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Abstract

DNA double strand breaks (DSBs) are highly cytotoxic DNA lesions that threaten 

cellular viability and genomic stability. To avoid the deleterious outcomes of persistent 

DSBs, eukaryotic cells have developed two main repair pathways: Non homologous 

end joining (NHEJ) and Homologous recombination (HR). The choice between these 

two pathways is a key event in the accurate repair of the breaks and the maintenance of 

genome stability. Consequently, a deregulation in the repair pathway choice can result in 

the development of several human diseases, including cancer. The best-known decision 

point resides in the DNA end resection process, which channel DSB repair through HR, 

and depends on the nuclear protein CtIP. The activity of CtIP is extensively modulated 

in human cells by post-translational modifications and interaction with many different 

proteins. In this Thesis, we investigated the role of CtIP in the maintenance of genomic 

stability at two different levels. First, we studied CtIP protein levels in breast cancer, and 

we showed that CtIP is frequently lost in breast tumors, especially in the triple negative 

subtype. Moreover, we demonstrated that CtIP is sumoylated in human cells by the 

SUMO ligase CBX4, and that this post-translational modification is required for DNA 

end resection and homologous recombination. Thus, here we identify a new regulatory 

modification of CtIP involved in the maintenance of genomic stability and provide a 

strong connection of CtIP loss to aggressive phenotypes in breast cancer.



Resumen

Las roturas de doble cadena representan el tipo más nocivo entre todas las posibles 

lesiones que pueden ocurrir en el ADN, ya que ponen en peligro la viabilidad celular y 

la estabilidad genómica. Las células eucariotas han desarrollado dos vías principales de 

reparación para minimizar el riesgo de las roturas de doble cadena: la unión de extremos 

no homólogos y la recombinación homóloga. Un correcto balance entre ambas rutas es 

de vital importancia para asegurar la correcta reparación de los cortes y la estabilidad 

genómica. Por lo tanto, la desregulación en la elección entre ambas vías de reparación 

puede causar distintas enfermedades humanas, entre las que destaca el cáncer. La 

resección de los extremos de ADN es un mecanismo que promueve la reparación de los 

cortes de doble cadena a través de recombinación homóloga e impide la actuación de la 

maquinaria de la unión de extremos no homólogos. Por lo tanto, la resección supone un 

importante punto de control y de elección entre ambas rutas, que a su vez es controlada 

por la proteína nuclear CtIP. La actividad de CtIP en células humanas está sujeta a una 

fuerte regulación a nivel de diversas modificaciones postraduccionales e interacciones 

con otras proteínas. En esta Tesis investigamos el papel de CtIP en el mantenimiento de 

la estabilidad genómica desde dos perspectivas distintas. En primer lugar, analizamos los 

niveles de CtIP a nivel de proteína en tejidos de cáncer de mama, y encontramos que 

la expresión de CtIP es nula en una alta proporción de tumores, especialmente en los 

tumores clasificados como triple negativos. En segundo lugar, demostramos que CtIP es 

un sustrato de sumoilación en células humanas. Esta modificación postraduccional de 

CtIP, mediada por la ligasa de SUMO CBX4, es necesaria para el proceso de resección 

y de recombinación homóloga de las roturas de doble cadena. Por lo tanto, en esta 

Tesis identificamos una nueva modificación reguladora de CtIP que participa en el 

mantenimiento de la estabilidad genómica, y demostramos la existencia de una fuerte 

conexión entre la pérdida de CtIP y el desarrollo de tumores de mama de carácter 

agresivo.
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TMA Tissue microarray
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1.  DNA damage and genome integrity 
The genetic information stored in the DNA functions as a handbook to control 

the proper behavior of the cells. Thus, the faithful maintenance of the genome and its 

transmission to the progeny is a priority for every living organism. However, DNA is 

a large molecule that is constantly exposed to damaging agents and processes that can 

alter its structure and its sequence. It has been estimated that each cell of our organism 

receives tens of thousand of DNA lesions every day (Jackson and Bartek, 2009). To 

protect DNA from these threats, cells have evolved complex systems that detect 

and repair the lesions, maintaining the stability of the genome (Ciccia and Elledge, 

2010). In consequence, deregulation of the repair processes causes the accumulation 

of unrepaired or misrepaired lesions that are converted into permanent alterations of 

the DNA, i.e. mutations. These alterations can range from punctual modifications in 

the sequence of genes or regulatory sequences, to gross chromosomal rearrangements 

involving large DNA fragments. One of the main consequences of mutations is the 

deregulation of gene expression, such as loss of tumor suppressor genes and the 

improper activation of oncogenes, which triggers uncontrolled cell proliferation and 

development of cancer. Thus, DNA damage and genome instability are considered key 

events in the progression of cancer (Kwei et al., 2010; Negrini et al., 2010).

DNA lesions can arise spontaneously during DNA metabolism, or can alternatively 

be caused by environmental agents. Spontaneous DNA damage may occur due to 

replication errors, which can introduce nucleotide mismatches, insertions and deletions, 

thus altering DNA sequence (Figure I1) (Ciccia and Elledge, 2010). Moreover, normal 

cellular metabolism generates several byproducts that chemically react with DNA and 

alter its composition, such as the case of reactive oxidative and nitrogen species, lipid 

peroxidation products, endogenous alkylating agents, and metabolites from estrogen 

and cholesterol (De Bont and van Larebeke, 2004). Environmental DNA damage can 

be produced by physical sources, such as ionizing radiation (IR) or ultraviolet light 

(UV) from sunlight (Hoeijmakers, 2001). In addition, DNA can be altered by exposure 

to chemical agents, as the case of cigarette smoke or chemotherapeutic agents used in 

clinics to treat cancer (Ciccia and Elledge, 2010). 
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Different types of damaging agents exert distinct impacts on the DNA, causing 

a variety of lesions that differ in the nature of the modification and the consequences 

in the genome (Figure I1) (Hoeijmakers, 2001). Small chemical alteration of DNA 

bases, mismatches and covalent bonds between bases can be repaired by a group 

of mechanisms that generally operate by removing the affected base, nucleotide, or 

oligonucleotide, and replacing them by the correct sequence (Bauer et al., 2015). Given 

that only a small fragment of one strand of the double helix is altered, these mechanisms 

can safely remove the lesion and copy the missing information from the complementary 

strand. A similar situation is produced when a single strand break (SSB) arises, which 

generates a discontinuity in one DNA strand (Ciccia and Elledge, 2010). However, if 

DNA suffers a break involving both strands at the same time, producing DNA double 

strand breaks (DSBs), the genetic information is completely interrupted, and requires a 

higher level of complexity for repair. 

DNA damage

Double strand
break (DSB)

Single strand
break (SSB)

Interstrand
crosslink (ICL)

G
A

Mismatch

Bulky
adduct

G*

Chemically modified
nucleotides or bases

DNA

Figure I1. Types of DNA damage

DNA sequence and structure can be altered in different manners. DNA lesions range from modification 
of nucleotides or nitrogenous bases and mismatches in the DNA sequence to the interruption of strand 
continuity by single strand breaks (SSBs) and double strand breaks (DSBs).
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1.1. DNA Double strand breaks (DSBs)

Among all the different classes of DNA damage, DNA double strand breaks 

are the most hazardous lesions, and they strongly affect cell viability. Moreover, DSBs 

are an important source of genetic variability and instability, both through mutagenesis 

at the repair junction itself and through genomic rearrangements that can result in 

deletions, inversions, duplications, and translocations (So et al., 2017). There are 

multiple mechanisms that can produce DSBs in mammalian cells, so they can be divided 

into accidental and programmed DSBs. Biological processes such as DNA replication 

and cellular metabolism can accidentally produce DNA breaks. For instance, specific 

secondary structures of the DNA or the presence of DNA or protein adducts represent 

an obstacle for DNA replication (Ciccia and Elledge, 2010). In these cases, the stalled 

replication fork can create DSBs. Specifically, fragile sites are genomic regions that 

are especially prone to suffer replication stress and breakage (Aguilera and Gómez-

González, 2008). These sites usually contain AT-rich sequences or nucleotide repeats 

that induce the formation of DNA secondary structures and block replication (Mirkin, 

2007). More than 120 fragile sites have been characterized in the human genome, and 

they suffer frequent rearrangements in many cancers, suggesting that DSB induction 

at these sites represent a key step in cancer development (Debatisse et al., 2012). 

Moreover, replication-induced DSBs can be produced when a replication fork reaches 

an unrepaired SSB (Ciccia and Elledge, 2010). Additionally, different byproducts of the 

cellular metabolism, such as reactive oxygen species (ROS), alter DNA continuity and 

constitute endogenous sources of unscheduled DNA damage. Oxidized nitrogenous 

bases can indirectly generate DSBs by inducing replication stress, or by occurring on 

two complementary strands of the DNA. In addition, exposure to exogenous agents 

can damage the DNA, being ionizing radiation (IR) the most widely know exogenous 

source of DSBs. Some other agents such as UV radiation and chemicals generate 

DNA adducts, and the repair of these adducts can induce intermediate structures in 

the DNA that can be transformed into DSBs. Certain DNA adducts generated by 

chemical compounds can block the progression of the replication forks. This is the 

case for interstrand crosslinks (ICLs) that can be induced by mitomycin C or cisplatin, 



26

Introduction

two chemotherapeutic agents commonly used in the treatment of cancer. Similarly, 

camptothecin is a topoisomerase I inhibitor that retains a peptide covalently bound to 

DNA, producing a DSBs after replication fork stalling.

Importantly, eukaryotic cells induce DSBs to generate beneficial genetic diversity 

in essential processes, such as meiosis, V(D)J recombination, class switch recombination, 

and neuronal gene expression (So et al., 2017). In these cases, programmed DSBs are 

generated by cell-controlled nucleases or topoisomerases. In meiosis, the specialized 

nuclease Spo11 introduces DSBs specifically in germinal cells to generate controlled 

genomic rearrangements that are necessary for genetic diversity of the gametes (Baudat 

et al., 2013). In lymphoid cells, the endonuclease RAG1/RAG2 generates directed 

DSBs to rearrange different segments of the T cell receptor gene (Mills et al., 2003). 

This process generates unique receptors that can collectively recognize a repertoire of 

antigens. Class switch recombination occurs in mature B cells to generate the different 

classes of antibodies in response to antigens (Methot and Di Noia, 2017). For this, the 

activation-induced cytidine deaminase (AID) converts a cytosine to a uracil, which is 

then removed to generate a DSB (Methot and Di Noia, 2017). Curiously, neuronal 

activity has been shown to increase DSB induction in adult mouse brains (So et al., 

2017). It has been recently proposed that these breaks are induced by topoisomerase 

activity specifically at the promoters of genes responding to neuronal activity to regulate 

their expression (Madabhushi et al., 2015).

Irrespectively of the source of DSBs, their proper repair is absolutely essential 

for cellular viability and maintenance of genome stability. Unrepaired DSBs, or the 

inappropriate choice of DSB repair system, can deeply alter genome organization, 

leading to deleterious consequences, mainly cell death and malignancy (van Gent et al., 

2001). For this reason, DSB induction activates several cellular mechanisms for DNA 

damage detection and processing, included in the so-called DNA damage response 

(DDR), to ensure accurate repair of the lesion (Ciccia and Elledge, 2010).
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1.2. The DNA Damage Response (DDR)

The DNA Damage Response (DDR) is an intricate network of mechanisms that 

eukaryote cells have evolved to minimize the deleterious effects of DNA damage. It 

consists in a signal transduction pathway that senses DNA damage and rapidly triggers 

an orchestrated response at many cellular levels, including DNA repair, cell cycle 

arrest, regulation of DNA replication, gene transcription, and even cell death (Figure 

I2) (Ciccia and Elledge, 2010). To build such a global network, at least 450 proteins 

are involved in the DDR (Pearl et al., 2015), together with multiple post-translational 

modifications (PTMs) (Dantuma and van Attikum, 2016; Huen and Chen, 2008). The 

DDR initiates with the recognition of the DNA damage by the sensor proteins, which 

are able to bind free DNA ends in a sequence-independent manner, and to trigger the 

signaling cascade of the DDR (Ciccia and Elledge, 2010). The second step in the DDR 

cascade is the recruitment of transducer proteins, which in turn trigger the activation of 

many mediator proteins, involved in the exponential amplification of the signal (Ciccia 

and Elledge, 2010). Finally, effector proteins located throughout the nucleus receive the 

DDR signal and carry out the cellular responses to deal with the damage (Jackson and 

Bartek, 2009). 

In humans, the free DNA ends of a DSB are rapidly recognized by the KU70/80 

heterodimer and the MRE11-NBS1-RAD50 (MRN) complex (Ciccia and Elledge, 

2010). These proteins are the main sensors of DSBs, but are also components of the 

downstream DNA repair machinery. Hence, this duplicity of functions facilitates the 

rapid repair of the breaks and accounts for the effectiveness of the DDR. Interestingly, 

both sensors are needed for an efficient DDR, but they compete with each other to repair 

the break by two mutually exclusive DSB repair pathways. On the one side, KU70/80 

is able to self-associate and form bridges between both DSB sides. This stabilizes DNA 

ends and brings them in close proximity while providing space for the recruitment 

of the protein kinase DNA-PK catalytic subunit (DNA-PKcs) and downstream repair 

factors (Lieber, 2008). On the other side, the sensor MRN complex binds to DSBs 

through a high affinity DNA-binding domain of RAD50 and it is required directly or 

indirectly for the recruitment of the transducer proteins Ataxia-telangiectasia mutated 
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(ATM) and Ataxia-telangiectasia and Rad3-related (ATR), two protein kinases that 

mediate phosphorylation-dependent recruitment of many DDR factors to sites of DNA 

damage (Maréchal and Zou, 2013). In turn, many additional proteins, some of them 

affected by very specific post-translational modifications, will be recruited and retained 

at the sites of damaged DNA. This accumulation of proteins leads to the generation of 

IR-induced foci (IRIF) that can be visualized by fluorescence microscopy as discrete 

dots at the sites of DNA damage (Goodarzi and Jeggo, 2012). One critical aspect of this 

process is the phosphorylation of S139 of the histone variant H2AX, called γγH2AX,	

that depends on ATM, ATR and DNA-PKcs activity (Podhorecka et al., 2010). This 

histone modification is an upstream event in the DDR that functions as a platform 

for the recruitment of mediator and effector proteins, and is widely used as a marker 

for DSB monitoring in eukaryote cells (Kinner et al., 2008). Early phosphorylation 

of H2AX after DSB sensing induces the binding of MDC1, which collaborate in 

spreading	γγH2AX signal for distances up to 1-2 megabases around the DSB. Formation 

of	 extensive	 γγH2AX regions is important for sustaining the DDR signaling, since it 

DSB

MRNKU70/80

DNA-PK ATM ATR

Sensors

Transducers

Mediators and
Effectors

Amplification 
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Transcription
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Figure I2. The DNA damage response (DDR) 

Double strand breaks (DSBs) can be recognized by the sensor protein complexes KU70/80 and MRN, 
which initiate the DNA damage response. The main transducer proteins are the protein kinases DNA-PK, 
ATM and ATR, which are responsible for the amplification of the signaling cascade by targeting many 
mediator and effector proteins. This protein cascade results in different cellular responses, including the 
activation of DNA repair mechanisms.
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retains DDR factors bound to damaged chromatin until the repair is completed (Ciccia 

and Elledge, 2010). 

One important component of the DDR is the DNA damage checkpoint, which 

arrests the cell cycle at different stages to provide the time necessary to carry out 

DNA repair (Harrison and Haber, 2006). Proper control of the cell cycle is essential 

to prevent replication of damaged DNA (by the G1/S and intra-S checkpoints) or 

segregation of broken chromosomes that can generate aneuploid progeny (by the G2/M 

checkpoint). Once repair has been completed, the checkpoint arrest signal must vanish 

to resume the cell cycle progression. The main mediator proteins responsible for the 

DNA damage checkpoint are CHK1 and CHK2 kinases, which are phosphorylation 

substrates of ATR and ATM, respectively (Kastan and Bartek, 2004). Upon DSB-

induced phosphorylation, these checkpoint kinases initiate an additional cascade of 

phosphorylation to regulate downstream factors involved in the cell cycle progression 

(Kastan and Bartek, 2004). Eventually, if the DNA damage exceeds the repair capacity 

of the cell, the DDR signaling can activate programmed cell death, mainly through 

activation	of	p53	(Medema	and	Macγrek,	2012).

Thus, the DDR is a complex network of signals that are regulated in space and 

time to prepare the cell for DNA repair.

1.3. Repair of DSBs in human cells

In human cells, DSBs can be repaired by two main mechanisms that are 

mutually exclusive (Figure I3). On the one hand, two adjacent blunt DNA ends can 

be directly religated by non homologous end joining (NHEJ) pathway, which operates 

independently of the use of a template. On the other hand, a homologous DNA 

sequence can be used as a template to copy and regenerate the genetic information 

surrounding the break in a process called homologous recombination (HR) (Hartlerode 

and Scully, 2009). 

In the NHEJ pathway, the protein complex KU70/80 recognizes and binds to 
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free DNA ends, and promotes the recruitment of DNA-PKcs. These proteins facilitate 

the accumulation at the break of downstream NHEJ proteins, as the repair complex 

XRCC4-XLF-DNA ligase IV, involved in the ligation of the ends (Lieber, 2010). By 

contrast, homologous recombination process needs to process both DNA ends in order 

to create long single-stranded DNA (ssDNA) fragments that can align to a homologous 

sequence for repair (Huertas, 2010). Thus, this processing called DNA end resection 

constitutes the first step required for homologous recombination. For this, the MRN 

complex can bind to DNA ends and, together with the CtBP interacting protein (CtIP), 

initiates DNA end resection to channel DSB repair towards HR pathway (Huertas, 

2010; Sartori et al., 2007). Once DNA has been resected, cells will use a complex 

machinery to orchestrate the recognition of an homologous sequence that will be used 
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Figure I3. Main DSB repair pathways in human cells

Double strand breaks (DSBs) can be repaired by the two main pathways. Non homologous end joining 
(NHEJ) directly ligates both DNA ends and is initiated by KU70/80. This mechanism is active throughout 
the cell cycle, but is the predominant repair pathway used in G1 (left). CtIP-mediated DNA end resection 
is active only during S and G2 and requires the activity of the MRN complex. The generation of a single-
stranded DNA tail blocks NHEJ and facilitates homologous recombination (HR) by mediating the search 
of a homologous template in the sister chromatid (right).
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as a template of information for repair by a group of intricate mechanisms collectively 

known as homologous recombination (for a review see San Filippo et al., 2008). 

Importantly, the preferable template to restore the genetic information in a DSB is the 

homologous sequence present in the sister chromatid. In consequence, HR is mostly 

restricted to S and G2 phases of the cell cycle, when a sister chromatid is available and 

kept in close proximity. In contrast, NHEJ does not present such limitation, and can 

operate throughout the cell cycle, but it is of particular importance during G1, when 

HR is avoided (Branzei and Foiani, 2008). 

In addition, an alternative end joining (alt-EJ) pathway has emerged recently 

as an additional DSB repair mechanism (Ceccaldi et al., 2016; Frit et al., 2014). This 

pathway ligates microhomologous sequences near the DSB ends and requires a short 

DNA end resection (approximately 5-25 nucleotides) mediated by CtIP and MRE11 

to proceed. It is still unclear the physiological relevance of this alternative pathway. 

Apparently, the activity of alt-EJ is limited under physiological conditions, and it has 

been proposed as a backup repair mechanism that acts mainly when classical NHEJ 

and HR are not sufficient for repair an excessive amount of damage (Ceccaldi et al., 

2016). Alignment of short microhomologies is a mutagenic process, since it leads to 

small deletions around the break, and frequent chromosomal translocations. Indeed, 

alt-EJ is highly active in pathological circumstances such as cancerous cells, especially 

when HR pathway is disrupted (Ceccaldi et al., 2016).

1.4. The relevance of DSB repair pathway choice

Healthy human cells must commit either to NHEJ or HR when confronted with 

a DSB. This commitment, commonly referred to as DSB repair pathway choice, is a 

critical step in the repair process (Huertas, 2010). Although both repair pathways can 

efficiently deal with DSBs, they have different impacts in the integrity of the human 

genome (Aguilera and Gómez-González, 2008; Ceccaldi et al., 2016). NHEJ presents 

the advantage of a faster kinetics, thus providing a rapid resolution of the DSBs. 

However, when the ends of the break present altered chemical structures or protein 
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adducts, they cannot be directly rejoined. In this case, a little processing mediated by 

nucleases is needed to render DNA ends suitable for NHEJ, leading to small deletions 

close to the breaks (Davis and Chen, 2013). Furthermore, in cells containing multiple 

DSBs on different chromosomes, end joining can result in chromosome translocation 

by ligation of DNA sequences that were not originally consecutives in the genome 

(Guirouilh-Barbat et al., 2004). For these reasons, NHEJ is considered as an error-

prone repair pathway. HR, on the contrary, is considered as error-free, since the use 

of a homologous sequence as template constitutes a proofreading mechanism to avoid 

chromosomal translocations. Nevertheless, recombination between repeated sequences 

in the genome can occur, especially if this pathway is activated in G1, when a sister 

chromatid is not available, leading to deletions and genome instability (Guirouilh-Barbat 

et al., 2014). Thus, to ensure genome stability, the pathway choice between NHEJ and 

HR needs to be a fine-tuned process. In the last years, an increasing number of factors 

are being identified as regulators of the pathway choice, adding more complexity to this 

process. Nevertheless, it is clear that the critical decision point is at the level of DNA 

end resection, since its activation channels DSB repair through HR and avoids NHEJ 

(Huertas, 2010).

1.5. DNA end resection

DNA end resection consists in the nucleolytic degradation of the 5’ terminated 

strands of the DSB to produce long stretches of 3’ single-stranded DNA (ssDNA) 

overhangs (Huertas, 2010). These ssDNA tails are rapidly coated and stabilized by the 

Replication Protein A (RPA). After that point, homologous recombination will ensue. 

HR is a complicated process, and at least four different subtypes of recombination 

exist in eukaryotic cells depending on the location of the homologous sequence, the 

formation of different DNA structures, etc. As a detailed understanding of the later 

steps of recombination is not required for this Thesis, we will focus here in DNA end 

resection. Detailed explanations of the different recombination subtypes can be found 

elsewhere (Hartlerode and Scully, 2009; San Filippo et al., 2008).
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Figure I4. DNA end resection mechanism

The sensor protein complex MRN recruits CtIP and BRCA1 to DSBs and initiates DNA end resection in 
a two-step mechanism. Short-range DNA end resection starts with an endonucleolytic cleavage of the 
5’-ended DNA strand. Then, the exonuclease 3’-5’ activity of the MRN complex creates a short fragment 
of single-stranded DNA (ssDNA) that can be extended by the long-range resection or, occasionally, can 
be used by the alternative end joining (alt-EJ) repair mechanism (dashed arrow). Long-range DNA end 
resection proceeds from the endonucleolytic cleavage in a 5’-3’ polarity to extend the ssDNA fragment 
and facilitate the HR pathway, and is mediated by either DNA2 and BLM (left) or EXO1 (right).
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Initiation of DNA end resection requires activation of the repair functions of 

the MRN complex that is located at DSBs on its sensor capability of the DDR (Figure 

I4) (Williams et al., 2007). For that, CtIP and BRCA1 are recruited to the break by 

physically interacting with the MRN complex. Research from multiple laboratories has 

established that DNA end resection is a two-step process (Mimitou and Symington, 

2008; Zhu et al., 2008). The first step is a short-range resection catalyzed by MRE11 

and CtIP, in which DNA is removed as short oligos of approximately 20 base pairs in 

humans (Huertas, 2010). Next, a long-range resection is carried out by two alternative 

pathways that involve either the exonuclease 1 (EXO1) or the helicase Bloom syndrome 

protein (BLM) together with the exonuclease activity of DNA2. Recent studies suggest 

that EXO1 is the preferred pathway in human cells, while BLM/DNA2 plays a 

largely redundant or secondary role (Myler et al., 2016; Tomimatsu et al., 2012). This 

extensive DNA end resection produces ssDNA fragments of several kilobases long 

that will facilitate homology search for homologous recombination (Ceccaldi et al., 

2016; Symington and Gautier, 2011). Alternatively, when short-range resection exposes 

microhomologous sequences, DSB repair can be channeled through alt-EJ (Ceccaldi 

et al., 2016).

The detailed mechanism underlying the function of MRE11 and CtIP in the 

initial DNA end resection has been widely discussed, and has not been fully dissected. 

MRE11 exhibits both endonuclease and 3’-5’ exonuclease activities (Stracker and Petrini, 

2011). Importantly, the polarity of the exonuclease activity of MRE11 would produce 

a 5’-terminated DNA, which is in disagreement with the observation of a 3’-ssDNA in 

multiple organisms. To this point, a bidirectional DSB repair model has been proposed, 

where DNA is first cleaved away from the DNA break by an endonuclease activity. 

Starting from the nick, the exonuclease activity of MRE11 can then degrade DNA in 

a 3’ to 5’ direction towards the DNA end (Shibata et al., 2013). Alternatively, CtIP 

has been proposed to act as an endonuclease to initiate resection (Makharashvili et 

al., 2014; Wang et al., 2014), but opposite results have been reported by other groups 

(Anand et al., 2016; Andres et al., 2015), and this point is still a matter of debate. While 

MRN is necessary, the complex by itself is not sufficient to initiate resection. Binding 

of CtIP is also required for the initiation of DNA end resection by MRN complex, and 
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several studies suggest that MRN-CtIP is the minimal system for resection initiation 

(Anand et al., 2016; Sartori et al., 2007; You et al., 2009). In accordance to this model, 

it has been recently shown that CtIP can enhance the endonuclease activity of MRE11 

(Anand et al., 2016). In light of this data, it has been proposed that binding of CtIP 

functions as a switch that turns MRN role from a sensor that recognizes DSBs to an effector 
that processes DNA ends (You et al., 2009). Moreover, the tumor suppressor protein 

Breast Cancer 1 (BRCA1) binds to CtIP-MRN complex to add processivity to DNA 

end resection (Cruz-García et al., 2014). 

Extensive formation of ssDNA filaments not only promotes HR, but impedes 

the binding of the KU70/80 heterodimer, resulting in the inhibition of NHEJ (Huertas, 

2010). So, regulating DNA end resection is the best-characterized manner to modulate 

DSB repair pathway choice. Which cellular signals impact on DNA end resection 

activation are still under extensive studies. For example, and as mentioned, HR is 

restricted to the S and G2 phases of the cell cycle, when the sister chromatid is present 

(Renkawitz et al., 2014). Thus, DNA end resection is activated mainly in S and G2 

phases of the cell cycle. But other cellular events seem to play critical roles in regulating 

DNA processing. In mammals, CtIP is so far the best-known molecular switch that 

controls DNA end resection and, therefore, DSB repair pathway choice (Huertas, 2010; 

You and Bailis, 2010).

2. CtBP-interacting protein (CtIP)
CtIP is a nuclear protein involved in DNA metabolism at different levels, but 

mainly promoting DNA end resection at DSBs to facilitate homology-directed repair 

(You and Bailis, 2010).  Before its key implication in DSB repair was described, CtIP 

was initially identified as an interactor of the transcriptional corepressor C-terminal 

Binding Protein (CtBP) (Schaeper et al., 1998). At the same time, two high-throughput 

yeast two-hybrid screenings identified specific interactions of CtIP with BRCA1 and 

Retinoblastoma (Rb) (Fusco et al., 1998; Wong et al., 1998). This latter finding accounts 

for the alternative name of CtIP, Retinoblastoma-binding protein 8 (RBBP8). Since its 
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discovery two decades ago, numerous studies have pointed out at CtIP as a central 

regulator of DNA metabolism, since it modulates DNA repair, transcription, cell cycle 

progression, replication and checkpoint activation (Chinnadurai, 2006; You and Bailis, 

2010). 

The human CtIP gene encodes for an 897 amino acid nuclear protein (120 kDa) 

that is located on chromosome 18q11.2 (Figure I5) (Fusco et al., 1998). Although it 

is widely expressed in various human tissues, the highest levels have been found in 

thymus and testis (Chinnadurai, 2006), where programmed DNA double strand breaks 

occur commonly (Jeggo and Löbrich, 2007). Despite limited sequence homology, CtIP 

functional orthologs have been identified in many eukaryotic species: Saccharomyces 

cerevisiae (Sae2) Schizosaccharomyces pombe (Ctp1), Caenorhabditis elegans (COM-

1), Xenopus (xCtIP), chicken, mice, and Arabidopsis thaliana (AtGR1) (You and 

Bailis, 2010). Analysis of the amino acid sequence of CtIP is not sufficient to predict 

the molecular details of its function, since it does not show any similarity to known 

functional domains. Moreover, the conserved sequences are limited to small regions in 

its N- and C-terminal ends, showing a large divergence in evolution of CtIP (Penkner 
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Figure I5. Diagram of human CtIP protein

The known CtIP domains are depicted as colored regions: the oligomerization domain (in red), which 
includes the coiled-coil domain for dimerization and the tetramerization region, the nuclease domain 
(in green), the DNA binding region (in light blue), and the conserved region with S. cerevisiae homolog 
Sae2 (in brown). The mapped post-translational modifications are depicted in black (CDK-mediated 
phosphorylation sites), blue (ATM and/or ATR-mediated phosphorylations sites) and red (acetylations). 
The regions or specific aminoacids required for the interaction of CtIP with different proteins are marked 
with brackets.
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et al., 2007; Sartori et al., 2007; Uanschou et al., 2007). However, a coiled-coil structural 

motif in the N-terminal region predicts homodimerization of CtIP (Dubin et al., 2004). 

Indeed, recent evidences show that two CtIP homodimers can bind to form a tetramer. 

This tetramerization of CtIP is important for its recruitment to DNA damage sites and 

its activity in DNA end resection (Andres et al., 2015; Davies et al., 2015). Additionally, 

a DNA binding domain is present in the central region of CtIP sequence, and is 

needed for CtIP recruitment to DNA damage. This damage recruitment motif is highly 

conserved between chicken, mice and human orthologs, but is absent in the yeast 

counterparts (You et al., 2009).

2.1. Role of CtIP in transcription and cell cycle regulation

The first studies about CtIP function suggested a role as a transcriptional cofactor. 

Indeed, accumulating evidences show that CtIP can be engaged in different protein 

complexes to act either as a correpressor or a coactivator for the expression of different 

subsets of genes (Li et al., 1999; Schaeper et al., 1998; Yu et al., 1998). Interestingly, CtIP 

is able to regulate cell cycle progression both in normal cycling cells and as a response to 

DNA damage. First, CtIP promotes the progression from G1 to S phase by modulating Rb 

transcriptional activity . In higher eukaryotes, Rb functions as a transcriptional repressor 

by sequestering the transcription factor E2F, which is the responsible for the expression 

of genes involved in the initiation of S phase (Giacinti and Giordano, 2006). At late G1, 

CtIP binds to Rb and releases E2F, thus promoting expression of genes that initiate S 

phase, such as Cyclin D1 (Liu and Lee, 2006). Indeed, Ctip-/- mouse embryos die at early 

stages during development due to a cell cycle arrest in G1 that eventually leads to cell 

death, and this phenotype can be rescued with the deletion of Rb (Chen et al., 2005). 

Moreover, CtIP is required for DNA damage-dependent cell cycle arrest in S and G2 

by at least two alternative ways. On the one hand, ATM-dependent phosphorylation of 

CtIP cause its binding to p21 promoter, together with BRCA1, and activates transcription 

of p21 (Liu et al., 2013a). On the other hand, CtIP forms a complex with Rb, CtBP and 

E2F1 to increase the expression of GADD45A (Liao et al., 2010), a DDR protein that 

regulates DNA repair, cell cycle arrest, and apoptosis (Zhan, 2005).
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2.2. Role of CtIP in DNA replication

Besides promoting DNA replication by licensing G1/S transition, CtIP directly 

localizes to DNA replication foci and facilitates DNA replication fork progression. 

CtIP physically interacts with the proliferating cell nuclear antigen (PCNA) through 

a Replication Foci Targeting Sequence (RFTS) localized at the central region of CtIP 

(aminoacids 540-546) (Gu and Chen, 2009). Accumulation of CtIP at replication forks 

has been shown during normal S phase progression in human cells, and disruption of 

CtIP-PCNA	interaction	produced	γγH2AX foci formation (Gu and Chen, 2009). Thus, it 

has been proposed that CtIP functions in a surveillance mechanism of DNA replication 

progression that stabilizes spontaneously stalled replication forks. Accordingly, CtIP has 

been found to participate in the detection and resolution of replication stress caused by 

interstrand cross-link (ICL) DNA damage (Duquette et al., 2012; Murina et al., 2014; 

Unno et al., 2014). The repair of ICL lesions is a complex mechanism that involve 

multiple DNA repair pathways, and it is initiated when the replication fork encounters 

an ICL and becomes stalled (Andreassen and Ren, 2009). Briefly, the Fanconi Anemia 

protein FANCM binds to the ICL stalled fork and triggers a nucleolytic cleavage at both 

sides of the ICL, that will be repaired by nucleotide excision repair (NER) and translesion 

synthesis (TLS) mechanisms (Ciccia and Elledge, 2010). Since the endonucleolytic 

cleavage occurs at a replication fork, it produces a one-ended DSB that is subsequently 

repaired by HR (Ciccia and Elledge, 2010). CtIP has been proposed to play a dual 

role in this process. Firstly, CtIP is recruited to the ICL lesion by FANCM to facilitate 

the generation of a ssDNA fragment that will activate the following repair (Duquette 

et al., 2012). In this regard, CtIP functions as an early factor of ICL detection and acts 

upstream to the induction of a DSB. Secondly, CtIP promotes DNA end resection at 

the DSB to facilitate HR and strand invasion to complete the repair of the ICL lesion 

(Duquette et al., 2012). In this latter event, CtIP interacts with the Fanconi Anemia 

protein FANCD2, which is a critical coordinator of the ICL repair mechanism (Murina 

et al., 2014; Unno et al., 2014; Yeo et al., 2014). Taking these data together, CtIP can be 

considered as a crucial protein in the replication fork progression, since it can resolve 

replication stress DNA damage arising from physically blocked replication forks.
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2.3. Role of CtIP in DNA end resection

The best known role of CtIP in DSB repair is to promote initiation of DNA end 

resection and subsequent formation of ssDNA to facilitate HR (Sartori et al., 2007). For 

this function, its interaction with the MRN complex is absolutely necessary (Sartori et 

al., 2007). However, the exact mechanism underlying CtIP role in DNA end resection 

is not fully understood. On the one hand, CtIP has been proposed to initiate DNA end 

resection by enhancing the endonuclease activity of MRE11 (Anand et al., 2016). On 

the other hand, a 5’ flap endonuclease activity has been attributed to CtIP, suggesting 

that CtIP may be responsible for the initial DNA end clipping in DNA end resection 

(Makharashvili et al., 2014; Wang et al., 2014). Along these lines, a model has been 

proposed in which CtIP endonuclease activity is required for the processing of DNA 

ends with an altered structure, such as 5’ peptide adducts (Makharashvili et al., 2014). 

In contrast, non-altered DNA ends can be resected independently of the endonuclease 

activity of CtIP, although the presence of CtIP itself is still necessary, probably to 

enhance the endonuclease activity of MRE11 (Makharashvili et al., 2014).

In any case, independently of the molecular mechanism underlying its activity, 

CtIP is the primary factor responsible for licensing DNA end resection in mammals. 

For this reason, regulation of CtIP by post-translational modifications or by protein-

protein interactions is a crucial event for proper DSB repair (Figure I5) (Makharashvili 

and Paull, 2015).

2.4. Regulation of CtIP

To maintain genome stability, DNA end resection must be restricted to S/G2 

phases of the cell cycle to induce HR pathway only when a sister chromatid is available 

as a template for repair. Thus, CtIP is subjected to cell cycle regulation at different levels. 

To avoid DNA end resection in quiescent cells, CtIP protein expression remain low 

during G1 and largely increase in S and G2 phases (Yu and Baer, 2000). In this regard, 

the ubiquitin E3 ligase anaphase-promoting complex/cyclosome (APC/C) together with 

the Cdh1 adaptor protein (APC/CCdh1) ubiquitylates CtIP during G1, promoting its 
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proteasome-mediated degradation (Lafranchi et al., 2014). During the transition from 

G1 to S phase, APC/CCdh1 loses its activity, with the concomitant increase in CtIP levels. 

Moreover, CtIP itself can activate its own transcription during G1/S progression by 

binding to Rb and relieving its repressor effect over transcription of CtIP gene (Liu 

and Lee, 2006). Thus, the accumulation of CtIP at early S phase can be explained by a 

combinatory effect of the absence of proteasomal degradation and an increase in gene 

expression. 

Moreover, CtIP protein levels are regulated after DNA damage in human cells. 

CtIP mRNA is constitutively targeted for degradation by the microRNA miR-335. This 

repression is alleviated after DSB induction, when the DDR kinase ATM downregulates 

miR-335 to increase CtIP transcript levels to promote DSB repair (Martin et al., 2013). 

Interestingly, although DNA end resection needs to be activated to promote DSB repair 

by HR, excessive processing of the ends can result in an aberrant repair (Paudyal and 

You, 2016). In this regard, in the presence of sustained genotoxic stress, CtIP mRNA 

can be targeted for degradation by two additional miRNAs (miR-19a and miR-19b) that 

are activated by p53 pathway (Hühn et al., 2014).

Furthermore, several proteasome-dependent mechanisms to regulate CtIP 

levels after DSB induction have been identified. First, DNA damage in G2 can 

activate the ubiquitin ligase APC/CCdh1, resulting in CtIP protein degradation and 

accelerated turnover from the break (Lafranchi et al., 2014). Second, a cascade of 

post-translational modifications on CtIP starts with cyclin-dependent kinase 2 (CDK2), 

a specific kinase activated during G2. After DNA end resection initiation, CDK2-

mediated phosphorylation of CtIP on S276 and T315 promotes its binding to the 

prolyl isomerase PIN1 (Figure I5). While phosphorylation of T315 is needed for direct 

CtIP-PIN1 interaction, phosphorylated S276 is the substrate for cis/trans isomerization 

of CtIP (Steger et al., 2013). This modification leads to CtIP polyubiquitylation and 

targeting for proteasomal degradation, thus restricting DNA end resection. Interestingly, 

CtIP is also ubiquitylated by the Cullin3-KLHL15 ubiquitin E3 ligase, which is a 

candidate mediator of the PIN1-dependent degradation of CtIP (Ferretti et al., 2016). 

An additional regulation of CtIP levels has been described by the ubiquitin E3 ligase 
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Seven In Absentia Homolog 1 (SIAH-1), which directly binds to CtIP and promotes 

its proteasomal degradation (Germani et al., 2003). However, this study was carried 

out before the discovery of CtIP as a DNA repair protein, and the implications of this 

modification for DNA end resection or its regulation by the cell cycle are not explored. 

Another layer of regulation of DNA end resection is the recruitment of CtIP 

to DSBs. Although CtIP has the ability to bind directly to DNA through its DNA 

binding motif, several mechanisms ensure its appropriate recruitment to damaged 

chromatin (You et al., 2009). As mentioned before, the MRN complex is one the sensor 

components of the DNA damage response that can recognize DNA ends, and MRN-

CtIP represents the minimal resection machinery (Anand et al., 2016). Thus, CtIP is 

initially recruited to DSBs through its interaction with MRN complex (You et al., 2009). 

It has been recently shown that the deubiquitylation enzyme USP4 binds to NBS1 and 

then recruits CtIP, acting as an intermediate in the CtIP-MRN binding (Liu et al., 2015; 

Wijnhoven et al., 2015). 

Besides direct protein interactions, different post-translational modifications 

promote CtIP binding to DSBs. Importantly, ATR/ATM-dependent phosphorylation 

of T859 is needed for CtIP recruitment to DSBs and, consequently, for DNA end 

resection and HR (Peterson et al., 2012). More recently, it has been proposed that this 

mechanism is mediated by the Acidic nucleoplasmic DNA binding protein (And-1), 

which binds to MRN complex at DSB sites and recruits phosphorylated CtIP (Li et 

al., 2016). Moreover, recruitment of CtIP to break sites depends on two ubiquitin-

mediated post-translational modifications. First, ubiquitylation of CtIP by its binding 

partner BRCA1 was described a decade ago (Yu et al., 2006). More recently, it has 

been reported a DNA damage-dependent ubiquitylation of CtIP by the E2 ligase 

UBE2D and the E3 ligase RNF138 (Schmidt et al., 2015). Both PTMs facilitate CtIP 

recruitment to DSBs. Interestingly, an additional study revealed that RNF138 mediates 

ubiquitylation of the pro-NHEJ protein KU, promoting its removal from DSBs and 

indirectly facilitating CtIP access (Ismail et al., 2015). Thus, this specific modification 

is triggered after DSB induction to promote HR by simultaneously recruiting CtIP and 

blocking NHEJ. 
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Independently of the regulation of protein levels of CtIP and its binding to DSB 

sites, CtIP activity in DNA end resection is directly modulated by additional post-

translational modifications. It is noteworthy that I am not alluding here to a classical 

enzymatic activity, as it is far from clear how CtIP contributes to DNA resection and 

if the nuclease activity described is really required. By activity I imply the capacity 

of CtIP to license DNA resection directly by a, so far, unknown mechanism. CtIP 

is constitutively acetylated on K432, K526 and K602, which keep the protein in its 

inactive state (Kaidi et al., 2010). Following DNA damage, the Lys deacetylase sirtuin 

6 (SIRT6) removes this inhibitory modification from CtIP, thus allowing end resection 

(Kaidi et al., 2010). Additionally, phosphorylations by CDK in S/G2 that do not affect 

protein levels are required to promote DNA end resection in a cell cycle-regulated 

manner. CtIP contains 12 potential CDK phosphorylation sites. Among these sites, 

CDK-mediated phosphorylation at T847 in the C-terminus of CtIP is absolutely 

essential to promote resection and to maintain genome stability (Huertas and Jackson, 

2009). Interestingly, this S/T-P motif is conserved in the budding yeast counterpart Sae2 

(S267) (Huertas et al., 2008) and in mice (Polato et al., 2014). However, the mechanism 

underlying the activation of CtIP by this modification is still unclear. An additional 

evolutionary conserved CDK-mediated phosphorylation on S327 is required for CtIP-

BRCA1 interaction in S/G2 (Yu and Chen, 2004). This association facilitates DNA 

end resection by counteracting the anti-resection block of RIF1-53BP1 from DSBs, 

promoting CtIP recruitment, and accelerating the speed of resection (Cruz-García et 

al., 2014; Escribano-Díaz et al., 2013; Yu et al., 2006). Furthermore, it has been shown 

that MRE11 promotes this modification by bridging the interaction between CtIP and 

CDK2/cyclin A in S and G2 phases (Buis et al., 2012). Moreover, a cluster of five 

additional CDK-mediated phosphorylation sites in the central region of CtIP promotes 

DNA end resection (Wang et al., 2013a). Phosphorylation of this cluster directs the 

interaction of CtIP with NBS1, which in turns leads to DNA damage-induced CtIP 

phosphorylation by ATM (Wang et al., 2013a). . 

In summary, numerous protein-protein interactions and post-translational 

modifications modulate CtIP activity on DNA end resection by controlling its stability, 

activation, and recruitment to DSBs. Thus, CtIP is a dynamic protein that receives diverse 
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cellular signals to efficiently modulate the DSB repair pathway choice. Interestingly, 

some of the mechanisms underlying the regulation of CtIP are still not well dissected, 

and new pathways involved in the modulation of CtIP may be discovered in the future. 

It is worth mentioning that the majority of the modifications implicated in the activity 

of CtIP in DNA end resection accumulate at the C-terminal region of the protein. In 

accordance with this, mutations that render a C-terminal truncated version of CtIP have 

been found in the Seckel and Jawad human syndromes, characterized by a defective 

DDR (Qvist et al., 2011), and many colorectal cancers (Vilkki et al., 2002).

3. Post-translational modifications in the DDR
As for the control of CtIP, the regulation of the DSB repair and, more generally, 

of the DDR, strongly relies on post-translational modifications (PTMs) (Dantuma and 

van Attikum, 2016; Oberle and Blattner, 2010). One key feature of the DNA repair 

pathways is the capacity to deal with DNA damage as soon as it is detected. Thus, it is 

crucial to establish networks of proteins and to activate functions that were not ready 

before DNA damage induction. Regulation of the levels of proteins needed in each 

cellular context can be achieved, on a long-term scale, by modulating gene expression. 

Conversely, PTMs represent a short-term manner to change protein connections, 

activity, conformation, and localization, among others. Moreover, all PTMs can be 

quickly reverted once the genotoxic stress is alleviated (Deribe et al., 2010). 

Protein phosphorylation has been considered for long time as the central 

modification controlling the DNA damage response. In recent years, the complexity 

of this subject has substantially increased with the realization that phosphorylation is 

just one of a variety of DDR-regulating PTMs. A number of covalent modifications 

have been described, including those involving conjugation of small proteins such as 

ubiquitin and the ubiquitin-like molecules SUMO and NEDD8 (Bergink and Jentsch, 

2009; Dantuma and van Attikum, 2016; Jackson and Durocher, 2013; Nie and Boddy, 

2016). Indeed, the initiation of the cellular response to DSBs represents a paradigm of a 

signaling cascade produced by post-translational modifications of different nature. First, 
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phosphorylation	 of	H2AX	 to	 produce	 extensive	 γγH2AX regions creates a platform 

necessary to signal the break (Figure I6). Then, an ubiquitylation cascade is initiated at 

γγH2AX sites to engage DDR factors. For this, the ubiquitin E3 ligase RNF8 is recruited 

to	damaged	regions	and	catalyzes	the	ubiquitylation	of	the	histones	H2A	and	γH2AX.	

This modification in turn recruits a second ubiquitin E3 ligase, RNF168, which mediates 

the modification of numerous substrates, together with RNF8. This cascade finally leads 

to the recruitment of multiple effector proteins, like 53BP1 and BRCA1. Interestingly, 

sumoylation of different factors mediated by the SUMO E3 ligases PIAS1 and PIAS4 is 

required for the ubiquitinylation cascade triggered by RNF8 and RNF168 (Schwertman 

et al., 2016). 

DSB

MRNKU70/80

DNA-PK

γH2AX

PP

MDC1
P

H2AX

PP P

Ub
Ub

Ub

P

Ub
Ub

Ub

RNF8

BRCA1

53BP1

PIAS1

S S

DNA

ATM

ATR

RNF168

PIAS4

mediator
proteins

Ub

Figure I6. Post-translational modifications (PTMs) in the DDR

The protein kinases DNA-PK, ATM and ATR are recruited to DSBs and mediate phosphorylation of H2AX 
at S139 (γH2AX). Phosphorylated MDC1 mediates the amplification of γH2AX signal at both sides of the 
break. The ubiquitin ligases RNF8 and RNF168 ubiquitylate γH2AX and additional mediator proteins to 
promote the recruitment of DNA repair factors. SUMO ligases PIAS1 and PIAS4 mediate sumoylation 
of 53BP1 and BRCA1 and promote their binding to DSBs. P, phosphorylation; S, sumoylation; Ub, 
ubiquitylation. Solid arrows mark post-translational modifications. Dashed arrows mark the recruitment 
of proteins. 



Introduction

45

3.1. Mechanism of sumoylation in human cells

Among all the PTMs, sumoylation has emerged in recent years as a key regulatory 

element of the DDR (Jackson and Durocher, 2013; Jentsch and Psakhye, 2013; Sarangi 

and Zhao, 2015). Sumoylation is a reversible process in which a small ubiquitin-like 

modifier (SUMO) peptide is covalently attached to a target protein to modulate its 

function (Figure I7) (Geiss-Friedlander and Melchior, 2007). Sumoylation pathway is 

conserved in all eukaryotes, and performs essential functions in most organisms (Pichler 

et al., 2017). Proteomic and genetic studies have shown that mainly nuclear proteins 

are among its substrates (Seeler and Dejean, 2003). Thus, sumoylation controls not 

only DNA repair pathways, but also the major nuclear processes: DNA replication, 

transcription, cell cycle regulation, chromatin organization, nuclear trafficking, and 

signal transduction.

In human cells, SUMO1, SUMO2 and SUMO3 are the main SUMO paralogs, 

and they are ubiquitously expressed (Pichler et al., 2017). Mature SUMO1 share 

approximately 45% sequence identity with SUMO2 and SUMO3, whereas SUMO2 and 

SUMO3 are almost identical (around 97% of sequence identity) to each other (Osula et 

al., 2012). Since they cannot be distinguished by antibodies, they are often referred to 

as SUMO2/3. Two more members of the SUMO family have been described recently, 

SUMO4 and SUMO5, but there is still limited knowledge about their physiological 

relevance (Bohren et al., 2004; Liang et al., 2016).

Under physiological conditions, SUMO1 is constitutively conjugated to substrates, 

while SUMO2/3 paralogs are preferentially conjugated in response to stress (Saitoh and 

Hinchey, 2000). Early on in the discovery of SUMO substrates, it became evident 

that many share a common ψγKxE	motif	 of	 conjugation,	where	 γψ is a hydrophobic 

residue, with high preference for isoleucine or valine, and x represents any aminoacid. 

This sequence was designated as the SUMO consensus motif (Figure I7). Many studies 

have been performed in recent years to understand SUMO conjugation in more detail. 

Analysis of all available data sets revealed that at physiological conditions, at least 

half of the SUMO substrates are modified at the minimal KxE motif (Hendriks and 

Vertegaal, 2016). Importantly, non-consensus sumoylation motifs have been identified, 
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(A) Small ubiquitin-like modifiers (SUMOs) are covalently attached to target proteins through an 
enzymatic cascade involving several steps. All SUMO isoforms are produced as an immature precursor 
that require the removal of the C-terminal aminoacids by proteases to expose the two glycines that 
can be covalently bound to substrates (1). The mature SUMO isoform binds to the dimeric E1 enzyme 
SAE1-SAE2 (2) and is then conjugated to the E2 enzyme UBC9 (3). Several E3 ligases confer target 
or spatial specificity to SUMO modification (4). Sumoylation can be reverted by specific proteases 
(SENPs), that create a pool of free mature SUMO moieties (5). Adapted from Pichler et al., 2017. 
(B) Target proteins can be modified by SUMO monomers at a single residue (monosumoylation) or 
at several sites (multisumoylation). Additionally, SUMO can form polymeric chains (polysumoylation). 
(C) Schematic overview of the main sumoylation consensus motifs. The full consensus motif contains 
a hydrophobic residue next to the lysine. However, the hydrophobic amoniacid has been shown to 
be dispensable in proteins containing the minimal consensus motif, which can be found also as the 
inverted consensus motif. The SUMO-modified lysine is shaded in blue, the hydrophobic residues in 
grey, and the negatively charged aminoacids in red. Square parentheses indicate that any of the listed 
residues can be present in the motif. Adapted from Hendriks and Vertegaal, 2016.
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like the inverted consensus sumoylation motif (ExK). 

All SUMO proteins are expressed as immature precursors and need to be 

matured by SUMO proteases to expose the C-terminal di-glycine (GG) motif that is 

critical for conjugation (Pichler et al., 2017). Activation of SUMO is then achieved by 

forming a thioester bond with the catalytic cysteine of the heterodimeric E1 enzyme, 

composed by SUMO activating enzyme subunits 1 and 2 (SAE1 and SAE2). Next, 

SUMO is transferred to the catalytic cysteine of the E2 conjugating enzyme UBC9. 

In the final step, SUMO is delivered to the substrate, forming an isopeptide bond 

with	 a	 γ-amino	group	of	 the	 acceptor	 lysine	 residue.	For	 this,	 a	SUMO	E3	catalyzes	

the transference of SUMO from the E2 enzyme to the target protein. The localization 

of these E3 ligases in different cellular compartments also facilitates spatial context 

specificity for SUMO modification. Substrates can be modified with a single SUMO 

moiety, multiple SUMOs or with SUMO chains (Hendriks and Vertegaal, 2016). In 

humans, several E3 ligases exist to confer substrate specificity (Gareau and Lima, 2010). 

Finally, several SUMO-specific proteases (SENPs) reverse the sumoylation by cleaving 

the isopeptide bond, thereby defining the balance between the free and the conjugated 

SUMO pool, as well as the dynamic steady-state levels of sumoylated substrates in the 

cell (Gareau and Lima, 2010).

3.2. Sumoylation in DSB repair

A key study showed that all three SUMO isoforms physically accumulate at DSB 

sites in a pathway that involves the SUMO E3 ligases PIAS1 and PIAS4 (Galanty et 

al., 2009; Morris et al., 2009), strongly suggesting a role of sumoylation in the repair 

of DSBs. Moreover, accumulation of PIAS1 and PIAS4 at DSBs is required for the 

recruitment of BRCA1 and its interacting protein RAP80, as well as 53BP1. Along this 

line, direct sumoylation of BRCA1 has been proposed to enhance its ubiquitin ligase 

activity in DSB repair (Morris et al., 2009). Additionally, other SUMO ligases, such as 

PIAS3, CBX4, and FUS, have been found to accumulate at DSBs and to facilitate the 

repair process (Ismail et al., 2012; Lee et al., 2012; Liu et al., 2013b; Wang et al., 2013b). 
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A mass spectrometry-based study performed in yeasts identified more than 800 

different SUMO conjugates, and the majority of them did not seem to change in response 

to DNA damage. However, the set of sumoylated proteins enriched in response to 

DNA damage was specifically included in the HR machinery. Moreover, it was shown 

that this wave of sumoylation was triggered by DNA end resection and the consequent 

ssDNA tracks (Psakhye and Jentsch, 2012). Additional functional studies suggest that 

the sumoylation triggered by DNA end resection leads mainly to the accumulation of 

RAD51 at the breaks to promote DNA repair through HR. For instance, DNA damage-

induced sumoylation of RPA70, a component of the RPA heterotrimeric complex, 

elicits its interaction with RAD51 (Maréchal and Zou, 2015). Hence, it was suggested 

that sumoylation upon DNA damage induction could stimulate DNA repair through 

HR pathway in yeast. Alternatively, a more recent study in human cells showed that 

the SUMO2-mediated modifications triggered by DNA damage targeted proteins for 

DNA repair pathways, but not specifically HR, and factors involved in the chromatin 

status and transcriptional repression (Hendriks et al., 2015). Collectively, the available 

data suggest that the coordinated binding and removal of DNA repair factors is strongly 

influenced by sumoylation. However, the role of sumoylation in DNA end resection 

and the DSB repair pathway choice is not clear. Proteomic studies performed in 

budding yeast have identified the DNA end resection factors Mre11, Rad50, Xrs2 

(components of the MRX complex, the yeast homolog of the human MRN complex) 

and CtIP homolog Sae2 as sumoylation targets after DNA damage (Cremona et al., 

2012; Himmels and Sartori, 2016). Although this suggests a putative implication of 

sumoylation in the regulation of DNA end resection in yeast, the biological relevance 

of these modifications was not known at the beginning of this Thesis. Alternatively, 

the available data on sumoylation-dependent regulation of DNA end resection in 

humans is much more limited. Both pro- and anti-resection factors have been shown 

to accumulate at DSB sites upon PIAS-dependent sumoylation (Galanty et al., 2009; 

Morris et al., 2009). Thus, this accumulation seems to ensure the repair of the breaks 

either by HR or by NHEJ, but does not shed any light in the decision between them.
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4. Consequences of  erroneous DNA repair: 
genome instability and cancer

As mentioned, DNA double strand breaks are the most dangerous types of 

damage that can threaten genome integrity. In consequence, cells invest considerable 

resources in maintaining the network of mechanisms necessary to sense and properly 

repair those lesions (Ciccia and Elledge, 2010). However, if there is a deregulation 

in the system, erroneously repaired DSBs can cause a number of genetic alterations 

including deletions, chromosomal rearrangements, or aneuploidy. These phenomena 

are termed together as genome instability, and constitute one of the hallmarks of cancer 

(Figure I8) (Hanahan and Weinberg, 2011). Nowadays, it is widely accepted that cancer 

is a heterogeneous disease in which the common feature is the genetic malfunction. 

Its development involves two main events: inactivation of genes (tumor suppressors) 

by deletion, mutation or epigenetic silencing, and the activation or upregulation of 

genes (oncogenes) by mutation, amplification and abnormal activation (Sadikovic et al., 

2008). Usually, to achieve the number of mutations that are required to drive cancer 

progression an abnormally high level of genomic instability is required (Hanahan and 

Weinberg, 2011). Thus, genes involved in DNA repair are usually termed as “care 

takers”, since they maintain genome integrity by avoiding genetic alteration upon DSB 

induction. For this reason, the majority of these genes behave as tumor suppressors 

(Levitt and Hickson, 2002).

As mentioned above, proper regulation of the DSB pathway choice is essential 

to protect human cells from genome instability driving to malignancy processes. 

Downregulation of the key DNA end resection modulator CtIP starkly increases the 

incidence of gross chromosomal rearrangements in human cells (Huertas and Jackson, 

2009). Thus, ablation of CtIP expression is predicted to have grave consequences in 

humans. Along these lines, missense mutations in CtIP have been identified in several 

cancer cell lines, like pancreas, colon, breast and ovary (Wong et al., 1998). Moreover, 

a mononucleotide repeat (A9) in the central region of CtIP gene has been identified as a 

microsatellite instability region, and suffers deletions in many colorectal cancers (Vilkki 

et al., 2002). This mutation produces a truncated version of CtIP that contains only 
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the first 357 aminoacids, and lacks the C-terminus, which harbors all CtIP functions 

in DNA repair. Additionally, haploid insufficiency of CtIP in mice largely predisposes 

to cancer development, with a high occurrence of lymphomas (Chen et al., 2005). 

Accordingly, ablation of the other major DNA end resection factors that operate with 

CtIP have similar impacts in vivo. Genetic knockout of MRE11, RAD50, NBS1 and 

DNA2 are embryonically lethal, and their deficiencies cause hypersensitivity to DNA 

damaging agents (Paudyal and You, 2016). EXO1 knockout in mice leads to meiotic 

defects and cancer susceptibility. Moreover, mutations in any of the components of 

the MRN complex are the causes of different genetic diseases that show an increased 

cancer predisposition (McKinnon and Caldecott, 2007). These findings further highlight 

the importance of DNA end resection in genome protection and tumor suppression. 
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Figure I8. DNA damage and genomic instability as hallmarks of cancer

Proposed hallmarks of cancer in Negrini et al., 2010. The arrows mark the impact of DNA damage and 
genomic instability in the development of sporadic cancers. Deregulation of cellular growth increases DNA 
damage and DNA replication stress, which in turn lead to genomic instability and facilitate the acquired 
loss of function of tumor suppressors, allowing evasion from cell death. Genomic instability provokes the 
accumulation of additional mutations that lead to the establishment of the remaining hallmarks.
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5. Breast cancer
Breast cancer is the paradigmatic example of malignancy caused by alteration 

in the HR pathway. In women, hereditary mutations in the genes encoding for the 

recombination proteins BRCA1 and BRCA2 confer 50-85% risk of developing 

breast cancer during life (Mavaddat et al., 2013). Since the discovery of these breast 

cancer susceptibility genes, many studies have investigated the role of homologous 

recombination factors in the development of breast cancer.

Breast cancer represents, by far, the most frequent malignancy among women, 

meaning approximately 25% of all tumors (Ferlay et al., 2015). Fortunately, despite its 

high incidence, mortality rates are relatively low, and patients with breast cancer have 

a 10-year survival rate of approximately 83%. The number of breast cancer survivors is 

remarkably increasing in the last decades, along with their life quality. Advances in the 

understanding of the biologic processes that underlie breast cancer development allow 

to improve diagnostic methods and to develop more efficient treatments.

5.1. Clinical and histological features of breast cancer

Breast cancer mostly arises from the mammary glands, and is classified as an 

adenocarcinoma. Tumor cells usually develop from the bilayered epithelium of either 

the milk-producing lobules or the mammary ducts, being ductal carcinoma the most 

frequent type of breast cancer (approximately 70-80% of the cases) (Figure I9) (Makki, 

2015). Breast cancer is a heterogeneous disease that exhibits a range of biologic and 

clinical behaviors. This diversity is reflected in the morphological and molecular 

variation that can be analyzed by the study of histological features and molecular 

pathologic markers. These tools are useful to predict the clinical outcome and to 

select the appropriate therapy. In particular, the parameters normally used in clinics 

to define the tumor are the size, the morphology of the tissue, the ability to invade the 

surrounding tissue, the proliferation rate, and the status of three molecular markers (see 

below) (Makki, 2015).
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There are three histological grades that range from tissues showing a tubular 

organization, resembling the healthy mammary gland (grade 1) to tumors with an 

unstructured mass of cells, a large difference on nuclear size and shape, and a high 

proportion of mitotic cells (grade 3) (Elston and Ellis, 2002). Grade 1 tumors are also 

referred as well-differentiated tumors, since they maintain some structures from the 

healthy tissue. They are usually smaller, less invasive, and a sign of good prognosis. On 

the contrary, the so-called poorly differentiated grade 3 tumors are aggressive tumors, 

more prone to metastasize to distant tissues. Indeed, it is not the breast tumor, but its 

metastasis to distant organs, the main cause of death in this disease (Weigelt et al., 

2005). To assess the spreading capacity of the tumors, the easier manner is to study the 

axillary lymphatic nodes, located close to the breast. Thus, when analysis of the nodes 

evidences the presence of tumoral cells, it is a clear indicative that the malignancy 

possesses the capacity to metastasize, and this has to be taken in account to determine 
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Figure I9. Breast cancer pathophysiology 

Diagram showing breast physiology. Mammary glands are composed by aggregations of lobules and 
ducts that converge in the nipple and are surrounded by stromatic tissue. Invasive breast tumors usually 
arise from the mammary ducts, which are formed by two types of cells. Luminal cells respond to hormonal 
stimulation for milk production, so they express estrogen receptors (ER) and progesterone receptors 
(PR). Basal cells possess the contractile function for milk ejection, and are negative for hormone 
receptors. Both type of duct cells are originated from the same stem cells lineage during development. 
Adapted from McMaster Pathophysiology Review (www.pathophys.org/breast-cancer/).
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the treatment of the patient (Weigelt et al., 2005). An additional feature of invasive 

tumors is the proliferation rate, which is assessed by immunodetection of Ki67 protein, 

a widely-used proliferation marker (Juríková et al., 2016). Although its function is still 

unknown, it is known to be expressed in the nuclei of every proliferative cell, both in 

normal and tumoral tissues, and to be completely absent in quiescent or G0-arrested 

cells (Juríková et al., 2016). Thus, the proliferative capacity of the tissue is measured by 

the quantification of the percentage of cells showing Ki67 expression within the tumor, 

being 14% the cut-off value to distinguish between Ki67-positive or negative tumors.

5.2. Molecular markers in breast cancer

Although the mentioned features are indicative of tumor aggressiveness, probably 

the most important diagnostic test is the analysis of three molecular markers: estrogen 

receptor	alpha	(ERγ	or	ER),	progesterone	receptor	(PR)	and	human	epidermal	growth	

factor receptor 2 (HER2). The expression levels of these proteins directly exhibit the 

biology of the malignant mechanisms, and they can be used to predict the behavior 

of the tumor (Parise et al., 2009). More importantly, these markers are used to select 

the treatment strategy for each case, allowing to improve the clinical outcomes of the 

patients (Parise et al., 2009).

ER is a ligand-dependent transcription factor that is highly expressed in the 

embryonic mammary tissue during development, but is completely absent in the 

healthy adult breast tissue (Couse and Korach, 1999; Renoir, 2012). Overexpression of 

ER occurs in approximately 70% of all breast tumors, standing for the major cause of 

breast cancer occurrence (Russo et al., 1999). Binding of estrogen to the ER stimulates 

cellular proliferation and migration, and inhibits ATR-related DNA damage checkpoint 

and apoptosis (Le Romancer et al., 2011). However, tumors overexpressing ER usually 

show well-differentiated histologic features and have good prognosis. These cancers are 

effectively treated with endocrine therapy that block estrogen-dependent proliferative 

signaling. Since ovaries are the primary source of estrogen in premenopausal women, 

surgical ablation of ovaries is performed in certain cases to prevent or to treat these 
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tumors. However, this strategy is followed only when there is a known high risk of 

cancer occurrence. When ovaries are no longer active after menopause, circulating 

estrogen comes from androgenic precursors produced in the adrenal gland that are 

converted by the aromatase enzyme. In these cases, chemical ablation of estrogen 

can be carried out with aromatase inhibitors (AIs). Moreover, ER can be chemically 

blocked with compounds that work as antagonists of estrogen (antiestrogens), such as 

Tamoxifen (Keen and Davidson, 2003).

PR, as well as ER, is a ligand-dependent transcription factor, but its role in breast 

cancer progression is not well understood. However, its importance as a tumoral marker 

resides in the fact that PR expression is enhanced by ER pathway. Hence, detection 

of increased PR levels in the tissue indirectly confirms a functional and druggable ER 

pathway. Indeed, PR and ER are usually co-expressed, and double-positive tumors 

show the best clinical outcome among all breast cancers (Bardou et al., 2003).

HER2, also known as ERBB2, is encoded by the proto-oncogene HER2/neu 

located in chromosome 7, and is a member of the trans-membrane type I receptor 

tyrosine kinase family (Keen and Davidson, 2003). Ligand-dependent activation of 

HER2 triggers a phosphorylation cascade that targets many cellular pathways, including 

proliferation, survival, and apoptosis. HER2 gene is amplified in approximately 13-20% 

of breast tumors, which translates in the increased expression of this receptor. Breast 

tumors overexpressing HER2 usually show aggressive clinical features, such as high 

proliferation index and increased probability of metastasis (Keen and Davidson, 2003). 

However, the development of targeted antibody-based therapies against HER2 has 

dramatically improved the prognostic outcomes of these tumors (Piccart-Gebhart et al., 

2005).

5.3. Molecular subtypes of breast cancer

In early 2000s, analysis based on gene expression profiling allowed clustering of 

breast tumors in different subtypes according to their intrinsic molecular characteristics, 

termed as “molecular portraits” (Perou et al., 2000). From that moment on, numerous 
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studies are being performed to better understand these molecular signatures with the 

goal of applying a personalized therapy in the future. Interestingly, expression of ER, 

PR and HER2 can be used in clinics to roughly classify tumors into five molecular 

subtypes with different gene expression profiles (Figure I10). Luminal cancers, which 

represent approximately 70% of all breast tumors, are characterized by high ER and/or 

PR expression (Musgrove and Sutherland, 2009). Within this category, three subtypes 

can be distinguished. Luminal A and B are both HER2-negatives, but are differentiated 

by their proliferation rate, being low for luminal A (Ki67-negative) and high for luminal 

B (Ki67-positive). The third classification of luminal tumors, called luminal B HER2+, 

represents a low number of cases that overexpress ER and/or PR, and HER2. In 

general, luminal tumors are associated with better outcomes, and can be efficiently 

treated with endocrine therapy (Dai et al., 2016). A separate subtype includes HER2-

positive tumors, which are usually negative for hormone receptors (Dai et al., 2016). 

Lastly, tumors that lack ER, PR and HER2 expression fall in the subtype of triple 

negative breast cancers (Mouh et al., 2016). They account for approximately 15-20% of 
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Figure I10. Molecular subtypes of breast cancer

Classification of breast tumors according to the expression of the molecular markers ER, PR (hormone 
receptors), HER2, and Ki67. Luminal tumors usually show low histologic grade, which correlates with 
good prognosis. In contrast, negative tumors are poorly differentiated, high histologic grade tissues, 
with a poor prognosis. The tumoral response to different therapy strategies varies among the molecular 
subtypes. Adapted from McMaster Pathophysiology Review (www.pathophys.org/breast-cancer/).
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all breast carcinomas, and are frequently found in younger women (less than 50 years). 

Patients with triple negative breast cancer typically have a relatively poorer outcome 

compared to those with other breast cancer subtypes owing to an aggressive clinical 

behavior of the tumors (Ahn et al., 2016; Yadav et al., 2015). Triple negative tumors 

are poorly differentiated and highly proliferative. On top of this, distant metastases in 

triple negatives are more frequent, develop faster (within the first three years after initial 

treatment), and usually affect vital organs such as lung and brain. In contrast, metastases 

from luminal tumors, when they occur, develop between five and ten years after 

treatment, and affect mainly bone and skin (Ishitha et al., 2016; Pal et al., 2011). Due 

to the absence of specific markers for triple negative tumors, systemic chemotherapy, 

together with surgery, are the only available treatments in these cases. Indeed, triple 

negative cancers are highly hypersensitive to DNA-damaging chemotherapeutic agents, 

such as doxorubicin, docetaxel and cyclophosphamide, which are widely used in 

clinics (Harbeck and Gnant, 2017). Interestingly, a common feature of triple negative 

malignancies is a suboptimal DNA repair capacity. Among all DNA repair pathways, 

homologous recombination is frequently impaired in this tumor subtype, explaining the 

increased sensitivity to DNA damaging agents.

 

5.4. Implication of DNA repair factors in breast cancer

Most hereditary breast cancers, including those characterized by BRCA1 

mutations, are classified as triple negative tumors (Da Silva and Lakhani, 2010; Santarosa 

and Maestro, 2012). Interestingly, most of the mutations that have been linked to familial 

breast cancer susceptibility are found in genes encoding DNA repair factors, such as 

MRE11, NBS1, CHK2, RAD51 paralogs, and PALB2 (Nielsen et al., 2016; Ollier et al., 

2015). It is worth considering that the mammary tissue has an increased opportunity of 

DNA damage occurrence because of the extensive remodeling that occurs throughout 

a woman’s life. Breasts are one of the few organs in the body that undergo constant 

cycles of cell death and cellular proliferation (Clarke, 2003). During adulthood, the 

mammary gland suffers monthly hormonal fluctuations inducing cycles of proliferation, 

senescence and apoptosis. This is exacerbated during pregnancy, when mammary cells 
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need to proliferate extensively. Moreover, metabolism of estrogen in the breast tissue 

releases several byproducts that can react with the DNA, inducing DNA damage (Roy 

and Liehr, 1999). Thus, cells conforming the mammary glands are prone to genetic 

alterations that can accumulate during life (Davis and Lin, 2011). Indeed, multiple 

studies have shown that triple negative tumors display severe genome instability, 

highlighting the importance of DNA repair mechanisms in breast cancer development 

(Kwei et al., 2010). Along these lines, sporadic triple negative cancers usually show low 

HR efficiency and downregulation of proteins involved in HR, either by spontaneous 

mutations, or by hypermethylation of the promoters (Manié et al., 2016). 

In accordance to the importance of a proficient HR pathway to avoid breast 

cancer development, several evidences link the HR-promoting factor CtIP to breast 

cancer. First, CtIP interacts with BRCA1 to facilitate HR. Interestingly, mutations in the 

carboxy-terminal part of BRCA1 that abolish its interaction with CtIP, have been linked 

to highly proliferative hereditary breast cancer (Wong et al., 1998). In contrast, other 

mutations in conserved BRCA1 regions that maintain its binding to CtIP are considered 

as benign events (Cortesi et al., 2012). Despite this relationship, no CtIP mutations have 

been observed so far in families with BRCA1-independent hereditary breast cancer 

(Gorringe et al., 2008). However, an association with specific CtIP haplotypes has been 

proposed to be a breast cancer-risk modifier for BRCA1 mutation carriers (Rebbeck 

et al., 2011). Moreover, the transcriptional repressor complex formed by CtIP, BRCA1 

and ZBRK1 has been shown to maintain mammary homeostasis, and removal of any 

of these factors accelerates breast tumorigenesis (Ahmed et al., 2010; Furuta et al., 

2006). In addition, the oncoproteins LMO4 and CCAR2 interact with CtIP to block 

DNA end resection, and both of them have been found to be overexpressed in breast 

cancer (Joshi et al., 2013; López-Saavedra et al., 2016; Sum et al., 2002; Visvader et al., 

2001). Finally, a meta-analysis of previous gene expression studies suggests that CtIP 

expression might be lower in aggressive breast cancers with distant metastasis when 

compared to breast tumors counterparts that did not metastasize (Wu et al., 2007). 

However, despite all the available data, no systematic study of CtIP expression in breast 

cancer samples was performed before this work.
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Objectives

1. Analysis of CtIP protein levels in breast tumors and 
 its correlation with clinicopathological features and 
 markers of prognosis.

2. Identification of SUMO E3 ligases involved in DNA 
 end resection of double strand breaks.

3. Characterization of the sumoylation of CtIP and its  
 role in DNA end resection.
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Increasing evidences in the literature linked the protein CtIP to breast cancer 

biology. Therefore, we aimed to investigate CtIP expression in breast cancer and its 

potential relationship with tumoral clinicopathological variables. For this, we performed 

a retrospective study in which 384 cases of invasive breast carcinomas were included 

(Table R1). 

1. Description of the cohort

As an overview of the cohort, we can remark that 381 out of 384 patients were 

women, and 3 out of 384 were men, their age ranging from 27 to 91, with a median of 63 

years. Roughly one-third of the tumors measured less than 2 cm across (stage T1), over 

42% of them were 2-5 cm across (stage T2), and only 11% were larger than 5 cm across 

or showed inflammatory features (stages T3 and T4). There was a similar representation 

of patients with metastatic spreading in at least one axillary lymphatic node (positive 

node) and patients that did not showed metastasis (negative node). According to the 

histologic grade, almost half of the tumoral tissues were poorly differentiated (grade 3), 

and only 10% presented well-differentiated characteristics (grade 1).

Chapter one

Prognostic value of CtIP
expression in breast cancer
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N = 384 %

Tumoral stage

T1 136 35.4

T2 160 41.7

T3 32 8.3

T4 11 2.9

Node

Negative 165 43.0

Positive 157 40.9

Unknown 62 16.1

Grade

1 41 10.7

2 140 36.5

3 178 46.4

n.d. 25 6.5

ER

Negative 91 23.7

Positive 267 69.5

n.d. 26 6.8

PR

Negative 135 35.2

Positive 223 58.1

n.d. 26 6.8

HER2

Negative 300 78.1

Positive 65 16.9

n.d. 19 4.9

N = 384 %

Ki67

Negative 77 20.1

Positive 243 63.3

n.d. 64 16.7

Molecular subtype

Luminal A 70 18.2

Luminal B HER2- 145 37.8

Luminal B HER2+ 23 6.0

HER2+ (nonluminal) 33 8.6

Triple negative 52 13.5

Unknown 61 15.9

Treatment

Adjuvant (300) 78.1

Chemotherapy 183

Hormonal 230

Radiotherapy 202

Anti-HER2 32

Neoadjuvant (17) 4.4

Chemotherapy 15

Hormonal 2

Radiotherapy 1

Anti-HER2 1

No treatment 13 3.4

Unknown 54 14.1

Gender

Female 381 99.2

Male 3 0.8

Table R1. Cohort description

ER: estrogen receptor    PR: progesterone receptor 
HER2: human epidermal growth factor receptor-2 n.d., not determined
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Attending to the molecular markers, the majority of the samples were scored as 

positive for hormone receptors (almost 70% were ER positive and 58% were PR positive) 

and negative for HER2 overexpression or amplification (HER2 negative, 78%). More 

than 60% of the tumors showed a high proliferative index, since they were defined as 

Ki67 positive. The molecular subtype of breast cancer was determined following the 

system for the immunohistochemical subtyping of breast cancer (Goldhirsch et al., 

2011) (see methods for details). Luminal tumors, considering together luminal A and 

luminal B HER2-, were the most abundant cancer subtype in the cohort (56% of the 

patients).

Amongst the treatments the patients had received, the most frequent strategy was 

the initiation of the therapy after tumor removal (adjuvant treatment), followed in 78% 

of patients. Only in 4.4% of the cases the therapy started before surgery (neoadjuvant 

treatment). Different combinations of chemotherapy, radiotherapy and targeted drugs 

for hormone receptors (hormonal therapy) or HER2 (anti-HER2 therapy) were used for 

the treatment of those cancers. 

2. CtIP is underexpressed in breast cancer

To study CtIP protein levels in breast tumor cancers from this cohort, we 

performed immunohistochemistry (IHC) analysis of paraffin-embedded tissues that had 

been previously arranged in tissue microarrays (TMAs). 

We observed three different CtIP expression levels among the samples. To 

categorize the observed expression levels, we compared CtIP staining between tumors 

and healthy breast control samples derived from mammary reduction surgery in healthy 

women. In this manner, we classify tumors as those with a CtIP staining similar than 

the healthy glands (considered as normal CtIP), and tumors in which CtIP staining was 

reduced (low CtIP) or undetectable (absence of  CtIP) (Figure R1A). 

Strikingly, only 21.4% of the samples in the cohort showed normal CtIP, 32.6% 

low CtIP levels, and the complete absence of CtIP was observed in 40.1% of tumors, 
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Figure R1. Categorization of CtIP protein levels in the cohort. 

(A) Representative images of paraffin-embedded non-tumoral and tumoral breast tissues stained 
against CtIP and showing the three CtIP categories used in this study: normal, low, and absence 
of CtIP. An example of a healthy tissue, from breast reduction surgery, is shown as a control. (B) 
Distribution of the three categories of CtIP levels in the cohort, showing the percentage on each one 
(n.d., not determined).
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being the most represented category (Figure R1B). This observation let us suggest that 

CtIP underexpression is a frequent event in breast cancer.

3. Low levels of CtIP correlate with more aggressive clinical 
features

Next, we aimed to address if the levels of CtIP in breast cancer correlate with any 

of the clinicopathological variables listed in Table 1. Firstly, we focused on the clinical 

features tumoral stage, presence of  metastasis in axillary lymph node, and histologic grade, at the 

moment of surgery. Interestingly, we found that CtIP expression correlated with each 
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of these variables (Figure R2A). Normal levels of CtIP were found in 27% of T1 and 

23% of T2 stage tumors, while only 3% of T3 and 9% of T4 tumors showed normal CtIP 

(Figure R2B). In addition, underexpression of CtIP was more likely to appear also in 

patients with lymph node metastasis (Figure R2C) and high-grade tumors (Figure R2D). 

Taking these data altogether, we can conclude that downregulation of CtIP 

correlates with more aggressive clinical features.

Figure R2. Correlation between CtIP expression and clinical features.

(A) Number of samples in the cohort showing each CtIP category and the indicated categories of 
tumoral size (stage), axilary lymph node status at the moment of surgery (node) and histologic grade 
(grade). Numbers in brackets represent the percentage of samples within a given category of CtIP 
expression. Correlations between each clinical feature and CtIP expression were examined using a chi-
square test, and the resulting P values are indicated. (B) Representation of the distribution of samples 
within each category of tumoral size classification according to their CtIP expression levels. (C) Same 
as in B, but attending the lymph node status. (D) Same as in B, but attending to the histologic grade.
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Stage      
  T1 36 (50.0) 51 (45.5) 46 (33.3) 0.032
  T2 34 (47.2) 43 (38.4) 71 (51.4)  
  T3 1 (1.4) 13 (11.6) 16 (11.6)  
  T4 1 (1.4) 5 (4.5) 5 (3.6)  
Node     
  Negative 44 (64.7) 52 (47.3) 69 (47.9) 0.044 
  Positive 24 (35.3) 58 (52.7) 75 (52.1)  
Grade     
  1 17 (20.7) 15 (12.2) 9 (5.8) < 0.0001 
  2 45 (54.9) 42 (34.1) 53 (34.4)  
  3 20 (24.4) 66 (53.7) 92 (59.7)  
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4. Underexpression of CtIP is associated with tumoral 
markers related with poor prognosis

Next, we analyzed the tumoral markers ER, PR, HER2, and Ki67, commonly 

used for breast cancer routine diagnosis and subtyping in clinics (see introduction). In 

this regard, absence of ER and PR, and overexpression of HER2 and Ki67 directly 

correlated with increased aggressiveness of breast cancer (Shokouh et al., 2015). 

Interestingly, we found a strong correlation between CtIP expression and each tumoral 

marker tested (Figure R3A). In ER-positive tumors there was an even distribution of the 

three levels of CtIP, while in ER-negative samples CtIP was completely absent in 70% of 

the cases, and only 7.7% showed normal levels of CtIP (Figure R3B). Concordantly, the 

same pattern was observed for PR marker (Figure R3C). This tendency was even more 

striking when looking at each CtIP category independently: while tumors with normal 

CtIP levels were mainly positive for ER (91%) and PR (78%), breast cancers with CtIP 

absence had an almost equal distribution of hormone receptors positive and negative 

samples (Figure R3A). Furthermore, the absence of CtIP occurred more frequently in 

HER2-positive (Figure R3D) and Ki67-positive tumors (Figure R3E). 

Thus, downregulation of CtIP correlates with key markers of tumoral 

aggressiveness.

5. CtIP expression is downregulated in triple negative cancers

As mentioned in the introduction section, breast cancers are currently divided 

into five molecular subtypes according to the status of the above-mentioned tumoral 

markers. This classification is used to define sets of tumors that display different 

aggressiveness, sensitivity to the treatment, and prognosis. In this regard, luminal 

tumors, which show high expression of ER and/or PR, show the best prognosis among 

these subtypes. Tumors overexpressing HER2 present intermediate aggressiveness, 

and triple negative (ER, PR and HER2-negatives) are the tumors with poorest 

prognosis. Thus, we aimed to analyze CtIP expression levels among these major 

cancer subtypes. Indeed, we observed that CtIP expression strongly correlated with 
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A

B C

D E

 Normal Low Absence P value 
ER     
  Negative 7 (8.5) 20 (16.3) 64 (41.8) < 0.0001 
  Positive 75 (91.5) 103 (83.7) 89 (58.2)  
PR     
  Negative 18 (22) 42 (33.9) 75 (49.3) 0.0001 
  Positive 64 (78) 82 (66.1) 77 (50.7)  
HER2     
  Negative 75 (92.6) 102 (81) 123 (77.8) 0.017 
  Positive 6 (7.4) 24 (19) 35 (22.2)  
Ki67     
  Negative 23 (32.9) 31 (29.0) 23 (16.1) 0.009 
  Positive 120 (83.9) 76 (71) 47 (67.1)  
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Figure R3. Correlation between CtIP expression and tumoral markers.

(A) Number of samples in the cohort that display each CtIP category and the indicated categories of 
estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor receptor-2 (HER2) 
and Ki67 status. Numbers in brackets represent the percentage of samples within a given category 
of CtIP expression. Correlations between each tumoral marker’s status and CtIP expression were 
examined using a chi-square test, and the resulting P values are indicated. (B) Representation of the 
distribution of samples within each category of ER status according to their CtIP expression levels. (C) 
Same as in B, but attending to PR status. (D) Same as in B, but attending to HER2 status. (E) Same as 
in B, but attending to Ki67 status.
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breast cancer subtyping (Figure R4A). We observed that 30% of luminal A and luminal 

B HER2- tumors showed normal levels of CtIP (Figure R4B). In contrast, only 3.8% of 

triple negative cancers (2 cases out of 52) expressed CtIP at normal levels. On top of 

this, almost 70% of triple negative tumors displayed a complete absence of CtIP.

These data reinforce the idea of CtIP expression being lost in breast cancers 

subtypes with more aggressive features.

A

B

 Normal Low Absence P value 
Molecular subtype     
  Luminal A 21 (30) 27 (23.9) 22 (15.7) < 0.0001 
  Luminal B HER2- 41 (58.6) 51 (45.1) 53 (37.9) 
  Luminal B HER2+ 1 (1.4) 15 (13.3) 7 (5) 
  HER2+ 5 (7.1) 6 (5.3) 22 (15.7) 
  Triple Negative 2 (2.9) 14 (12.4) 36 (25.7) 
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Figure R4. Correlation between expression levels of CtIP and the major molecular subtypes of 
breast cancer.

(A) Number of samples in the cohort that display each CtIP category and the indicated molecular 
subtypes regarding the status of the tumoral markers. Numbers in brackets represent the percentage 
of samples within a given category of CtIP expression. Correlation between the molecular subtypes 
and CtIP expression was examined using a chi-square test, and the resulting P value is indicated. (B) 
Representation of the distribution of samples within each category of molecular phenotype according 
to their CtIP expression levels. 
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6. Retinoblastoma and CtIP loss are co-occurring events

Since CtIP loss has been described to arrest cell cycle in G1 (Chen et al., 

2005; Yu et al., 1998), it was striking to find that aggressive and highly proliferative 

tumors showed decreased levels of CtIP in our study. However, it has been reported 

that Retinoblastoma (Rb) depletion rescues this cell cycle arrest (Chen et al., 2005; 

Zhao et al., 2014) and, moreover, Rb loss has been well reported in triple negative 

tumors (Herschkowitz et al., 2008; Jacob et al., 2012; Stefansson et al., 2011). Thus, we 

anticipated that CtIP and Rb loss might correlate in our cohort.

First, as for CtIP levels, we analyzed nuclear Rb expression in samples from our 

patient cohort and from healthy women, and established three expression categories. 

Samples showing high Rb nuclear staining, in a similar manner than the healthy 

tissues, were defined as normal Rb. Moreover, we also observed tumors with low and 

heterogeneous nuclear Rb staining (negative Rb), and tumors showing an intermediate 

situation (medium Rb) (Figure R5A). Next, we analyzed if different levels of Rb expression 

correlate with the clinicopathological variables. In agreement with previous works 

(Bièche and Lidereau, 2000; Herschkowitz et al., 2008) and in parallel with CtIP, we 

found that Rb loss correlated with larger size of tumors, high histologic grade, negative 

status of ER, and more aggressive molecular subtypes (Figure R5B).

As we hypothesized, there was a correlation between CtIP and Rb protein levels. 

Interestingly, we found that normal CtIP expressing tumors tended to present normal 

Rb expression in a 53% of samples (Figure R6A). On top of this, tumors that showed 

Rb absence were also CtIP-negative in a 73% of the cases (Figure R6B). Importantly, this 

concomitant loss in CtIP and Rb expression was clearly evidenced in triple negative 

tumors (Figure R7). Therefore, we can conclude that CtIP and Rb loss of expression 

are co-occurring events in breast cancer.
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B

Normal Rb Medium Rb Negative Rb

Breast cancer tissues
A

 Normal Medium Negative P value 
Stage     
  T1 33 (49.3) 67 (39.9) 18 (31.6) 0.0171 
  T2 33 (49.3) 78 (46.4) 26 (45.6)  
  T3 1 (1.5) 16 (9.5) 11 (19.3)  
  T4 0 (0.0) 7 (4.2) 2 (3.5)  
Grade     
  1 23 (29.1) 12 (6.2) 6 (10.0) < 0.0001 
  2 30 (38.0) 78 (40.2) 22 (36.7)  
  3 26 (32.9) 104 (53.6) 32 (53.3)  
ER     
  Negative 7 (8.9) 55 (28.8) 22 (36.7) 0.0003 
  Positive 72 (91.1) 136 (71.2) 38 (63.3)  
Molecular subtype     
  Luminal A 22 (32.8) 33 (18.9) 12 (20.7) 0.030 
  Luminal B HER2- 32 (47.8) 79 (45.1) 23 (39.7)  
  Luminal B HER2+ 6 (8.9) 13 (7.4) 2 (3.4)  
  HER2+ 5 (7.5) 18 (10.3) 7 (12.1)  
  Triple Negative 2 (3.0) 32 (18.3) 14 (24.1)  

Retinoblastoma

Healthy breast tissue

Figure R5. Retinoblastoma expression is lost in certain breast cancers.

(A) Representative images of paraffin-embedded non-tumoral and tumoral breast tissues stained 
against Rb. The three Rb staining categories used in this study are represented: normal, medium, 
and negative Rb. An example of a healthy tissue, from breast reduction surgery, is shown as a control. 
(B) Number of samples in the cohort that display each Rb category and the indicated categories of 
tumoral size (stage), histologic grade (grade), estrogen receptor status (ER) and molecular subtype. 
Numbers in brackets represent the percentage of samples within a given category of Rb expression. 
Correlations between each tumoral variable and Rb expression were examined using a chi-square 
test, and the resulting P values are indicated.
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B

Normal Low Absence P value 

Rb      
  Normal 41 (54.7)  27 (23.9)  9 (6.4)  <0.0001 
  Medium  32 (42.7)  72 (63.7)  88 (62.9)   
  Negative 2 (2.7)  14 (12.4)  43 (30.7)   
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Figure R6. CtIP and Rb protein levels are related in breast cancer samples.

(A) Number of samples in the cohort that display each CtIP and Rb expression category. Numbers in 
brackets represent the percentage of samples within a given category of CtIP expression. Correlation 
between CtIP and Rb expression was examined using a chi-square test, and the resulting P value is 
indicated. (B) Representation of the distribution of samples within each category of Rb expression 
according to their CtIP levels.

7. CtIP expression is not a prognosis marker in breast cancer

Since our data supports a connection between CtIP loss and more advanced 

and aggressive tumors, we aimed to analyze whether lower levels of CtIP correlate with 

a decrease in the disease-free survival (DFS) of the patients. DFS was defined as the 

time that the patients remained free of breast cancer after surgery. For this, we selected 

the patients for whom at least five years of full clinical follow-ups were available. We 

observed that, after 100 months of tracking 84.4% of patients with normal CtIP levels 

remained free of breast cancer. Although this proportion was reduced in tumors that 

showed low (79.5%) and absence (77.6%) of CtIP, this difference was not statistically 

significant (Figure R8A). This result leads us to suggest that expression of CtIP in the 

tumor at the moment of surgery is not an efficient prognosis marker in breast cancer. 

Next, we analyzed if CtIP levels correlate with DFS of patients in each of the major 

molecular subtypes of breast cancer: luminal (Figure R8B), HER2+ (Figure R8C), and 

triple negative (Figure R8D). Consistently with our previous results, patients with luminal 

tumors did not show statistically significant differences in DFS amongst different levels 

of CtIP expression. Moreover, while a decrease in DFS could be observed in patients 
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Luminal B
HER2 -

Luminal B
HER2 +

HER2 +

Triple negative

CtIP Rb

Luminal A

H&E

Figure R7. CtIP and Rb loss correlates with more aggressive breast cancer subtypes.

Paraffin-embedded breast cancer biopsies were immunostained using CtIP or Rb antibodies or stained 
with hematoxylin and eosin. A representative image of each molecular subtype is shown. In addition, 
the gradation of CtIP and Rb protein levels can be observed from normal (luminal A; top) to absence 
(triple negative; bottom).
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Figure R8. Disease-free survival of patients according to their levels of CtIP.

(A) Kaplan-Meier representation of disease-free survival (time without tumor relapse) of the patients 
grouped in the indicated CtIP categories. Sample size of each group is shown in brackets. (B) Same 
as in A, but in the group of patients with luminal tumors. (C) Same as in A, but in the group of patients 
with HER2+ tumors. (D) Same as in A, but in the group of patients with triple negative tumors.
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with absent and low CtIP suffering from HER2+ tumors, these differences were not 

statistically significant, probably due to an insufficient number of samples analyzed. 

Finally, due to the low number of triple negative patients with normal CtIP levels, this 

group was not included in the analysis. 

Therefore, we can conclude that, while CtIP expression is not an efficient marker 

of prognosis in luminal breast cancers, a wider analysis with a bigger cohort of HER2+ 

and triple negative subtypes might find a correlation.

8. CtIP expression does not correlate with an efficient 
hormone therapy in luminal cancers

Curiously, it has been previously reported that CtIP silencing could account for 

tamoxifen resistance, a hormone therapy widely used against luminal breast cancer 

(Oh et al., 2010; Wu et al., 2007). Based on this, we aimed to address if the efficiency 

of hormone therapy treatment for this subtype of tumors depend on their CtIP levels at 

the moment of surgery. For this, we analyzed the DFS of patients with luminal tumors, 

regarding our three categories of CtIP levels and the specific hormone treatments 

(Figure R9). However, we could not observe any statistically significant impact of CtIP 

levels in any of the treatments analyzed.

9. Low levels of CtIP sensitize luminal breast tumors to 
adjuvant chemotherapy treatment

Chemotherapy treatments are based on the induction of DNA damage, which is 

especially hazardous for highly proliferative cells, such as cancerous cells. Since CtIP 

promotes efficient repair of DNA, we speculated that CtIP levels could determine the 

outcome of therapies in which chemotherapy is used as an adjuvant. For this, we selected 

patients with luminal tumors, since they were mainly treated with a combination of 

hormone therapy and radiotherapy, and chemotherapy was used in approximately half 

of this population. We observed that patients without a chemotherapeutical treatment 
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Figure R9. Disease-free survival and response to hormone therapy of patients with luminal 
tumors according to their CtIP levels.

(A) Kaplan-Meier representation of disease-free survival (time without tumor relapse) of patients with 
luminal tumors treated with tamoxifen, and grouped in the indicated CtIP categories. Sample size of 
each group is shown in brackets. (B) Same as in A, but in patients with luminal tumors treated with 
aromatase inhibitors. (C) Same as in A, but in patients with luminal tumors treated with a combination 
of tamoxifen and aromatase inhibitors.

responded in a similar manner irrespectively of the levels of CtIP (Figure R10A). 

However, when patients were treated with chemotherapy as an adjuvant, tumors with 

low levels of CtIP presented an increased DFS compared to those with normal CtIP 

expression (Figure R10B). In contrast to this, we did not observe statistically significant 

differences between patients with tumors with normal CtIP expression and those in 

which the protein was totally absent. Nevertheless, this analysis let us to suggest that low 

levels of CtIP expression could sensitize luminal tumors to chemotherapy.
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Figure R10. Relationship between CtIP expression levels and the response to chemotherapy 
for luminal cancers.

(A) Kaplan-Meier representation of disease-free survival (time without tumor relapse) of patients 
with luminal tumors treated with hormone therapy and radiotherapy, that did not receive additional 
chemotherapy. Patients were grouped in the indicated CtIP categories. Sample size of each group is 
shown in brackets. (B) Same as in A, but in patients with luminal tumors treated with chemotherapy 
as an adjuvant to the combination of hormone therapy and radiotherapy. An asterisk represents 
statistically relevant change (P < 0.05), calculated by the log-rank test of Mantel and Haenszel.
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1. The SUMO ligase CBX4 is required for DNA end resection

Given the relevance of the sumoylation process in the DNA Damage Response 

(DDR), we wondered if this post-translational modification (PTM) could be directly 

involved in DNA end resection, an essential step in Homologous Recombination. For 

this, we aimed to find SUMO E3 ligase(s) involved in this pathway. We selected as 

candidates ten SUMO ligases that had been previously linked either to the DDR or to 

the nuclear transport of proteins (Table R2).

In order to assess their contribution to DNA end resection upon DSB 

induction, we depleted these factors using siRNA in the human osteosarcoma 

cell line U2OS. Knockdown efficiency was analyzed either by protein or mRNA 

levels (Figure R11). DNA end resection was measured taking advantage of the 

well-established marker RPA, a protein complex that rapidly coats single-stranded 

DNA (ssDNA) fragments generated after DNA end processing (see introduction for 

details). This coating produces RPA foci in response to exposure to DNA damage 

that can be analyzed by immunofluorescence. Indeed, treatment of cells with a high 

dose of ionizing radiation (10 Gy) massively induced the appearance of cells that 

displayed RPA foci 1 h after the treatment in the majority of the cells in the control 

Chapter two

Regulation of DNA end resection
by sumoylation
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SUMO ligase Finding Reference

PIAS1 Recruited to DNA damage
Induces accumulation of 53BP1, BRCA1, and RNF168 to DNA 
damage
Sumoylates RAD51 to induce its recruitment to DNA damage

(Galanty et al., 2009)
(Galanty et al., 2009)
 
(Shima et al., 2013)

PIAS3 DNA damage-induced cell cycle arrest by sumoylation of hnRNP-K
Overexpression promotes HR and NHEJ

(Lee et al., 2012)
(Liu et al., 2013)

PIAS4 Recruited to DNA damage
Sumoylates MDC1 to promote HR
Sumoylates RAD51 to induce its recruitment to DNA damage

(Galanty et al., 2009)
(Luo et al., 2012)
(Shima et al., 2013)

CBX4 DNA damage-dependent transcriptional repression by sumoylation 
of HIPK2
Recruited to DNA damage
Required for IR resistance
DNA damage-induced sumoylation of BMI1 to promote its 
recruitment to DSBs
DNA damage-induced sumoylation of hnRNP-K for p53 
transcriptional activation

(Roscic et al., 2006) 

(Ismail et al., 2012)
(Ismail et al., 2012)
(Ismail et al., 2012) 

(Pelisch et al., 2012)

hMMS21 Required for tolerance to DNA damaging agents 
Prevents DNA damage-induced apoptosis by facilitating DNA repair
Sumoylates the repair protein TRAX
Maintenance of chromosome integrity in S. cerevisiae
Required for HR proficiency in DT40 cells

(Zhao and Blobel, 2005)
(Potts and Yu, 2005)
(Potts and Yu, 2005)
(Rai et al., 2011)
(Kliszczak et al., 2012)

RanBP2 Involved in nuclear import of different proteins 
Maintenance of genome stability 
Sumoylation of TopoIIα to promote its proper subnuclear 
localization
Sumoylation and nuclear import of CCAR2 and DMAP-1

(Pichler et al., 2002)
(Dawlaty et al., 2008)
(Dawlaty et al., 2008)
(Wälde et al., 2012)

FUS Enhancement of HR
Maintenance of genome stability in mice
DNA damage-dependent sumoylation of Ebp1 to promote its 
nucleolar localization
Accumulates at DSBs and promotes repair by HR

(Baechtold et al., 1999)
(Kuroda et al., 2000)
(Shima et al., 2013) 

(Wang et al., 2013)

TRAF7 Involved in nuclear import of different proteins (Morita et al., 2005)

UHRF2 Sumoylates the DNA binding protein ZNF131 to modulate its function
Accumulates at DNA damage sites and colocalizes with γH2AX.
Promotes H2AX phosphorylation and facilitates DNA damage repair

(Oh and Chung, 2013)
(Luo et al., 2013)
(Luo et al., 2013)

TOPORS Expressed after DNA damaging agents exposure
DNA damage-induced sumoylation of IKKε to retain its location in 
PML bodies
Maintenance of genome stability in mice

(Lin et al., 2005)
(Renner et al., 2010) 

(Marshall et al., 2010)

Table R2. SUMO E3 ligases included in this study
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Figure R11. siRNA-mediated knock-down of E3 SUMO ligases in human cells.

(A) Representative Western blot images of siRNA-mediated depletion of CtIP and the SUMO 
ligases CBX4, PIAS4 and RanBP2. Protein extracts were obtained from U2OS cells 48 h after 
siRNA transfection. siNT represent a control, Non-Target, siRNA. (B) siRNA-mediated depletion of 
endogenous PIAS1, PIAS3, MMS21, FUS, TRAF7, UHRF2 and TOPORS shown as mRNA expression 
analyzed by RT-qPCR. RNA was extracted from U2OS 48 h after siRNA transfection. Values represent 
the average and SEM of three independent experiments as the percentage of mRNA of each gene 
upon transfection with the relevant siRNA compared to siNT-transfected cells.

condition (Figure R12, see solid and empty arrows in the control siRNA (siNT) sample 

as examples of cells positive or negative for RPA foci, respectively). 

Interestingly, depletion of several E3 ligases reduced DNA end resection 

proficiency, measured as the percentage of RPA foci-positive cells. (Figure R12 and 

Figure R13A). However, since extensive DNA end resection is limited to the S and G2 

phases of the cell cycle (Huertas, 2010; Huertas and Jackson, 2009), we reasoned that 

changes in the cell cycle progression observed by depletion of these factors (Figure 

R13B) could influence the measurement of DNA end resection. Thus, to minimize any 

effects caused by variations in the cell cycle, we normalized the percentage of resection-

proficient cells to the population of cells in S/G2 (Figure R13C). After cell cycle 

normalization, a few E3 knockdowns were able to slightly reduce resection proficiency, 

but only CBX4 depletion caused a clear decrease in RPA foci formation. This suggests 

that CBX4 might play a specific, relevant role in DNA end resection. It is noteworthy 

that such normalization did not prompt the appearance of a resection phenotype 

upon downregulation of any of the E3, but actually reduced the effect in most of them 

(including CBX4). Moreover, impairment of DNA end resection by CBX4 depletion 
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Figure R12. RPA foci formation in U2OS cells depleted for several E3 SUMO ligases.

Representative fluorescence microscopy images of RPA foci (red) and γH2AX (green) in U2OS cells 
48 h after transfection with the indicated siRNAs and 1 h after irradiation (10 Gy). Cells containing 
numerous and bright RPA foci were defined as RPA foci positive cells (full arrow). On the contrary, 
RPA foci negative cells were considered when less than 20 bright RPA foci were found in the nucleus 
(empty arrow). Representative images upon depletion of the indicated SUMO E3 ligases are shown.
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Figure R13. CBX4 is involved in DNA resection

(A) DNA resection proficiency measured as the percentage of RPA foci-positive U2OS cells upon DSB 
induction by ionizing radiation (10 Gy). The average and SEM of three independent experiments are 
shown. Significance was determined by Student’s t-test comparing each condition to siNT cells. (* P 
< 0.05; ** P < 0.01; *** P < 0.001). (B) Cell cycle distribution of U2OS cells 48 h after transfection with 
the indicated siRNAs. The average and SEM of three independent experiments are plotted. (C) Data 
represented in A, but normalized to cell cycle distribution showed in B. S/G2 population of siNT cells 
was considered as 1, and relative changes of this number were used for the normalization. A dashed 
red line represents the threshold of normal resection proficiency. (D) Average number of RPA foci per 
nucleus in siCBX4 cells and siCtIP as a control. At least 100 cells were scored using MetaMorph Image 
Analysis Software. Histograms represent the average and SEM of three independent experiments. 
Student’s t test analysis was performed between the indicated conditions (** P < 0.01).
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was confirmed by an automatized quantification of the number of RPA foci present in 

the cells (Figure R13D).

2. CBX4 interacts with CtIP

CBX4 involvement in DNA resection was not surprising, as it was known to be 

recruited rapidly to DNA damage, and its depletion sensitizes cells to ionizing radiation 

(Ismail et al., 2012). Moreover, CBX4 activity as a SUMO ligase was firstly identified on 

CtBP1 and CtBP2 as targets (Kagey et al., 2003; 2005). Importantly, CtIP was also first 

identified as an interactor of CtBP (Chen et al., 2005; Yu et al., 1998). Hence, we aimed 

to address if CBX4 and CtIP interact. 

We could observe that CBX4 and CtIP were in close proximity inside the nucleus 

by Proximity Ligation Assay (PLA), regardless of DNA damage induction (Figure 

R14A). To confirm protein-protein interaction, we performed co-immunoprecipitation 

experiments. First, we carried out GFP immunoprecipitations in U2OS cells stably 

expressing GFP-CtIP or GFP as a control (Figure R14B). Next, we precipitated 

endogenous CBX4 using a specific antibody, or a non-relevant IgG as a control, from 

U2OS protein extracts (Figure R14C). Following both approaches, we could observe 

co-immunoprecipitation of CtIP and CBX4 under undamaged conditions. Since both 

factors present high affinity to DNA, protein extracts were treated with DNase to discard 

indirect co-immunoprecipitation bridged by DNA (Figure R14C).

Thus, we can infer that CtIP and CBX4 interact in vivo independently of DNA 

damage, and that such interaction is not mediated by indirect binding to DNA.

3. CBX4 constitutively sumoylates CtIP

Since we observed a constitutive CBX4-CtIP interaction, and the depletion of 

CBX4 caused a decrease in DNA end resection, we hypothesized that CtIP might be 

a substrate for CBX4-mediated sumoylation in a DNA damage-independent manner. 
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Figure R14. CBX4 and CtIP interact in human cells.

(A) Proximity ligation assay (PLA) between CtIP and CBX4 in undamaged U2OS cells (-IR) and 1 
h after exposure to 10 Gy of ionizing radiation (+IR). To assess signal specificity, only CtIP or CBX4 
antibody were used (anti-CtIP and anti-CBX4 control, respectively). Representative images are shown 
(left). The number of PLA signals per nucleus was scored in 100 cells per experiment. The average and 
SEM of the median PLA signals corresponding to three independent experiments are plotted (right). 
(B) GFP immunoprecipitation (IP) of protein extracts derived from U2OS cells expressing GFP-CtIP or 
GFP. The immunoproecipitated proteins were blotted with the indicated antibodies. Input represents 
5% of the total amount of protein in the IP. Endogenous CtIP (empty arrow) and GFP-CtIP (filled arrow) 
bands are marked. A representative experiment out of two repeats is shown. (C) Co-IP of endogenous 
CBX4 and CtIP from U2OS protein extracts. CBX4 antibody was used for the IP, and a control IgG was 
included to assess binding specificity. Input represents 5% of the total amount of protein in the IP. A 
representative image out of three independent experiments is shown.
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Firstly, we aimed to test if CtIP was sumoylated. For this, we transiently co-

expressed 6xHis-tagged SUMO1 or SUMO2 and GFP-CtIP in human embryonic kidney 

cells HEK293T, and performed His-tag pulldowns. These pulldowns were performed 

under stringent conditions to disturb protein-protein electrostatic interaction and 

maintain only covalent bonds, such as the ones that characterize SUMO modifications. 

Indeed, several bands corresponding to a modified form of CtIP appeared among the 

purified sumoylated proteins, both with SUMO1 and SUMO2 isoforms (Figure R15A). 

Consistently with the constitutive interaction observed between CtIP and CBX4, CtIP 

sumoylation occurred at similar levels in the presence or absence of DNA damage 

(Figure R15B). 
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Figure R15. CBX4-mediated CtIP sumoylation occurs in a DNA damage-independent manner.

(A) His-tag pulldown of 6xHis-SUMO1 or 6xHis-SUMO2 in protein extracts derived from GFP-CtIP-
expressing HEK293T cells. Input represent 1% of the amount of protein loaded in the pulldown. Protein 
samples were resolved in SDS-PAGE and blotted with anti-GFP. A representative experiment out of 
two is shown. (B) His-tag pulldown from HEK293T cells expressing GFP-CtIP or GFP and 6xHis-
SUMO1 or 6xHis-SUMO2, either untreated (-IR) or 1 h after irradiation with 10 Gy (+IR). Precipitated 
samples were blotted with GFP antibody. Inputs represent 1% of the total amount of protein in the 
pulldown. A representative image of three independent experiments is shown.
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Figure R16. Endogenous CtIP sumoylation is partially dependent on CBX4 

(A) His-tag pulldown from U2OS cells stably expressing 10xHis-SUMO1, 10xHis-SUMO2, or normal 
U2OS as a control. The purified proteins were blotted with CtIP antibody to detect sumoylated CtIP 
at endogenous levels (black arrow, top image). A white arrow denotes unmodified CtIP (top image). 
Pulldown efficiency was checked by incubating with anti-SUMO1 or anti-SUMO2/3 antibodies 
(bottom image). An asterisk marks non-conjugated SUMO moieties. A representative image of three 
independent experiments is shown. (B) His-tag pulldown from U2OS cells stably expressing 10xHis-
SUMO1 and transfected with siCBX4 or siNT 48 h before the experiment. Input represents 5% of the 
total amount of protein in the pulldown. A representative experiment out of three repeats is shown.

In order to confirm the sumoylation of CtIP with endogenous levels of SUMO, 

we performed the analysis using U2OS stable clones that expressed low levels of 

10xHis-SUMO1 or -SUMO2 (Figure R16). Moreover, we observed that sumoylation 

of endogenous CtIP was, at least, partially dependent on CBX4, since depletion of this 

E3 reduced the modified fraction of CtIP (Figure R16B).
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4. Sumoylation at Lys896 is essential for CtIP activity in 
DNA end resection

In order to define the sumoylated amminoacid(s) in CtIP, we first looked for 

sumoylation sites using computer-based algorithms. An in silico analysis of the amino 

acid sequence of CtIP with the GPS-SUMOsp 2.0 software (Ren et al., 2009; Zhao et al., 

2014) resulted in seven putative sumoylation sites spread all over the protein sequence 

(Figure R17). Thus, we aimed to investigate if any of the predicted sumoylation sites 

has an impact on DNA resection. For this, we produced GFP-CtIP constructs in which 

different combinations of lysines were mutated to non-modifiable arginines, and they 

were integrated into U2OS cells to produce stable cell lines. Importantly, to avoid 

functional compensation of wild-type CtIP over the mutant versions, we depleted the 

endogenous form of the protein. This strategy will be used throughout the rest of this 

Thesis in all the experiments in which mutant versions of CtIP are introduced. Thus, 

GFP-CtIP bearing cells are the equivalent to the wildtype control and GFP expressing 

cells are equal to CtIP downregulation. As can be observed in Figure R18A, mutant 

forms of CtIP were properly expressed, and the endogenous CtIP was efficiently 

depleted. Consistent with previous work (Huertas and Jackson, 2009; Sartori et al., 

2007), GFP-CtIP expression was able to complement the defect in DNA end resection 

characteristic of the depletion of endogenous CtIP (Figure R18B-C). 

Importantly, mutant 7KR, in which every putative sumoylation site is abrogated, 

showed a defect in DNA end resection similar to CtIP depletion (Figure R18C). One 

of the predicted sumoylation sites (K896) was found in the carboxy-terminal part of the 

protein, which is essential for DNA end resection. Moreover, K896 was very close to the 

T847 and T859 essential phosphorylatable site (Huertas and Jackson, 2009; Peterson et 

al., 2012). Strikingly, K896R mutation on its own impaired DNA end resection at the 

same levels than the 7KR mutant and the depletion of CtIP (Figure R18C). In contrast, 

only a mild effect was observed by the 6KR mutant, in which all sites except of K896 were 

mutated (Figure R18C). This effect was not caused by cell cycle arrest, since we did not 

observe any differences in the cell cycle progression (Figure R18D). Thus, these findings 

strongly suggest that K896 residue is particularly relevant for DNA end processing.
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896 KEQKT** 3.721 2.64 Type II : Non-consensus

Figure R17. Putative sumoylation sites of CtIP.

(A) Summary of the seven predicted sumoylation sites of CtIP provided by GPS-SUMOsp 2.0 software. 
The aminoacidic position occupied by the modifiable lysine in the protein is listed in the first column. 
The second column shows the sequence of the potential sumoylation peptides, with the acceptor 
lysines highlighted in red. The score, as well as the cutoff provided for the software in each site are 
listed. Type I sumoylation sites correspond to full consensus motifs, whereas type II represents non-
consensus sumoylation sites. (B) Diagram of human CtIP protein. The predicted sumoylation sites and 
the CDK-mediated phosphorylation site used in this study are depicted. Other well-known regions of 
the protein, as the dimerization domain, the DNA-binding motif and the conserved region in yeast’s 
CtIP counterpart Sae2 (Sae2-like) are shown (see introduction for details).



92

Results

A

WT
6K

R
7K

R
K89

6R GFP
0

20

40

60

80

RP
A 

fo
ci

 p
os

itiv
e 

ce
lls

 (%
)

GFP-CtIP
shCtIP

* * * **

GFP WT 6KR 7KR K896R
GFP-CtIP

CtIP

αTubulin

U2OS

shCtIPshNT

GFP-CtIP

WT
6K

R
7K

R
K89

6R GFP
0

20

40

60

80

100

G2

G1
S

C
el

ls
 (%

)

GFP-CtIP
shCtIP

B

C

D

GFP-CtIP WT GFP

R
PA

RPA

γH
2A

X
D

AP
I

siCtIP

Figure R18. CtIP sumoylation mutants. 

(A) Representative image of a western blot showing U2OS cells stably expressing different GFP-CtIP 
fusions (black arrow) in contrast to the endogenous CtIP (white arrow). GFP-expressing cells were 
used as control. Endogenous CtIP was silenced by shRNA transduction (shCtIP), and a non-target 
shRNA (shNT) was transduced in normal U2OS cells to show normal levels of CtIP. (B) Representative 
images of RPA foci (red) and γH2AX (detected with a far-red secondary antibody but presented in 
green for better visualization) in U2OS cells expressing GFP-CtIP variants or GFP, knocked-down 
for endogenous CtIP (as in A) and harvested 1 h after irradiation (10 Gy). (C) DNA end resection 
proficiency measured as the percentage of RPA foci-positive cells. The average and SEM of three 
independent are shown, and a Student’s t test was performed between each condition and the wild-
type control (* P < 0.05; ** P < 0.01; *** P < 0.001). (D) Cell cycle distribution of U2OS cells expressing 
the indicated version of GFP-CtIP or GFP and depleted of endogenous CtIP. The average and SEM of 
three independent experiments are plotted.
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Figure R19. CtIP mutant K896R limits DNA end resection.

(A)  Representative fluorescence microscopy image of individual single stranded DNA fibers obtained 
by SMART technique after ionizing radiation (10 Gy). (B) Scatter plot of a representative SMART 
experiment. Each dot represents the length of an individual single-stranded DNA fiber. The median 
length of the population is shown in red. (C) Median length of resected DNA represented as the 
average and SEM of three independent experiments. A Student’s t test was performed to compare 
each sample to wild-type GFP-CtIP (** P < 0.01; *** P < 0.001).

In order to confirm the phenotype observed in K896R mutant, we performed 

Single-Molecule Analysis of Resection Tracks (SMART) as an additional method 

to study DNA end resection (Cruz-García et al., 2014). SMART is a high-resolution 

technique to measure the length of the resected DNA at the single-molecule level 

(Figure R19A-B). Interestingly, K896R mutant not only decreased the number of DNA 

end resection-proficient cells, but also limited the extension of resection once it is 

initiated to similar levels as CtIP depletion (Figure R19C).
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5. Characterization of K896R mutant protein

The finding of a single residue (K896) which mutation causes such an impact on 

DNA resection prompted us to further study the possible consequences of that mutation 

at the protein level. First, we considered that the loss of function of K896R mutant could 

be explained by a large protein misfolding caused by the point mutation. Since K896 

is located at the very end of the protein, that was not probably the cause. In any case, 

to rule out this possibility, we purified natively folded GFP-CtIP WT and K896R, and 

subjected them to an in vitro partial cleavage by proteinase K (Figure R20A). Large 

changes in protein folding are known to change the pattern of partial proteinase K 

digestion (Dokudovskaya et al., 2006). Importantly, we did not observe any alteration 

in the cleavage pattern (Figure R20A), suggesting that gross changes in the structure of 

CtIP are not occurring as a consequence of the K896R mutation.

The C-terminal region of CtIP is essential for its function in DNA end 

resection (Makharashvili and Paull, 2015). Indeed, aminoacids 790-897 of CtIP are 

involved in its interaction with MRE11, which is necessary for DNA end resection 

(Sartori et al., 2007). To study if K896R point mutation abrogates CtIP-MRE11 

interaction, we performed GFP immunoprecipitations of GFP-tagged CtIP in both 

mutant and wild-type versions. However, K896R mutation did not abolish the 

interaction between CtIP and MRE11 (Figure R20B). Hence, we conclude that the 

impairment of DNA end resection caused by CtIP K896R mutation is not caused 

by a loss of interaction with MRN complex.

Sumoylation of proteins has also been reported to be important for nuclear import. 

Indeed, it has been shown that several nuclear proteins such as Poly(A) polymerase (PAP) 

and the human SUMO Activation Enzyme 2 (SAE2) suffer sumoylations inside or close to 

their NLS to license their nuclear import (Truong et al., 2012; Vethantham et al., 2008). In 
silico predictions by the Nuclear Protein Database (Dellaire et al., 2003) and cNLS Mapper 

(Kosugi et al., 2009) described a putative nuclear localization signal (NLS) in the position 

847-884 of CtIP. This putative NLS is located in the C-terminal region of CtIP, close to the 

K896 sumoylatable and the T847 phosphorylation sites. Thus, we hypothesized that the 

lack of function of K896R CtIP mutant might be attributed to its delocalization from the 
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Figure R20. Study of the behavior of K896R mutant protein: subcellular localization, protein 
folding and interaction with MRE11.

(A) Proteinase K partial digestion of wild-type or K896R GFP-CtIP. GFP-CtIP was purified by 
GFP immunoprecipitation from protein extracts in a buffer that maintained native protein folding. 
The resulting sample was divided into different aliquots and treated with increasing amounts of 
proteinase K to allow partial digestion, as indicated in the Methods section. Samples were then 
subjected to immunoblotting. A representative experiment out of three replicas is shown. (B) GFP 
immunoprecipitation of GFP-CtIP wild type and K896R mutant and co-purification of MRE11. Inputs 
represent 5% of the total amount of protein in the experiment. Immunoprecipitated samples using a 
GFP-trap were resolved in SDS-PAGE and blotted with the indicated antibodies. A representative 
image out of three replicas is shown. (C) Cellular fractionation of U2OS cells expressing GFP-CtIP 
wild-type of K896R mutant, irradiated (+IR) or not (-IR) with 10 Gy. The different cellular fractions are 
represented as C (cytoplasm) and N (nucleus). See Methods for details. A representative experiment 
out of three is shown. (D) Quantification of nuclear CtIP protein fraction for each condition. Western 
blot images showed in C analyzed with ImageStudio software. Numbers (arbitrary units) obtained 
from the quantification of the signal of nuclear CtIP were normalized to the total amount of CtIP 
by combining the nuclear and the cytoplasmic data. The average and SEM of three independent 
experiments are shown.
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nucleus. We considered two possibilities: firstly, sumoylation at K896 could be necessary 

for the putative NLS functionality; and secondly, a mutation occurring close to a putative 

NLS could be disrupting the recognition of the domain, independently of the sumoylation 

process. In order to study the localization of CtIP sumoylation mutant, we performed 

cellular fractionation of U2OS cells expressing GFP-CtIP K896R or the wild-type version 

(Figure R20C). We could not observe any differences in the distribution of cytoplasmic 

and nuclear CtIP fractions, neither in irradiated cells, nor in undamaged conditions (Figure 

R20C-D). According to this result, we can conclude that a deficiency in the nuclear import 

of the K896 mutant does not underlie its impact on DNA end resection.

Hence, we conclude that the defective resection observed in the K896R mutant does 

not reflect large changes in protein folding, disrupted interaction with the MRN complex or 

mislocalization of the protein. These suggested a more direct role of K896 in DNA resection.

6. Carboxy-terminal constitutive sumoylation of CtIP rescues 
K896R mutant defect in DNA end resection.

We demonstrated that K896 is a relevant residue for CtIP function, but it can be 

argued that this might be due to an intrinsic role of this lysine in resection rather than a 

defective sumoylation. Thus, we aimed to investigate if this lysine was indeed sumoylated 

and if this sumoylation was relevant for DNA end processing. For this, first we performed 

His-tag pulldowns using CtIP sumoylation mutants. Mutation of every predicted sumoylation 

site in the 7KR mutant clearly reduced CtIP sumoylation with SUMO1 and SUMO2. 

However, the single K896R mutant was still sumoylated in those conditions to a similar 

extent as wild-type CtIP (Figure R21). Lysines are the substrate for many different PTMs 

besides sumoylation, such as ubiquitylation or acetylation (Azevedo and Saiardi, 2016). The 

observation of proficient CtIP sumoylation in K896R mutant could reflect two possibilities. 

On the one hand, the loss of sumoylation at K896 could be masked by modification of 

other residues with SUMO. On the other hand, the resection defect observed in the K896R 

mutant could be due to a different modification other than sumoylation. To confirm the 

relevance of sumoylation of K896, we took advantage of the position of this residue at the 
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Figure R21. Mutation of all predicted sumoylation sites of CtIP abrogates its sumoylation.

Representative His-tag pulldown experiment in HEK293T cells expressing 6xHis-SUMO1 (left) or 
6xHis-SUMO2 (right) in combination with either GFP or different GFP-CtIP variants as indicated. GFP-
CtIP was detected using an anti-GFP antibody.

C-terminus of the protein and used a genetic approach (Figure R17B). We mimicked a 

constitutively sumoylated form of GFP-CtIP with a translational fusion of a non-conjugatable 

form of SUMO1 at the C-terminus of CtIP (Figure R22A). We reasoned that the fusion 

protein CtIP K896R-SUMO1 (K896R-S) should rescue the DNA end resection defect shown 

by the K896R mutant if sumoylation was, indeed, the critical feature. We selected U2OS 

cell lines stably expressing these constructs. As expected, we observed that the K896R-S 

mutant (K896R fused to SUMO1) rescued DNA end resection to similar extent as GFP-

CtIP wildtype fused with SUMO1 (WT-S) and WT constructs (Figure R22C). Importantly, 

we could not observe any changes in the cell cycle progression upon the expression of the 

CtIP versions (Figure R22D). Therefore, these results let us to conclude that the DNA end 

resection defect observed in the K896R mutant is due to an abrogation of sumoylation in 

the K896 of CtIP.
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Figure R22. GFP-CtIP-SUMO1 fusion protein mimics constitutive sumoylation of CtIP.

(A) Scheme showing GFP-CtIP-SUMO1 fusion constructs, both the wild-type and the K896R mutant. 
(B) Representative western blot image showing protein extracts derived from U2OS expressing GFP-
CtIP WT and K896R and their respective SUMO1 fusions. GFP expression was used as a control, and 
the endogenous form of CtIP was depleted by siRNA transfection. (C) DNA end resection proficiency 
of the cells showed in B scored as the percentage of RPA foci-positive cells 1 h after irradiation 
(10 Gy). The average and SEM of three independent experiments are shown. Statistical significance 
between samples was analyzed by one-way ANOVA (* P < 0.05; ** P < 0.01; *** P < 0.001). (D) Cell 
cycle distribution of the cells showed in B. The average and SEM of three independent experiments 
are plotted.
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7. E894A and K896R mutants present a similar defect in 
DNA end resection

It has been previously shown that mutation of the conserved glutamic acid of 

the canonical sumoylation site to an alanine can abrogate sumoylation to the same 

extent as the mutation of the modifiable lysine (Lin et al., 2016; Sampson et al., 2001). 

This approach presents the advantage of being a sumoylation-specific mutation, since 

other PTMs occurring in lysines are not affected. Although K896 belongs to a non-

consensus sumoylation site, a glutamic acid is present in position 894, resembling an 

inverted canonical sequence (Figure R17) (Beauclair et al., 2015; Da Silva-Ferrada et al., 

2012). Therefore, we produced the mutation E894A in GFP-CtIP, and the translational 

fusion E894A-SUMO1 (E894A-S), and stably expressed them in U2OS cells to perform 

RPA foci formation experiments as before (see expression of the different proteins in 

Figure R23A). Remarkably, cells expressing GFP-CtIP E894A mutant were as deficient 

in DNA resection as the K896R mutant. Moreover, such defect disappeared when 

a SUMO1 sequence was transcriptionally fused to the construct (Figure R23B). This 

new mutant and its SUMO fusion did not disturb cell cycle distribution, discarding 

the possibility of an indirect effect on resection (Figure R23C). Thus, we conclude that 

abrogation of sumoylation at that specific site, either by K896R or E894A mutations, 

hampered DNA resection to the same extent than CtIP depletion.

8. The role of CBX4 in DNA end resection is mediated by 
sumoylation of CtIP

We demonstrated so far that both sumoylation of CtIP and CBX4 activity are needed 

for proficient DNA end resection, and that sumoylation of CtIP is partially dependent on 

CBX4. Therefore, we aimed to investigate if the impact of CBX4 on DNA resection was 

mediated by sumoylation of CtIP specifically at K896. If this was the case, we reasoned that a 

constitutive sumoylated form of CtIP (GFP-CtIP WT-S) should rescue the defect in DNA end 

resection caused by the depletion of CBX4. To do this, we knocked-down the endogenous 
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Figure R23. CtIP E894A mutant recapitulates K896R defect in DNA end resection.

(A) Representative western blot image showing protein extracts derived from U2OS expressing 
the indicated GFP-CtIP constructs or GFP as control. Endogenous CtIP was depleted by siRNA 
transfection. (B) DNA end resection proficiency of the cells showed in A scored as the percentage 
of RPA foci-positive cells 1 h after irradiation (10 Gy). The average and SEM of three independent 
experiments are shown. Statistical significance between samples was analyzed by one-way ANOVA  
(* P < 0.05; ** P < 0.01; *** P < 0.001). (C) Cell cycle distribution of the cells showed in A. The average 
and SEM of three independent experiments are plotted.

CtIP and simultaneously transfected with a siRNA against CBX4 (siCBX4), PIAS4 (siPIAS4) 

or a control sequence (siNT) in cells expressing GFP-CtIP WT-S (Figure R24A). We included 

in this experiment the depletion of PIAS4, since it was one of the SUMO ligases that slightly 

reduced RPA foci formation in our initial experimental setup (Figure R13) and was a well-

established protein in the DDR (Galanty et al., 2009). Silencing of CBX4 and PIAS4 resulted 

in a similar effect on cell cycle progression to the one previously reported that was independent 

of CtIP sumoylation (Figure R24B, compare to Figure R13B). Then, we measured DNA end 

resection by RPA foci formation. Importantly, constitutive sumoylation of CtIP suppressed 

the resection defect caused by CBX4 depletion (Figure R24C-D). This suppression was highly 

specific of CBX4, since it was not observed in the case of PIAS4 depletion (Figure R24C-D). 

Thus, we concluded that the role of CBX4 in DNA end resection, but not others like cell cycle 

arrest, is mediated exclusively by the sumoylation of CtIP at K896.
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Figure R24. Constitutive sumoylation of CtIP rescues the defect on DNA end resection caused 
by CBX4 silencing.

(A) Western blot image showing protein extracts from U2OS expressing GFP-CtIP WT and its 
constitutively sumoylated form (WT-S) and transfected with the indicated siRNAs. PIAS4 and CBX4 
depletion efficiency can be seen in different lanes. A representative experiment is shown. (B) Cell cycle 
distribution of the cells showed in A. The average and SEM of three independent experiments are 
plotted. (C) DNA end resection proficiency of the cells showed in A scored as the percentage of RPA 
foci-positive cells 1 h after irradiation (10 Gy). The average and SEM of three independent experiments 
are shown. (D) Same data showed in C, but normalized to the percentage of S/G2 cells as in Fig.
R13C. Statistical significance between samples was analyzed by two-way ANOVA (* P < 0.05; ** P < 
0.01; *** P < 0.001). Differences that are not biologically relevant are excluded for clarity.
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9. CBX4-mediated sumoylation of CtIP is required for 
homologous recombination

Defective sumoylation of CtIP by K896R and E894A mutations or CBX4 

depletion resulted in a deficiency in DNA end resection similar to the absence of CtIP. 

Thus, we decided to investigate the consequences of these CtIP mutations and CBX4 

depletion for homologous recombination. For this, we scored the accumulation of the 

recombinase RAD51 by immunofluorescence as a proxy of homologous recombination 

(see Figure R25A for an example of RAD51 foci immunofluorescence in irradiated 

U2OS cells). Consistently with a defect in DNA end resection, both K896R mutation and 

CBX4 depletion impaired the formation of RAD51 foci, and such defects were rescued 

by CtIP constitutive sumoylation (Figure R25B-C). Strikingly, the complementation of 

CBX4 depletion by GFP-CtIP WT-S was observed in the G1-enriched cells, without 

need for normalizing the results to the cell cycle (Figure R25D).

10. Sumoylation of CtIP is required for the maintenance of 
genomic stability

Defective DNA repair usually leads to an increase in genomic instability. To 

test if deficiencies in CtIP sumoylation impact on genome integrity, we first studied the 

formation of micronuclei after DNA damage induction. Micronuclei originate from 

chromosome fragments or lagging chromosomes that are mis-segregated during nuclear 

division, and are commonly used as a marker of genome instability (Fenech, 2007). 

Cells were subjected to cytokinesis blockage after DNA damage to produce binucleated 

cells. This allowed scoring of micronuclei specifically in cells that initiated nuclear 

division after treatment with the DNA damaging agent (Figure R26A). Consistent with 

the defect observed in homologous recombination, a 4-fold increase in the irradiation-

dependent accumulation of micronuclei was shown in the GFP-CtIP K896R mutant. 

This gain was similar to the observed in CtIP depleted cells (Figure R26B). Moreover, 

this phenotype was completely suppressed when a SUMO1 sequence was fused to 

the construct (Figure R26B). Interestingly, no increase in spontaneous micronuclei 
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Figure R25. CtIP sumoylation mutant K896R and CBX4 depletion impair RAD51 foci formation.

(A) Representative images of RAD51 foci (red) and γH2AX (detected with a far-red secondary antibody 
but presented in green for better visualization) in U2OS cells expressing GFP-CtIP, silenced for the 
endogenous CtIP, and fixed 3 h after irradiation (10 Gy). (B) Average number of RAD51 foci per cell 
scored in 100 U2OS cells expressing the indicated GFP-CtIP forms and treated as in A. The average 
and SEM of three independent experiments are shown. Statistical significance was analyzed by one-
way ANOVA (* P < 0.05; ** P < 0.01; *** P < 0.001). (C) Same as in B, but in cells expressing GFP-
CtIP WT or WT-S, and transfected with the indicated combination of siRNAs. Statistical significance 
was analyzed by two-way ANOVA (* P < 0.05; ** P < 0.01; *** P < 0.001). Differences that are not 
biologically relevant are excluded for clarity. (D) Cell cycle distribution of the cells showed in B. The 
average and SEM of three independent experiments are plotted.
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Figure R26. CtIP sumoylation mutant K896R leads to genome instability.

(A) Representative image of a micronucleus in a binucleated U2OS cell after IR. To detect binucleated 
cells, cytoplasms were marked by α-tubulin immunofluorescence. (B) Number of micronuclei per 
binucleated cell in U2OS cells expressing the indicated GFP-CtIP variants and knocked-down 
for the endogenous CtIP. Micronuclei were scored in 100 binucleated cells per experiment, either 
24 h after irradiation (10 Gy) or in non-treated cells. The average and SEM of three independent 
experiments are shown. One-way ANOVA analysis was performed within the irradiated samples (* P 
< 0.05; ** P < 0.01; *** P < 0.001). (C) Example of broken chromatids in a mitotic spread after 2 Gy 
of IR. (D) Quantification of gross chromosomal aberrations (GCAs) in GFP or GFP-CtIP expressing 
U2OS cells. The percentage of mitoses showing the different numbers of GCRs was calculated by 
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formation was observed (Figure R26B). 

Next, we studied the occurrence of gross chromosomal aberrations (GCA) 

induced by irradiation in cells expressing different CtIP variants. For this, we 

performed metaphase spreads and quantified the number of GCAs per mitosis. Among 

the different GCAs that can be found, chromatid breaks were the most abundant 

type (Figure R26C). As expected, K896R mutation increased the number of GCAs 

to a similar extent as the GFP-bearing control (Figure R26D), and such effect was 

almost completely reversed by constitutive CtIP sumoylation (Figure R26D). Thus, 

CtIP K896R mutation produced a deficiency in DNA end resection and homologous 

recombination, that resulted in an increase in genomic instability in a similar manner 

than CtIP depletion. 

However, those defects caused only a mild cellular sensitivity to the treatment 

with PARP inhibitor Olaparib, a source of replication-dependent DSBs that greatly 

rely on homologous recombination for repair (Figure R26E). Indeed, the differences 

were statistically significant only at high doses. Strikingly, the constitutively sumoylated 

CtIP behaved as well as the wild-type protein, or slightly better, even when K896 was 

mutated (Figure R26E).

Continuation of Figure R26. CtIP sumoylation mutant K896R leads to genome instability.

analyzing 50 mitoses per experiment either in untreated (left) or treated cells with 2 Gy of IR (right). A 
representative experiment out of 3 independent repeats is shown. (E) Clonogenic survival of GFP or 
GFP-CtIP variants expressing U2OS cells upon acute treatment with the indicated doses of the PARP 
inhibitor Olaparib. In each experiment, the average number of colonies per condition was scored in 
6 technical replicates and normalized to the mock treated condition. The average and SEM of three 
biological independent experiments is shown. Student’s t-test between each condition and the wild-
type form was performed for each concentration of the drug (* P < 0.05; ** P < 0.01; *** P < 0.001).
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11. A crosstalk between CtIP sumoylation and CDK-
mediated phosphorylation

Sumoylation and other PTMs can interplay to modulate the function of the 

target proteins (Seeler and Dejean, 2003). Among all reported PTMs of CtIP, CDK-

mediated phosphorylation at T847 is essential for DNA end resection (Huertas and 

Jackson, 2009). Due to the close proximity of T847 and K896, we aimed to investigate 

whether they are functionally connected. 

First, we tested if CDK phosphorylation was required for CtIP sumoylation. For 

this, we performed His-tag pulldowns in HEK293T expressing 6xHis-SUMO1 or 6xHis-

SUMO2 and the non-phosphorylatable T847A mutant (Figure R27A). Importantly, we 

did not observe an impairment of global sumoylation in the T847A mutant. Therefore, 

we can conclude that CDK-mediated phosphorylation on T847 does not regulate CtIP 

sumoylation. Then, we decided to take a genetic approach to see if these two PTMs 

were functionally related.  In order to do this, we analyzed RPA foci formation in cells 

expressing combinations of different SUMO- or phospho-mutants (see Figure R27B 

for the expression of all the different variants in the stable cell lines). As previously 

shown, the non-phosphorylatable T847A mutant was completely defective DNA end 

resection, whereas the phosphomimetic mutant T847E was proficient (Huertas and 

Jackson, 2009) (Figure R27C). Strikingly, constitutive phosphorylation at T847 (T847E 

mutant) suppressed the phenotype of the K896R sumoylation mutant. However, 

constitutive sumoylation was not sufficient to overcome the defect in resection 

caused by the T847A phosphomutant (Figure R27C, compare T847A with T847A-S). 

Consistently with previous results, the different mutants of GFP-CtIP did not perturb 

cell cycle progression (Figure R27D). These results suggest that the modifications 

occur sequentially, with CDK-mediated phosphorylation being downstream of K896 

sumoylation.
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Figure R27. Interplay between sumoylation and CDK-mediated phosphorylation of CtIP over 
DNA end resection.

(A) Representative His-tag pulldown experiment in HEK293T cells expressing 6xHis-SUMO1 (left) or 
6xHis-SUMO2 (right) in combination with either GFP-CtIP WT or T847A mutant, or GFP as a control. 
Inputs represent 1% of the total amount of protein in the pulldown. GFP-CtIP was detected using 
an anti-GFP antibody. (B) Representative western blot image showing protein extracts derived from 
U2OS expressing the indicated GFP-CtIP constructs or GFP as control. The endogenous form of CtIP 
was depleted by siRNA transfection. (C) DNA end resection proficiency of cells showed in B scored 
as the percentage of RPA foci-positive cells 1 h after irradiation (10 Gy). The average and SEM of 
three independent experiments are shown. Statistical significance between samples was analyzed by 
one-way ANOVA (* P < 0.05; ** P < 0.01; *** P < 0.001, n.s. not significant). Differences that are not 
biologically relevant are excluded for clarity. (D) Cell cycle distribution of the cells showed in B. The 
average and SEM of three independent experiments are plotted.
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12. CDK-mediated phosphorylation of CtIP rescues CBX4 
depletion

Since we suggest that CDK-mediated phosphorylation occurs after CBX4-

mediated sumoylation, we reasoned that a constitutive phosphorylation on T847 

should also rescue CBX4 depletion. To investigate this possibility, we analyzed DNA 

resection in cells expressing GFP-CtIP T847E and depleted for CBX4 (Figure R28A). 

As anticipated, the presence of the phosphomimetic version of CtIP compensated the 

defect in DNA end resection caused by CBX4 depletion (Figure R28B). Importantly, as 

for the GFP-CtIP WT-S, T847E mutant did not rescue the G1 arrest (Figure R28C). To 

minimize this cell cycle effect, we normalized RPA foci positive cells to S/G2 population, 

and then we observed a complete rescue of the phenotype in the T847E mutant (Figure 

R28D). Collectively, our data suggest that phosphorylation on T847 occurs downstream 

of CBX4-mediated sumoylation of CtIP, and that both PTMs are functionally linked in 

the promotion of DNA end resection.

13. CtIP sumoylation at K896 controls its recruitment to 
damaged DNA

Our previous results show that only the sumoylated fraction of CtIP can be 

engaged in DNA end resection. Since binding of CtIP to damaged chromatin is a 

necessary event for its function, we aimed to study whether sumoylation can modulate 

CtIP recruitment to DSBs, as has been documented for other repair factors (Sarangi 

and Zhao, 2015). In stark contrast with other repair proteins, CtIP does not change 

massively its nuclear localization upon the exposure to DNA damage and, therefore, 

does not form IRIF (Ionizing Radiation Induced Foci). So, to analyze CtIP recruitment to 

damaged chromatin we had to use an alternative approach. For this, we took advantage 

of a genetic tool in which a single DSB can be created by the endonuclease I-SceI after 

doxycycline induction (Lemaître et al., 2014). This I-SceI cleavage site is flanked by 

tandem repeats of the lac operator DNA sequences (lacO), allowing visualization of the 

locus by a FISH of this sequence (Figure R29A). In order to analyze the recruitment of 
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Figure R28. Phosphorylation of CtIP at T847 overcomes the lack of CBX4-mediated sumoylation 
for DNA end resection.

(A) Western blot image showing protein extracts from U2OS expressing GFP-CtIP WT or T847E 
phosphomimetic mutant, and transfected with the indicated combination of siRNAs. A representative 
experiment is shown. (B) DNA end resection proficiency of the cells showed in A, scored as the 
percentage of RPA foci-positive cells. The average and SEM of three independent experiments are 
shown. (C) Cell cycle distribution of the cells showed in A. The average and SEM of three independent 
experiments are plotted. (D) Same data plotted in B, but normalized to the percentage of S/G2 cells as 
in Fig.R13C. Statistical significance between samples was analyzed by two-way ANOVA (* P < 0.05; 
** P < 0.01; *** P < 0.001).
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CtIP mutants to DSBs, we measured colocalization of CtIP with the lacO array in cells 

stably expressing different Flag-Cherry-CtIP mutants (Figure R29B). 

First, we confirmed DSB induction after doxycycline treatment by the detection of 

γγγH2AX	at	 the	 lacO	array.	 Importantly,	DSB	 induction	was	equally	effective	 in	all	CtIP	

backgrounds (Figure R29C-D). To avoid perturbations in the cell cycle, we scored only the 

cells that showed nuclear Cyclin A signal, a well-known marker for S-G2 cells (Henglein et 

al., 1994) (Figure R29C). As expected, wild-type CtIP showed an increased colocalization 

with the array after DSB induction (Figure R29C,E). Strikingly, no increase in the recruitment 

above background levels was observed in the K896R mutant (Figure R29E). Consistently 

with previous results, CtIP recruitment was restored in the K896R mutant when a SUMO1 

sequence was fused at the C-terminus of the protein (Figure R29E). Moreover, constitutive 

sumoylation of CtIP slightly increased its recruitment to the I-SceI induced break, even 

in combination with the K896R mutation (Figure R29E). Therefore, we conclude that 

sumoylation at the C-terminal part of CtIP is essential for its recruitment to DSBs.

Figure R29. Sumoylation of CtIP controls its recruitment to DSBs.

(A) Schematic representation of the experimental system used to measure protein recruitment to 
DSBs. In U2OS19ptight13, I-SceI is expressed upon doxycycline addition to the medium and then the 
endonuclease produces a single DSB. Fluorescence in situ hybridization (FISH) of the lacO tandem 
repeats located next to I-SceI cleavage site allows its visualization. (B) Representative western blot 
image showing protein extracts derived from U2OS19ptight13 cells expressing the indicated Flag-
Cherry-CtIP constructs. The endogenous form of CtIP was depleted by siRNA transfection. (C) 
Immuno-FISH representative confocal images of the lacO array in green, cyclin A in white, and γH2AX 
(top) or CtIP (bottom) in red, in U2OS19ptight13 expressing Flag-Cherry-CtIP. Cells were transfected 
with siCtIP and treated with doxycyline (+Dox) to create a DSB or mock treated (–Dox), as indicated 
in the Methods section. White arrows mark the position of the lacO array. (D) DSB induction upon Dox 
treatment scored as the percentage of colocalization in cyclin A positive cells of the lacO array with 
γH2AX treated as mentioned in C. (E) CtIP recruitment to DNA damage scored as the percentage of 
colocalization in cyclin A positive cells of the lacO array with CtIP treated as in C. Values in D and E 
represent the average and SEM of three independent experiments. In each experiment, 50 cells were 
scored. Two-way ANOVA analysis was performed to compare the indicated conditions in each graph 
(* P < 0.5; ** P < 0.01; *** P < 0.001; n.s. not significant). Differences that are not biologically relevant 
are excluded for clarity.
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1. The relevance of  CtIP in breast cancer
CtIP is a protein with a strong connection to cancer due its functional and 

physical interaction with bona-fide tumor suppressors and oncogenes (Chinnadurai, 

2006). Some previous studies have found missense mutations in CtIP in human cell 

lines derived from breast, pancreas, colon, and ovarian carcinomas (Wong et al., 1998). 

Moreover, CtIP gene contains an exonic mononucleotide repeat (A9) that is a target for 

microsatellite instability, and has been found mutated with a high frequency in colorectal 

and endometrial cancers (Bilbao et al., 2010; Vilkki et al., 2002). Thus, according 

to these data, loss of function of CtIP might be linked to cancer development. We 

aimed to study CtIP expression specifically in breast cancer due to its strong functional 

connection with the tumor susceptibility protein BRCA1. Although some microarray 

screenings have described variations in mRNA levels of CtIP in breast cancer samples 

(Wu et al., 2007), we performed for the first time a systematic study of CtIP expression 

in breast cancer at the protein level. Interestingly, we found that CtIP protein levels are 

strongly decreased in breast tumors, and that the absence of CtIP correlates with tumor 

aggressiveness and poor prognosis features. In accordance with our results, a previous 

meta-analysis of gene expression data sets showed that lower levels of CtIP correlated 

with absence of endocrine receptors and higher risk of metastasis in breast tumors (Wu 

et al., 2007). 

We found that downexpression of CtIP occurred more frequently in high 

proliferative tumors that metastasized locally to the axillary lymph nodes at the 

moment of diagnose. Thus, it could be hypothesized that patients with lower levels of 

CtIP would suffer tumor relapse in a higher proportion that those with normal CtIP 

levels. Surprisingly, we observed that CtIP protein levels did not significantly impact 

on the disease-free survival of the patients after 8 years of follow-up. However, this 

idea was confirmed afterward in an independent study (Wang et al., 2015). Several 

factors might be causing the discrepancies between this report and our data. First, in 

the study by Wang and colleagues, CtIP levels were measured by gene expression 

analysis, whereas we analyzed CtIP protein levels, and they might behave differently. 

Moreover, only the data of extremely low or high CtIP gene expression tumors were 
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taken into account to perform the correlation (Wang et al., 2015). Second, we reasoned 

that CtIP expression might account for the aggressive behavior of an untreated breast 

tumor. However, disease-free survival studies are performed in patients that receive the 

appropriate treatment after the diagnosis. In general, patients with aggressive tumors 

receive chemotherapy treatment, which is mainly based in DNA damaging agents. 

Thus, low CtIP levels might produce an aggressive tumor that is, in turn, hypersensitive 

to DNA damaging compounds. In consequence, given the role of CtIP in DNA repair, 

chemotherapy is an effective treatment in those cases, and would explain the absence of 

tumor relapse along time. Along these lines, it has been described before that low CtIP 

protein expression is an acquired feature of breast tumor cells that develop resistance 

to tamoxifen in culture conditions (Wu et al., 2007). Moreover, patients with lower 

levels of CtIP were refractory to tamoxifen treatment, so it was proposed that CtIP 

silencing might be a mechanism for tamoxifen resistance in breast cancer (Wu et al., 

2007). In that study, CtIP protein levels were assessed in 59 non-operable ER-positive 

breast tumors that were treated exclusively with tamoxifen, and the reduction of tumor 

size was measured along time. In contrast, we did not observe an increased tumor 

relapse in luminal tumors treated with hormone therapy depending on CtIP expression. 

Importantly, all patients included in our study underwent surgery to remove the tumor 

and, moreover, chemotherapy was prescribed in those cases presenting lymph node 

metastasis. However, we discovered that patients with luminal cancers displaying low 

levels of CtIP responded better to the hormonal treatment when chemotherapy was 

added as a coadjuvant. Thus, this observation is in agreement with the hypothesis that 

low CtIP levels sensitize breast tumors to DNA damaging chemotherapeutic agents. 

Surprisingly, this sensitivity is partially lost in tumors that do not express any CtIP, 

and patients with absence of CtIP expression behave intermediately of those classified 

as low and normal CtIP levels. A possible explanation for this finding is that the total 

absence of CtIP might activate DNA repair through non homologous end joining that 

can, at least partially, handle the DNA damage caused by those chemotherapeutical 

agents. Moreover, the small number of biopsies analyzed might be insufficient for the 

study and cause a bias in the result. It is then possible that a larger study showed an 

increased sensitivity of patients with no CtIP expression to chemotherapy.
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One of the nuclear functions of CtIP is to promote G1 to S phase transition by 

releasing the transcriptional repression performed by Rb (Chen et al., 2005). Thus, 

absence of CtIP would lead to a cell cycle arrest in G1 that is in disagreement with 

the highly proliferative features of breast tumors with no CtIP expression. Since Rb 

downregulation suppresses this phenotype (Chen et al., 2005), and Rb loss is a common 

feature in aggressive breast cancer (Herschkowitz et al., 2008), we anticipated that loss of 

CtIP and Rb expression might be co-occurring events. Importantly, we recapitulated in 

our cohort the previously reported loss of Rb protein expression in highly proliferative 

breast tumors, especially in the triple negative subtype. As hypothesized, we found a 

simultaneous loss of expression of CtIP and Rb. Thus, it is possible that mutations in 

RB1 gene license the subsequent loss of CtIP expression or, alternatively, that Rb loss 

enhances clonal selection of tumoral cells with a previous CtIP deficiency. Moreover, 

this loss of Rb might exacerbate the resection defect of CtIP-deficient tumor cells, as Rb 

has also been shown to facilitate this process through the recruitment of the chromatin 

remodeling factor BRG1  (Vélez-Cruz et al., 2016).

Currently, one of the most challenging goals in breast cancer research is to 

characterize the heterogeneous group conforming triple negative tumors. They are 

commonly known for being the cancer subtype originated by mutations in BRCA1 

(Turner et al., 2004). Given to its role in DNA repair, mutations in BRCA1 render 

tumors with a deficient homologous recombination pathway, increased genome 

instability, and hypersensitivity to DNA damaging agents (Bianchini et al., 2016). 

Interestingly, many triple negative breast cancers that do not present BRCA1 mutations 

show identical features, a phenomenon termed as “BRCAness” (Lord and Ashworth, 

2016). Increasing evidences link sporadic or hereditary malfunction of HR factors, such 

as RAD51C, PALB2, BARD1, NBS1, MRE11 and RAD50 (Damiola et al., 2014; De 

Brakeleer et al., 2010; Lord and Ashworth, 2016), to the BRCAness phenotype in breast 

cancer. The ability to identify this type of tumors is a promising progress in clinics, 

since patients suffering from BRCAness tumors could be efficiently treated with DNA 

damaging chemotherapy, especially platinum salts. Thus, we consider CtIP expression 

as a potential candidate for BRCAness. 
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Due to its primary role in the regulation of DSB repair and the maintenance of 

genome stability, CtIP has been widely proposed as a tumor suppressor in the past 

(Chinnadurai, 2006). Our observations of CtIP expression deficiency in aggressive 

breast tumors strengthen this idea. Conversely, it has been proposed recently that CtIP 

does not behave as a tumor suppressor, but as an oncogene (Reczek et al., 2016). In 

the study performed by Reczek and colleagues, CtIP heterozygosity did not increase 

the incidence of cancer in mice. Additionally, they observed that deletion of CtIP 

in p53-deficient mice, which have a high incidence of tumors, decreased mammary 

tumorigenesis. So, the authors suggest that CtIP promotes chromosomal translocations 

by facilitating DSB repair through alternative end joining, thus increasing chromosomal 

instability and cancer development. This disagreement with our data can be explained 

by the status of Rb expression in those mice. We reason that, since CtIP removes 

Rb blockage during G1/S transition, CtIP deletion in p53-deficient, but Rb-proficient, 

mice might inhibit breast cancer development by inducing cell cycle arrest in G1. 

Consequently, an additional loss of Rb expression in those mice would trigger breast 

cancer incidence. Moreover, it was observed that breast tumors occurring in CtIP/

p53-mutant or p53-mutant mice differed between them in their clinicopathological 

features (Reczek et al., 2016). In p53-deficient mice, breast tumors are mainly sarcomas, 

a rare type of non-epithelial breast malignancy that arises from the connective tissue 

surrounding the mammary glands. In contrast, breast cancers arising in CtIP/p53-

deficient mice, although developing less frequently, were invasive adenocarcinomas 

with a basal-like profile, a molecular expression pattern that is equivalent to triple 

negative breast cancer (Ishitha et al., 2016). In light of these results, we reason that 

ablation of CtIP is unlikely to trigger tumor development by itself, and needs additional 

mutations, such as loss of function of Rb. However, if cells are able to escape G1/S 

cell cycle arrest due to an additional mutation, CtIP deficiency causes the progression 

of invasive and highly proliferative triple negative breast tumors. Thus, it would be 

interesting to assess Rb pathway proficiency in those CtIP/p53-deficient mice that 

developed triple negative tumors and, more importantly, to perform the same study 

in an Rb-deficient background. Interestingly, the observation that the absence of CtIP 

expression triggered specifically triple negative breast tumors in mice strengthen our 
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proposal of CtIP loss as a candidate for BRCAness tumors.

Mechanistically, several evidences suggest that loss of function of CtIP might 

stimulate breast cancer aggressiveness. For instance, it has been shown that CtIP 

forms a transcriptional repressor complex with BRCA1 and ZBRK1 that binds to the 

promoter of ANG1 (angiopoietin 1), a factor that stimulates angiogenesis (Furuta et al., 

2006). Interestingly, removal of any of the components of this complex derepresses 

the promoter and activates the transcription of ANG1, which enhances blood vessel 

size and promotes breast tumor progression (Furuta et al., 2006). Additionally, the 

same repressor complex formed by CtIP-BRCA1-ZBRK1 inhibits the expression of 

HMGA2, and upregulation of HMGA2 results in increased proliferation and malignancy 

transformation of breast cells (Ahmed et al., 2010). Moreover, we have shown that CtIP 

knockdown increases the occurrence of gross chromosomal aberrations and micronuclei 

formation upon DNA damage induction, which is consistent with the incidence of triple 

negative breast cancers. This genomic instability might result from a defective HR 

pathway caused by CtIP absence and a concomitant increase in NHEJ. Additionally, 

CtIP contributes to maintenance of genomic stability by its role in proper chromosome 

alignment during mitosis and protection of fragile sites (Rozier et al., 2013; Wang et 

al., 2014). Interestingly, the fragile loci FRA3B and FRA16D, encoding for the tumor 

suppressors Fragile histidine triad (Fhit) and WW domain-containing oxidoreductase 

protein (Wwox) respectively, are associated to breast cancer development, especially 

in the triple negative subtype (Sørlie et al., 2001). Thus, a decreased expression of 

these tumor suppressors might be enhanced by the loss of CtIP-mediated protection 

of fragile sites, similarly to the absence of BRCA1 (Arlt et al., 2004; Turner et al., 

2002). In summary, loss of CtIP might result in a repair defect of DSBs and replication 

stress-induced DNA damage, an enhanced instability of fragile sites, and an increased 

incidence of aneuploidies caused by chromosome misalignment. Thus, we hypothesize 

that the combinatory effect of these deficiencies might lead to a significant genomic 

instability in the absence of CtIP that can drive the malignancy process. In addition, 

tumoral growth might be facilitated by an increased vascularization of the tissue due to 

a derepression of ANG1.   
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2. Sumoylation activity of  CBX4 regulates 
DNA end resection

Sumoylation is a critical post-translational modification in the modulation of 

the DNA damage response, especially in the early steps of sensing and signaling of 

double strand breaks (Jackson and Durocher, 2013). This prompted us to investigate its 

implication in the regulation of the DSB repair process. Our study focused in the DNA 

end resection of DSBs, since it represents a crucial decision point to repair these lesions. 

Strong evidences in Saccharomyces cerevisiae suggested that sumoylation and DNA end 

resection are related. Indeed, many HR components, including the essential resection 

factor MRX complex, are sumoylated in response to DNA damage and, strikingly, such 

sumoylation induction depends both on the MRX complex and DNA end resection 

itself (Cremona et al., 2012; Psakhye and Jentsch, 2012). In higher eukaryotes, however, 

the relevance of SUMO conjugation in DNA end resection was less well established. 

SUMO ligases such as PIAS1 and PIAS4 are known to promote DSB repair, and a two-

fold reduction of RPA recruitment to laser lines in cells depleted of any of those E3s 

has been reported (Galanty et al., 2009). Interestingly, only PIAS4 depletion showed a 

similar effect in our hands, arguing that different types of lesions might have a distinct 

set of SUMO ligases requirements for proficient resection.

We decided to analyze a small subset of SUMO E3 ligases specifically for their 

impact on DNA end resection. In order to compile the list of candidates, we reasoned 

that any ligase with nuclear localization or already related with the DDR might be 

involved. An important consideration when studying DNA end resection is the cell 

cycle progression. Extensive DNA end resection is only activated in S and G2 cells, 

most likely to avoid recombination when the sister chromatid is not present (Huertas, 

2010; Symington and Gautier, 2011). In G1 cells, some breaks undergo limited DNA 

end processing to allow alternative end joining to proceed (Biehs et al., 2017). However, 

this confined resection is slower and does not render a global RPA accumulation 

easily visible as RPA positive cells (Biehs et al., 2017). Thus, cell cycle modifications 

rendered by the E3 ligases depletion had to be accounted somehow. Thus, we decided 

to normalize the RPA foci data with cell cycles profiles measured by the DNA content, 
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taking into account the relative changes in the subpopulation of S/G2 cells compared 

to the control situation. It is noteworthy that this normalization did not result in any 

amplification of the observed differences, but the opposite. For instance, the DNA end 

resection defect caused by the depletion of UHRF2 was likely to be originated by the 

cell cycle arrest in G1, since it almost completely disappeared after normalization of the 

data. Following this approach, we uncovered Chromobox protein homolog 4 (CBX4) 

as a critical factor for DNA end resection proficiency. Along these lines, the effect of 

CBX4 was overestimated by the strong G1 accumulation in cells downregulated of this 

ligase. However, even with the cell cycle correction, the effect was clear enough to make 

us suggest that CBX4 is required for DNA end resection. Moreover, we reasoned that 

the fact that constitutively sumoylated CtIP can rescue the DNA end resection defect 

caused by CBX4 depletion without suppressing the cell cycle arrest is proof enough to 

suggest that the lack of RPA foci is indeed due to hampered DNA end resection, and 

not to an altered cell cycle profile.

CBX4, also known as polycomb homolog 2 (Pc2), is a component of the 

polycomb repressor complex 1 (PRC1). Polycomb group proteins are chromatin-

associated proteins that maintain heritable gene expression patterns, mainly provoking 

chromatin compaction and transcriptional repression (Pirrotta and Li, 2012). They are 

also involved in embryonic and adult stem cell maintenance and have been linked 

to cancer development. Interestingly, CBX4 was already identified as an early DDR 

factor, since it is recruited to laser-induced DSBs within seconds, independently of 

γH2AX,	RNF8	and	ATM	(Ismail	et	al.,	2012).	Moreover,	CBX4	mediates	sumoylation	

of BMI1, an additional component of the PRC1 complex, and promotes its recruitment 

to DSBs (Ismail et al., 2012). The usual function of BMI1 in eukaryotic cells is the 

ubiquitylation of H2A in K119 to induce transcriptional repression in chromatin regions 

that are previously marked by the PRC2 complex (Sparmann and van Lohuizen, 2006). 

However, BMI1 binding to DSBs is completely independent on PRC2, but in turn 

it requires CBX4-mediated sumoylation and direct binding to NBS1 (Ismail et al., 

2010). For this reason, it was previously suggested that the components of the PRC1 

play additional roles in the DDR that are independent of their chromatin regulation 

functions in undamaged cells (Ismail et al., 2010). Although the exact mechanism is 
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not fully understood, CBX4-mediated recruitment of BMI1 to DSBs promotes DSB 

repair through HR pathway, thus providing a link between CBX4 and DSB repair 

pathway choice (Ginjala et al., 2011). Accordingly with this, we observed that CBX4 

depletion strongly impaired RPA and RAD51 foci formation. However, this defect 

was completely rescued in our hands by the expression of a constitutive sumoylated 

version of CtIP, suggesting that the role of CBX4 in HR operates exclusively through 

sumoylation of CtIP. Therefore, additional experiments should be performed in order 

to explore a potential functional relationship between CtIP and BMI1 in the repair of 

DSBs

Curiously, the SUMO E3 ligase function of CBX4 was firstly identified over 

CtBP, an interactor of the key DNA end resection factor CtIP (Kagey et al., 2003). 

Moreover, CtIP has been shown to colocalize with BMI1 and CtBP in polycomb bodies, 

although its function in these complexes is still unknown (Palijan et al., 2009). These 

data led us to speculate that CtIP could be the sumoylation substrate of CBX4 that 

mediates its function in DNA end resection. Interestingly, we found that sumoylation 

of CtIP and CtIP-CBX4 interaction occurred in a constitutive manner, independently 

of DNA damage induction. This finding is consistent with the localization of CtIP in 

polycomb bodies in the absence of DNA damage (Palijan et al., 2009). Along these 

lines, CtIP is an unusual DNA repair factor given that damaged-induced foci are difficult 

to visualize. This is due to the accumulation of CtIP in nuclear dots or speckles in 

unperturbed conditions that can be observed in a variable number that differs between 

cells. Although several authors have found an enrichment of these CtIP foci after DSB 

induction, it is not a simple task to discriminate whether they are indeed IRIFs or not. 

Thus, it is tempting to speculate that at least a fraction of CtIP accumulates at polycomb 

bodies in human cells, and that it might be an accessory component of the PRC1. The 

proximity of CtIP to CBX4 in these nuclear bodies would facilitate the maintenance 

of a sumoylated fraction of CtIP that could be rapidly engaged in DNA end resection. 

Moreover, localization of CtIP at polycomb bodies might also modulate its function as 

a transcriptional corepressor.
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3. Molecular role of  the sumoylation of  CtIP 
in DNA end resection

Strikingly, the whole effect of CBX4 in DSB processing seems to rely on the 

sumoylation of a single substrate, CtIP. Previous analysis showed that CtIP can be 

sumoylated in vitro (Sarangi et al., 2015). Moreover, a recent compilation of proteomic 

analysis, has identified CtIP as a target of SUMO modification in human cells (Hendriks 

and Vertegaal, 2016). Accordingly, our data show that sumoylation of CtIP occurs 

at multiple sites in human cells including, but not exclusively, at lysine 896. Since 

the combined mutation of six of these sites (CtIP 6KR mutant) mildly affected DNA 

end resection, it is possible that additional SUMO modifications of CtIP contribute to 

DNA end resection. Alternatively, modification of those lysines might affect DNA end 

resection in an indirect manner by controlling CtIP nuclear localization, oligomerization, 

or protein stability. Along these lines, preliminary data from our laboratory show that 

the SUMO protease SENP6 regulates CtIP protein levels in human cells. Thus, we can 

speculate that sumoylation of CtIP at a still undescribed site(s) modulate its stability. 

Additionally, it has to be considered that the lysines mutated in the 6KR version of 

CtIP might be targeted by other PTMs, such as ubiquitylation or acetylation. Regarding 

the possibility of multiple SUMO modifications occurring in CtIP, we observed that 

depletion of CBX4 impaired, but not abolished, sumoylation of CtIP. This suggests that 

CtIP might be targeted by additional SUMO E3 ligases. So, despite the fact that we 

have characterized in this Thesis a single sumoylation site of CtIP and its contribution 

of a specific SUMO ligase in the role of CtIP in DNA end resection, we hypothesize 

that CtIP might be sumoylated by other E3 ligases in additional sites, and that these 

modifications could potentially control, not only DNA end resection at DSBs, but also 

other cellular roles of CtIP.

Interestingly, among the predicted sumoylation sites, impairment of sumoylation 

at K896 by either K896R or E894A mutations completely abolishes CtIP activity on 

DNA processing. Commonly, sumoylation controls a specific cellular pathway through 

cooperative modification of several factors (Sarangi and Zhao, 2015). This “ensemble 

effect” has been proved for many DDR proteins, in which ablation of a single 
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sumoylation results in a weaker phenotype than impairment of global sumoylation in the 

pathway. However, few proteins show the opposite situation, in which a single SUMO 

modification completely controls their function. This phenomenon has been termed 

as “star effect”. Such a strong contribution of a single sumoylation on a single protein 

mainly occurs in key regulators of a specific pathway, in which sumoylation can act as a 

molecular switch. This model completely agrees with our data of a single modification 

in K896 of CtIP controlling DNA end resection, and reinforces the idea that CtIP 

is the key protein in the DSB repair pathway choice. Indeed, similar situations have 

been already described for CtIP, specifically for the CDK-mediated phosphorylation of 

T847 and ATM/ATR-mediated phosphorylation of T859 (Huertas and Jackson, 2009; 

Makharashvili and Paull, 2015). Both sumoylation and phosphorylation of CtIP occur 

at multiple sites, and combinations of several mutations in those sites impaired CtIP 

function in DNA end processing (Makharashvili and Paull, 2015). However, specific 

mutation of K896, T847 or T859 on their own completely abolishes DNA end resection 

(Huertas and Jackson, 2009; Makharashvili and Paull, 2015). Interestingly, these three 

PTMs occur at the C-terminus region of CtIP. Therefore, this region can be defined as 

a critical regulator of DNA end resection and, consequently, the DSB repair pathway 

choice. Moreover, interaction with the resection factor MRN complex and the resection 

inhibitor CCAR2 are also located in this region (López-Saavedra et al., 2016; Sartori et 

al., 2007). Thus, the carboxy-terminal tail of CtIP seems to act as a hub in which several 

cellular signals converge in order to regulate DNA end resection. Indeed, C-terminal 

truncation of CtIP results in a dominant negative mutant of CtIP that is deficient in 

DNA end resection. This mutant has been found to cause the human Seckel and Jawad 

syndromes (Qvist et al., 2011).

Remarkably, sumoylation on K896 and phosphorylation on T847 are functionally 

connected and seem to act in a sequential manner. Interestingly, budding yeast 

Sae2 is also sumoylated (at K97) and phosphorylated by CDK (at S267), and both 

modifications participate in DNA end resection. But in that case the modifications seem 

to act independently, as double mutants Sae2 S267A K97A showed an additive effect 

in DNA end resection when compared to the single mutants (Sarangi et al., 2015). 

Cascades of consecutive protein PTMs have been proposed before. Specifically, a 
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connection between sumoylation and phosphorylation has been previously established, 

since global inhibition of sumoylation in human cells rendered a stark defect in protein 

phosphorylation (Yao et al., 2011). Albeit we cannot observe a sequential appearance 

of sumoylation and phosphorylation, we have observed that the mutation T847E, 

which mimics a constitutive phosphorylation, can suppress the defect in DNA end 

resection caused by both K896R CtIP mutant and the depletion of CBX4. This strongly 

agrees with the idea that SUMO conjugation predates CDK-mediated phosphorylation. 

Interestingly, both modifications occur independently of DNA damage induction, and 

they seem to prepare a limited pool of CtIP that can be engaged in DNA end resection. 

Ablation of phosphorylation at T847 did not abolish CtIP recruitment to laser lines 

(Huertas and Jackson, 2009), while sumoylation mutant K896R fails to accumulate at 

DSB sites. Thus, this agrees with sumoylation-dependent localization of CtIP being 

upstream of CDK-mediated phosphorylation. However, the reasoning of CDK-

mediated phosphorylation of CtIP occurring after its binding to DNA seems unlikely. It 

has been proposed that MRE11 bridges the interaction between CtIP and CDK2/cyclin 

A in S and G2, thus promoting its phosphorylation (Buis et al., 2012). Nevertheless, 

abrogation of sumoylation at K896 did not seem to affect CtIP-MRE11 interaction. 

Consequently, a disturbance in the role of MRE11 as a molecular bridge does not seem 

a plausible model for sumoylation-dependent phosphorylation of CtIP. One tantalizing 

idea is that sumoylation of CtIP could be involved in its direct interaction with CDK. 

In accordance with this, CDK2 possesses a SUMO interacting motif (SIM) that is highly 

conserved in mammals (Meng et al., 2016). Indeed, it has been recently shown that 

sumoylation of Rb provokes its binding to CDK2 through this SIM, which in turns 

stimulates its hyperphosphorylation (Meng et al., 2016). Importantly, preliminary results 

in our laboratory suggest that a constitutively sumoylated version of the carboxy-terminal 

region of CtIP (aminoacids 790-897 fused to SUMO1) increases in vitro phosphorylation 

by CDK1, which also possess a putative SIM in its sequence. Thus, we hypothesize that 

CBX4-mediated phosphorylation of CtIP at K896 mediates its interaction with CDK, 

promoting its phosphorylation in S and G2. However, additional experiments will be 

necessary to explore this possibility.

We have observed that only a small fraction of CtIP is conjugated to SUMO, 
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which is a common aspect in the sumoylation process (Hay, 2005). It has been proposed 

a model in which sumoylation of DNA repair proteins occurs upon their activation or 

binding to DNA, and this would explain why the modification affects to a limited pool 

of these proteins (Sarangi and Zhao, 2015). In contrast, sumoylation of CtIP seems 

to be a constitutive modification that predates the appearance of DNA damage and 

the recruitment of CtIP to DNA breaks. In this regard, sumoylation of CtIP does not 

seem to be a cellular response to DNA damage, but it resembles the CDK-dependent 

modification of the protein. CtIP is known to have many different roles within the cell 

besides DNA end resection, including the regulation of transcription and cell cycle, and 

the activation of the DNA damage checkpoint (Makharashvili and Paull, 2015). Thus, 

we hypothesize that sumoylation of CtIP defines a limited pool of the protein that can 

be engaged in DNA end resection. Moreover, we propose that only this sumoylated 

fraction of CtIP can be targeted for CDK-mediated phosphorylation in S/G2. This 

hypothesis agrees with the observation that phosphorylation on T847 only affects to a 

limited subpopulation of CtIP, thus restricting the pool of CtIP that can operate in DNA 

end resection (Huertas and Jackson, 2009). To maintain genome stability, a balance 

between the major DSB repair mechanisms is needed. Thus, controlling and limiting 

the amount of resected DNA, as well as its proper activation when needed, is a tightly 

regulated process. This is exemplified by the induction of CtIP degradation by multiple 

pathways upon initiation of DNA end resection to constrain its extension (Ferretti et 

al., 2016; Hühn et al., 2014; Lafranchi et al., 2014). Moreover, for most DNA breaks, 

NHEJ would suffice for repair, especially for clean ends or breaks that appear in G1. 

Thus, we hypothesize that reducing the active pool of CtIP might be facilitate NHEJ on 

those circumstances. More importantly, DNA end resection can promote unscheduled 

alternative repair pathways, such as alt-EJ, which possess a highly mutagenic potential. 

According to this hypothesis, only a limited fraction of CtIP would be allowed to 

participate in DNA end resection. However, this restricted protein pool might be able 

to bind rapidly to DSBs, since it would be constitutively sumoylated and subsequently 

phosphorylated by CDK in S and G2.

The control that sumoylation on a single lysine of CtIP exerts over DNA 

end resection is reflected in the increased occurrence of IR-induced chromosomal 
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aberrations and micronuclei in cells that express the non-modifiable CtIP K896R 

mutant. But surprisingly, this does not completely correlate with cell survival upon 

PARP inhibitor treatment. This uncoupling between DNA end resection phenotype and 

cell survival to DNA damaging agents has been observed before by us and others. For 

instance, mutation of serine 327, that modulates CtIP interaction with BRCA1, showed 

mild DNA end resection defects but a hyper-sensitivity to DNA damaging agents, at 

a similar extent as CtIP depletion (Cruz-García et al., 2014; Nakamura et al., 2010). 

Additionally, the T847E mutant of CtIP, that mimics a constitutive CDK-mediated 

phosphorylation state, is proficient in DNA end resection, but shows a mild sensitivity 

to ionizing radiation (Huertas and Jackson, 2009). Taken all together, these data suggest 

that CtIP might play additional roles downstream in the DSB repair pathway that are 

independent of its DNA end resection activity, and that K896R and S327A might act as 

separation of function mutants. However, we cannot exclude the possibility that repair 

of PARP inhibitor-induced DNA damage does not require sumoylation of CtIP due to 

the nature of the breaks. Along these lines, the endonuclease activity of CtIP has been 

shown to be dispensable for clean ends, but essential for ragged ends, suggesting that 

CtIP might play different roles in DSB repair depending on the structure of the DNA 

ends (Makharashvili et al., 2014).

Mechanistically, we have observed that sumoylation of CtIP controls its 

recruitment to DSBs. CtIP K896R mutant fails to accumulate at a single I-SceI induced 

DSB, whereas the constitutively sumoylated form of CtIP concentrates more avidly 

there. CtIP possesses the capacity to bind directly to DNA through a DNA binding 

motif in the central region of CtIP (You et al., 2009). Moreover, an additional DNA 

binding region has been recently identified in the C-terminal part of CtIP, close 

to the sumoylation site (aminoacids 836-840) (Andres et al., 2015). Thus, a SUMO 

conjugation site neighboring this domain might modulate CtIP binding capacity to 

DNA. Interestingly, binding of several DDR factors to DNA is either increased or 

decreased by sumoylation (Sarangi and Zhao, 2015). Indeed, sumoylation of TDP1 

and SLX4 stimulates their association with DNA in human cells (González-Prieto et 

al., 2015; Hudson et al., 2012). However, we cannot conclude if the effect that we have 

observed is mediated by the direct binding to DNA or to damaged chromatin, or even 
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mediated by CtIP interaction with other factors. Sumoylation regulates protein-protein 

interactions, in some cases by acting as a molecular glue that aggregates proteins 

together (Sarangi and Zhao, 2015). This mechanism has been observed for several 

DDR proteins and, more importantly, in the budding yeast MRX complex. In this 

case, the Mre11 subunit possesses two SIMs, and one of them has been shown to be 

indispensable for MRX assembly (Chen et al., 2016). Thus, sumoylation of CtIP might 

promote its recruitment to DSBs by mediating its interaction with SIM-containing repair 

proteins. This idea of the SUMO bridging an interaction is supported by the fact that 

the SUMO1 fusions are completely functional, despite the fact that the SUMO moiety 

is bound upside-down regarding a normal SUMO conjugation. We have excluded 

MRE11 as a possible mediator of the binding of sumoylated CtIP to DNA since we 

have not detected any defect in the interaction between MRE11 and the CtIP K896R 

mutant, which is not efficiently recruited to DSBs. However, we cannot rule out the 

possibility that sumoylation at other residues of CtIP might mediate its interaction with 

MRE11 for DNA end resection. Recruitment of CtIP to DSB sites is also mediated, at 

least partially, by BRCA1 and RNF138-mediated ubiquitylation, and by interaction 

with And-1 (Li et al., 2016; Schmidt et al., 2015; Yu et al., 2006). Thus, it would be 

interesting to investigate whether sumoylation of CtIP at K896 mediates its interaction 

with those proteins. Alternatively, sumoylation might disrupt the binding of CtIP to 

anti-resection factors such as CCAR2, allowing CtIP recruitment to DSBs. Strikingly, 

CtIP is constitutively sequestered in an inactive form by its interaction with CCAR2 

through the carboxy-terminal tail, and such interaction is dismantled on damaged 

chromatin (López-Saavedra et al., 2016). Thus, we propose that CtIP sumoylation might 

antagonize its interaction with CCAR2 and, therefore, set a pool of free CtIP that would 

be available for DNA end resection. This would parallel what is observed in budding 

yeast, in which Sae2 is maintained in inactive aggregates and its sumoylation increases 

the solubilization of the protein (Sarangi et al., 2015). Despite the lack of sequence 

conservation between CtIP and Sae2, and the fact that Sae2 is sumoylated at the 

N-terminal part of the protein in a DNA damage dependent manner, we can suggest a 

partially conserved mechanism in which sumoylation is required to free a fraction of the 

protein pool that can be then recruited to damaged chromatin. Along these lines, since 
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we have analyzed CtIP binding to DSBs at a single time point, additional experiments 

might be performed in order to investigate if sumoylation directs the initial recruitment 

of CtIP to DSBs or if, alternatively, it stabilizes its binding to DNA. Thus, it is also 

possible that CtIP K896R is correctly recruited to DSBs at the first place, but fails to be 

retained on DNA enough time to promote DNA end resection.

Intriguingly, we have observed that CtIP localizes at single I-SceI sites flanked 

by lacO repeats, even before the induction of I-SceI cleavage. This constitutive binding 

to the array is conserved in the sumoylation mutant of CtIP, which fails to increase this 

background of recruitment upon the induction of DSBs. Thus, it can be hypothesized 

that sumoylation at K896 partially, but not completely, controls CtIP recruitment to 

chromatin. Interestingly, tandem lacO repeats generate fragile sites in the DNA that 

suffer spontaneous breakage by replication stress (Jacome and Fernandez-Capetillo, 

2011). Fragile sites, including those generated by tandem lacO sequences, contain 

nucleotide repeats that produce unusual secondary structures in the DNA such as 

hairpins and DNA triplexes (Aguilera and Gómez-González, 2008). Since CtIP has the 

ability to bind and protect fragile sites in humans (Wang et al., 2014), we hypothesize 

that CtIP might be able to bind to these secondary DNA structures independently of the 

sumoylation at K896. This would explain the background levels of CtIP recruitment to 

lacO repeats, both in the wild type and in the mutant versions, in the absence of I-SceI 

cleavage. Moreover, CtIP has been found to accumulate at stalled replication forks in 

a FANCD2-dependent manner to alleviate replication stress (Yeo et al., 2014). Thus, 

I-SceI-independent recruitment of CtIP to lacO repeats might indicate the presence of 

stalled replication forks or replication-induced DSBs. Then, binding of CtIP to those 

lesions would be independent of sumoylation at K896. Interestingly, this hypothesis 

agrees with the mild sensitivity shown by the K896R mutant to Olaparib, which traps 

PARP1 to DNA single strand breaks causing stalled replication forks and replication 

stress (Lord and Ashworth, 2017).



130

Discussion

4. Are the post-translational modifications of  
CtIP important for breast cancer suppression?

In this study, we have linked the loss of CtIP to an increased genomic instability 

and the occurrence of aggressive breast tumors. Interestingly, ablation of sumoylation 

of CtIP at K896 rendered similar levels of chromosome aberrations and micronuclei 

formation as the depletion of CtIP. Moreover, both defects can be completely reverted 

by the constitutive sumoylation of CtIP. In agreement with this, an increase in gross 

chromosomal aberrations was previously described in the case of the phosphorylation 

mutant T847A of CtIP (Huertas and Jackson, 2009). Since both PTMs are required 

for DNA end resection, these data strongly suggest that a proficient CtIP-mediated 

DNA processing at DSBs is required for the maintenance of genomic stability. 

Thus, not only loss of CtIP expression, but mutations affecting these and other post-

translational modifications might be involved in the loss of function of CtIP. Thus, 

an open question for future studies is how mutations that avoid such PTMs might 

impact on breast cancer development. It is worth mentioning that, among the triple 

negative tumors included in our study, two patients (out of 52) showed normal levels 

of CtIP. Therefore, it would be interesting to investigate whether CtIP maintains its 

functionality in the maintenance of genome stability in those cases, regardless of its 

protein levels.  Strikingly, the hyper-resection mutant T847E also showed an increased 

incidence of chromosomal aberrations (Huertas and Jackson, 2009), suggesting that an 

excessive DNA end resection might also be involved in genomic instability associated 

to cancer. This highlights the relevance of finding potential CtIP point mutations that 

might facilitate breast cancer occurrence, in addition to the alteration of its protein 

levels. In accordance with this, the anti-resection protein CCAR2 has been found to be 

overexpressed in certain tumors, including breast and ovary cancers (Cho et al., 2015; 

Lee et al., 2011). Since CCAR2 binds to CtIP and antagonizes its activity in DNA end 

resection (López-Saavedra et al., 2016), breast tumors with increased CCAR2 levels 

might phenocopy the absence of CtIP expression.

In summary, the data presented in this Thesis emphasize the role of the 

regulation of CtIP in the maintenance of genome instability and tumor suppression. 
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Thus, we propose that any disturbance of the multiple post-translational modifications 

and protein interactions that modulate CtIP activity should be considered as a potential 

cause of cancer progression.   
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Conclusions

1. CtIP protein levels are frequently decreased in breast cancer. Absence of CtIP 

expression correlates with aggressive clinicopathological features of the tumors, 

and occurs concomitantly to Rb downexpression.

2. CtIP expression in the breast cancerous tissue at the moment of diagnosis is a 

poor prognosis marker of tumor relapse at eight years after surgery and initiation 

of anti-tumoral treatment. However, low levels of CtIP increase the response to 

chemotherapy of patients with luminal cancers when combined with hormone 

therapy and radiotherapy.

3. CBX4 licenses DNA end resection and homologous recombination through 

sumoylation of CtIP.

4. CtIP is modified by SUMO1 and SUMO2 in a DNA damage-independent 

manner at several sites.

5. Sumoylation of CtIP at K896 facilitates its recruitment to double strand breaks and 

promotes DNA end resection and homologous recombination, thus maintaining 

genome stability.

6. There is a functional interaction between sumoylation at K896 and CDK-

mediated phosphorylation at T847 of CtIP in promoting DNA end resection.
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1. Histological procedures

1.1. Tissue sampling

A total of 384 formalin-fixed paraffin embedded (FFPE) samples of invasive 

breast carcinomas were obtained from patients diagnosed from July 2004 to July 2007 

at University Hospital Virgen del Rocío, Sevilla, Spain. The Ethical Committee of the 

Hospital approved the study. No consent from patients was needed.

Clinicopathologic data, including age, local and distant metastasis, regional lymph 

node metastasis, histologic grade, tumor size, tumoral markers, treatment and survival, 

were obtained from medical records.

1.2. Immunohistochemical staining

Paraffin-embedded tissue cores (1 mm) were used to build four tissue microarrays 

(TMA),	each	containing	96	samples,	that	were	sectioned	at	4	μm.	Immunohistochemical	

staining was carried out to visualize CtIP and Rb proteins. Paraffin sections were dewaxed 

in xylene twice for 5 min, rehydrated through a graded ethanol series (incubating twice 

with 100%, twice with 95%, and once with 70% ethanol) for 5 min each, and rinsed twice 

in distilled water, at room temperature. Antigen retrieval for CtIP staining was performed 

with 4 N HCl at room temperature for 15 min, followed by 1 mg/ml trypsin at 37ºC for 15 

min. For Rb visualization, samples were heated in Target retrieval solution, pH 9 (Dako, 

S236784-2), using a microwave at 600 W for 20 min. Tissue sections were subsequently 

immersed in 3% H2O2 aqueous solution for 30 min to exhaust endogenous peroxidase 

activity, and then covered with blocking reagent (Roche, 11 096 176 001) to avoid 

nonspecific binding. Tissue sections were incubated with primary antibodies (Table M1) 

overnight at 4ºC diluted in PBS. Peroxidase-labeled secondary reagents (EnVision FLEX, 

Dako, K8002, K8024) and 3,3’-diaminobenzidine (Dako, K346811) were applied according 

to the manufacturer’s protocols. Slides were then counterstained with hematoxylin and 

mounted in Dibutylphthalate Polystyrene Xylene (DPX; BDH Laboratories, 100503-834).
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1.3. Immunohistochemical scoring 

Immunostaining of CtIP was evaluated independently by two observers in the 

tumor samples, and three categories were defined as follows: level 0 contained samples 

in which no CtIP could be detected; level 2 corresponded to samples with a clear nuclear 

signal of CtIP in more than 90% of the cells; and level 1 represented an intermediate 

level. Three representative tumors belonging to each category were assembled in a 

TMA containing six non-tumoral samples derived from breast reduction surgery to 

compare CtIP staining (see figure R1). Clinical records were checked to ensure that 

the control samples indeed came from tumour-free women and represented a healthy 

population. This control TMA was subjected to immunohistochemical staining as 

previously described.

Healthy mammary glands showed a CtIP expression equivalent to level 2 and, 

subsequently, CtIP categories 2, 1 and 0 were redefined as normal, low and absence of  
CtIP, respectively (see figure R1).

For Rb scoring, categorization was defined as follows: normal Rb defined samples 

with high Rb nuclear expression; negative Rb corresponded to samples with no Rb 

nuclear staining; and medium Rb represented an intermediate situation in which nuclear 

staining was diminished and/or showed a heterogeneous pattern.

1.4. Breast cancer subtyping

Prior this work, the same cohort of breast tumour samples had been analysed for 

estrogen receptor (ER), progesterone receptor (PR), human epidermal growth factor 

receptor-2 (HER2), and Ki67. We used those previous data to classify the tumours into 

five molecular subtypes following the system for the immunohistochemical subtyping 

of breast cancer (Goldhirsch et al., 2011).  

The five categories are: 

· Luminal A: ER+ and/or PR+, HER2- and Ki67 low.
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· Luminal B HER2 negative: ER+ and/or PR+, HER2- and Ki67 high.

· Luminal B HER2 positive: ER+ and/or PR+, HER2 overexpressed or 

 amplified, and any Ki67.

· HER2 positive (non-luminal): HER2 overexpressed or amplified, ER- and PR-

· Triple negative: ER-, PR-, and HER2-.

2. Cell culture procedures

2.1. Cell lines, growth media and conditions

The main cell lines used in this Thesis were human osteosarcoma U2OS and 

human embryonic kidney HEK293T. Several stable cell lines derived from U2OS and 

expressing different plasmids were created and used (Table M3).

Cells were maintained in HEPA class 100 incubators (Thermo) at 37ºC and 5% 

CO2. Unless specifically mentioned, all cells were cultured in high-glucose Dulbecco’s 

Modified Eagle Medium (DMEM; Sigma, D6546), supplemented with 10% fetal bovine 

serum (FBS; Sigma, F7524), 2 mM L-glutamine (Gibco, 25030024), 100 U/ml penicillin 

and	100	μg/ml	streptomycin	(Gibco,	15140122).	The	only	exception	was	U2OS19ptight13	

cells, which contain a doxycycline-inducible system (Table M3). For them, DMEM 

without phenol red (Sigma, D1145) and supplemented with 10% tetracycline-free FBS 

(Biowest, S181T) was used. Stable cell lines derived from the above-mentioned ones 

were cultured in the same conditions but adding either 0.5 mg/ml G418 (Sigma, A1720) 

or	 1	 μg/ml	 puromycin	 (Sigma,	 P8833)	 to	 the	medium,	 depending	 on	 the	 selection	

marker present on the inserted plasmid.

Trypsin-EDTA solution (Sigma, T4049) was used to detach the cells when 

required. To seed specific numbers of cells, an automatic cell counter was used (Z2 

Coulter Counter, Beckman Coulter).
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For long-term preservation of the cells, they were harvested and pelleted by 

centrifugation at 500 xg for 5 min. Cells were then resuspended in freezing solution 

(10% dimethyl sulfoxide [DMSO] in FBS), aliquoted in tubes and stored in freezing 

containers (Sigma, C1562) to facilitate an optimal freezing by a gradual temperature 

decrease of 1ºC/minute. Containers were maintained at -80ºC for at least 24 hours and 

then vials were transferred to liquid nitrogen-containing tanks for long-term storage.

2.2. Plasmid DNA transfection

Plasmids used in this Thesis are listed in Table M4. Two alternative protocols were 

used to introduce plasmid DNA into cells depending on the nature of the experiment.

2.2.1. FuGENE transfection

FuGENE HD Transfection Reagent (Promega, E2311) was used to introduce 

expression vectors in U2OS and produce stable cell lines. For 100-mm plates, 500,000 

cells	were	seeded	the	day	before	transfection.	Then,	7	μg	of	plasmid	DNA	was	mixed	

with FuGENE in a 3:1 FuGENE:DNA ratio, and diluted in Opti-MEM (Gibco, 11058-

021). The mix was incubated for 15 min at room temperature and added dropwise to 

the plate with gentle rocking.

2.2.2. Calcium phosphate transfection

Calcium phosphate transfection protocol was used to transfect HEK293T cells, 

either for lentivirus production, or for protein overexpression in pulldown assays. 

3.5x106 cells were seeded in 100 mm plates and grown for 24 hours. The media was 

changed	with	fresh	one	at	 least	30	min	before	transfection.	A	total	amount	of	30	μg	

of DNA was used to transfect the cells. When several plasmids were simultaneously 

transfected into cells the ratio between them differed among experiments. For pulldown 

assays, the prey-containing and bait-bearing constructs were maintained in 1:1 ratio. For 

lentivirus	 production,	 three	 plasmids	were	mixed	 in	 a	 3:2:1	 ratio,	 i.e.	 15	 μg	 of	 the	

plasmid	containing	the	shRNA	(pLKO.1),	10	μg	of	the	vector	required	to	produce	the	

viral	capsid	(p8.91),	and	5μg	of	the	vector	encoding	the	viral	envelope	(pVSVG)	(Table	
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M4). The DNA mix was prepared in a volume of 0.5 ml containing 250 mM CaCl2, and 

was added dropwise while bubbling into 0.5 ml of 2x HEPES buffered saline (HBS; 

Sigma, 51558). The mix was incubated for 30 min at room temperature and added 

dropwise to the plates with gentle rocking. The day after transfection, the medium was 

removed and the cells were washed once with PBS before adding fresh medium to 

minimise cell death.

2.3. Lentivirus production and transduction

To produce lentiviral particles harbouring shRNA specifically targeting CtIP or 

a non-target sequence as a control, HEK293T cells were transfected with the plasmids 

containing the shRNA (pLKO.1), p8.91 and pVSVG as described in the previous 

section. After transfection of the cells, all procedures were carried out in a P2 biological 

safety room.

Transfected HEK293T cells were grown to produce lentiviral particles. 24 and 48 

h	after	transfection,	medium	was	collected	and	filtered	using	0.45	μm	polyvinylidene	

difluoride (PVDF) filters (Millex-HV, Millipore, SLHV035RS) to retrieve the viral 

particles while removing cellular debris. Filtered medium was used directly to infect 

U2OS cells. To do that, lentivirus-containing medium was first diluted 1:1 with fresh 

DMEM	 supplemented	 with	 8	 μg/ml	 hexadimethrine	 bromide	 (Polybrene;	 Sigma,	

H9268) and added directly to U2OS plates. Two rounds of infection were performed 

using the virus-containing medium harvested at 24 and 48 hours after HEK293T 

transfection, following the same procedure in both cases. 24 hours after the second 

round of infection, the medium was removed and the infected U2OS cells were 

washed	three	times	with	PBS	and	cultured	in	fresh	DMEM	supplemented	with	1	μg/ml	

puromycin (Sigma, P8833) for 72 hours to select the presence of the shRNA-harbouring 

plasmid. CtIP knockdown was validated by western blot.
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2.4. siRNA transfection

For transient protein knockdown, siRNA transfection was performed using 

Lipofectamine RNAiMAX transfection reagent (Thermo Fisher, 13778150). Briefly, cells 

were seeded and grown for 24 hours. The day of transfection, medium was replaced 

by fresh DMEM without antibiotics and cells were incubated with a mix of siRNA and 

RNAiMAX diluted in Opti-MEM, according to manufacturer’s instructions. Cells were 

then incubated at 37ºC for 6 hours before replacing the media with fresh complete 

DMEM to minimise cell death. All siRNA-mediated knockdowns were validated 48 

hours after transfection by western blot or quantitative RT-PCR.

The list of all siRNAs used in this Thesis can be found on Table M5.

3. Molecular biology procedures

3.1. Nucleic acids manipulations

3.1.1. Plasmid DNA amplification

Plasmid	 DNA	 was	 amplified	 by	 transforming	 competent	 DH5γ	Escherichia coli 
cells using the heat shock protocol. Briefly, 0.1 ml of competent bacteria (Model 

Organism Service, CABIMER) were mixed with plasmid DNA and incubated on ice 

for 30 min. Cells were then heat shocked by placing them at 42ºC for 85 seconds 

and followed by an incubation on ice for 5 min. Then, 1 ml of LB broth was added 

and the cells were incubated at 37ºC for 30-60 min. Cultures were then harvested by 

centrifugation at 6,000 rpm for 2 min and plated in LB agar plates supplemented with 

100	μg/ml	ampicillin	(Sigma,	9518),	25	μg/ml	kanamycin	(Sigma,	K4000),	or	50	μg/ml	

chloramphenicol (Sigma, C0378), depending of the antibiotic resistance cassette of the 

transformed plasmid.

Plasmid DNA was purified from single colony using PureYield Plasmid 
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Maxiprep (Promega, A2393) or Midiprep (Promega, A2492) Systems, following the 

manufacturer’s instructions. DNA concentration was quantified by measuring 260 nm 

absorbance using a NanoDrop ND-1000 spectrophotometer.

3.1.2. DNA digestion with restriction enzymes

For DNA cloning and plasmid checking after amplification, restriction 

endonucleases from Takara or New England Biolabs were used according to 

manufacturer’s instructions. DNA fragments were resolved in agarose gels as described 

in the following section.

3.1.3. DNA electrophoresis

DNA electrophoresis was performed on agarose gels containing RedSafe (Intron 

Biotechnology, 21141) for DNA staining and diluted in 1x TAE buffer (40 mM Tris-

HCl pH7.6, 20 mM acetic acid, and 1 mM EDTA). Loading buffer (Takara) was added 

to DNA samples prior loading, and 1 kb DNA ladder (gTPbio, GTPBM0002) was used 

for size estimation of the bands. Resolved DNA fragments were visualized using an 

ultraviolet transilluminator (Bio-Rad) and analysed by Quantity One software.

3.1.4. Site-directed mutagenesis

Directed changes in the DNA sequence of plasmids were performed using 

QuickChange Lightning Site-Directed or Multi Site-Directed Mutagenesis kits (Agilent 

Technologies, 210518, 210516) according to manufacturer’s instructions. Briefly, 

mutagenesis was performed by PCR using designed primers containing the desired 

mutations (Table M6). After the PCR, parental DNA was degraded by DpnI nuclease 

digestion. Finally, DNA was transformed into competent bacteria, amplified and 

checked as described in sections 3.1.2 and 3.1.3. Selected positive candidates were sent 

to CNIO Genome Unit (Madrid, Spain) for DNA sequencing.

3.1.5. Cloning strategies

To produce GFP-CtIP-SUMO1 fusions, SUMO1 sequence was amplified and 

inserted into GFP-CtIP plasmid at the 3’ end of CtIP. First, the STOP codon of CtIP 



146

Materials and methods

gene was mutated to a NotI restriction site by site-directed mutagenesis (section 3.1.4; 

see Table M6 for primers). Thus, the newly created restriction site was close to the 

BamHI site in which CtIP was originally cloned. In parallel, a PCR to amplify SUMO1 

gene was performed using pRSV-6xHis-SUMO1 as template, and oligos containing 

NotI and BamHI sites as upstream and downstream primers, respectively. Both, the 

vector and the SUMO1 PCR were subjected to a sequential digestion with BamHI and 

NotI. The products of the restriction reaction were ligated by incubation with T4 DNA 

ligase (Takara, 2011A) at 15ºC overnight. 

To produce GFP-CtIP K896R-SUMO1 fusion, the same strategy was used, but 

the point mutation K896R was introduced in the primer used to truncate the STOP 

codon (see Table M6 for primers).

To make the SUMO fusion unavailable for conjugation, the two terminal glycines 

were removed by site-directed mutagenesis (section 3.1.4; see Table M6 for primers).

Flag-Cherry-CtIP plasmids were assembled by golden gate cloning (Engler et al., 

2009) in the laboratory of Dr. Bernardo Reina San-Martín for this study.

3.1.6. Single-molecule analysis of  resection tracks (SMART)

To measure the length of the resected DNA fragments, SMART assay was 

performed as previously described (Cruz-García et al., 2014). U2OS cells stably 

expressing GFP of GFP-CtIP variants were transduced with lentiviruses harbouring 

shRNA	against	CtIP,	and	grown	in	the	presence	of	10	μM	bromodeoxyuridine	(BrdU;	

Sigma, B5002) for 24 h. They were then irradiated (10 Gy), incubated for 1 h at 37ºC 

and harvested using accutase (eBioscience, 00-4555-56). Cells were centrifuged at 500 

xg for 5 min, resuspended in PBS and embedded in 1 vol of 1% low melting agarose 

(Bio-Rad, 161-3111). This mix of cells in agarose was poured into a casting mold to 

create agarose plugs. For DNA extraction, plugs were incubated in TE-50 (10 mM 

Tris-HCl pH8 and 50 mM EDTA) containing 1% sarkosyl (Sigma, L5125) and 0.2 mg/

ml proteinase K (Sigma, P2308) at 50ºC overnight. An additional incubation with fresh 

buffer was performed for 6 more hours. Plugs were then washed four times with TE-50 

for 10 min with gentle shaking, stained with YOYO-1 (Molecular Probes, Y3610) for 30 
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minutes and washed again four times with TE (10 mM Tris-HCl pH8 and 1 mM EDTA) 

for 5 min. To release DNA fibres from the agarose, each plug was melted in 2.5 ml mM 

2-(N-morpholino) ethanesulfonic acid (MES) pH 5.7 by incubating 30-40 min at 66ºC. 

Then,	solution	was	cooled	down	to	42ºC	before	adding	3	U	γγβ-agarase I (New England 

Biolabs, M0392L) and incubating overnight at 42ºC. To stretch DNA fibres, silanized 

coverslips (Genomic Vision, COV-001) were dipped into the DNA solution for 15 min 

at	room	temperature	and	pulled	out	at	constant	speed	(300	μm/sec).	Coverslips	were	

incubated at least for 2 h at 65ºC for DNA crosslinking. 

For immunodetection, coverslips were fixed to slides and blocked with 1% BSA 

in 0.1% Triton X-100/PBS (PBS-T) for 15 min, and incubated with anti-BrdU mouse 

monoclonal antibody (Table M1) diluted in PBS-T for 45 min at room temperature. 

Slides were washed five times with PBS-T for 2 min each and then incubated with 

the fluorescent secondary antibody (Table M2) diluted in PBS-T for 30 min at room 

temperature. Finally, slides were washed again with PBS-T, dried and mounted with 

ProLong Gold Antifade Reagent (Molecular Probes, P36930).

DNA fibres were observed with a Nikon Eclipse NI-E fluorescence microscope 

with automatized stage and a 40x objective. The images were taken and processed with 

NIS ELEMENTS Nikon software. For each experiment, at least 200 DNA fibres were 

measured with Adobe Photoshop CS4.

3.1.7. Nick translation DNA labelling for FISH probe

The biotinylated DNA probe used for immuno-FISH (section 4.5.) was prepared 

by nick translation from the lacO-I-SceI plasmid (Table M4) that was used to create the 

U2OS19ptight13 cell line (Table M3). This probe stock can be prepared in advance and 

stored	at	-20ºC.	To	prepare	1	ml	of	DNA	probe	stock,	20	μg	of	lacO-I-SceI	plasmid	was	

incubated with 400 U of DNase I (Roche, 04 716 728 001), 200 U of E. coli polymerase 

I	(Biolabs,	M0209L),	50	μM	dATP,	dCTP	and	dGTP,	10	μM	dTTP,	and	30	μM	biotin-

16-UTP	(Roche,	11	093	070	910)	in	Nick	Translation	Buffer	(50	μM	Tris-HCl	pH	8.0,	5	

mM	MgCl2,	50	μg/ml	BSA,	and	10	μM	βγ-mercaptoethanol)	at	15ºC	for	2	h.	After	nick	

translation,	5	μl	of	the	sample	was	subjected	to	DNA	electrophoresis	in	a	1%	agarose	gel	
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to check the length of the generated probe (ideally 250-500 bp), and the reaction was 

stopped	by	adding	EDTA	to	a	final	concentration	of	5	μM.	

3.1.8. RNA extraction

RNA extracts were obtained from U2OS cells using RNeasy mini kit (Qiagen, 

74104) according to manufacturer’s instructions. RNA concentration was quantified by 

measuring 260 nm absorbance using a NanoDrop ND-1000 spectrophotometer, and 

the quality of the sample was checked by running a 1% agarose gel.

3.1.9. Reverse transcription

To	obtain	complementary	DNA	(cDNA),	1	μg	RNA	was	subjected	to	reverse	

transcription reaction using Quantitect Reverse Transcription kit (Qiagen, 205311) 

according to manufacturer’s instructions. 

3.1.10. Quantitative PCR (qPCR)

Quantitative PCR from cDNA was performed to check siRNA-mediated knock-

down of several proteins. For this, iTaq Universal SYBR Green Supermix (Bio-Rad, 

172-5124) was used following manufacturer’s instructions. DNA primers used for qPCR 

are listed in Table M6. qPCR was performed in an Applied Biosystem 7500 FAST 

Real-Time PCR system. The comparative threshold cycle (Ct) method was used to 

determine relative transcripts levels (Bulletin 5279, Real-Time PCR Applications Guide, 

Bio-Rad),	using	 γβ-actin	expression	as	internal	control.	Expression	levels	relative	to	 γβ-

actin were determined with the formula 2-γΔΔ γCt (Livak and Schmittgen, 2001).

3.2. Protein manipulations

3.2.1. Protein extraction under denaturing conditions

Unless specified otherwise, protein extraction under denaturing conditions was 

carried out by lysing the cells in Laemmli buffer 2x (125 mM Tris-HCl pH 6.8, 4% SDS, 

and 20% glycerol) using a plastic cell scraper (Sarstedt, 83.1830). Protein extracts were 
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passed through a syringe with 0.5x16 mm needle (BD Plastipak) for at least 10 times to 

reduce sample viscosity. Cellular debris was removed by centrifugation at 15,000 xg for 

5 min. Protein concentration was determined by the measurement of absorbance at 280 

nm using a NanoDrop ND-1000 spectophotometer.

3.2.2. SDS-PAGE electrophoresis

Proteins samples were resolved in 29:1 acrylamide:bis-acrylamide gels prepared 

at different concentrations for each experiment, according to the molecular weight 

of the proteins of interest. Different samples were diluted to obtain similar protein 

concentration and then SDS-PAGE loading sample buffer 4x (250 mM Tris-HCl pH 

6.8, 8% SDS, 40% glycerol, 20% βγ-mercaptoethanol	and	bromophenol	blue)	was	added	

to a final concentration of 1x. Samples were incubated at 100ºC for 5 min and then 

loaded into the gels. Prestained protein ladder (gTPbio, GTPBM003) was also loaded 

as a molecular weight marker. Electrophoresis was performed in a Mini-PROTEAN 

Tetra Cell (Bio-Rad) with running buffer (25 mM Tris-HCl pH 8.3, 190 mM glycine, 

and 0.1% SDS) at 100-150 V.

3.2.3. Western blot analysis

After electrophoresis, proteins were wet-transferred using Mini Trans-Blot system 

(Bio-Rad) for 1.5 h at 400 mA in transfer buffer (25 mM Tris-HCl pH 8.3, 190 mM 

glycine, 20% methanol and 0.1% SDS) into PVDF membranes (Immobilon-FL Millipore, 

IPFL00010) previously rinsed in methanol for 1 min and equilibrated in transfer buffer. 

Membranes were incubated in Odyssey Blocking Buffer (LI-COR Biosciences, 927-

40000) during at least 1 h at room temperature to reduce background signal with the 

antibodies and then they were incubated overnight at 4ºC with the appropriate primary 

antibodies (Table M1) diluted in Odyssey Blocking Buffer containing 0.1% Tween-20. 

Then, membranes were washed three times with 0.1% Tween-20 in TBS, and incubated 

with IRDye secondary antibodies (Table M2) diluted in Odyssey Blocking Buffer 

containing 0.1% Tween-20 for 1 h at room temperature protected from ambient light. 

Afterwards, they were washed again three times with 0.1% Tween-20 in TBS and dried 

before scanning. Image acquisition was performed in Odyssey CLx Imaging System 
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(LI-COR Biosciences) at two infrared wavelengths (700 and 800 nm) for differential 

imaging of both anti-rabbit and anti- mouse secondary antibodies at the same time. 

ImageStudio v.2.1 software was used for scanning and analysis of the images.

3.2.4. GFP immunoprecipitation (IP)

U2OS cells expressing GFP or GFP-tagged CtIP were subjected to protein 

extraction under native conditions by scrapping with an immunoprecipitation lysis 

buffer (50 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM EDTA, 0.2% Triton X-100, protease 

inhibitors [Roche, 11 873 580 001] and phosphatase inhibitor cocktail 3 [Sigma, P0044]). 

1	mg	of	protein	 extract	was	 incubated	with	40	μl	of	pre-equilibrated	magnetic	 anti-

GFP beads (Chromotek, Gtm-200) overnight at 4ºC with gentle rocking. Beads were 

then washed three times with lysis buffer, and precipitated proteins were recovered 

by incubating the beads for 5 min at 100ºC in lysis buffer containing 1x SDS-PAGE 

loading sample buffer. Finally, proteins were resolved by SDS-PAGE and analysed by 

western blotting as previously described.

3.2.5. Protein A immunoprecipitation

To immunoprecipitate endogenous CBX4, U2OS cells were scrapped in lysis 

buffer (50 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA, 0.5% NP-40, protease 

inhibitors [Roche, 11 873 580 001] and phosphatase inhibitor cocktail 3 [Sigma, P0044]). 

To degrade DNA, 100 U/ml Benzonase (VWR, 70746-4) was added to protein extracts 

and incubated 30 min on ice. 1 mg of protein extracts was then precleared with 

magnetic protein A Dynabeads (Novex, 10002D) under gentle agitation at 4ºC for 30 

min.	Precleared	samples	were	 then	 incubated	with	1	μg	anti-CBX4	antibody	 (Table	

M1) or a rabbit IgG (Sigma, I8140) as a control for 1.5 h at 4ºC. Dynabeads were added 

afterwards and the mixture was incubated for 1 additional hour at 4ºC with gentle 

agitation. Beads were then washed three times with lysis buffer, and the precipitate 

was eluted in Laemmli buffer and resolved in SDS-PAGE as described in the previous 

sections. 
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3.2.6. His-SUMO pulldown

To analyse sumoylation of CtIP, isolation of sumoylated proteins was performed 

in protein extracts from cells expressing polyhistidine-tagged SUMO1 or SUMO2. To 

study sumoylation of GFP-CtIP variants, HEK293T cells were transiently co-transfected 

with GFP-CtIP and 6xHis-SUMO1 or 6xHis-SUMO2 by calcium phosphate transfection 

protocol (see section 2.2.2.) 48 h prior pulldown assay. In those pulldowns performed 

under DNA damage conditions, cells were irradiated (10 Gy) and incubated at 37ºC 

for 1 h prior harvesting.

To study sumoylation of the endogenous CtIP protein, U2OS cells stably 

expressing 10xHis-SUMO1 or 10xHis-SUMO2 close to physiological levels (A. C. 

Vertegaal, Leiden University Medical Center) were used. In the experiments in which 

knockdown of CBX4 was performed, cells were transfected with siRNA targeting CBX4 

or a control sequence 48 h before the pulldown (Table M5).

Regardless of the nature of the cells used for the pulldown, the protocol was 

performed identically. Cells were scrapped in cold PBS, centrifuged at 500 xg for 5 

min and resuspended in lysis buffer (8 M urea, 20 mM Tris-HCl pH 7.9, and 150 

mM NaCl). Protein extracts were then passed through a syringe with a 0.5x16 mm 

needle (BD Plastipak) for at least 10 times to reduce viscosity, and centrifuged at 

15,000 xg for 5 min to remove cellular debris. 1 mg of protein extract was incubated 

with	 50	 μl	 of	 pre-equilibrated	 magnetic	 Dynabeads	 His-Tag	 Isolation	 &	 Pulldown	

(Life Technologies, 10103D) in a rocking wheel for 2 h at room temperature. After 

incubation, the supernatant was collected, the beads were washed three times with lysis 

buffer supplemented with 5 mM imidazol (Merck, 1.04716.1000), and the proteins were 

obtained by boiling the beads in elution buffer (0.5x lysis buffer, 200 mM imidazol, and 

2x SDS-PAGE sample loading buffer) for 2 min at 100ºC. Finally, precipitated proteins 

were resolved by SDS-PAGE and analysed by western blotting as described.
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3.2.7. Proteinase K partial digestion

Partial digestion of GFP-CtIP by proteinase K was performed to compare the 

overall three-dimensional structure of the WT and the K896R mutant proteins. In 

order to perform this experiment, U2OS cells stably expressing the different GFP-

CtIP variants were subjected to GFP immunoprecipitation (see section 3.2.4). Beads 

containing the immunoprecipitated proteins in their native condition were resuspended 

in IP lysis buffer (50 mM Tris-HCl pH 7.5, 50 mM NaCl, 1 mM EDTA, 0.2% Triton 

X-100, protease inhibitors [Roche, 11 873 580 001] and phosphatase inhibitor cocktail 

3 [Sigma, P0044]) and divided into four parts, which were incubated with 0, 5, 15 or 

50 ng/ml proteinase K for exactly 3 min at room temperature. Samples were then 

incubated in 1x SDS-PAGE sample loading buffer for 5 min at 100 ºC, loaded into 

a 4-20% SDS-PAGE polyacrylamide gel (Bio-Rad, 456-1094) and analysed by western 

blotting using anti-CtIP antibody (Table M1). 

3.2.8. Cell fractionation

U2OS cells stably expressing GFP-CtIP WT or K896R mutant were subjected 

to nuclear/cytoplasm fractionation to analyse the distribution of both CtIP variants 

in the different cellular compartments. For this, cells were transfected with siCtIP to 

remove endogenous CtIP and 48 h later they were irradiated or not with 10 Gy ionizing 

radiation. 1 h post-irradiation, cells were harvested in resuspension buffer (10 mM 

HEPES pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glycerol, 1 mM DTT 

and protease inhibitors [Roche, 11 873 580 001]). To disrupt cellular membranes, Triton 

X-100 was added to cell suspensions to a final concentration of 0.1%, and samples were 

incubated	on	ice	for	8	min.	Cells	were	then	centrifuged	at	4ºC	at	1300	γg	for	5	min	to	

separate the cytoplasmic fraction from the nuclei pellet. Nuclei were then washed once 

with resuspension buffer and incubated with resuspension buffer containing 90 U/ml 

Benzonase (VWR, 70746-4) and 0.1 mg/ml BSA for 1 h on ice. Cytoplasmic and nuclear 

fractions were boiled in 1x SDS-PAGE loading sample buffer, loaded into a 4-20% SDS-

PAGE polyacrylamide gel (Bio-Rad, 456-1094) and analysed by western blotting.
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4. Cell biology procedures

4.1. Cell cycle analysis by flow cytometry

Cells were harvested, centrifuged at 500 xg for 5 min, and washed once with PBS. 

Cell	pellet	was	resuspended	in	200	μl	of	cold	PBS,	fixed	by	adding	5	ml	cold	70%	ethanol	

dropwise while vortexing at low speed, and incubated at 4ºC overnight. Cells were then 

centrifuged, washed once with PBS to remove excess of ethanol, and incubated with 

PBS	containing	250	μg/ml	RNaseA	 (Sigma,	R6148)	and	10	μg/ml	propidium	 iodide	

(Fluka, 81845) at 37ºC for 30 min in the dark. Finally, cells were analysed in a BD 

FACSCalibur Flow Cytometer (BD Biosciences, 342975) and CellQuest Pro software. 

Cell cycle profiles were analysed using ModFit LT 3.0 (Verity Software House, Inc; 

Topsham, ME, USA).

4.2. Clonogenic assay

To study cell survival after PARP inhibition in different cell lines, a clonogenic 

assay was performed as described previously (PUCK et al., 1956). U2OS cells expressing 

GFP and GFP-CtIP variants were subjected to siCtIP transfection and seeded in 6-well 

plates at two different concentrations (500 and 1,000 cells per well) in triplicates one day 

before treatment with different acute doses of PARP inhibitor Olaparib (AstraZeneca, 

AZD2281). Treatments consisted in 0 (non-treated condition), 0.01, 0.1, 1 and 10 

μM	Olaparib	diluted	in	DMSO	and	added	to	the	medium.	After	1h	incubation	with	

Olaparib, medium was removed and cells were washed twice with PBS before adding 

fresh medium. Cells were then grown for 8-9 days to allow colonies formation. Once 

colonies were big enough, they were fixed and visualized by staining with 0.5% crystal 

violet (Merck, 1.15940.0025) diluted in 20% ethanol, followed by washes with water to 

remove the excess of staining. The plates were dried and the number of colonies per 

well was scored for each condition and normalized to the untreated condition for each 

cell type.
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4.3. RPA and RAD51 foci immunofluorescence

U2OS cells knocked-down for different proteins were seeded on coverslips. 1 h 

(for RPA) or 3 h (for RAD51) after irradiation (10 Gy), coverslips were washed once 

with PBS followed by treatment with pre-extraction buffer (25 mM Tris-HCl, pH 7.5, 

50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 300 mM sucrose and 0.2% Triton X-100) 

for 5 min on ice. Cells were fixed with 4% paraformaldehyde (w/v) in PBS for 20 

min. After three washes with PBS, cells were incubated for 1 h with blocking buffer 

(5% FBS in PBS), co-stained with the appropriate primary antibodies (Table M1) in 

blocking buffer overnight at 4ºC or for 2 h at room temperature, washed again with 

PBS and then co-immunostained with the appropriate secondary antibodies (Table 

M2) in blocking buffer. After washing with PBS, coverslips were mounted into glass 

slides using Vectashield mounting medium with 4’,6-diamidino-2-phenylindole (DAPI) 

(Vector Laboratories, H-1200). 

Samples were visualized using Leica AF6000 fluorescence microscope and a 63x 

objective. In each experiment, at least 200 cells were analyzed for RPA foci, and 100 

for RAD51.

4.4. Proximity ligation assay (PLA)

To study if the proteins CtIP and CBX4 localize close to each other in the cells, 

proximity ligation assay was performed using Duolink PLA kit (Olink Bioscience) 

according to manufacturer’s instructions. For this, U2OS cells growing on coverslips 

were irradiated (10 Gy) or not and, and 1 h later they were fixed with cold methanol 

for 10 min followed by cold acetone for 30 sec, washed three times with cold PBS 

and blocked with Duolink PLA blocking solution for 30 min at 37ºC. They were then 

incubated with primary antibodies against CtIP and/or CBX4 (Table M1) diluted in 

Duolink PLA antibody diluent at 4ºC overnight, and incubated afterwards with the 

combination of MINUS and PLUS secondary PLA probes for 1 h at 37ºC. Detection 

was carried out with Duolink Detection kit Red (Olink Biosciences). After this, 

coverslips were dried and mounted into slides using Vectashield containing DAPI 
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(Vector Laboratories, H-1200). At least 200 cells per experiment were analysed using a 

Leica AF6000 fluorescence microscope with a 63x objective.

4.5. Immuno-FISH

To study the recruitment of different CtIP variants to DSBs, U2OS19ptight13 

cells (Lemaître et al., 2012) stably expressing Flag-Cherry-CtIP variants were subjected 

to	an	immunofluorescence	for	CtIP,	 γγH2AX (to measure DSB induction) and cyclin 

A (to select cells in late S/G2 phases of the cell cycle). A FISH to detect the site of the 

break was performed after the immunofluorescence.  

Cells were cultured on coverslips and transfected with siCtIP to avoid expression 

of the endogenous form of CtIP 48 hours prior starting the immuno-FISH protocol.

To induce DSBs, doxycycline hyclate (Sigma, D9891) was added to the medium 

at	a	final	concentration	of	1	μg/ml.	14	hours	after	doxycycline	addition,	cells	were	fixed	

in 4% paraformaldehyde (w/v) in PBS for 10 min, washed twice with PBS, permeabilized 

in 0.5% Triton X-100 in PBS for 15 min, washed twice with PBS, and incubated with 

blocking solution (3% BSA in PBS with 0.1% Tween-20) for 30 min at room temperature. 

Afterwards, coverslips were incubated for 1 hour at room temperature with primary 

antibodies	 against	 cyclin	A	 and	CtIP	 or	 γγH2AX (Table M1) prepared in blocking 

solution, washed three times with 0.1% Tween-20 in PBS, incubated for 1 h at room 

temperature with the appropriate secondary antibodies (Table M2) prepared in 

blocking solution and washed three times with PBS. 

After this, cells were subjected to a post-fixation in 4% formaldehyde (Sigma, 

F8775) in PBS for 20 min, washed once with 2x saline-sodium citrate buffer (SSC) for 

5 min, and again with 2x SSC for additional 45 min with an increasing temperature 

from room temperature to 72ºC in a water bath. After one wash in 70% ethanol and 

two washes in absolute ethanol, coverslips were dried for 5 min at room temperature. 

They were subsequently incubated with 0.1 N NaOH for 10 min, washed in 2x SSC 

for 5 min, washed again once with 70% ethanol and twice with absolute ethanol. After 
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drying, cells were hybridized with a biotinylated DNA probe for 30 sec at 85ºC and 

incubated overnight at 37ºC. 

To	prepare	the	DNA	probe	for	hybridization,	0.3	μg	of	probe	stock	(prepared	

as	described	in	section	3.1.7)	per	sample	was	mixed	with	9	μg	of	salmon	sperm	DNA	

and	3	μg	of	CotI	human	DNA	(Sigma,	11581074001),	and	precipitated	by	adding	2.5	

vol of ethanol and 1/10 vol of 2.5M sodium acetate and incubating for 30 min at -80ºC. 

Afterwards, it was centrifuged at maximum speed and 4ºC for 20 min to recover the 

DNA. The supernatant was discarded, and the pellet was washed with 70% ethanol and 

centrifuged again in the same conditions for 5 min. The supernatant was discarded, 

and	the	pellet	was	dried	at	room	temperature.	The	pellet	was	resuspended	in	20	μl	of	

hybridization solution per sample, composed by 50% formamide (Sigma, F9037), 4x 

SSC, and 10% dextran sulfate (Sigma, D8906). To ensure resuspension of the pellet, 

it was vortexed at room temperature for 1 h. The probe was then denatured for 5 

min at 90ºC and preannealed for at least 15 min at 37ºC before hybridization with the 

coverslips.

The day after hybridization, coverslips were washed twice with 2x SSC at 42ºC 

and then incubated again with secondary antibodies used in the immunofluorescence, 

under the same conditions that were applied previously. After re-incubation with the 

secondary antibodies, coverslips were washed three times with 0.1% Tween-20 in PBS 

and incubated with fluorescein-conjugated anti-biotin antibody (Table M1) prepared in 

blocking solution for 45 min at room temperature. Coverslips were then washed three 

times with PBS, dried and mounted in Vectashield Antifade mounting medium (Vector 

Laboratories, H-1200) containing DAPI. 

Slides were observed under a Leica TCS SP5 confocal microscope, using a 

63x objective. Recruitment of the different Flag-Cherry-CtIP variants to the DSBs was 

analysed by counting the cells in which Cherry fluorescent signal colocalized with 

the green fluorescein signal, marking the lacO repeats flanking the I-SceI cleavage 

sequence. For this, 100 cells were scored per condition, taking into account only the 

ones that were positives for cyclin A to avoid cell cycle perturbations.
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4.6. Micronuclei detection

U2OS expressing GFP or GFP-tagged CtIP variants were transfected with siCtIP 

and seeded into coverslips 48 h before the experiment. They were then irradiated (10 

Gy) or not and, following this treatment, cytochalasin B (Sigma, C2743) was added to 

the	medium	at	a	final	concentration	of	4	μg/ml.	24	h	after	the	treatment,	cells	were	fixed	

with 4% paraformaldehyde (w/v) in PBS for 20 min, washed twice with PBS, and blocked 

in 5% FBS in PBS for 1 h at room temperature. Coverslips were then incubated with 

anti-α-tubulin primary antibody (Table M1) diluted in blocking buffer for 2 h at room 

temperature, washed three times with PBS and incubated for 1 h at room temperature 

with the appropriate secondary antibody (Table M2). Finally, coverslips were washed 

again three times with PBS, dried and mounted onto slides with Vectashield containing 

DAPI.

Samples were analysed using a Leica AF6000 fluorescence microscope and a 63x 

objective. Only binucleated cells were scored, which was confirmed by visualization of 

the cytoplasm with anti-α-tubulin antibody. A total of 100 binucleated cells were scored 

per experiment, and the number of micronuclei present in each one was counted. 

4.7. Gross chromosomal aberration (GCA) analysis in 
mitotic spreads

Aberrant chromosomes were counted on DAPI-stained mitotic spreads. Following 

endogenous CtIP depletion, GFP or GFP-CtIP expressing U2OS cells were exposed to 

2 Gy of IR and then allowed to recover for 8 h in fresh medium before chromosome 

preparation. Within these 8 h, cells were treated with 2 mM caffeine (Sigma, C0750) 

for the last 5 h to allow cells with gross chromosomal aberrations (GCAs) to enter 

mitosis,	and	for	the	last	3	h,	they	were	treated	with	0.1	μg/ml	Demecolcine		(Sigma,	

D9125) to induce chromosome condensation. Cells were then harvested and treated 

with 0.075 M KCl for 10 min at 37ºC, fixed in methanol/acetic acid (3/1), washed twice 



158

Materials and methods

with methanol/acetic acid (3/1), and then spread on a glass microscope slide, air-dried, 

and mounted with Vectashield Antifade mounting medium containing DAPI (Vector 

Laboratories, H-1200).

Samples were visualized in a Leica AF600 fluorescence microscope, with a 63x 

objective. The number of GCAs per mitosis was scored in 50 cells per experiment.

5. Statistical analysis
Statistical analyses used for each experiments are specified in the pertinent figure 

legend. All analyses were performed with PRISM software (Graphpad Software Inc.). 

Statistically significant differences were labelled with one, two, or three asterisks if P < 

0.05, P < 0.01 or P < 0.001, respectively. Biologically relevant comparisons that were not 

statistically significant are stated as n.s.
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Antibody Species Reference / Suppliers Application (dilution)

CtIP Mouse Kind gift from R. Baer WB (1/500), PLA (1:250), IF-
FISH (1:50), IHC (1:20)

Rb Rabbit Abcam; ab39689 IHC (1:100)

GFP Rabbit Santa-Cruz; sc-8334 WB (1:1,000)

SUMO1 Rabbit Abcam; ab32058 WB (1/1,000)

SUMO2/3 Rabbit Abcam; ab3742 WB (1:1,000)

αTubulin Mouse Sigma; T9026 WB (1:50,000), IF (1:1,000)

PIAS4 Rabbit Abcam; ab58416 WB (1:1,000)

CBX4 Rabbit Sigma; HPA008228 WB (1:500), PLA (1:250), IP

RanBP2 Mouse Santa-Cruz; sc-74518 WB (1:1,000)

γH2AX Mouse Millipore; 05-636 IF-FISH (1:250)

γH2AX Rabbit Cell Signaling; 2577L IF (1:500)

RPA32 Mouse Abcam; ab2175 IF (1:500)

Cyclin A Rabbit Santa-Cruz; sc-751 IF-FISH (1:250)

Histone H3 Rabbit Abcam; ab1791 WB (1:20,000)

RAD51 Mouse Abcam; ab213 IF (1:1,000)

MRE11 Rabbit Novus (NB100-142) WB (1:5,000)

Fluorescein- 
conjugated 
biotin

Goat Vector Lab (SP-3040) IF-FISH (1:250)

Table M1. Primary antibodies used in this Thesis

6. Tables of  materials
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Antibody Species Reference / Suppliers Application (dilution)

Alexa Fluor 594 anti-mouse Goat Invitrogen; A11032 IF (1:1,000), 
SMART (1:1,000)

Alexa Fluor 488 anti-rabbit Goat Invitrogen; A11034 IF (1:1,000)

Alexa Fluor 568 anti-mouse Goat Invitrogen; A11004 IF (1:1,000)

Alexa Fluor 647 anti-rabbit Goat Invitrogen; A21244 IF (1:1,000)

Alexa Fluor 568 anti-rabbit Goat Invitrogen; A11011 IF-FISH (1:250)

Alexa Fluor 647 anti-mouse Goat Invitrogen; A21235 IF-FISH (1:250)

IRDye 680RD anti-mouse IgG (H+L) Goat LI-COR; 926-
68070

WB (1:5,000 - 
1:15,000)

IRDye 800CW anti-rabbit IgG (H+L) Goat LI-COR; 926-32211 WB (1:5,000 - 
1:15,000)

Table M2. Secondary antibodies used in this Thesis
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Cell line Selection Source/Reference

U2OS No ATCC HTB-96

HEK293T No ATCC CRL-11268

U2OS GFP-6xFLAG-CtIP WT G418 This study

U2OS GFP-6xFLAG-CtIP 6KR G418 This study

U2OS GFP-6xFLAG-CtIP 7KR G418 This study

U2OS GFP-6xFLAG-CtIP K896R G418 This study

U2OS GFP-6xFLAG-CtIP WT-SUMO1 G418 This study

U2OS GFP-6xFLAG-CtIP K896R-SUMO1 G418 This study

U2OS GFP G418 This study

U2OS GFP-6xFLAG-CtIP T847A G418 This study

U2OS GFP-6xFLAG-CtIP T847E G418 This study

U2OS GFP-6xFLAG-CtIP T847A-SUMO1 G418 This study

U2OS GFP-6xFLAG-CtIP T847E K896R G418 This study

U2OS GFP-6xFLAG-CtIP E894A G418 This study

U2OS GFP-6xFLAG-CtIP E894A-SUMO1 G418 This study

U2OS 10xHis-SUMO1 Puromycin Kind gift from A.C. Vertegaal

U2OS 10xHis-SUMO2 No Kind gift from A.C. Vertegaal

U2OS19ptight13 FLAG-Cherry-CtIP WT G418, Puromycin This study

U2OS19ptight13 FLAG-Cherry-CtIP 
K896R

G418, Puromycin This study

U2OS19ptight13 FLAG-Cherry-CtIP WT-
SUMO1

G418, Puromycin This study

U2OS19ptight13 FLAG-Cherry-CtIP 
K896R-SUMO1

G418, Puromycin This study

Table M3. Cell lines used in this Thesis
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Plasmid Description Selection marker Source/Reference

pEGFP-C1 Expression of EGFP Kanamycin/G418 Clontech (6084-1)

pGFP-6xFLAG-CtIP 
WT

pEGFP-C1 containing 
6xFLAG and CtIP gene 
fused to EGFP

Kanamycin/G418 Generated in Dr. 
Steve Jackson's lab 
by Dr. Pablo Huertas

pGFP-6xFLAG-CtIP 
6KR

Derived from pGFP-6xFLAG-
CtIP WT. 6KR means K46R, 
K449R, K578R, K705R, 
K709R, and K802R

Kanamycin/G418 This study

pGFP-6xFLAG-CtIP 
7KR

Derived from pGFP-
6xFLAG-CtIP WT. 7KR 
means K46R, K449R, 
K578R, K705R, K709R, 
K802R, and K896R

Kanamycin/G418 This study

pGFP-6xFLAG-CtIP 
K896R

Derived from pGFP-
6xFLAG-CtIP WT

Kanamycin/G418 This study

pGFP-6xFLAG-CtIP 
WT-SUMO1

Derived from pGFP-
6xFLAG-CtIP WT

Kanamycin/G418 This study

pGFP-6xFLAG-CtIP 
K896R-SUMO1

Derived from pGFP-
6xFLAG-CtIP WT

Kanamycin/G418 This study

pGFP-6xFLAG-CtIP 
T847A

Derived from pGFP-
6xFLAG-CtIP WT

Kanamycin/G418 This study

pGFP-6xFLAG-CtIP 
T847E

Derived from pGFP-
6xFLAG-CtIP WT

Kanamycin/G418 This study

pGFP-6xFLAG-CtIP 
T847A-SUMO1

Derived from pGFP-
6xFLAG-CtIP WT-SUMO1

Kanamycin/G418 This study

pGFP-6xFLAG-CtIP 
T847E K896R

Derived from pGFP-
6xFLAG-CtIP WT

Kanamycin/G418 This study

pGFP-6xFLAG-CtIP 
E894A

Derived from pGFP-
6xFLAG-CtIP WT

Kanamycin/G418 This study

pGFP-6xFLAG-CtIP 
E894A

Derived from pGFP-
6xFLAG-CtIP WT

Kanamycin/G418 This study

pGFP-6xFLAG-CtIP 
E894A-SUMO1

Derived from pGFP-
6xFLAG-CtIP WT-SUMO1

Kanamycin/G418 This study

Table M4. Plasmids used in this Thesis
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Plasmid Description Selection marker Source/Reference

pRX FLAG-Cherry-
CtIP WT

CtIP gene fused to FLAG-
Cherry sequences

Chloramphenicol/
Puromycin

Generated in Dr. 
Bernardo Reina 
San-Martin lab for 
this study

pRX FLAG-Cherry-
CtIP K896R

CtIP gene fused to FLAG-
Cherry sequences and 
containing K896R mutation 
on CtIP

Chloramphenicol/
Puromycin

Generated in Dr. 
Bernardo Reina 
San-Martin lab for 
this study

pRX FLAG-Cherry-
CtIP WT-SUMO1

SUMO1 fusion of FLAG-
Cherry-CtIP

Chloramphenicol/
Puromycin

Generated in Dr. 
Bernardo Reina 
San-Martin lab for 
this study

pRX FLAG-Cherry-
CtIP K896R-SUMO1

SUMO1 fusion of FLAG-
Cherry-CtIP and containing 
K896R mutation on CtIP

Chloramphenicol/
Puromycin

Generated in Dr. 
Bernardo Reina 
San-Martin lab for 
this study

p8.91 Expression of lentiviral 
capside proteins for 
lentivirus production

Ampicillin/ 
Puromycin

Kind gift from Dr. 
Felipe Cortés-
Ledesma

pVSVG Expression of lentiviral 
envelope proteins for 
lentivirus production

Ampicillin/ 
Puromycin

Kind gift from Dr. 
Felipe Cortés-
Ledesma

pLKO.1-shNT Expression of shRNA with 
a non-target sequence for 
lentivirus production

Ampicillin/ 
Puromycin

Sigma (SHC016V)

pLKO.1-shCtIP Expression of shRNA 
against CtIP for lentivirus 
production

Ampicillin/ 
Puromycin

Sigma 
(NM_002894.1-
3008s1c1)

pRSV Backbone plasmid used as 
a control for pRSV-SUMO1 
and SUMO2 expression

Ampicillin/ 
Puromycin

Kind gift from Dr. 
Mario García-
Domínguez

pRSV-SUMO1 Expression of human 
SUMO1 isoform

Ampicillin/ 
Puromycin

Kind gift from Dr. 
Mario García-
Domínguez

pRSV-SUMO2 Expression of human 
SUMO2 isoform

Ampicillin/ 
Puromycin

Kind gift from Dr. 
Mario García-
Domínguez

lacO ISce-I Production of immunoFISH 
DNA probe

Ampicillin Kind gift from Dr. 
Evi Soutoglou

Continuation of Table M4. Plasmids used in this Thesis
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siRNA Sense sequence (5’–3’) Reference Supplier

Non-
target 
(NT) pool

UGGUUUACAUGUCGACUAA, 
UGGUUUACAUCUUGUGUGA, 
UGGUUUACAUGUUUUCUGA, 
UGGUUUACAUGUUUUCCUA

D-001810-10 Dharmacon

CtIP GCUAAAACAGGAACGAAUC (López-Saavedra et 
al., 2016)

SIGMA

PIAS1 GGAUCAUUCUAGAGCUUUA (Galanty et al., 2009) SIGMA

PIAS3 CCCUGAUGUCACCAUGAAA (Galanty et al., 2009) SIGMA

PIAS4 GGAGUAAGAGUGGACUGAA (Galanty et al., 2009) SIGMA

CBX4 GUACUACUACCAGCUCAACUU (Sakamoto et al., 
2007)

SIGMA

MMS21 CAGAAGGAGUGGAUGAAGAUAUAAU (Ni et al., 2012) SIGMA

RanBP2 GAAGGAAUGUUCAUCAGGA J-004746-12 Dharmacon

FUS GGACAGCAGCAAAGCUAUA J-009497-09 Dharmacon

TRAF7 CGGUGAAGCUGUGCUGUCA J-007086-05 Dharmacon

UHRF2 GUACUAUUGUCCCUUCUAA (Oh and Chung, 2013) SIGMA

TOPORS CAAGGAGCCUGUCUAGUAA (Gibbs-Seymour et al., 
2014)

SIGMA

Table M5. siRNAs used in this Thesis
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Primer name Sequence (5’–3’) Use

ACTB qPCR Fw ACGAGGCCCAGAGCAAGA RT-qPCR of Actin

ACTB qPCR Rv GACGATGCCGTGCTCGAT RT-qPCR of Actin

PIAS1 qPCR Fw CAGCTCTTCACCCAGTCCAT RT-qPCR of PIAS1

PIAS1 qPCR Rv CGCTGACTGTTGTCTGATGC RT-qPCR of PIAS1

PIAS3 qPCR Fw TGTCACCATGAAACCATTGC RT-qPCR of PIAS3

PIAS3 qPCR Rv AGGTAAAGTGCGCTTCCTCA RT-qPCR of PIAS3

hMMS21 qPCR Fw AAGCTGACGGAACAGAAGGAG RT-qPCR of hMMS21

hMMS21 qPCR Rv ATGGCGTCCTCTTCATAGGTG RT-qPCR of hMMS21

FUS qPCR Fw CTATGGAACTCAGTCAACTCCCC RT-qPCR of FUS

FUS qPCR Rv CTGCCCGTAAGACGATTGG RT-qPCR of FUS

TRAF7 qPCR Fw GTGTGGTGTCTCTGCGTCTAC RT-qPCR of TRAF7

TRAF7 qPCR Rv ACACAATGATGGTGCAGTCTG RT-qPCR of TRAF7

UHRF2 qPCR Fw GCCTTGGTGCTTGGTTTGAAG RT-qPCR of UHRF2

UHRF2 qPCR Rv AGACGTAGAGGGTACACTGTC RT-qPCR of UHRF2

TOPORS qPCR Fw CGACACCGACCTAGCTTTCT RT-qPCR of TOPORS

TOPORS qPCR Rv CCTTAGCAGCTGATGCCATT RT-qPCR of TOPORS

CtIP sumo site 6 Fw GGAGAAGAGAGGAGAGAAG Mutation of K802R of CtIP by 
conventional PCR

CtIP sumo site 6 Rv TCCTCTCTTCTCCGAACCA Mutation of K802R of CtIP by 
conventional PCR

CtIP sumo site 1 multi CAAGGTTTACAAGTAAAAGTAACC 
AAGCTAAGACAGGAACGAATCTTA

Mutation of K46R of CtIP with 
QuickChange Multisite kit

CtIP sumo site 2 multi CCGAACATCCAAAAGGAAGAGAA 
CTGAGGAAGAAAGTGAAC

Mutation of K449R of CtIP 
with QuickChange Multisite kit

CtIP sumo site 3 multi TCTCCAGACAATAAACCATCATTAC 
AAATAAGAGAAGAAAATGCTGTC

Mutation of K578R of CtIP 
with QuickChange Multisite kit

CtIP sumo sites 4&5 
multi

TCTTAAAAATGAAGAGGCAAGAG 
CAGAGGGGAGAAAAAAGTTCA

Mutation of K705R and 
K709R of CtIP with Quick-
Change Multisite kit

CtIP sumo site 7 multi CAAAAGGCAAGGAGCAGAGGACA 
TAGGGATCCACCGGA

Mutation of K896R of CtIP 
with QuickChange Multisite kit

CtIP sumo site 7 Rv ATCCCTATGTCCTCTGCTCCTTGC 
CTTTTGGAGAAAATATTGCG

Mutation of K896R of CtIP with 
QuickChange kit (not multisite)

 

Table M6. Primers used in this Thesis
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Primer name Sequence (5’–3’) Use

Cloning CtIP NotI Fw GACAGCGGCCGCGGATCCA 
CCGGATCTAGATAAC

Substitution of the STOP codon 
of CtIP by a NotI site

Cloning CtIP NotI Rv 
sumo site 7 wt

TCCGGTGGATCCGCGGCCG 
CTGTCTTCTGCTCCTTGC

Substitution of the STOP codon 
of CtIP by a NotI site

Cloning CtIP NotI Rv 
sumo site 7 mutated

TCCGGTGGATCCGCGGCCG 
CTGTCCTCTGCTCCTTGC

Substitution of the STOP codon 
of CtIP by a NotI site and 
mutation of K896R

Cloning Sumo1 
BamHI NotI Fw

GGATCCGGGCGGCCGCGGA 
CCAGGAGGCAAAACC

Introduction of BamHI and NotI 
sites at both sides of SUMO1 by 
conventional PCR

Cloning Sumo1 
BamHI NotI Rv

GCGGCCGCGGATCCCTAACC 
CCCCGTTTGTTC

Introduction of BamHI and NotI 
sites at both sides of SUMO1 by 
conventional PCR

GFP-Flag-CtIP E894A 
Fw

CTCCAAAAGGCAAGGCGCAG 
AAGACATAGGG

Mutation of E894A of CtIP with 
QuickChange kit

GFP-Flag-CtIP E894A 
Rv

CCCTATGTCTTCTGCGCCTTG 
CCTTTTGGAG

Mutation of E894A of CtIP with 
QuickChange kit

GFP-Flag-CtIP-SUMO1 
E894A Fw

CTCCAAAAGGCAAGGCGCAGA 
AGACAGCGGC

Mutation of E894A of CtIP-
SUMO1 fusion with QuickChange 
kit

GFP-Flag-CtIP-SUMO1 
E894A Rv

GCCGCTGTCTTCTGCGCCTTG 
CCTTTTGGAG

Mutation of E894A of CtIP-
SUMO1 fusion with QuickChange 
kit

CtIP T847A Fw CGCTACATTCCACCCAACGCA 
CCAGAGAATTTTTGG

Mutation of T847A of CtIP with 
QuickChange kit

CtIP T847A Rv CCAAAAATTCTCTGGTGCGTT 
GGGTGGAATGTAGCG

Mutation of T847A of CtIP with 
QuickChange kit

CtIP T847E Fw CCGCTACATTCCACCCAACGA 
ACCAGAGAATTTTTGGG

Mutation of T847E of CtIP with 
QuickChange kit

CtIP T847E Rv CCCAAAAATTCTCTGGTTCGT 
TGGGTGGAATGTAGCGG

Mutation of T847E of CtIP with 
QuickChange kit

SUMO1 diGly Fw GTTTATCAGGAACAAACGTAG 
GGATCCACTAGTCCAGTG

Deletion of the two C-terminal 
glycines of SUMO1 with 
QuickChange kit

SUMO1 diGly Rv CACTGGACTAGTGGATCCCTA 
CGTTGTTCCTGATAAAC

Deletion of the two C-terminal 
glycines of SUMO1 with 
QuickChange kit

Continuation of Table M6. Primers used in this Thesis
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Abstract

CtIP/RBBP8 is a multifunctional protein involved in transcription, DNA repli-

cation, DNA repair by homologous recombination and the G1 and G2 check-

points. Its multiple roles are controlled by its interaction with several specific

factors, including the tumor suppressor proteins BRCA1 and retinoblastoma.

Both its functions and interactors point to a putative oncogenic potential of

CtIP/RBBP8 loss. However, CtIP/RBBP8 relevance in breast tumor appearance,

development, and prognosis has yet to be established. We performed a retro-

spective analysis of CtIP/RBBP8 and RB1 levels by immunohistochemistry using

384 paraffin-embedded breast cancer biopsies obtained during tumor removal

surgery. We have observed that low or no expression of CtIP/RBBP8 correlates

with high-grade breast cancer and with nodal metastasis. Reduction on CtIP/

RBBP8 is most common in hormone receptor (HR)-negative, HER2-positive,

and basal-like tumors. We observed lower levels of RB1 on those tumors with

reduced CtIP/RBBP8 levels. On luminal tumors, decreased but not absence of

CtIP/RBBP8 levels correlate with increased disease-free survival when treated

with a combination of hormone, radio, and chemo therapies.

Introduction

Cancer appearance, development, and progression are

characterized by a progressive accumulation of genetic

mutations that abolish the natural constrains of cellular

division in pluricellular organisms [1, 2]. While in normal

cells mutations build up slowly due to the existence of

multiple mechanisms that prevent them, DNA mutations

at accelerated rates in precancerous and cancer cells accu-

mulate, a phenomenon known as genomic instability [1,

2]. There are many reasons why the genome of cancer

cells is less stable. First, they tend to replicate more and

faster than normal cells, mainly due to the loss of cell

cycle proteins, such retinoblastoma (RB1), that control

the G1/S transition [1, 3, 4]. Second, replication tends to

be more mutagenic in those cells, either due to problems

in the replication machinery itself or in the response to

replication-borne DNA lesions [2, 5]. Third, cancer and

precancer cells usually deal erroneously with damaged

DNA, either not signaling the lesions correctly (e.g., due

774 ª 2013 The Authors. Cancer Medicine published by John Wiley & Sons Ltd. This is an open access article under the terms of
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to the lack of p53, RB1, ataxia telangiectasia mutated

(ATM), ataxia telangiectasia and Rad3 related (ATR),

etc.), or due to alterations on the DNA repair mecha-

nisms (caused by mutations such as BRCA1, BRCA2, and

RAD51) [6, 7]. Finally, a more tenuous source of geno-

mic instability is the general upheaval of transcription

profiles in cancer cells, which contribute to increased

mutations [8]. Considering all, it is not surprising that

mutations that affect any of the aforementioned mecha-

nisms of replication, repair, and transcription are usually

selected early on in cancer development and have a net

contribution of cancer progression.

A protein with a strong but not completely explored

cancer connection is CtIP/RBBP8. This protein has been

implicated in several nuclear pathways, mainly through its

interaction with additional factors, many of them bona

fide tumor suppressor genes. CtIP/RBBP8 was first

described as a transcriptional corepressor together with

CtBP [9]. It has also been shown to bind several other

cancer-related transcription factors such as Ikaros, TRB3,

or LMO4 [10–12]. At the same time, CtIP/RBBP8 was

described to play a critical role in the initiation of

S-phase and DNA replication as a negative regulator of

RB1 and the G1 checkpoint [13, 14]. Later, CtIP/RBBP8

was found to participate in DNA replication by binding

proliferating nuclear cell antigen (PCNA) and to play an

important role in minimizing replication-induced DNA

breaks [15]. Finally, CtIP/RBBP8 plays a critical role in

DNA damage detection, signaling, and repair, mainly by

its interactions with BRCA1 and the MRE11-RAD50-

NBS1 (MRN) complex [16–18].
Despite these connections with cancer, little is known

about the role of CtIP/RBBP8 as a tumor suppressor gene

itself. CtIP/RBBP8 microsatellite-induced frameshift

mutations have been found in colorectal cancer [19, 20]

and endometrial cancer [21], and point mutations have

been observed in some cancer cell lines [18]. Strikingly,

haploid insufficiency in mouse led to increased tumor

appearances, of mainly large B cell lymphomas [13].

Functionally, CtIP/RBBP8 transcriptional activity seems

to contribute to cancer development and treatment

success [22–24]. In addition, CtIP/RBBP8 is a key player

in cell cycle control, through its interaction with RB1, as

its activity is required for overcoming RB1-mediated cell

cycle arrest [13, 14]. The relationship between both fac-

tors is so tight that CtIP/RBBP8 knock-out in mouse is

lethal in the presence of functional RB1 [13].

The stronger link between CtIP/RBBP8 and cancer,

and specifically breast cancer, relies in its functional

interaction with BRCA1 in DNA repair. CtIP/RBBP8 and

BRCA1 physically interact and act together in the

homologous recombination pathway [17, 18, 25, 26]. In

fact, BRCA1 point mutations that abolish its interaction

with CtIP/RBBP8 have been associated with tumor

progression [27–29]. In stark contrast, other mutations in

conserved BRCA1 regions that maintain CtIP/RBBP8 bind-

ing are considered benign [30]. Despite this relationship,

no CtIP/RBBP8 mutations have been observed so far in

families with hereditary cancer but that are wild type for

BRCA1 and BRCA2 [31]. However, an association with

specific CtIP/RBBP8 haplotypes has been proposed to be a

cancer-risk modifier in breast cancer for BRCA1 mutation

carriers [32], but not for ovarian cancer [32, 33].

Despite all the available data, no systematic study of

CtIP/RBBP8 expression on breast cancer samples and its

correlation with treatment response and disease-free

survival has been done. We have now performed this

study using 384 paraffin-embedded breast cancer biopsies

obtained during tumor removal surgery between 2004

and 2007 at a single institution. We have analyzed CtIP/

RBBP8 and RB1 presence on all tumor samples and cor-

related their expression levels with cancer prognosis

markers. We observed a significant link between CtIP/

RBBP8 and RB1 expression, as well as a strong relation-

ship between CtIP/RBBP8 levels and specific breast cancer

types. From this, we conclude that patients with luminal

cancer who have decreased CtIP/RBBP8 expression

respond better to the combined hormone therapy, radio-

therapy, and chemotherapy treatment than patients with

normal or no CtIP/RBBP8 expression.

Patients and Methods

Patients and tissue sampling

A total of 384 formalin-fixed paraffin-embedded (FFPE)

samples of invasive breast carcinomas were obtained from

patients diagnosed from July 2004 to July 2007 at Univer-

sity Hospital Virgen del Roc�ıo, Sevilla, Spain. The Ethical

Committee of the Hospital approved the study. No con-

sent from the patients was needed.

All biopsies were stained with anti-CtIP/RBBP8 and

anti-RB1 antibodies, but not all samples could be

included for every correlations made in this study due to

the absence of data related to tumoral classification or

disease-free survival after the treatment.

Clinicopathologic data, including age, local and distant

metastasis, regional lymph node metastasis, histologic

grade, tumor size, tumoral markers, treatment and sur-

vival, were obtained from medical records (Table 1).

Three of the patients included in this study were men;

the male tissue samples were considered in the same way

as the female samples. The median age was 63 years

(range, 27–91 years). The mean follow-up period was

67 months (median, 78 months; range, 1–106 months).

Nine samples corresponded to relapsed breast tumors, and
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these cases were not included in the disease-free survival

study. Similarly, patients were treated with chemotherapy

before surgery was excluded from the correlations.

Immunohistochemical staining and scoring

Paraffin-embedded tissue cores (1 mm) were used to

build four tissue microarrays, each containing 96 samples

that were sectioned at 4 lm. Immunohistochemical stain-

ing was carried out to visualize the CtIP/RBBP8- and

RB1-positive cells. Paraffin sections were dewaxed in

xylene and rehydrated through a graded ethanol series.

Antigen retrieval for CtIP/RBBP8 staining was performed

with 4N HCl at room temperature for 15 min, followed

by 1 mg/mL trypsin at 37°C for 15 min. RB1 samples

were heated in Target retrieval solution, pH 9 (Dako,

Glostrup, Denmark), using a microwave at 600 W for

20 min. Tissue sections were subsequently immersed in

3% H2O2 aqueous solution for 30 min to exhaust endog-

enous peroxidase activity, and then covered with blocking

reagent (Roche, Mannheim, Germany) to avoid nonspe-

cific binding. Tissue sections were incubated with primary

antibodies overnight at 4°C, using CtIP/RBBP8 mouse

monoclonal antibody 1:50 (R. Baer, Columbia University,

New York, NY) and RB1 rabbit polyclonal antibody 1:750

(ab39689; Abcam plc, Cambridge, U.K.). Peroxidase-

labeled secondary reagents and 3,3′-diaminobenzidine

were applied according to the manufacturer’s protocols

(EnVisionTM FLEX for RB1 and EnVisionTM FLEX Mouse

[Linker] for CtIP/RBBP8, Dako). Slides were then count-

erstained with hematoxylin and mounted in DPX (BDH

Laboratories, Poole, U.K.). Immunostaining was evaluated

independently by two observers and scored as follows:

CtIP/RBBP8 0, no nuclear staining; 1, moderate; 2,

strong; RB1 0, no nuclear staining; 1, intermediate

nuclear staining; and 2, strong nuclear staining.

Statistical analysis

The association between CtIP/RBBP8 expression and clini-

copathological features was examined by the chi-square test.

Disease-free survival curves were calculated by the Kaplan–
Meier method. Survival curves were compared by the log-

rank test of Mantel and Haenszel. Calculations were

performed using Prism 5.0 (GraphPad, San Diego, CA).

Breast cancer subtyping according to
estrogen receptor (ER), progesterone
receptor (PR), and human epidermal growth
factor receptor-2 (HER2) status

The breast tumor samples were classified into five sub-

types of luminal A (ER+ and/or PR+, HER2� and Ki-67

Table 1. Patient description.

n = 384 %

Tumor

T1 136 35.4

T2 160 41.7

T3 32 8.3

T4 11 2.9

n.d. 45 11.7

Node

Negative 165 43.0

Positive 157 40.9

Unknown 62 16.1

Grade

1 41 10.7

2 140 36.5

3 178 46.4

n.d. 25 6.5

ER

Negative 91 23.7

Positive 267 69.5

n.d. 26 6.8

PR

Negative 135 35.2

Positive 223 58.1

n.d. 26 6.8

HER2

Negative 300 78.1

Positive 65 16.9

n.d. 19 4.9

Ki67

Negative 77 20.1

Positive 243 63.3

n.d. 64 16.7

Phenotype

Luminal A 70 18.2

Luminal B HER2� 145 37.8

Luminal B HER2+ 23 6

HER2+ (nonluminal) 33 8.6

Triple negative 52 13.5

Unknown 61 15.9

Treatment

Adjuvant (300) 78.1

Chemotherapy 183

Hormonal 230

Radiotherapy 202

Anti-HER2 32

Neoadjuvant (17) 4.4

Chemotherapy 15

Hormonal 2

Radiotherapy 1

Anti-HER2 1

No treatment 13 3.4

Unknown 54 14.1

Gender

Female 381 99.2

Male 3 0.8

ER, estrogen receptor; PR, progesterone receptor; HER2, human

epidermal growth factor receptor-2.

776 ª 2013 The Authors. Cancer Medicine published by John Wiley & Sons Ltd.
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low), luminal B HER2 negative (ER+ and/or PR+,
HER2� and Ki-67 high), luminal B HER2 positive (ER+
and/or PR+, HER2 overexpressed or amplified, and any

Ki-67), HER2 positive (nonluminal) (HER2 overexpressed

or amplified, ER� and PR�), and triple negative (ER�,

PR�, and HER2�), according to the system for the

immunohistochemical subtyping of breast cancer [34].

Results

To analyze a potential CtIP/RBBP8 relationship with

breast cancer clinicopathological variables, we analyzed

384 biopsies obtained during tumor removal surgery

between 2004 and 2007 at the University Hospital Vir-

gen del Roc�ıo, Sevilla, Spain. Three of the patients were

men (Table 1). The age of the patients range from 27 to

91, with a median of 63. All the clinicopathological vari-

ants studied are described in Table 1. More than 77% of

the samples corresponded to low stage (T1 or T2), and

over 70% were hormone receptor (HR) positive. Only

17% were positive for HER2, 62% were luminal cancers,

and only 13.5% were triple negative. Grade 3 tumors

(49.6%) were more represented than grade 2 (39%) or

grade 1 (11.4%). The proliferation marker Ki67 was

present in 63.3% of the samples. A summary of the dif-

ferent treatments the patients received is also shown in

Table 1.

We performed an immunohistochemistry study of the

CtIP/RBBP8 levels in the paraffin-embedded samples

(Fig. 1). We detected three different CtIP/RBBP8 levels

(Fig. 1): level 0 contained samples in which no CtIP/

RBBP8 could be detected with the antibody; level 1 repre-

sented an intermediate level; and level 2 corresponded to

samples with a clear nuclear signal of CtIP/RBBP8 in

more than 90% of the cells of the tumor. The specificity

of the antibody for immunostaining was previously

showed [26] and can be observed in Figure S1. Based on

mRNA studies, it has been proposed that CtIP/RBBP8

might be overexpressed in certain cancers [12, 35], hence

it was important to unequivocally determine which of the

three levels corresponded to basal, nonpathological CtIP/

RBBP8 protein expression. We thus used six nontumors

samples from breast reduction surgery to establish the

normal CtIP/RBBP8 expression level on healthy mam-

mary glands (Figs. 1 and S2). For these, we observed that

a strong nuclear staining was readily observed in ductal

cells in all cases, despite some variations within samples.

Based on this, we concluded than normal tissue has an

expression level equivalent to level 2. Thus, we considered

all samples with a level 2 expression of CtIP/RBBP8 to be

normal, and those with level 1 to represent downregula-

tion of the protein. Level 0 corresponded to a complete

lack of CtIP/RBBP8. Importantly, we did not find any

tumor sample that overexpressed CtIP/RBBP8 in the

cohort.

After characterizing all samples for their CtIP/RBBP8

levels, we analyzed the correlation with the clinicopatho-

logical variations listed in Table 1. We found that CtIP/

RBBP8 expression affects all the given parameters in a

statistically significant way (Table 2). Lower levels of

CtIP/RBBP8 correlated with more aggressive and

advanced clinical characteristics and usually corresponded

to grade 3 tumors that had a higher probability to present

node metastasis and were less likely to be at the T1 stage.

Figure 1. CtIP/RBBP8 and retinoblastoma (RB1) expression in breast cancer biopsies. Paraffin-embedded breast cancer biopsies were

immunostained with CtIP/RBBP8 or RB1 antibodies and stained with hematoxylin and eosin as described in the Patients and Methods section. A

representative image of each cancer subtype is shown. In addition, the gradation of CtIP/RBBP8 and RB1 protein level can be observed from 2

(normal; left) to 0 (triple negative; right).
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Normal CtIP/RBBP8 level cancers are usually grade 2, at

a lower stage (T1), and less likely to present node metas-

tasis. Whereas we found a strong bias for tumors with

normal CtIP/RBBP8 levels to be positive for ER and PR

receptors (of 91.5% and 78%, respectively), breast cancers

with no CtIP/RBBP8 staining had an almost equal distri-

bution of HR-positive and HR-negative samples. In addi-

tion, the proportion of HER2+ tumors was significantly

higher in tumors expressing low or no CtIP/RBBP8.

Moreover, the lower the level of detected CtIP/RBBP8,

the higher the proliferation of the cells (as measured by

the presence of Ki67).

Surprisingly, we found 40% of the samples had no

detectable CtIP/RBBP8 expression. CtIP/RBBP8 is an

essential gene in mammals [13] unless RB1 expression is

also diminished [13]. Thus, we reasoned that the tumor

samples without CtIP/RBBP8 expression might correlate

with an altered expression of RB1. Lack of RB1 in many

tumors has been widely proven [3], and breast cancer is

not an exception [36–38]. Thus, we decided to analyze

the presence of RB1 in the same breast samples we tested

for CtIP/RBBP8 levels, to see if there was a correlation

between their expression (Fig. 1 and Table 3). We

detected three distinct cell types with respect to RB1

expression: samples with high nuclear RB1 levels, similar

to noncancer samples from breast reduction surgery

(Fig. S2); samples with no expression; and samples with a

reduced RB1 expression. Analyzing all the cancer biopsies

for RB1 and CtIP/RBBP8 patterns revealed a strong statis-

tically significant correlation between RB1 and CtIP/

RBBP8 (Table 3): in more than 90% of those samples in

which CtIP/RBBP8 was absent, RB1 was also either absent

or reduced. However, more than half of the samples with

normal CtIP/RBBP8 expression also retained high RB1

expression levels. An intermediate situation was observed

on the samples that had been determined to have low

CtIP/RBBP8 levels.

As our data link CtIP/RBBP8 loss with more advanced

and aggressive tumors, we next statistically analyzed the

relationship between CtIP/RBBP8 expression levels and

disease-free survival for patients for whom full clinical

follow-ups were available (Figs. 2 and 3). First, we ana-

lyzed CtIP/RBBP8 levels at the time of biopsy and the

interval of time during which the patients remained dis-

ease free; this revealed that there was no significant corre-

lation between in tumor relapse and CtIP/RBBP8 protein

levels (Fig. 2A). We then focused on luminal tumors, for

which the CtIP/RBBP8 expression levels were evenly dis-

tributed between normal, low, and absence. It was previ-

ously reported that CtIP/RBBP8 silencing could be a

mechanism of tamoxifen resistance [24]. We therefore

analyzed the effects on CtIP/RBBP8 levels at the time of

the biopsy in response to tamoxifen in luminal breast

tumors. Patients in the studied cohort have been treated

with either tamoxifen, aromatase inhibitors, or a combi-

nation of both. Analyzing these three groups indepen-

dently, we observed no differences in disease-free survival,

Table 2. CtIP/RBBP8 expression in breast cancer and its relationship

with clinicopathological variables.

Absence Low Normal P-value

Tumor

T1 46 (33.3) 51 (45.5) 36 (50.0) 0.032

T2 71 (51.4) 43 (38.4) 34 (47.2)

T3 16 (11.6) 13 (11.6) 1 (1.4)

T4 5 (3.6) 5 (4.5) 1 (1.4)

Node

Negative 69 (47.9) 52 (47.3) 44 (64.7) 0.044

Positive 75 (52.1) 58 (52.7) 24 (35.3)

Grade

1 9 (5.8) 15 (12.2) 17 (20.7) <0.0001

2 53 (34.4) 42 (34.1) 45 (54.9)

3 92 (59.7) 66 (53.7) 20 (24.4)

ER

Negative 64 (41.8) 20 (16.3) 7 (8.5) <0.0001

Positive 89 (58.2) 103 (83.7) 75 (91.5)

PR

Negative 75 (49.3) 42 (33.9) 18 (22) 0.0001

Positive 77 (50.7) 82 (66.1) 64 (78)

HER2

Negative 123 (77.8) 102 (81) 75 (92.6) 0.017

Positive 35 (22.2) 24 (19) 6 (7.4)

Ki67

Negative 23 (16.1) 31 (29.0) 23 (32.9) 0.009

Positive 120 (83.9) 76 (71) 47 (67.1)

Phenotype

Luminal A 22 (15.7) 27 (23.9) 21 (30) <0.0001

Luminal B HER2� 53 (37.9) 51 (45.1) 41 (58.6)

Luminal B HER2+ 7 (5) 15 (13.3) 1 (1.4)

HER2+ 22 (15.7) 6 (5.3) 5 (7.1)

Triple negative 36 (25.7) 14 (12.4) 2 (2.9)

ER, estrogen receptor; PR, progesterone receptor; HER2, human epi-

dermal growth factor receptor-2. Absolute number of biopsies

assigned to each clinicopathological subtype and CtIP/RBBP8 expres-

sion level. The number in brackets represents the percentage of sam-

ples within a given category of CtIP/RBBP8 expression.

Table 3. Correlation between CtIP/RBBP8 and RB1 expression in

breast cancer biopsies.

Absence Low Normal P-value

Retinoblastoma

Normal 9 (6.4) 27 (23.9) 41 (54.7) <0.0001

Intermediate 88 (62.9) 72 (63.7) 32 (42.7)

Negative 43 (30.7) 14 (12.4) 2 (2.7)

Absolute number of biopsies assigned to each RB1 level and CtIP/

RBBP8 expression level. The number in brackets represents the per-

centage of samples within a given category of CtIP/RBBP8 expression.
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independent of the CtIP/RBBP8 levels in the three groups

(Fig. 2B–D). All patients in the study with luminal

tumors were treated with hormone therapy and radio-

therapy. However, we could distinguish two groups

depending on whether or not chemotherapy was used as

an adjuvant. Thus, when we analyzed the disease-free

interval on those categories, we observed that patients

without a chemotherapeutical treatment responded in a

similar way irrespectively of the CtIP/RBBP8 levels

(Fig. 3A). However, a statistically significant correlation

was observed for patients who were treated with chemo-

therapy as an adjuvant (Fig. 3B). Strikingly, low expres-

sion of CtIP/RBBP8 correlated with a lower proportion of

tumor relapse as compared to patients with normal CtIP/

(A) (B)

(C) (D)

Figure 2. Disease-free survival and response to hormone therapy of patients in the cohort with respect to the CtIP/RBBP8 levels. (A) Overall

representation of tumor relapse in all the patients of the cohort. Disease-free survival data were obtained from clinical records and plotted using

the Kaplan–Meier method. The cohort was divided according to CtIP/RBBP8 levels as follows: level 2, normal expression (black line, n = 66); level

1, low expression (blue line, n = 102); level 0, no expression (red line, n = 128). (B) Kaplan–Meier representation of the time patients with luminal

tumors treated with tamoxifen remained disease free. CtIP/RBBP8 levels: level 2, normal expression (black line, n = 10); level 1, low expression

(blue line, n = 13); level 0, no expression (red line, n = 20). (C) Disease-free survival times in patients with luminal tumors treated with aromatase

inhibitors. CtIP/RBBP8 levels: level 2, normal expression (black line, n = 25); level 1, low expression (blue line, n = 22); level 0, no expression (red

line, n = 23). (D) Tumor relapse in patients with luminal tumors treated with a combination of tamoxifen and aromatase inhibitors. CtIP/RBBP8

levels: level 2, normal expression (black line, n = 14); level 1, low expression (blue line, n = 18); level 0, no expression (red line, n = 13).

(A) (B)

Figure 3. Relationship between the CtIP/RBBP8 levels and the response to chemotherapy for luminal cancers. (A) Disease-free survival times in

patients with luminal tumors not treated with chemotherapy. CtIP/RBBP8 levels: level 2, normal expression (black line, n = 14); level 1, low

expression (blue line, n = 12); level 0, no expression, (red line, n = 14). (B) Tumor relapse in patients with luminal tumors treated with

chemotherapy as an adjuvant. An asterisk represents statistically representative changes (P < 0.05). CtIP/RBBP8 levels: level 2, normal expression

(black line, n = 20); level 1, low expression (blue line, n = 18); level 0, no expression (red line, n = 21). In both cases (A and B), patients were

treated with radiotherapy and hormone therapy.
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RBBP8 levels (P < 0.05). A similar (but not statistically

significant) trend was observed for samples with low

CtIP/RBBP8 as compared to those in which the protein

was absent. No differences were observed between tumors

with normal CtIP/RBBP8 expression and those in which

the protein was absent (nt).

Discussion

CtIP/RBBP8 is a protein with a strong connection to can-

cer due to its functional and physical interactions with

bona fide tumor suppressors. Although some studies have

found CtIP/RBBP8 to be mutated in tumor samples [18–
21], and some general screenings using RT-polymerase

chain reaction (PCR) have found changes in its mRNA

levels (Oncomine), we describe here the first systematic

study of the presence of CtIP/RBBP8 at the protein level.

We performed a retrospective study to correlate CtIP/

RBBP8 expression with clinicopathological variables and

disease-free survival. We found that the CtIP/RBBP8 level

is indeed relevant in the appearance and prognosis of

breast cancer. Thus, we propose that CtIP/RBBP8 itself

should be considered as a tumor suppressor.

In agreement with our results, genome-wide screen-

ings that analyzed CtIP/RBBP8 expression in different

tumors at the level of mRNA using microarrays [24, 39–
43] have also reported a correlation between high CtIP/

RBBP8 expression and a positive ER mark. However,

even though CtIP/RBBP8 mRNA was found to be over-

represented in certain tumors [12, 35], we have never

observed overexpression at the protein level in breast

cancer.

CtIP/RBBP8 overexpression was first identified in

tumors linked with an increase of cyclin D1 transcrip-

tion [35]. A different report also described CtIP/RBBP8

increases, which were, however, not significant [12].

Although we cannot discard that CtIP/RBBP8 protein

levels are indeed increased in some samples, our data

suggest that its contribution to cancer development is

mainly due to its loss. CtIP/RBBP8 protein and mRNA

expression are tightly controlled at many different levels,

including gene transcription and protein degradation

during the cell cycle [13, 35, 44–46]. Moreover, several

protein modifications are involved in protein stability.

Thus, mRNA expression does not always correlate with

protein expression, and extrapolating CtIP/RBBP8 levels

from mRNA data could be misleading. In fact, it is pos-

sible that this previously reported mRNA overexpression

represents an attempt to increase protein levels that are

abnormally low due to increased protein degradation.

Wu et al. [24] found that low levels of CtIP/RBBP8 at

the time of diagnosis protect cancer cells from tamoxifen

treatment. This observation prompted them to propose

CtIP/RBBP8 silencing as a novel mechanism for tamoxi-

fen resistance in breast cancer. They analyzed the response

to tamoxifen of 59 nonoperable ER+ breast tumors and

found that the lower the expression of CtIP/RBBP8, the

lower the tumor size reduction. However, they did not

study tumor relapse in the long term. In the cohort stud-

ied here, no differences to the response of hormone treat-

ment were observed, for example, not from tamoxifen,

aromatase inhibitors, or a combination of both, in terms

of long-term disease-free survival. Therefore, we propose

that breast cancers with low levels of CtIP/RBBP8 might

respond worse to tamoxifen treatment, but that once

those tumors were resected, the probability of tumor

relapse for those patients treated with tamoxifen was the

same, irrespective of the level of CtIP/RBBP8 expression

detected in the biopsy.

Strikingly, when we analyzed the response of luminal

cancers to a coadjuvant treatment with chemotherapy, we

discovered that patients with low levels of CtIP/RBBP8

responded better (Fig. 3B). All 18 of those patients

remain disease free for as long as the study took place.

Therefore, although lower CtIP/RBBP8 expression corre-

lated with more aggressive tumors at the time of diagno-

sis, treatment is more effective in this specific subset.

Most chemotherapeutic agents used as coadjuvant base

their action in artificially creating DNA damage, either

directly or by increasing replication stress [47]. CtIP/

RBBP8 is an important player in the response to DNA

damage; indeed, CtIP/RBBP8 depletion renders cells

sensitive to those agents, such as camptothecin or VP16

[16]. Thus, we conclude that cells with reduced overall

levels of CtIP/RBBP8 are responding better to the che-

motherapy due to this increased sensitivity. In fact, we

propose that studying CtIP/RBBP8 expression could be

used as a marker to define which cancers should be trea-

ted with chemotherapeutic agents. Surprisingly, this

sensitivity is partially lost in cells that do not express any

CtIP/RBBP8, and patients with no CtIP/RBBP8 expres-

sion behave intermediately between those classified in

low and normal CtIP/RBBP8 levels. There can be several

alternative explanations for this finding. First, it is possi-

ble that the total absence of CtIP/RBBP8 activates alter-

native DNA repair pathways that can (at least partially)

handle the DNA damage caused by these therapeutical

agents. Second, although RB1 is reduced in those cancers

without CtIP/RBBP8, it is likely that the cell cycle pro-

gression is affected. As many of the chemotherapeuticals

act during S-phase, it would not be surprising that the

amount of DNA lesions created is greatly reduced for can-

cers without CtIP/RBBP8, rendering the drugs less effective.

Finally, the intermediate trend observed for tumors in

which CtIP/RBBP8 is absent could reflect the small num-

bers of biopsies analyzed (n = 21). It is possible that a lar-
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ger study would find that patients with no CtIP/RBBP8

expression are also more sensitive to chemotherapy.

In conclusion, we have performed a retrospective study

of the relationships between CtIP/RBBP8 expression levels

and cancer prognosis and relapse using paraffin-embedded

breast cancer biopsies from a cohort of 384 patients. Our

results suggest a strong relationship between no or low

expression of CtIP/RBBP8 and poor breast cancer progno-

sis. On the other hand, CtIP/RBBP8 is a poor marker for

predicting the overall response to treatment and cancer and

disease-free survival. However, low levels of CtIP/RBBP8

increase the response to chemotherapy in luminal cancers

when combined with hormone therapy and radiotherapy.
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Figure S1. CtIP/RBBP8 antibody specificity for immuno-

staining. U2OS cells were transfected with a previously

characterized siRNA against CtIP/RBBP8 (siCtIP) or a

control siRNA (siCtrl) [16] and immunostained with

anti-CtIP antibody.

Figure S2. CtIP/RBBP8 expression in normal mammary

gland. (A) Paraffin-embedded normal breast tissue was

immunostained with CtIP/RBBP8 antibody and hematox-

ylin as described in the Patients and Methods section. (B)

A representative image of each CtIP and RB expression

category is shown for comparison. From left to right cate-

gories 2, 1, and 0 (normal, low, or no expression of CtIP/

RBBP8 and RB1). Compare nuclear staining with (A).
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