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Abstract 

Mammalian Rap1-interacting factor 1 (RIF1) is a multifunctional protein required for DNA 

replication timing, restart of stalled replication forks, resolution of anaphase bridges and non-

homologous end joining (NHEJ) repair of DNA double-strand breaks (DSBs). NHEJ repair is 

essential in certain contexts but can be detrimental in others. On one hand, defective NHEJ 

hampers the ability of B lymphocytes to undergo antibody class switch recombination (CSR) and 

leads to life-threatening immunodeficiencies. On the other hand, the predominance of NHEJ 

over homologous recombination (HR) in HR-deficient cells can cause the accumulation of 

mutations, genomic aberrations, and tumorigenesis. DSB end resection is an important step in 

the DSB repair pathway choice and RIF1 promotes NHEJ repair partly by protecting DSB ends 

from extensive resection. How the process of DSB end protection is regulated, especially in the 

context of CSR, remains unclear. Specifically, the full picture of interactor proteins, as well as the 

post-translational modifications (PTMs) that may regulate RIF1 function in DSB repair, have 

not been defined yet. 

Therefore, the characterization of RIF1 interacting partners and PTMs will be instrumental for 

our understanding of the mechanisms underlying DSB end protection during CSR in B cells and 

genomic instability in HR-deficient cells. To this aim, first I conducted a loss-of-function screen 

to test the involvement of potential RIF1 interactors in isotype switching. I identified ARPC1A, 

a protein involved in actin polymerization, as a factor affecting CSR upon bulk somatic 

targeting. ARPC1A, whose function in CSR has not been reported yet, may represent a link 

between these two processes that so far were considered unrelated. Second, I assessed the 

requirement for DSB end protection of three RIF1 conserved, clustered SQ motifs that we 

found to be phosphorylated in primary B lymphocytes undergoing CSR. To investigate if the 

phosphorylation status of these sites contributed to modulate RIF1 function during DSB end 

protection, I generated and tested the ability of RIF1 phosphomutant cell lines to undergo CSR. 

I proved that the phosphorylation status of the conserved SQ cluster does not affect RIF1 

ability to support CSR. Furthermore, RIF1 phosphomutants failed to rescue genomic instability 

in a BRCA1-deficient background. These findings indicate that the phosphorylation of the 

conserved SQ sites is dispensable for RIF1 role in DSB end protection. 
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Zusammenfassung 

Das Rap1-interacting factor 1 (RIF1) ist ein multifunktionales Protein, welches unter anderem 

den Prozess der DNA-Replikation zeitlich koordiniert sowie am Neustart blockierter 

Replikationsgabeln, der Auflösung von Anaphase-Brücken und der Nicht-homologen 

Endverknüpfung (non-homologous end joining, NHEJ) von DNA-Doppelstrangbrüchen 

(DNA double-strand breaks, DSBs) beteiligt ist. Die NHEJ Reparatur ist in bestimmten 

Zusammenhängen unerlässlich, kann jedoch in anderen nachteilig sein. Einerseits 

beeinträchtigen Defekte in der NHEJ die Fähigkeit von B Lymphozyten, einen Antikörper-

Isotypen-Wechsel (class switch recombination, CSR) durchzuführen, was zu lebensbedrohlicher 

Immundefizienz führen kann. Andererseits kann eine Prädominanz des NHEJ im Vergleich zur 

homologen Rekombination (homologous recombination, HR) in HR-defizienten Zellen zur 

Akkumulation von Mutationen, genomischen Aberrationen und zur Tumorigenese führen. DSB-

Endresektion ist ein wichtiger Schritt im Signalweg der DSB-Reparatur und das RIF1 Protein 

fördert die NHEJ teils durch den Schutz der DSB-Enden vor extensiver Resektion. Wie der 

Schutz der DSB-Enden genau reguliert ist, vor allem im Kontext des CSR ist bisher nicht 

untersucht. Insbesondere ist bisher nichts über die Gesamtheit aller Interaktionspartner sowie 

die post-translationalen Modifikationen bekannt, welche die Funktion von RIF1 im Prozess der 

DSB-Reparatur regulieren könnten. 

Die Charakterisierung der Interaktionspartner von RIF1 sowie die Untersuchung seiner post-

translationalen Modifikationen wird daher entscheidend zum Verständnis der Mechanismen, die 

der DSB-Endprotektion während des CSR in B Zellen sowie der genomischen Instabilität in 

HR-defizienten Zellen unterliegen, beitragen. Folglich habe ich in dieser Studie zunächst ein 

Loss-of-Function Screen zur Untersuchung potentieller RIF1-Interaktionspartner im Prozess 

des CSR durchgeführt. Hierbei habe ich ARPC1A als ein Faktor identifiziert, welcher den CSR 

beeinflusst. ARPC1A ist ein Protein, welches in die Polymerisation von Aktin involviert ist und 

für welches bisher keine Funktion im Prozess des CSR beschrieben wurde; als solches könnte 

ARPC1A jedoch einen ersten Link zwischen diesen beiden Prozessen, die bisher als 

unzusammenhängend angesehen wurden, darstellen. 

Zudem habe ich den Einfluss dreier konservierter, geclusterter SQ Motive von RIF1 im Prozess 

der DSB-Endprotektion untersucht, bei welchen zuvor eine spezifische Phosphorylierung 

während des CSR in primären B Zellen festgestellt wurde. 

Um zu untersuchen, ob der Phosphorylierungs-Status dieser Abschnitte die Funktion von RIF1 

im Prozess der DSB-Endprotektion beeinflusst, habe ich RIF1-phosphomutante Zelllinien 
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generiert und deren Fähigkeit des CSR durchzuführen, untersucht. Hierbei konnte ich zeigen, 

dass der Phosphorylierungs-Status der konservierten SQ Cluster die Funktion von RIF1 im CSR 

nicht beeinflusst. Des Weiteren konnten die generierten RIF1-Phosphomutanten die 

genomische Instabilität in einem HR-defizienten Hintergrund nicht verhindern. Aus diesen 

Ergebnissen ist zu schließen, dass die Phosphorylierung der konservierten SQ Abschnitte keinen 

entscheidenden Einfluss auf die Rolle des RIF1 Proteins in der DSB-Endprotektion hat. 
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1.  Introduction 

 

1.1  The threats to genome stability and the importance of 

its maintenance 

The deoxyribonucleic acid (DNA) is the carrier of the genetic information in all 

cellular organisms. The way an organism develops, functions (by adapting and 

responding) and finally declines in a specific environment is dictated by its DNA. 

The extremely complex processes involved in these steps are coordinated via the 

finely regulated expression of the genetic code. In fact, in the course of evolution, 

reproduction and survival of the fittest organisms are permitted by their 

adaptations, which are then transferred to the following generations in the form of 

changes in the genetic code (mutations) and in the accessibility of specific genes 

(epigenetic marks). As we all know, these changes occur slowly in the course of 

millennia. 

Nonetheless, on a shorter timescale, the survival of an organism during its life is 

strictly dependent on the maintenance of the integrity of its genome. Despite the 

great stability of the DNA molecule1, its stability is put at risk by endogenous 

sources even in physiological conditions2,3. In fact, it was estimated that 

approximately 70,000 spontaneous DNA lesions occur in each human cell every 

day4. These aberrations can arise from heat, reactive oxygen species (ROS) 

generated during metabolic processes, mismatches introduced during DNA 

replication, spontaneous depurination/deamination, and many other endogenous 

sources2-4. Furthermore, exposition to environmental sources such as ultraviolet 

(UV) radiation, ionizing radiation (IR) and various chemical agents increase the risk 

to accumulate DNA damage5,6. Specifically, these sources create adducts that can 

hamper replication and transcription or cause base losses and DNA single-strand 

breaks (SSBs). The most deleterious type of damage, namely DNA double-strand 
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breaks (DSBs), occurs when the replication fork encounters a SSB or when two 

SSB nicks on complementary strands are in close proximity to each other7. 

Any unrepaired damage to the DNA not only can cause cell death or apoptosis 

but, if accumulated, it can cause mutations leading to cellular dysfunctions and 

ultimately to tumorigenesis. Additionally, during the physiological processes that 

rely on genetic rearrangements (i.e. those required for antibody diversification in B 

lymphocytes), cells need to specifically induce and repair DNA damage. Hence, a 

prompt DNA damage response (DDR) is necessary for preserving the genetic 

material and the physiology of the organism. 

 

1.2  DNA double-strand breaks 

DSBs represent one of the major cytotoxic DNA lesions contributing to genomic 

instability. These specific lesions can lead to the buildup of genetic abnormalities 

such as chromosome translocations, point mutations, insertion, and deletions. 

Hence, cells developed specific types of machinery intended to timely identify and 

repair them8. 

Once a DSB has been located, the configuration of its ends (“blunt” or “5’ 

overhang”), the high order structure of the surrounding chromatin (euchromatin 

or heterochromatin) and, most prominently, the affected genes and the stage of the 

cell cycle, dictate how it will be repaired5,9-11. As it will be later described, cells can 

choose between different DSB repair pathways and an adequate choice is needed 

to avoid the accumulation of genomic instability as well as to ensure the positive 

outcome of those physiological processes that require programmed DSBs. 

 

1.2.1  Sensing the break: the beginning of the DDR 

Considering the amount of DNA damage that a cell needs to deal with each day, it 

is not surprising to know that, besides the repair mechanisms, the complexity of 
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the DDR lays in those factors dedicated to the “genome integrity and cell cycle 

surveillance”. In fact, the earliest stages of DSB sensing remain unclear, but most 

recent studies suggest that PARP1 (Poly(ADP-ribose) polymerase-1), MRN 

(MRE11-RAD50-NBS1) and Ku (Ku70/80) complexes are the primary DSB 

sensors12,13 (Fig. 1A).  

PARP1 is an abundant protein involved in many cellular processes besides the 

DDR, namely RNA metabolism, DNA replication, and transcription14,15. PARP1 

can bind DSBs via its zinc-fingers16 and polymerize Poly(ADPribose) (PAR) 

branches (a process called “PARylation”). PAR chains promote chromatin 

relaxation and histone displacement17 as well as the recruitment of DDR factors, 

especially NBS1 (Nijmegen breakage syndrome 1) and MRE11 (meiotic 

recombination 11 homolog 1), two subunits of the MRN complex18 (Fig. 1B). 

Additionally, Ku70/80 recruits DNA-dependent protein kinase catalytic subunit 

(DNA-PKcs) to the damage site, which in turn activates Ataxia-telangiectasia 

mutated (ATM) kinase (Fig. 1B). ATM is the major kinase of the DDR and besides 

phosphorylating and activating many DDR downstream factors, it activates G1/S 

and G2/M cell cycle checkpoints upon DNA damage19. ATM phosphorylates 

histone H2A.X (S139), forming γH2AX, the main DNA damage histone mark20. 

The kinase activity of ATM is enhanced by its interaction with PAR branches and 

NBS1, along with its consecutive autophosphorylation21. Collectively, PARP1 (via 

PAR chains), MRN, ATM, and other factors form a positive feedback loop 

spreading the DDR signal to the surrounding chromatin, which in turn augments 

its accessibility and facilitates the recruitment of DSB repair factors19 (Fig. 1C). The 

additional factors and post-translational modifications (PTMs) involved in the 

DDR signaling cascade will be mentioned in paragraph 1.2.3.2. 

Both Ku70/80 and MRN have also been postulated to sense the DSB and have 

shown to compete for binding to DNA ends in vitro22. How these two complexes, 

which have an apparently redundant function and are recruited to DSB sites within 

seconds23,24, affect each other is still an open question. 
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Figure 1: Present model of DSB sensing and amplification of the DDR signal. (A) Upon 
DNA damage formation by a spontaneous or exogenous source, the three sensor proteins 
PARP1, Ku70/80 and MRN are recruited to the break. (B) PARP1 polymerizes PAR chains 
(PARylation) that contribute to chromatin accessibility and to the recruitment of DSB repair 
factors. The Ku complex recruits DNA-PKcs, which phosphorylates and activates ATM. (C) 
ATM phosphorylates S139 of H2AX, generating the major histone mark of the DDR which, 
together with ATM autophosphorylation and PARP1-mediated PARylation, amplifies the DDR 
signal. 
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It is suggested that the residency of Ku70/80 and MRN at DSB sites depends on 

the cell cycle stage and on the DSB structure. For instance, the Ku70/80 

heterodimer, which is highly abundant throughout the cell cycle, has a high affinity 

to blunt DSB ends but low affinity for ssDNA25-27. On the other hand, MRN is 

much lesser abundant than Ku70/80 but it is able, via its nuclease subunit MRE11 

activity coupled to CtIP (CtBP-interacting protein) (both activated by cyclin-

dependent-kinases 1/2, CDK1/CDK2), to displace Ku70/80 from DSB in S and 

G2/M phases28. 

 

 

1.2.2  Repairing the break 

The two predominant DSB repair pathways are non-homologous end joining 

(NHEJ), active throughout the cell cycle, and homologous recombination (HR), 

only active in S/G2 phase. Both of these multi-step processes have been object of 

intense studies for more than two decades but continue to be investigated, as new 

factors involved in their regulation and execution are identified. These pathways 

are regulated at different steps and when both are active and competing in S/G2 

phase, the coordination of factors and enzymes allows one or the other to prevail29 

(Fig. 2). 

 

(Fig . 2 continued on page 6) 
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Figure 2: The three main DNA DSB repair pathways. (A) Schematic representation of the 
NHEJ, HR and MMEJ pathways. (B) Scheme indicating the phases of the cell cycle in which 
each pathway is active. 
 

1.2.2.1  Non-homologous end joining 

NHEJ is a rapid, error-prone mechanism, whose mutagenic potential is dictated by 

the structure of DSB ends rather than by the repair process itself30-32. NHEJ 

quickly repairs breaks in G0/G1 and G2 and is required for the completion of the 

recombinational processes leading to antigen receptor formation and antibody 

isotype switching in mature B lymphocytes33-37 (described in paragraph 1.3.3). 

Because of its fast kinetics, the process is thought to be the first attempt of a cell to 

repair multiple breaks and avoid their accumulation8. 

NHEJ starts with the recognition and binding to DSBs by the Ku70/Ku80 

heterodimer, followed by the recruitment of DNA-PKcs38. The newly formed 

DNA-PK complex promotes the formation of filaments composed of XRCC4 (X-

ray repair cross complementing 4) and XLF (XRCC4-like factor)39. The 

XRCC4/XLF filaments, together with Ku and MRN complexes, aid the 

stabilization and synapsis of the two DSB ends40,41. Finally, re-joining occurs via 

the restoration of the phosphodiester bond between the free 5’ phosphate and 3’ 

hydroxyl groups by the XRCC4-DNA ligase IV (LIG4) complex with no loss of 

genetic material40. Since this type of repair does not require DSB end processing, it 

is called “resection-independent NHEJ”42.  
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A more complex subset of DSBs, like those induced by chemicals or ionizing 

radiation, does not expose the LIG4 substrates required for ligation. Hence, the 

repair of these breaks requires minimal end processing (up to 4 bases) by the 

nuclease Artemis coupled to DNA-PK42,43. This type of repair is called “resection-

dependent NHEJ”. In summary, NHEJ is an efficient process that can directly 

repair blunt DSBs but, due to its mutagenic repair of complex DSB, its inhibition 

in S phase is essential for faithful replication of the DNA. 

 

1.2.2.2  Homologous recombination 

In contrast to NHEJ, HR is a slow, error-free repair pathway that relies on the 

availability of intact homologous sequences on sister chromatids for templated 

DNA synthesis. Thus, this mechanism can be productive only in late S/G2 phases 

of the cell cycle44 (Fig. 2). Thanks to its fidelity, HR is required for the repair of 

DSB occurring in highly transcribed genes or in repetitive sequences present in the 

heterochromatin44. Furthermore, HR is required for the repair of one-ended DSBs 

resulting from replication fork stalling or collapse45. HR heavily relies on extensive 

5’-3’ nucleolytic processing of the DSB ends (referred also as “nucleolytic 

digestion” or – more often – as “resection”), in order to permit synapsis and 

invasion of the homologous donor strand of the sister chromatid, prior to DNA 

synthesis and repair46.  

The initial step of HR is represented by an “end-clipping” event carried out by 

MRE11 and CtIP, which first form a nick via their 3’-5’ exonuclease activity, 

followed by short-range 5’-3’ endonucleolytic processing (50-100 bases)47. Long-

range resection ( > 100 bases) is then performed by DNA2 (DNA replication 

helicase/nuclease 2), EXO1 (exonuclease 1) and CtIP exonucleases in concert with 

BLM (Bloom syndrome RecQ like helicase) helicase, forming long ssDNA 

filaments on both DSB ends48. The two ssDNA threads are then bound with high 

affinity and stabilized by RPA (replication protein A). RPA is subsequently 
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replaced by RAD51 via BRCA2 (breast cancer type 2 susceptibility protein), which 

forms a nucleofilament adept to homology search and strand invasion49. Upon D-

loop formation of the 3’-end of the invading strand with the template strand and 

annealing of the second DSB mediated by RAD52, a double Holliday junction 

(dHJ) is generated by the filling activity of DNA polymerase. After crossover or 

non-crossover events mediated by Resolvase A, DNA polymerase and DNA ligase 

restore the DNA duplex50. 

 

1.2.2.3  Microhomology-mediated end joining 

A third repair pathway that will be mentioned in this monograph is the 

microhomology-mediated end joining (MMEJ) also called alternative end joining 

(A-EJ). The molecular mechanism of this pathway remains unclear but its harmful 

effects on genomic integrity are well recognized. In fact, upon nucleolytic digestion 

of that exposes regions of microhomology (1-20 bases), DSB ends can be re-

ligated with loss of genetic material51 (Fig. 2). Importantly, MMEJ has the tendency 

to join DSBs in different chromosomes, thus causing chromosomal 

translocations52,53. 

 

 

1.2.3  The DSB repair pathway choice: to protect or not to protect 

the ends 

Several pieces of evidence led to the concept that NHEJ is the first pathway of 

choice for prompt repair of most DSBs46,54-56. In support of this concept, it was 

estimated that 80% of IR-induced DSB occurring outside of the S phase are 

repaired by NHEJ54. It is suggested that when NHEJ is not active (in S phase) or 

fails to repair a DSB, the slower HR repair process takes place (if sister chromatids 

are available), while the more imprecise MMEJ type of repair is activated only as a 
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“last resort”8. In the extreme case in which the degree of DNA damage goes 

beyond repair capacity, additional signaling networks induce apoptosis in order to 

avoid the tumorigenic consequences of genomic instability. 

Nonetheless, the estimated residual 20% of DSBs may require faithful repair by 

HR and, as it will be later discussed, the interplay between the two main repair 

pathways is tightly regulated by a complex network of factors. In fact, cells 

developed DDR signaling pathways that are dynamically activated and modulated 

based on (1) the structure of the DSB breaks57-59, (2) the phase of the cell cycle46,60 

and (3) the chromatin structure in which the DSB occur61,62. These different 

contexts can simultaneously affect the decision of the DSB pathway choice, which 

can be revoked at early, mid or late stages of the DDR. This suggests that the 

engagement of a repair pathway is not consolidated until the ends are ligated30. 

Resection of DSB ends is a pivotal and rigorously regulated step to direct the 

repair towards NHEJ or HR. In support of this notion, the nucleases involved in 

DSB end resection (MRE11, EXO1, and DNA2), as well as the end protection 

factors, are well conserved from yeast to human63. 

The following paragraphs will focus on the most important factors that prevent 

long-range resection, thus allowing the repair to occur via NHEJ. For the purpose 

of coherence, also the factors promoting resection will be mentioned. 

 

1.2.3.1  The early barrier to DSB resection 

In all phases of the cell cycle, two ring-shaped Ku70/Ku80 monomers bind to a 

DSB a few seconds after the damage is formed12 (Fig. 1). The Ku complex, besides 

promoting the loading of early NHEJ factors via the recruitment of DNA-PKcs, 

makes the DSB ends resistant to the long-range resection nucleases EXO1 and 

DNA264,65. In G0/G1, this blockage prevents the formation of ssDNA stretches, 

which would otherwise become, due to the absence of sister chromatids for 

faithful HR repair, substrates for the aberrant MMEJ repair and potentially lead to 
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chromosomal translocations64. Ku70/80-dependent resection inhibition is mainly 

occurring in G1. In S/G2, CDKs activate MRE11/CtIP nucleases that, via their 

early 5’-3’ endonuclease and 3’-5’ exonuclease activities (as described in 1.2.2.2), 

displace Ku heterodimers from the ends64,66. The protecting role of Ku complex is 

strongly supported by studies in yeast, but observations in mice indicate that 

downstream effectors wield more repression on DSB end processing67,68. 

 

1.2.3.2  The late barriers to DSB resection 

A more complex situation, in which the early barrier is bypassed, is the repair of 

staggered DSBs formed in G1 phase. Ku70/80 has no affinity to such DNA ends 

and minimal resection is required before NHEJ can take place42. Accordingly, 

MRN, along with CtIP, creates small stretches of ssDNA. Meanwhile, as described 

in paragraph 1.2.1, ATM mediates the spreading of the DNA damage signal 

γH2AX through the interaction with the MRN subunit NBS120 (Fig. 3A). γH2AX 

binds to MDC1 (mediator of DNA damage checkpoint 1), which is stabilized by 

ATM phosphorylation69,70 and interacts with the NBS1 subunit of MRN, retaining 

the complex on γH2AX-marked chromatin71. Phosphorylated MDC1 promotes 

the ubiquitin E3 ligase activity of RNF8 (ring finger protein 8), which 

polyubiquitylates histone 1 on lysine 63 (H1K63ub)72 (Fig. 3B, step 1). A second 

ubiquitin ligase, RNF168 (ring finger protein 168), ubiquitylates lysine 15 on H2A 

histones (H2AK15ub). H2AK15ub epigenetic mark, together with the ubiquitous 

H4K20me2 mark, recruits another essential NHEJ factor, the p53-binding protein 

(53BP1)73 (Fig. 3B, step 2). Thanks to its ubiquitylation-dependent recruitment 

(UDR) motif and Tudor domain, 53BP1 stably binds to H2AK15ub and 

H4K20me2 marks, respectively74,75 (Fig. 3B, step 3).  

Experiments in mice showed that 53BP1 has a higher inhibitory effect on resection 

than Ku70/8067. This may be due to the fact that multiple 53BP1 moieties can 

form a “chromatin barrier” around the damage and not bind to the DSB end 
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alone, as in the case of Ku70/80. For this reason, NHEJ is often referred to as a 

53BP1-dependent pathway68,73,76-78. Nonetheless, 53BP1 and its downstream 

effectors (introduced below) are not NHEJ core components. In fact, the end-

protection function of 53BP1 is also important in other cellular contexts: it 

modulates the extent of resection in S phase79, protects DNA from degradation in 

the context of stalled replication forks80,81 and deprotected telomeres82,83. 

 

 

 

(Figure 3 continued on page 12) 
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Figure 3: Model of the DSB end protection machinery leading to NHEJ repair in G1.  
(A) After sensing of the DSB, an endonucleolytic cut is introduced by CtIP together with MRN 
and extended towards the 5’ end of the DSB via the 3’-5’ exonucleolytic activity of MRE11. The 
nucleolytic activities expose short tracts of ssDNA. Simultaneously, NSB recruits ATM, which in 
turn phosphorylates Ser139 of the H2AX nucleosomes surrounding the DSB. (B) MDC1 (not 
shown) along with γH2AX promotes the polyubiquitylation of K1K63 by RNF8, which in turn 
recruits RNF168. RNF168 creates the H2AK15ub mark that together with the constitutive 
H4K20me2 mark allows the interaction of 53BP1 with the chromatin. (C) Phosphorylation of 
53BP1 N-terminus by ATM is required for the recruitment of RIF1 and PTIP (not shown). RIF1 
is required for the recruitment of the Shieldin complex, composed of REV7 and SHLD1-3. The 
complex is suggested to prevent extensive resection by DNA2/BLM and EXO1. In turn, the 
complex recruits CST and Pol α-primase, which creates blunt ends. (D) The blunt DSB can be 
then repaired by NHEJ, through LIG4 activity supported by XRCC4/XLF. Red and green 
dashed lines indicate DNA resection and synthesis activities, respectively. The steps indicated in 
the text are labeled in red and accompanied by red arrows. 
 

As the response to DSB formation proceeds, ATM phosphorylates the N-terminus 

of 53BP1 on 28 specific SQ/TQ phosphorylation sites. These phosphorylation 

events are essential for the recruitment and stable interaction of 53BP1 with the 

downstream factors (PAX transcription activation domain interacting protein 

(PTIP)84 and Rap1-interacting factor 1 (RIF1)68,85-88 (Fig. 3C, step 1). The two 

proteins act independently to inhibit resection and their association with DSBs 

depends on the phosphorylation of specific SQ/TQ sites89. Accordingly, the 

mutation of the eight most N-terminal sites abrogated PTIP recruitment and 

enhanced RIF1 recruitment90. Conversely, in a 53BP1 mutant in which seven 

different SQ/TQ sites downstream of those required for PTIP activity were 

mutated to alanine, the association of 53BP1 with RIF1 was abolished while the 

one with PTIP was augmented89. Data from a recent study support a model in 

which 53BP1, by interacting with RIF1 and PTIP, antagonizes HR at the level of 
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RAD51-mediate recombination and at the level of long-range resection, 

respectively90. 

RIF1 is required for the recruitment of additional downstream factors of the 

53BP1-dependent pathway, namely REV7 (also termed MAD2L2, mitotic arrest 

deficient 2 like 2)91,92, C20orf196, FAM35A, CTC-534A2.293-97. The latter three 

proteins, for simplification named SHLD1, SHLD2, and SHLD3, respectively, 

were discovered after REV7, whose direct interaction with RIF1 remained 

unconfirmed91. SHLD1/2/3 appear to form a stable complex with REV7, even in 

the absence of DNA damage98. Loss of the so-called “Shieldin complex” (REV7-

SHLD1/2/3) was shown to affect many functions dependent on DSB end 

protection, such as resistance to ionizing radiation, etoposide (a topoisomerase II 

inhibitor that prevents re-ligation of DNA strands) and bleomycin (a radiomimetic 

drug that causes DNA damage by free radicals formation) treatments78,93-97. These 

data confirm the requirement of the 53BP1-RIF1-Shieldin axis to prevent the 

nucleolytic degradation of DSB ends (Fig. 3C, step 2). 

Of note, the studies that dissected the function of each Shieldin component were 

in agreement with a potential biochemical property of SHLD2. The predicted C-

terminal domain of SHLD2 was in fact predicted to be similar to that of RPA1 

(subunit of the RPA complex), which confers ssDNA-binding ability78,93,96,97. This 

suggests that Shieldin competes with RPA for the binding to ssDNA generated by 

the short-range 3’-5’ exonuclease activity of MRE11, thus preventing further long-

range resection mediated by EXO1 and DNA2 and HR repair99. Eventually, this 

roadblock would then promote the conversion of resected DSB ends into 

appropriate NHEJ substrates. In agreement with this model, Mirman et al. 

demonstrated that DSB end protection machinery recruits and interacts with the 

CST complex (CTC1, STN1, TEN1) which, together with its partner polymerase 

α-primase (Pol α-primase), fills-in the DNA initially resected by MRE11-CtIP and 

further prevents its extensive processing by EXO1 and DNA2100 (Fig. 3C, step 3). 

In summary, the barrier to resection established by the 53BP1-RIF1-Shieldin axis 



1 .   I n t r o d u c t i o n  

P a g e  | 14 
 

allows DSBs to be protected but also remodeled in order to be repaired by NHEJ 

via XRCC4/XLF and LIG4 activities (Fig. 3D). Nonetheless, the link between 

resection inhibition functions of 53BP1 and RIF1 and the apparent ssDNA-

binding function of the Shieldin complex remains puzzling and partly unexplained, 

especially at the interface between RIF1 and Shieldin complex99. 

 

1.2.3.3  The importance of PTMs in the DSB repair pathway choice 

As anticipated in paragraph 1.2.3.2, different factors regulate the role of DDR 

proteins at DSBs by modulating their binding to chromatin. Phosphorylation of 

53BP1 by ATM kinase is an example of PTM affecting the function of DDR 

proteins. The DSB repair pathway choice is also controlled by different chromatin 

writers and erasers creating or disrupting specific epigenetic marks. 

For instance, positive regulation of 53BP1 residency at sites of damage strongly 

depends on the ubiquitylation of histone H2A by RNF168 (ring finger protein 

168)72,74,101. The levels of the H4K20me2 mark are reduced during S phase, 

repressing 53BP1 interaction with chromatin102. Additionally, the H4K20me2-

53BP1 interaction can be repressed by the simultaneous activity of L3MBTL1 

(lethal(3)malignant brain tumor-like protein 1) and JMJD2 (lysine-specific 

demethylase 4A), which mask and demethylate the H4K20 histone mark, 

respectively101,103. 53BP1 binding to chromatin can also be hampered by the 

antagonistic binding  of TIRR (Tudor-interacting repair regulator protein) to its 

Tudor domain104-106.  

Acetylation is another post-translational modification that modulates 53BP1 

activity at DSBs. In fact, the acetyltransferase TIP60 (histone acetyltransferase 

KAT5) acetylates lysine 16 on histone H4, thus interfering with 53BP1 binding to 

the chromatin107,108. A recent report showed that yeast ortholog of Rif1 is 

acetylated on its N-terminus by Pfa4 (a palmitoyl acetyltransferase of the DHHC 
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family)109. This modification was shown to promote Rif1 recruitment to DSB and 

its anti-resection function in the context of NHEJ repair. 

The mutual antagonism between 53BP1 and BRCA1 (breast cancer type 1 

susceptibility protein) is another key regulatory step in the DSB repair pathway 

choice, which further contributes to the dynamic nature of this process. In fact, in 

response to DNA damage ATM can also phosphorylate and activate BRCA1110, 

whose role in promoting HR is well described85. BRCA1 promotes the 

ubiquitylation of the C-terminal lysines of H2A histones via its interaction with 

BARD1 (BRCA1-associated RING domain protein 1) E3 ubiquitin ligase111,112. 

BRCA1-BARD1 activity was shown to stimulate the accumulation and activity of 

SMARCAD1 (SWI/SNF-related matrix-associated actin-dependent regulator of 

chromatin subfamily A containing DEAD/H box 1) chromatin remodeler, which 

mobilizes 53BP1 from the damage site and restores resection113. It is postulated 

that, when HR is required, different chromatin remodelers create an environment 

that is more favorable to BRCA1 rather than to 53BP1 binding, thus inhibiting the 

formation of the end-protection machinery and promoting long-range resection. 

Once RIF1 is recruited to DSBs by 53BP1, BRCA1 can as well antagonize (partly 

or completely) its anti-resection function by two different mechanisms. In one 

mechanism, CDK2 (active in S phase) phosphorylates UHRF1 (ubiquitin like with 

PHD and ring finger domains 1), which is then recruited to the DSB by BRCA1. 

UHRF1, in turn, ubiquitylates RIF1, causing its displacement from chromatin114. A 

second report described BRCA1-mediated dephosphorylation of 53BP1 N-

terminus by PP4C (Serine/threonine-protein phosphatase 4 catalytic subunit), 

which also induces RIF1 release from chromatin115,116. Finally, RIF1 is 

outcompeted by SCAI (suppressor of cancer cell invasion) in the binding with 

53BP1 during S-phase, promoting BRCA1 accumulation117. 

The complex cellular response to DSBs summarized herein, is composed of 

dynamic and reversible processes. Due to the considerable amount of endogenous 

damage a cell encounters each day (see 1.1), the fine coordination between 
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different repair pathways, the ongoing nuclear processes as well as the control of 

cell cycle is essential for cell survival. As described in the previous paragraphs, the 

modification of both histone proteins and repair factors plays an important role in 

the restoration of genomic stability. In this dissertation, only some of the PTMs 

involved in the DSB repair pathway choice have been mentioned (Table 1).  

 

Effector Target Function 

Acetylation 

TIP60 Histone H4 (K16) 
Negative regulation of 53BP1 binding to 

chromatin 

Pfa4 (yeast 

ortholog) 
Rif1 (yeast ortholog) 

Promoting Rif1 recruitment to DSB and its 

function in NHEJ 

PARylation 

PARP1 
PARP1 

(autoPARylation) 
Amplification of the DDR signal 

Phosphorylation 

ATM 
ATM 

(autophosphorylation) 
Amplification of the DDR signal 

ATM Histone H2AX (S139) 

Mark of the DSB site, extension of the DSB 

repair signal, recruitment of downstream DDR 

proteins 

ATM MDC1 Recruitment of RNF8 

ATM 53BP1 Recruitment of RIF1 and PTIP 

CDK1/CDK2 CtIP, EXO1 
Cell-cycle-dependent activation of CtIP and 

EXO1 (promoting HR) 

CDK2 UHRF1 Displacement of RIF1 from chromatin 

Ubiquitylation 

RNF8 Histone 1 (K63) Recruitment of RNF168 

RNF168 Histone H2AX (K15) Recruitment of 53BP1 

BRCA1/BARD

1 

Histone H2A (K125, 

K127, K129) 

Negative regulation of 53BP1 binding to 

chromatin 

Table 1: List of the post-translational modifications of DDR factors and histone variants 
mentioned in this dissertation. 
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Nonetheless, the landscape of protein and chromatin modifications of the DDR 

signaling as well as those involved in the interface between DSB end 

resection/protection is much broader118-120. Importantly, a precise and controlled 

response is also required upon formation of programmed DSBs, as in the case of 

meiosis and immunoglobulin loci rearrangement. The specific process of 

immunoglobulin class switch recombination (CSR) was exploited in this study and 

is described in paragraph 1.3.2. 

 

1.3  The adaptive immune response 

Antibody production is an important step of the immune response to a wide 

variety of pathogens and foreign molecules (such as toxins and allergens)121. 

Through the essential role of other immune cells that are assigned to patrolling the 

body, identifying threats and executing the primary immune response (defined as 

innate immune response), B lymphocytes (also called “B cells”) take advantage of 

specific peptides present on the foreign entities (called antigens) to execute, in 

coordination with T lymphocytes, the adaptive immune response121. B cells and T 

cells have antigen-specific receptors on their surfaces that allow them to bind to 

foreign threats with high affinity and specificity. This is achieved through a specific 

recombination process acting on the antigen receptor genes, called V(D)J 

recombination122. Antigen receptors are basically antibodies that have not been 

secreted. One of the main differences between T and B cells is that only the latter 

owns the ability to secrete antibodies. In this dissertation, importance is given to a 

second recombination process that allows to produce different types of secreted 

antibodies; for this reason, B lymphocytes will come into focus. 

 

1.3.1  Antibody structure and isotype switching 

Antibodies, also called immunoglobulins (Igs), are composed of two heavy (IgH) 

and light (IgL) chains encoded by genes on two different loci, IgH and IgL, 
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respectively. Both IgHs and IgLs are characterized by a variable region, which is 

the antibody portion that specifically recognizes and binds an antigen (Fig. 4).  

The high affinity of the variable region for an antigen is initially achieved, during B 

cell maturation, via the V(D)J recombination. In this process, the variable (V), 

diversity (D) and joining (J) genes are rearranged through the activity of 

recombination activating genes 1 and 2 (RAG1 and RAG2)123. Higher affinity is 

then obtained through somatic hypermutation (SHM), in which point mutations 

are introduced in the V(D)J genes. SHM occurs when B cells reach specific 

structures in the secondary lymphoid organs called germinal centers (GCs). Here, 

SHM and other maturation processes are induced by cytokine-based stimuli 

released by T cells122. Additionally, in these compartments antigens are presented 

to B cells, which in turn are selected for their antigen-binding ability122,124. Selected 

B lymphocytes are then released in the bloodstream, where they secrete antibodies 

in order to bind and inactivate foreign substances (like viruses and toxins) or defeat 

bacteria via complement activation or phagocytosis123. 

 

 

Figure 4: Representative scheme of an antibody monomer. 
 

The effective B cell response does not only depend on the affinity of their 

antibodies for specific foreign antigens124. In fact, specific antigen-defined 

antibodies can have distinct effector functions and are defined as antibody 
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isotypes: IgMs, IgDs, IgGs, IgAs, and IgEs. In mice, IgGs are divided into four 

subclasses (IgG1, IgG2a, IgG2b, IgG3). The isotype of an immunoglobulin (its 

effector function) is defined by the constant region (CH) of its heavy chains (Fig. 

4). The CH can be encoded by one of the eight different constant (CH) genes 

present downstream of the V(D)J genes in the IgH locus (Fig. 5). Of note, an 

enhancer region (Eμ) is present between the variable and the constant region genes 

and is essential for IgH expression. Each CH gene is preceded by an independent 

inducible promoter, an intervening exon (I-exon) and a 1-10 kb long, repetitive 

intronic sequence (termed “switch” region), with the exception of the Cμ and Cδ 

genes that are co-transcribed (Cδ is expressed only as a result of alternative 

splicing)125,126 (Fig. 5).  

Before receiving cytokine stimulation by T cells in GCs, B cells express mainly 

IgMs (or IgDs), whose gene is directly downstream the V(D)J genes. In order to 

express different immunoglobulin isotypes, the Cμ/Cδ genes must be exchanged 

with a different CH gene (Cγ, Cε or Cα). This is achieved by class switch 

recombination (CSR): a deletional-recombination reaction occurring between the 

donor switch region upstream the Cμ gene (Sμ) and the acceptor switch region 

upstream another CH gene 126. 

 

1.3.2  CSR: an example of programmed DSB induction 

The T cell cytokine stimulus induces two main CSR events: germline transcription 

(GLT) and the mutagenic activity of activation induced deaminase (AID) (Fig. 5). 

GLT, initiating at each inducible promoter, does not produce coding transcripts 

but is essential for CSR127,128. In fact, the temporary exposure of ssDNA filaments 

during transcription allows AID to exert its enzymatic activity, by which it 

deaminates cytidines to uracils, generating dU:dG mismatches. These mismatches 

activate the base excision repair (BER) pathway, in which Uracil-DNA glycosylase 

(UNG) removes dU bases, creating apurinic sites that are then converted into 
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ssDNA nicks. As a consequence of the fact that AID can induce several mutations 

in each S-region, ssDNA nicks created simultaneously and in close proximity to 

each other can be converted into 5’ overhang DSBs. Blunt DSBs are then obtained 

by the filling activity of DNA polymerase126. 

 

 

Figure 5: Steps of class switch recombination leading to expression of IgA antibody isotypes. 
 

Importantly, AID-targeted sequences are more concentrated in the central portion 

(core) of switch regions. For this reason, to increase the chances that a DSBs are 

also formed away from the S-regions cores, AID-induced mismatches can also 

activate the mismatch repair (MMR) pathway. In this case, nicks are generated 

directly at the DNA 5’ of the mismatch by endonucleolytic cleavage, followed by 

5’-3’ endonucleolytic processing. As a consequence, strands processed in the 
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vicinity of a nick on the opposite strand can create a 5’ overhang DSB, which are 

usually not further processed126.  

The deletional-recombination reaction is then completed by ligation of one DSB 

end formed in Sμ with a DSB end on the S-region of a specific downstream C gene 

(as dictated by the cytokine-induced GLT allowing AID-mediated DSBs). 

 

1.3.3  NHEJ is the pathway of choice for the repair of CSR breaks 

The induction of DSBs at the S-regions of CH genes is regulated by the cell cycle 

and occurs in G1. In support of this notion, different studies showed that the 

stability and activity of both AID and UNG are higher in G1 than in S/G2129,130. 

These observations are in agreement with the detection of DNA damage at the IgH 

locus in G1 phase131. 

Similar to unprogrammed DSBs, S-region DSBs resulting from AID activity are 

recognized by Ku70/80 and MRN, which initiate the DDR signaling cascade 

involving ATM-mediated phosphorylation of H2AX and other downstream 

factors (see 1.2.1 and 1.2.3.1)132. Eventually, the NHEJ pathway (and to a lesser 

extent, MMEJ) ligates the S-region DSBs. Hence, productive antibody isotype 

switching is dependent on the NHEJ repair factors, as shown by the moderate 

defects in antibody isotype switch in Ku70/80, LIG4 and XRCC4 knock-outs (up 

to 50% reduction)33,34,133-135. The residual switching of NHEJ-deficient cells led to 

the hypothesis that the other repair pathway active in G1, MMEJ, may be involved 

in the repair of AID-induced breaks133,135. This hypothesis is supported by the 

evidence that staggered DSBs generated by the MMR pathway, which exposes 

short regions of microhomology (1-20 nt), are favorably repaired by MMEJ136. 

In the context of AID-induced DSBs, the DNA end-protection function of 

53BP1, RIF1, and the other downstream NHEJ-promoting factors (see 1.2.3.2) is 

required for productive CSR as well as for the stability of the IgH locus and cell 

survival88,91,93,94,97,98,137-139. Specifically, but not uniquely, protection of the DNA 
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ends from resection is a major requirement124. As a matter of the fact, deficiency in 

the 53BP1-dependent pathway causes uncontrolled resection of S-region DSBs, 

which promotes MMEJ over NHEJ repair and the ensuing unproductive internal 

switch deletions (ISDs)137-141. MMEJ can also mediate the formation of oncogenic 

translocations upon joining of homologous sequences in the S-regions with those 

present in other chromosomes135,140,142.  

In summary, the deletional-recombination of the IgH constant genes occurring in 

mature B cells strictly requires protection of AID-induced DSB ends by NHEJ-

promoting factors. Nonetheless, chances that unproductive ISDs or aberrant 

recombination between IgH and non-IgH genes occur are high, considering the 

large amount of DSBs occurring at each S-region124. 

 

1.3.4  The roles of the 53BP1-dependent pathway in CSR  

As anticipated, the requirement of 53BP1-RIF1 downstream effector REV7 and 

the recently discovered Shieldin complex (described in 1.2.3.2) for productive CSR 

has been demonstrated in many studies68,78,85,88,89,91-94,98,137,143. Some of the authors 

proposed Shieldin to be the ultimate DSB end protection factor, involved in the 

NHEJ-dependent processes supported by 53BP1 and RIF1. This was proved by 

the reduction of deprotected telomeres fusion92-94, the rescue of HR in Brca1-null 

cells78,93 and the increased sensitivity to different genotoxic drugs97 upon depletion 

of the complex. Nonetheless, the epistasis of Shieldin components is not 

consistent and their specific role in these different contexts remains unclear99. 

The requirement of additional functions, besides DSB end-protection, for 

productive CSR has been often considered, especially in studies related to 53BP1 

and RIF1. In fact, the comparably profound CSR deficiency of 53BP1-deficient 

lymphocytes (over 95% reduction) is suggested to be due to additional events 

upstream the ligation S-region DSBs. In fact, 53BP1 was shown to be involved in 

the synapsis of distant S-regions, the removal of the intervening region as well as 
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the preservation of CH genes directionality, all necessary conditions for effective 

isotype switching144-146. 

According to RIF1 requirement for protection of DSB ends from resection (see 

1.2.3.2), Rif1-deficient lymphocytes are characterized by up to 85% reduction in 

CSR efficiency, as well as accumulation of genomic instability in the form of IgH 

chromosomal breaks and translocations68,85,86,88. Recent work from our lab 

suggested that RIF1, similarly to 53BP1, has additional roles in CSR. In fact, a 

novel RIF1 interactor, the chromatin reader ZMYND8 (Zinc Finger MYND-Type 

Containing 8), was identified as a CSR-promoting factor via a functional screen. 

The data indicated that ZMYND8, but not RIF1, regulates the transcription and 

the activity of the 3’ IgH enhancer. Experimental evidence led to the conclusion 

that the RIF1-ZMYND8 interaction is not required for the repair of AID-

associated breaks in B lymphocytes, but may be required for other CSR-promoting 

processes yet to be elucidated147. In the same study, several transcriptional 

regulators were identified, hinting at the involvement of RIF1 in transcriptional 

processes required for CSR. Additionally, Sundaravinayagam et al. raised the 

interesting possibility that the 53BP1-RIF1-dependent DSB end protection 

function might not be essential, but only partly required for productive CSR. This 

idea was supported by data indicating that 53BP1-dependent recruitment of RIF1 

to DSBs is necessary for resection inhibition, but not for the generation of newly 

switched antibody heavy chains148.  

These and other studies underline the requirement to further investigate RIF1 

function in CSR and, more generally, in DSB end protection. 

 

 

 

 



1 .   I n t r o d u c t i o n  

P a g e  | 24 
 

1.4  RIF1 

RIF1 is a conserved protein present from yeast to mammals. It was initially 

discovered in yeast as a Rap1-associated protein involved in the negative regulation 

of telomere length149. Years later, the mouse ortholog was identified150. In contrast 

to the yeast ortholog, mammalian RIF1 had no role in telomere maintenance but 

was reported to be recruited at DSBs151 and at stalled replication forks152. Structural 

comparison between yeast and mammalian orthologs highlights divergence at the 

primary structure levels85,152-155. Nonetheless, high eukaryotes orthologs share key 

features with yeast Rif1, which will be discussed in the following paragraph (1.4.1). 

Mammalian RIF1 has evolved numerous functions involved in the maintenance of 

genomic stability. In fact, the protein is involved in the regulation of intra-S-phase 

checkpoint151, resolution of anaphase ultrafine bridges (UFBs), control of 

abscission timing156,157, HR-mediated repair of stalled replication forks153,154, and 

replication origin firing158-162.  

The ability of RIF1 to regulate the timing of replication in different chromatin 

contexts is explained by its interaction with protein phosphatase 1 (PP1). PP1 once 

docked on chromatin-bound RIF1, dephosphorylates the helicases activated by 

DDK (DBF4-dependent kinase), thus preventing the firing of replication origins160-

162. An additional, non-exclusive, explanation of this mechanism relies on RIF1 

ability to relocate late-replicating regions of the genome to the nuclear periphery163. 

The RIF1/PP1 interaction was recently shown to be inhibited by CDK1-mediated 

phosphorylation of RIF1 and promoted by ATR/CHK1 (checkpoint kinase 1) 

kinase signaling164. RIF1 role in replication origin firing has also been well 

described in studies in yeast and fruit fly165-168. Interestingly, the interplay between 

RIF1 and PP1 is also required for the resolution of UFBs both in fission yeast169 

and in human cells157. 
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Along with the different roles mentioned above, RIF1 maintains the stability of the 

genome by preventing extensive resection of DSB ends and promoting prompt 

repair by NHEJ85-87 (see 1.2.3.2). As a consequence of this activity, RIF1 is also 

required for mature B lymphocytes to produce different sets of immunoglobulins 

and contribute to the response to pathogens68,88 (as mentioned in 1.3.4).  

At the beginning of this study, the molecular mechanism of DSB end protection 

by RIF1 was unknown. To date, in spite of the studies that led to the recent 

discoveries of the Shieldin complex and other factors regulating DNA resection 

and CSR99, the explanation of how RIF1 exerts its function is still missing. 

Furthermore, the presence of a yet-to-be-defined accessory factor(s) that further 

support the 53BP1-RIF1 and RIF1-Shieldin interactions cannot be excluded 73,91,98 

(see 1.2.3.2). Finding novel proteins acting at the 53BP1-RIF1 and RIF1-REV7 

interfaces, as well as unveiling the mechanism of action of RIF1 at DSB sites, may 

offer the missing links in the understanding of the 53BP1-dependent pathway. 

 

1.4.1  RIF1 structure 

Murine RIF1 has been identified 15 years ago as a large protein characterized by 

2426 amino acid residues and a molecular weight of around 270 kDa150. Previous 

bioinformatic analyses identified two main key structural features that are 

conserved from yeast to mammals: at the N-terminus, the HEAT (Huntingtin, 

Elongation factor 3, protein phosphatase 2A, Tor1)-like repeats domain151, and at 

the C-terminus the RVxF-SILK motifs155. An additional feature, which has a 

strong similarity to the C-terminal domain of the bacterial RNA polymerase α 

subunit (CTD), is called CTD domain154 (Fig. 6). The CTD domain is only present 

in vertebrates (and partially conserved in fruit fly and yeast). 
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Figure 6: Structure of murine RIF1. Schematic representation of RIF1 protein 
(NP_780447.4). Predicted domains are indicated with boxes: 21 N-terminal HEAT repeats 
domain (dashed black); C-terminal CTD-I (RVxF/SILK motif, purple), CTD-II (DNA binding 
domain, red) and CTD-III (BLM interaction domain, green). Balloons indicate serine (S) and 
threonine (T) residues within putative ATM/ATR phosphorylation sites (SQ/TQ). 
 

The N-terminal HEAT-repeat domain was the first one to be identified in murine 

RIF1 and it shares the highest sequence similarity to the yeast ortholog151. 

Generally, HEAT-repeats mediate protein-protein interactions in different 

contexts170, including the DNA damage response171. The domain, composed of 21 

HEAT-repeats, is indispensable for the accumulation of murine RIF1 at DSBs and, 

in the context of DSB end protection, is also required for inhibition BRCA1 

accumulation at DSB site in G185. In two recent studies, researchers managed to 

purify full-length murine RIF1 and several deletion variants, demonstrating that the 

HEAT-repeats domain, together with the C-terminal portion, is required for RIF1 

binding to G-quadruplex secondary DNA structures (G4) and for oligomer 

formation172. The RVxF-SILK motifs are required for the interaction of RIF1 with 

PP1162,173, and this interaction is important for RIF1-mediated regulation of 

replication timing160. 

The CTD domain was first characterized almost a decade ago154. In vertebrates, it 

is divided into three portions: CTD-I, CTD-II, CTD-III. CTD-I contains the 

mammalian RVxF-SILK motif and is predicted to be unfolded174. CTD-II was 

shown to have DNA-binding properties in vitro154. CTD-III is the minimum 

structural requirement for the interaction between RIF1 and BLM helicase154 and, 

with the contribution of CTD-II, it promotes RIF1-mediated resistance to 

replication stress153,154. RIF1-BLM interaction is essential for stalled replication 
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forks restart 153,154 and resolution of anaphase ultrafine bridges156, two roles of RIF1 

that are independent of its interaction with 53BP1. 

Technical challenges hamper the study of RIF1 structural requirements for its 

numerous functions. For instance, the fact that mammalian RIF1 is bound to the 

insoluble nuclear matrix complicates the study of RIF1 binding to DNA in vivo, as 

well as the purification of sufficient quantities of endogenous protein158,159. The 

necessary in vitro studies have also been limited because of the difficulties in 

producing recombinant material174.  

Nonetheless, recent crystal structure analyses contributed to further dissect RIF1 

C-terminus and eventually outline overlapping functions between yeast and 

mammal orthologs172,174-176. The first ortholog to be crystalized was yeast Rif1, 

whose CTD domain seemed to function as a tetramerization module176 and was 

later shown to mediate the binding to G4 structures175. Conversely, the successful 

generation of soluble murine RIF1 fragments indicated that the C-terminal CTD 

domain enables RIF1 binding to different structures: DNA cruciforms174. 

Nonetheless, a later study in which murine full-length RIF1, as well as deletion 

mutants, were successfully purified, confirmed the ability of both N-terminal and 

C-terminal RIF1 segments to interact with DNA G4-quadruplexes and the binding 

was enhanced by their oligomerization172. The biological significance of these 

observations remains unclear, but the interaction between RIF1 and specific DNA 

structures may indicate that RIF1 functions in structure-specific contexts. 

Apart from the HEAT-repeats domain, the connection between the other RIF1 

conserved domains and its function at DSBs is still missing, especially in the 

context of CSR. Shedding light on these aspects of such large, multifunctional 

protein may help understanding its essential role in the protection of DSB ends 

generated upon spontaneous or AID-induced damage, as well as eventually 

unveiling its as-yet-unknown additional functions. 
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1.4.2  RIF1 disorder and phosphorylation 

As anticipated, the importance of phosphorylation during the DDR signaling as 

well for the control of the cell cycle is well described19. Specifically, ATM 

phosphorylates a range of proteins involved in both processing and protection of 

DSB ends70,110,177-179. Modification of specific SQ/TQ motifs in 53BP1 N-terminus 

by ATM kinase is a strict requirement for its DSB end protection function and 

therefore ATM inhibition impacts CSR in primary B cells. Accordingly, it was also 

shown that mutation of specific 53BP1 N-terminal SQ/TQ sites affected different 

molecular events, such as recruitment of RIF1 and PTIP to DSBs73. Of note, 

53BP1 N-terminus represents an intrinsically disordered region (IDR). 

IDRs are portions of protein sequences that do not adopt any stable and defined 

secondary or tertiary structure. Fully or partially disordered proteins can switch 

between different conformational states, which can ultimately affect their functions 

and interactions with other proteins or with chromatin180-183. Intriguingly, 

phosphorylation of residues within IDRs is known to affect both protein folding 

and function in a variety of biological contexts184,185.  

RIF1 also presents a large IDR, accounting for more than half of its length (Fig. 6). 

Interestingly, three clusters of SQ/TQ sites are present in the unstructured region 

and the serine residue of one of these sites (S1525) was found to be phosphorylated 

upon IR-induced DNA damage in a large-scale phosphoproteomic study186. For 

many years, the phosphorylation of RIF1 ATM/ATR consensus sites, as well as its 

IDR, have been disregarded. Only two recent studies in yeast Rif1 showed that a 

single SQ site, present in a 100 aa-long SQ/TQ cluster, was phosphorylated by 

ATM and that this phosphorylation was increased upon telomere damage187,188. 

Additionally, mimicking the phosphorylation of all sites of this cluster appeared to 

increase telomere length, in accordance with the reported function of yeast Rif1 in 

telomere length regulation188. Despite this evidence, no information regarding the 

structural and functional consequences of mammalian RIF1 phosphoregulation by 
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ATM is available. We hypothesized that the phosphorylation of specific serines of 

the SQ/TQ clusters governs the conformational changes of RIF1 IDR, which in 

turn modulate RIF1 functions and interactions with other proteins in the context 

of DSB end protection. To test this, I studied the DNA damage-induced 

phosphorylation of conserved SQ/TQ sites and their involvement in the 

protection of AID-induced DSB ends in B lymphocytes. 

 

 

1.5  The aberrant NHEJ repair in Brca1-deficient cells 

BRCA1 was identified as a common breast and ovarian cancer gene189. The 

aberrant NHEJ repair of DNA replication-associated DSBs resulting from BRCA1 

loss drives the accumulation of cancerogenic mutations and genomic aberrations 

typical of these tumors190. Inhibitors of PARP1 (PARPi), the essential protein 

involved in DSB sensing (see 1.2.1) and SSB repair191, showed high efficacy in early 

trials192. Several PARPi treatments are FDA-/EMA-approved monotherapies or 

combination therapies for BRCA-mutated tumors193. 

The ability of PARPi to preferentially kill BRCA-deficient cells relies on the so-

called concept of “synthetic lethality”. Generally, this concept represents a 

situation in which depletion of either protein “A” or protein “B” is not lethal to 

cells, but the simultaneous loss of both protein “A” and protein “B” leads to cell 

death. In this case, we talk about the abrogation of the physiological function of 

PARP1 by PARPi treatment, in an HR-deficient setting caused by BRCA1 loss. In 

fact, the mechanism of action of PARPi relies on the “trapping” of PARP1 

molecules bound to DNA via zinc finger domains193. One of the most supported 

models of synthetic lethality implies that PARP1 moieties trapped at SSBs during S 

phase cause replication blockages and formation of single-ended DSBs upon 

replication fork collapse. The lack of functional BRCA1 prevents the faithful HR 
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repair of replication-associated DSBs, leading to aberrant repair, accumulation of 

genomic instability and finally cell death194.  

Unfortunately, tumors often develop resistance to PARPi treatments. Short 

progression-free survival (PFS) and overall survival (OS) of some triple-negative 

breast cancers patients were reported to correlate with low BRCA1 and 53BP1 

protein levels195. This and other observations unraveled a resistance mechanism 

named “HR rewiring”: in the absence of functional BRCA1 protein, HR activity 

was restored by 53BP1 depletion195-197. Further reports confirmed that also loss of 

other NHEJ-promoting factors, such as RIF168,85-88, REV791,92, and the other 

Shieldin components78,93,94,98, causes the reestablishment of HR, hence a drastic 

reduction of genomic instability and consequent cancer cell survival.  

Depletion of 53BP1 in Brca1-deficient cells leads to higher rescue of HR levels as 

compared to its downstream effectors. This was initially explained by the 

separation of function of 53BP1, in which the independent phospho-interaction 

with RIF1 or PTIP mediates a productive or aberrant NHEJ repair, respectively89. 

The duality of 53BP1 pro-NHEJ activity has been further dissected in a recent 

report, in which PTIP and RIF1 seemed to efficiently deregulate HR at two 

different steps: nucleolytic processing and RAD1-mediated recombination, 

respectively90.  

Collectively, a better understating of the mechanism of action of RIF1 may 

contribute to consolidating a model in which this multifunctional protein favors, in 

a 53BP1-dependent manner, NHEJ by inhibiting HR at specific steps. 
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2.  Aims of the study 

Protection and nucleolytic processing of DSB ends are two counterposed 

processes during DSB repair that promote NHEJ and HR, respectively. RIF1 and 

BRCA1 contribute to the balance between these DSB repair pathways, which is 

required for the maintenance of genome stability and for the physiological 

outcome of specific nuclear processes. 

RIF1 is an important pro-NHEJ factor, whose involvement in different molecular 

processes may underlie complex mechanisms of action as well as specific 

regulatory events. With regards to the role of RIF1 in the repair of both 

spontaneous and programmed DSBs, these aspects remain unclear. The 

identification of yet-to-be-defined RIF1 interactors, as well as the structural 

features and PTMs required for RIF1 contribution to DSB end protection, could 

potentially help to elucidate how RIF1 function during DSB repair is regulated. 

In the first part of this dissertation, I describe how I investigated RIF1 interactome 

by the use of a CSR loss-of-function screen, exploiting a list of potential RIF1 

interactor candidates generated in the lab at the beginning of this project. 

In the second part, I present the achievements, discoveries, and challenges derived 

from my efforts to understand the structural requirements for RIF1 function in 

DSB end protection as well as its ATM-dependent regulation. 
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3.  Material and Methods 

 

3.1  Material 

 

Oligonucleotides, PCR programs and gRNAs 

gRNA Protospacer sequence Application 

gRif1-3 AAGTCTCCAGAAGCGGCTCC (-) Generation of Rif1-/--1 CH12 

clones gRif1-4 GAAGACCCCTCGGTGCCTCC (+) 

gRif1-5 ACTCTTAATGATACCATTCA (-) Generation of Rif1-/--2 CH12 

clones gRif1-6 TGTGTGTACCAGGGCACTGT (+) 

gRNA_3xHAKI#1 GCGACCTGGGGCCGTCATGT (-) 
Generation of NLS-3xHA-Rif1 / 
3xHA-Rif1 CH12 clones 

PhoMut_gRNA#1 AAACACTCCGACGGTCTTCG (+) Generation of Rif1S>A / Rif1S>D 

CH12 clones PhoMut_gRNA#2 CGACTTGTCTAGATTGTCCA (-) 

Table M1: List of gRNAs used for the indicated CRISPR/Cas9 applications. 

 

 

Primer Sequence Application 

MDV_p130 TGGATTGGCTCGAGCCTCTC 
gDNA analysis Rif1-/- clone 1 

MDV_p131 AACCCACTAACTCCGGATCG 

MDV_p126 TTCCTTCCCTCAGTAGAGTTG 
gDNA analysis Rif1-/- clone 2 

MDV_p129 AAATGCCAGCCCTGTTGC 

MDV_p232 GGCCGTGCTGCCTGGGAAGCG 
Screen / gDNA analysis NLS-3xHA-Rif1 clones 

MDV_p233 GGCCCGCCTCACCTGGTCAGAGT 

MDV_p282 GCGGTGCTTGAACTTCAGGG 
Screen / gDNA analysis Rif1-S>A / Rif1-S>D clones 

MDV_p286 GCTGCGTGCTCAGTCTCAAC 

Table M2: List of primers used for genotyping and screening PCR of single cell clones. 
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Table M3: List of PCR programs and specific reagents used for genotyping and screening CH12 
single cell clones. 
 

Other reagents and materials 

Rif1-/- clone 1 Rif1-/- clone 2 NLS-3xHA-Rif1-/- Rif1-S>A / Rif1-S>D 

   95°C   12 min.   x1    95°C   12 min.   x1    98°C   30 sec.   x1    98°C   30 sec.   x1 

   95°C    2 min. 

   52°C   35 sec.   x32 

   72°C   30 sec. 

   95°C    2 min. 

   56°C   30 sec.   x32 

   72°C    3 min. 

   98°C   10 sec. 

   68°C   15 sec.   x32 

   72°C   10 sec. 

   98°C   10 sec. 

   68°C   15 sec.   30x 

   72°C    3 min. 

72°C   5 min   x1 72°C   5 min.   x1 72°C   5 min.   x1 72°C    5 min.   x1 

HotStar Taq Pol, 

10% DMSO 

HotStar Taq Pol, 

3% DMSO 

Phusion Pol, 

10% DMSO 

Phusion Pol, 

3% DMSO 

Name Source Cat. # 

Plasmids 

pX458G (pSpCas9(BB)-2A-GFP) Addgene 48138 

pX330G (pX330-T2A-GFP) V.T. Chu (K. Rajewsky’s lab) N/A 

pX330Gn (Cas9D10A) M. Andreani N/A 

pMA-NLS-3xHA #1 M. Andreani (GeneArt) N/A 

pMA-3xHA #1 M. Andreani (GeneArt) N/A 

pMA-PhoMim M. Andreani (GeneArt) N/A 

pMA-PhoNull M. Andreani (GeneArt) N/A 

Recombinant proteins and chemicals 

LPS Sigma-Aldrich L2630 

IL-4 (mouse recombinant) Sigma-Aldrich I1020 

TGFβ-1 (mouse recombinant) R&D Systems 7666-MB-00  

FBS Sigma-Aldrich F7524 

RPMI 1640 Thermo Fisher Scientific 21875091 

HEPES Thermo Fisher Scientific 15630056 

Sodium Pyruvate Thermo Fisher Scientific 11360039 

Antibiotic Antimycotic Thermo Fisher Scientific 15240062 

L-Glutamine Thermo Fisher Scientific 25030024 

2-Mercaptoethanol Thermo Fisher Scientific 21985023 
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Name Source Cat. # 

NuPage LDS Sample buffer Thermo Fisher Scientific NP0008 

Proteinase K Peqlab 3375501 

Phenol:Chloroform:Isoamyl alcohol  Roth A156.3 

PARPi Olaparib/AZD2281, Ku-0059436 Selleckchem S1060 

Colcemid Sigma-Aldrich 1029589200  

KaryoMAX Giemsa Stain Solution Gibco 10092013 

Gurr Buffer Tablets Gibco 10582013 

Kits, enzymes and other reagents 

PureLink HiPure Plasmid Filter Midiprep Kit Thermo Fisher Scientific K2100-15 

PureLink HiPure Plasmid Filter Maxiprep Kit Thermo Fisher Scientific K210017 

Stbl2 Competent E. coli Thermo Fisher Scientific 10268019 

Stbl3 Competent E. coli Thermo Fisher Scientific C737303 

TOP10 Competent E. coli Thermo Fisher Scientific C404003 

Neon Transfection System, 100 mL Kit Thermo Fisher Scientific MPK10025 

TOPO TA Cloning Kit  Thermo Fisher Scientific 450641 

NucleoSpin DNA Purification Kit Macherey-Nagel 740499 

Gibson assembly cloning kit NEB E5510S 

QuickExtract Solution Epicentre QE09050 

HotStarTaq DNA Polymerase Qiagen 203205 

Phusion High-Fidelity DNA Polymerase Thermo Scientific F530L 

Taq DNA Polymerase with ThermoPol 
Buffer 

NEB M0267 

T4 DNA Ligase NEB M0202 

T7 DNA Ligase NEB M0318 

Phase Lock Gel tubes   VWR 2302820 

Software  

FACS Diva BD N/A 

FlowJo v.10 Treestar N/A 

MacVector v15.0 MacVector, Inc. N/A 

Prism v.6 GraphPad N/A 
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3.2  Methods 

3.2.1  Cell culture 

In the present study, the following CH12 cell lines were used: wild-type CH12 

(CH12F3, Nakamura 1996), Rif1-/- CH12, Rif1S>A CH12, Rif1S>D CH12 (this study). 

Cells were grown in RPMI 1640 medium supplemented with 10% fetal bovine 

serum (FBS), 10 mM HEPES, 1 mM Sodium Pyruvate, 1X Antibiotic Antimycotic, 

2 mM L-Glutamine, and 1X 2 Mercaptoethanol at 37°C and 5% CO2 levels. 

 

3.2.2  I-DIRT 

I-DIRT was performed as previously described147. Briefly, splenocytes from 

Rif1FH/FH and WT mice were isolated and cultured in SILAC medium 

supplemented with either labeled (heavy medium, Rif1FH/FH culture) or unlabeled 

(light medium, WT culture) L-arginine and L-lysine. 

Upon 96 h culture, cells were exposed to 20 Grays of IR and then frozen in liquid 

nitrogen, after 45 min. of recovery at 37°C. RIF1 immunocomplexes were isolated 

from a 1:1 mix of frozen Rif1FH/FH and WT cells, upon sub-stoichiometric 

treatment with glutaraldehyde to preserve labile interactions and without altering 

Name Source Cat. # 

Bioinformatic tools  

CRISPRgold198 https://crisprgold.mdc-berlin.de N/A 

CRISPRdesign https://crispr.mit.edu N/A 

CRISPOR199 https://bio.tools/crispor N/A 

ExPASy translate tool200 https://web.expasy.org/translate N/A 

Clustal Ω (v.1.2.4)201 https://www.ebi.ac.uk/Tools/msa/clustalo N/A 
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the native composition of protein complexes. RIF1 and co-precipitating proteins 

were pulled down using anti-FLAG conjugated magnetic beads. 

Immunocomplexes were purified and analyzed by LC-MS/MS. Peptide 

identification and quantification were performed using the MaxQuant software202. 

 

3.2.3  Flow cytometry 

For CSR assay, 5 x104 cell/mL CH12 cells were cultured for 40 h in RPMI 1640 

supplemented with 5-15 mg/mL αCD40L (BioLegend), 5 ng/ml TGFβ and 5 

ng/ml of mouse recombinant IL-4 to induce the expression of IgA antibodies. Cell 

suspensions were collected, washed once in PBS and incubated for 20 min. at 4°C 

on a rotator with fluorochrome-conjugated anti-IgA antibodies (Southern Biotech). 

Stained cells were again washed and resuspended in 200 μL PBS 3% FBS. Samples 

were acquired on an LSRFortessa cell analyzer (BD-Biosciences). For single cell 

and bulk sorting, cells were collected 24-48 h after transfection and the portion of 

cells with highest GFP expression (top 3-5 %) were sorted using a BD FACSAria 

cell sorter (BD-Biosciences, MDC FACS Core facility). 

 

3.2.4  CRISPR/Cas9 genome editing 

For all CRISPR/Cas9-based applications, 2 to 7 guide RNAs (gRNAs) per target 

region were selected based on efficiency/off-target scores generated by three 

different gRNA design tools, namely CRISPRgold198 (https://crisprgold.mdc-

berlin.de), CRISPRdesign (https://crispr.mit.edu) and CRISPOR199 

(https://bio.tools/crispor) (gRNAs listed in Table S1). gRNAs were cloned in 

different Cas9-expressing plasmids using a cloning strategy adapted from a 

protocol developed by Zhang’s lab203. Cloned plasmids were amplified in TOP10 

competent cells (Thermo Fisher Scientific) and then purified by midi-/maxiprep 

(Thermo Fisher Scientific). To test the efficiency of different gRNAs to mediate 
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Cas9 cut, the ability of activated CH12 cells to perform CSR was assessed upon 

expression of different Cas9-gRNAs expressing constructs. In all applications, cell 

transfection was performed via electroporation with Neon Transfection System 

(Thermo Fisher Scientific) and was tested based on the depletion of RIF1 function, 

as represented by the reduction of CSR levels of activated B cells. The sequences 

of the gRNAs employed in these studies are listed in Table M1 and Table S1.  

In both knock-out and knock-in applications, 6 selected clones per genotype were 

validated at the protein expression level, from which 3 clones expressing 

physiological RIF1 protein levels were further validated at the genomic level. 

Genomic analysis involved the amplification of the region of interest by PCR, 

followed by TOPO cloning (Thermo Fisher Scientific) and Sanger sequencing of 

TOPO plasmids amplified from individual TOP10 competent cells (Thermo 

Fisher Scientific) colonies. To make sure both copies of Rif1 gene were analyzed, 

up to 10 vectors were sequenced. The primers and PCR programs employed in 

these experiments are listed in Tables M2 and M3. Controls were either WT CH12 

or cells nucleofected with gRNAs against random sequences absent in the mouse 

genome. The scheme of Rif1 genomic locus in Figures 10, 12 and 16 is adapted 

from Ensembl ENSMUSG00000036202 (GRCm38:CM000995.2). 

 

3.2.4.1  Knock-out cell lines 

To generate the knock-out cell lines, the selected gRNAs were cloned into tandem 

U6 cassettes of a pX330Gn (Cas9 nickase) plasmid. pX330Gn was created by 

introducing an additional U6 cassette via Gibson Assembly (NEB) to a pX330-

T2A-GFP plasmid (kind gift of V.T. Chu, K. Rajewsky’s lab). CH12 cells were 

transfected with the selected Cas9D10A-gRNAs expressing constructs via 

electroporation with Neon Transfection System (Thermo Fisher Scientific) and 

single-sorted for GFP-positive cells after 40 h. After ca. 12 days, single cell 

colonies of discrete size were collected in a “mother” 96-well plate, let grow for 
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additional 48 h and split in replica plates. Replica plates were used for either 

culture, cryostorage or screening of the clones. Clones were selected via a large-

scale CSR assay employing an HTS (High-throughput sampler) coupled to an 

LSRFortessa cell analyzer (BD-Biosciences). 

 

3.2.4.2  Knock-in cell lines 

To generate knock-in cell lines, the selected gRNAs were cloned into a single U6 

cassette of a pX458G (wild-type Cas9) plasmids. CH12 cells were co-

electroporated with the required pX458G plasmid and a circular donor plasmid 

carrying the knock-in template. The knock-in template was synthesized by 

GeneArt (Thermo Fisher Scientific) included the necessary mutations and 600-

1000 bp of homology arms (HA). The top 3-4% of GFP-positive cells were single 

cell-sorted into 96-well plates and allowed to grow for ca. 12 days before selection 

and expansion. For the purpose of performing a large-scale selection and 

cryostorage of the clones in the 96-well plate format, each plate was divided into 

replica plates. Knock-in clones were selected via a PCR-based screen. Briefly, 

gDNA was extracted from up to 140 single cell clones from each 96-well replica 

plate using Quick Extract solution (Epicentre) to resuspend cell pellets which were 

then heated up at 68°C for 6 min. and then at 98°C for 2 min. 96-well plate PCR 

reactions were set-up using primers annealing with genomic sequences outside the 

homology arms. Positive 3XHA / NLS-3XHA-Rif1 clones were identified by a 

unique, discrete bands of 368bp / 395bp. 

To identify positive Rif1S>A / Rif1S>D single cell clones, unpurified PCR products 

obtained from 96-well plate PCR reactions were directly digested overnight using 

10 units of NheI restriction enzyme (NEB, #R0131) and visualized on agarose gel. 

The primers and PCR programs employed in the PCR screens are listed in Tables 

M2 and M3. 
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3.2.5  Genotyping 

Genomic DNA (gDNA) was extracted from ca. 1x106 cells. Cell pellets after 

overnight incubation at 55°C with 0.5 mL Proteinase K (20mg/mL) diluted in 

Proteinase K buffer (100mM Tris pH 8, 0.2% SDS, 200 mM NaCl, 5 mM EDTA). 

Lysed cells were transferred in Phase Lock Gel tubes (VWR) and vigorously mixed 

1:1 with Phenol:Chloroform:Isoamyl alcohol (Roth). After centrifugation at 16,000 

g for 20 min. at room temperature, the aqueous phase was transferred to a new 1.5 

mL tube and the procedure was repeated. The aqueous phase was then mixed with 

2.5X volumes of 100 % ethanol, 10% Sodium Acetate pH 5.2 and 0.05 μg/μL 

glycogen. The tube was gently inverted until gDNA clumped and stored for at least 

30 min. at -20°C. After gentle mixing followed by centrifugation at 18,000 g for 15 

min. at 4°C, the precipitated gDNA was washed three times in 0.5 mL 70 % 

ethanol. After discarding the 70 % ethanol, the pellet was dried for 10 min. to 

allow the residual ethanol to evaporate. gDNA was then eluted in TA buffer 

(Thermo Fisher Scientific) pre-warmed at 55°C. In most cases, amplification was 

carried out using 0.4 units Phusion High-Fidelity Polymerase (Thermo Scientific), 

1x HF Phusion buffer, 40 mM dNTPs, 3% DMSO, 20 mM of each primer. 

Primers and PCR programs designed for each target sequence and application are 

listed in Tables M2 and M3. 

 

3.2.6  Western blot analysis 

Western blot analysis of protein levels was performed on whole cell lysates 

prepared by lysis in RIPA buffer (Sigma) supplemented with complete EDTA free 

proteinase inhibitors (Roche) and DDT (Roth). Proteins were mixed with 3.5X 

NuPAGE loading dye (Thermo Fisher Scientific) and separated by SDS gel 

electrophoresis (SDS-PAGE) using NuPAGE Tris-Acetate 3-8% gradient gels 

(Thermo Fisher Scientific). Protein separation was carried out in Tris-Acetate SDS 

running buffer (Thermo Fisher Scientific) at 150 V for 1 h. Up to 40ug of whole 
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cell extract were transferred on a PDVF membrane activated for 1 min. with 100% 

methanol. Wet protein transfer was performed at 220mA for 2 h in transfer buffer 

(25 mM TRIS, 192 mM glycine, 20% methanol). Membranes were blocked with 

3% BSA (bovine serum albumin) in PBS-t (1X PBS + 0.1% Tween 20). Primary 

antibody incubation was carried out at 4°C overnight (alternatively, for 1 h). 

Following 3 washes in PBS-t, incubation of the membranes with secondary 

antibodies was carried out at RT for 1 h. The primary antibodies used were anti-

RIF188 (1:5000; #2034) and anti-β Actin (1:10.000; Sigma-Aldrich). Secondary 

HRP-conjugated antibodies (1:20.000; Jackson ImmunoResearch) were used. ECL 

solution (GE Healthcare) was used to activate HRP and chemiluminescence signals 

were used to impress Amersham Hyperfilm ECL (GE Healthcare).  

 

3.2.7  Metaphase analysis 

CH12 cells were seeded at a concentration of 8x104 cells/ml in 25mL complete 

RPMI. After 24 h, PARPi (Olaparib, previously dissolved in DMSO) was added to 

the culture media at a final concentration of 1 μM. On the following day, 45 min. 

before harvesting, cells were treated with 1% colcemid to block cells in the 

metaphase stage of mitosis. Exactly after 24 h of PARPi treatment cells were 

collected and gently resuspended in 1 mL of pre-warmed 0.075 M KCl at 37ºC. 

Once the pellet was fully resuspended, additional 40 mL of pre-warmed 0.075 M 

KCl were added dropwise, while vortexing the tube in order to avoid the 

formation of clumps. Cell suspensions were incubated at 37ºC for 15 min. to 

perform a hypotonic shock, inverting the tube after the first half of the incubation. 

Samples were subsequently washed with 1mL of freshly prepared fixative solution 

(methanol/glacial-acetic acid – 3:1 v/v). Additional 40 mL of fixative solution were 

added slowly while shaking the tube, because after hypotonic shock cells were 

swollen and tending to clump. Samples were fixed for 30 min. at room temperature 

(RT). After two additional washes, cells were resuspended again in fixative solution 
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and kept at 4ºC. Metaphase spreads were prepared by dropping fixed cells on tilted 

microscope slides with a Pasteur pipette from at least 30 cm height distance. Slides 

were placed on a humidifier for 1-2 min., air-dried and incubated at 42ºC for 1 h. 

Giemsa staining was performed by treating slides first with KaryoMAX Giemsa 

stain solution for 2 min., then with Gurr buffer solution and lastly washed with 

ddH2O. Drying was performed overnight at RT. Metaphases were acquired with 

the Automated Metaphase Finder System Metafer4 at 63X magnification. 

Chromatid breaks and chromosome radials were manually counted from at least 50 

metaphases per sample. 

 

3.2.8  Statistical analysis 

Statistical analysis via Mann-Whitney U test was performed using GraphPad Prism 

software. Results were considered statistically significant when P-values were less 

than 0.05 (* represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001, 

**** represents p < 0.0001). Quantitative data were represented with either median 

or mean values ± standard error of the mean (SEM) unless otherwise stated. 
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4.  Results 

 

4.1  A SILAC-based pull-down coupled to a CSR screen 

allows studying RIF1 interactome 

In recent years, novel NHEJ-promoting factors have been discovered, some of 

which have been proposed to be the ultimate downstream effectors of the 53BP1-

dependent DSB end protection pathway99. Their involvement in NHEJ-dependent 

events, like B cell CSR124, fusion of unprotected telomeres76 and generation of 

genomic instability in Brca1-/- cells193, has been largely described. Despite this, their 

connection to the upstream factors 53BP1 and RIF1, as well as the specific DSB 

end protection mechanism, leave many questions unanswered. This suggests that 

additional uncharacterized proteins may be involved, further expanding this 

protein network. 

As part of the lab’s effort to identify new effector proteins contributing to DSB 

end protection, this work focused on the study of RIF1 interactome in the specific 

context of B cells antibody class switching. 

 

4.1.1  iDIRT identifies 41 possible RIF1 interactor candidates 

To identify RIF1 interactors involved in DSB end protection during CSR, Isotopic 

Differentiation of Interactions as Random or Targeted (I-DIRT) was used in 

primary cultures of splenocytes undergoing CSR. I-DIRT is a technique used to 

isolate affinity-tagged protein complexes, which is coupled to a SILAC (stable 

isotope labeling by amino acids in cell culture) approach204. I-DIRT has the 

important advantage of discriminating between specific and aspecific protein 

interactions prior to enrichment, while in other immunoisolation techniques 

protein specificity is monitored during enrichment, thus being compromised by 
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artifacts. Furthermore, I-DIRT allows isolating protein complexes under native 

conditions, limiting the enrichment of aspecific contaminants while retaining 

specific protein-protein interactions204. I-DIRT was performed by Daniel Rosen 

and Brian Chait (The Rockefeller University, New York), as part of a collaborative 

project147. In this experiment, Rif1FH/FH C57B6 mice were employed159. These mice 

were generated by crossing heterozygous mice in which a 1xFLAG-2xHA 

(influenza hemagglutinin) tag was knocked-in at the N-terminal portion of RIF1. 

The ability of Rif1FH/FH mature B cell to undergo CSR was proven to be 

comparable to Rif1+/+ mice147. Splenocytes from both Rif1+/+ and Rif1FH/FH strains 

were isolated, stimulated to undergo CSR to IgG1 with an activation cocktail (LPS, 

IL-4, RP/14) and grown in either light (L, Rif1+/+) or heavy (H, Rif1FH/FH) isotopic 

medium (Fig. 7). 

 

Figure 7: SILAC-based pull down (I-DIRT) for the identification of new RIF1 interactors 
in primary B lymphocytes. Scheme representing RIF1 I-DIRT. FH: 1xFLAG-2xHA tag; IR: 
ionizing radiation; LC-MS/MS: liquid chromatography-tandem mass spectrometry. For details 
see 3.2.2. 
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Cells were then treated with IR to induce additional DSBs and amplify RIF1 

recruitment to damage sites. A 1:1 cell mixture was then subjected to anti-Flag 

immunoprecipitation followed by liquid chromatography (LC) tandem mass 

spectrometry (MS/MS). Upon analysis of the MS data, 41 candidates were selected 

based on the following criteria: SILAC ratio (H/H+L) of at least 2 standard 

deviations (SD) higher than the mean of the H/H+L distribution (0.49); number 

of identified peptides greater than three; a posterior error probability (PEP) lower 

than 1x10-4 (Table 2). 

 

Gene name H/H+L. Pept. count  Gene name H/H+L Pept. count 

4x SD  2x SD 

CD36 0.89 16  SYK 0.73 4 

MGA 0.88 57  GBAS 0.73 4 

LY6D 0.87 7  PSMD4 0.72 6 

3x SD  IFIH1 0.71 5 

BACH2 0.83 14  DPP4 0.71 15 

PLD4 0.80 7  APRT 0.71 6 

EIF5 0.80 6  ARPC1A 0.71 13 

CHMP5 0.79 6  SLC2A1 0.71 4 

AHNAK 0.78 5  TCEB1 0.70 4 

RNF31 0.78 7  NAA50 0.69 4 

CD55 0.78 7  RNF2 0.69 4 

POLE1 0.78 11  NDUFB7 0.69 5 

SPCS2 0.77 5  IGLV2 0.69 4 

CPM 0.77 17  TIMELESS 0.69 4 

2x SD  GBP3 0.69 4 

TLK2 0.76 5  BMP2K 0.69 4 

EIF2B5 0.76 7  PAG1 0.68 7 

COX5B 0.75 5  CISD1 0.68 5 

TEX10 0.75 8  ZRANB2 0.68 5 

LAS1L 0.74 6  Table 2: List of the 41 RIF1 interaction 
candidates selected. The criteria used are 
mean SILAC ratio (H/H+L), number of 
identified peptides (Pept. count) and PEP 
(not shown). 

MS4A4C 0.74 8  

PDLIM2 0.74 4  

PHYN1 0.74 9  

EXOSC8 0.73 4  
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4.1.2  ARPC1A and NDUFB7 are potential RIF1 interactors during 

CSR in B lymphocytes 

To test whether the candidates had a role in CSR, I used a CRISPR/Cas9-based 

loss-of-function screen. For each of the 41 candidates, I designed three different 

guide RNAs (gRNAs) based on their activity and off-target scores obtained from 

different in silico tools (Table S1). All gRNAs were individually cloned in Cas9-

T2A-GFP-expressing plasmids (pX330G-T2A-GFP) and co-transfected in CH12 

cells (Fig. 8) (see 3.2.4 for more details). 

 

Figure 8: A loss-of-function screen allows to study the involvement of RIF1 interactor 
candidates in CSR. (A) Scheme representing the workflow of the loss-of-CSR-function screen 
employed to test the 41 potential RIF1 interactors. (B) Dot-plot showing the percentage of IgA+ 
cells upon somatic targeting of the indicated candidate genes by CRISPR/Cas9. Control cell lines 
(Random) were CH12 cells transfected with gRNAs that do not target any region of the murine 
genome. Mean CSR value of the controls was set to 100% and used to normalize the data. Five 
candidates (AHNAK, red; TIMELESS, blue; ARPC1A, brown; SLC2A1, purple; NDUFB7, 
green) that displayed more than 20 % reduction of CSR levels are indicated. 
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Efficiently transfected cells (10-25% GFP+ cells) were then analyzed for the ability 

to undergo CSR to IgA upon specific stimulation. I performed the loss-of-function 

screen in multiple experiments, where the CSR levels of each sample were 

normalized to those of wild-type CH12 cells transfected with Cas9 and “random” 

gRNAs, which do not target any sequence in the murine genome (defined in this 

manuscript as “Random” or “gRandom” controls). The normalized CSR levels 

were then compared to cells in which 53BP1 was transiently knocked-out using a 

previously optimized gRNA (CSR-deficient controls). Collectively, results showed 

that most of the targeted genes are dispensable for CSR. Only the depletion of 5 

proteins out of 41 caused a reduction in CSR efficiency of more than 20% (Fig. 

8B). To further test the requirement of these proteins (AHNAK, TIMELESS, 

ARPC1A, SLC1A and NFUFB7) for antibody switching, the assay was repeated. 

In this case, transient knock-outs were induced by using both pooled and 

individual gRNAs to rule out the possibility that none of the gRNAs was causing 

off-target effects and to simultaneously test the efficiency of individual gRNAs. 

AHNAK, TIMELESS, and SLC1A resulted to be dispensable for CSR (Fig. 9A-C). 

Targeting of Ndufb7 (Fig. 9D) and Arpc1a (Fig. 9E) resulted in a mild, but 

reproducible, CSR deficiency. Based on these preliminary results, we conclude that 

NDUFB7 and ARPC1A are affecting, directly or indirectly, antibody isotype 

switching in B lymphocytes. Nonetheless, I decided not to pursue the investigation 

of their potential role in B cell antibody class switching because of the lack of 

experimental evidence hinting at a direct role in the process. and because of time 

constraints (see 5.1). 
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Figure 9: ARPC1A and NDUFB7 are two potential RIF1 interactors affecting CSR in 
CH12 cells. Graphs summarizing the mean percentage of IgA+ cells upon somatic targeting of 
ANHAK (A), SLC1A (B), TIMELESS (C), NDUFB7 (D) and ARPC1A (E) with single (black 
symbols) and pooled (grey symbol) gRNAs. Significance in panel E was calculated with the 
Mann–Whitney U test (*: p ≤ 0.05). Error bars in the graphs represent SEM. 
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4.2  Phosphorylation at conserved and clustered SQ sites 

does not affect RIF1 role in productive and aberrant NHEJ 

Recently, independent studies aimed elucidating further the process of DSB end 

protection converged into the discovery of the Shieldin complex, claimed to be the 

ultimate effector of the 53BP1-dependent pathway78,93-98,100. Nonetheless, the exact 

molecular mechanism of DSB end protection and, specifically, the actual 

contribution of RIF1 to this process remain unclear. The lack of catalytic domains 

in most of the proteins of the 53BP1-dependent pathway could suggest that RIF1 

may function as a simple scaffold protein. However, the predicted protein-protein 

interaction domain as well as the DNA binding domain154, together with other 

structural features (Fig. 6), may indicate that RIF1 orchestrate the recruitment of 

downstream factors while interacting with the chromatin surrounding the DSB 

site. This idea is in accordance with recent reports depicting RIF1 as an organizer 

of chromatin architecture during replication timing in both yeast and 

mammals158,163,172. Hence, further unraveling the structural features of RIF1 may 

help to define its function in the context of resection inhibition. To do so, I 

exploited the direct implications of DSB end protection in the repair of CSR 

breaks in the B murine lymphoma CH12 cell line205. 

 

4.2.1  Knock-out by CRISPR/Cas9 corroborates RIF1 requirement 

for CSR in murine CH12 cells 

Rif1 deficiency was reported to impair CSR and lead to immunodeficiency in 

mice88. In the CH12 cell line, Rif1 downregulation achieved by RNAi led to a 

minor CSR deficiency compared to the in vivo system, most likely due to residual 

RIF1 protein levels85. To confirm that CH12 is an ideal model system to study the 

regulation of RIF1 function in CSR, I generated Rif1-deficient clones by employing 

CRISPR/Cas9 (see 3.2.4.1 for details). 
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To minimize undesired off-target effects, Cas9 nickase (Cas9D10A) was employed206. 

Seven gRNAs targeting either exon 2 or exon 5 were designed and tested for their 

ability to efficiently reduce CSR in CH12 by knocking-out RIF1 (Fig. 10A-B). 

Based on the results, two gRNA pairs (gRif1-3/4 and gRif1-5-6, Fig.10A) were 

selected to induce RIF1 knock-out by Cas9D10A. 

 

 

Figure 10: CRISPR/Cas9-mediated Rif1 knock-out recapitulates CSR deficiency in the B 
cell lymphoma CH12 cell line. (A) Scheme of murine Rif1 genomic locus and location of the 
gRNAs selected for gene editing (adapted from Ensembl Rif1-201ENSMUST00000112693.9).     
(B) gRNAs validation experiment. (top) Representative FACS plot indicating the percentage of 
IgA+ CH12 cells. (bottom) Dot plot representing the mean percentage of IgA-switched cells 
upon targeting with 7 different gRNAs (ctrl: untransfected cells and cells transfected with two 
different random gRNAs). (C) Summary from the large-scale CSR screen performed on single 
cell clones targeted with one of the indicated nickase gRNA pairs and spCas9D10A (ctrl: single 
cell clones targeted with a random gRNA pair). Significance in panel B and C was calculated with 
the Mann–Whitney U test (ns: non-significant, *: p ≤ 0.05, ****: p ≤ 0.0001). Error bars in the 
graphs represent SEM. 
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Compared to control clones, Rif1-deficient single cell clonal derivatives showed an 

overall drastic decrease of CSR even prior to selection (Fig. 10C), indicating the 

high efficiency of the CRISPR/Cas9-based system used. Misleading phenotypes 

due to clonality issues or eventual Cas9 off-target cuts can arise also upon use of 

Cas9 nickase-mediated gene editing207. For this reason, I selected and further 

characterized two independent CSR-deficient clones (one per gRNA pair) (Fig. 

11A-C). 

 

Figure 11: Characterization of the Rif1-/- CH12 clones. (A) Genomic scar analysis. Reference 
sequence (wild-type Rif1) shows gRNA protospacers (green) and PAM sequences (red). Rif1-/- 
clone 1 presents on one allele a sequence duplication (blue). Rif1-/- clone 2 presents the same 
deletion on both alleles. (B) Western blot analysis of selected Rif1-/- clones. (C) Representative 
FACS plots (left) and dot plot (right) summarizing 7 independent experiments confirming CSR 
levels of the selected clones. Significance in panel C was calculated with the Mann–Whitney U 
test (ns: non-significant, ****: p ≤ 0.0001). Error bars in the graphs represent SEM. 
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To confirm the efficient targeting on both Rif1 alleles, TOPO cloning was 

performed using gDNA extracted from both clonal derivatives (Rif1-/--1 and Rif1-/--

2). Sanger sequencing confirmed the presence of various deletions inducing 

biallelic frameshift mutations on both clones (Fig. 11A). Accordingly, western blot 

analysis confirmed the loss of RIF1 protein expression, potentially by nonsense-

mediate mRNA decay (Fig. 11B). As expected, both Rif1-deficient clones 

consistently displayed CSR deficiency (Fig. 11C). We conclude that RIF1 is 

essential for CSR in CH12 cells, thus indicating the suitability of this model system 

to study of RIF1 functions in CSR. 

 

4.2.2  Minimal RIF1 protein levels in the NLS-3xHA-Rif1 cell lines are 

sufficient to support CSR 

The generation of small constructs (suitable for B cell nucleofection) for 

expressing full-length and mutant versions of RIF1 in Rif1-/- CH12 cells, was 

consistently hindered by bacterial toxicity (not shown). This experimental obstacle 

could have been overcome by directly generating RIF1 deletion mutant cell lines. 

To this end, it was first necessary to generate a stable cell line expressing an 

epitope-tagged version of RIF1 (as later discussed in paragraph 5.2). I envisaged to 

use anti-HA tag antibodies, which are widely used and continuously optimized, to 

eventually: study RIF1 interactome via pull-down approaches; test the ability of 

RIF1 mutants to interact with its effector 53BP1 or to form ionizing radiation-

induced foci (IRIF) via proteomic approaches or immunofluorescence techniques, 

respectively. Considering that some of the RIF1 mutants may have lost the 

predicted nuclear localization sequence (NLS)151, I decided to add to RIF1 N-

terminus a simian virus 40 (SV40) large T antigen sequence, which is known to act 

as NLS208,209. 

To generate a cell line expressing both the NLS and the 3xHA peptides, I took 

advantage of CRISPR/Cas9 to knock-in the required coding sequences directly 
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downstream RIF1 start codon. gRNAs were designed as close as possible to the 

ATG sequence, which is present on exon 2 of Rif1 gene (Fig. 12A). 

 

Figure 12: Generation of the NLS-3xHA-Rif1 CH12 cell line. (A) (top) Rif1 genomic locus, 
the targeted exon (2) is indicated by a red line. (bottom) Schematic representation of the 
CRISPR/Cas9 knock-in strategy used to introduce a NLS-3xHA tag to RIF1 N-terminus in 
CH12 cells. The Cas9 cut at Rif1 start codon (ATG) is indicated by a scissor. The selected gRNA 
and its orientation are indicated by a backward arrow (B) Graph representing the gRNA 
validation experiment. The efficiency of each gRNA to induce a Cas9 cut at Rif1 exon 2 was 
measured indirectly by assessing the cells’ ability to perform CSR to IgA. Controls used were a 
gRNA targeting any region of the murine genome (gRandom) and the most efficient gRNA used 
for RIF1 somatic targeting, targeting exon 5 (gRif1). The levels of IgA+ cells were normalized to 
the gRandom control. (C) Representative agarose gel of a large-scale genomic screening showing 
amplification of the 5’ sequence of Rif1 exon 2. Potential NLS-3xHA-Rif1 homozygous knock-in 
clones are indicated by red arrowheads. Wild-type CH12 gRNA used as control (green square). 
 

Three candidate gRNAs were tested via loss-of-CSR-function assay and the gRNA 

showing the strongest reduction of IgA+ cells was chosen (gRNA #1, Fig. 12B). A 

synthetic gene containing the NLS-3xHA coding sequence and 600 bp of 
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homology arms was co-transfected with a Cas9/gRNA expressing vector in wild-

type CH12 cells (see 3.2.4.2 for details). Single cell clones were screened for 

successful homozygous editing via a PCR-based screen, in which amplicons 

generated from knock-in alleles were 96 bp-longer than those deriving from wild-

type alleles. Out of 85 clones tested, 19 showed a single and discrete band (22% 

homozygous knock-in efficiency) (Fig. 12C). Three independent clones were 

selected after a confirmatory PCR-based screen. The presence of the intact NLS-

3xHA sequence on both alleles and the lack of unwanted mutations were assessed 

by Sanger sequencing (data not shown). To confirm that the newly introduced 

peptides did not affect RIF1 function in CSR, the clonal derivatives were 

stimulated with cytokines and their ability to undergo CSR to IgA was tested. 

Although variable, CSR efficiencies were comparable to that of a control cell line 

(Fig. 13A). In parallel, to make sure that NLS-3xHA-RIF1 was expressed at 

physiological levels, western blotting on whole cell extracts from clonal and control 

cell lines was performed. Surprisingly, at standard conditions that allow for clear 

visualization of endogenous RIF1, none of the clones seemed to express the 

protein. Nonetheless, by over-exposition, the expected RIF1 band appeared in all 

clones (Fig. 13B). 

 

 
Figure 13 continued on page 55 
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Figure 13: NLS-3xHA-Rif1 CH12 cells undergo CSR despite showing reduced RIF1 
protein expression. (A) Graph representing the ability of three selected NLS-3xHA-Rif1 
clones to undergo CSR to IgA upon activation. Ctrl: CH12 cells nucleofected with a random 
gRNA not targeting any sequence in the murine genome. (B) Western blot analysis of RIF1 
protein levels. Apart from Rif1-/- control, 1 mg/mL and 3 mg/mL of whole cell lysate were 
used for each sample. The arrow indicates specific RIF1 antibody binding. (C) Loss-of-CSR-
function assay. Control and NLS-3xHA-Rif1 cell lines were transfected with either an 
established gRNA targeting Rif1 at exon 5 or a random gRNA, and then activated for CSR to 
IgA. 

 

Considering the results of the characterization experiments (Fig. 13A-B) and the 

fact that the epitope of the antibody used for western blot was located towards the 

C-terminus of the protein, one could argue that probably trace amounts of RIF1 

are enough for B cells to produce IgA antibodies. To test this hypothesis, I 

performed a loss-of-function experiment, targeting the poorly expressed protein 

with an established gRNA targeting exon 5. The results confirmed that the levels 

of NLS-3xHA-RIF1 support CSR (Fig. 13C). Remarkably, the same phenomenon 

was observed in two independent single cell clones expressing 3xHA-RIF1, which 

were created and tested in parallel to the NLS-3xHA-Rif1 cell lines (data not 

shown).  

We conclude that minimal levels of RIF1 molecules are sufficient to promote 

NHEJ repair of AID-induced DSBs, thus allowing CH12 cells to produce IgA 

antibodies at physiological levels. 
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4.2.3  Three conserved SQ phosphorylation motifs in murine RIF1 

are phosphorylated in vivo 

Many aspects of 53BP1 function during DSB repair are dependent on the 

phosphorylation of specific SQ/TQ motifs located at its intrinsically disordered N-

terminus68,85,88,137. 

Similar to its phosphorylation-dependent interactor, murine RIF1 displays 17 

SQ/TQ sites, some of which are organized in clusters spanning 100-200 aa (Fig. 

14). Notably, these clusters are also localized within an IDR, which accounts for 

more than half of RIF1 length, as predicted by PrDOS210 (Fig. 14) and Phyre2211 

(data not shown) servers. 

 

 

Figure 14: RIF1 displays a large intrinsically disordered region characterized by clusters 
of conserved SQ sites. (Top) Graph representing RIF1 protein disorder prediction (performed 
using PrDOS210), where probability values >0.5 indicate disordered regions. (Middle) Schematic 
representation of RIF1 protein (NP_780447.4). Predicted domains are indicated with boxes: N-
terminal HEAT repeats domain (dashed black); C-terminal CTD-I (RVxF/SILK motif, purple), 
CTD-II (DNA binding domain, red) and CTD-III (BLM interaction domain, green). Balloons 
indicate serine (S) and threonine (T) residues within putative ATM/ATR phosphorylation sites 
(SQ/TQ). White balloons: non-conserved sites; orange balloons: moderately conserved sites; 
green balloons: sites that are conserved and phosphorylated in vivo (I-DIRT). (Bottom) Protein 
sequence alignment between different species showing conservation of three SQ clusters 
(performed using ClustalOmega201). 
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To date, the role of ATM-mediated phosphorylation of mammalian RIF1 remains 

undescribed. Therefore, I decided to investigate how ATM-mediated 

phosphorylation within RIF1 IDR affects its function in DSB end protection. 

To narrow down the SQ/TQ sites that are potentially involved in RIF1 regulation, 

the degree of conservation was assessed first. Out of 13 SQ/TQ sites localized in 

the IDR, 8 are highly conserved among mammals (Fig. 14). Because the IDR 

contains only conserved SQ motifs, the three corresponding clusters will herein be 

termed “SQ-C” (SQ clusters). DISPHOS (DISorder-enhanced PHOSphorylation 

site) tool was used to predict phosphorylation of RIF1 residues based on intrinsic 

disorder184. Intriguingly, two serines (S1423 and S1535) included in SQ-CII were 

predicted to be phosphorylated with high confidence (Table 3). 

 

Position Residue Score Sequence 

1423 Ser 0.886 SCSDSQERE 

1535 Ser 0.776 TRRASQGLI 

2145 Ser 0.505 GLKRSQEDE 

2218 Ser 0.541 LSPGSQSSK 

Table 3: Summary of DISPHOS 1.3 (Disorder-Enhanced Phosphorylation Sites Predictor). 
Results were filtered for serines (S) followed by glutamine (Q). Conserved SQ sites are indicated 
in red. 

 

Next, I took advantage of the dataset generated via the I-DIRT proteomic pull-

down performed on Rif1FH/FH splenocytes treated with IR (Fig. 7). Thanks to 

relatively high coverage (73%), phosphate-containing serines/threonines were 

identified with high confidence (Table 4). Among 31 identified phosphoresidues, 

only three phosphoserines (S1394, S1423, S1535) were part of SQ motifs (Fig. 15). 

Remarkably, these ATM phosphosites belong to SQ-CII (Fig. 14). Remarkably, 

S1423 and S1535 were predicted to be phosphorylated (Table 3).  
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Interestingly, a larger number of identified residues were part of consensus CDK 

phosphorylation sites (S/T-P motifs) (Table 4). We conclude that murine RIF1 

contains a highly conserved cluster of SQ sites (SQ-CII) that are phosphorylated in 

vivo. 

 

Identified residues Motif 

S1394, S1423, S1535 SQ (ATM/ATR kinases) 

S383, S394, S398, T1212, S1238, 
S1240, S1446, S1464, S1690, S1835, 

S1875, S2303 
SP (CDK kinase) 

Table 4: List of phosphorylated residues identified in Rif1FH/FH primary B cells. The list was 
filtered for residues that are targeted by either ATM/ATR or CDK kinases. 

 

 

 

Figure 15: The conserved SQ/TQ cluster 2 within RIF1 intrinsically disordered region is 
phosphorylated in vivo. (top) Mass-spec spectra showing the identified phospho-residues 
corresponding to S1394, S1423 and S1535. (bottom) Scheme representing MS analysis coverage 
relative to RIF1 isoform 2 (XP_011237438.1). Max Quant analysis performed by W. Zhang 
(Chait Lab, Rockefeller University, NY). 
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4.2.4  An efficient CRISPR/Cas9 approach allows the simultaneous 

introduction of multiple point mutations into the CH12 genome 

To investigate the role of RIF1 SQ-CII in DSB end protection, its phosphorylation 

was either abrogated or mimicked by simultaneous mutation of all serines to 

alanine (S → A) or aspartate (S → D), respectively. This was achieved by 

CRISPR/Cas9-mediated knock-in, which exploited HDR to replace the target 

sequence on exon 30 with a synthetic DNA sequence containing the desired 

alanine/aspartate codon mutations (HDR donor) (Fig. 16, Fig. S1). The presence 

of a 5’ (gRNA 5’) and a 3’ (gRNA 3’) Cas9 cut sites, together with 1000bp-long 

homology arms (HAs), would have allowed to “push” the cells to repair the two 

DSBs -occurring simultaneously on both alleles- by HR using the full synthetic 

gene as template212. Besides the nonsynonymous mutations, different silent 

mutations were needed to prevent spCas9 from further cutting the correctly 

knocked-in sequence (Fig. S1-S2). To do so, gRNAs with similar efficiency/off-

target scores, were chosen based of the possibility to silently mutate both 

protospacer and PAM sequences, while keeping into consideration the existence of 

the two non-canonical spCas9 PAM sequences, NAG and NGA213,214. To test the 

efficiency of two selected gRNAs (gRNA 5’ and gRNA 3’), CH12 cells transiently 

expressing two individual spCas9/gRNA constructs were activated and their ability 

to perform CSR was assessed. A reduction of IgA+ cells up to 35% was observed 

(data not shown), confirming the suitability of the gRNAs for Rif1 gene targeting. 

To discriminate between wild-type and edited genomes, a unique NheI restriction 

site was introduced in the HDR donor sequence by synonymous mutations (Fig. 

16A, Fig. S1). As opposed to the selection of Rif1-/- clones via a large-scale CSR 

assay (Fig. 11C), unbiased selection of the homozygous knock-in clones was 

performed via a digestion/PCR-based genetic screen. After transfection with the 

required plasmids and single cell sorting, this large-scale screen allowed to select 

CH12 clones carrying the NheI restriction site on both alleles (Fig. 16B).  
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Figure 16: Simultaneous introduction of multiple point mutations by CRISPR/Cas9-
mediated knock-in. (A) (top left) Expected protein sequence of SQ-CII upon mutation of the 
codons encoding for S1394, S1423 and S1535. (top right) Rif1 genomic locus, the targeted exon 
is indicated by a red line. (bottom) Schematic representation of the CRISPR/Cas9 knock-in 
strategy used to mutate the serine of each of the three conserved SQ sites to either alanine (A) or 
to aspartate (D) in CH12 cells. Silent mutations are marked by an asterisk (*) (B) Schematic 
representation of the workflow for the generation and screening of knock-in single cell clones. 
(C) Summary from the large-scale CSR screen performed on single cell clones transfected with 
knock-in constructs (ctrl: single cell clones targeted with a random gRNA pair). Significance in 
panel C was calculated with the Mann–Whitney U test (ns: non-significant). Error bars in the 
graphs represent SEM. 
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To rule out the possibility that the knock-in sequence or other parts of the HDR 

donor were integrated in other regions of the genome, gDNA amplification was 

performed using primers annealing beyond the homology arms. The genomic 

screen of 61 Rif1S → A and 53 Rif1S → D clones showed homozygous knock-in 

efficiencies of 13% (8/61) and 23% (12/53), respectively (data not shown). 

Nonetheless, due to the availability and ease of use of the LSRFortessa analyzer 

coupled to an HTS module, I as well performed a large-scale CSR analysis, in 

parallel to the genetic screen. The preliminary results showed no significant 

differences in IgA+ cells of both genotypes compared to control single cell clones. 

However, no conclusion could be drawn, due to the unknown knock-in efficiency 

and the wide distribution of the clones that were analyzed (Fig. 16C). 

 

4.2.5  Phosphorylation of RIF1 at the conserved SQ cluster is not 

required for the regulation of its function during CSR 

Because CSR efficiency can be subjected to clonality-related issues, three clones of 

each genotype (Rif1S → A and Rif1S → D) were selected and further characterized. To 

confirm the presence of the NheI site on both alleles, the digestion/PCR-based 

genetic screen was repeated. Amplification of the target region followed by NheI 

digestion showed the expected bands and no undigested (WT) DNA band in all 6 

clones (Fig. 17A). Sanger sequencing of undigested PCR products confirmed the 

homozygous knock-in of the desired mutations in all selected clones. Western blot 

analysis showed that neither abrogation or mimicking of the SQ-CII 

phosphorylation affected negatively RIF1 protein folding and expression (Fig. 

17B). 

To finally test whether phosphorylation of SQ-CII regulates RIF1 role in DSB end 

protection, I stimulated the clones to express IgA on their surface. Surprisingly, 

both Rif1S → A and Rif1S → D cell lines preserved their ability to undergo CSR, despite 

the variable efficiencies (Fig. 17C). Considering that the three clones of each 
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mutagenesis were identical from a genetic as well as a protein expression point of 

view, the CSR results were grouped per genotype (Fig. 17D). This representation 

clearly showed that differences between control and RIF1 mutant cell lines were 

not significant, despite the variability observed among clones of the same 

genotype. We concluded that the phosphorylation of SQ-CII does not regulate 

RIF1 function in CSR. 

 

 

Figure 17: RIF1 phospho-deficient and phospho-mutant CH12 cell lines undergo efficient 
CSR. (A) Confirmatory PCR screen performed on controls and three independent clones per 
genotype (SA-1, SA-2, SA-3 / SD-1, SD-2, SD-3). SA = phospho-deficient clone; SD = 
phospho-mimetic clone. Controls: HDR donor plasmid DNA (donor) and gDNA from two 
different clones derived from targeting of CH12 cells with a random (R) gRNA that does not 
anneal with any region in the murine genome (R1, R2). *Expected bands from amplification of 
10ng of HDR donor plasmid (uncut: 1.8 kb; cut: 1.1 kb + 0.7 kb) (B) Western blot analysis 
controls and three independent Rif1SA and Rif1SD cell lines. Controls: two different Rif1 
knock-out cell lines (Rif1-/--1 and Rif1-/--2) and two different Random cell lines (R1, R2).  
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(C) Top: Representative flow cytometry plots measuring CSR to IgA in activated CH12 cells of 
the indicated genotype. Right: Dot plot summarizing %CSR efficiency (% IgA+ cells) of three 
independent Rif1SA and Rif1SD clones in four independent experiments. Controls: wild-type 
(WT) CH12 cell line, three independent Random (R1, R2, R3) CH12 cell lines and two 
independent Rif1-/- CH12 cell lines. (D) Representation of results from (C) with cell lines 
grouped by genotype. Significance in panel D was calculated with the Mann–Whitney U test (ns: 
non-significant). Error bars in the graphs represent SEM. 

 

4.2.6.  Phosphorylation of RIF1 at the conserved SQ cluster does 

not alter genomic instability in PARPi-treated Brca1-/- cells 

It was reported that a fraction of breast and ovarian cancers that developed 

resistance to PARPi treatments displayed downregulation or depletion of Tp53bp1 

or Rif1 genes195. From a molecular perspective, this is explained by a loss of DSB 

end protection leading to the re-establishment of the HR pathway and, 

consequently, tumor cell survival195,196 (Fig. 18) (see 1.5 for more details). 

In a collaborative effort, Sandhya Balasubramanian (S.B., from my lab) and I 

investigated whether the modification of the SQ-CII by ATM kinase is required for 

RIF1-mediated synthetic lethality of Brca1-deficient cells treated with PARPi. 

Answering this question could potentially help us clarifying whether RIF1-

mediated DSB end protection is differently regulated based on the cellular context. 

S.B. generated the Brca1mut/mut (HR deficiency model) and Brca1mut/mut Rif1-/- (PARP1 

resistance model) cell lines that will be mentioned in this part of the dissertation. 

To study the involvement of RIF1 SQ-CII in the aberrant repair of DSB in 

PARPi-treated Brca1-deficient cells, serine to alanine/aspartate mutations were 

introduced in the Brca1mut/mut cell line by the same CRISPR/Cas9 strategy used to 

mutated RIF1 in wild-type CH12 cells (Fig. 16A). 
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Figure 18: Scheme representing the concept of BRCA1 and PARP1 synthetic lethality. 

 

As it is well described in literature, BRCA1 is required for displacement of 53BP1 

from DSBs in order to promote HR repair44. This clearly represents an obstacle to 

gene editing techniques relying on HDR. Surprisingly, we obtained knock-in rates 

similar to those in the wild-type genetic background: 21% for Brca1mut/mut Rif1S → A 

clones and 19% for Brca1mut/mut Rif1S → D (data not shown). Three clones of each 

genotype were characterized, to confirm the successful introduction of the mutated 

sequence in both copies of Rif1 gene (Fig. 19A) and that protein levels were not 

negatively affected by the knocked-in sequence (Fig. 19B). 
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Figure 19: Brca1 mut Rif1 S → A and Brca1 mut Rif1 S → D CH12 clones are sensitive to PARPi 
treatment. (A) Confirmatory PCR screen performed on controls and three independent Brca1 mut 
Rif1 S → A and Brca1 mut Rif1 S → D CH12 clones per genotype (SA = phospho-deficient clone; SD 
= phospho-mimetic clone). Controls: HDR donor plasmid DNA (donor) and gDNA from a 
random (R) clone. *Expected bands from amplification of 10ng of HDR donor plasmid (uncut: 
1.8 kb; cut: 1.1 kb + 0.7 kb) (B) Western blot analysis of controls and three independent Brca1 mut 
Rif1SA and Brca1 mut Rif1SD cell lines. Controls: two different Brca1 mut Rif1 knock-out cell lines 
(Rif1-/--1 and Rif1-/--2) and two different Random cell lines (R1, R2). (C) Analysis of genomic 
instability in metaphases from PARPi-treated Brca1mut RIF1 phosphomutant cell lines. 
Chromosome radials and chromatid breaks are indicated with black and grey arrows, respectively 
(n = 50 metaphases per genotype). Left: Representative metaphase spreads from PARPi-treated 
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cells of the indicated genotype. Right: representative chromosomal aberrations (top) and graph 
(bottom) summarizing the mean number of radial chromosomes (black bar) and chromatid 
breaks (grey bars) per cell of each indicated genotype. (D) Representative flow cytometry plots 
(left) and dot plot (right) summarizing the % CSR efficiency (% IgA+ cells) of three independent 
Brca1mut Rif1SA and Brca1mut Rif1SD clones. Controls: Brca1mut CH12 cell line, three independent 
Random (R1, R2, R3) CH12 cell lines and two independent Brca1mut Rif1-/- CH12 cell lines. 
Significance in panels C and D was calculated with the Mann–Whitney U test (ns: non-
significant). Error bars in the graphs represent SEM. 
 

To study the levels of genomic instability leading to PARPi-induced cell death, we 

performed metaphase spread analysis. This robust assay, established by S.B., allows 

visualizing chromatid breaks and chromosome radials, the main hallmarks of 

genomic instability. In line with the loss of aberrant NHEJ, double knock-out cell 

lines (Brca1mut/mut Rif1-/-) rescued the load of both genomic aberrations (Fig. 19C). 

Brca1mut/mut Rif1S → A and Brca1mut/mut Rif1S → D clones displayed no significant 

difference in the number of both chromosome radials and chromatid breaks (Fig. 

19C). These results indicate that the phosphorylation status of SQ-CII does not 

affect RIF1 contribution to genomic instability of PARP-treated Brca1-deficient 

cells. 

Considering the results obtained in the wild-type phosphomutant clones, we 

conclude that SQ-CII is not involved in the phosphoregulation of RIF1 DSB end 

protection function during CSR as well as in the context of aberrant NHEJ repair 

of replication-associated DSBs in Brca1-null cells. 

 

The results of this collaborative project are currently being combined with those 

presented in the second part (4.2) of this dissertation into a scientific paper. 
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5.  Discussion 

 

The effective response to DNA damage is essential for the preservation of DNA 

integrity and for cell survival. The repair of both spontaneous and programmed 

DSBs partly relies on RIF1, a component of the 53BP1-dependent pathway that is 

designed to limit DSB end resection and promote NHEJ repair. An important 

aspect of this repair pathway is that it is essential for CSR, the deletional-

recombination process leading to the expression of different antibody isotypes in B 

cells. RIF1 is a conserved, multi-functional protein lacking any enzymatic 

activity150-152. Despite years of research, many are the open questions regarding the 

actual mechanism of DSB end protection. This hints at the existence of as-yet-

unknown factor(s) mediating this mechanism. In the present work, RIF1 

interactome has been investigated to shed light on the complexity of this process. 

Additionally, the mechanism of action of RIF1 remained poorly described for 

many years after its discovery, especially from a structural and biochemical point of 

view. Recently, major advances have been made in the investigation of RIF1 

structure in the context of different RIF1 functions160,172,174,175, but the molecular 

mechanisms/switches by which RIF1 function during NHEJ (and consequently, 

CSR) is regulated remain unclear. This work provides evidence that conserved 

ATM kinase target sites in RIF1 IDR are phosphorylated in vivo, but do not affect 

its function in DSB end protection. 

This study took advantage of the dependency of CSR on the NHEJ repair process, 

exploiting the ability of stimulated CH12 cells to produce IgA antibody isotype as 

an output for DSB end protection efficiency. 
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5.1  Investigation of the RIF1 interactome via a loss-of-CSR 

screen 

The CRISPR/Cas9-based functional screen employed to investigate RIF1 

interactome was developed in such a way to efficiently screen a large number of 

candidates and, at the same time, to maximize the chances of knocking down the 

candidate genes. The major contribution to its efficiency laid in the model used, 

the murine B lymphoma-derived CH12 cell line205. CH12 are the only cells that can 

be stimulated to undergo CSR at relatively high levels in vitro, enabling to identify 

CSR defects with an adequate dynamic range. 

To increase the confidence of each knock-out, I chose to target either exons 

encoding for functional domains or exons that were previously disrupted to 

successfully generate knock-out models (depending on the availability of the 

information in literature or in mouse models repositories). Due to the size of the 

screen, I decided not to test the ability of each gRNA to induce Cas9 cut on its 

target gene, but rather to pool three gRNAs per candidate and simultaneously 

express them in CH12 cell (Fig. 8A). 

CSR relies on the inhibitory effect of RIF1 and the other pro-NHEJ factors to 

limit resection124. Hence, the eventual hits could have been as-yet-unknown 

factors, which have implications in DSB end protection. Nonetheless, as studies 

from our lab suggest, RIF1 contribution to CSR may go beyond its function in 

protecting S-region DSBs. In fact, we raised the possibility that RIF1 may be 

involved in the CSR-related transcriptional regulation147 and showed that the 

regulation of DSB resection by 53BP1 and RIF1 marginally impacts CSR, despite 

the fact that the depletion of the two proteins almost completely impairs the 

process147,148 (see 1.3.4). This evidence indicates that candidates resulting positive in 

the screen might be involved in novel RIF1-dependent mechanisms promoting 

CSR. Surprisingly, the somatic targeting of only 2 out of 42 candidates showed a 

consistent, albeit not severe reduction in IgA-switched cells (Fig. 8B). However, 
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two considerations may explain why most of the candidate interactors resulted 

negative in the CSR screen. 

On one hand, taking into account the experimental conditions of the SILAC-based 

pull-down that generated the list of candidates, we cannot exclude the possibility 

that some of the potential interactors may have a role in any of the RIF1-mediated 

processes other than CSR (e.g., regulation of replication timing; see 1.4). 

Additionally, the material used to perform the iDIRT was composed of primary 

splenocytes stimulated with cytokines to undergo CSR. Besides inducing GLT and 

the expression of AID122, cytokine stimulation increases the proliferation rate of 

these cells124. As a consequence, these cells are more likely to incur into replication 

stress215. Since RIF1 has a role in both replication timing and replication stress 

response, it is possible that potential interactors have a role in those processes 

rather than in CSR. 

On the other hand, it cannot be ruled out that, in some cases, CRISPR/Cas9 failed 

to efficiently target the candidate gene. All three gRNAs used to target a specific 

candidate may have been inefficient in localizing Cas9 to the target sites; effective 

targeting may have occurred on a single allele which, in the case of an 

haplosufficient gene, would have led to the expression of a functional protein216. 

Lastly, we could speculate that residual levels of proteins with long turnover times 

may have been present at the time of cytokine stimulation, thus maintaining 

physiological levels of CSR. This assumption is supported by the observation that 

trace levels of RIF1 can support CSR (see 4.2.2). 

 

Somatic targeting of NDUFB7 caused a moderate, but variable reduction (20-40%) 

of CSR efficiency (Fig. 9D). NDUFB7 is a subunit of the NADH:ubiquinone 

oxidoreductase (complex I), which catalyzes the oxidation of NADH and the 

reduction of ubiquinone in the mitochondrial inner membrane. The specific 

subunit stabilizes the membrane domain of the complex and together with other 
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25 accessory subunits, it is important for the maintenance of complex I structure 

and function217,218. Of note, Stroud et al. proved that depletion of the membrane 

arm subunits of complex I (NDUFB7 is one of them) causes severe mitochondrial 

respiratory chain defects and affects metabolism, transporter activity, translation, 

and DNA replication pathways218.  

Due to the importance of respiration for cellular metabolism, we could argue that 

the depletion of a key subunit of the complex I may affect CSR indirectly. In line 

with this assumption, NDUFB7 may not interact with RIF1 and this could be as 

well justified by the low number of peptides recognized in the mass-spec following 

the iDIRT (Table 2). For this reason no replicate CSR experiment was performed 

for this candidate (Fig. 9D). 

 

CRISPR/Cas9-mediated depletion of ARPC1A, a subunit of the ARP2/3 

complex, caused a minimal yet consistent reduction (25%) of CSR levels in the first 

screen and in the following CSR assays (Fig. 9E). As for the mitochondrial 

complex I, the main biological processes supported by the ARP2/3 complex 

appear to be unrelated from CSR.  

The ARP2/3 complex is essential for cell migration, endocytosis, and 

phagocytosis, due to its ability to polymerize actin filaments219,220. WASP (Wiskott-

Aldrich syndrome protein) is one of the main proteins facilitating actin 

polymerization by ARP2/3 and both were found to physically associate with RNA-

pol II and mediate RNA-pol II-dependent transcriptional regulation in vitro and in 

vivo221. Different studies confirmed that actin branching affects chromatin 

remodeling complexes including SWI/SNF, INO80, SRCAP/SWR1, and the 

combined remodeler/histone acetyltransferase complex TIP60/NuA4222-224; 

consequently, affecting actin-mediated chromatin remodeling can impact DNA 

transcription225,226, replication227,228 or repair229-231. 
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Interestingly, a recent study showed that nuclear actin filaments are formed upon 

DNA damage232-234. In Drosophila, nucleation of F-actin filaments by Arp2/3 

complex appeared to allow the relocation of heterochromatic DSBs to the nuclear 

periphery and to aid heterochromatic DSB repair233. In mammalian cells ARP2/3 

and WASP inhibition reduced HR, whereas MMEJ and NHEJ pathways remained 

unaltered234.  

Taken together, the recent insights into the potential contribution of actin 

polymerization in nuclear processes suggest that these proteins may also directly 

contribute to aspects of the dynamic process of CSR. Nonetheless, the fact that 

NHEJ was not affected by the inhibition ARP2/3 and WASP234, may indicate that 

the CSR defect seen upon ARPC1A knock-out (Fig. 9E) could be an indirect 

effect, due to the disruption of epigenetic regulators’ activity instead. In fact, the 

chromatin remodeling complex INO80 was also shown to regulate CSR in humans 

and in CH12 cells235. These results were supported by previous studies describing 

CSR deficiency upon depletion of the cohesion complex, which is known to be 

modulated by INO80 during sister chromatid cohesion236,237. Additionally, the 

depletion of the INO80 complex was shown to reduce 53BP1 accumulation to 

DSBs in different cell lines231. Opposingly, INO80 was also shown to promote 

DSB end resection in support of HR repair238.  

In summary, this evidence highlights the need to further investigate the role of 

INO80 and cohesin complexes at damaged chromatin and to further explore the 

connection between actin-mediated chromatin remodeling, RIF1, and CSR. 
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5.2  The structural study of RIF1 in B cells and its 

challenges 

Although the role of mammalian RIF1 in different nuclear processes has been 

studied for almost two decades, its mechanisms of function remain elusive. The 

diverging functions that mammalian RIF1, compared to its yeast ortholog, has 

developed throughout the evolution hinder the study of RIF1 conserved domains. 

Direct interactions and structural determinants at the base of both yeast and 

mammalian RIF1 mechanism of action have been well described only in the 

context of replication timing159,162,163,166,172,174,175,239. 

Escribano-Diaz et al. provided the first comprehensive domain study of RIF1, 

proving that its localization to DSBs is dependent on its N-terminal HEAT 

domain and that its antagonizing activity towards BRCA1 focal accumulation 

additionally requires its C-terminus (excluded the SILK-RVxF motifs)85. In this and 

in a later study, to investigate the required structural features for RIF1 function, 

adherent cells were transfected with different mutant versions of a construct 

expressing human RIF185,240. The same approach was used to identify a specific 

CHK1-mediated phosphorylation event that appeared to inhibit RIF1-PP1 

interaction in the context of DNA replication164. 

However, regardless of the numerous functional studies published68,85,88,89, no 

structural information regarding RIF1 role in CSR has been reported so far. 

Presumably, the explanation lies in the difficulties related to the transfection or 

viral transduction of B lymphocytes with RIF1-full length and mutant constructs 

(up to 15 kb in size). In fact, it is well known than B cells are refractory to most 

transfection methods (e.g. Lipofectamine, calcium phosphate, etc.) and that viral 

packaging limit is a constraint for the efficient delivery of large constructs241-243. 

In this study, the attempt to transfect the large RIF1-encoding plasmids in CH12 

cells and primary B cells via electroporation was unsuccessful. Furthermore, the 

expression of a smaller vector containing full-length RIF1 resulted toxic to 
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different E. Coli strains. This toxicity hampered the amplification of the desired 

vector and favored the introduction of stop codons or frameshift mutations in 

RIF1 coding sequence, a rare event previously described in literature244. Altogether, 

these aspects complicated the experimental design required to identify the domains 

that are essential for RIF1 role in CSR. CRISPR/Cas9 gene editing represented an 

alternative to endogenously express modified versions of RIF1 in CH12 single cell 

clones. 

A number of RIF1 mutants that I planned to generate would have lacked the NLS, 

predicted to lay in the C-terminus76,151,152,154,240 as well as the epitope for our 

custom-made RIF1 antibody (#2034) (Fig. 6). Of note, no available commercial 

anti-murine RIF1 antibody performed similarly to #2034 in all the required 

applications (i.e. western blot, IRIF, coIP). Accordingly, I first generated a cell line 

expressing a version of RIF1 bearing a NLS followed by a 3xHA-tag at the N-

terminus by CRISPR/Cas9-mediated knock-in (Fig. 12A). The decision to include 

the new peptides at the N-terminus - rather than the C-terminus - of the protein 

was based on a previously generated mouse model (Rif1FH/FH) expressing a 

1xFLAG-2xHA tag at the amino-terminus of RIF1159. B cells isolated from 

Rif1FH/FH mice express physiological levels of the epitope-tagged RIF1, which 

recapitulates the endogenous RIF1 abilities to accumulate at DSBs and to support 

CSR147,159 This was an indication that the introduction of a peptide sequence of 

similar length at the N-terminal RIF1 would have not affected its levels of 

expression, recruitment to the damaged chromatin and function in CSR. 

Surprisingly, despite the integrity of both RIF1 alleles at the regions surrounding 

the knocked-in sequences and the unaltered ability to undergo CSR of the different 

clones tested, NLS-3xHA-RIF1 protein levels were almost undetectable (Fig. 13A-

B). The same phenomenon was observed in additional knock-in clones in which 

RIF1 bore only the 3xHA epitope at its N-terminus. 

The possible cause underlying the dramatic decrease in protein expression in both 

knock-in sets was not investigated. Nonetheless, I hypothesized that the addition 
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of the specific N-terminal tags affected negatively the stability of the protein. The 

biochemical characteristics of the extra amino acid residues at the N-terminus may 

have caused problems in protein folding or constituted “N-degrons”, leading to 

enhanced protein degradation. N-degrons represent modified or unmodified 

destabilizing N-terminal residues of proteins that, in the so-called “N-end rule 

pathway”, are recognized as degradation signals by specific E3 ubiquitin ligases (N-

recognin), leading to 26S proteasome-mediated degradation245,246. Certain N-

degrons can be repressed by steric shielding, mediated by protein folding or 

interaction with other proteins247. Unlike NLS-3xHA-RIF1, 3xHA-RIF1 displays a 

potential type of N-degrons (i.e. bulky hydrophobic residues, Fig. S3). Further 

testing would be required, for example using proteasomal inhibitors. However, 

considering the absence of an N-degron in NLS-3xHA-RIF1, we could exclude 

that the knocked-in sequences promote RIF1 protein degradation via the N-end 

rule pathway.  

Lastly, in spite of the fact that these cell lines could not be further employed for 

RIF1 structural studies, this unexpected phenomenon gave a first clue regarding 

the sensitivity of CSR to RIF1 dosage. In reference to this point, a recent study 

showed that halving RIF1 levels (in Rif1 hemizygous mESCs) negatively affected 

chromatin architecture but not replication timing, suggesting that only certain 

functions of RIF1 are sensitive to its dosage239. 

 

 

 

 

 



5 .   D i s c u s s i o n  

P a g e  | 75 
 

5.3  Intrinsic disorder and phosphorylation of RIF1 during 

DSB end protection 

ATM is a conserved as well as essential kinase for the DDR signaling19. As a 

consequence, ATM is required for the effective repair of S-region breaks during 

CSR248. Its kinase activity is indirectly required for 53BP1 recruitment to DSBs (via 

the phosphorylation of H2AX and the recruitment of RNF8/168) and directly 

required for RIF1 accumulation through the interaction with phosphorylated 

53BP119. RIF1, similarly to 53BP1, contains ATM phosphorylation consensus 

motifs, mostly concentrated in three different clusters located in the RIF1 IDR 

(Fig. 6). 

The potential influence of this unstructured region on RIF1 function has not been 

investigated in the past years, though it represents one of the major structural 

differences between the yeast and the mammalian orthologs and may justify most 

of their functional differences. Consistently with this idea, disordered domains may 

play a role in the evolution of protein functions181. Additionally, the interaction of 

RIF1 mutants with BLM helicase was enhanced by the addition of the entire IDR 

to the C-terminal domain154. This further hints at the possibility that the IDR may 

contribute to mediate the interactions between RIF1 and other proteins. 

In agreement with the first indication that a serine residue in a highly conserved 

SQ cluster (S1525) was phosphorylated in UV- and IR-treated 293T cells186, our 

mass-spec data indicated that all conserved SQ sites of the cluster (S1394, S1423, S1535) 

were phosphorylated in activated, IR-treated primary B cells (Fig. 15). Despite 

these indications, the abrogation of ATM-mediated phosphorylation of the 

conserved SQ cluster, as well as its mimicking, did not affect the levels of IgA-

switched CH12 cells (Fig. 17D). Similarly, mutation of the conserved SQ sites did 

not affect the ability of RIF1 to promote aberrant NHEJ repair leading to genomic 

instability in PARPi-treated Brca1-deficient B cells (Fig. 19C). Therefore, we 
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conclude that the phosphorylation status of the conserved SQ cluster does not 

affect RIF1 ability to protect DSB ends. 

 

The unaltered phenotype observed in RIF1 phosphomutants, as compared to the 

control cell lines, may indicate that the cluster was not phosphorylated in response 

to cytokine activation or IR treatment. This possibility cannot be ruled out due to 

the lack of mass spec data from untreated cells. In fact, the dataset used to identify 

phosphorylated residues was generated from a SILAC-based pull-down of RIF1 

interactors (iDIRT)147. This experiment was designed to prioritize the specificity of 

the interactions, rather than their dependency on the IR-treatment or the cytokine 

stimulation, the latter being a prerequisite for the proliferation and survival of 

primary B cells249. 

The fact that the DSB end protection function of RIF1 phospho-deficient mutants 

was not impaired in both wild-type and Brca1-/- cells may also suggest that 

additional phosphorylated SQ/TQ sites in the IDR were sufficient to support the 

conformation required for RIF1 function, even when the phosphorylation of one 

cluster is abrogated. Considering the 74% coverage of our analysis (Fig. 15), the 

additional phosphoresidues may have not been identified. 

Lastly, the observation that RIF1 SQ-CII is phosphorylated in vivo suggests that 

this phosphorylation event may be essential for other RIF1 functions than the one 

promoting B cell isotype switching or genome instability in Brca1-deficient 

background. Considering that the data was obtained from highly proliferating cells, 

it would be interesting to investigate whether phosphorylation of RIF1 SQ-CII is 

required for its reported functions in replication timing, at stalled replication forks 

or at anaphase bridges, which are all dependent on its interaction with 

PP1157,161,164,250. In agreement with the partial requirement of the IDR for the RIF1-

BLM interaction154, the ATM phosphorylation-driven conformation of the IDR 

may also enhance RIF1 binding to PP1. 
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In conclusion, additional efforts are needed to understand how phosphorylation 

affects RIF1 DSB end protection function. Among these efforts, a new proteomic 

analysis of DNA damage- or CSR-induced RIF1 PTMs may clarify whether other 

clusters are phosphorylated in a DNA damage- or CSR-dependent manner. This 

approach would help to determine whether RIF1 phosphoregulation differs 

between the repair of global damage (induced by IR) and the repair of 

programmed DSBs at the IgH locus (induced by cytokine stimulation). Multi-step 

phosphorylation regulates a variety of proteins and transduced signals251-254 and was 

shown to regulate IDRs255,256. For this reason, it will be necessary to obtain full 

protein coverage in future proteomic studies, to identify the full landscape of RIF1 

phosphorylation. Eventually, thanks to the new approach and full coverage, the 

contribution of other PTMs in DSB repair and CSR may come into focus. 

Alternatively, stepping away from B cells CSR, light could be shed on the 

phosphoregulation of RIF1 in the context of replication. Such a study would clarify 

the regulation of mammalian RIF1 function during replication, an aspect that has 

been investigated only recently160,164. 
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6.  Supplementary information 

6.1  List of abbreviations 

53BP1 p53-binding protein 
A  
A-EJ alternative end joining 
AID activation induced deaminase 
ATM ataxia telangiectasia mutated 
B  
BARD1 BRCA1-associated ring domain protein 1 
BER base excision repair 
BLM Bloom syndrome RECQ like helicase 
Bp base pair 
BRCA1/BRCA2 breast cancer type 1/2 susceptibility protein 
BSA bovine serum albumin 
C  
Cas9D10A nickase Cas9  
Cas9D10A Cas9 nickase mutant 
CD40L CD40 ligand 
CDK cyclin-dependent kinase 
CH immunoglobulin heavy chain constant region 
CHFR checkpoint with forkhead and ring finger domains 
CHK checkpoint kinase 1 
CRISPR clustered regularly interspaced short palindromic repeats 
CSR class-switch recombination 
CTC1 conserved telomere maintenance component 1 
CTD bacterial RNA polymerase α subunit 
CtIP CTBP-interacting protein 
Ctrl control 
D  
DDK DBF4-dependent kinase 
DDR DNA damage response 
DDT 1,4-dithiothreitol 
dHJ double Holliday junction 
DISPHOS disorder-enhanced phosphorylation site 
DMSO dimethyl sulfoxide 
DNA deoxyribonucleic acid 
DNA2 DNA replication helicase/nuclease 2 
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DNA-PKcs DNA-dependent protein kinase catalytic subunit 
DSB double-strand break 
dsDNA double-stranded DNA 
E  
EDTA ethylenediaminetetraacetic acid 
ERA end-resection assay 
EXO1 exonuclease 1 
Eμ enhancer region 
F  
FBS fetal bovine serum 
FH FLAG-2xHA 
G  
G4 G-quadruplex secondary DNA structures 
GC germline transcription 
gDNA genomic DNA 
GFP green fluorescent protein 
GLT  germline transcription 
gRNA guide RNA 
H  
h hour(s) 
H/H+L SILAC ratio 
H2A.X H2A histone family member X 
HA1 homology arm 
HA2 hemagglutinin 
HDR homology-directed repair 
HEAT Huntingtin, elongation factor 3, protein phosphatase 2A, 

TOR1)-like repeats domain 
HEPES 4-(2-hydroxylethyl)-1-piperazineethanesulfonic acid 
HR homologous recombination 
HRP horseradish peroxidase 
HTS high-throughput samples 
  
I  
I-DIRT isotopic differentiation of interactions as random or targeted 
IDR intrinsically disordered region 
I-exon intervening exon 
Ig immunoglobulin 
IgH immunoglobulin heavy chain 
IgL immunoglobulin light chain 
IL-4 interleukin-4 
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IR ionizing radiation 
IRIF ionizing radiation-induced foci 
ISD internal switch deletion 
J  
JMJD2 lysine-specific demethylase 4A 
K  
KI knock-in 
KO knock-out 
L  
L3MBTL1 lethal(3)malignant brain tumor-like protein 1 
LC liquid chromatography 
LIG4 DNA ligase 4 
LPS lipopolysaccharide 
M  
MDC1 mediator of DNA damage checkpoint 1 
MEF mouse embryonic fibroblast 
min minute(s) 
MMEJ microhomology-mediated end joining 
MMR mismatch repair 
MRE11 meiotic recombination 11 homolog 1 
MS/MS tandem mass spectrometry 
N  
NBS1 Nijmegen breakage syndrome 1 
NDUFB7 NADH:ubiquinone oxidoreductase subunit b7 
NHEJ non-homologous end joining 
NLS nuclear localization signal 
O  
OS overall survival 
P  
PAPRi PARP inhibitor 
PAR poly-ADP ribose 
PARP1 poly(ADP-ribose) polymerase-1 
PBS phosphate-buffered saline 
PCR polymerase-chain reaction 
PEP posterior error probability 
PFS progression-free survival 
phomim Rif1S → D mutant 
phonull Rif1S →  A mutant 
PIAS1/4 protein inhibitor of activated STAT 
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Pol α-primase polymerase alpha-primase 
PP1 protein phosphatase 1 
PPP4C serine/threonine-protein phosphatase 4 catalytic subunit 
PTIP PAX transcription activation domain interacting protein 
PTM post-translational modification 
R  
R random 
RAG1/RAG2 recombination activating genes 1/2 
RIF1 Rap1-interacting factor 1 
RMPI Roswell park memorial institute 
RNF4/ RNF8/ RNF11/ 
RNF20/ RNF40/ RNF138/ 
RNF168 

ring finger protein 4/8/11/20/40/138/168 

ROS reactive oxygen species 
RPA replication protein A 
RT room temperature 
S  
S → A serine to alanine mutation 
S → D serine to aspartate 
SCAI suppressor of cancer cell invasion 
SD standard deviation 
SDS sodium dodecyl sulfate 
sec second(s) 
SEM standard error of the mean 
SHLD1/ SHLD2/ SHLD3 shieldin complex subunit 1/2/3 
SHM somatic hyper mutation 
SILAC stable isotope labeling by/with amino acids in cell culture 
SMARCAD1 SWI/SNF-related matrix-associated actin-dependent 

regulator of chromatin subfamily a containing DEAD/H 
box 1 

SQ-C IRF1 SQ site cluster  
SSB single-strand break 
ssDNA single-stranded DNA 
STN1 suppressor of CDC thirteen homolog 
SV40 Simian virus 40 
T  
TEN1 telomere length regulation protein TEN1 homolog 
TGFβ transforming growth factor β 
TIP60 histone acetyltransferase KAT5 
TIRR Tudor-interacting repair regulator protein 
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U  
UDR ubiquitylation-dependent recruitment 
UFB anaphase ultrafine bridge 
UHRF1 ubiquitin like with PHD and RING finger domains 1 
UNG uracil-DNA glycosylase 
UV ultraviolet radiation 
V  
V(D)J variable, diversity and joining genes 
W  
WASP Wiskott-Aldrich syndrome protein 
WB western blot 
WT wild-type 
X  
XLF XRCC4-like factor 
XRCC4 x-ray repair cross complementing 4 
Z  
ZMYND8 zinc finger MYND-type containing 8 
  
γH2AX phosphorylated histone H2AX 
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6.2  Supplemental figures and table 

 

wt           GAAGAGCAAATGGAAAGTACTATTTTCATCCATCAAGATGCCCCGGAGAACTGTGGAATA 
phonull      GAAGAGCAAATGGAAAGTACTATTTTCATCCATCAAGATGCCCCGGAGAACTGTGGAATA 
phomim       GAAGAGCAAATGGAAAGTACTATTTTCATCCATCAAGATGCCCCGGAGAACTGTGGAATA 
             ************************************************************ 
 
wt           GATGAACATTCTGAGAATGCTTCTTTACCAAATTGTGGTGGCTCTGTTGCTGAAACCAAT 
phonull      GATGAACATTCTGAGAATGCTTCTTTACCAAATTGTGGTGGCTCTGTTGCTGAAACCAAT 
phomim       GATGAACATTCTGAGAATGCTTCTTTACCAAATTGTGGTGGCTCTGTTGCTGAAACCAAT 
             ************************************************************ 
 
wt           CCAGAAACATTGATCACTGGTTTTGATGCTAGAAAAGAAGTATTAATTTCATCAAAGATA 
phonull      CCAGAAACATTGATCACTGGTTTTGATGCTAGAAAAGAAGTATTAATTTCATCAAAGATA 
phomim       CCAGAAACATTGATCACTGGTTTTGATGCTAGAAAAGAAGTATTAATTTCATCAAAGATA 
             ************************************************************ 
 
wt           TTGTCTGCTGAAAGTTCATCTAGTACAGAAACTTCGGTGGTCAGCAGTAGTTCAGTTTCT 
phonull      TTGTCTGCTGAAAGTTCATCTAGTACAGAAACTTCGGTGGTCAGCAGTAGTTCAGTTTCT 
phomim       TTGTCTGCTGAAAGTTCATCTAGTACAGAAACTTCGGTGGTCAGCAGTAGTTCAGTTTCT 
             ************************************************************ 
 
wt           AATGCCACTTTTTCTGGAACTCCTCCACAGCCTACAAGTCGGAGACAAACCTTTATTACT 
phonull      AATGCCACTTTTTCTGGAACTCCTCCACAGCCTACAAGTCGGAGACAAACCTTTATTACT 
phomim       AATGCCACTTTTTCTGGAACTCCTCCACAGCCTACAAGTCGGAGACAAACCTTTATTACT 
             ************************************************************ 
 
wt           TTGGAGAAATTTGATGGCTCAGAAACTAGACCTTTTAGTCCATCCCCCTTGAATAACATA 
phonull      TTGGAGAAATTTGATGGCTCAGAAACTAGACCTTTTAGTCCATCCCCCTTGAATAACATA 
phomim       TTGGAGAAATTTGATGGCTCAGAAACTAGACCTTTTAGTCCATCCCCCTTGAATAACATA 
             ************************************************************ 
 
wt           TCTTCCACTGTTACAGTGAGAAATAACCAGGATAACACAACTAACACTGACATGCCACCA 
phonull      TCTTCCACTGTTACAGTGAGAAATAACCAGGATAACACAACTAACACTGACATGCCACCA 
phomim       TCTTCCACTGTTACAGTGAGAAATAACCAGGATAACACAACTAACACTGACATGCCACCA 
             ************************************************************ 
 
wt           AAAGCAAGGAAAAGAGAAGTGACGAACTCAAAATCTGATTCAGAAAATTTAGCGAATGCA 
phonull      AAAGCAAGGAAAAGAGAAGTGACGAACTCAAAATCTGATTCAGAAAATTTAGCGAATGCA 
phomim       AAAGCAAGGAAAAGAGAAGTGACGAACTCAAAATCTGATTCAGAAAATTTAGCGAATGCA 
             ************************************************************ 
 
wt           GGTAAGAAATCAAGTCGGAGATGGAGTAAAGCTGAGCAGTCAGTTACTAAAAAGTCTAAG 
phonull      GGTAAGAAATCAAGTCGGAGATGGAGTAAAGCTGAGCAGTCAGTTACTAAAAAGTCTAAG 
phomim       GGTAAGAAATCAAGTCGGAGATGGAGTAAAGCTGAGCAGTCAGTTACTAAAAAGTCTAAG 
             ************************************************************ 
 
wt           CCATCACTGACATCTGAACAGGAAGAGCACTCATCCGAAAATAACTCTCCTGATCTGCTC 
phonull      CCATCACTGACATCTGAACAGGAAGAGCACTCATCCGAAAATAACTCTCCTGATCTGCTC 
phomim       CCATCACTGACATCTGAACAGGAAGAGCACTCATCCGAAAATAACTCTCCTGATCTGCTC 
             ************************************************************ 
 
wt           AGCCCAACAGAACATGTGTCAGAAAATGATGATCATCCTTCTGAAGCTACCCTAGAGCAT 
phonull      AGCCCAACAGAACATGTGTCAGAAAATGATGATCATCCTTCTGAAGCTACCCTAGAGCAT 
phomim       AGCCCAACAGAACATGTGTCAGAAAATGATGATCATCCTTCTGAAGCTACCCTAGAGCAT 
             ************************************************************ 
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wt           AAAGATGGAGATCCTAAACCAGCAGTAGAAAATGCTTCATTGGAAGACTTAACAACAGAA 
phonull      AAAGATGGAGATCCTAAACCAGCAGTAGAAAATGCTTCATTGGAAGACTTAACAACAGAA 
phomim       AAAGATGGAGATCCTAAACCAGCAGTAGAAAATGCTTCATTGGAAGACTTAACAACAGAA 
             ************************************************************ 
 
wt           GAGAAAAATGTAGGCATTAATATGGAATCTAAAGAAAGTACAGCCTCAGTTGTAGCACGA 
phonull      GAGAAAAATGTAGGCATTAATATGGAATCTAAAGAAAGTACAGCCTCAGTTGTAGCACGA 
phomim       GAGAAAAATGTAGGCATTAATATGGAATCTAAAGAAAGTACAGCCTCAGTTGTAGCACGA 
             ************************************************************ 
 
wt           ACAGAACAAATAGTAAATGAAGATAGTCAGGCTGCTGCACTAGCCCCAAATCCAAAAACA 
phonull      ACAGAACAAATAGTAAATGAAGATGCTCAGGCTGCTGCGCTAGCCCCAAATCCAAAAACA 
phomim       ACAGAACAAATAGTAAATGAAGATGATCAGGCTGCTGCGCTAGCCCCAAATCCAAAAACA 
             ************************  ************ ********************* 
 
wt           CTCCGACGGTCTTCGAGGCGGCGTTCAGAAGCTGTAGATTCTTGCAGTGACAGCCAAGAG 
phonull      CTCCGTCGGAGTTCTCGCCGGCGTTCAGAAGCTGTAGATTCTTGCAGTGACGCCCAAGAG 
phomim       CTCCGTCGGAGTTCTCGCCGGCGTTCAGAAGCTGTAGATTCTTGCAGTGACGACCAAGAG 
             ***** ***  ***  * *********************************  ******* 
 
wt           AGAGAGAGTGGTCAGCAAAAAAAGGAAAGACGAAAGGAAGAAGAAAAAATAATCTCCAAG 
phonull      AGAGAGAGTGGTCAGCAAAAAAAGGAAAGACGAAAGGAAGAAGAAAAAATAATCTCCAAG 
phomim       AGAGAGAGTGGTCAGCAAAAAAAGGAAAGACGAAAGGAAGAAGAAAAAATAATCTCCAAG 
             ************************************************************ 
 
wt           AGTCCGTTGCGTATCAAAGATGATAAGTTGCCCACGCAAAAACTAACTGATGAGTCACCT 
phonull      AGTCCGTTGCGTATCAAAGATGATAAGTTGCCCACGCAAAAACTAACTGATGAGTCACCT 
phomim       AGTCCGTTGCGTATCAAAGATGATAAGTTGCCCACGCAAAAACTAACTGATGAGTCACCT 
             ************************************************************ 
 
wt           ATACAGGAAAATTTAACTGAAAAGGGAAATACTTTACCTGAGAGAACTTCAGGGGAACCC 
phonull      ATACAGGAAAATTTAACTGAAAAGGGAAATACTTTACCTGAGAGAACTTCAGGGGAACCC 
phomim       ATACAGGAAAATTTAACTGAAAAGGGAAATACTTTACCTGAGAGAACTTCAGGGGAACCC 
             ************************************************************ 
 
wt           AGTGTTAATGCTGAAATTGACCAAAATAGAAGAAAACCAGACCTTGAGAATGTTAGTTCT 
phonull      AGTGTTAATGCTGAAATTGACCAAAATAGAAGAAAACCAGACCTTGAGAATGTTAGTTCT 
phomim       AGTGTTAATGCTGAAATTGACCAAAATAGAAGAAAACCAGACCTTGAGAATGTTAGTTCT 
             ************************************************************ 
 
wt           GAAGGAGGTGGTGGTACCCTGGACAATCTAGACAAGTCGTCTGAGAAACCTTTAAGAGGA 
phonull      GAAGGAGGTGGTGGTACACTTGATAACTTAGACAAGTCGTCTGAGAAACCTTTAAGAGGA 
phomim       GAAGGAGGTGGTGGTACACTTGATAACTTAGACAAGTCGTCTGAGAAACCTTTAAGAGGA 
             ***************** ** ** **  ******************************** 
 
 
wt           CGGACACGTTATCAAACAAGAAGAGCTTCGCAGGGTTTGATTTCTGCTGTTGAAAACTCA 
phonull      CGGACACGTTATCAAACAAGAAGAGCTGCGCAGGGTTTGATTTCTGCTGTTGAAAACTCA 
phomim       CGGACACGTTATCAAACAAGAAGAGCTGATCAGGGTTTGATTTCTGCTGTTGAAAACTCA 
             ***************************   ****************************** 
 
wt           GAATCTGACAGTTCTGAGGCAAAGGAAGAAGTTTCTAGAAAGAAACGATCAGGGAAATGG 
phonull      GAATCTGACAGTTCTGAGGCAAAGGAAGAAGTTTCTAGAAAGAAACGATCAGGGAAATGG 
phomim       GAATCTGACAGTTCTGAGGCAAAGGAAGAAGTTTCTAGAAAGAAACGATCAGGGAAATGG 
             ************************************************************ 
 
wt           AAAAATAGAAGCAGTGACAGTGTTGACATTGAAGAACAAGAAGAAAAAAAGGCTGAAGAG 
phonull      AAAAATAGAAGCAGTGACAGTGTTGACATTGAAGAACAAGAAGAAAAAAAGGCTGAAGAG 
phomim       AAAAATAGAAGCAGTGACAGTGTTGACATTGAAGAACAAGAAGAAAAAAAGGCTGAAGAG 
             ************************************************************ 
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wt           GAAGTTATGAAAACTGCAAATCAGACACTCGATGGCCAGGCAGTTCCTGATGTTGATGTA 
phonull      GAAGTTATGAAAACTGCAAATCAGACACTCGATGGCCAGGCAGTTCCTGATGTTGATGTA 
phomim       GAAGTTATGAAAACTGCAAATCAGACACTCGATGGCCAGGCAGTTCCTGATGTTGATGTA 
             ************************************************************ 
 
wt           AATGCAGCGGCTCAGGTTTGTGAAAAAAGTACAAATAACAACAGGGTCATCCTCCAGGAT 
phonull      AATGCAGCGGCTCAGGTTTGTGAAAAAAGTACAAATAACAACAGGGTCATCCTCCAGGAT 
phomim       AATGCAGCGGCTCAGGTTTGTGAAAAAAGTACAAATAACAACAGGGTCATCCTCCAGGAT 
             ************************************************************ 
 
wt           TCTGCTGGGCCTGCAGATTCACTGCAAGCTCCACCCAAAGGCGAGGAGAAAAGTAAGATT 
phonull      TCTGCTGGGCCTGCAGATTCACTGCAAGCTCCACCCAAAGGCGAGGAGAAAAGTAAGATT 
phomim       TCTGCTGGGCCTGCAGATTCACTGCAAGCTCCACCCAAAGGCGAGGAGAAAAGTAAGATT 
             ************************************************************ 
 
wt           AACAAATGTGTAGACAGTTCATTTGTAAGTCTACCTGTGCCAGAGTCAAACCTCAGGACT 
phonull      AACAAATGTGTAGACAGTTCATTTGTAAGTCTACCTGTGCCAGAGTCAAACCTCAGGACT 
phomim       AACAAATGTGTAGACAGTTCATTTGTAAGTCTACCTGTGCCAGAGTCAAACCTCAGGACT 
             ************************************************************ 
 
wt           AGGAATGCCAGTAAGAGATTATTATATAAACAAGATAATGATAGTAATGTGAGGGTATCA 
phonull      AGGAATGCCAGTAAGAGATTATTATATAAACAAGATAATGATAGTAATGTGAGGGTATCA 
phomim       AGGAATGCCAGTAAGAGATTATTATATAAACAAGATAATGATAGTAATGTGAGGGTATCA 
             ************************************************************ 
 
wt           GACAGCTCTCTGTCTCCCGAAAAATTCACCCAAGTTGAATGCCAACACAAGAGAAGTAGG 
phonull      GACAGCTCTCTGTCTCCCGAAAAATTCACCCAAGTTGAATGCCAACACAAGAGAAGTAGG 
phomim       GACAGCTCTCTGTCTCCCGAAAAATTCACCCAAGTTGAATGCCAACACAAGAGAAGTAGG 
             ************************************************************ 
 
wt           AGAGTCAGGAGATCTAAAAGTTGTGACTGCTGTGGCGAAAAATCACAGTCCCAGGAAAAG 
phonull      AGAGTCAGGAGATCTAAAAGTTGTGACTGCTGTGGCGAAAAATCACAGTCCCAGGAAAAG 
phomim       AGAGTCAGGAGATCTAAAAGTTGTGACTGCTGTGGCGAAAAATCACAGTCCCAGGAAAAG 
             ************************************************************ 
 
wt           TCATTTATTGGGTTAAAGAACACAGAAAGTTATGCTATAAAGAGTGTGGAGAAAAAAAAG 
phonull      TCATTTATTGGGTTAAAGAACACAGAAAGTTATGCTATAAAGAGTGTGGAGAAAAAAAAG 
phomim       TCATTTATTGGGTTAAAGAACACAGAAAGTTATGCTATAAAGAGTGTGGAGAAAAAAAAG 
             ************************************************************ 
 
wt           ACAGATCTACAAGTACCTGAGACTGCCCCTGAAACTCGTGAAGCTCGTGACCATGCTGAA 
phonull      ACAGATCTACAAGTACCTGAGACTGCCCCTGAAACTCGTGAAGCTCGTGACCATGCTGAA 
phomim       ACAGATCTACAAGTACCTGAGACTGCCCCTGAAACTCGTGAAGCTCGTGACCATGCTGAA 
             ************************************************************ 
 
 
wt           ACAAAGTTGGCAGGCGAAGAGCCTCTTGTGAATTTTCATGTGGGTCTTAAAGAAGAGAAT 
phonull      ACAAAGTTGGCAGGCGAAGAGCCTCTTGTGAATTTTCATGTGGGTCTTAAAGAAGAGAAT 
phomim       ACAAAGTTGGCAGGCGAAGAGCCTCTTGTGAATTTTCATGTGGGTCTTAAAGAAGAGAAT 
             ************************************************************ 
 
wt           TGTACTACTGGTGATTCAGTTAAGTCTGAGGCTGAGTTGCAAGAAGCTTCCCTTCCACCT 
phonull      TGTACTACTGGTGATTCAGTTAAGTCTGAGGCTGAGTTGCAAGAAGCTTCCCTTCCACCT 
phomim       TGTACTACTGGTGATTCAGTTAAGTCTGAGGCTGAGTTGCAAGAAGCTTCCCTTCCACCT 
             ************************************************************ 
 
wt           GAAATAGTAACTGTGAAAGAGAAGACTTACGATACAGACGCTAGTGAAGCAGTGTCTGAA 
phonull      GAAATAGTAACTGTGAAAGAGAAGACTTACGATACAGACGCTAGTGAAGCAGTGTCTGAA 
phomim       GAAATAGTAACTGTGAAAGAGAAGACTTACGATACAGACGCTAGTGAAGCAGTGTCTGAA 
             ************************************************************ 
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wt           ATCCAAGGGCCATGTAGTGAGAACCACAGCCCTGCTGAGGACCCAGGCTTAAGTGAGTGC 
phonull      ATCCAAGGGCCATGTAGTGAGAACCACAGCCCTGCTGAGGACCCAGGCTTAAGTGAGTGC 
phomim       ATCCAAGGGCCATGTAGTGAGAACCACAGCCCTGCTGAGGACCCAGGCTTAAGTGAGTGC 
             ************************************************************ 
 
wt           AAAGACATTTCACAGAAGCAGCTTTCAGAGAACGGAGAGCTTGACATCAGCGATGTAGGG 
phonull      AAAGACATTTCACAGAAGCAGCTTTCAGAGAACGGAGAGCTTGACATCAGCGATGTAGGG 
phomim       AAAGACATTTCACAGAAGCAGCTTTCAGAGAACGGAGAGCTTGACATCAGCGATGTAGGG 
             ************************************************************ 
 
wt           AAGGCATGCAA 
phonull      AAGGCATGCAA 
phomim       AAGGCATGCAA 
             *********** 

Figure S1: Multiple nucleotide sequence alignment (Clustal Ω) of sequenced alleles from       
Rif1S → A (phonull) and Rif1S → D (phomim) CH12 clones. The represented region spans from nt 
3376 to nt 5606 of Rif1 CDS (Ref. gene: ENSMUSG00000036202) Wild-type CH12 genome (wt) 
was used as a reference. S → A / S → D nonsynonymous mutations are indicated in green; silent 
mutations for the introduction of the NheI site, protospacer disruption and PAM sequence 
disruption are indicated in yellow, grey and turquoise, respectively. Reference genome for 
ENSMUSG00000036202: GRCm38:CM000995.2. 
 

wt           EEQMESTIFIHQDAPENCGIDEHSENASLPNCGGSVAETNPETLITGFDARKEVLISSKI 
phonull      EEQMESTIFIHQDAPENCGIDEHSENASLPNCGGSVAETNPETLITGFDARKEVLISSKI 
phomim       EEQMESTIFIHQDAPENCGIDEHSENASLPNCGGSVAETNPETLITGFDARKEVLISSKI 
             ************************************************************ 
 
wt           LSAESSSSTETSVVSSSSVSNATFSGTPPQPTSRRQTFITLEKFDGSETRPFSPSPLNNI 
phonull      LSAESSSSTETSVVSSSSVSNATFSGTPPQPTSRRQTFITLEKFDGSETRPFSPSPLNNI 
phomim       LSAESSSSTETSVVSSSSVSNATFSGTPPQPTSRRQTFITLEKFDGSETRPFSPSPLNNI 
             ************************************************************ 
 
wt           SSTVTVRNNQDNTTNTDMPPKARKREVTNSKSDSENLANAGKKSSRRWSKAEQSVTKKSK 
phonull      SSTVTVRNNQDNTTNTDMPPKARKREVTNSKSDSENLANAGKKSSRRWSKAEQSVTKKSK 
phomim       SSTVTVRNNQDNTTNTDMPPKARKREVTNSKSDSENLANAGKKSSRRWSKAEQSVTKKSK 
             ************************************************************ 
 
wt           PSLTSEQEEHSSENNSPDLLSPTEHVSENDDHPSEATLEHKDGDPKPAVENASLEDLTTE 
phonull      PSLTSEQEEHSSENNSPDLLSPTEHVSENDDHPSEATLEHKDGDPKPAVENASLEDLTTE 
phomim       PSLTSEQEEHSSENNSPDLLSPTEHVSENDDHPSEATLEHKDGDPKPAVENASLEDLTTE 
             ************************************************************ 
 
wt           EKNVGINMESKESTASVVARTEQIVNEDSQAAALAPNPKTLRRSSRRRSEAVDSCSDSQE 
phonull      EKNVGINMESKESTASVVARTEQIVNEDAQAAALAPNPKTLRRSSRRRSEAVDSCSDAQE 
phomim       EKNVGINMESKESTASVVARTEQIVNEDDQAAALAPNPKTLRRSSRRRSEAVDSCSDDQE 
             **************************** **************************** ** 
 
wt           RESGQQKKERRKEEEKIISKSPLRIKDDKLPTQKLTDESPIQENLTEKGNTLPERTSGEP 
phonull      RESGQQKKERRKEEEKIISKSPLRIKDDKLPTQKLTDESPIQENLTEKGNTLPERTSGEP 
phomim       RESGQQKKERRKEEEKIISKSPLRIKDDKLPTQKLTDESPIQENLTEKGNTLPERTSGEP 
             ************************************************************ 
 
wt           SVNAEIDQNRRKPDLENVSSEGGGGTLDNLDKSSEKPLRGRTRYQTRRASQGLISAVENS 
phonull      SVNAEIDQNRRKPDLENVSSEGGGGTLDNLDKSSEKPLRGRTRYQTRRAAQGLISAVENS 
phomim       SVNAEIDQNRRKPDLENVSSEGGGGTLDNLDKSSEKPLRGRTRYQTRRADQGLISAVENS 
             ************************************************* ********** 
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wt           ESDSSEAKEEVSRKKRSGKWKNRSSDSVDIEEQEEKKAEEEVMKTANQTLDGQAVPDVDV 
phonull      ESDSSEAKEEVSRKKRSGKWKNRSSDSVDIEEQEEKKAEEEVMKTANQTLDGQAVPDVDV 
phomim       ESDSSEAKEEVSRKKRSGKWKNRSSDSVDIEEQEEKKAEEEVMKTANQTLDGQAVPDVDV 
             ************************************************************ 
 
wt           NAAAQVCEKSTNNNRVILQDSAGPADSLQAPPKGEEKSKINKCVDSSFVSLPVPESNLRT 
phonull      NAAAQVCEKSTNNNRVILQDSAGPADSLQAPPKGEEKSKINKCVDSSFVSLPVPESNLRT 
phomim       NAAAQVCEKSTNNNRVILQDSAGPADSLQAPPKGEEKSKINKCVDSSFVSLPVPESNLRT 
             ************************************************************ 
 
wt           RNASKRLLYKQDNDSNVRVSDSSLSPEKFTQVECQHKRSRRVRRSKSCDCCGEKSQSQEK 
phonull      RNASKRLLYKQDNDSNVRVSDSSLSPEKFTQVECQHKRSRRVRRSKSCDCCGEKSQSQEK 
phomim       RNASKRLLYKQDNDSNVRVSDSSLSPEKFTQVECQHKRSRRVRRSKSCDCCGEKSQSQEK 
             ************************************************************ 
 
wt           SFIGLKNTESYAIKSVEKKKTDLQVPETAPETREARDHAETKLAGEEPLVNFHVGLKEEN 
phonull      SFIGLKNTESYAIKSVEKKKTDLQVPETAPETREARDHAETKLAGEEPLVNFHVGLKEEN 
phomim       SFIGLKNTESYAIKSVEKKKTDLQVPETAPETREARDHAETKLAGEEPLVNFHVGLKEEN 
             ************************************************************ 
 
wt           CTTGDSVKSEAELQEASLPPEIVTVKEKTYDTDASEAVSEIQGPCSENHSPAEDPGLSEC 
phonull      CTTGDSVKSEAELQEASLPPEIVTVKEKTYDTDASEAVSEIQGPCSENHSPAEDPGLSEC 
phomim       CTTGDSVKSEAELQEASLPPEIVTVKEKTYDTDASEAVSEIQGPCSENHSPAEDPGLSEC 
             ************************************************************ 
 
wt           KDISQKQLSENGELDISDVGKACKVIAGSSPEGVETMELNVRNDAFVAADSEKSTQMDVS 
phonull      KDISQKQLSENGELDISDVGKAC------------------------------------- 
phomim       KDISQKQLSENGELDISDVGKAC------------------------------------- 
             ***********************   
 

Figure S2: Multiple protein sequence alignment (Clustal Ω) of translated nucleotide sequences 
from Fig. S1 (ExPASy translate tool). Wild-type RIF1 protein sequence was used as reference 
(accession: NP_780447 XP_283721). S → A / S → D nonsynonymous mutations are indicated 
in green; silent mutations for the introduction of the NheI site, protospacer disruption and PAM 
sequence disruption are indicated in yellow, grey and turquoise, respectively. 
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Figure S3: Biochemical characteristics of the amino acids composing the NLS-3xHA peptides 
knocked-in at RIF1 N-terminus. H (struck through H): hydrophobic residues. B: basic amino 
acid; N: neutral amino acid. Glycine linkers are indicated in purple. 
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gRNA Protospacer sequence 

CD36 #1 TCAATAAGCATGTCTCCGAC (-) 

CD36 #2 CGGAACTGTGGGCTCATTGC (+) 

CD36 #3 CTGTTCTTTGCCACGTCATC (-) 

MGA #1 AGGAATAGCTCCGATCAAGA (+) 

MGA #2 GTAAGACGAACACGATGAGC (-) 

MGA #3 ACCACGCCGACGCCGCTCAT (-) 

LYD #1 CACGTGACATCGAAGTGCCC (-) 

LYD #2 TGACCAGCCTCTCGTTGCAT (+) 

LYD #3 CCATGTCAGCAGTGGTTCCG (+) 

BACH2 #1 CTGTGACGTGACGCTGATCG (+) 

BACH2 #2 TCCGTTGGTCATTGAGGCCC (-) 

BACH2 #3 ACCAATTCCAGTGACGAGTC (+) 

PLD4 #1 CATGATCCACATAGCGGACT (+) 

PLD4 #2 TCATGGGCACTTGTCGTATC (-) 

PLD4 #3 CGTGCTGGACAATGCGCTAC (+) 

EIF5 #1 ACGTTGCAAAGGCGCTTAAT (+) 

EIF5 #2 GTATGATGCCGACCTGTTAG (+) 

EIF5 #3 GACCTCCTCCTCTAACAGGT (-) 

CHMP5 #1 TGACAAAAAGATTTCCCGGC (+) 

CHMP5 #2 TGAGCAACAGCGAGACAACC (+) 

CHMP5 #3 TCCGCTCCTGCAATTCCGGA (+) 

RNF31 #1 GCCCGCAGCGGCCCCGGTAT (+) 

RNF31 #2 GTCTCGGGTTCGGTTGCACA (-) 

RNF31 #3 TGGGCACGAGACTTGGTTAC (-) 

ANHAK #1 AACTCCCCTGCGGCCCGCAC (+) 

ANHAK #2 ACCACCCCAGTGCGGGCCGC (-) 

ANHAK #3 CTGGGCAATGGTCAGCCCGT (-) 

TIMELESS #1 CCACAAGGAGCCGGATTGCC (+) 

TIMELESS #2 CTAGCCACGTGTAGCGCCCT (+) 

TIMELESS #3 AGGATTTGATCCGATACCTG (+) 

POLE #1 ACTTACGGTTTGGTTTCGAA (+) 

POLE #2 GTGATATCCCCTGCCGGTTT (+) 

POLE #3 GATGCTGAGACCTACGTCGG (+) 

TLK2 #1 CAGTTAGCGCCACGGGGAGC (+) 

TLK2 #2 TAAAGTGGCCTAATCGCAAT (+) 

TLK2 #3 TAAAGTGGCCTAATCGCAAT (-) 

NAA50 #1 CTTGCACCTTACCGAAGACT (-) 

NAA50 #2 CTAGTCTTCGGTAAGGTGCA (+) 

NAA50 #3 ATTCTACAAGGATGTGCTAG (-) 

RNF2 #1 GTGTTTACATCGGTTTTGCG (+) 

RNF2 #2 AGTGCATCAAAGTTCGGGTC (-) 

RNF2 #3 TGATGAGTATGAAGCGCATC (+) 

TEX10 #1 AATGTGTTCAGTTCGTATTT (+) 

TEX10 #2 TGAGAAGTGACTCTCCGATT (+) 

TEX10 #3 TGAGAAGTGACTCTCCGATT (+) 

LAS1L #1 TGGATCGCGTGTGGCGTGCG (+) 

LAS1L #2 CCAAGAGACGACGATACCCC (-) 

LAS1L #3 CGCTGAACCGAATTACAGTA (+) 

PYHIN1 #1 ATACTGCTGGACGGTCTTTT (-) 

PYHIN1 #2 AAGACCGTCCAGCAGTATTC (+) 

PYHIN1 #3 CTAGAGGAACTCCTAGTGCC (-) 

CD55 # 1 CGAAAACAACCTCCACTCCC (+) 

CD55 # 2 TCAAGGCAAGTTGCTTTTCC (-) 

CD55 # 3 CACAGGAAATACTGTTGATT (+) 

SPCS2 #1 TCCCACTTATCAATTTTTAC (-) 

SPCS2 #2 GCCAAAACTGGCTTGGACTC (-) 

SPCS2 #3 GAATGGATCCTGATGATATT (+) 

CPM #1 CCCCATGGAGATTCGCAGAG (-) 

CPM #2 GTGCTGTAAATATCCTCGCG (+) 

CPM #3 TCCACGATTACATTCGGTAA (-) 

COXB5 #1 TAGCCTGCTCCTCATCAGTG (-) 

COXB5 #2 TGTCCCCACTGATGAGGAGC (+) 

COXB5 #3 GTGCCTGAAGCTGCCTTTGG (-) 

MS4A4A #1 TATATGTGAATTCGCATTCA (+) 

MS4A4A #2 ATAATTGCCACTGTGTCGAC (+) 

MS4A4A #3 GCTGATTACGATCCCCGAGA (-) 

PDLIM2 #1 TGGGGCTTCCGAATTAGCGG (+) 

PDLIM2 #2 AGAGAACATGCTACACGCGG (+) 

PDLIM2 #3 GCCTTGGGGCGGCCCGTCCC (-) 
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EXOSC8 #1 TGGAGCCGCTGGAGTATTAC (+) 

EXOSC8 #2 AAGGAAAACTGCCGTCCTGA (+) 

EXOSC8 #3 AGCGGTGGTAGATCCACATT (-) 

SYK #1 AATTGCGGCTCTGGCGTAGC (-) 

SYK #2 TACTCCCGGGGGCCGGTTGA (-) 

SYK #3 CCGGCCCAAAGAGGTCTACC (+) 

GBAS #1 CGGGTGTTGCTCGCGCGAGG (+) 

GBAS #2 TTGTCAGAAAGGTCGATCCA (+) 

GBAS #3 GCTTGTGCCAGGCCGCGTTC (-) 

PSMD4 #1 AGCAACCCTGAGAATAACGT (+) 

PSMD4 #2 CTTCTGCACTGGCATCCGCG (+) 

PSMD4 #3 AGCAGGAGTTTGGCCGTCCT (+) 

IFIH1 #1 TTGACATAGCGCGCGGCTAG (-) 

IFIH1 #2 TGCCGCGCTGGTGTTACCAC (-) 

IFIH1 #3 CAGAGAAGTGTTATTAACGA (-) 

DPP4 #1 AACTATTGGCACGGTGATGA (-) 

DPP4 #2 TAGTACTCCCACCGTGACAC (-) 

DPP4 #3 CTGCCGTTCCATGAATAAGG (-) 

APRT #1 CGCGCCACCAGTTTCAACTC (-) 

APRT #2 GTCGATCTTGCCGCTGTGCG (-) 

APRT #3 CTGTGTGCTCATCCGGAAAC (+) 

ARPC1A #1 GACGAAAGCGCACGAGCTGA (+) 

ARPC1A #2 CAGACCGCAACGCCTATGTC (+) 

ARPC1A #3 TGGCTGCACGGTTAATCCTC (-) 

SLC2A1 #1 GGTGACGGGCCGCCTCATGT (+) 

SLC2A1 #2 GGATGGGCTCTCCGTAGCGG (-) 

SLC2A1 #3 GTTGACGATACCGGAGCCGA (-) 

TCEB1 #1 AGGGCCTTCACAGCCACCAT (-) 

TCEB1 #2 GGAGAGGAGAAGACCTATGG (+) 

TCEB1 #3 ACAATAAAGGCTATGTTGAG (+) 

NDUFB7 #1 CCCGCCGGACCTCGGCTTTC (+) 

NDUFB7 #2 CCCACAGATAGCGCCGGGTC (-) 

NDUFB7 #3 CAAGCACGAGCAGCACGACT (+) 

IGLV2 #1 AGAGAGTATAAGTGAAGTCC (-) 

IGLV2 #2 GTGAGTATGACTGTTCCACC (-) 

IGLV2 #3 AACACCTGGAGCTCGGTTGC (-) 

PAG #1 GTGGGGAAGTCTGGCTGCCG (+) 

PAG #2 TGGTCCCCGCTATGCTGCCG (-) 

PAG #3 GATCCCGCCTGAGAACGCCG (+) 

ZRANB2 #1 TCCGAGTCAGTGACGGGGAC (+) 

ZRANB2 #2 CATTGGCACTAAATAAGCCC (-) 

ZRANB2 #3 TGGCCCTGCATCTATATTAA (+) 

BMP2K #1 GTTCGCCGTCGGCCGCTACC (+) 

BMP2K #2 TCCCACTGTGAGTCCGCACC (-) 

BMP2K #3 CAAAAATATTGTCGGTTATT (+) 

GBP3 #1 ATTGTTGGTTTATATCGTAC (+) 

GBP3 #2 AATCCGAAACCAAGGGTATC (+) 

GBP3 #3 CATGAGCACCATCAACCAGC (+) 

EIF2B5 #1 CGAACAACGTTGGGGGACGT (+) 

EIF2B5 #2 ACTCGAGATGATTTTGTACG (+) 

EIF2B5 #3 AAAGCGTGCAGCTGACCACT (+) 

CISD1 #1 GCACAGCGGAGTTGGAGCTG (-) 

CISD1 #2 GGTGCATGCCTTCGACATGG (+) 

CISD1 #3 GAAGAGACTGGCGACAACGT (+) 

Table S1: List of gRNAs designed for the 
somatic targeting of each RIF1 interactor 
candidate.
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