylation of PCNA through the Rad6-

Rad18, inducing the polymerase switch at the replication fork, whereas TS is activated by the 

polyubiquitylation of PCNA through Rad5-Ubc13-Mms2. TS involves a structural rearrangement to 

bypass the lesion via fork reversal or recombination mediated mechanism.  The fork reversal 

generates a four-way junction or “chicken-foot” intermediate (left), whereas recombination 

mediated mechanism generates a D-loop structure results in formation of sister chromatid junction 

(right) (Ghosal and Chen 2013). 
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1.4 Ubiquitylation pathway 
 

Protein ubiquitylation, also called ubiquitination, is a post-translational modification that 

regulates crucial biological processes in eukaryotic cells. The main and most well-studied 

role of this modification is to target proteins for degradation by the 26S proteasome system 

[Stringer and Piper, 2011]. However, it is also involved in regulation of cell cycle, apoptosis, 

DNA repair, protein-protein interactions and is deregulated in some diseases such as cancer 

[Hershko and Ciechanover, 1998, Mourtzoukou et al., 2018]. 

Ubiquitylation is controlled by the action of three enzymes: E1, E2 and E3 [Stringer and 

Piper, 2011]. First, the C-terminal in ubiquitin is activated by E1 ubiquitin activating enzyme. 

This reaction requires ATP to form a high-energy thioester bond between a Cys residue in 

the catalytic site of the E1 enzyme and ubiquitin. Next, the activated ubiquitin is transferred 

by a transacylation reaction to a thiol group of Cys residue of E2 ubiquitin conjugating 

enzyme and finally transferred to the target protein by an E3 ubiquitin ligase. The 

attachment of ubiquitin to the protein substrate results in the formation of a covalent 

isopeptide bond between the carboxyl terminus of the ubiquitin and the ε-amino group of a 

Lys residue on the substrate protein [Huang and D'Andrea, 2006, Streich and Haas, 2010, 

Myung et al., 2001].  

E3 ubiquitin ligases are essential for the ubiquitylation reaction, regulating the efficiency 

and substrate specificity. Eukaryotic cells contain hundreds of E3 ligases which can be 

grouped into four protein families: HECT (Homologous to E6AP Carboxyl Terminus), RING 

(Really Interesting New Gene), UFD2 homology (U-box) proteins and RING-in-Between-RING 

(RBR). The latter are RING/HECT hybrid type E3 ligases which were identified in the last few 

years. HECT, RING, U-box and RBR ligases can be a part of single proteins or multisubunit 

protein complexes. The most abundant in cells are the RING ligases. They contain RING 

finger domains with conserved Cys and His residues, which coordinate two zinc ions. Most 

of RING domains directly bind E2 enzymes and bring into close proximity the Lys of the 

substrate and the E2-ubiquitin intermediate [Bologna and Ferrari, 2013, Pickart and Eddins, 

2004, Zheng and Shabek 2017, Pfoh et al., 2015]. The specificity of E3 ligases allows them to 

process different proteins and to coordinate distinct cellular signals [Zheng and Shabek 

2017]. 

Ubiquitin was discovered for the first time in the 1970s as a small protein composed of 76 

amino acids. It is constitutively expressed in all eukaryotic cells and shares evolutionary 

conservation [Herrmann et al., 2007]. Later, ubiquitin has been found to be a member of a 

family of highly conserved proteins, called ubiquitin-like proteins (UBLs). UBLs share a high 

structural similarity and also include small ubiquitin-like modifier (SUMO), interferon-
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stimulated gene 15 (ISG15), neural precursor cell expressed, developmentally down-

regulated 8 (Nedd8), and etc. All UBLs are involved in crucial cellular processes.  

In vertebrates, ubiquitin is encoded by four different genes (UBB, UBC, UBA52, and UBA80 

(RPS27A)). It is synthesized as an inactive precursor which needs activation through 

proteolytic processing of its C-terminal tail [Kerscher et al., 2006, Pickart and Eddins, 2004, 

Pfoh et al., 2015]. The structure of ubiquitin and the other members of UBLs have a β-grasp 

fold that contains a five-stranded β-sheet and a central α-helix [Cappadocia and Lima, 

2018]. Ubiquitin itself contains seven Lys residues (K) each of which can be ubiquitylated, by 

attaching to another ubiquitin molecule and forming different ubiquitin-chain linkages. 

Ubiquitin can be conjugated through one of its lysine residues (K6, K11, K27, K29, K33, K48 

and K63) or the N-terminal methionine residue (M1) [Mourtzoukou et al., 2018]. The 

addition of a single ubiquitin molecule to a substrate is called monoubiquitylation. 

Monoubiquitylation signals for regulation of the receptor internalization, vesicle sorting, 

DNA repair and gene silencing [Huang and D'Andrea, 2006]. 

The attachment of more than one ubiquitin molecule to a target protein is referred to as 

polyubiquitination. Polyubiquitin chains, collectively called “ubiquitin code” signal for 

diverse cellular processes depending on the type of ubiquitin-chain linkage [Ohtake and 

Tsuchiya, 2017]. The most abundant types of ubiquitin-chain linkages in cells are K48 which 

target proteins for proteasomal degradation [Swatek and Komander, 2016]. The other types 

of chains can also trigger proteins for degradation, except the second most abundant K63-

linkages, which are mainly involved in protein-protein interactions and DNA repair [Finley et 

al., 2012+. The specific functions of the other linkage types, also known as “atypical”, are not 

well understood. Recently, it has been found that K6-linkages are also implied in DNA 

damage response, whereas K11-linkages signal for the proteasomal degradation in cell cycle 

regulation [Swatek and Komander, 2016]. K27-chain linkages are one of the least studied 

and their role is related to the recruitment of proteins in DNA damage response. K29- and 

K33-linkages are both implicated in degradation of proteins by the proteasome and in 

regulation of AMPK protein kinases involved in cellular metabolism. Besides, K33-linkages 

are also associated with the regulation of the T-cell receptor (TCR). M1-linked chains play a 

key role in the regulation of the activation of the transcription factor NF-κB *Swatek and 

Komander, 2016, Zinngrebe et al., 2014, Akutsu et al., 2016]. 

Ubiquitin can be further modified by other modifications, including SUMOylation, 

phosphorylation and/or acetylation. The diversity of the different ubiquitin-chain linkages 

and regulation of ubiquitin by other post-translational modifications affects distinct 

signaling pathways in the cells. The covalent attachment of ubiquitin to a target protein is a 

reversible process. Due to the action of several families of proteases called deubiquitinases 
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(DUBs), ubiquitin is removed from its targets, and the free ubiquitin pool is recovered in the 

cell [Swatek and Komander, 2016]. 

 

Fig.12 A schematic diagram of ubiquitylation pathway. a) Ubiquitylation involves three main steps. 

In the first step ubiquitin is activated by a ubiquitin-activating enzyme (E1) (shown in purple). The 

reaction is catalyzed by Mg2+ and ATP to form a high-energy thioester bond between a Cys residue 

in the catalytic site of the E1 enzyme and ubiquitin. In the second step, the activated ubiquitin is 

transferred to a thiol group of Cys residue of E2 ubiquitin conjugating enzyme (shown in blue). In the 

third step, ubiquitin is finally transferred to a substrate protein by an E3 ubiquitin ligase (shown in 

orange). b) Substrate ubiquitylation classification. The ubiquitin molecule can be attached at one 

(monoubiquitylation) or multiple (multi-monoubiquitylation) lysine sites to a substrate. The 

attachment of several ubiquitin molecules to the substrate leads to formation of polyubiquitin 

chains, which can be homogenous (Lys48-linked and Lys63-linked) or heterogenous (branched 

ubiquitin chains). Different ubiquitin linkages signal for diverse cellular processes (Buetow and 

Huang, 2016). 

 

1.4.1 Ubiquitylation in DNA repair 

 

Eukaryotic cells have evolved distinct cellular mechanisms, collectively termed DNA damage 

response (DDR) to detect, signal and trigger repair of DNA lesions. This signaling network of 

cellular pathways, including cell-cycle checkpoint, DNA repair and DNA damage tolerance 

(DDT), ensures protection from DNA damage threats and thus maintains the integrity of the 

genome [Jackson and Durocher, 2013, Giglia-Mari et al., 2011]. 
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DDR is tightly controlled by several post-translational modifications (PTMs) such as 

ubiquitylation, phosphorylation, SUMOylation, methylation, acetylation, and others. These 

modifications regulate the stability, localization and activity of proteins involved in DDR, 

facilitating the signaling pathway [Brown and Jackson, 2015]. 

Whereas the influence of some PTMs on DNA repair is well-studied, the implication of non-

proteolytic ubiquitylation in DNA repair mechanisms has been recently described and is still 

a subject of considerable research. However, growing evidence has shown that ubiquitin 

modification has a crucial regulatory role in DNA damage tolerance (DDT), double-strand 

break repair, Fanconi anemia (FA) pathway and other DNA repair pathways [Al-Hakim et al., 

2010, Ghosh and Saha, 2012, Jackson and Durocher, 2013, Cipolla et al., 2016, Pinder et al., 

2013, Schwertman et al., 2016, Miles et al., 2015, Yu et al., 2020]. 

 

Fig.13 DNA damage response (DDR) and genomic stability. Upon DNA damage, the signaling network 

of cellular pathways, which connects cell-cycle checkpoint, DSB repair and DDT (Post-replicative 

repair) is activated in order to repair the damage and to preserve the integrity of the genome. 
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Failure in these processes can lead to accumulation of unrepaired DSBs and formation of aberrant 

chromatin structures between chromosomes. If these aberrant structures, which are derived from 

defects in homologous recombination or incomplete replication, are left unresolved, they can lead 

to segregation defects in mitosis or cytokinesis failure. As an active player in DDR is illustrated 

chromatin (indicated as nucleosomes) (Papamichos-Chronakis and Peterson, 2013). 

The ubiquitin-mediated regulation of DNA repair, particularly DDT, was first illustrated with 

the discovery of yeast E2 and E3 enzymes, called Rad6 and Rad18. In response to DNA 

damage, Rad6-Rad18 ubiquitin ligase complex promotes monoubiquitylation of the sliding 

clamp PCNA at Lys164 and subsequent activation of translesion synthesis (TLS) mechanism 

of DDT [Brown and Jackson, 2015]. This modification was later found to be conserved from 

yeast to humans. Moreover, the monoubiquitylated PCNA can be further modified via K63-

linked polyubiquitin chain, promoting the error-free DDT process. In yeast, PCNA 

polyubiquitylation is triggered by the Rad5 E3 ligase, along with the E2 dimer Mms2-Ubc13. 

In human cells, polyubiquitylation of PCNA is mediated by human homologs of the E2 

complex and the joint activity of two functional Rad5 orthologs, named as HLTF and SHPRH 

[Cipolla et al., 2016, Ramaekers and Wouters, 2011]. PCNA ubiquitylation plays an essential 

role in DDT mechanisms, allowing bypass of blocking lesions and resuming normal DNA 

synthesis. It can be induced in response to replication stress, spontaneous DNA damage or 

genotoxic agents such as UV irradiation, methyl methanesulfonate (MMS), hydroxyurea 

(HU), aphidicolin and mytomicin C (MMC) that block replication fork progression [Fox et al., 

2011]. Agents that directly generate DNA double strand breaks (DSBs), like bleomycin, 

camptothecin and ionizing radiation do not trigger PCNA ubiquitylation [Zhang et al., 2011, 

Chang et al., 2006]. Nevertheless, the repair of highly toxic DSBs has also been shown to be 

dependent on ubiquitin modification, although different ubiquitin ligases and substates are 

involved. The Ring finger protein 8 (RNF8) which is an E3 ubiquitin ligase has a central role in 

regulating the DNA double-strand break repair pathway. RNF8 localizes at DSB sites and 

along with the E2, Ubc13 and another E3 ubiquitin ligase, called RNF168 promotes 

ubiquitylation of histone H2A and H2A.X via K63-linked ubiquitin chain [Ulrich, 2014]. The 

RNF8/RNF168-mediated polyubiquitylation in turn recruits several DNA repair proteins, 

including 53BP1 and BRCA1, that are essential for non-homologous end joining (NHEJ) and 

homologous recombination (HR) repair [Brinkmann et al., 2015, Brown and Jackson, 2015, 

Zhao et al., 2014].  

Besides polyubiquitylation, monoubiquitylation of histone H2A and H2B has also been 

found to be crucial for DNA repair [Uckelmann and Sixma, 2017]. Monoubiquitylation of 

H2A via Lys119 is the most abundant histone modification in mammalian cells and is critical 

for maintaining the genomic stability [Vissers et al., 2008]. H2B is monoubiquitylated at 

Lys120 and has a role in decompacting the structure of chromatin during DSB repair [Wojcik 

et al., 2018]. 
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In mammalian and human cells, monoubiquitylation has also been observed to play an 

important role in the FA pathway, regulating the repair of interstrand crosslinks (ICLs). The 

activation of FA pathway in response to DNA crosslinks results in the recruitment and 

monoubiquitylation of FANCD2/FANCI heterodimer by the FA core multi-protein complex. 

FANCL is a component of the FA core complex, which functions as a RING E3 ubiquitin ligase 

and together with the E2, UBE2T monoubiquitylates FANCD2 and FANCI at Lys561 and 

Lys523, respectively. This ubiquitylation is essential for the subsequent ICL repair by 

recruiting downstream effector proteins at damaged sites [Liang et al., 2016, Al-Hakim et 

al., 2010, Ramaekers and Wouters, 2011, Yates and Maréchal, 2018+. 

Recently, in human cells it has been reported that RAD18 is recruiting SLF1-SLF2 proteins to 

DNA damage sites, which in turn, promote the recruitment of the Smc5/6 complex at these 

sites, during HR repair at stalled replication forks. Human SLF1 and SLF2 can be considered 

as functional homologs of Nse5 and Nse6, which facilitate the DNA repair function of the 

Smc5/6 complex by suppressing the accumulation of recombination intermediates *Räschle, 

2015, Pebernard, 2006]. 

 

 1.5 Structural maintenance of chromosomes 
 

The functional and structural organization of eukaryotic chromosomes is regulated by a 

specific class of structurally related protein complexes, known as Structural Maintenance of 

Chromosomes (SMC) proteins [Hirano, 2006]. SMC proteins were first identified in budding 

yeast, where they showed to be essential for proper chromosome segregation during 

mitosis [Strunnikov et al., 1993]. Subsequently, the SMC protein family was also found in 

other organisms, demonstrating an evolutionary conservation from bacteria to humans. In 

addition to their function in chromosome disjunction, SMC proteins were found to be 

involved in mitotic chromosome condensation, sister-chromatid cohesion, recombinational 

repair and gene regulation [Harvey et al., 2002, Hirano, 2006]. 

A unique feature of SMC proteins is their common ring-shaped molecular structure, 

consisting of long antiparallel coiled-coil SMC subunits with an ATP-binding domain at their 

ends. Current models propose that SMC complexes use the energy of ATP hydrolysis to 

trigger conformational changes able to alter their topological interaction with DNA, thus 

regulating chromatin organization. 

SMC proteins are composed of six different SMC subunits in eukaryotes (SMC1-SMC6) 

which are divided in pairs, constituting three different heterodimers: SMC1-SMC3, SMC2-
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SMC4 and SMC5-SMC6. Each pair is composed of globular N- and C-terminal domains 

connected through long coiled-coils. These two SMC subunits interact with each other by 

their hinge domains, forming a V-shaped heterodimer complex. The connected N- and C-

terminal domains form head domains which contain Walker A and Walker B motifs with 

ATPase activity. Head domains are bridged together by a kleisin subunit (non-SMC protein) 

leading to the conversion of the heterodimer’s shape into a ring-like structure [Losada and 

Hirano, 2005, Kakui and Uhlmann, 2018, Harvey et al., 2002]. Heterodimers, together with 

non-SMC proteins assemble into three distinct large multiprotein complexes, called cohesin, 

condensin and Smc5/6 complex. Cohesin is composed of SMC1 and SMC3 and interacts with 

two non-SMC proteins (sister-chromatid cohesion proteins Scc1 and Scc3). It holds sister 

chromatids together from S phase until mitosis and is involved in organization of interphase 

chromosomes. Condensin, containing SMC2 and SMC4 form a complex with three non-SMC 

subunits and plays a crucial role in the compaction and elasticity of sister chromatids. The 

Smc5/6 complex comprises SMC5 and SMC6 and six non-SMC proteins. It is the least 

studied complex for which is known to be involved in DNA repair and chromosome stability 

[van Ruiten and Rowland, 2018, Dowen and Young, 2014, Gligoris and Löwe, 2016, Jeppsson 

et al., 2014 (2)]. 

Despite their role in distinct chromosomal functions, SMC complexes might share a 

common mechanism of action. One of the possible mechanisms that functionally join the 

SMC proteins is referred to as DNA loop extrusion. This mechanism is based on the 

formation of DNA loop structures by loop-extruding factors (LEFs). It has been suggested 

that SMC complexes function as LEFs due to their capacity to move along the DNA until an 

adaptor protein blocks this process. SMC complexes can mediate loop formation due to 

their ring-like structure, allowing them to bind and extrude DNA into extended loops. The 

latter is possible with the aid of ATPase hydrolysis allowing DNA translocation through the 

ring [Hassler et al., 2018, Baxter et al., 2019, Yuen and Gerton, 2018]. In support of this 

mechanism, both condensin and cohesin have been shown to act as LEFs using their ATPase 

motor activity in vitro. Condensin can extrude DNA in metaphase, suggesting its function in 

chromatin condensation depends on the loop extrusion process. Cohesin is able to generate 

loops by extrusion during interphase [Golfier et al., 2019, Ganji et al., 2018, Davidson et al., 

2019]. Apart from its function in sister chromatid cohesion, cohesin has also been shown to 

be involved in the organization of the genome during interphase. It has been suggested that 

cohesin mediates compartmentalization of interphase chromosomes into topologically 

associated domains (TADs) and loops by cohesin-dependent loop extrusion [Mayerova et 

al., 2020]. The ability of cohesin and condensin to extrude DNA loops suggests that the loop 

extrusion principle might be also required for the Smc5/6 complex function. 
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1.5.1   The Smc5/6 complex – structure  

 

The Smc5/6 complex is a nuclear protein complex composed of two core SMC proteins: 

Smc5 and Smc6 and six non-structural maintenance of chromosome element (Nse) proteins, 

known as Nse1, Nse2/Mms21, Nse3, Nse4/QRI2, Nse5 and Nse6. Human cells express four 

non-SMC subunits: NSMCE1, NSMCE2, NSMCE3, NSMCE4 which are homologs of the yeast 

Nse1-4. In addition they express two Smc5 localization factors: SLF1 and SLF2, which have 

been proposed to be the functional orthologues of Nse5 and Nse6 *Kegel and Sjögren, 2010, 

Taylor et al., 2008, Räschle et al., 2015+. 

The Smc5/6 complex was first discovered in Schizosaccharomyces pombe, where it was 

shown that Rad18 (Smc6) interacts in vivo with Spr18 (Smc5) forming a heterodimer. Later, 

the other non-SMC subunits (Nse1-6) of the complex were identified and it was found that 

all of them are essential and highly conserved between eukaryotes [McDonald et al., 2003, 

Pebernard et al., 2004, Hu et al., 2005, Morikawa et al., 2004, Pebernard et al., 2006]. Nse1 

contains a RING domain (Really Interesting New Gene) with an E3 ubiquitin ligase activity 

and forms a subcomplex with Nse3 and Nse4 [McDonald et al., 2003, Sergeant et al., 2005]. 

Nse2, also known as Mms21, has an SP-RING domain, with SUMO (small ubiquitin-like 

modifiers) ligase activity [McDonald et al., 2003, Andrews et al., 2005]. In addition, Nse2 

forms a subcomplex with Smc5 and Smc6 [Sergeant et al., 2005]. Nse3 is related to the 

melanoma-associated antigen (MAGE) protein family. One of their members, MAGE-G1 

interacts with Nse1 and Nse4 in human cells, indicating that MAGE-G1 is the human 

homolog of Nse3 [Pebernard et al., 2004]. Nse4 is a kleisin subunit that bridges the head 

domains of Smc5 and Smc6 [Palecek et al., 2006]. The last two non-SMC proteins: Nse5 and 

Nse6 do not show evolutionary conservation in higher eukaryotes and are poorly studied 

[Pebernard et al., 2006]. The Smc5/6 complex can be subdivided into three subcomplexes, 

able to self-associate: Nse1-Nse3-Nse4, Nse2-Smc5-Smc6 and Nse5-Nse6. 

The Nse1-Nse3-Nse4 subcomplex bridges the Smc5-Smc6 ATPase head domains and in 

fission yeast recruits the Smc5/6 complex at sites of DNA damage [Pebernard et al., 2008 

(1)]. Nse1 and Nse3 are known as kleisin-interacting tandem winged-helix element (KITE) 

proteins, which are involved in kleisin bridging and DNA binding [Palecek, 2019]. The N-

terminus of Nse3 interacts with the N-terminal part of Nse1, whereas the C-terminus of 

Nse3 binds the N-terminus of Nse4 [Hudson et al., 2011]. The C-terminal part of Nse1 

contains the zinc finger RING domain, which stabilizes the formation of an Nse1-Nse3-Nse4 

heterotrimer [Wani et al., 2018, Pebernard et al., 2008 (1)] (Fig.14). 

Nse3 shares homology with the MAGE family of proteins, which are conserved in all 

eukaryotes. MAGE proteins are divided into two groups: MAGE I and MAGE II. MAGE I 
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proteins are highly expressed in tumor cells, whereas MAGE II are expressed in different 

types of cells. MAGE-G1 which is the human orthologue of Nse3 is a member of MAGE II 

proteins and it was found to enhance the ubiquitin ligase activity of Nse1 RING domain 

[Taylor et al., 2008, Lee and Potts, 2017, Doyle et al., 2010]. Although MAGE proteins share 

a high structural homology, it was reported that only MAGE-G1 and MAGE-F1 can interact 

with Nse1 [Taylor et al., 2008, Doyle et al., 2010] (Fig.14). 

 

 

Fig.14 Crystal structure of Nse1 and MAGE-G1 (Nse3) and their interaction. Nse1 is indicated in 

brown, MAGE-G1 is labeled in green. At C-terminal part of Nse1 is shown the RING domain that 

coordinates two zinc ions. (Image is created using Mol with the PDB ID and associated publication: 

Sehnal et al., (2018), Towards a common library and tools for web molecular graphics 

MolVA/EuroVis Proceedings and RCSB PDB,  https://www.rcsb.org/3d-view/5WY5/1) 

The Smc5-Smc6 heterodimer forms the core of the Smc5/6 complex through the interaction 

between the Smc5 and Smc6 at their hinge domains [Fousteri and Lehmann, 2000, Sergeant 

et al., 2005, Diaz and Pecinka, 2018]. Nse2 interacts directly with the central part of Smc5 

through its N-terminus. The C-terminal region of Nse2 contains a RING-like domain with a 

SUMO ligase activity allowing SUMOylation of different substrates [Sergeant et al., 2005]. 

Similar to ubiquitylation, SUMOylation is a post-translational modification in which a small 

ubiquitin-like modifier (SUMO) family of proteins is covalently attached to lysine (Lys) 
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residues in target proteins. SUMOylation regulates various biological functions such as cell 

growth and differentiation, protein stability, protein-protein interactions, protein trafficking 

and cell responses to stress [Wilson, 2017]. Nse2 can undergo auto-SUMOylation, as well as 

it can SUMOylate several subunits of the complex including Smc6, Nse3, Nse4 and Smc5 

[Sergeant et al., 2005, Zhao and Blobel, 2005, Potts and Yu, 2005]. SUMOylation within the 

Smc5/6 complex is involved in response to DNA damage and inhibition of DNA replication 

[Sergeant et al., 2005, Andrews et al., 2005, Zapatka et al, 2019]. In our group, it has been 

described that the ATPase activity of Smc5 and binding to DNA, activate the SUMO-ligase 

activity of Nse2 in budding yeast [Bermúdez-López et al., 2015; Varejão et al., 2018]. 

The third known subcomplex of the Smc5/6 complex is the Nse5-Nse6. It is less studied and 

less conserved among eukaryotes. In different lower eukaryotes the Nse5-Nse6 subcomplex 

has been shown to be bound at different regions (hinge or heads) of the Smc5-Smc6 

heterodimer [Sergeant et al., 2005, Pebernard et al., 2006, Duan et al., 2009]. In plants and 

humans, similar subcomplexes, termed as (ASAP1-SNI1) and (SLF1-SLF2), respectively were 

identified. They have been considered as the functional homologs of the Nse5 and Nse6 

*Yan et al, 2013, Räschle et al., 2015+. 

Recently, the plant SNI1 has shown to be implicated in checkpoint activation and DNA 

damage response [Wang et al., 2018]. Also, mutations in ASAP1 or SNI1 cause severe 

growth defects and cell death [Yan et al., 2013, Wang et al., 2018]. As mentioned above, the 

human SLF1-SLF2 subcomplex interacts with RAD18 E3 ubiquitin ligase and recruits the 

Smc5/6 complex at DNA lesions in a ubiquitin-dependent manner *Räschle et al., 2015+. It 

has been suggested that all of the subunits of the Smc5/6 complex are essential for the 

structure and function of the complex. 

 

 

 

 

  

Fig. 15 Structure of the Smc5/6 complex in Saccharomyces cerevisiae. The Smc5/6 complex is 

composed of two SMC subunits (Smc5 and Smc6, shown in blue and red) and six non-SMC elements: 
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Nse1, Nse2, Nse3, Nse4, Nse5 and Nse6. Nse1, Nse3 and Nse4 (shown in blue and yellow) form a 

subcomplex.  Nse5 and Nse6 (label in grey) form a dimer. Nse1 is a putative ubiquitin ligase, Nse2 is 

a SUMO ligase. 

1.5.2   The Smc5/6 complex - function in eukaryotic cells 

 

A large body of evidence demonstrates the implication of the complex in regulation of DNA 

repair and chromosome segregation. The first indications for the role of the Smc5/6 

complex in DNA damage response came from a study which used Schizosaccharomyces 

pombe as a model organism.  It has been found that point mutations in Rad18 (Smc6 in 

budding yeast) cause hypersensitivity to UV irradiation and ionizing radiation [Lehmann et 

al., 1995]. Consequently, the rest of the subunits of the Smc5/6 complex have also been 

found to be essential for viability and involved in DNA repair. Hypomorphic alleles of these 

proteins in budding yeast are extremely sensitive to a variety of DNA damaging agents, 

including UV and ionizing irradiation, methyl methanesulfonate (MMS), camptothecin (CPT) 

and hydroxyurea (HU) [Fujioka et al., 2002, Pebernard et al., 2004, McDonald et al., 2003, 

Andrews et al., 2005, Onoda et al., 2004, Hu et al., 2005, Pebernard et al., 2006].  

Epistatic analysis with Rad51 indicated that the Smc5/6 complex is involved in DNA double 

strand-break (DSB) repair by homologous recombination (HR) [Lehmann et al., 1995, 

McDonald et al., 2003 Pebernard et al., 2004]. Besides, it has been shown that the Smc5/6 

complex is essential for proper chromosome segregation of repetitive DNA regions [Torres-

Rosell et al., 2005(1)]. Several studies using yeast, plant, chicken and human cells have 

confirmed the important role of the Smc5/6 complex in HR repair [Aragón, 2018]. The 

Smc5/6 complex was found to promote DSB repair by sister chromatid recombination in all 

of the tested species [De Piccoli et al., 2006, Mengiste et al., 1999, Watanabe et al., 2009, 

Stephan et al., 2011, Payne et al., 2014]. 

In budding yeast, recruitment of the Smc5/6 complex at DSBs depends on MRE11 (the first 

protein recruited to DSBs) during G2 and M phases *Lindroos et al., 2006, Ünal et al., 2004+. 

In human cells, this recruitment requires Rad18 and SLF1-SLF2 subcomplex, the functional 

homologs of yeast Nse5 and Nse6 during repair of DNA cross-links [Potts et al., 2006, 

Räschle et al., 2015+. 

Further studies with yeast and human cells have indicated that Nse2 SUMOylates Scc1 

subunit of cohesin at several Lys residues, promoting sister chromatid HR [McAleenan et al., 

2012, Wu et al., 2012]. This modification is not required for the recruitment of cohesin to 

DSBs, but Scc1 mutants deficient for SUMOylation are defective in sister chromatid HR and 

cannot mediate DNA damage-induced cohesion [Wu et al., 2012, McAleenan et al., 2012]. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=McAleenan%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22771042
https://www.ncbi.nlm.nih.gov/pubmed/?term=McAleenan%20A%5BAuthor%5D&cauthor=true&cauthor_uid=22771042
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Related to this, Nse2-SUMOylation is also implicated in the maintenance of telomere length 

by HR in budding yeast and human cells. The impaired Smc5/6 function inhibits telomere HR 

leading to telomere shortening and subsequent senescence [Potts and Yu, 2007, Zhao and 

Blobel, 2005]. 

The Smc5/6 complex has also been found to be involved in stabilization and restart of 

stalled or collapsed replication forks, maintenance of ribosomal DNA (rDNA) and telomeres, 

as well as in chromosome topology regulation [Palecek, 2019]. More recently, another 

function of the Smc5/6 complex has also been described: its role as a host restriction factor 

against Hepatitis B virus (HBV) *Decorsière et al., 2016+. 

The function of the Smc5/6 complex at stalled and collapsed replication forks has been 

identified genetically, showing synthetic lethal interactions with mutations in genes 

involved in fork restart, such as srs2, the RecQ helicase sgs1 (homolog of the human BLM 

helicase) and the endonuclease mus81 [Branzei et al., 2006, Irmisch et al., 2009, 

Ampatzidou et al., 2006]. These findings suggest that the Smc5/6 complex, along with 

Sgs1/BLM helicase and Mus81 is involved in the recovery of stalled and collapsed replication 

forks by recombination. In addition, the smc5/6 mutants show hypersensitivity to DNA 

damage drugs blocking replication, such as hydroxyurea (HU), which cause replication fork 

stalling [Hu et al., 2005, Torres-Rosell et al., 2005(1)]. During replication stress, stalled and 

collapsed forks give rise to aberrant recombination intermediates, also known as X-shaped 

Holliday junction (HJs) structures, which are normally removed during post-replicative 

repair. If HJs are left unresolved, they become toxic to cells, leading to chromosome 

missegregation or cell death [Mankouri et al, 2011, Aragón, 2018]. It has been found that 

the smc5/6 mutants accumulate high levels of X-shaped DNA molecules, indicating a direct 

role of the complex in resolution of joint molecules [Torres-Rosell et al., 2005(1), Miyabe et 

al., 2006, Irmisch et al., 2009]. Moreover, the SUMO ligase activity of Nse2/Mms21 has also 

been implicated in preventing the accumulation of junction structures [Branzei et al., 2006, 

Bermúdez-López et al, 2010]. 

Recently, it has been indicated that sumoylation of different proteins implicated in repair 

(RPA, Rad52, Rad59, Smc5) by Nse2, would mediate the relocation of collapsed forks to the 

nuclear pore complex (NPC) to constrain recombination until they are localized at the NPC 

[Whalen et al., 2020]. Sumoylation by Nse2 was previously also implied in relocation of DSBs 

to the nuclear envelope in yeast cells, in order to be repaired [Horigome et al., 2016].  

Furthermore, the Smc5/6-dependent SUMOylation of Sgs1/BLM mediates the removal of 

recombination intermediates [Bonner et al., 2016, Bermúdez-López et al., 2016, Pond et al., 

2019]. On the other hand, in Saccharomyces cerevisiae the Smc5/6 complex reduces the 

presence of X-shaped recombination intermediates at blocked replication forks by 

https://www.molbiolcell.org/doi/full/10.1091/mbc.e06-06-0516
https://www.ncbi.nlm.nih.gov/pubmed/?term=Miyabe%20I%5BAuthor%5D&cauthor=true&cauthor_uid=16354704
https://www.ncbi.nlm.nih.gov/pubmed/?term=Berm%26%23x000fa%3Bdez-L%26%23x000f3%3Bpez%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20571088
https://www.ncbi.nlm.nih.gov/pubmed/?term=Berm%26%23x000fa%3Bdez-L%26%23x000f3%3Bpez%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20571088
https://www.ncbi.nlm.nih.gov/pubmed/?term=Berm%26%23x000fa%3Bdez-L%26%23x000f3%3Bpez%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20571088
https://www.ncbi.nlm.nih.gov/pubmed/?term=Bonner%20JN%5BAuthor%5D&cauthor=true&cauthor_uid=27373152
https://www.ncbi.nlm.nih.gov/pubmed/?term=Berm%26%23x000fa%3Bdez-L%26%23x000f3%3Bpez%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20571088
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regulating the activity of the Mph1 helicase [Chen et al., 2009]. This suggests that the 

Smc5/6 complex can prevent the accumulation of X-shaped HJ molecules independently 

from Sgs1. Mph1 is the yeast orthologue of Fanconi anemia protein M (FANCM) in humans, 

that can dissociate DNA loop structures and catalyze the regression of stalled replication 

forks [Prakash et al, 2009, Xue et al, 2014, Gari et al., 2008]. The Smc5/6 complex has been 

proposed to be a negative regulator of Mph1, with the ability to inhibit the fork reversal 

activity of Mph1, but not its D-loop disruption function [Xue et al., 2014]. Moreover, 

deletion of MPH1 rescues smc5/6 mutants: inhibits the sensitivity to different DNA 

damaging agents and growth defects of these mutants, and also decreases recombination. 

To date, it is still unknown if this regulation is conserved in human cells. 

In contrast to Sgs1, Mph1 does not depend on SUMOylation by the Smc5/6 complex [Chen 

et al., 2009]. The two helicases also differ in time of their action: Sgs1 resolves 

recombination structures, whereas Mph1 functions early during replication stress by 

promoting the formation of joint molecules [Palecek, 2019]. Recently, it has been shown 

that the Smc5/6 complex tightly controls the Mph1 activity at RNA-DNA hybrids, known as 

R-loops which can block replication forks and thus prevents deleterious accumulation of 

both RNA-DNA hybrids and X-shaped structures [Lafuente-Barquero et al., 2017]. 

Apart from its functions in replication stress and DNA damage, the Smc5/6 complex is also 

important in cells that are not exposed to sources of damage, during S and G2/M phases 

[Aragón, 2018]. In physiological unperturbed conditions, the yeast Smc5/6 complex is 

enriched at repetitive regions including ribosomal DNA (rDNA), centromeres and telomeres 

and is essential for their stability [Torres-Rosell et al., 2005(1), Torres-Rosell et al., 2005(2), 

Lindroos et al., 2006, Pebernard et al., 2008 (2)]. Moreover, mutations in the Smc5/6 

complex cause rDNA missegregation, which results in incomplete replication [Torres-Rosell 

et al., 2007(1)]. Consistent with this, another study has shown that the Smc5/6 complex 

plays an essential role in removing DNA-mediated sister chromatid linkages, and thus 

promotes chromosome segregation during mitosis *Bermúdez-López et al., 2010+. The main 

participant in this process is the Nse2/Mms21 SUMO ligase activity that maintains the 

integrity of repetitive loci and their proper segregation [Takahashi et al., 2008, Bermúdez-

López et al., 2010+.  

Yeast telomeres have also been found to require the SUMO ligase activity of the Smc5/6 

complex for their proper organization [Zhao and Blobel, 2005]. Unlike them, centromeres 

do not depend on SUMOylating activity of the Smc5/6 complex. Probably, the Smc5/6 

complex functions in centromeric regions in association with cohesin function [Pebernard, 

et al., 2008 (2)]. In addition, SUMOylation of cohesin subunits by the Smc5/6 complex 

suggests implication of the Smc5/6 complex in regulation of sister chromatid cohesion in 

lower and higher eukaryotes [Takahashi et al., 2008, Behlke-Steinert et al., 2009]. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Takahashi%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=18846224
https://www.ncbi.nlm.nih.gov/pubmed/?term=Takahashi%20Y%5BAuthor%5D&cauthor=true&cauthor_uid=18846224
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Another key function of the Smc5/6 complex is maintenance of the genomic stability by 

regulation of chromosome topology. During S phase, the Smc5/6 complex is localized on 

undamaged chromosomes, where it reduces the levels of DNA supercoiling, induced by 

replication or transcription [Lindroos et al., 2006, Kegel et al., 2011, Jeppsson et al., 2014 

(1)]. It has been proposed that the Smc5/6 complex facilitates fork rotation and thus 

relieves the topological stress, allowing the progression of both DNA replication and 

transcription. Furthermore, the Smc5/6 also seems to be required for the resolution of the 

catenanes generated by fork rotation when topoisomerase II (Top2) is inactive [Jeppsson et 

al., 2014 (1)]. It has been shown that the frequency of the Smc5/6 chromosome interaction 

sites increases with the lengthening of chromosomes, as well as in chromosome 

circularization or non-functional Top2 [Kegel et al., 2011]. The resolution of topological 

tension ahead of the replication fork by rotational movement of the fork is essential for 

termination of replication when the two converging forks reduce the recruitment of the 

topoisomerases [Kegel and Sjögren, 2010+.   

The Smc5/6 complex also facilitates the replication termination in the rDNA arrays [Torres-

Rosell et al., 2007(2)]. This finding confirms the importance of the Smc5/6 complex in 

releasing topological stress during replication and maintaining the integrity of the genome. 

Recently, the Smc5/6 complex has also been shown to participate in restriction of DNA virus 

infections. It has been proposed that the Smc5/6 complex prevents the Hepatitis B virus 

(HBV) infection by binding the viral episomal DNA and thus suppressing viral transcription 

*Decorsière et al., 2016, Murphy et al., 2016+. The antiviral role of the Smc5/6 complex has 

also been reported in studies using herpes simplex virus 1 (HSV-1) [Xu et al., 2018] and 

human papillomavirus (HPV-31) [Gibson et al., 2020], although the exact mechanism of viral 

replication machinery inhibition is not yet understood. The function of the Smc5/6 complex 

as a restriction factor for HBV is thoroughly explained in (chapter 1.5.4). 

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Jeppsson%20K%5BAuthor%5D&cauthor=true&cauthor_uid=25329383
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jeppsson%20K%5BAuthor%5D&cauthor=true&cauthor_uid=25329383
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Fig.16 Function of the Smc5/6 complex in chromosome segregation and maintenance of genomic 

stability. The Smc5/6 complex promotes dissolution of recombination intermediates and the 

completion of genomes replication. 

 

1.5.3   Nse1 ubiquitin ligase 

 

 Nse1 (also named NSMCE1 or NSE1 in mammalian cells), is part of the Smc5/6 complex and 

contains a RING domain (a zinc finger-like motif) with putative E3 ligase activity at its C-

terminus. It forms a subcomplex with Nse3 and Nse4 [McDonald et al., 2003]. The RING 

(Really Interesting New Gene) domain is composed of eight conserved metal-binding 

cysteine and histidine residues which coordinate two zinc atoms in a cross-brace 

conformation [Pebernard et al., 2008 (1)]. The basic sequence of the RING domain: Cys-X2-

Cys-X(9-39)-Cys-X(1-3)-HisX(2-3)-Cys-X2-Cys-X(4-48)-Cys-X2-Cys (where X is any amino acid) 

was first described by Freemont in 1991 [Freemont et al., 1991]. RING domains constitute a 

big family of RING variants found in functionally different proteins and widely spread among 

different species [Borden and Freemont, 1996]. Depending on the number of cysteine and 
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histidine residues (C3HC4 and C3H2C3) RING domains can be mainly classified into two types 

of families: RING-CH and RING-H2 [Saurin et al. 1996, Deshaies and Joazeiro, 2009]. Outside 

these families, other RING variants have also been identified which share similar sequence 

and spacing between the conserved residues [Borden and Freemont, 1996]. The three-

dimensional (3D) analysis of different RING domains showed that cysteine and histidine 

residues bind the two zinc atoms inside the core of the domain, and thus maintain the RING 

structure [Deshaies and Joazeiro, 2009]. The specific function of RING domains is still not 

well understood. Originally, it was thought that the RING domain facilitates the binding to 

DNA. Later, it was demonstrated that the RING motif of several proteins mediates ubiquitin 

E3 ligase activity and modulates the function of other proteins by ubiquitylation [Lorick et 

al., 1999, Deshaies and Joazeiro, 2009]. Also, it has been found that RING E3 ligases can 

function as monomers, homodimers, or heterodimers. Homo- and heterodimers can 

interact with other active or inactive RING domains in order to mediate ubiquitylation. In 

most cases, the inactive RING domain in heterodimers has a stimulatory effect, facilitating 

the interaction with the E2-congugating enzyme. Besides, some RING ligases can also 

function as multi-subunit complexes [Budhidarmo et al., 2012]. In addition, RING domains 

were found to be essential for the proper formation and structure of large protein 

complexes [Borden, 2000]. It is known that not all zinc-finger domains have an E3 ligase 

activity. For example, LIM and PHD type zinc finger domains are folded differently and do 

not show ubiquitin ligase activity. However, some proteins with a PHD-like RING domain 

have also been shown to act as E3 ubiquitin ligases [Yonashiro et al., 2006]. Currently, more 

than 600 proteins with RING type E3 ligase activity are identified in humans [Deshaies and 

Joazeiro, 2009]. 

Interestingly, Nse1 contains a different type of RING domain, Nse1 homology RING (NH-

RING) which maintains the cross-brace structure of zinc coordinated residues (Cys or His) 

and shows a strong conservation among lower and higher eukaryotes [Pebernard et al., 

2008 (1)] (Fig. 17). The Nse1 NH-RING shares a similar sequence with PHD RING domains 

(C4HC3) which are mainly involved in protein-protein interactions and chromatin 

remodelling [Pebernard et al., 2008 (1), Bienz, 2006]. However, it is still not well understood 

if the Nse1 RING domain can promote ubiquitylation of protein substrates and/or has 

another function. Ubiquitin-ligase activity was described in vitro, using human proteins 

MAGE-G1 and Nse1 [Doyle et al., 2010], but not using the corresponding yeast proteins 

[Pebernard et al., 2008 (1)]. Later, one in vivo substrate for MAGE-F1 and Nse1 has been 

described, MMS19, implied in assembling iron-sulfur proteins, some of them implied in DNA 

repair [Weon et al., 2018]. Therefore, in vivo ubiquitin ligase activity of Nse1, depending on 

Smc5/6 complex, has not been described yet. 
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Fig. 17 The crystal structure of human Nse1-MAGE-G1 (Nse3) protein dimer and sequence alignment 

of Nse1 RING domain. A. Crystal structure of Nse1-Nse3 dimer. Nse1 protein is labeled in red, 

MAGE-G1 is indicated in blue. Zinc ions are indicated with blue dots (RCSB Protein Data Bank, 

5WY5). B. and C. Two zinc (II) coordinating ligands in Nse1 RING domain. Hydrogen bonds are shown 

A

B C

D
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in blue lines, metal Interactions are illustrated with purple lines. Cysteine and histidine residues that 

coordinate the two zinc ions are shown. D. Sequence alignment of Nse1 RING domain in different 

eukaryotes. The conserved residues that coordinate the zinc atoms are labeled in red. (A, B and C. 

Images are created with the PDB ID and associated publication, NGL Viewer (AS Rose et al. (2018) 

NGL viewer: web-based molecular graphics for large complexes. Bioinformatics 

doi:10.1093/bioinformatics/bty419), and RCSB PDB, https://www.rcsb.org/3d-view/5WY5/1 D. 

(Pebernard et al., 2008 (1)). 

 

 1.5.4   Impaired Smc5/6 complex function and human diseases 

 

The integrity and function of the Smc5/6 complex is essential for human health and survival. 

Mutations in some of the subunits of the complex show severe genetic disorders with 

different clinical characteristics. Patients carrying heterozygous mutations in NSMCE2 

(NSE2) show microcephalic primordial dwarfism, accompanied by extreme insulin resistance 

and gonadal failure as well as chromosome breaks [Payne et al., 2014]. A later report 

showed that newborn babies with heterozygous and homozygous mutations in NSMCE3 

(NSE3) developed chromosome breakage syndrome with progressive pulmonary disease, 

leading to death [van der Crabben et al., 2016]. Besides, it has been found that patients 

with Kabuki syndrome which is characterized with growth retardation, distinct facial 

appearance, skeletal and dermatoglyphic abnormalities, carry a mutation in SMC5, along 

with mutations in other genes. Thus, it is possible that impairments in Smc5/6 function 

contribute to some of the clinical features of this syndrome [Kuniba et al., 2009]. Moreover, 

the disturbed function of the Smc5/6 complex has been also associated with the processes 

of premature aging and carcinogenesis. In vivo studies in mice demonstrated that mutations 

in NSMCE2 lead to accelerated aging and a high incidence of tumors. Mouse embryos with 

heterozygous mutations in NSMCE2 displayed dwarfism with a loss of thymic cellularity, 

whereas adult mice share characteristics similar to those observed in patients with Bloom 

syndrome, such as severe anemia, altered pigmentation and reduced subcutaneous fat, 

associated with elevated levels of micronuclei. Homozygous mutations in NSMCE2 are lethal 

for the organism whereas the heterozygous mutations cause a high incidence of different 

types of tumors in mice, due to defects in chromosome segregation and increased mitotic 

recombination [Jacome et al., 2015]. The strong gene conservation between mice and 

humans suggest that these effects can be also detected in humans with mutations in the 

Smc5/6 complex. In accordance with this, another recent work revealed that mutations in 

SMC5 contribute to the development of brain metastases in patients with different types of 

cancers [Saunus et al., 2015]. 

https://www.rcsb.org/3d-view/5WY5/1
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On the other hand, it has been recently described that the Smc5/6 complex helps the 

organism to overcome the infection with hepatitis B virus (HBV), serving as a host restriction 

factor. HBV is a member of the Hepadnaviridae family with a small partially double stranded 

DNA (ds) genome. It is a major global threat leading to chronic hepatitis B, liver cirrhosis, 

and hepatocellular carcinoma. The virus uses reverse transcriptase from an RNA 

intermediate to replicate its genome in the host cell [Seeger and Mason, 2000]. During virus 

entry in the nucleus of the cell, the viral genome is converted to episomal covalently closed 

circular DNA (cccDNA), serving as a template for viral transcription. It has been found that 

the Smc5/6 complex recognizes and binds this episomal DNA and thus prevents viral 

transcription and inhibits the infection *Mitra and Guo, 2016, Decorsière et al., 2016+.  

Upon infection, HBV expresses a regulatory protein, called HBx which enhances viral 

transcription, by triggering the Smc5/6 complex for degradation by the proteasome system. 

The HBx protein interacts with DNA-damage binding protein 1 (DDB1), which is part of a 

Cullin-RING E3 ligase complex (CUL4) and targets the Smc5/6 complex for degradation. 

However, the mechanism of this HBx-DDB1 interaction remains unclear [Mitra and Guo, 

2016, Murphy et al., 2016]. It has been found that HBx is required for viral transcription 

from the episomal cccDNA but not from an integrated copy in the host cell genome. Based 

on this observation it has been proposed that in the absence of HBx, the Smc5/6 complex 

interacts and inhibits only the viral episomal DNA [Mitra and Guo, 2016]. Probably, the 

Smc5/6 complex restricts HBV during the initial phase of the infection, before occuring the 

integration of viral DNA in the genome of the host cell [Furuta et al., 2018]. The molecular 

mechanism of the Smc5/6 complex-dependent restriction of HBV still remains unclear. It 

has been proposed that it may be related to the topology of the viral cccDNA and the DNA 

binding activity of the Smc5/6 complex [Aragón, 2018, Palecek, 2019]. 

 

 
 
 
 
 
 
 
 
 
 
 
 

 



 

 

46 
 

OBJECTIVES 

 

The Smc5/6 complex is essential in recombinational repair and accurate chromosome 

disjunction. As a component of the Smc5/6 complex, Nse1, which contains a RING domain 

with putative ubiquitin ligase activity, is supposed to contribute to Smc5/6 function. Despite 

the increasing number of investigations regarding the Smc5/6 complex and its biological 

role in yeast cells, the function of the complex and specifically the role of each of its 

components is still not well understood in both lower and higher eukaryotes. Therefore, in 

this doctoral thesis we aimed to reveal and characterize the role of Nse1 in DNA repair and 

genomic stability by using human cell lines as model systems. To achieve this goal, we 

defined the following objectives: 

a) Generation of NSE1 mutant cells with impaired RING domain and characterization of 

their phenotype. 

b) Revealing if the functional interaction, identified in yeast between the Smc5/6 complex 

and Mph1 helicase (FANCM) is conserved in human cells 

c) Identification of novel interactors of human Nse1 
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MATERIALS AND METHODS 

 

3.1   Human cell lines methods 

3.1.1   Cell lines and culture conditions 

Human embryonic kidney (HEK293T) cell line was purchased from the American Type 

Culture Collection (ATCC, USA). SV-40 immortalized human fibroblasts, originally derived 

from a patient, carrying a FANCM homozygous mutation c.1506_1507insTA; p.Ile503* 

(FANCM knockout (KO) cells) were a gift from Prof. Jordi Surrallés, Department of Genetics 

and Microbiology Autonomous University of Barcelona, Cerdanyola del Vallès (UAB), Spain. 

FANCM gene expression was re-established by transduction of a lentiviral vector expressing 

FANCM wild-type using Tet-ON 3G expression system. HEK293T and human fibroblast cells 

were cultured in complete Dulbecco's modified Eagle's medium - DMEM (Gibco) 

supplemented with 10% fetal bovine serum (FBS), 20 units/ml penicillin and 20µg/ml 

streptomycin. In order to induce the expression of FANCM in FANCM KO cells, the antibiotic 

doxycycline (Dox) at a final concentration of 1μg/ml was added to the culture medium. All 

cell lines were mycoplasma-negative and were grown in thermostat at 37oC and 5% CO2. 

 3.1.2   Freezing and thawing of cells         

All cell lines used were kept frozen in cryopreservation solution containing 90 % FBS and 10 

% dimethylsulfoxide (DMSO) and stored at -80oC or in liquid nitrogen for long term storage. 

Briefly, cells at a confluence of 70-80% were harvested by trypsinization with 0,25% 

trypsin/EDTA, counted using a hemocytometer and centrifuged for 5min at 1000 rpm. Pellet 

cells were resuspended in proper volume of cryopreservation solution and 1ml of cell 

suspension at a concentration of 1 x 106/ml or 2 x 106 cells/ml were quickly aliquoted into 

cryovials. For thawing cryovials were placed into a water bath at 37oC for a few seconds. 

Then 1 ml thawed cells were diluted in 9 ml of culture medium and centrifuged for 5min at 

1000 rpm. The supernatant was aspirated and pellet was resuspended with pre-warm at 

37oC culture medium and seeded into an appropriate culture vessel.  

HEK293T cells (wild type) were passaged in a ratio of 1:10 every two-three days, whereas 

NSE1 mutant cells were subcultured in a ratio of 1:5 because of their decreased doubling 

time by approximately half. Human fibroblasts FANCM KO and FANCM KO expressing 

FANCM WT were divided every 48 h in a ratio of 1:3 and 1:5, respectively. 

3.1.3   Generation of mutations in human NSE1 by CRISPR/Cas9 technique 

Genome edition in HEK293T cell line using CRISPR-Cas9 
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To create human cell lines with disrupted RING domain of NSE1, the CRISPR-Cas9 system 

was used. CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)/Cas9 is a 

novel versatile tool for genome editing, based on the adaptive immune system of 

prokaryotes. The technique utilizes the Cas9-gRNA complex to bind and cleave double-

stranded DNA at a specific region, creating DSBs. 

First, a single guide RNA (sgRNA) sequence (fusion between tracrRNA and crRNA) was 

designed to target exon 7 of NSE1 using Benchling CRISPR-sgRNA design tool 

(https://www.benchling.com). Then, chimeric sgRNA was cloned by annealed 

oligonucleotides (CYO2275 and CYO2276, Table 3) into plasmid pX458 (#48138, Addgene) 

containing Cas9 endonuclease, fused to enhanced Green Fluorescent Protein (eGFP). 

Cloning procedure was performed as described in Ran et al., 2013. The expression vector 

obtained, p4093 (shown in Table 2), was next used to deliver Cas9-sgRNA complex into 

HEK293T cells. 

To generate a deletion or point mutations in the NSE1 RING domain, two CRISPR-Cas9-

based approaches were applied. The first approach is based on NHEJ repair of Cas9-induced 

DSBs, leading to deletions or insertions. Cells at 70-80% confluency were transfected with 1 

µg of p4093, using Lipofectamine 2000 (Invitrogen), as described previously (chapter 3.3.4). 

In the second approach, a specific single-stranded oligodeoxynucleotide (ssODN), CYO2295 

(shown in Table 3) was used as a template to repair DSBs by homologous recombination. 

The donor DNA, carrying desired point mutations (c.[610_612delinsGCT; 

618_620delinsAGC], p.[Cys204Ala; Cys207Ala]) was designed, according to instructions from 

IDT (Integrated DNA Technologies, USA), 

(https://eu.idtdna.com/pages/education/decoded/article/megamer-single-stranded-donor-

templates-(ssdna-or-ssodns)-for-successful-homology-directed-repair-(hdr)-in-genome-

editing-applications). 

To increase the transfection efficiency, 1 x 106 HEK293T cells were transfected by 

nucleofection with 2,5 μg of p4093 and 0,5 μM ssODN using Nucleofector Solution V (Lonza) 

and program A-023 in Nucleofector I (Amaxa, Lonza). After nucleofection, cells were plated 

in a 6 well plate and incubated for 24h at 37°C and 5% CO2. 

After 24h, transfected cells from both approaches were observed under fluorescent 

microscopy for GFP signal. Cells were then trypsinized, counted and diluted in complete 

DMEM up to 5 cells/ml (0,5 cells/100µl). To isolate single clones, 100 µl of diluted cells were 

seeded in each well of 96-well plates (4 and 15 different 96-well plates were used in the first 

and second CRISPR-Cas9 approach, respectively). After 24 h, each well, containing one 

single cell, was analyzed by fluorescence microscopy. Only wells with GFP-positive cells 

were marked and followed for 2 weeks to obtain a monoclonal cell population. Clones that 

grew more rapidly were characterized as big. Clones that showed slower growth were 

https://www.benchling.com/
https://eu.idtdna.com/pages/education/decoded/article/megamer-single-stranded-donor-templates-(ssdna-or-ssodns)-for-successful-homology-directed-repair-(hdr)-in-genome-editing-applications)
https://eu.idtdna.com/pages/education/decoded/article/megamer-single-stranded-donor-templates-(ssdna-or-ssodns)-for-successful-homology-directed-repair-(hdr)-in-genome-editing-applications)
https://eu.idtdna.com/pages/education/decoded/article/megamer-single-stranded-donor-templates-(ssdna-or-ssodns)-for-successful-homology-directed-repair-(hdr)-in-genome-editing-applications)
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labeled as small or very small. Only in slow growth clones, mutations in NSE1 were 

observed. 

Edition analysis  

To analyze obtained individual clones of both approaches for target mutations, first the 

genomic DNA was extracted and the genomic region surrounding the Cas9 cleavage site was 

amplified by PCR. To obtain genomic DNA, cells from each well were trypsinized and diluted 

in complete DMEM: one half of the sample was seeded again in a 24-well plate and the 

other half was centrifuged and diluted in 100 µl of genotyping buffer (150mM TRIS-HCI pH 

8,5, NaCl 200mM, EDTA 5mM, SDS 0,2%) with 1mg/ml Proteinase K. Samples were 

incubated at 54oC for 1 hour and then boiled at 95oC for 5 min, to inactivate Proteinase K. 

Next, 500 µl of chilled ethanol (-20oC) was added immediately to samples to precipitate 

DNA. After inverting 4-5 times the tube, DNA fibers could be observed and were collected 

by centrifugation at 4oC and maximum speed for 10 min. DNA pellet was dissolved in MilliQ 

water and was used for the PCR amplification with primers listed in Table 3 (CYO2277; 

CYO2278). The PCR reaction was performed at annealing of 60oC and 35 seconds for 

elongation, during 35 cycles and a PCR product of 826 bp was obtained. 

a) Surveyor Assay 

In the first approach, in order to test for genetic modifications in the NSE1 RING sequence 

result of NHEJ repair, the Surveyor Assay using T7 Endonuclease I (M302, NEB) was 

performed. 200ng of the PCR product were mixed with NEB Buffer 2 and MilliQ water to a 

final volume of 19 µl. Samples were then denatured at 95oC for 5 min, followed by re-

annealing at decreasing temperature from 95oC to 85oC at -2oC/second and a ramp 

decreasing temperature from 85oC to 25oC at -0.1oC/second. After re-annealing, 1 µl of T7 

Endonuclease I was added to PCR products and samples were incubated for 15 minutes at 

37oC. PCR products from untransfected with the CRISPR plasmid cells were used as controls. 

For heteroduplex formation, equal amounts of PCR products, amplified from transfected 

cells were mixed with PCR products, obtained from untransfected cells. After denaturation 

and re-annealing, heteroduplexes were digested or not with T7 Endonuclease. PCR products 

were separated on 1% agarose gels and indels were detected by the positive cleavage of T7 

Endonuclease I: the 826 bp band should be cleaved into two smaller bands around 400 bp 

each one. Details of this analysis are explained in results section. 

b) Restriction analysis 

For detecting incorporated point mutations in NSE1 RING sequence by the ssODN in the 

second HDR-based approach, a restriction analysis was conducted. PCR products were 

restricted with PvuII enzyme for 1 hour at 37oC and analyzed by electrophoresis on 1% 

agarose gels. If both strands contain the point mutation, two bands of 384 bp and 306 bp 

would be observed. Details of this analysis are explained in results section. 



 

 

50 
 

3.1.4   Transient transfections of human cells         

Transfection experiments were performed by two different transfection protocols using 

polyethylenimine (PEI) (408727, Sigma) or Lipofectamine 2000 (Invitrogen). For PEI 

transfection method, human cell lines (HEK293T) were seeded in 60 mm plates, previously 

coated with collagen (100µg/ml) in order to enhance cell adhesion and let them grow 

overnight at 37oC and 5 % CO2. After 24 h, cells were washed with 2 ml Opti-MEM I reduced 

serum media (Gibco) and then the medium was replaced by the previously prepared 

mixture of plasmid DNA and PEI in a ratio: 1µg :10µl, diluted in Opti-MEM I reduced serum 

media, vortex-mixed and incubated for 10 min at RT. The transfected cells were incubated 

for 45 min in the incubator at 37oC and 5 % CO2. After incubation, the Opti-MEM I reduced 

serum media was changed with a fresh normal culture medium (DMEM, supplemented with 

10 % FBS, streptomycin and penicillin) and cells were incubated overnight for 

overexpression of the target gene. 

Lipofectamine 2000 transfection method was performed according to the manufacturer's 

instructions. Similar to the PEI method, cells were seeded in plates, previously coated with 

collagen (100µg/ml) and incubated for 24 h. Before transfection with Lipofectamine, a 

normal culture medium without antibiotics (DMEM with 10% FBS) was added to cells and 

they were incubated at 37oC and 5 % CO2 during the preparation of the transfection mixture 

(DNA:Lipofectamine). After 5 min incubation at RT, DNA and Lipofectamine in a ratio 1µg 

:1µl, diluted in Opti-MEM I reduced serum media were added drop by drop onto cells. The 

plates were incubated for 24 h. The overexpression of the target genes was assessed by 

Western blot analysis, using specific antibodies shown in Table 5. 

 

3.1.5   Lentiviral production and transduction for stable cell line generation           

For generation of stable cell lines downregulated for a target gene, a lentiviral vector 

packaging system 3rd generation was used. Lentiviral particles were produced by co-

transfection of HEK293T cells with PEI and opti-MEM.  3 x 105/ml cells were plated in a 100 

mm plate, previously coated with collagen (100µg/ml) and let to obtain good adherent 

monolayer for 24 h at 37oC and 5% CO2. After incubation, cells were co-transfected with 12 

µg pLKO.1-Neo, containing controlshRNA or Smc5shRNA, 6 µg envelope plasmid pVSV-G 

and 6 µg packaging plasmid pMDLg/pRRE using polyethylenimine (PEI) standard 

transfection protocol. After 48 h, the produced lentiviruses were harvested, filtered through 

a 0.45 µm syringe filter and stored at -80oC. For lentiviral transduction SV40-transformed 

FANCM knockout (KO) and FANCM KO with expression of FANCM wild type human 

fibroblasts derived from a patient were seeded in 60 mm plates at a concentration of 5 x 

105/plate. 2.5 ml of viral supernatant and 2.5 ml culture medium (DMEM + 10% FBS, P/S) 

were added directly to cells, along with polybrene at a concentration of 8 µg/ml in order to 

increase the binding between the lentiviral envelope and plasma membrane. After 24 h the 
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medium containing polybrene was changed and after 48 h, cells were split and selected for 

5-10 days with Neomycin at a concentration of 800 µg/ml. The downregulation efficiency of 

SMC5 was detected by Western blot analysis. 

 3.1.6   Cell proliferation analysis using trypan blue exclusion assay 

For analysis of proliferation rate and cell viability, HEK293T (wild type), NSE1-ΔR mutants, 

nse1 double and single point mutant cells and NSE1-ΔR mutants with ectopic expression of 

wt NSE1 were seeded at a concentration of 1 x 105/ml (only viable cells) in 6 well plate. Cells 

were cultured in DMEM with 10% FBS, penicillin and streptomycin and incubated at 37 oC 

and 5% CO2. The cell proliferation was followed during 3 days and analyzed under light 

microscopy using trypan blue exclusion assay. Trypan blue assay can directly distinguish the 

viable and dead cells.  The method is based on the ability of the dye to pass through the 

compromised cell membranes, entering in cytoplasm and staining only the dead cells in 

blue. The viable cells with intact membranes are impermeable for the dye and remain 

unstained. After trypsinization and centrifugation at 1000 rpm for 5 min, cell suspensions 

were diluted with 0.4% trypan blue solution (T8154, Sigma) in ratio 1:1 and incubated for 5 

min. Cells were counted with a haemocytometer counting chamber after 24h, 48h and 72h. 

The growth curve graphs are representative from three independent experiments. 

 3.1.7   Detection of apoptosis by double-staining with acridine orange and ethidium 

bromide (AO/EB) 

For detection of apoptosis by evaluating the nuclear morphology using acridine orange and 

ethidium bromide (AO/EB) live staining, HEK293T (wild type) at a concentration of 4 x 104 

cells per well and double point mutant cells (NSE1-AA) at a concentration of 1.2 x 105 per 

well, were grown onto coverslips (12mm in diameter), coated with collagen (100µg/ml) into 

24 well plates. Only viable cells were seeded using trypan blue exclusion assay. After 24 h of 

incubation at 37oC and 5% CO2, cells were washed once with PBS and stained with a mixture 

of fluorescent dyes acridine orange (AO) (A6014-10G, Sigma)   10 µg/ml and ethidium 

bromide (EB) (32813, USB) 10 µg/ml (1:1), diluted in PBS. The stained cells were 

immediately observed under fluorescent microscope Olympus IX71 and camera DP70, 

within 30 minutes, before the color started to fade. The principle of the technique is based 

on the ability of AO to pass through plasma membranes of viable and early apoptotic cells, 

staining the cells in green. In contrast, EB can cross only the plasma membrane of late 

apoptotic and necrotic cells, whose integrity is compromised and stains the cells in orange 

to red. The nuclei of viable cells with intact cell membrane are stained in dark green, 

whereas the early apoptotic cells show bright green nucleus with condensed chromatin and 

membrane blebbing. The late apoptotic cells show orange nucleus with chromatin 

fragmentation, whereas the necrotic cells display orange shrinkage nucleus without DNA 

fragmentation. 
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3.1.8   Time-lapse microscopy        

To assess cell cycle progression by time-lapse video microscopy, HEK293T (wild type) at a 

concentration of 6 x 104 cells and NSE1-ΔR mutants with a concentration of 8 x 104 cells 

were plated in collagen (100µg/ml) coated 35µm µ-dish (ibidi high). Cells were cultured in 

Dulbecco's modified Eagle's medium (DMEM), (Gibco) supplemented with 10% fetal bovine 

serum (FBS), 20 units/ml penicillin and 20µg/ml streptomycin. After 48 hours cells (~60% 

confluent) were transfected with mCherry-H2B for chromatin labelling using PEI and 

OptiMEM (according to a standard protocol, previously described). After 24 hours, the 

transfection efficiency was ~50% and cells were analyzed by time-lapse imaging for 48 

hours, due to the slower growth of mutant cells. Cells were monitored by confocal 

microscope Olympus FV1000 equipped with 37oC and 5%CO2 chamber. Six fields were 

examined for each cell line and each microscope image was acquired every 10 min using 

20X objective. The cell cycle progression of transfected cells was unable for 

measuring/tracking due to cell death in wild type and mutant cells after mCherry-H2B 

expression. In non-transfected wild type and mutant cells only the mitosis duration could be 

measured based on the specific morphological characteristics of mitosis. The duration of 

mitosis was quantified by using ImageJ Software (NIH, USA). The result is representative of 

counting cells from three different fields. 

3.1.9   Immunofluorescence for detection of BLM foci 

BLM foci formation was determined by immunofluorescence analysis according to a 

previously described protocol (Chan et al., 2018). HEK293T (wild type), NSE1-ΔR mutants 

and double point mutant cells (NSE1-AA) were cultured in Dulbecco's modified Eagle's 

medium (DMEM), (Gibco) supplemented with 10% fetal bovine serum (FBS), 20 units/ml 

penicillin and 20µg/ml streptomycin, and seeded onto coverslips, coated with collagen 

(100µg/ml) in six well plates. After 24h, cells were fixed with PTEMF buffer (20 mM PIPES 

pH 6.8, 0.2% Triton X-100, 1 mM MgCl2, 10 mM EGTA and 4% paraformaldehyde) for 10 

min. After incubation, cells were washed once with PBS and permeabilized with 0.2 % Triton 

X-100 diluted in PBS for 5 min. After washing with PBS, cells were blocked with 3% BSA in 

PBS for 30 min and incubated with primary antibody rabbit anti-BLM (1:1000, Abcam 

ab2179), diluted in 3% BSA in PBS for 1h. After washing with PBS twice, cells were stained 

with the secondary antibody Alexa Flour 488 goat anti-rabbit (1:1000) diluted in 3% BSA in 

PBS for 1h. Cells were washed twice with PBS and stained with DAPI (5µg/ml) (D-9542, 

Sigma) for nuclei visualization for 10 min. in dark at RT. The coverslips were washed once 

with PBS and mounted with Mowiol. The microscopic images were examined under a 

fluorescent microscope Zeiss Axio Observer microscope Z1 with 60X objective. The BLM foci 

were counted by ImageJ Software (NIH, USA). More than 200 cells were counted in each cell 

line. Results are representative of two (for NSE1-AA) and three (for NSE1-ΔR mutants) 

independent experiments. 
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 3.1.10   Micronuclei analysis  

HEK293T (wild type) at a concentration of 1.5 x 105 cells, NSE1-ΔR mutants and double point 

mutant cells (NSE1-AA) with a concentration of 3 x 105 cells were seeded in 6 well plate, on 

coverslips coated with 100µg/ml Collagen (diluted in 0,02N acetic acid). After 48h, cells 

were washed with PBS and fixed with 4% paraformaldehyde (PFA) in PBS buffer for 20 min. 

at RT. After fixation, samples were washed twice with PBS and permeabilized with 0.1% 

Triton X-100 (diluted in PBS) for 5 min. The permeabilized cells were washed twice with PBS 

and stained with DAPI (5µg/ml) for 10 min. at the dark. Then, samples were washed once 

with PBS, mounted with Mowiol (20µl per slide) and covered with coverslips. The glass 

slides were observed directly or kept at 4oC. The nuclei and micronuclei were observed 

using fluorescent microscope Olympus IX. Micronuclei were counted by ImageJ Software 

(NIH, USA). 

 3.1.11   Sister chromatid exchange assay (SCE) 

SCE is a useful sensitive method for detection of recombination activity and chromosome 

instability. For visualization of SCE, HEK293T (wild type) and NSE1-ΔR mutants have been 

incubated with BrdU (Sigma) at a concentration of 50µM for two cell cycles. The duration 

depends on the proliferation rate of tested cell lines (32h for HEK293T and 72h for NSE1-ΔR 

mutants, respectively). Cells were blocked at metaphase with KaryoMAX Colcemid 

(0.05µg/ml) (Thermo Fisher Scientific) for 2 hours. After washing with PBS, cells were 

trypsinized, centrifuged and exposed to hypotonic shock with 0,03M sodium citrate for 25 

min at 37oC. Chromosomes were fixed with a solution of methanol and acetic acid 3:1 and 

metaphase spreads were prepared onto glass slides. Metaphase chromosome spreads were 

stained with 0.1mg/ml acridine orange (Sigma), diluted in distilled water and incubated for 

5 min. at RT. The stained slides were carefully rinsed with distilled water, incubated for 1 

min in Sorenson buffer pH 6,8 (0.1 M Na2HPO4, 0.1 NaH2PO4) and mounted with Mowiol. 

The slides with metaphase spreads were immediately observed under fluorescent 

microscope Olympus BX51 using a filter with the wavelength range (467 – 556nm). The 

number of reciprocal exchange events per chromosome was quantified. More than 2000 

chromosomes were counted in each sample. SCE events were quantified using ImageJ 

software (NIH, USA). 

 3.1.12   Clonogenic survival assay 

For analyzing the drug sensitivity, wild type cells, truncated NSE1 mutants, and truncated 

mutant cells with ectopic expression of NSE1, were left untreated or exposed to methyl 

methanesulfonate (MMS), a DNA alkylating agent, at a dose of 250µM, for 2 hours at 37oC. 

After removing the drug, cells were trypsinized, counted and replated (500 cells/well) in a 

12 well plate and let them grow for 10 days. After 10 days, the obtained colonies were fixed 

with 10% formalin solution (Sigma) in PBS 1x for 30 min., and stained with 0,01% crystal 



 

 

54 
 

violet diluted in milliQ water for 30 min. Excess of stain solution was removed by washing 

with milliQ water. The clonogenic signal intensity was measured using ImageJ Software 

(NIH, USA). 

3.1.13   Cell cycle analysis with propidium iodide (PI) 

For cell cycle analysis by DNA content measurement, 1 x 106 cells were washed twice with 

PBS and fixed with cold 70% ethanol for 24 hours. After washing with PBS two times, cells 

were centrifuged and DNA content was stained by incubating pelleted cells with 50µg/ml 

propidium iodide (PI) (P-4170, Sigma) and 50µg/ml RNase A (Invitrogen) diluted in PBS for 

15 min at 37oC. Samples were analyzed by Flow Cytometer FACS - Canto II (Becton 

Dickinson). 

 3.1.14   Cell cycle analysis with double staining with PI and BrdU and MPM-2 detection                                                                                                                                           

For double-staining flow cytometry exponentially growing cells (80% confluent) were 

treated or not (used as a control) with bromodeoxyuridine (BrdU) at a concentration of 

10µM for 30 min. at 37oC. Cells were harvested, along with the supernatant. Then they 

were centrifuged and fixed with 70% cold ethanol for 24 hours at -20 oC. After 

centrifugation and washing with PBS-T (PBS 1x with 0.05% Tween20) to remove the traces 

of ethanol, pelleted cells were treated with 2M (2,16M) HCl with 0,1 Triton X-100 for DNA 

denaturation and incubated for 15 min at RT. Then, the HCl was neutralized with 100mM 

Na2B4O7 (pH 8.5). After centrifugation, cells were washed with PBS-T and centrifuged again. 

The obtained pellets were resuspended and blocked with 3% BSA with PBS-T for 45 min. 

Next, after centrifugation, pelleted cells were incubated with anti-BrdU (1:250) and anti-

MPM-2 (1:250) antibodies for 1 hour at RT (rotating at a rolling machine). Samples were 

washed with PBS-T, spin for 2 min at 3000rpm and incubated with secondary Alexa Fluor 

647 anti-mouse (1:400) and Alexa Fluor 488 anti-rat (1:500), respectively for 45 min in dark. 

After incubation, cell pellets were washed with PBS-T and stained with propidium iodide (PI) 

(1% PI with 0,1µg/µl RNase in PBS) and then subjected to flow cytometry analysis for 

measuring total DNA content (PI), S phase (BrdU) and mitotic cells (MPM-2). The results are 

representative of three repeats. The double-staining flow cytometry was performed in the 

laboratory “Signaling and checkpoints of cell cycle” headed by Prof. Dr. Neus Agell, 

Department of Biomedical Sciences, Faculty of Medicine and Health Sciences,  University of 

Barcelona, Spain. 
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3.1.15   DNA fiber technique for analysis of fork progression and dynamics 

For DNA fiber analysis 8 x 104 cells per well for HEK293T and NSE1-ΔR mutants with re-

expressed NSE1 and 1.6 x 104 cells per well for NSE1-ΔR mutants were plated in 12 well-

plate, previously coated with collagen (100 µg/ml in 0,02N sodium azide) for better 

adhesion. Cells were left unlabelled or pulse-labelled with CIdU (25µM) for 30 min., washed 

with pre-warmed at 37 oC PBS 1x and labelled or not with IdU (250µM) for 30 min. Cells 

were washed three times with cold PBS and harvested by trypsinization. Labelled and 

unlabelled cells were mixed 1:1 for dilution of the sample. After centrifugation, the pelleted 

cells were resuspended with 200µl cold PBS. Then, 4µl of cell suspensions were added 

quickly onto a glass slide and mixed with 8µl of spreading buffer (0,5% SDS, 200mM Tris-HCl 

pH 7,5 and 50mM EDTA). After 2 min. incubation, the glass slides were tilted at 15o angle. 

Then, the slides were incubated 2-5 min, in order the drop to flow along the slides and DNA 

fibers to be stretched onto slides. The obtained DNA fibers were quickly dried for 10 min. 

and fixed with methanol/acetic acid 3:1 for 10 min. After fixation, slides were washed three 

times with PBS 1x and DNA fibers were denatured with 2,5M HCl for 80min. at RT. Then, 

fibers were washed four times with PBS and blocked with a blocking buffer (1%BSA, 0,1% 

Triton X-100 and 1x PBS) for 45 min. DNA spreads were incubated with rat anti-BrdU 

antibody (Abcam Ab6326) which recognizes CIdU (1:1000 in blocking buffer) and mouse 

anti-BrdU antibody (BD Biosciences, clone B44) which identifies IdU (1:200), diluted in 

blocking buffer. The red and green DNA tracks were detected after 1 hour incubation with 

the secondary fluorochrome-conjugated antibodies – Alexa Fluor anti-rat 555 (1:500) and 

Alexa Fluor anti-mouse 488 (1:500) diluted in blocking buffer. Slides were washed five times 

with PBS, quickly dried onto a paper and mounted with Mowiol (50µl per slide), covered 

with coverslips (24x60mm) and after 2 hours sealed with nail polish. DNA fibers were 

observed immediately under laser scanning confocal microscope Zeiss LSM 880. The 

progression and dynamics of replication forks were measured by ImageJ Software (NIH, 

USA). The statistical analysis was implemented by GraphPad Prism Software using Mann-

Whitney test to evaluate statistical significance (*p<0.05, **p<0.01 and ***p<0.001). The 

results are representative of three independent experiments. The DNA fiber technique was 

carried out in the laboratory “Signaling and checkpoints of cell cycle” headed by Prof. Dr. 

Neus Agell, Department of Biomedical Sciences, Faculty of Medicine and Health Sciences,  

University of Barcelona, Spain. 

 

3.2   Methods using yeast cells 

3.2.1   Yeast strains  

All yeast strains (Saccharomyces cerevisiae) used in this thesis are presented in Table 1.  
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    Table 1. Yeast strains 

 

Strain Genotype Procedure 

Y3628 MATa, trp1-901, leu2-3, 112, ura3-52, 

his3-200, gal4D, gal80D, 

LYS2::GAL1UAS-GAL1TATA-HIS3, 

GAL2UAS-GAL2TATA-ADE2 

URA3::MEL1UAS-MEL1TATA -lacZ 

MEL1-pGBKT7 (TRP1) 

Strain YNC3628 was created by 

transforming AH109 strain with an 

empty pGBKT7 plasmid. 

Y3629 MATa, trp1-901, leu2-3, 112, ura3-52, 

his3-200, gal4D, gal80D, 

LYS2::GAL1UAS-GAL1TATA-HIS3, 

GAL2UAS-GAL2TATA-ADE2 

URA3::MEL1UAS-MEL1TATA -lacZ 

MEL1pGBKT7 (TRP1)-hNSE1 (NSMCE1) 

Strain YNC3629 was created by 

transforming AH109 strain with 

plasmid pGBKT7 expressing NSMCE1. 

Y3632 MATα ura3-52, his3-200, ade2-101, 

trp1-901, leu2-3, 112, gal4Δ, met−, 

gal80Δ, URA3::GAL1UAS-GAL1TATA-

lacZ pACT2 (LEU2) 

Strain YNC3632 was created by 

transforming Y187 strain with pACT2 

 

3.2.2  Yeast two hybrid assay 

For the identification of new putative interactors for human Nse1, a standard yeast-two-

hybrid (Y2H) screen was performed, using the Matchmaker GAL4 Two-Hybrid System 3 

protocol (Clontech). The principle of this method is based on the interaction between the 

“bait” protein, which is fused to DNA-binding domain (DNA-BD) and library “prey” proteins, 

fused to activation domain (AD) of the GAL4 transcription factor. The interaction brings BD 

and AD into close proximity and activates transcription of reporter genes. Human NSMCE1 
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cDNA was cloned into pGBKT7 vector and used as “bait”, whereas cDNA libraries from a 

mouse embryo (11-day) were cloned into pGADT7 vector and used as “prey”. Human 

NSMCE1 ORF was amplified by PCR using primers (CYO2130) and (CYO2131), shown in Table 

3. The plasmids encoding bait and prey proteins were transformed into AH109 and Y187 

yeast strains, respectively. To detect interactions both plasmids were introduced into one 

single cell by mating two haploid yeast strains from the opposite mating types. A haploid 

strain (MATa) expressing the fusion bait protein was mated with haploid strains (MATα) 

expressing cDNA library prey proteins. For mating, 50 ml of AH109 strain carrying pGBKT7-

NSMCE1 ORF were grown on synthetic complete medium (SC) lacking tryptophan (Trp) 

overnight at 30 oC. In addition, 50 ml of Y187 strain carrying empty pGADT7 vector were 

grown on SC, lacking leucine (Leu) and were used as a negative control. The bait and 

negative pre-cultures were first diluted and then grown to 2 OD600 in yeast extract peptone 

glucose (YPD) supplemented with adenine (Ade). The bait culture (109 total cells) were 

thoroughly mixed with the prey library and incubated at 30oC for 20-24 hours, at 30 rpm 

shaking velocity. Negative control cells were mixed with bait strains and incubated in the 

same conditions. After mating, diploid zygotes expressing both the bait and prey plasmids 

were grown in a selective medium (SC), supplemented with Ade and lacking Leu, Trp and 

histidine (His).  

In parallel, to estimate the mating efficiency, 10-3and 10-4 dilutions were prepared and 100 

µl of each dilution were plated in SC agar plates with Ade, lacking Trp and Leu . After 

incubating for 3 days at 30oC, the mating efficiency was calculated by counting the number 

of colonies. The efficiency was found to be 7.1%, which was high enough for a successful 

Y2H screen. Before screening, the self-activation background of the HIS3 reporter gene in 

GAL4 system was determined using different concentrations of 3-Amino-1,2,4-Triazol (3-AT) 

(Sigma). 3-AT is an inhibitor of HIS3 gene product that allows selection for specific 

interactions. The minimal inhibitory concentrations of 2mM and 5 mM 3-AT that suppress 

growth on histidine-deficient medium were selected as the optimal ones. After 5-6 days of 

selection for Nse1 specific interactors, bigger colonies were picked up and grown under low 

stringency conditions (SC-His-Leu-Trp + 2 mM 3-AT) for 2-3 days. Then, colonies were 

replica-plated in selective plates, lacking His with 5mM and 10mM 3-AT and in high 

stringency plates, lacking both His and Ade (SC-His-Leu-Trp-Ade + 5 mM 3-AT, SC-His-Leu-

Trp-Ade + 10 mM 3-AT) in order to select only the strong interactors.  

To identify the potential candidates, library plasmid DNA was isolated from positive clones 

and amplified by PCR using specific primers 5’AD (CYO847) and 3’AD (CYO637), listed in 

Table 3. PCR reaction was performed using SupraTherm Taq DNA Polymerase (GeneCraft). 

Positive PCR fragments were subjected to sequencing and analyzed using the BLAST 

database (https://blast.ncbi.nlm.nih.gov).  

Overall, from 194 positive clones analyzed, 27 clones were classified as strong interactors, 

and from them, only 17 clones were in the correct reading frame. After DNA sequencing, 10 
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different genes were identified. Potential new interactors for NSE1 were first validated in 

yeast and then confirmed in human cells.  

a) Confirmation of positive interactions in yeast 

To confirm the positive interactions detected in the Y2H screen, the library plasmids 

isolated from Y2H diploid yeasts were co-transformed in AH109 strain with the pGBKT7-

hNse1 plasmid or pGBKT7 empty vector. The transformants were then grown on (SC-Leu-

Trp), (SC-Leu-Trp-His + 10 mM 3-AT), and (SC-Leu-Trp-His-Ade) plates and incubated for 2-3 

days at 30oC. Only clones grown on SC without adenine were selected and sequenced. From 

them, six were confirmed as specific interactors for NSE1. Amino acid sequences were 

compared against the mouse (Mus musculus) protein sequence database using BLAST 

alignment. UniProt database (https://www.uniprot.org/uniprot/) was used for identification 

of protein names and function. 

b) Confirmation of positive interactions in human cells 

To verify positive interactors in human cells, a co-immunoprecipitation (Co-IP) technique 

was performed using HEK293T cell line. Briefly, inserts from potential candidates were 

cloned into pNBM470 expression vector, allowing N-terminal tagged proteins with a 6HA 

epitope. . The new constructs were then transformed into E. coli DH5-alpha and different 

clones were analyzed by sequencing. Only two candidates, HMG-17 and TRUSS were used 

for in vivo experiments. HEK293T cells were seeded in 6 well plates and transfected with 2 

µg of plasmid, expressing the Y2H candidates tagged with HA (p4016 and p4018) and 2 µg of 

plasmid, expressing Nse1 tagged with GFP at the N-terminus (p3853), using PEI polymer. Co-

immunoprecipitation procedures were carried out as described in (chapter 3.6.1) using anti-

HA agarose beads. Proteins were detected by immunoblot using polyclonal anti-human 

Nse1 (NSE1) and monoclonal anti-HA antibodies (shown in Table 5). 

 

3.3   Bacterial methods 

3.3.1   Plasmids 

The plasmids used in this thesis are listed in Table 2. 

Table 2. Plasmids. 

Name Description Source 

p2111 pLKO-Puro-TRC2 scramble shRNA MISSION shRNA 
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p2323 pH2B-mCherry EUROSCARF 

p3567 pGBKT7-human NSE1 This study 

p3573 pLKO1-Puro  shRNA human SMC5 

TRCN0000147918 

MISSION shRNA 

p3854 pEGFP-C1-human NSE1 This study 

p3935 pCbetaS plasmid with 3HA epitope MD Cole’ lab 

p3936 pCbetaS-3HA-TRUSS 1-797 (full length) MD Cole’ lab 

p3937 pCbetaS-3HA-TRUSS 73-797 MD Cole’ lab 

p3938 pCbetaS-3HA-TRUSS 1-383 MD Cole’ lab 

p3939 pCbetaS-3HA-TRUSS 73-537 MD Cole’ lab 

p3940 pCbetaS-3HA-TRUSS 539-797 MD Cole’ lab 

p3941 pCbetaS-3HA-TRUSS 1-147 MD Cole’ lab 

p3942 pCbetaS-3HA-TRUSS 73-283 MD Cole’ lab 
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p3943 pCbetaS-3HA-TRUSS 73-284 MD Cole’ lab 

p3944 pCbetaS-3HA-TRUSS 73-311 MD Cole’ lab 

p3957 pCMV6-Ndln2 (Myc-DDK) (NSE3) OriGene Technologies 

p3981 

(pX458) 

pSpCas9(BB)-2A-GFP  Addgene  

p4093 pX458+sgRNA human NSE1 on exon 7 This study 

p4224 pEGFP-C1-human NSE1 183-266 (Cter) This study 

p4227 pEGFP-C1-human NSE1 1-187 (Nter) This study 

p4269 pLenti CRISPR v2-Puro Addgene 

p4539 pLVX-tre3G-FANCM Jordi Surrallés’ lab 

p4595 pLenti EF1alpha promoter-human 

NSE1  

This study 

p4589 pLKO1-Neo shRNA human SMC5 This study 
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p4706 pLKO1-Neo shRNA Scramble This study 

p4787 pLVX-CMV promoter-human NSE1 This study 

p4988 pEGFP-C1-human NSE1-AA (C204A 

C207A) 

This study 

p4997 pEGFP-C1-human NSE1 183-266 

(Cterminal)-AA (C204A, C207A) 

This study 

 

3.3.2   Transformation into competent E.coli cells 

Plasmid DNA was transformed into competent DH5α cells (Thermo Fisher) by a heat shock 

method. Briefly, 50 µl competent cells were gently mixed with 1-5 µl plasmid DNA and 

incubated on ice for 30 min. After incubation, cells were heat shocked at 42oC for 20 sec. 

and immediately incubated on ice for 2 min. Then, 1 ml of LB media was added and samples 

were incubated at 37oC for 1 hour. After short spin for 1 min., pellet cells were resuspended 

in 150 µl LB media and plated on LB agar plates, supplemented with the required antibiotic 

for plasmid selection. 

3.3.3   Plasmid Jet Prep (phenol-chloroform DNA extraction) 

For screening of positive clones after bacterial transformation a phenol-chloroform method 

(Jet Prep) was used. Briefly, six colonies from each transformation were picked up and 

dissolved in 100 µl distilled water.  After short spun at 8000 rpm for 1 min., 50 µl BT buffer 

(2% Triton X-100, NaOH pH 12.4) was added to the pellet cells, followed by the addition of 

50 µl phenol-chloroform mixture. Samples were then mixed well by shaking and centrifuged 

at 13000 rpm for 5 min. Then, 5 µl of supernatant, containing DNA were mixed with FLB 

(25% Bromophenol Blue, 0.25% xylene cyanol, 25% ficoll-400) loading buffer and loaded 

onto 0.8% agarose gel, along with the original plasmid used as a control. The positive clones 

were selected by comparing the sizes of mutated plasmids and original plasmid. 
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3.4   Nucleic acid methods 

3.4.1   RNA isolation, cDNA synthesis and Real-time PCR (RT-PCR) 

For analysis of relative mRNA expression levels of NSMCE1, quantitative RT-PCR was used. 

First, total RNA was isolated from HEK293T cells (wild type), truncated nse1 mutant cells, 

double and single point mutant cells using an RNeasy Mini kit (Qiagen, Germany) according 

to the manufacturer's instructions. The cDNA synthesis was performed with SuperScript 

Reverse Transcriptase (Invitrogen). Briefly, 1 µg of total RNA was diluted in miliQ water, 

combined with random hexamers (Invitrogen) and 10 mM dNTP, and incubated at 65oC for 

5 min. Samples were chilled on ice for 15 min, short spun down and 4 µl of 5x First Strand 

buffer (Invitrogen), 2 µl 0,1M DTT (Invitrogen) and 1 µl RNaseOUT (Invitrogen), for mRNA 

protection were added to the reaction. Samples were then incubated at 25oC for 10 min and 

heat shocked at 42oC for 2 min. After incubation, 1 µl SuperScript Reverse Transcriptase was 

added and reverse transcription was carried out at 42oC for 50 min, followed by 15 min 

incubation at 70oC. cDNA samples were stored at -20oC. The specific primers for RT-PCR 

designed by software Primer3 (version 0.4.0) are indicated in the list of primers (CYO2372, 

CYO2373). The PCR reactions were performed using SYBR select Master Mix (Applied 

Biosystems). The PCR cycling conditions were as follows: uracil DNA glycosylase (UDG) 

activation at 50oC for 2 min., followed by activation of the SureStart Taq DNA polymerase at 

95oC for 2 min., 40 cycles of denaturation at 95oC for 15 sec., annealing at 55oC for 15 sec., 

extension at 72oC for 1 min. The mRNA expression levels were measured using Bio-Rad CFX-

96 real-time PCR detection system. Relative mRNA quantification was calculated using the 

∆∆Cq method [Haimes, 2014]. The mRNA levels of NSE1 were normalized against β-actin 

mRNA levels. Three independent experiments were carried out per each cell line. 

3.4.2   Site-directed mutagenesis (SDM)  

Site-directed mutagenesis was used to generate RING domain and N-terminal deletions in 

human NSE1. Both types of mutations were introduced by PCR using QuikChange II Site-

Directed Mutagenesis Kit (Agilent Technologies) with some modifications. The PCR primers 

with specific mutations - (CYO2291, CYO2292 and CYO2293, CYO2294) are shown in the list 

with primers (Table 2). The PCR reaction was performed using Phusion DNA polymerase 

(New England Biolabs) and 100ng/µl of template DNA. The same PCR mixture without DNA 

polymerase was used as a control. The thermal cycles were as follows: denaturation at 98oC 

for 3 min, followed by 20 cycles at 98oC for 10 sec, 58oC for 15 sec., 72oC for 4 min. The final 

elongation was performed at 72oC for 7 min. The efficient mutagenesis was verified by 0.8 

% agarose-gel electrophoresis. The PCR-SDM products were purified using QIAquick PCR 

purification kit (Qiagen) and then ligated using Rapid DNA ligation Kit (Roche). Ligated PCR 

products have been digested by DpnI, which cleaves only non-mutated and methylated 

parental DNA. Finally, the DpnI digested products were transformed in 50 µl DH5α 

competent cells and plated on LB agar plates, supplemented with 100 µg/ml kanamycin. 
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The efficiency of the transformation was checked by isolation of plasmid DNA from E. coli 

using a Jet Prep protocol (six clones from each transformation were tested). The plasmid 

DNA was purified by QIAprep Spin Miniprep Kit (QIAGEN) and digested by NdeI for 

identification of the mutated clones. Two positive clones were then transfected into HEK 

293T cells using Lipofectamine 2000 (Invitrogen) and the expression of mutated Nse1 

proteins was analyzed by Western blot.  

3.4.3   Agarose-gel electrophoresis 

Agarose-gel electrophoresis was used for separation of DNA by size using 0,8-1,5% agarose 

gels, depending on the sizes of DNA fragments. The different concentrations of gels were 

prepared by mixing of agarose powder type D1 low EEO (Pronadisa) with 1x TAE buffer and 

boiled in a microwave for around 1 min., until the agarose if fully dissolved. The prepared 

solution was poured into a gel caster and the gel was allowed to solidify for 30 min. Then, 1-

2 µl of DNA were mixed with FLB loading buffer (25% Bromophenol Blue, 0.25% xylene 

cyanol, 25% ficoll-400) and the samples were loaded on the gel electrophoresis, performed 

in 1x TAE buffer (40 mM Tris-HCl, 20 mM acetic acid, 1 mM EDTA, pH 8.0), constant voltage 

(100 V) and 400mA for 30-40 min or more depending on the size of the gel. In order to 

visualize DNA the gel was stained with the fluorescent dye ethidium bromide (EtBr) for 10-

15 min and observed under a UV transilluminator system. 

 3.4.4   Primers      

The list of primers used in the thesis is shown in Table 3. 

Table 3. Primers. 

Number Description Sequence 

CYO2130 Forward primer human  NSE1, EcoRI 

and NdeI 

GGAATTCCATATGCAGGGCAGCACAAGGA

GAATGGGCGTCATGACTGATG 

CYO2131 Reverse primer human  NSE1, BamHI CGGGATCCAGCAGGGCACGATGGCTAATG 

CYO2291 Forward primer for RING domain 

deletion in human NSE1 

ATGCCATCGTGCCCTGCTGGATCC 
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CYO2292 Reverse primer for RING domain 

deletion in human NSE1 

ATGTCACGTCTCCCGGATGTATTGCTC 

CYO2293 Forward primer for N-terminal deletion 

in human NSE1 

ATGTACCCCGACGCGGTGAAGATC 

CYO2294 Reverse primer for N-terminal deletion 

in human NSE1 

ATGAGCTCGAGATCTGAGTCCGGA 

CYO2396 Forward primer pLKO1-NeoR TTCTTGACGAGTTCTTCTGACGCCCGCCCCA

CGACCCGCA 

CYO2397 Reverse primer pLKO1-NeoR AATCCATCTTGTTCAATCATGGTAAGCTCCG

GTGGATCCC 

CYO2398 Forward primer NeoR-pLKO1 GGGATCCACCGGAGCTTACCATGATTGAAC

AAGATGGATT 

CYO2399 Reverse primer NeoR-pLKO1 TGCGGGTCGTGGGGCGGGCGTCAGAAGAA

CTCGTCAAGAA 

CYO847 Forward primer for pGADT7-Rec cDNA 

(5'AD Sequencing primer SHORT) 

CTATTCGATGATGAAGATACCC 

  

CYO637  Reverse primer for pGADT7-Rec cDNA 

(3'AD Sequencing primer) 

 AGATGGTGCACGATGCACAG 

 



 

 

65 
 

Primers used for RT-PCR analysis 

CYO2372 Forward primer human 

NSE1 

CATGGCGTGCTAGAGGAATG 

CYO2373 Reverse primer human 

NSE1 

TTGTTGATGAAGTCCTCCAACTT 

 hACTBF Forward primer human 

β-actin gene 

 GCACAGAGCCTCGCCTT 

 hACTBR Reverse primer human β-

actin gene 

GTTGTCGACGACGAGCG 

CYO2686 Forward primer human 

FANCM 

AGATCGAGGCTTGCTACCAG 

CYO2687 Reverse primer human 

FANCM 

GCACTCTCTTACTGCACCATATT 

Primers used for CRISPR-Cas9 technique 

CYO2275 sgRNA Forward primer 

human NSE1 BbsI site 

cloning CACCGTAAGTGCATCCTGATCCCAC 

CYO2276 sgRNA Reverse primer 

human NSE1 BbsI site 

cloning aaacGTGGGATCAGGATGCACTTAC 

CYO2277 Forward primer human 

NSE1 (31378), genomic 

DNA 

CGGAGTTTCTGGGACAAAGTGC 
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CYO2278 Reverse primer human 

NSE1 (32182), genomic 

DNA 

GCAGAGTTAGCCCCAGTTCAGA 

CYO2295 

ssODN, human NSE1 

encoding C204A, C207A 

mutations 

 

GCCCATTTCCCTTGTGGCTTCCCCGGAGGTTTGCAGAACAT

GGAGGTGTGCACCAGCTCCGCCGTCATTGGCCTTTCCTGTT

TCAGGGTCAAAGCGCTGAAACAGCTGGGATCAGGATGCAC

TTACCCTGCGTGGCCAAGTACTTCCAGTCGAATGCTGAACC

GCGCTGCCCCCACTGCAACGACTACTGGCCCCACGAG 

 

3.4.5   Short hairpin and small interfering RNAs (shRNA and siRNA)       

Table 4. Short hairpin RNAs (shRNAs) and small interfering RNAs (siRNAs) 

shRNA and siRNA used for gene silencing 

Gene Target sequence Source 

SMC5 GAGGTGAAAGAAGTGTTTCTA MISSION shRNA 

TRCN0000147918, verified 

FANCM AAGCUCAUAAAGCUCUCGGAA siRNA sequence from Castella et 

al., 2015 

 

3.4.6   DNA sequencing 

DNA sequencing was conducted by StabVida (Portugal) through the Scientific and Technical 

Service of Proteomics and Genomics (SCT-P&G) of the University of Lleida, Spain. 
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3.5   Protein methods 

 3.5.1   Immunoprecipitation 

For immunoprecipitation (IP), co-transfected human HEK293T cells with indicated 

plasmids, were washed twice with ice-cold PBS 1x and 2 mM phenylmethylsulfonyl fluoride 

(PMSF). Total protein was extracted with 300 µl lysis buffer (50 mM HEPES-NaOH, pH 7.5, 

300 mM NaCl, 1% (v/v) Nonidet P40 (NP-40), 10 mM MgCl2, 1 mM PMSF, 10 mM N-

Ethylmaleimide (NEM) and Protease Inhibitor Cocktail Tablet, Roche), using dounce 

homogenization and further centrifugation for 10 min at 13000 rpm and 4oC, in order to 

separate soluble (supernatant) and insoluble protein (pellet). For Nse1 IP, 3 µl homemade 

rabbit polyclonal antibody against human Nse1 was added to 30 µl protein A magnetic 

beads (Dynabeads, Novex) and then the mixture was first washed and then incubated in 

wash and bind buffer, containing 0,1 M Na3PO4, pH 8 and 0.05% Tween-20 for 30 min on a 

rolling machine. After incubation, soluble protein was added to the antibody-coupled 

magnetic beads previously washed twice with lysis buffer. Protein samples were 

immunoprecipitated for 1 h on a rolling machine. After washing five times with washing 

buffer (25 mM HEPES-NaOH, pH 7.5, 300 mM NaCl and 0.2% (v/v) NP-40), 

immunoprecipitated samples were boiled in 4% SDS sample buffer at 95oC for 2 min. 

Proteins were separated by SDS-PAGE electrophoresis and detected by Western blot 

analysis, using specific antibodies. The homemade Nse1 antibody was kindly provided by 

Dr. Raimundo Freire, Hospital Universitario de Canarias, Spain. For FLAG and HA IP, protein 

samples were immunoprecipitated overnight at 4oC with Anti-FLAG M2 Agarose Beads 

(Sigma) and Anti-HA agarose Beads (Pierce, Thermo Scientific), respectively. After 

incubation, the same IP protocol was used. 

 3.5.2   Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE is a technique for separation of proteins based on their molecular weight. 

Protein samples were separated using 7.5% - 15% SDS-polyacrylamide gels depending on 

the size of the target protein. The resolving gel was prepared at different percentages from 

30% acrylamide/bis-acrylamide, 1,5 M Tris-HCl pH 8.8, 10% SDS, 10% ammonium 

persulfate and (tetramethylethylenediamine) TEMED. 5% stacking gel was prepared from 

30% acrylamide/ bis-acrylamide, 1 M Tris-HCl pH 6.8, 10% SDS, 10% ammonium persulfate 

and TEMED. Equal amounts of protein, previously boiled and short spun, were loaded into 

the wells of SDS-PAGE gel. 5 µl of a protein molecular weight marker (Prestained Protein 

Ladder) was loaded in one of the wells of the gel in order to determine the size of the 

target protein. Electrophoresis was performed in 1x Running buffer, prepared from 10x 

Running buffer (Tris 25mM; Glycine 192mM; SDS 0.1%,  pH 8.3) and 20 mA/gel for 70 - 90 

minutes, using vertical mini-PROTEAN tetra cell gel apparatus (BioRad). 
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3.5.3   Western blot 

For western blot analysis, cells were harvested and lysed with lysis buffer (2% SDS, 5% 

glycerol, 0,06M Tris-HCl, 4% β-mercaptoethanol, 0.0025% bromophenol blue). After 

separation of the proteins by SDS-PAGE electrophoresis, they were transferred onto a 

PVDF membrane (Millipore), previously activated by soaking in methanol, washed with 

distilled water twice and soaked in transfer buffer, containing 10% or 20% methanol or 

ethanol for better detection of big and small proteins, respectively. The transferring of the 

proteins was performed at 60 mA/gel for 1 hour by semi-dry blotting procedure using 

Semi-Dry transfer system TE 77 (Pharmacia Biotech). After incubation, the membrane was 

blocked with 5% non-fat milk or 3% bovine serum albumin (BSA) in PBST (PBS 1x, 0.1% 

Tween-20) for 1 h at RT in order to prevent non-specific binding. The membrane was then 

incubated with the primary antibody, diluted in 0.25% milk in PBST or 1% BSA overnight at 

4oC. After washing two times with PBST for 10 min and once with PBST with 0.25% milk or 

1% BSA for 8 min, the membrane was incubated with the secondary antibody, diluted in 

0.025% milk or 1% BSA for 1 h at RT. After incubation, the membrane was washed 4 times 

with PBST for 5 min each and then incubated with Immobilon Western Chemiluminescent 

HRP Substrate (Millipore) for 2-3 min and wrapped in transparency film. The protein bands 

were detected by ChemiDoc™ MP imaging system (BioRad). The antibodies used in this 

study are listed in detail in Table 5. 

 3.6   Drugs and treatments 

Several drugs were used in this thesis:  the proteasome inhibitor MG132 (carbobenzoxy-

Leu-Leu-leucinal) (C221) was purchased from Sigma and MLN-4924, NEDD8-activating 

enzyme inhibitor (505477) was purchased from Merck Millipore. The DNA damaging 

agents: etoposide (E1383), hydroxyurea (H8627-25G) and methyl methanesulfonate 

(MMS) (129925-25) were obtained from Sigma. Phleomycin (BI3852) was obtained from 

Apollo chemicals and camptothecin (C1495) was obtained from TCI (Tokio Kasei). The 

synthetic analog of thymidine bromodeoxyuridine (BrdU) was purchased from Sigma. 

 3.7   Antibodies      

 The list of antibodies used in this study is shown in Table 5. 

Table 5. List of antibodies 

Antibodies used for Western blot 

Primary antibody Company Dilution Secondary antibody 
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yH2AX (Ser139) Millipore 1:500 anti-mouse 

NSE1 Raimundo Freire's Lab 1:1000 anti-rabbit 

NSE1 D2 Santa Cruz 1:1000 anti-mouse 

SMC5 N2N3 GeneTex 1:500 anti-rabbit 

SMC5 Raimundo Freire's Lab 1:1000 anti-rabbit 

SMC6 Raimundo Freire's Lab 1:1000 anti-rabbit 

SMC6 A3 Santa Cruz 1:500 anti-mouse 

NSE3 Raimundo Freire’s Lab 1:500 anti-rabbit 

NSMCE4A Sigma-Aldrich HPA037459 1:1000 anti-rabbit 

NSE2 Oscar Fdez-Capetillo’s Lab 1:200 anti-mouse 

Actin C4 Millipore 1:5000 anti-mouse 

FLAG M2 Sigma-Aldrich 1:5000 anti-mouse 

Vinculin Sigma-Aldrich, Vin-11-5 1:200 anti-mouse 

High Affinity (HA) 

tag 3F10 

Roche 1:5000 anti-rat 

Hexokinase, yeast USBiological 1:5000 anti-rabbit 
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Antibodies used for immunofluorescence, flow cytometry 

BLM Abcam, ab2179 1:1000 Alexa Fluor anti-rabbit 488 

BrdU Abcam, ab6326 1:1000 

1:250 

Alexa Fluor anti-rat 555 

BrdU BD Biosciences, clone B44 1:200 Alexa Fluor anti-mouse 488 

MPM-2 

  

Millipore 1:250 Alexa Fluor anti-mouse 647 
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RESULTS  

 

4.1   Analysis of the NH-RING domain in human cells 
 

4.1.1   Generation of human NSE1 mutants with impaired ubiquitin activity by CRISPR-

Cas9  

Yeast cells with mutations in the RING domain of Nse1 show slow growth and are 

hypersensitive to DNA damage drugs [Wani et al., 2018, Pebernard et al., 2008 (1)]. These 

findings suggest an important role of Nse1 in DNA repair and chromosome segregation. 

Since we know that NSE1 RING domains in yeast and humans share a strong conservation in 

evolution, we wanted to confirm these observations in human cells. We created stable cell 

lines with mutations in the RING domain by CRISPR/cas9 technology. Using two different 

approaches we generated NSE1 mutants with a deletion - (NSE1ΔRING or NSE1ΔR) or 

specific point mutations (C204A-C207A) on RING motif (NSE1-AA). In Fig.1 is shown the 

workflow of the method. 

 

 

 

 

 

Fig.1 CRISPR-Cas9 workflow for generating mutations in the RING domain of human NSE1 (hNse1) in 

HEK293T cells. The experimental procedure is detaily explained in the text. The individual clones, positive in 

the analysis of genome edition were finally sequenced. 

 

In order to create a deletion, we used the CRISPR/Cas9 method to create directed DNA 

double strand breaks (DSBs) that can be repaired either by homologous recombination (HR) 

or by non-homologous end joining (NHEJ). In case this last mechanism is used for repair, this 

could lead to the occurrence of insertions or deletions (INDELs) and subsequent gene 

disruption. In this approach, we transfected HEK293T cells with a plasmid carrying the guide 

RNA (sgRNA), Cas9 endonuclease and GFP, used as a fluorescent marker (Fig.2). 
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Fig.2 CRISPR/Cas9 generation of a mutation on exon 7 of NSMCE1 (human NSE1) A schematic illustration of 

the guide RNA (gRNA) targeting exon 7, where the C-terminal part of the RING domain is codified. The gRNA is 

indicated in yellow, the protospacer adjacent motif (PAM) sequence is shown in red. The Cas9 cleavage site is 

pointed with a green arrow. 

 

 

To insert point mutations at the target locus of NSE1 we used the CRISPR/Cas9-based 

ssODN to induce homology-directed repair (HDR). A homologous DNA donor - single strand 

oligodeoxynucleotide (ssODN) carrying the desired point mutations - was used as a 

template by HDR to repair the DSBs. For this approach, we electroporated with 

nucleofection HEK293T with the same plasmid carrying sgRNA, Cas9 endonuclease and GFP, 

and in addition, the ssODN was also included (Fig.3). 

 

 

 

 

 

 

 

 

 

 

 
Fig.3 Design to generate point mutations on NSE1 using CRISPR/cas9-based ssODN. A schematic 

representation for introducing two point mutations at NSMCE1 locus (human NSE1) using CRISPR cas9 strategy 

with ssODN. The ssODN with a size of 200bp has been designed to carry the desired point mutations. Two 

cysteine residues at positions 204 and 207 were changed to alanine. The letters in red indicate the two 

substitutions. In a yellow box is labelled the introduction of PvuII restriction site.  

 

Then we performed clonal dilution to isolate only single cell clones. Next, we analyzed the 

individual clones by PCR amplification from genomic DNA. Clones with a deletion were 

further examined by SURVEYOR assay to detect the target mutation (Fig.4), whereas clones 

with point mutations were analyzed by restriction analysis to distinguish which of them are 

repaired by the ssODN (Fig.5).  
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Fig.4 Detection of genome edition at human NSE1 target locus using T7 endonuclease I cleavage assay. A. 

Scheme of the method. Genomic DNA has been isolated from HEK293T wild-type and mutant cells previously 

transfected with a plasmid carrying sgRNA, Cas9 and GFP. The target region was amplified and the PCR 

products were denatured, re-annealed and treated with T7 endonuclease I enzyme (T7EI) to detect the Cas9 

induced mutation. The result was visualized by gel electrophoresis. T7EI recognizes and cleaves non-perfectly 

matched DNA. The enzyme can recognize only heterozygous mutations but it cannot distinguish the 

homozygous biallelic mutant clones from wild-type cells, neither if the mutation is monoalleic or biallelic. To 

create heteroduplex molecules, we mixed DNA from WT and mutant clones and analyzed the fragments by 

T7EI. The cleaved PCR products indicate the presence of INDELs exactly at the place where Cas9 should cleave 

the target sequence. Two different types of NSE1-ΔR mutants have been identified – NSE1-ΔR#1 has a 

homozygous genotype, whereas NSE1-ΔR#2 is heterozygous. NSE1-ΔR#1 has been further used in the 

experiments. 

 

 

The presence of NHEJ indels and precise editing by HR were further confirmed by DNA 

sequencing (Fig.6 A and B). 

Among different clones analyzed, DNA sequencing revealed that NSE1-ΔR and NSE1-A 

mutants have a homozygous genotype, i.e. all alleles carry the corresponding mutations, 

whereas NSE1-AA is a heterozygous mutant that carries a mutant allele with the desired 

point mutations and an allele with an insertion corresponding to the ssODN sequence. 
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Therefore, this clone presents three different bands when analyzed by PCR from genomic 

DNA and further PvuII restriction (as shown in Fig. 5). 

 

 
Fig.5 Identification of the CRISPR cas9-ssODN induced point mutations at human NSE1 locus by restriction 

analysis. Genomic DNA was isolated from wild type HEK293T and mutant cells, previously transfected with 

plasmid containing sgRNA, Cas9, GFP and ssODN. The NSE1 analyzed region (826bp) was amplified and the 

PCR products were digested with a PvuII restriction enzyme to detect the created point mutations by 

homology-directed repair. PvuII site has been introduced in the position of one of the point mutations 

(207C>A) that are codified by the ssODN donor (204C>A, 207C>A). 

Several clones were analyzed and only three of them showed the desired mutations in homozygosis. Most of 

the clones were repaired by NHEJ leading to the occurrence of truncated mutants. The red asterisks illustrate 

the PvuII digestion products. The white asterisk indicates the appearance of an unexpected band with a higher 

size in clone NSE1-AA, which was further analyzed by DNA sequencing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig.6 Verification of the genome edition by DNA sequencing. A. Alignment of DNA sequences of wild type and 

NSE1 mutant clone - NSE1-ΔR#1. Red dashes point the identified mutation with 8 deleted nucleotides. Below, 

the corresponding protein sequences of NSE1 WT - wild type Nse1 C-terminal part (RING domain is labelled in 

black) and NSE1-ΔR#1 (Nse1 with truncated RING domain) are shown. Conserved cysteine and histidine 

residues are highlighted in blue. B. Alignment of DNA sequences of wild type and two point mutant clones. In 

blue letters are shown the targeted cysteine residues in wild type sequence. The first analyzed mutant clone 

A 

B 
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shows the two expected substitutions 204C>A and 207C>A, indicated with green letters (NSE1-AA). The 

second mutant clone received only one 207C>A substitution (NSE1-A), highlighted in pink and green, 

respectively. 

4.1.2   Phenotype characterization of the different NSE1 mutants obtained (NSE1-AA, 

NSE1-A, NSE1-ΔR). 

 

4.1.2.1   NSE1 mutants show no detectable levels of Nse1  

 

To study the phenotype of the identified mutant clones, we first conducted western blot 

analysis to check expression levels of Nse1. Due to the missing amino acids in NSE1-ΔR 

mutant, we predicted a smaller size of Nse1.  Surprisingly, we could not detect Nse1, 

neither in the truncated mutants, nor in the point mutants (Fig.7 A). Based on these results, 

we supposed that Nse1 in mutant clones is highly unstable and rapidly degraded. In 

addition, we also found a loss of expression levels of different subunits of the complex in 

our mutants (Fig.7 B e) and Fig.18), suggesting that the entire Smc5/6 complex is 

destabilized. 

In order to test whether the mutant Nse1 is targeted for proteasomal degradation, we 

treated wild type and mutant cells with an inhibitor of the proteasome. After overnight 

treatment with MG-132, the levels of Nse1 were partially restored in the double and single 

point mutant (NSE1-AA and NSE1-A). This result confirms our assumption that mutant Nse1 

is degraded by the proteasome (Fig.7 B a) and b)). We have to note the appearance of a 

higher band in the MG-132 treated NSE1-AA sample corresponding to an aberrant form of 

the protein, including the insertion of the ssODN sequence into NSE1 exon 7 during the 

genome edition.  

In contrast, MG-132 exposure did not increase the protein expression level in NSE1-ΔR 

mutant (Fig.7 B c)). We also tried to recover the Nse1 expression level using MLN4924, a 

NEDD8-activating enzyme inhibitor which avoids the neddylation of Cullin complexes, and 

therefore, their activation. After 24 hours of treatment with the inhibitor we could not 

detect any restoration of the protein levels (Fig.7 B d)).  
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Fig.7 Characterization of NSE1 mutants by western blot analysis. A. All mutant clones show no detectable 

Nse1 levels. B. Western blot analysis of wild type, NSE1-AA, NSE1-A and NSE1-ΔR mutant (a), b) and c)) treated 
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c)                                                           d) 
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or not with MG132 proteasome inhibitor (10µM) for 24 hours. The addition of MG132 prevents degradation of 

Nse1 in the single and double point mutants, but not in the truncated one, showing that NSE1-AA and NSE1-A 

mutants are targeted for proteasomal degradation. d) Treatment of wild type and NSE1-ΔR#1 (ΔR) mutants 

with MLN inhibitor (1 µM) for 24 hours. The MLN inhibitor did not restore levels of Nse1 in truncated mutants. 

e) Treatment of wild type, NSE1-ΔR#1 (ΔR) and NSE1-A mutants with MG132 as described above. Smc5 and 

Smc6 subunits were not expressed or expressed at very low levels in mutant cells.  

 

In order to verify that NSE1 mRNA levels or stability in mutant clones were not affected, we 

performed RT-PCR. Comparing mRNA expression levels of NSE1 in wild type and different 

mutants we could detect slightly reduced NSE1 mRNA levels in truncated and point mutant 

AA, and around 40-50% of expression in NSE1-A mutant, compared to control WT cells 

(Fig.8). Although Nse1 expression in mutant cells will be decreased due to lower levels of 

mRNA, we think that this would only partially explain the observed decrease in mutant 

protein levels. The increased protein instability would also help to explain the complete 

absence of these mutant proteins.  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8 Real-time PCR analysis measuring relative mRNA expression levels of NSE1. The mRNA levels of NSE1 

in wild type and mutant clones were quantified by RT-PCR and normalized to the mRNA levels of β-actin gene 

(ACTB), used as an internal control. The graph shows that NSE1 mRNA levels were partially reduced in NSE1-ΔR 

and NSE1-AA, and more decreased in NSE1-A. Means and SEM values of three independent experiments are 

shown. 

 

 

4.1.2.2   All NSE1 mutants show slow growth phenotype and changes in cell morphology. 

 

To test whether the cellular growth in our NSE1 mutants is disturbed, we investigated cell 

proliferation of wild type and four different mutant clones (NSE1-AA, NSE1-A, NSE1-ΔR#1 

and NSE1-ΔR#2) during 3 days using the trypan blue (TB) assay. The growth curve analysis 
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showed that all analyzed NSE1 mutant cells were viable but grew much slower compared to 

wild type cells (Fig.9 A). 

 

Additionaly, we detected cellular morphological alterations in our mutants using light 

microscopy. Comparing the cell morphology of wild type and NSE1 mutant cells we 

observed bigger cells with changes in the shape and a high presence of cytoplasmic 

vacuoles that were presented only in the double point and truncated NSE1 mutants, but not 

in wild type cells (Fig.9 B).  

In accordance, cells depleted for NSMCE2 demonstrated accumulation of vacuoles in the 

cytoplasm [Verver et al., 2016]. The strong slow-growth phenotype and the appearance of 

vacuoles is a sign of cellular stress as a result of disruption of Nse1 and subsequent impaired 

Smc5/6 function. 

 

 

Fig.9 Analysis of growth rate and cell morphology in NSE1 mutants. A. Growth curve analysis of wild type 
cells and four individual NSE1 mutants. All of the analyzed NSE1 mutants demonstrate slower growth in 
comparison with wild type cells. The cell proliferation was followed during 3 days using trypan blue (TB) 
exclusion assay. The values are representative of three independent experiments. B. NSE1-AA and NSE1-ΔR#1 
show a change in cell morphology and high presence of cytoplasmic vacuoles. Phase contrast of wild type cells 
and two different NSE1 mutants. A. Wild type cells show the normal cell morphology for HEK293T. B. and C. 
Both NSE1 mutant cells display changes in cell morphology: bigger cells and accumulation of vacuoles in the 
cytoplasm, a sign of cellular stress. The black arrows indicate the formation of vacuoles. The images are 
obtained with 10x objective. 
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4.1.2.3   No detectable cell cycle arrest, but higher number of cells with increased 

genomic instability in NSE1 mutant cells 

 

Since we found that NSE1 mutant cells exhibit slower growth, we wanted to assess whether 

this phenotype is associated with the arrest of the cell cycle at a specific phase. We 

conducted cell cycle analysis by flow cytometry (FACS) measuring the DNA content with 

propidium iodide (PI). Although the result did not show big alterations in the distribution of 

the cell cycle in wild type and two different mutant clones, a higher number of cells with 

less than G1 DNA content and with more than G2 DNA content that presented only in the 

mutant cells were detected. These cells most probably are apoptotic and polyploid cells, 

suggesting an increased genomic instability (Fig.10 A, B, C and D). In order to confirm the 

presence of apoptotic cells in NSE1 mutants we performed a live-staining assay with 

acridine orange (AO) and ethidium bromide (EtBr) for detection of apoptosis. Using 

fluorescence microscopy we compared morphological nuclear changes of wild type and 

double point mutant cells. The result demonstrated normal nuclear morphology in wild type 

and indications for early apoptotic and necrotic cells in mutant cells (Fig.10 E). 

The increased cell death is indicative of spontaneous endogenous DNA damage in NSE1 

mutants although cell cycle arrest or accumulation of cells at a specific cell cycle phase 

could not be detected by the FACS analysis. Consistent with our result, induction of 

apoptosis, as well as accumulation of polyploid cells have also been observed in mouse 

embryonic stem cells deficient for Smc5 [Pryzhkova and Jordan, 2016]. 

 

 
Fig.10 NSE1 mutants show slight alterations in cell cycle distribution and increased number of apoptotic 

cells. On the left, the figure shows the cell cycle distribution of wild type HEK293T cells (A and C) and two 

different NSE1 mutants (B. NSE1-ΔR#1 and D. NSE1-AA). Cells were harvested, fixed with 70% ethanol, 
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followed by propidium iodide (PI) staining of DNA and analyzed by flow cytometry. Both types of mutants 

show a higher number of cells with less than G1 DNA content (blue arrow) and more than G2 (green arrow), 

referring to putative apoptotic and polyploid cells, respectively. Cell cycle distribution was analyzed using 

ModFit software. E. Representative fluorescent microscopy image of wild type cells and NSE1-AA mutant cells 

stained with acridine orange (AO) and ethidium bromide (EtBr) for detection of apoptosis. Wild type cells 

show normal nuclear morphology without observation of apoptosis and necrosis. Double point mutant cells 

show signs of early apoptosis and necrosis. Early apoptotic cells display light green nucleus with chromatin 

condensation and membrane blebbing. Necrotic cells - orange shrinkage nucleus without DNA fragmentation. 

AE: early apoptosis VC: viable cells; CC: chromatin condensation; BL: blebbing of the cell membrane; NC: 

necrotic cells. 

4.1.2.4   NSE1 mutant cells display prolonged mitosis 

 

The presence of cells with increased genomic instability signals for abnormal mitosis. 

Therefore, in order to monitor the mitotic progression in NSE1 mutants we used in vivo 

confocal time-lapse microscopy. The cell cycle progression of wild type and truncated 

mutant cells (NSE1-ΔR#1) was followed for 48 hours instead of 24 hours, due to the slower 

growth rate of the mutant cells. Before the analysis, wild type and mutant cells were 

transfected with a plasmid expressing a fusion of the histone H2B with mCherry for 

chromatin labeling (the transfection efficiency was ~50%). Due to the occurrence of cell 

arrest or cell death in both wild type and mutant cells that were positive for H2B-mCherry, 

we could not track mitosis progression. Therefore, we could measure only the non-

transfected cells for morphological changes that appear during mitosis after analyzing the 

fluorescent images. To examine the duration of mitosis we quantified the time when the 

cells start to round up, which is concurrent with chromatin condensation (prophase) until 

the time where they spread and divide (telophase and cytokinesis). The obtained result 

indicated that NSE1 truncated mutant cells underwent mitosis for a longer period compared 

to wild type cells. The NSE1 mutant showed a ~1 hour delay difference in the duration of 

mitosis, probably due to defects in chromosome segregation or aneuploidy (Fig.11 A and B). 

The duration of the entire cell cycle could not be determined due to the fast moving of the 

cells and difficulties in following them in each field. However, the aberrant mitotic 

progression correlates with the presence of genomic instability, and could partially explain 

the slower proliferation rate of our NSE1 mutants. Similar to our data, cells deficient for HR 

proteins exhibited prolonged metaphase arrest [Wilhelm et al., 2014]. Regarding these 

findings and our results, we can suggest that NSE1 mutant cells enter into mitosis with 

under-replicated or not completely repaired DNA which leads to aberrant mitosis. 
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Fig.11 NSE1ΔRING mutant cells show prolonged mitosis. Time-lapse microscopy of wild type (HEK293T) and 

NSE1ΔRING (NSE1ΔR) mutant cells. A. Representative time-lapse images of a wild type cell showing a normal 

mitotic progression (about 60 min) on the top and NSE1ΔRING mutant cell showing abnormal timing of mitosis 

(about 2h and 40 min) below. The longer period of both mitosis and cytokinesis in mutant cells suggests a 

delay in the entire cell cycle. The time of mitosis is counted at the point where cells start to round up (0 min) 

until they divide (cytokinesis). The representative images show the duration of mitosis at every 20 min. At time 

-20 min is shown the interphase stage. B. A quantification of the duration of mitosis in wild type and NSE1-ΔR 

(NSE1-ΔR#1) mutants. Mitotic progression in wild type and NSE1 mutant cells was followed for ~48h hours 

using in vivo confocal time-lapse microscopy. Images were taken every 10 minutes and the mean mitotic time 

is shown. For each sample, 8 cells from 3 different fields were counted. Each dot represents the entire 

duration of mitosis of one cell. NSE1-ΔR is referred to as NSE1-ΔRING. The images were analyzed by ImageJ 

Software (NIH, USA). Statistics were performed by one-way ANOVA, using Bonferroni-Holm post-hoc test. P 

value<0.05 was considered statistically significant. 

4.1.2.5   NSE1 mutants show higher levels of endogenous DNA damage 

 

One expected phenotype for SMC5/6 mutants is the accumulation of high levels of 

endogenous DNA damage [Gallego-Paez et al., 2014], therefore we wanted to know 

whether the lack of Nse1 would cause the same phenotype in our cellular model. To achieve 

this and to confirm our predictions from result obtained above, we started to evaluate the 

initial DNA damage in NSE1 mutant clones using various biomarkers for genomic instability, 

such as γH2AX, BLM foci formation, micronuclei (MN) and sister chromatid exchange (SCE) 

assays. 
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To test the endogenous DNA damage in our NSE1 mutant clones we first conducted western 

blot analysis of wild type and two truncated mutants using anti-phosphorylated histone 

antibody (γH2AX). The phosphorylation of histone on Ser139 is a useful marker for early 

DNA damage response as a result of DNA double-strand breaks (DSBs). Our data clearly 

showed that the levels of γH2AX are higher in both truncated mutants in comparison with 

those in wild type cells (Fig.12). 

 

 

 

 

Fig.12 NSE1-ΔR mutants show higher levels of γH2AX, a sign of endogenous DNA damage. Western blot 

analysis of wild type, NSE1-ΔR#1 and NSE1-ΔR#2 mutant cells using anti-γH2AX and anti-human Nse1 

antibodies. α-actin was used as a loading control. Both types of truncated mutants show elevated endogenous 

γH2AX levels, compared to wild type cells. ΔR#1 and ΔR#2 referred to as NSE1-ΔR#1 and NSE1-ΔR#2, 

respectively. 

Next, we examined BLM foci formation in NSE1 mutants and wild type cells. BLM (Bloom) is 

a RecQ helicase which is highly conserved between different species and is essential for 

maintaining genomic stability. Mutations in this protein in humans cause Bloom syndrome 

(BS), a rare genetic disease associated with higher incidence of cancer. In normal conditions 

BLM is localized to promyelocytic leukemia protein (PML) nuclear bodies but in response to 

DNA damage caused by stalled replication forks and double-strand breaks (DSBs) it 

accumulates into nuclear foci. Thus, BLM facilitates DNA repair along with other proteins at 

the early steps of homologous recombination (HR) and by resolution of recombination 

intermediates in the final steps of HR [Bischof et al., 2001, Chu et al., 2010]. To determine if 

there is a higher spontaneous induction of BLM foci in NSE1 mutant cells, we performed 

immunofluorescence using fixation and extraction technique at the same time, which allows 

a better detection of the foci. Wild type, NSE1-AA and NSE1-ΔR mutants have been stained 

with an antibody that recognizes specifically BLM. The immunofluorescent analysis showed 

bigger and more intense foci in both types of mutants compared to wild type cells (Fig.13 A 

and 14 A). BLM foci quantification analysis showed that the average number of BLM foci in 

NSE1-AA has been 22% higher than those in wild type (Fig.13 B) and 16% higher in NSE1-ΔR 

mutant than in wild type cells (Fig.14 B). Since our wild type cells are SV40-transformed, it 

was not a surprise that they also showed some levels of an initial DNA damage, according to 

the BLM foci quantification. Nevertheless, both types of NSE1 mutant cells showed a 

significantly higher number of BLM foci, that is probably associated with the formation of 

DNA DSBs or stalled replication forks, a hallmark of genomic instability.  
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Fig.13 NSE1-AA shows an increased number of BLM foci – a sign of endogenous DNA damage A. 

Immunofluorescence of wild type and mutant cells. Cells were fixed and extracted and further stained with 
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anti-BLM antibody, and with DAPI to visualize the nuclei. White arrows point BLM foci, the red arrow indicates 

the appearance of micronuclei.  B.  A quantification of the average number of BLM foci in wild type and 

mutant cells. In each sample, ~200 cells were counted. Values are representative of three independent 

experiments. The BLM foci quantification was performed using ImageJ Software (NIH, USA). 

Next, we conducted a micronuclei assay to reveal whether NSE1 mutant cells show defects 

in chromosome segregation during mitosis. Micronuclei (MN) are chromosomal fragments 

resulting from DNA breaks or chromosome lagging. They remain in the cytoplasm, nearby 

nucleus and are transmitted to daughter cells during cell division [Fenech et al., 2011]. The 

high presence of MN is a sign of genomic instability. To be able to observe the micronuclei 

we stained wild type and NSE1 mutant cells with DAPI and analyzed them by fluorescent 

microscopy. The result indicated a higher presence of MN in the double point mutant 

compared to wild type (Fig.13 A). The quantification of the average number of MN in 

truncated mutant cells was also higher than in wild type (Fig.14 B).  

The finding that both types of NSE1 mutants showed a higher number of micronuclei 

indicated that the endogenous DNA damage is due to the absence of Nse1. The high 

frequency of MN can also explain the observed abnormal mitosis in NSE1 mutants and may 

be related with defects in chromosome segregation. 
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Fig.14 NSE1-ΔR mutant cells show an increased number of micronuclei and BLM foci. A. Immunofluorescence 

of wild type and mutant cells. Cells were fixed and extracted, and stained with an anti-BLM antibody. The 

nuclei were visualized using DAPI staining. The white arrows indicate micronuclei (MN) and BLM foci. B. and C. 

A quantification of the average number of MN and BLM foci in wild type and NSE1-ΔR cells. In each sample, 

~200 cells were counted. Values are representative of three independent experiments. BLM foci and MN 

quantifications were conducted by ImageJ Software (NIH, USA).  Statistical analysis was performed by one-way 

ANOVA, using Bonferroni-Holm post-hoc test (*p<0.05, **p<0.01 and ***p<0.001). 

To confirm that NSE1 mutant cells exhibit chromosome instability we used another sensitive 

marker – the sister chromatid exchange (SCE) assay. Sister chromatid exchange is a 

reciprocal exchange of DNA between sister chromatids during mitosis. The method is based 

on the incorporation of the thymidine analogue 5-bromodeoxyuridine (BrdU) into DNA 

during two cell divisions. The labeling of both DNA strands of one sister chromatid with 

BrdU allows the cytological visualization and differentiation of the chromatids in metaphase 

of the cell cycle after DNA staining. The high presence of SCE signals for chromosomal DNA 

damage. To observe the spontaneous levels of SCE in wild type and NSE1 truncated mutant 

cells we have grown cells in the presence of BrdU for two cell cycles. The workflow of this 

method is shown in Fig.15.  

 

 

 

 

 

 

 

 

 

 
Fig.15 Workflow of Sister chromatid exchange (SCE) assay. Wild type and NSE1 mutant cells have been grown 

in the presence of BrdU (50µM) for 2 cell cycles and blocked in metaphase with KaryoMAX Colcemid 

(0,05µg/ml). Then, cells were exposed to hypotonic shock with 0,03M sodium citrate and fixed with a solution 

of methanol and acetic acid 3:1. Slides with metaphase spreads have been further stained with acridine 

orange (AO) (0,1mg/ml) and immediately observed under fluorescent microscope using FITC filter.  
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The SCE analysis showed significantly elevated endogenous levels of SCE in NSE1-ΔR mutant 

cells compared to wild type cells (Fig.16). Similar to elevated SCEs in cells with mutation in 

BLM, probably higher levels of SCE in NSE1 mutants are due to accumulation of 

recombination molecules and defects in DNA repair mechanisms.  

 

 

 

 

 

 

 

 

 

 

Fig.16 NSE1-ΔR mutant cells show higher levels of spontaneous sister chromatid exchanges (SCE). SCE assay 

of wild type and NSE1 mutant cells. The graph shows the quantification of SCE per chromosome in wild type 

and NSE1-ΔR mutant, each dot represents one metaphase. For each cell type line, more than 2000 

chromosomes were counted. The SCE events were quantified by ImageJ Software (NIH, USA). Statistics was 

performed by one-way ANOVA, using Bonferroni-Holm post-hoc test (*p<0.05, **p<0.01 and ***p<0.001). 

NSE1-ΔR is referred to as NSE1-ΔRING mutant. Microscopic photographs on the right indicate metaphase 

spreads of wild type and NSE1 mutant cells. Red arrows point crossover events between the sister chromatids. 

The images are obtained with 60x objective.  

Based on the used combination of DNA damage markers, we can suggest that the primary 

cause of genomic instability in NSE1 mutants is due to obstacles during DNA replication and 

recombination that cannot be eliminated properly because of the lack of functional Nse1 

and Smc5/6 complex. 

Additionally, we constructed different NSE1 mutant versions in expression vectors as GFP 

fusions to Nse1 wild type (Nse1 WT), Nse1 point mutated in C204 and C207 (Nse1 AA), N-

terminal part of Nse1 (Nse1 Nter), C-terminal part of Nse1 (Nse1 Cter) or C-terminal region 

with point mutations (Nse1 Cter AA). To test the effect of NSE1 mutations in terms of 

subcellular localization and protein stability, we used in vivo fluorescence microscopy and 
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immunoblotting. These results showed that overexpressed full length Nse1 fused to GFP 

was localized not only in the nucleus, but also in cytoplasm, whereas mutant constructs 

(Nse1 AA and Nse1 Nter) were mainly distributed to the cytoplasm (Fig. 17 A and B). 

However, expression of GFP construct fused to the C-terminal part of Nse1, with the same 

point mutations, did not alter the localization of Nse1 fusion protein (Fig. 17 A). Moreover, 

immunoblot analysis demonstrated that protein levels of Nse1 AA were consistently slightly 

lower than those of Nse1 WT. On the contrary, Nse1 Cter AA were very similar to those in 

Cter construct or full length Nse1 (Fig.17 C), indicating that the C- terminal part of Nse1 with 

the AA mutations is not unstable. Based on this, we can assume that double point 

mutations on RING are not itself a cause for altering the stability of the protein. It seems 

that the N-terminal half of Nse1, is responsible for the altered subcellular localization of 

double point mutant versions. Regarding truncated mutants, lacking the RING domain (GFP-

Nse1 Nter) probably destabilizes the fusion protein, since protein levels are much lower 

than either full length Nse1 or Cter part (Fig. 17 C). In agreement, the same NSE1 mutation 

created by CRISPR (R mutant) expressed extremely unstable endogenous Nse1. Taken 

together, we can suggest that mutant Nse1 protein is being degraded very rapidly and 

therefore its interaction with the Smc5/6 complex is impeded. Another possibility could be 

that mutant Nse1 is able to interact with the complex and thus destabilizes the rest of 

subunits, leading to the Smc5/6 complex degradation. 
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Fig. 17 Mutations on the RING domain alter the subcellular localization of Nse1. A. In vivo fluorescence 

microscopy of 293T cells/truncated mutant cells expressing different versions of fusion proteins GFP-Nse1. AA 

indicates point mutations on Cysteine (residues C204 and C207) changed to Alanine, either in full length Nse1 

or in the Cter part (residues 183-266). Nter includes residues 1-187. GFP-Nse1 and GFP-Cter localize in both 

cytoplasm and nucleus. The lack of RING domain (Nter) or point mutations on this domain in full length Nse1 

(AA) decreases the accumulation of protein into the nucleus. This is not observed when the mutant Cter part 

of the protein is expressed. B. In vivo nuclei staining and fluorescence microscopy in cells expressing full length 

Nse1 with point mutations on the RING domain (GFP-Nse1 AA), showing that the area with lower 

accumulation corresponds to the nucleus. C. Western blot analysis of the fusion proteins. The fusion protein 

with the Nter domain of Nse1 (1-187) (GFP-Nter) shows much lower protein levels, compared to wild type 

Nse1.  
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4.2   Rescue of NSE1 mutants’ phenotype by ectopic expression of wild type NSE1. 
 

Although the CRISPR-Cas9 system is an accurate method for creating target mutations in the 

gene, one undesired side effect could be an edition of loci different from the specifically 

targeted one. Therefore, it is important to determine that the phenotype observed is only 

due to the edition of the desired gene. Based on this, NSE1 mutant cells should recover the 

wild type phenotype if NSE1 would be expressed in these cells.  

As explained above, the phenotype observed for NSE1 mutants was identical with 

phenotypes in mutants lacking the Smc5/6 function, as described in the literature. In order 

to test whether the ectopic expression of NSE1 can restore wild type phenotype in NSE1 

mutants, we transduced homozygous NSE1-ΔR mutant cells with a lentiviral vector that 

expressed the ORF of human NSE1 gene under the control of the EF1 alpha promoter. Cells 

were grown for two days, divided and further grown for four more days. Next, we 

performed growth curve analysis comparing the cell proliferation during three days in wild 

type, NSE1 truncated mutants and NSE1 truncated mutants complemented with NSE1 wild 

type (WT). The result showed that the ectopic expression of NSE1 almost completely 

rescued the slow growth phenotype of the mutant cells (Fig.18 A).  

We also performed western blot analysis to examine the levels of Nse1, Smc5 and γH2AX in 

truncated mutants with ectopically expressed NSE1. The results demonstrated that Nse1 

and Smc5 levels were restored and the levels of γH2AX were reduced, similar to those 

observed in wild type cells (Fig.18 B). Moreover, we observed that protein levels of other 

subunits of the complex, such as Smc6 and Nse4A, were also restored. We could also 

observe that Nse2 was present in mutant cells, indicating that the stability and/or the 

expression regulation of this subunit behaves differently than the rest. To investigate 

whether the ectopically expressed NSE1 in truncated mutants can interact with Smc5 we 

conducted Nse1 immunopurification (Co-IP). We compared wild type cells, used as positive 

controls, cells expressing the truncated mutant NSE1, as negative controls, and mutant cells 

with wild type NSE1. Our data proved that ectopically expressed Nse1 protein does interact 

with Smc5 with a similar efficiency as in wild type cells (Fig.19). Based on these findings we 

can assume that severe phenotypic effects observed in NSE1 mutants are certainly a result 

of the loss of Nse1. 
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Fig.18 Phenotype rescue of NSE1 mutant cells by ectopic expression of wild type (WT) NSE1. A. The slow 

growth of NSE1 mutants is partially recovered after re-expression of Nse1. Growth curve analysis of wild type, 

NSE1-ΔR  (ΔR) mutant and  NSE1-ΔR  mutant cells with re-expressed Nse1 (ΔR+NSE1). The cell proliferation has 

been followed for 3 days using Trypan blue (TB) exclusion assay. Values are representative of three 

independent experiments. B. NSE1-ΔR mutant with re-expressed Nse1 recovered Smc5 expression levels and 

normalize γH2AX levels, similar to those in wild type cells. Western blot analysis of Nse1 in wild type, NSE1-ΔR 

and NSE1-ΔR mutant with ectopic expression of wild type NSE1, using antibodies against Smc5, Nse1, γH2AX 

and α-actin as a loading control. C. In addition to Smc5, the ectopic expression of Nse1 recovered the 

expression of other subunits as Smc6 and Nse4A. Notice that Nse2 levels were maintained in NSE1 mutants. 
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Fig.19 Nse1 immunoprecipitation and interaction between ectopically expressed Nse1 and Smc5 in NSE1-ΔR 

mutant cells. The Nse1 IP clearly shows that after re-expression of Nse1 in mutant cells (ΔR+NSE1), the 

interaction between both proteins is recovered. Nse1 wild type was ectopically expressed in NSE1 mutant cells 

using a lentiviral vector. The cell lysates were immunoprecipitated with anti-human Nse1 antibody and were 

analyzed by western blot with antibodies against Smc5 and Nse1. Input- soluble sample, IP- 

immunoprecipitated fraction.  

4.2.1   NSE1 mutant cells are sensitive to genotoxic drugs. Ectopically expressed wild type 

NSE1 restores the drug-sensitive phenotype. 

Yeast nse1 RING mutants are hypersensitive to genotoxic stress revealing that Nse1 

contributes to the Smc5/6 complex function [Pebernard et al., 2008 (1), Wani et al., 2018]. 

In order to evaluate whether our NSE1 mutant cells show higher sensitivity to external DNA 

damage, we treated wild type cells, truncated NSE1 mutants, and truncated NSE1 mutant 

ectopically expressing wild type NSE1 gene with the DNA damaging agent, MMS at indicated 

doses (Fig.20). MMS is an alkylating drug which induces different types of DNA lesions, 

inhibiting replication and transcription progression [Lundin et al. 2005]. We found that 

truncated mutant cells displayed hypersensitivity to MMS compared to wild type cells. Our 

observation is in agreement with previous studies using yeast, plant, chicken and human 

cells deficient for the Smc5/6 complex [Wani et al., 2018, Diaz et al., 2019, Stephan et al., 

2011, Taylor et al., 2008]. 

The re-introduction of the NSE1 gene in mutant cells alleviated this sensitivity, indicating 

that the phenotype observed in NSE1 mutant cells is directly due to the absence of Nse1 

and the Smc5/6 complex, since an important percentage of mutant cells are not capable of 

recovering their growth after short treatment with the genotoxic drug and further re-

seeding. The higher sensitivity of NSE1 mutants to MMS supports the requirement of the 
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Smc5/6 complex in homologous recombination (HR) and replication fork restart after 

exogenous DNA damage. 

 

 

Fig.20 NSE1-ΔR mutant cells display differential sensitivity to MMS. Ectopic expression of wild type NSE1 

alleviates this susceptibility. A. Clonogenic survival assay of NSE1-ΔRING (ΔR) mutant and NSE1-ΔR mutant 

cells with re-expressed Nse1 (ΔR+Nse1) without and after 10 days of treatment with 250µM MMS for 2 hours. 

After drug removing, cells were divided and seeded at the same cell density for analyzing the cell survival by 

measuring the clonogenic signal. B. An average quantification of clonogenic signal intensity relative to control 

in NSE1-ΔR with ectopically expressed NSE1 and NSE1-ΔR mutant cells. The graphs are representative of four 

independent experiments. Statistical analysis was conducted by One-way ANOVA, using Bonferroni-Holm post-

hoc test (*p<0.05, **p<0.01 and ***p<0.001). 

4.2.2   NSE1-ΔR mutants show a reduction in the number of cells in S phase, which is 

normalized after expression of NSE1 wild type. 

Based on the observed genome instability phenotype in NSE1 mutants and since we could 

only detect slight differences in the distribution of cell cycle phases by FACS and PI staining, 

we therefore wanted to measure more precisely the cell cycle kinetics in wild type and NSE1 

mutants. To achieve this  we used a more sensitive tool, double-staining flow cytometry 

with PI and bromodeoxyuridine (BrdU), along with mitotic protein monoclonal 2 (MPM-2) 

detection of different phosphoproteins such as MAP2, HSP70, cdc25 and DNA 

topoisomerase IIa, most of which are phosphorylated at the onset of mitosis. BrdU is a 

thymidine analog, which incorporates into the newly synthesized DNA during the S phase. 

Thus, cells that are in S phase, can be easily distinguished and measured. MPM-2 is a 

biomarker for mitotic cells, whose increase is a signal for G2/M transition. Similar to our 

previous flow cytometry analysis, comparing wild type cells, NSE1-ΔR mutants and NSE1-ΔR 

with ectopic expression of NSE1 wild type, we could not detect significant differences in 

DNA content, stained with PI. Again, we observed an increased number of cells with less 

than G1 DNA content and more than G2 in truncated mutants, but not in wild type, neither 

in NSE1-ΔR mutants ectopically expressing Nse1 (Fig.21 A). The flow cytometric analysis of 

BrdU incorporation showed a decrease in the population of BrdU positive cells with ~10% in 
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NSE1-ΔR mutants, compared to wild type cells and truncated mutants expressing wild type 

Nse1 (Fig.21 B). The restoration of wild type phenotype in NSE1-ΔR mutants led to an 

increase of the proportion of BrdU positive cells, similar to that in wild type cells. This 

indicates DNA replication defects in the absence of Nse1. The analysis of MPM-2 activity did 

not show significant changes in population mitotic cells, comparing wild type cells, NSE1-ΔR 

mutants and Nse1 recovered mutants. The MPM-2 positive cells in NSE1-ΔR were few and 

very similar to those in wild type cells, as well as in Nse1-recovered mutant cells (Fig.21 C), 

although we could detect prolonged mitotic duration in truncated mutants by live time-

lapse microscopy.  
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Fig.21 NSE1-ΔR mutant cells show a decrease in S phase, but do not exhibit delayed mitotic entry. The 

ectopic expression of NSE1 restores the normal S phase progression. Flow cytometry analysis using PI and 

BrdU, combined with MPM-2 marker. A. Flow cytometric analysis of DNA content by PI staining. B. S phase 

progression analysis by BrdU incorporation C. Flow cytometry of MPM-2 mitotic activity. MPM-2 specifically 

recognizes phosphorylated proteins during early mitosis. 

Exponentially growing cells at a confluence of 80% (HEK293T - wild type, NSE1-ΔR mutant and NSE1-ΔR+NSE1 

wild type were left untreated (used as a control) or treated with BrdU at a concentration of 10µM for 30 

minutes. BrdU incorporated cells were subsequently stained with anti-BrdU and anti-MPM-2 antibodies, as 

well as with PI DNA dye and analyzed by flow cytometry. Histograms indicate the mean of three repetitions 

(Panel A), flow cytometry plots are representative of three repeats (Panel B and C). ΔR corresponds to NSE1-

ΔR, ΔR+NSE1 is referred to as NSE1-ΔR+NSE1. 

 

4.2.3   NSE1-ΔR mutants exhibit slowdown of replication fork progression. Ectopically 

expressed NSE1 restores the normal fork progression. 

In order to further study DNA replication in NSE1-ΔR mutants and NSE1-ΔR mutants 

complemented with Nse1, we performed DNA fiber analysis. The DNA fiber analysis is a 

useful technique for monitoring the progression and dynamics of DNA replication. The 

principle of the technique is based on the incorporation of two different thymidine analogs 

chlorodeoxyuridine (CIdU) and iododeoxyuridine (IdU) into newly synthesized DNA and their 

detection in the individual DNA molecules by specific fluorochrome-conjugated antibodies. 

In our analysis, we first pulse-labelled DNA synthesis with CIdU for 30 minutes, followed by 

30 minutes labeling with IdU. After cell lysis, the DNA fibers were spread onto glass slides 

and visualized through immunofluorescence with anti-BrdU antibodies which recognize 

CIdU in red and IdU in green, indicating the direction of fork movement. The double labeling 

with CIdU and IdU allows the identification of ongoing forks, replication terminations and 

new origin firing, as well as the measurement of fork velocity (Fig.22 A). First, we assessed 

the DNA replication fork progression in wild type, NSE1-ΔR mutants and NSE1-ΔR mutants 

with re-expressed NSE1. The fork speed was evaluated by measuring the length of the green 

replication tracks. The result clearly showed that NSE1-ΔR mutants displayed slower fork 

progression, compared to wild type cells. Moreover, ectopically expressed NSE1 in mutant 

cells restores fork progression, similar to that in wild type cells (Fig.22 B). This indicates that 

loss of Nse1 causes DNA replication stress in NSE1 mutants.  

Slowing of replication forks is a hallmark of replication stress and in most cases is a result of 

intra-S phase checkpoint activation which allows time DNA lesions to be repaired. As a 

consequence, replication forks are stalled/collapsed or origin firing is suppressed [Iyer and 

Rhind, 2017].  



 

 

95 
 

Therefore, in order to further reveal the cause of the slow DNA synthesis in NSE1 mutants, 

we analyzed the replication fork dynamics by quantification of the percentage of ongoing 

forks, stalled/terminated forks and new origins. NSE1-ΔR mutant cells did not show a 

significant increase in the percentage of stalled/terminated forks, neither a decrease in 

origin firing, compared to wild type and complemented with Nse1 mutant cells. The 

quantification of ongoing replication forks also did not show any significant differences, 

comparing wild type, truncated mutants and Nse1 recovered mutant cells (Fig.22).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.22 NSE1-ΔR mutants show slower replication fork progression. Ectopic expression of NSE1 suppresses 

the replication fork slowdown. A. Experimental design of DNA fiber analysis. HEK293T (WT), NSE1-ΔR mutants 

and NSE1-ΔR+Nse1 cells were pulse-labelled with CIdU (25µM) for 30 minutes, washed with PBS and pulse-

labelled with IdU (250µM). Cells were harvested and lysed. The obtained DNA fibers were spread onto glass 

slides, fixed and immunostained with anti-BrdU which recognizes CIdU (red) and IdU (green), respectively. The 
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DNA fibers were visualized by fluorescent confocal microscopy. Representative images of DNA fibers are 

shown in the upper panel. B. Analysis of replication fork rate. NSE1-ΔR mutants exhibit a significant slower fork 

progression, compared to WT. The ectopic expression of NSE1 wild type in truncated mutants normalizes the 

fork speed, similar to that in WT. The length of the green tracks (IdU) was measured by ImageJ Software (NIH, 

USA). Each dot represents one DNA fiber. More than 200 DNA fibers were counted per each cell line. C. 

Analysis of replication fork dynamics. There were no significant changes in fork dynamics between WT, NSE1-

ΔR mutants and recovered with Nse1 mutant cells. The ongoing replication forks, stalled/terminated forks and 

new origin firing were characterized and evaluated using ImageJ Software (NIH, USA). More than 500 events 

were counted per each cell line. ΔR corresponds to NSE1-ΔR, ΔR+Nse1  is referred to as NSE1-ΔR+Nse1. Both 

graphs are representative of three independent experiments. Statistical analysis was performed by Mann-

Whitney test (*p<0.05, **p<0.01 and ***p<0.001) using GraphPad Prism Software. 

These results correspond to one of the three repetitions that were performed. In the other 

two experiments differences between wild type and mutant cells were maintained but, due 

to the labour-intensity of the method, values obtained in mutant cells with ectopic 

expression of NSE1, could not be compared. Although our result was unexpected, it 

supports our previous notion that probably NSE1 mutants accumulate moderate levels of 

DNA damage that might not be able to activate surveillance mechanisms. 

 

4.3   Genetic interaction between Smc5 and FANCM - Mph1 orthologue.  
 

The Smc5/6 complex is involved in homologous recombination repair and stabilization of 

stalled replication forks [Palecek, 2019]. In Saccharomyces cerevisiae, Smc5 physically 

interacts with Mph1, a DNA helicase that triggers fork regression at stalled replication forks 

and inhibits mitotic crossover events, resulting from DNA DSBs. Smc5 regulates Mph1 by 

preventing the formation of recombination intermediates. Yeast cells with mutations in the 

Smc5/6 complex showed high levels of X-shaped DNA molecules and hypersensitivity to 

DNA damage drugs, whereas the inactivation of Mph1 in these mutants reduced the 

recombination intermediates incidence and recovered the slow growth without and after 

DNA damage induction [Chen et al., 2009]. Mph1 is a homolog of human FANCM (Fanconi 

anemia M) protein which has a crucial role in interstrand-crosslink repair. Mutations in 

FANCM are associated with Fanconi anemia, a rare genetic disease characterized by defects 

in development, bone marrow failure and cancer predisposition [Ceccaldi et al.,2016]. 

Currently, it is unknown whether the functional interaction between Smc5 and Mph1 is 

conserved in higher eukaryotes or not. 

Since the mutant cell lines we had generated showed endogenous DNA damage and 

genomic instability hallmarks, we analyzed whether the down-regulation of FANCM would 

alleviate these phenotypes. For this purpose, expression of FANCM was downregulated with 

a specific siRNA [Castella et al., 2015] for 72 hours, either in wild type or in NSE1 mutant 

cells (expressing ΔR mutant). By Real time PCR (RT-PCR) we observed that treatment with 

the specific siRNA caused a 70% reduction in FANCM mRNA levels. Samples were fixed and 



 

 

97 
 

stained with DAPI and their nuclei morphology was analyzed. We quantified the frequency 

of micronuclei as a marker for genomic instability, as well as the presence of fragmented 

nuclei or very big nuclei, that we grouped as abnormal nuclei (Fig. 23 A).  

The frequency of DNA bridges was analyzed as a marker for the impairment of DNA repair 

or replication. We observed that in wild type 293T cells and in mutants that ectopically 

expressed NSE1, the downregulation of FANCM did not significantly increase, neither 

decrease, the levels of the different markers quantified (Fig. 23 B and C). As previously 

mentioned, mutants showed higher levels of micronuclei and DNA bridges in anaphase or 

telophase, than wild type or mutant cells ectopically expressing NSE1. In addition, we 

observed a higher frequency of abnormal nuclei. The downregulation of FANCM in NSE1 

mutants caused a significant increase in the frequency of abnormal nuclei, compared to 

mutants not treated with siRNA (Student T test). Although the rest of markers did not show 

a significant change, all of them increased as well.  
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Fig. 23 Down-regulation of FANCM is deleterious in NSE1 mutant cells. Wild type 293T cells, mutant NSE1ΔR 

cells, or mutant cells with ectopic expression of wild type Nse1, were transfected with a specific siRNA to 

down-regulate FANCM expression and were compared with not transfected cells. After 72 hours, DNA was 

stained with DAPI and nuclei morphology was analyzed. A. Fluorescence microscopy images of mutant NSE1ΔR 

cells, treated with FANCM siRNA. White arrows indicate the presence of micronuclei, magenta arrow points 

out a fragmented nucleus, green arrow shows an aberrant nucleus, and blue arrows indicate an anaphase 

(left) and a post-telophase (right) DNA bridge. B. A quantification of micronuclei frequency in all cell lines 

analyzed. Double mutant cells show a higher number of micronuclei, compared to wild type 293T cells or 

mutant cells expressing wild type NSE1. FANCM downregulation did not significantly increase the frequency of 

micronuclei. C. A quantification of abnormal nuclei (dark grey) and DNA bridges (light grey) frequencies in all 

cell lines analyzed. Student-T test analysis showed a significant increase in the frequency of abnormal nuclei 

when mutant NSE1ΔR cells were treated with FANCM siRNA (p<0.05). The downregulation of FANCM did not 

imply any significant change in wild type 293T cells or mutant cells with ectopic expression of wild type NSE1. 

Three independent experiments were analyzed and 500 nuclei were quantified in each sample. Mean and SEM 

values are represented. 

 

This result indicated that NSE1 mutants depleted for FANCM accumulated higher levels of 

genomic instability and DNA damage hallmarks, instead of diminishing them. This would 

suggest that in human cells, FANCM depletion would not rescue the phenotype of SMC5/6 

mutants and, therefore, SMC5 would not directly regulate FANCM activity, as observed in 

budding yeast. 

Since our result was in contradiction with what has previously been described in yeast, and 

in order to further confirm this result in human cells, we used different human cells as a 

model system. 

To evaluate the genetic interactions between Smc5/6 complex and FANCM in another 

human cell line we used primary fibroblasts, originally derived from a patient with a FANCM 

homozygous mutation (described in materials and methods) kindly provided by Prof. Dr. 

Jordi Surrallés. Since FANCM protein was not detected by western blot, cells were further 

named as FANCM knockout (KO). FANCM expression was re-established by transduction of 
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a lentiviral vector expressing FANCM wild-type under the control of doxycycline (1μg/ml) 

using Tet-ON 3G expression system. Due to the endogenous DNA damage, FANCM KO cells 

exhibit a slight decrease in cell viability and cell morphology changes such as bigger cells 

compared to normal wild type fibroblasts. In this approach, we transduced human 

fibroblasts, wild type or KO for FANCM, with the lentiviral vector expressing a shRNA against 

SMC5 (pLKO1Neo-shSMC5). The SMC5 shRNA has been validated ensuring minimization of 

off-target effects and complete gene knockdown. Both fibroblasts lines were also 

transduced with a lentiviral vector expressing a scrambled shRNA (pLKO1Neo-shcontrol) 

and were used as controls. 

4.3.1   Depletion of Smc5 in FANCM KO results in synthetic sickness. 

 

After 10 days of a selection with Neomycin, we performed growth curve analysis and 

immunoblotting with anti-Smc5 antibody in parallel, comparing wild type and FANCM 

mutant cells depleted or not for Smc5. Although we do not show these results in the thesis, 

in a first attempt, the western blot analysis showed that the expression level of Smc5 was 

partially reduced (Smc5 was downregulated ~70%), compared to controls, and cell 

proliferation analysis followed for 3 days indicated a slower growth in wild type cells 

partially depleted for Smc5 in comparison with wild type control cells. Moreover, a higher 

inhibition of cell proliferation was observed in FANCM KO cells with partially reduced Smc5. 

Surprisingly, in contrast to what has been observed in smc5/6 mutant yeast cells depleted 

for Mph1, our data suggested that in human cells FANCM mutants showed synthetic 

sickness in combination with partially impaired Smc5/6 complex. Next, we analyzed the 

nuclear morphology by DAPI staining. The reduction of Smc5 induced a high number of 

micronuclei, aberrant nuclei and cytokinetic bridges in FANCM WT cells and dramatically 

raised the frequency of these markers in FANCM KO, compared with control cells.  

To give more insight into the genetic interaction between FANCM and Smc5, we used 

human fibroblasts FANCM WT and KO, completely deficient or not for the Smc5. We noticed 

that, when we were selecting cells for 10 days, as recommended, FANCM KO cells 

completely deficient for Smc5 failed to undergo cell division, and FANCM WT lacking Smc5, 

exhibited extremely slow growth. Therefore, we repeated exactly the same experiment but 

resistant cells were selected for 5 days with 800µg/ml Neomycin, which was enough for 

complete downregulation of Smc5, and we maintained the selection antibiotic at low 

concentration in all samples during the phenotype analysis. Three independent experiments 

were conducted and although we could not find statistical differences in the growth curves 

(Fig. 24 A), it is worth noting that double mutants (FANCM KO, shSMC5) showed a slower 

growth rate regarding single mutants in all repetitions. Clearly, cell proliferation was more 

affected in double mutants, which also displayed a higher percentage of genomic instability 

hallmarks. The same tendency could be observed in all of the experiments. One 

representative experiment is shown in Fig. 24 B and C, and Fig.25. We performed western 

blot using anti-Smc5 antibody to confirm that the expression level of Smc5 were reduced 

and then, we conducted growth curve analysis. The immunoblot showed a complete loss of 
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Smc5 in FANCM WT and KO transduced with plasmid expressing SMC5 shRNA, compared to 

controls (Fig.25 C). The growth curve result demonstrated that the loss of Smc5 reduces cell 

proliferation in FANCM WT and strongly inhibited it in FANCM KO, as they grew extremely 

slow, compared to control cells (Fig. 24 A). To measure cell death in these mutants we used 

Trypan blue assay. The result clearly showed that on the 3rd and 4th days of growth FANCM 

WT deficient for Smc5 showed a high death rate whereas the percentage of cell death in 

FANCM KO cells depleted for Smc5 was even higher (~25%), compared to control cells, 

where it was less than 10% (Fig.24 B). As mentioned above, it should be taken into account 

that after three passages, FANCM KO cells lacking Smc5 failed to undergo cell division and 

FANCM WT lacking Smc5 exhibited extremely slow growth.  

To further characterize the cellular phenotype of wild type and FANCM KO fibroblasts 

deficient for Smc5 we used DAPI staining to score changes in nuclear morphology. Our 

results demonstrated an increase in the number of cells with micronuclei in FANCM WT 

depleted for Smc5 and in FANCM KO lacking Smc5, compared to control cells (Fig.25 A). 

Also, we observed an increased number of cells with cytoplasmic bridges in both types of 

cells with impaired Smc5/6 complex, which was again raised in FANCM and Smc5 deficient 

fibroblasts (Fig. 25 A). Cytoplasmic bridges between daughter cells, with the presence of 

DNA bridges in them, appeared as a result of cytokinesis failure. These DNA bridges would 

lead to defects in chromosome segregation and production of aneuploidy cells. In addition, 

we detected a significant increase of abnormal nuclei in FANCM KO cells depleted for Smc5 

compared to FANCM WT cells, comparing three independent experiments. These abnormal 

nuclei included fragmented and big nuclei (at least 3 fold bigger than the mean nuclei size in 

FANCM WT samples). The number of aberrant nuclei in FANCM WT cells depleted for Smc5 

was similar to that in FANCM KO cells and higher than FANCM WT cells (Fig. 25 A), but lower 

than double mutant cells. In order to have an objective way to measure and quantify the 

aberrant shape of nuclei, we used ImageJ software and circularity measure as a reference. 

Nuclei with ellipsoidal shape got a high score in circulariy and elongated or lobulated nuclei 

got a low score. We observed that in double mutants, circularity values were always lower 

than in the rest of samples. An example of nuclei with low or high values in circularity is also 

shown (Fig. 25 B). Taken together, our results emphasize a synthetic sickness interaction 

between FANCM and Smc5 indicating that both proteins exert independent functions in 

DNA repair machinery and are essential for the maintenance of genomic stability in human 

cells. 
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Fig.24 Depletion of Smc5 induces a severe genomic instability in FANCM WT and synthetic sick phenotype in 

FANCM KO.  A. Growth curve analysis of FANCM WT and FANCM KO depleted or not for SMC5. Human 

fibroblasts wild type (WT) or knockout (KO) for FANCM were transduced with lentiviruses expressing SMC5 

shRNA or scrambled shRNA control. Cell proliferation was followed during 3 days using Trypan blue (TB) 

exclusion assay. The downregulation of SMC5 reduces the growth of FANCM WT and this reduction is stronger 

in FANCM KO cells compared to controls. Means and SD from three independent experiments are shown.B. 

FANCM WT+ shSMC5 and FANCM KO + shSMC5 show an increased rate of cell death in comparison with 

controls. The percentage of cell death has been evaluated by Trypan blue assay. Results from one 

representative experiment are shown. C. Western blot analysis of FANCM WT shControl, FANCM WT + 

shSMC5 and FANCM KO + shSMC5 using anti-Smc5 and anti-Vinculin antibodies. Wild type and FANCM KO 

cells + shSMC5 show no expression level of Smc5. 
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Fig.25 The depletion of Smc5 in FANCM KO and FANCM WT show increased level of chromosome instability 

A. A representative experiment for the quantification of the number of cells with abnormal nuclei, DNA 

bridges and micronuclei in FANCM WT and FANCM KO, depleted or not for Smc5. 250 cells were counted in 

each condition.  B. Circularity measure of nuclei using ImageJ software. Particle analysis data are shown from 

100 cells counted in each condition.  Examples of a nucleus with a low score for circularity and another one 

with a high score are shown. Nuclei were stained with Hoescht. C. Microscopic photographs of FANCM WT and 

FANCM KO depleted or not for SMC5. White arrows indicate the micronuclei formation and red arrows point 

to DNA bridges. The nuclei were stained with DAPI. Images are obtained with 60x objective. 

4.4. Identification of novel proteins interacting with human Nse1 using yeast two-

hybrid screen. 
 

Currently, Nse1 is known to interact with Nse3 in the Smc5/6 complex. Outside the Smc5/6 

complex, only one physical interactor of Nse1 in human cells has been described, MAGE-F1, 

in vitro and in vivo [Hudson et al., 2011, Weon et al., 2018]. Therefore, to give more insight 

of Nse1 function, we performed yeast two hybrid assay for detecting novel interacting 

partners of human Nse1. 

A yeast two hybrid screen was performed by cloning the cDNA of human NSE1 (also named 

NSMCE1) into a vector that expressed the fusion to Gal4 DNA-binding domain, used as 

“bait”. A mouse embryonic cDNA library cloned into vectors that expressed the fusion to 

Gal4 activation domain were used as “preys”. The specific interaction of “bait” and “prey” 

proteins allows growth on selective medium lacking histidine. To select only the strong 

interactors, the obtained colonies were grown in high stringency conditions lacking histidine 

and adenine (Fig.26). To identify the potential candidates we further conducted colony PCR 

and subsequent DNA sequencing. Some candidates were identified as positive interactors 

from which TRUSS, HMG-17 and LRPAP1 were detected more than once (Table 1). 
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Fig.26 Validation of the observed interactions in the yeast two-hybrid assay by mating. Selection of only 
strong interactors by plating the obtained colonies in high stringency conditions lacking histidine and adenine. 
HMG-17, TRUSS (A), MAGEg2 (B) and ARMCX5 (C) were some of the identified positive interactors of hNse1. 
Nse1 cDNA was cloned into a vector containing the Gal4 DNA-binding domain (BD), that is used as a “bait”. 
Interactor candidates were fused to Gal4 activation domain (AD) (mouse embryonic cDNA library) used as a 
“prey”.  

Table 1. List of proteins that specifically interact with human Nse1. Abbreviations, 
complete names, number of independent clones showing the specific interaction, as well as 
the specific function of the proteins are shown in the table. 

Positive interactor Number of clones Function 

TRUSS  
Tumor necrosis factor receptor 

(TNF-R)-associated ubiquitous 

scaffolding and signaling protein 

 

 

3 

 

 

Protein ubiquitination 

HMG-17 (HMGN2)  
Non-histone chromosomal protein 

 

3 

Regulation of transcription, 

replication, recombination 

and DNA repair 

 

MAGE-G2  
Melanoma-associated antigen G2 

 

1 

A testis-specific protein, 

highly homologous to MAGE-

G1 (Nse3), of unknown 

function 
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VPS41  
Vacuolar protein sorting 41 

 

1 

Vacuolar assembly and 

vacuolar traffic/ sorting of 

proteins into vacuoles 

LRPAP1  
Low density lipoprotein receptor-

related protein associated protein 

1 

 

5 

 

Endocytosis and 

phagocytosis 

ARMCX5  
Armadillo Repeat Containing X-

Linked 5 

 

1 

 

Unknown function 

 

4.4.1   Nse1 physically interacts with TRUSS and HMG-17 

 

From all of the identified proteins that interact specifically with human Nse1 (NSE1), we 

focused only on TRUSS and HMG-17 which could be probably associated with the Smc5/6 

complex function. TRUSS protein (Tumor necrosis factor receptor-associated ubiquitous 

scaffolding and signaling protein) also known as TRPC4-associated protein (TRPC4AP) is a 

big scaffolding protein that can promote ubiquitylation and degradation of different 

proteins. However, its regulation still remains unclear. TRUSS is part from the DDB1-CUL4A 

E3 ligase complex and targets the oncoprotein c-Myc for degradation [Choi et al. 2010]. 

Additionally, it can interact with IκBα kinase (IKK), triggering its degradation and leading to 

activation of the nuclear factor-κB (NF-κB) immune signaling pathway *Terry Powers et al. 

2010, Yu et al. 2018]. As well as, TRUSS can interact with TNF receptor associated factor-2 

(TRAF2), a RING E3 ligase which also regulates TNF immune pathway [Au et al.  2007]. These 

interactions indicate a role of TRUSS in cell survival, immune- and inflammatory responses. 

Besides, it has been found that Skp2 E3 ligase triggers TRUSS for degradation, but in the 

presence of the hepatitis B viral protein, HBx, the degradation of TRUSS is abolished and the 

protein is stabilized [Jamal et al. 2015]. On the other hand, recently it has been reported 

that the Smc5/6 complex is a restriction factor for hepatitis B virus, binding the viral 

episomal DNA and avoiding transcription, and thus preventing the infection. Interestingly, 

the viral protein HBx leads to degradation of the Smc5/6 complex *Decorsière et al. 2016]. 

We can speculate that a functional interaction among these proteins could exist.  

The functional relationship between human Nse1 and the non-histone chromosomal 

protein HMG-17 is probably due to the role of HMG-17 in DNA replication, recombination 

and DNA repair [Hock et al. 1998]. It has been found that HMG-17 (HMGN2) takes part in 

nucleotide excision repair (NER) pathway supposing that it facilitates the ability of DNA 

repair proteins to access and repair the DNA lesion. It is known that HMG-17 undergoes 

different post-translational modifications which regulate its function. Apart from 

phosphorylation and acetylation, it has been demonstrated that HMG-17 can also be 

SUMOylated. At present, there is no evidence if HMG-17 can be modified by ubiquitin 

[Subramanian et al. 2009, Wu et al. 2014 (1)]. 
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The other interactors of Nse1 have distinct functions, predominantly in the cytoplasm of 

cells. It has been described that in human cells, overexpressed Nse1 is localized not only in 

the nucleus but also into cytoplasm vesicles [Hou et al. 2012], supposing that Nse1 can 

exhibit other functions independently from the Smc5/6 complex. This could explain the 

interaction of Nse1 with TRUSS, which is localized in the cytoplasm, and the rest of the 

interacting proteins that are involved in vacuolar traffic and endocytosis. In order to further 

study the function of Nse1 within the Smc5/6 complex we started to validate the 

interactions between Nse1 and TRUSS and Nse1 and HMG-17 in human cells. 

 

4.4.2   Validation of Y2H interactions in vivo 

 

To confirm the observed interactions from yeast two-hybrid screening, we performed 
immunoprecipitations (IP) on protein extracts from human cells. First, we confirmed that 
we could observe the interaction between Nse1 and the previously known interactor Nse3. 
In HEK293T cells a FLAG-tagged version of mouse Nse3 (NDNL2) was overexpressed. We 
either immunoprecipitated Nse3 using an anti-FLAG antibody, or we conducted an IP 
against the endogenous Nse1. In both cases we could detect the interaction between Nse1 
and Nse3 (Fig.27).   

 

Fig.27 Confirmation of Nse1 and Nse3 interaction in vivo by co-immunoprecipitation (Co-IP). Nse1 interacts 
with Nse3. A- IP anti FLAG; B- IP anti Nse1. HEK293T cells were transfected with a plasmid encoding FLAG-
epitope tagged Nse3 or with an empty plasmid. The cell lysates were immunoprecipitated with anti-FLAG 
beads (A) or anti-human Nse1 antibody (B), and were analyzed by western blot with antibodies against hNse1 
and FLAG. NB - non bound sample, Input- soluble sample, IP – immunoprecipitated fraction. 

Next, we started to verify the interactions between Nse1 and TRUSS or HMG-17. We co-
expressed either TRUSS or HMG-17, tagged with a 3HA epitope and GFP-tagged Nse1 in 
HEK293T cells. Then, cells were lysed and proteins were immunoprecipitated with anti-HA 
agarose beads, followed by western blot analysis using antibodies against HA and Nse1. Our 
results confirmed that Nse1 can interact specifically with both proteins in vivo (Fig.28). 
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Fig.28 Confirmation of the interaction between Nse1 and TRUSS or HMG-17 in vivo by co-
immunoprecipitation (Co-IP) in human cells . Nse1 interacts specifically with TRUSS and HMG-17. HEK293T 
cells were co-transfected with plasmids encoding HA-epitope tagged TRUSS or HMG-17 and GFP-tagged Nse1. 
The transfection with empty plasmid was used as a control. The cell lysates were immunoprecipitated with 
anti-HA agarose beads and subjected to western blot analysis using anti-hNse1 and anti-HA antibodies. Input - 
soluble sample, IP- immunoprecipitated fraction. 

4.4.3   Nse1 interacts with different domains of TRUSS 

 

To reveal which region of TRUSS is required for the interaction with Nse1 we used different 

deletion mutants of TRUSS and we performed Co-IP. The results demonstrated that Nse1 

can interact with all of the mutated constructs (Fig.29). The Y2H result and subsequent 

sequencing showed that Nse1 interact with the middle domain of TRUSS (residues 342-642) 

in vitro, but the exogenous immunoprecipitation analysis indicated that Nse1 can interact 

physically with different regions of TRUSS in vivo (residues 1-147, 1-383, 73-284, 73-537, 73-

797 and 539-797). However, it seems that when Nse1 interacts with the N-terminal part of 

TRUSS (residues 1-147 and 1-383), as well as with the C-terminal residues (539-797) the 

interaction is a bit stronger, in comparison with the interaction between Nse1 with TRUSS 

residues (73-284, 73-537 and 73-797). The experiment has been repeated two times and 

the same result has been obtained. This unexpected result could be explained by the fact 

that both proteins were over-expressed and therefore, the conditions differ from the 

physiological ones in living cells. It has been described that TRUSS can interact with TRAF2 

through an interface that implies different domains of TRUSS [Terry Powers et al., 2010]. 

Based on this, several fragments of TRUSS are necessary for the interaction of both 

proteins. Similarly, our result could reflect that the interaction with Nse1 also requires 

different domains of TRUSS. 

Regarding the ratio of HA-TRUSS that was purified and the levels of GFP-Nse1 that were co-

purified, we could infer that, although the Y2H interaction was detected with the C-terminal 

half of TRUSS, in this experiment the N-terminal half seems to be more efficient in binding 

to Nse1. 
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Fig.29 Nse1 interacts with different domains of TRUSS. Co-immunoprecipitation of Nse1 of TRUSS deletion 

versions. HEK293T cells were co-transfected with plasmids encoding HA-epitope tagged TRUSS deletion 

constructs and GFP-tagged Nse1 or with empty plasmid. The cell lysates were immunoprecipitated using anti-

HA agarose beads and were analyzed by western blot with antibodies against human Nse1 and HA. Numbers 

indicate the residues included in each deletion version. Input - soluble sample, IP – immunoprecipitated 

fraction. 

 

4.4.4   TRUSS interacts with the N-terminal domain of Nse1 

To reveal which region of Nse1 was necessary for the interaction with TRUSS, we created 

two Nse1 mutant constructs: one lacking the RING domain (N-terminal (Nter), residues 1 to 

187) and the other containing the RING domain, residues 188 to 234, and the rest of C-

terminal residues, next to the RING (Cter, 183 to 266). In this experiment we used a 

previously generated by CRISPR-Cas9 cell line derived from HEK293T, where cells express a 

truncated version of Nse1, lacking the C-terminal part (explained in the previous section of 

results). The Co-IP analysis showed that TRUSS interacts with the full length Nse1 and Nter 

domain, but very weakly with the Cter domain of Nse1 (Fig. 30 A). As observed in Input 

samples, levels of the Nter fusion were much lower than Nse1 or the Cter domain, 

indicating that the fusion protein GFP-Nse1 Nter is more unstable and/or less soluble. 

However, the levels of co-immunopurification were similar to Nse1, indicating that Nter 

domain is sufficient for interacting with TRUSS, and suggesting that maybe this interaction 

could be even stronger. Using fluorescent microscopy, we tested the subcellular localization 

of Nse1. The microscopic analysis demonstrated that the overexpressed GFP-Nse1 is 

localized all over the cell, but when TRUSS is co-expressed, big foci are formed, indicating 

that TRUSS binds and accumulates Nse1 at discrete points in the cytoplasm. The same effect 

was observed when GFP-Nter fusion was co-expressed with TRUSS. It should be noted that 

Nter part of Nse1 has shown a more cytoplasmic localization than full length Nse1, and has 

a tendency to aggregate in the cytoplasm, although the presence of TRUSS exacerbated this 

fact. The GFP-Cter fusion protein did not show foci, accumulated in cytoplasm when TRUSS 
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was co-expressed, as expected, since in IP experiments the level of Cter Nse1 co-

immunoprecipitated withTRUSS was very low (Fig. 30 B). Therefore, we can conclude that 

the interaction of Nse1 with TRUSS causes its cytoplasmic retention. In order to confirm 

that these foci were located in the cytoplasm, we stained nuclei in vivo. The fluorescent 

images supported that the foci caused by the co-expression of TRUSS were localized in the 

cytoplasm of cells (Fig. 30 C). 
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Fig.30 TRUSS interacts with the N-terminal domain of Nse1. NSE1-ΔR cells were transfected to express the 

GFP-Nse1 fusion protein or GFP fused to the Nter domain (1-187 aa) or the Cter domain (183-266 aa) of Nse1. 

In each case, cells were co-expressing 3HA-TRUSS or not. A. Western blot of protein extracts (Input) and anti-

HA immunopurification (IP) showing Nse1 Co-IP. Full length Nse1 and Nter domain interact with TRUSS, 

whereas the Cter domain of Nse1 shows a very weak interaction with TRUSS. B. In vivo fluorescence 

microscopy images showing cytoplasmic foci of Nse1 and Nter domain when TRUSS is overexpressed, but not 

observed with the Cter domain. C. Merge images of GFP signal and in vivo nuclei staining with Hoescht 

indicate that foci with TRUSS overexpression have a cytoplasmic localization. 

 These results indicate that TRUSS interacts with high affinity with the Nter domain of Nse1 

and that the RING domain is not necessary for this interaction. Co-immunoprecipitation 

efficiency seemed to be higher with the Nter region. Regarding these findings, we could 

suggest that either, the more cytoplasmic localization of the Nter version would favour the 

interaction with TRUSS, or that the lack of RING domain-Cterminal end would enhance the 

interaction. Then, in turn, we could suggest that the RING domain and/or the Cterminal end 

would somehow regulate the interaction of Nse1 with TRUSS. 
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DISCUSSION  

In this doctoral thesis, we have addressed the role of the human Smc5/6 complex in 

genome stability through the study of the NH-RING domain of the Nse1 subunit. This 

domain has been proposed to act as an E3 ubiquitin ligase, but also to play a role in protein-

protein interactions within the Smc5/6 complex [Doyle et al., 2010, Weon et al., 2018, 

Pebernard et al., 2008 (1)]. To study the role of this domain in human cells, we have 

introduced frameshift and point mutations in the C-terminal domain of Nse1, with the idea 

to either delete or unfold the RING. Our results indicate that this domain is essential to 

maintain the stability of the Smc5/6 complex and the integrity of the human genome.  

 

1. Usage of CRISPR‐Cas9 to mutate the RING domain of NSE1. 

CRISPR-Cas9 has become the most popular technology for the manipulation and edition of 

genes in living cells. This is due to the wide availability of vectors and protocols for the 

introduction of site-specific double stranded DNA breaks in the genome. Their subsequent 

repair by the error-prone non-homologous end joining pathway leads to insertions and 

deletions that potentially affect the functionality of the gene. This simple procedure allowed 

us to obtain various mutant HEK293T clones with truncations in the RING domain of NSE1. 

In the presence of a homologous DNA sequence, the DSB may be repaired by homologous 

recombination, opening up the possibility to edit the sequence of the genome. The use of 

ssDNA as a donor template for recombinational repair is recommended to increase the 

efficiency of point mutations [Ran et al., 2013]. Although the procedure for genome edition 

using Cas9 might seem straightforward, we did not isolated clones with the anticipated 

mutant genotype. In fact, we obtained some puzzling results, which we think are derived 

from the use of the ssODNs. 

A first analysis, based on restriction analysis, indicated that 6 out of the 39 clones isolated 

after addition of the ssODN contained the expected mutation: 4 of them were 

heterozygotes, containing wild type and mutant NSE1 genes, and 2 were homozygotes. 

However, a more in depth analysis indicated that 3 of these 6 mutant clones contained an 

insertion of the ssODN sequence at the DSB site. In fact, one of the two clones initially 

classified as homozygotic was heterozygotic, bearing one copy of the NSE1 gene with the 

designed mutations, and a second copy with an ssODN insertion at the Cas9 cut site. We 

think that this insertion must derive from the following set of reactions. First, Cas9 

introduced a DSB. The break was then resected at 5’ ends, exposing a 3’ overhang 

complementary to the ssODN on the right side of the DSB. Next, the ssODN hybridized with 

the 3’ overhang. Then, the 5’ end of the ssODN was ligated to the 3’ end on the left side of 

the DSB. Finally, the remaining stretch of single stranded ssODN sequence was used as a 

template to polymerize a complementary strand. This hypothesis requires that (i) the 5’ end 

of the ssODN is not degraded after annealing to the resected right side of the DSB and (ii) 
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that a ssDNA 5’ end is ligated to a 3’ end, on the left side of the DSB. While 5’ ends are 

degraded for recombinational repair in the context of dsDNA, it is possible that 5’ ends are 

more stable when they are single stranded, what could explain the first requirement. It is 

also possible that the NHEJ machinery may ligate a ssDNA substrate. In any case, the 

observation that 50% of the mutant clones contained the insertion suggests that this 

product may be more frequent than previously anticipated. It remains to be tested if this is 

a particular condition of the HEK293T cells used in this work. 

However, and even more surprising than the insertion of the ssODN was the finding that the 

second homozygotic clone only included one of the two designed C‐A mutations in the RING 

domain (C207A). This result is unexpected as the recombination event had to occur in a 

short stretch of DNA between positions codifying for C204 and C207. This product could be 

explained by a partial resection or a recombination event that would change the DNA 

sequence downstream of the position codifying for C204, but not upstream of this position.  

In any case, it is worth noting that despite we could not obtain the expected mutations in 

NSE1, the truncated alleles, the single C207A and the heterozygous cells expressing alleles 

with ssODN insertions and the double C204A C207A mutations had very similar phenotypes. 

 

2.   The NH-RING domain in Nse1: from an E3 ubiquitin ligase function to a structural 

role promoting the stability of the Smc5/6 complex 
 

The Smc5/6 complex is the only known SMC protein complex with two RING domains, each 

of them potentially able to modify other proteins/complexes through SUMO and ubiquitin 

[Solé-Soler and Torres-Rosell, 2020]. The activity of Nse2 as a SUMO ligase has been 

extensively documented in vivo and in vitro and several SUMO targets are known 

*Almedawar et al., 2012, Bonner et al., 2016, Solé-Soler and Torres-Rosell, 2020]. In this 

thesis, we aimed to study the function of the putative E3-ligase activity of the RING domain 

in Nse1 by generating mutant HEK293T cell lines using CRISPR. We designed two sets of 

mutants predicted to destroy the putative RING-E2 interaction interface: one of them would 

truncate the RING domain, while the C-A mutations would unfold it. To our surprise, both 

type of mutations severely reduced the Nse1 protein levels. This prevented the intended 

use of RING domain mutants as a tool to specifically disrupt RING-E2 inteactions. In spite of 

this, the analysis CRISPR-derived NSE1 mutant cells indicated that the primary function of 

the RING domain in Nse1 is directly related to its stability. It is worth nothing that this does 

not discard a possible role in ubiquitylation. In fact, it is even possible that both functions 

(stability and ubiquitylation) might be even connected. 

  

The idea that Nse1 has ubiquitin ligase activity comes mainly from in vitro experiments. For 

example, Nse1 functions as an E3 ubiquitin ligase in vitro in human and mammalian cells 
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[Doyle et al., 2010, Hou et al., 2012,]. In striking contrast, this activity could not be observed 

using the fission yeast Nse1 protein [Pebernard et al., 2008 (1)]. The RING-E2 interaction 

typically requires a set of hydrophobic residues at particular position in the RING domain. 

This interface involves: an Ile/Leu residue between the first two zinc-coordinating Cys in the 

RING domain; a Trp/Tyr/Leu residues at short distance from the 6th zinc-coordinating Cys; 

and a Pro-Phe motif separating the last two Cys residues [Garcia-Barcena et al., 2020]. 

While most of these residues are present in the mammalian Nse1 RING domains, they are 

absent from their yeast othologs [Perbernard et al 2008 (1), Figure 1A], suggesting that the 

ubiquitin ligase activity of Nse1 might have been gained in higher eukaryotes or lost in yeast 

species.  

 

A recent study also attributes an E3 ubiquitin ligase activity to Nse1 in vivo, although this 

function is not coordinated with the Smc5/6 complex [Weon et al., 2018]. Human Nse1 

interacts with MAGE-F1 and promotes ubiquitylation and subsequent degradation of 

MMS19 in vivo. MAGE-F1 is highly expressed in tumor cells and shares similarities with 

MAGE-G1 (the human homolog of Nse3), although it is not part of the Smc5/6 complex, 

whereas MMS19 is involved in regulation of DNA repair. Probably, in cancer cells MAGE-F1 

interacts with Nse1 to trigger degradation of MMS19, reducing the DNA repair capacity. It 

has been proposed that human Nse1 can interact with distinct proteins outside the Smc5/6 

complex, mediating different cellular functions [Weon et al., 2018]. It might be possible that 

Nse1 is able to exert ubiquitin ligase activity only when it is not in a complex within the 

Smc5/6 complex.  

 

Despite the large body of evidence showing a presence of an active ubiquitin ligase activity 

in many RING finger proteins [Lorick et al., 1999, Deshaies and Joazeiro, 2009, Metzger et 

al., 2014], we should also take into account that some RING domains do not function as 

ubiquitin ligases. PHD-type domains, which have the same distribution of residues that 

coordinate zinc as C4HC3 RING domains, have been shown not to function as an E3 ligase 

and are mainly implicated in nuclear protein-protein interactions [Bienz, 2006]. Several 

RING domains have been found to be essential for proper formation and structure of large 

protein complexes [Borden, 2000]. Consistent with this, the NH-RING domain of Nse1 has 

also been shown to be essential for the structural stability of the Nse1-Nse4-Nse3 

subcomplex [Pebernard et al., 2008 (1)]. The function and folding of RING domains depends 

on the specific arrangement of the zinc coordinated residues and their integrity [Metzger et 

al., 2014, Borden and Freemont, 1996]. Moreover, the presence of zinc ions contributes to 

the stability of proteins [Kluska et al., 2018]. 

 

Based on these findings, it is probable that the Nse1 RING domain is also essential for the 

stability of the Nse1 protein, as well as for the stability of the whole Smc5/6 complex. In 

agreement with this, we have shown that NSE1 mutant cells carrying a point mutation or a 

deletion in the RING domain result in lower levels of Nse1. Our results suggest that the low 

https://www.sciencedirect.com/science/article/pii/S0010854517305441#!
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Nse1 protein level in point mutants is due to a shorter half-life, relative to its wild type 

counterpart and depends on an active proteasome. On the other hand, our finding that 

MG132 inhibitor has no significant effect on the accumulation of wild type Nse1, suggests 

that the wild type Nse1 is stable and has a long turnover in cells. In contrast, the truncated 

Nse1-ΔR protein could not be detected after treatment with the proteasome inhibitor 

MG132 or the NEDD8-activating enzyme inhibitor MLN (Fig. 7). NSE1 mRNA levels are 

substantially lower in RING mutants than in wild type cells, although we currently do no 

understand why. In any case, the presence of a mutant NSE1 mRNA gene suggests that the 

mutant Nse1 protein is translated but is probably very rapidly degraded. Since the protein 

levels of Nse1 point and truncated mutants differs in their proteasome dependency, we 

propose that each type of mutant is degraded through different pathways. The main 

pathways that control the proteolysis in eukaryotic cells are ubiquitin-proteasome system 

(UPS) and autophagy-lysosome system (ALS). UPS is normally involved in degradation of 

short-lived proteins, whereas ALS degrades long-lived proteins. Even though the two 

pathways are distinct, they are functionally related. Recently, it has been shown that the 

proteasome inhibition activates the autophagic degradation pathway [Ji and Kwon, 2017]. 

In addition, some proteins can be targeted for degradation by both pathways [Korolchuk et 

al., 2010]. Based on this, we suggest that the Nse1 protein in NSE1-ΔR mutants accumulates 

into aggresomes and is degraded by autophagy. Another possibility could be that the Nse1-

ΔR protein accumulates to such extremely low levels that cannot even be detected after 

proteasome inhibition. An analogous effect has been previously observed upon expression 

of mutant versions of the yeast Nse1 protein in insect cells, where the protein truncated in 

the RING domain is expressed at much lower levels than point mutants in zinc-coordinating 

residues [Pebernard et al., 2008 (1)].  

 

The inhibition of UPS normally leads to accumulation of polyubiquitinated proteins. 

However, we could not detect Nse1-ubiquitylated forms in NSE1 mutant cells. Based on 

previous studies showing that prolonged proteasome inhibition increases protein 

insolubility [Pilecka et al., 2011], and promotes formation of protein aggregates [Ardley et 

al., 2003, Xiong et al., 2013] we suppose that long-term treatment with MG132 might alters 

the solubility of the mutant Nse1-ΔR protein, leading to formation of ubiquitylated insoluble 

protein aggregates.  

  

We also found that mutations in the Nse1 RING domain cause the loss of Smc5, Smc6 and 

Nse4 (but not Nse2) protein levels. This probably suggests that the RING domain is essential 

not only for Nse1 stability, but also for the stability of most subunits in the Smc5/6 complex. 

In fact, earlier studies in yeast and human cells have shown that the loss of only one subunit 

in the Smc5/6 complex leads to decreased levels of the rest of subunits [Zhao and Blobel, 

2005, Taylor et al., 2008]. Moreover, mutations in the NSMCE3 gene, leading to a 

chromosome breakage syndrome, also destabilize most Smc5/6 subunits [van der Crabben 

et al., 2016]. One exception to global Smc5/6 depletion upon loss of a subunit seems to be 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Korolchuk%20VI%5BAuthor%5D&cauthor=true&cauthor_uid=20040365
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Nse2. The observation that Nse2 protein levels are not affected in NSE1 mutant cells 

suggests that Nse2 and Smc5/6 protein levels in human cells are regulated independently. 

In accordance, various studies in chicken and human cells have shown that downregulation 

of Nse2 (NSMCE2) does not reduce expression of Smc5 and Smc6, indicating that the 

stability of the Smc5/6 complex is probably not affected by Nse2 [Kliszczak et al., 2012, 

Taylor et al., 2008, Verver et al., 2016, Pond et al., 2019]. A possible explanation for this 

could be that Nse2 binds to the arm of Smc5 and contrary to the other subunits, may not be 

directly involved in ATPase-dependent loading of the complex onto DNA [Jeppsson et al. 

2014 (2)]. 

 

Based on the observations presented here, one possibility is that most subunits in the 

Smc5/6 complex are degraded after loss of the Nse1 protein. However, it is also possible 

that the lack of a properly folded RING domain in Smc5/6 targets the entire complex for 

proteasomal degradation. Our study also indicates that an unfolded RING domain is not 

intrinsically unstable. This is supported by the observation that the levels of expression of 

an Nse1 C-terminal RING domain (lacking the N-terminus), are not affected by C-A 

mutations in the RING domain (Fig. 17), while an Nse1 protein lacking the C-terminal RING 

domain is more unstable (Fig. 17). Thus, it is not the RING mutations per se that destabilize 

NSE1-A mutants. We speculate that the RING could hinder a degron sequence in the N-

terminal domain of the protein (or somewhere else in the Smc5/6 complex). Unfolding, 

truncation or physical relocation of the RING domain would expose this sequence, leading 

to ubiquitylation and destruction. Hence, it would be very interesting to test at what point 

RING mutants are targeted for destruction. We hypothesize that this could require (i) 

interaction with Nse3; (ii) assembly of an Nse1-Nse3-Nse4 subcomplex; or (iii) incorporation 

into the Smc5/6 complex. This degradation could be part of a quality control mechanism to 

ensure the presence of properly folded and active Smc5/6 complexes. However, it is also 

intriguing to speculate that targeted degradation of Smc5/6 might be physiologically 

relevant, even in wild type complexes. For example, the association and dissociation of 

Smc5/6 from DNA, which is probably linked to chromosome disjunction, might require the 

targeted desctruction of specific Smc5/6 molecules. This destruction could depend upon 

displacement of the RING domain from its normal position within the Smc5/6 complex. This 

situation would be mimicked by Nse1-RING mutants but this time leading to complete 

destruction of the Smc5/6 cellular pools.    

 

Another interesting finding of this thesis connecting Smc5/6-Nse1 to ubiquitylation and 

degradation is the observation that Nse1 can interact with the TRUSS protein. Recently, the 

hepatitis B viral protein HBx has been shown to interact with the DDB1-CUL4 E3 ligase 

complex and trigger ubiquitylation of the Smc5/6 complex for proteasomal degradation 

*Decorsière et al., 2016+. On the other hand, TRUSS is targeted for degradation by the Skp2 

ligase. However, in the presence of HBx protein, TRUSS is stabilized [Jamal et al., 2015]. 

Thus, it could be possible that, similar to Skp2, Nse1 promotes ubiquitylation and 
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degradation of TRUSS. If this was true, HBx would interact with DDB1-CUL4 E3 ligase 

complex during HBV infection, promoting degradation of the Smc5/6 complex and thus 

stabilizing TRUSS. However, a recent study has proposed a model in which the PJA1 RING E3 

ligase competes with Nse1 for interaction with Smc5/6 complex during HBV infection, to 

facilitate the binding of the Smc5/6 complex to episomal viral DNA [Xu et al., 2018]. Since 

TRUSS can also trigger ubiquitylation, another possibility is that TRUSS binds to Nse1 and 

other proteins to promote Smc5/6 degradation. However, the levels of endogenous Nse1 

are not lowered after TRUSS overexpression, what suggests that TRUSS does not normally 

alter Nse1 stability. Nevertheless, all these hypotheses remain to be further elucidated to 

understand the possible functional relationships between Smc5/6 complex, TRUSS and HBx. 

 

To our surprise, we could not detect a specific region of TRUSS required for the TRUSS-Nse1 

interaction. Our immunoprecipitation analysis indicates that Nse1 can interact physically 

with different regions of TRUSS. Besides, TRUSS interacts with the N-terminal region of Nse1 

and does not require the RING domain. As Nse3 and TRUSS interact with the same region of 

Nse1, it is possible that the function of the Nse1-TRUSS interaction is not directly related to 

the Smc5/6 complex, as it is the case with Nse1-MAGE-F1 interaction. However, if both 

proteins compete for binding to Nse1 and are mutualy exclusive, the TRUSS-Nse1 

interaction might directly affect the number of active Smc5/6 molecules in the cell, altering 

its function. Consistent with this is the observation that overexpression of Nse1 and TRUSS 

show a cytoplasmic localization. A cytoplasmic retention mechanism could have an impact 

in nuclear Smc5/6 availability.  

 

3. Role of human Nse1 and Smc5/6 complex in genomic stability   
 

The Smc5/6 complex plays essential roles in chromosome segregation and in post-

replicative DNA repair [Aragon, 2018, Palecek, 2019]. The function of this evolutionary 

conserved protein complex has been mainly studied in budding and fission yeast, which are 

more amenable to genetic manipulation. Although recent efforts have allowed the 

development of conditional Smc5/6 mutants in human cells [Venegas et al., 2020], very 

little is known about the roles of this protein complex in humans. Based on our immunoblot 

analysis, expression of Smc5/6 complex subunits is severely impaired in NSE1 RING mutant 

cells (Fig. 7 e). This observation allowed us to explore the use of HEK293T NSE1 mutant cells 

as a model for (almost) complete Nse1 knockdown. This experimental approach has 

enabled us to study the role of the Smc5/6 complex in genome stability in human cells.  

 

Mutation of the RING domain in Nse1 affects cell cycle proliferation and genomic integrity 

All core subunits in the Smc5/6 complex are essential for cell survival in yeast, plant and 

mammalian cells [Harvey, 2004, Li et al, 2017, Ju et al., 2013]. The only exceptions are Nse5 

and Nse6 subunits in fission yeast, which seem not to be essential for viability [Pebernard et 
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al., 2006]. The loss of any subunit results in destabilization and impaired cellular function of 

the Smc5/6 complex. For example, homozygous mutations in NSMCE2 and SMC6 cause 

lethality in mouse embryos [Jacome et al., 2015, Ju et al., 2013]. In contrast to these 

findings, NSE1 mutant cells are viable. This apparent contradiction may be explained by the 

fact that HEK293T is a SV40-T transformed human cell line with a severe and unstable 

aneuploid karyotype. It is possible that copy number alterations present in this cell line can 

genetically interact with the NSE1 mutations, allowing cellular growth. In fact, it is even 

possible that a particular genotype was preferentially picked up during selection and 

amplification of CRISPR-derived NSE1 mutant clones, allowing their survival. In any case, 

HEK293T NSE1 mutant cells display a very slow growth phenotype, which is dependent 

upon low Nse1 protein expression. In agreement with this, a previous study showed that 

Smc5-depleted DT-40 chicken cells, which also have a slight abnormal karyotype, display 

slower growth compared to wild type cells [Stephan et al., 2011].  

 

Further characterization of NSE1 mutants showed that all the clones analyzed share a 

similar phenotype. Besides slow growth, which was previously observed in yeast and 

mammalian cells downregulated for the Smc5/6 complex [McDonald et al., 2003, Hu et al., 

2005, Ampatzidou et al, 2006, Ni et al., 2012, Verver et al., 2016], we also detected changes 

in cell morphology, such as bigger cells and presence of cytoplasmic vacuoles, indicating 

increased cellular stress. In striking contrast to the slow-growth phenotype, FACS analysis 

revealed no particular arrest at any phase of the cell cycle in NSE1 mutant cells. Even 

though flow cytometry did not show gross changes in cell cycle distribution, we observed 

that NSE1 mutants have more cells with less than G1 DNA content and more than G2 

content. These abnormal DNA content most probably reflect defects in chromosome 

segregation as well as apoptotic and polyploid cells. Since NSE1 mutant cells proliferate 

more slowly without substantially alteration of the FACS profile, it seems logical to conclude 

that all cell cycle phases are elongated to a similar extent. It is worth keeping in mind that 

the appearance of non-viable cells also contributes to a longer doubling time. However, 

time-lapse analysis of cells undergoing mitosis shows that the duration of this phase is 

almost doubled in mutant relative to wild type cells. Overall, these observations are 

surprising, as most alterations in cell cycle progression normally trigger the activation of 

checkpoints, promoting arrest at specific phases, something that was not observed in the 

FACS analysis with propidium iodide staining or using the mitosis-specific MPM-2 marker. 

Therefore, we propose that NSE1 mutants have partially activated checkpoint responses, 

which transiently arrest cells in G1, in mitosis and slow down S phase. In agreement, sub-

threshold DNA damage levels do not elicit a full checkpoint response, allowing cell cycle 

progression [Fragkos and Naim, 2017]. Thus, we cannot exclude that the levels of 

endogenous DNA damage in NSE1 mutants might not be sufficient to activate a full 

checkpoint response and promote cell cycle arrest.  
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It is currently unclear what causes the accumulation of endogenous DNA damage in NSE1 

mutant cells, although we can attribute it to defects in recombinational repair and 

chromosome segregation, based on previous studies in yeast. Interestingly, a recent study 

has shown that Smc5/6 depletion in G1-arrested cells does not alter S phase or mitotic 

entry, despite leading to chromosome non-disjunction during the first anaphase [Venegas et 

al, 2020]. Thus, the consequences of Smc5/6 inactivation are similar in humans and in 

budding yeast, and are most probably related to the formation of pathological structures 

during DNA replication in the absence of the Smc5/6 complex [Torres-Rosell et al., 2005 (1), 

Torres-Rosell et al., 2007(1), Bermúdez-López et al, 2010+. Analogously to the yeast 

situation, chromosome segregation defects do not stem from an inability to activate the 

DNA damage checkpoint, as treatment with DNA damage induces a mitotic arrest in 

Smc5/6-depleted cells [Venegas et al., 2020]. In addition, the sustained lack of the human 

Smc5/6 complex promotes mild endogenous DNA damage, detected as increased Chk2 and 

γH2AX phosphorylation and increased p53 and p21 expression, resulting in cellular 

senescence [Venegas et al., 2020]. This would occur in ensuing cell cycles, because of 

anaphase bridges and chromosome breakage in the first mitosis after Smc5/6 inactivation. 

From this point of view, HEK293T NSE1 mutants must represent a chronification of a 

pathological state of chromosome segregation and repair deficiency. Previous studies have 

also shown that cells depleted for Smc5/6 complex have increased levels of γH2AX foci, 

suggesting stalled or collapsed replication forks and accumulation of DSBs [Gallego-Paez et 

al., 2014, Verver et al., 2016]. In accordance, here we show that NSE1 mutants affected in 

their RING domain also have higher levels of γH2AX than wild type cells. γH2AX 

phosphorylation depends on the DNA damage checkpoint [Dickey et al, 2009], suggesting 

that this checkpoint is functional in NSE1 mutant cells, although partially activated as a 

result of Smc5/6 deficiency. It is worth noting that the HEK293T cells used in this thesis 

express the large tumor antigen (T antigen) of simian virus 40 (SV40), which directly inhibits 

p53 [Ahuja et al., 2005]. Thus, it is highly probable that NSE1 mutant cells escape 

senescence due to T-antigen mediated p53 inhibition, in spite of constitutive basal 

checkpoint activation.  

 

The higher levels of endogenous DNA damage and the abrogation of the p53-branch of the 

DNA damage checkpoint should lead to the upregulation of genome instability markers in 

NSE1 mutant cells. To corroborate this, we monitored various markers for genomic 

instability, such as the presence of micronuclei (MN), BLM foci and sister chromatid 

exchanges (SCE). We found that NSE1 mutants show a higher incidence of micronuclei. 

Micronuclei are chromosomal fragments resulting from DNA breaks or lagging chromosome 

[Fenech et al., 2011]. The high frequency of MN may be related to an abnormal mitosis in 

NSE1 mutant cells. Several other studies using plant, mice, human cell lines and patient cells 

deficient for Smc5/6 complex have also observed increased levels of micronuclei [Zelkowski 

et al, 2019, Jacome et al., 2015, Gallego-Paez et al., 2014, Payne et al., 2014, van der 

Crabben et al., 2016].  
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In addition, NSE1 mutant cells show a significant increase in BLM foci. BLM is a helicase that 

regulates DNA repair by resolution of recombination intermediates. Mutations in the BLM 

gene cause a genetic disorder known as Bloom syndrome (BS). Cells from BS patients show 

high SCE levels, hyper-recombination and chromosomal instability which induce several 

abnormalities such as growth defects, immune deficiency and cancer susceptibility [Ellis et 

al, 2008]. The high number of BLM foci was also documented in previous reports using 

human cell lines and primary cells, derived from patients with SMC5/6 mutations [Gallego-

Paez et al., 2014, van der Crabben et al., 2016, Payne et al., 2014+. Similar to the patients’ 

phenotype with BS, we have also detected elevated rates of SCE in NSE1 mutant cells. This 

confirms an anti-crossover function the Smc5/6 complex during recombinational repair.  

Our result is in agreement with several other studies using chicken [Stephan et al., 2011], 

mice [Jacome et al., 2015, Ju et al., 2013] and primary cells from patients with impaired 

Smc5/6 function [Payne et al. 2014]. In addition, they indicate a conserved anti-

recombinogenic function for the Smc5/6 complex at replication forks, as previously 

described in budding yeast [Torres-Rosell et al., 2005(1), Torres-Rosell et al., 2007(1), 

Torres-Rosell et al., 2007(2),  Bermúdez-López et al, 2010+. In fact, BLM function at forks and 

joint molecules requires Smc5/6-dependent SUMOylation, a regulation that is also 

conserved in evolution [Bermudez-Lopez et al., 2016, Bonner et al., 2016, Pond et al., 2019]. 

 

Finally, we would like to emphasize that the similarities between the phenotype of NSE1 

RING mutants and hypomorphic yeast smc5/6 mutants suggest that we did not have off-

targets effects during Cas9 expression. To confirm this, we rescued most of the NSE1 

mutant phenotypes described in this thesis, including slow growth, expression of Smc5/6 

subunits, γH2AX levels and replication fork progression, by ectopically expressing wild type 

NSE1. Thus, the genomic instability defects of 293T NSE1 cells are perfectly reversible and 

can be fixed by re-expression of wild type NSMCE1. 

 

Fiber analysis shows altered DNA replication fork rates in NSE1 mutant cells 

The function of the Smc5/6 complex is intimately connected to S phase and to replication 

forks. Thus, it is possible that the defects in genome integrity in NSE1 mutant cells stem 

from alterations in replication fork progression. In fact, DNA replication is delayed at 

repetitive regions in yeast cells with no functional Smc5/6 complex, suggesting lower fork 

progression rates at these loci *Torres‐Rosell et al., 2007(1)+. Thus, we analyzed DNA 

replication in HEK293T NSE1 mutant cells using a DNA fiber assay in collaboration with Neus 

Agell’s group in Universitat de Barcelona. Analysis of single fibers indicates that NSE1-ΔR 

mutants exhibit a significantly slower fork progression rate, compared to wild type cells. In 

accordance, FACS analysis with BrdU also shows a slower progression through S phase. In 

addition, our analysis indicates that NSE1-ΔR mutant cells do not accumulate stalled 

replication forks, neither reduce origin firing. Therefore, we can conclude that the slower S 

phase in NSE1 mutant cells can be attributed to a global lower progression rate at individual 

forks.  
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The most straightforward explanation for the effect of NSE1 mutants in fork rates is that 

Smc5/6 directly promotes the movement of replication forks either directly or through local 

chromatin organization behind replication forks. In this sense, Smc5/6 is required to allow 

replication fork progression through fork blocks in budding yeast [Torres-Rosell et al., 2007 

(1)]. In addition, Smc5/6 has been proposed to regulate the topology of replication forks, 

thus promoting fork progression [Kegel et al., 2011].  

 

Earlier studies in yeast have proposed that inhibition of origin firing is checkpoint-

dependent, whereas fork slowing and stalling can occur in the absence of checkpoint 

activation through a direct result of DNA damage [Iyer and Rhind, 2017, Tercero and Diffley, 

2001, Kumar and Huberman, 2009]. In mammalian cells, slowing of replication forks and 

inhibition of origin firing seems to be both dependent on S phase checkpoint activation 

[Seiler et al, 2007, Unsal-Kaçmaz et al., 2007+. However, a study using human cells has 

proposed that the slowing of replication forks could be also a consequence of checkpoint-

independent mechanisms [Merrick et al., 2004]. 

 

Our results are in contrast to previous reports from other groups, showing that Nse2 

depletion does alter replication fork rates [Jacome et al., 2015, Pond et al., 2019]. 

Differences may be due to the fact that depletion of Nse2 does not destabilize the Smc5/6 

complex, which could still be present to maintain normal replication fork rates. However, it 

is also worth noting that degradation of Smc5/6 subunits during the first S phase does not 

alter replication fork rates [Venegas et al., 2020]. In fact, transient depletion of NSE1 with 

siRNA in RPE cells does not affect fork rates (Fernando Unzueta and Neus Agell, personal 

communication). Thus, it seems that the low replication fork rate in HEK293T NSE1 mutant 

cells is most probably not a primary effect, but the consequence of cell cycling without 

Smc5/6 function for two or more generations. It is also possible that the alteration in fork 

rate is due to the combination of not having a Smc5/6 complex plus the accumulation of 

endogenous DNA damage (itself derived from Smc5/6 inactivity). We currently do not think 

that the amount of endogenous DNA damage and replicative stress is sufficiently high to 

mount a checkpoint response in NSE1 cells, as we did not observe inhibition of origin firing. 

 

Another possible explanation of our result may be the absence of p53 function in 293T cells, 

which could abrogate specific checkpoint responses. The function of p53 in S phase 

checkpoint is still not fully understood: some studies have suggested that p53 does not 

affect the S phase checkpoint, while others have proposed that p53 is S phase checkpoint-

dependent, preventing cells from entering into mitosis with incomplete replication [Giono 

and Manfredi, 2006]. However, human cells lacking p53 with active S phase checkpoint 

show slow fork progression that is supposed to be not dependent on checkpoints [Merrick 

et al., 2004]. 
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In summary, based on our results and previous findings, we propose that Nse1-deficient 

cells proceed into mitosis without proper completion of S phase, mainly due to the lack of 

Smc5/6 complex. The defects generated during this S phase are not under checkpoint 

surveillance. However, chromosomes suffer from non-disjunction and anaphase bridges 

during the first mitosis after loss of Smc5/6. This must lead to the appearance of lagging 

chromosomes, micronuclei and low activation of the DNA damage checkpoint in the next 

cell cycle, eventually triggering the gradual loss of genomic integrity. The combination of 

DNA damage and low Smc5/6 expression in the following cycles leads to further defects in 

replication fork progression. Thus, it is very likely that the initial alterations at replication 

forks, which are probably still present in the progeny, eventually lead to a slower replication 

fork progression. A future work is needed to support this assumption in human cells. 

 

 

4. The Smc5/6 complex and FANCM maintain the genomic stability by regulating 

alternative repair pathways in human cells 

 

The Smc5/6 complex plays a key role in chromosome disjunction by removing toxic 

recombination intermediates that accumulate at stalled or damaged replication forks. In 

budding yeast, the Smc5/6 complex seems to counteract these recombination structures 

facilitating their dissolution by SUMOylation of the RecQ helicase (Sgs1/BLM) or preventing 

their accumulation by restricting Mph1 helicase fork regression activity [Bermúdez-López et 

al., 2016, Chen et al., 2009, Bonner et al., 2016]. Inactivation of the helicase activity of 

Mph1 (the yeast homolog of human FANCM) suppresses the accumulation of 

recombination intermediates in smc5/6 mutants. Besides, it allows growth of smc5/6 

knockout cells and alleviates the sensitivity to genotoxic drugs, as well as the thermo-

sensitivity of smc5/6 mutant cells [Chen et al., 2009]. This effect is a result of direct Mph1 

inhibition by physical binding to Smc5 [Xue et al., 2015]. Due to the significant homology of 

the yeast Mph1 with the human FANCM, we hypothesized that the genetic interaction 

between Smc5/6 complex and FANCM would be conserved in higher eukaryotes. However, 

in contradiction to the previous study in budding yeast, we found that downregulation of 

FANCM does not rescue SMC5/6 mutants. Thus, our results indicate for the first time that 

unlike in budding yeast, the Smc5/6 complex and FANCM in human cells would function in 

distinct genetic pathways and act independently in the maintenance of genomic stability. 

 

The synthetic sickness interaction between Smc5 and FANCM indicates that both genes act 

synergistically to promote genome integrity by operating through distinct DNA repair 

pathways. The lack of suppression of Smc5/6-depleted cells by FANCM KO indicates that the 

essential function of the Smc5/6 complex in human cells is not related to FANCM inhibition. 

Thus, the Smc5/6 complex may not be involved in the regulation of replication fork 

regression in human cells. However, we cannot discard that the function of Smc5/6 at forks 

is conserved in evolution, but through inhibition of other helicases. Numerous motor 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Berm%26%23x000fa%3Bdez-L%26%23x000f3%3Bpez%20M%5BAuthor%5D&cauthor=true&cauthor_uid=20571088
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proteins catalyze replication fork regression in higher eukaryotes. Besides FANCM, 

SMARCAL1, HTLF, ZRANB3 and FBH1 helicases also promote fork regression and can 

recognize different types of fork structures in human cells [Quinet et al., 2017]. DNA 

helicases SMARCAL1 and ZRANB3 are not present in yeasts, and are positively regulated by 

PCNA polyubiquitylation. SMARCAL1 is negatively regulated through phosphorylation by 

checkpoint kinases. The negative regulator for ZRANB3 has not been yet identified 

[Bansbach et al., 2010, Poole and Cortez, 2017]. Based on these findings, it may be also 

possible that these helicases are negatively regulated by other post-translational 

modifications, including SUMOylation or by protein-protein interactions, where the Smc5/6 

complex could be implicated. In order to test if Smc5/6 complex functions as a negative 

regulator of some of these proteins, the genetic interactions between each type of DNA 

helicase and the Smc5/6 complex should be tested. 

  

Despite the strong evolutionary conservation between Mph1 and FANCM, there are some 

functional and structural differences. Unlike the yeast Mph1, which is directly involved in HR 

repair and physically interacts with Smc5, FANCM is mainly implicated in the interstrand 

cross-link (ICL) repair, regulated by FA pathway, although loss-of-function mutations in 

FANCM cause a cancer predisposition syndrome clinically distinct from bona fide Fanconi 

Anemia (FA) [Bogliolo et al., 2018]. Besides, a direct interaction with the Smc5/6 complex 

has not yet been identified [Heyer, 2015, Yimit et al., 2016, Chen et al., 2009, Xue et al., 

2008]. Additionally, a fully conserved FA-like ICL repair pathway in yeast has not been yet 

described, although several putative homologs of FA proteins were found [Daee et al., 2012, 

Xue et al., 2015]. However, the finding that the Smc5/6 complex is recruited to ICLs in 

mammalian cells could suggest a possible conserved connection between the Smc5/6 

complex and Mph1 during the ICL repair *Räschle et al., 2015+. The specific role of the 

Smc5/6 complex at ICL stalled replication forks and its regulation remains to be elucidated. 

Probably, the Smc5/6 complex is recruited at ICL lesions in order to regulate the anti-

recombinogenic function of BLM helicase or to recruit or regulate other DNA repair 

proteins. Apart from the functional differences, there is also some dissimilarity in the 

domain organization of Mph1 and FANCM. Even though, they share the same SF2 helicase 

domain at C-terminal part and MHF binding site, the FANCM protein is bigger and also 

contains non-functional ERCC4 nuclease domain,  as well as RMI binding site and HhH (a 

tandem helix-hairpin-helix) domain at N-terminus [Xue et al., 2015]. Unlike Mph1, FANCM 

does not show a DNA-unwinding activity and functions as a DNA translocase promoting fork 

reversal and preventing formation of DSBs [Knoll et al., 2012, Wang et al., 2018 (2)]. 

Additionally, FANCM interacts directly with RMI1 through its RMI binding site and recruits 

BLM-TOPOIIIα-RMI1–RMI2 complex to stalled replication forks [Wang et al., 2013, Deans 

and West, 2011]. However, BLM can be also recruited by alternative mechanisms and does 

not depend only on the FANCM [Wang et al., 2013]. The BLM complex dissolves joint 

molecules in HR with the aid of Smc5/6 complex SUMOylation, and is also required in cell 

cycle progression during mitosis [Yang et al., 2012, Pradhan et al., 2013]. 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Bansbach%20CE%5BAuthor%5D&cauthor=true&cauthor_uid=21327070
https://www.ncbi.nlm.nih.gov/pubmed/?term=Poole%20LA%5BAuthor%5D&cauthor=true&cauthor_uid=26578802
https://www.ncbi.nlm.nih.gov/pubmed/?term=Heyer%20WD%5BAuthor%5D&cauthor=true&cauthor_uid=20690856
https://www.ncbi.nlm.nih.gov/pubmed/?term=Pradhan%20A%5BAuthor%5D&cauthor=true&cauthor_uid=24108125
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The observed differences between Mph1 and FANCM indicate that the two proteins are not 

fully conserved in evolution and apart from their shared role in fork regression and DNA D-

loop dissociation, they can mediate also distinct functions in yeast and human cells. 

 

Apart from its role in the FA-core complex, FANCM complex (FANCM-FAAP24-MHF1&2) 

exerts important functions in DNA repair. Individuals with FANCM mutations are associated 

with a higher risk of breast cancer and FANCM, as previously mentioned,  has a 

fundamental role in recruiting Bloom complex (BLM-TOPOIIIα-RMI1-RMI2) and in 

remodeling stalled DNA replications forks [Deans and West, 2009]. FANCM has a role in 

common fragile sites (CFS) protection, in order to prevent chromosomal breakage, 

independently of the rest of FA-core components and the FANCI-FANCD2 complex. This 

function is not redundant with Rad52 or BLM [Wang et al., 2018 (1); Wang et al., 2018 (2)]. 

In addition, patient-derived FANCM mutant fibroblasts used in this thesis show slower 

growth rate than WT cells, present chromosome fragility, ICL sensitivity, and cell cycle 

alterations typical of a Fanconi Anemia (FA) cellular phenotype, but patients did not present 

congenital malformations or bone marrow failure (BMF), associated to FA [Bogliolo et al., 

2018]. 

  

We can assume that upon endogenous DNA damage, loss of FANCM results in defective FA 

pathway/or defective CFS protection, and unresolved secondary structures, leading to 

collapsed forks that generate DSBs. Since the HR repair pathway is still active, we suggest 

that with the aid of the Smc5/6 complex, some of the DSBs and subsequent recombination 

intermediates could be further repaired. This can explain our and others results showing 

slower but not inhibited proliferation in FANCM deficient cells [Wang et al., 2018(1), Wang 

et al., 2018(2)]. 

  

Contrary to FANCM, the Smc5/6 complex is essential for cell viability. According to our 

results loss of Smc5 in human fibroblasts leads to gross defects in cell proliferation. This 

inhibitory effect is even stronger when expression of FANCM is also downregulated, leading 

to extremely slow cell growth. In contrast to our finding, a recent study has indicated that 

human cells depleted for either Smc5 or both Smc5 and FANCM show very similar 

proliferation rate, indicating that the Smc5/6 complex act cooperatively with some proteins 

of FA pathway in ICL repair [Rossi et al., 2020]. This discrepancy is probably due to different 

techniques of protein depletion, and/or different types of cell lines used. In fact, in HeLa 

cells used in that study, FANCM depletion using siRNA did not cause a slower growth rate, 

whereas the FANCM KO patient-derived fibroblasts used in our experiments did present a 

delay in growth, compared to FANCM WT cells. This difference could be explained by the 

the different rounds of cell cycles that cells with depleted target genes did undergo at the 

time of the experiment. In our experiment, FANCM mutant cells underwent more cell 

divisions at the moment we depleted Smc5, therefore, they probably had accumulated 
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more alterations. In the study presented above, both proteins, Smc5 and FANCM were 

depleted at the same time and cells underwent few cell divisions. Regarding patient-derived 

fibroblasts, we should expect that FANCM depletion would lead to defects in the repair of 

spontaneous DNA damage. Therefore, complete depletion of Smc5 in these cells would 

better represent the actual effect of both mutations in human cells. Unrepaired 

recombination intermediates induce the formation of different types of chromatin bridges 

*Fernández-Casañas and Chan, 2018+. Unresolved DNA bridges in turn lead to chromosomal 

nondisjunction and cytokinesis failure. This is in agreement with our finding showing that 

human cells deficient for both FANCM and Smc5/6 complex display a higher number of DNA 

bridges. This phenotype is also accompanied by a higher cell death rate and an increased 

number of micronuclei and aberrant nuclei. In accordance with these assumptions and 

similar to our result are two independent studies showing that cells depleted for both 

FANCM and BLM or FANCM and Rad52 are synthetic lethal and function independently in 

repair pathways [Wang et al., 2018 (1), Wang et al., 2018 (2)]. 

 

Based on this and since we know that SUMOylation of the Smc5/6 complex is required for 

both BLM and Rad52 to exert their functions, it seems relevant to consider that our double 

mutants show additive effects due to the role of the Smc5/6 complex in resolution of 

recombination intermediates. We can also propose that both proteins are crucial in 

processing of damaged forks based on their role in preventing accumulation of 

recombination molecules and other DNA structures. Hence, we suggest that the 

simultaneous depletion of FANCM and Smc5 cause defects in different repair pathways. 

 

Based on our results, we can propose a model supposing that the increased genomic 

instability in human fibroblasts co-depleted for Smc5/6 complex and FANCM is due to 

unresolved joint molecules and DSBs as a result of the concurrent impair of Smc5/6 function 

in fork restart and HR, FANCM-dependent fork regression, and FA pathway. Future research 

is needed to better understand the exact role of the Smc5/6 complex and FANCM in repair 

mechanisms.  
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CONCLUSIONS 
 

 

1. The RING domain of Nse1 is necessary for the stability of the protein and the Smc5/6 

complex. 

2. Human cells with mutations in the RING domain of Nse1 (NSE1 mutants) display slow 

growth phenotype and prolonged mitosis. 

3. NSE1 mutant cells show sensitivity to MMS treatment. 

4. NSE1 mutants experience spontaneous endogenous DNA damage, manifesting in higher 

levels of γH2AX, sister chromatid exchanges (SCEs), BLM foci and micronuclei. 

5. DNA fiber analysis revealed significantly slower replication fork progression in NSE1 

mutants. 

6. Ectopically expressed NSE1 rescued the wild type phenotype in NSE1 mutant cells. 

7. The Smc5/6 complex and FANCM maintain the genomic integrity by operating in distinct 

repair pathways indicating that the genetic interaction between the yeast Smc5/6 complex 

and Mph1 helicase (FANCM in humans) is not conserved in human cells. 

8. Human fibroblasts deficient for both Smc5 and FANCM show extremely slow growth and 

higher death rates, accompanied by higher levels of chromosomal instability and failure in 

cytokinesis.  

9. Human Nse1 physically interacts with different domains of TRUSS, whereas TRUSS 

interacts with the N-terminal region of Nse1. 
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