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RESUMEN 

La integridad del genoma es una condición necesaria para la transmisión fidedigna de la 

información genética. Numerosos procesos altamente regulados trabajan de forma 

coordinada para evitar o solucionar problemas que pueden comprometer la estabilidad 

del genoma. Su inestabilidad es una patología celular que se manifiesta generalmente en 

forma de mutaciones y reordenaciones cromosómicas y se encuentra asociada a la 

predisposición a cáncer y envejecimiento. El origen de la inestabilidad genética es 

variado y no sólo es consecuencia de la acción de agentes genotóxicos externos, sino 

resultado del propio metabolismo celular, estando ligada a procesos básicos como la 

replicación, transcripción y recombinación. En esta tesis nos hemos centrado en la 

transcripción y en el metabolismo del ARN mensajero (ARNm) como fuentes 

endógenas de inestabilidad genética. 

 La transcripción puede suponer una amenaza para la integridad del genoma 

debido a que durante la misma se facilita la aparición de ADN de cadena sencilla, que 

es más susceptible a daños que la doble cadena. Paralelamente, la transcripción puede 

suponer un obstáculo para la replicación que puede derivar en un incremento de roturas 

en el ADN y recombinación, responsable de reordenaciones cromosómicas. Estos 

fenómenos se pueden agravar cuando además se forman unas estructuras denominadas 

bucles R (R loops), estructuras compuestas  por un híbrido de ARN-ADN y la cadena 

sencilla de ADN desplazada. La formación de R loops se produce cuando el ARN 

naciente resultante de la transcripción, hibrida con la hebra molde de ADN, desplazando 

así a la hebra no transcrita que queda como cadena sencilla. Aunque los R loops pueden 

desempeñar papeles positivos, se ha demostrado que también pueden amenazar la 

integridad del genoma. 

 Muchos factores implicados en las diferentes etapas del procesamiento del 

ARNm contribuyen a proteger el genoma de la formación de R loops. En esta tesis nos 

hemos centrado en factores con un papel en la biogénesis de las ribonucleoproteínas 

mensajeras (mRNPs), y en concreto en el complejo THO/TREX. Durante la 

transcripción, el ARNm necesita ser correctamente empaquetado en mRNPs, 

permitiendo así la elongación de la transcripción, la integridad y el procesamiento del 

ARNm y su transporte al citoplasma. Para ello, numerosas proteínas de unión al ARN 

(RBPs) se asocian con el ARN naciente, de forma que este queda empaquetado y 
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protegido, reduciendo así la probabilidad de que el ARN hibride con el ADN molde y 

forme R loops. Uno de los factores claves en este proceso es THO/TREX, conservado 

de levaduras a humanos con un papel en el acoplamiento de la transcripción con la 

biogénesis y transporte de mRNPs. Los mutantes de este complejo acumulan R loops y 

muestran alta inestabilidad genética. Esto se explica en gran medida por el hecho de que 

en ausencia de este complejo la mRNP no se forma correctamente y por tanto el ARNm 

queda más desprotegido, facilitando así la formación de R loops e incrementando la 

inestabilidad genética. 

 En esta tesis hemos querido profundizar sobre los mecanismos por los cuales la 

correcta biogénesis de mRNPs contribuye a la integridad del genoma. Para ello, hemos 

realizado un escrutinio para identificar nuevas proteínas que interaccionen con el 

complejo THO/TREX humano. Como resultado, hemos identificado dos nuevas 

interacciones. Hemos mostrado que la subunidad THOC1 del complejo THO/TREX 

humano, interacciona con el complejo histona desacetilasa Sin3A, y con MFAP1, un 

factor asociado al madurosoma (spliceosome). 

 THOC1 interacciona físicamente con las subunidades SAP130 y SIN3 del 

complejo Sin3A. El silenciamiento de las subunidades del complejo SAP130, SIN3, 

SAP30 y SUDS3 causa inestabilidad genética, determinada por el incremento de roturas 

en el ADN. Esta inestabilidad, al igual que sucede en ausencia de THO, está mediada 

por la formación de R loops, puesto que el incremento de roturas en el ADN en ausencia 

de subunidades del complejo Sin3A tales como SAP130 y SIN3 se suprime mediante la 

sobreexpressión de RNasa H, la cual degrada los híbridos de ARN-ADN. Hemos 

demostrado que la inhibición de la desacetilación de histonas mediante compuestos 

químicos conduce a una acumulación de R loops, y aún más importante, que la 

inhibición de la acetilación de histonas mediante compuestos químicos suprime el daño 

en el ADN y la formación de R loops causados por el silenciamiento de THOC1. En 

general, la acetilación de las histonas da lugar a una cromatina más abierta y una 

activación de la transcripción, mientras que la desacetilación de histonas se asocia con 

una cromatina más cerrada o compactada y a una represión de la transcripción. Por 

tanto, estos resultados permiten proponer un modelo en el que la desacetilacion de 

histonas sería necesaria para prevenir la formación de R loops tras el paso de la ARN 

polimerasa. THO podría interaccionar con Sin3A para contribuir a la desacetilación de 
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histonas, con objeto de cerrar la cromatina transitoriamente y así prevenir que el ARN 

naciente hibride con el ADN molde. 

 El silenciamiento de MFAP1, en cambio, provoca roturas en el ADN que no 

dependen de la formación de R loops. Los análisis globales de expresión génica y 

maduración de intrones (splicing) en células silenciadas para MFAP1 sugieren que el 

impacto de este factor en la estabilidad del genoma puede deberse principalmente a su 

papel en splicing. El hecho de que el silenciamiento de MFAP1 afecte en gran medida al 

splicing de genes implicados en la reparación del ADN, el ciclo celular y la 

organización y modificación de la cromatina entre otros, sugiere que el papel de 

MFAP1 en la estabilidad del genoma es indirecto; es decir, mediado por los genes cuyo 

splicing regula. El splicing de algunos de estos genes también presenta cambios en 

ausencia de THOC1. Dado que THO sí desempeña un papel directo en el 

mantenimiento de la estabilidad del genoma, estos cambios se podrían explicar como 

una consecuencia indirecta de la inestabilidad genética dependiente de transcripción y R 

loops que causa la ausencia de THOC1. No obstante, no se puede descartar que THOC1 

también regule la integridad del genoma a través de su interacción con MFAP1 y su 

efecto en el splicing de algunos genes. Estos datos son particularmente relevantes al 

sugerir que no todas las proteínas de unión a ARN tienen un papel directo en estabilidad 

del genoma, pudiendo ser su efecto en muchos casos indirecto, consecuencia de su 

efecto en la regulación de la expresión de otros genes. 

 

 

 

 

 

 

 

 

 

 



 

22 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

23 
 

 

 

 

INTRODUCTION 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

24 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



INTRODUCTION 

25 
 

1. GENOME INSTABILITY 

Genome comprises the complete genetic information of an organism, which is stored in 

the form of DNA (or deoxyribonucleic acid) molecule. Genome integrity must be 

preserved to ensure its intact transmission to its offspring. Numerous highly regulated 

processes work in a coordinated manner to avoid or solve problems that may affect the 

stability of the genome.  

 Genome changes occur naturally at low frequency induced by environmental 

agents or generated spontaneously due to the cellular metabolism itself. This generates 

genetic variability, which although it can have negative consequences, is also the basis 

of the evolution (Aguilera and Gomez-Gonzalez 2008). In addition, this variability can 

be also an advantage when it occurs in a regulated manner. This is the case of 

immunoglobulin (Ig) genes of B lymphocytes, in which altering its sequences is the key 

for the immune system to provide a large battery of different antigens to deal with a 

high variety of pathogens. However, the frequency of these genome alterations can 

increase under certain circumstances and therefore, the stability of the genome is 

seriously threatened. Exposure to external genotoxic agents or cellular pathologies, 

mainly those that affect a proper DNA repair and/or replication, are examples of 

situations that lead to increased genetic instability. The fact that genome instability is a 

hallmark of aging, predisposition to various types of cancer and different genetic 

diseases; highlights the importance of maintaining genome stability (Aguilera and 

Garcia-Muse 2013). 

 Many factors can lead to DNA damage and subsequent changes in the genome, 

since DNA is a dynamic molecule. These include both exogenous sources, such as 

ultraviolet (UV) and ionizing radiations and chemicals agents, and endogenous sources, 

including byproducts from cellular metabolism itself and those processes that act on the 

DNA (replication, repair, recombination and transcription) (Hoeijmakers 2009).  Due to 

these factors, DNA can undergo different types of lesions that include abasic sites, bases 

mismatch, DNA adducts, inter- and intra-strand crosslinks, single-stranded DNA 

(ssDNA) gaps and double-strand breaks (DSBs) (Shiloh 2003; Helleday et al. 2014). As 

a consequence, genetic instability is generated in the form of mutations, such as point 

mutation and microsatellite contractions and expansions, and chromosomal 

rearrangements, such as chromosome instability (CIN), gross chromosomal 
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rearrangements (GCRs), copy number variants (CNVs), loss of heterozygosity (LOH) 

and hyper-recombination. CIN refers to variations in the number of chromosomes due 

to their gain or loss. GCRs include gene amplification, repeat expansions, 

translocations, inversions, insertions, deletions and duplications. CNVs refer to the 

variation in the number of copies of a particular DNA fragment in the genotype. LOH is 

the loss of one of the pair of alleles of a diploid, either due to deletion, gene conversion 

or chromosome loss (Aguilera and Garcia-Muse 2013).  

 Given all the factors and failures that can be harmful to genome integrity, cells 

have evolved a wide range of mechanisms focused on preserving genetic information. 

This set of mechanisms form a complex signal transduction pathway also known as 

DNA Damage Response (DDR). DDR comprises from the detection and signaling of 

DNA damage to recruitment, regulation, coordination and activation of the right factors 

for efficient DNA repair, thus avoiding pathological consequences (Jeggo et al. 2016). 

1.1. The DNA damage response 

 DDR consists in a complex signaling cascade that senses DNA damage and 

replication stress and coordinates cell cycle progression and DNA repair with the aim of 

counteracting DNA damage (Ciccia and Elledge 2010). The activation of DDR starts 

with the recognition of specific DNA lesions by sensor proteins, which in turn recruit 

and activate the apical kinases in the cascade: the phosphatidylinositol 3 like kinases 

(PIKKs) ataxia telangiectasia mutated (Tel1/ATM), ataxia telangiectasia and Rad3 

related (Mec1/ATR) (as named in yeast/humans) (Giglia-Mari et al. 2011). ATM is 

recruited to DSBs by the DSB-recognizing protein complex MRN (Mre11 Rad50 

Nbs1). ATR is recruited to ssDNA generated during replication stress by replication 

protein A (RPA) and its association with ATRIP (ATR interacting protein). Then, 

ATM/ATR phosphorylate and thus activate various proteins that coordinate the arrest of 

cell cycle progression and DNA repair pathways to preserve genome integrity (Sulli et 

al. 2012). This includes phosphorylation of DNA damage mediators such as the histone 

variant H2AX or p53 binding protein 1 (53BP1) among others, and downstream kinases 

including the checkpoint kinases 1 and 2 (Chk1/CHK1 and Rad53/CHK2). 

Phosphorylation of the histone variant H2AX on Ser139 (known as γH2AX) by 

ATM/ATR spreads over long distances surrounding the DSB and serves as a signal for 

recruitment or assembly of other factors (including 53BP1, BRCA1 and chromatin 
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remodelers that facilitates the access of RNA repair factors) at sites of DNA damage, 

thus promoting DSB repair amplifying the DDR signal (van Attikum and Gasser 2009). 

53BP1 is also recruited to DSB sites and enhances ATM activation (Sulli et al. 2012). 

CHK2 (which is mainly phosphorylated by ATM) and CHK1 (which is mainly 

phosphorylated by ATR) activate downstream effectors such as p53 and the cell 

division cycle 25 (CDC25) phosphatases (Sulli et al. 2012). These effectors coordinate 

the transient arrest of cell cycle progression to allow DNA repair before replication or 

mitosis ensues. Finally, once the DNA damage is repaired, the cell cycle is restored. 

Alternatively, if the lesion cannot be repaired or persists, DDR signaling triggers cell 

death by apoptosis or cellular senescence (Jackson and Bartek 2009; Sulli et al. 2012). 

 

2. TRANSCRIPTION-ASSOCIATED GENOME INSTABILITY 

DNA has to deal continuously with several processes that act on it and generate 

transitory changes in its structure. This implies a risk for genome integrity but is also 

necessary for the complete functioning of the cell and of an organism. However, such 

DNA metabolism processes influence genome stability differently. While DNA 

replication and repair actively contribute to avoid genome alterations and ensure 

faithfully genome transmission, transcription can contribute negatively to genome 

integrity (Gaillard and Aguilera 2016). 

Transcription is the cellular process that allows the expression of genetic 

information into RNA. During transcription, the RNA polymerase (RNAP) uses one of 

the DNA strand, which is transiently separated from its complementary strand, as 

template (transcribed strand, TS) to generate a complementary RNA chain. While, the 

non-transcribed strand (NTS) remains unpaired. This occurs in the transcription bubble 

located inside the RNAP. Moreover, transcription is accompanied by the positive and 

negative DNA supercoiling and chromatin remodeling changes that are necessary to 

allow the progression of the RNAP through the template DNA (Selth et al. 2010). At the 

same time, since transcription is a central part of gene expression, it is coupled with 

translation in prokaryotes or with mRNA (messenger RNA) processing and export in 

eukaryotes (Gaillard et al. 2013).   

In addition to carrying out its main function, transcription also contributes to a lesser 

extent in the maintenance of genome stability since it promotes a type of DNA repair 
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called transcription-coupled repair (TCR) or transcription-coupled nucleotide excision 

repair (TC-NER). From bacteria to mammalian cells, the arrest of transcription 

machinery due to an encounter with a DNA lesion serves as a signal to trigger DNA 

repair through this NER subpathway (Hanawalt and Spivak 2008; Vermeulen and 

Fousteri 2013). 

However, due to the intrinsic characteristics of transcription itself and its 

relationship with those processes that are coordinated with it, transcription is also a 

source of genome instability. The first evidence of this were the increase in mutations 

and recombination rates of transcribed regions versus non-transcribed regions, known as 

transcription-associated mutation (TAM) and transcription-associated recombination 

(TAR) respectively. Both TAM and TAR are conserved from prokaryotes to eukaryotes 

(Aguilera 2002).  

 

2.1. Transcription-associated mutagenesis (TAM) 

In 1971, two independent laboratories were the first to report that transcription increases 

the rate of mutations. Both studies in Escherichia coli showed that reversion rates of a 

particular mutated gene in the presence of genotoxic agents are higher when such gene 

is transcribed (Brock 1971; Herman and Dworkin 1971). Since then, numerous assays 

and systems to sense mutations in different organisms, from bacteria to human cells, 

have continued to evidence this fact (Jinks-Robertson and Bhagwat 2014).  

In addition to showing that transcription increases the susceptibility to undergo 

mutations, two more conclusions are deduced from all these studies. On one hand, the 

rate of mutation increases directly proportional to the level of transcription. This was 

revealed through the use of systems under de control of inducible and modulable 

promoters, such as GAL1-10 promoter (pGAL) and tetracycline promoter (pTET) in 

yeast or tet-on promoter (Ptet) in human cells, thus allowing different levels of 

transcription (Datta and Jinks-Robertson 1995; Bachl et al. 2001; Kim et al. 2007). On 

the other hand, the analysis of mutations between the two DNA strand (NTS and TS) 

showed that mutations along transcribed regions occur predominantly in the NTS, 

besides the fact that TC-NER occurs preferentially in TS (Hanawalt and Spivak 2008; 

Gaillard et al. 2013).  
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The key to understanding how transcription leads to TAM resides in the higher 

susceptibility of the ssDNA. The unequal proportion of mutations in favor of NTS 

supports this fact. During transcription, while TS remains paired with nascent RNA, 

NTS remains transiently single stranded. ssDNA is more susceptible to spontaneous and 

induced chemical reactions. One example of this is the case of cytosine to uracil 

conversion by spontaneous deamination. When uracil is not removed and repaired, it is 

paired with adenine, resulting in C-to-T mutations after replication. Other typical 

transversions induced by oxidative DNA damage are also more frequent in NTS than in 

TS (Jinks-Robertson and Bhagwat 2014). Similarly, DNA-damaging drugs or enzymes 

that act on DNA such as nucleases or the activation-induced cytidine deaminase (AID), 

required for antibody diversification in B cells, can also access more easily unpaired 

DNA strand and cause TAM (Maizels 2005). However, only a few nucleotides (9-12) 

remain transiently unpaired in the transcription bubble, which is also located mostly 

within the RNAP. In addition it is also unclear whether DNA damage agents can access 

to them (Kim and Jinks-Robertson 2012; Gaillard et al. 2013). 

The topological changes that accompanying the RNAP can lead to an increase in the 

proportion of unpaired DNA, thus facilitating TAM (Figure I1A) (Wu et al. 1988). The 

RNAP progression entails local positive supercoiling (overwinding) ahead and negative 

supercoiling (underwinding) behind. Topoisomerases are the proteins in charge of 

releasing the DNA from such torsion.  Topoisomerase 1 (Top1) and topoisomerase 2 

(Top2) resolve negative and positive supercoils respectively, thus allowing the 

progression of the polymerase. For that, topoisomerases introduce transient DNA breaks 

that enable to relax the supercoiled DNA and then reseals the nick (Pommier et al. 

2016). The incorrect action or the absence of topoisomerases can result in TAM in a 

different way. It has been reported that failures in the reactions carried out by Top1 

causes its irreversible attachment to the end of the nicked strand (Lippert et al. 2011; 

Takahashi et al. 2011). This intermediate structure termed the topoisomerase 1 cleavage 

complex (Top1cc) is presumably removed generating a gap, which in turn could lead to 

deletion after replication. Topological changes also can contribute to TAM by 

increasing the proportion of ssDNA. In the absence of Top1, negatively supercoiled 

DNA is accumulated behind the RNAP. These regions of DNA with hypernegative 

coiling (underwound DNA) favor the formation of ssDNA stretches. Furthermore, this 

scenario facilitates the formation of R loops, which are formed by co-transcriptional 
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RNA-DNA hybrids and a displaced single strand DNA (ssDNA) (Drolet et al. 1995; El 

Hage et al. 2010). Hypernegative supercoiled DNA enables the RNA to hybridize back 

to the TS more easily, leading the NTS single stranded and more vulnerable to 

genotoxic agents (Figure I1B) (Gaillard and Aguilera 2016).  

In other cases it is the RNA instead of the DNA which promotes R-loop formation. 

When nascent mRNA is not correctly packed into a messenger ribonucleoprotein 

particle (mRNP), as occurs in mRNA biogenesis mutants, and invades the DNA duplex 

(Figure I1B). Many other factors can contribute to the accumulation R loops and 

therefore lead to increased genomic instability (Huertas and Aguilera 2003; Aguilera 

and Garcia-Muse 2012). 

 

Figure I1. Transcription-associated genome instability. 
(A) The progression of transcription entails the formation of local negative supercoiling behind the RNAP 
that makes the DNA more susceptible to be damaged in wild type (WT) cells. (B) Hypernegative 
supercoiling in topoisomerase (Top-) mutant and deficient packaging of the nascent mRNA in mRNA 
biogenesis mutant facilitate the formation of R loops. The displaced NTS within the R-loop remains 
ssDNA and therefore is more susceptible to be damaged by genotoxic agents, including reactive oxygen 
species (ROS), nucleases and other modifying enzymes such as AID. (C) Transcription by itself can 
hamper replication when the machinery of both processes collide. Head on collisions 
(transcription-replication machineries progress in opposite directions) lead to the accumulation of positive 
DNA supercoiling between both machineries and negative supercoiling behind the RNAP and therefore 
seem to be a stronger and more harmful impediment than co-directional collisions 
(transcription-replication machineries progress in the same direction). MCM, minichromosome 
maintenance complex; DNA Pol, DNA polymerase.  Figure adapted from (Gaillard et al. 2013). 
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2.2. Transcription-associated recombination (TAR) 

The phenomenon of TAR is observed from bacteria to human. From the first evidence, 

numerous work have reported this influence of transcription on recombination by using 

different systems that allow to sense ectopic recombination genetically, which would 

lead to a hyper-recombination phenotype, as well as chromosomal rearrangements 

(Gaillard et al. 2013). Many of these recombination systems are based on direct repeats 

that are transcribed at different levels depending on the promoter. Transcription 

stimulates deletions within these systems, normally detected by the gain or loss of a 

marker, which occur mostly as a result of DSBs repair by HR. Thus, TAR is mainly 

caused by DNA breaks within the actively transcribed region (Gaillard and Aguilera 

2016). Moreover, TAR is necessarily linked to replication. In yeast, the use of 

recombination systems in which transcription is activated from an S or G1-specific 

promoter showed that recombination is increased only when transcription occurs during 

S phase (Prado and Aguilera 2005). The DNA Pol2, the catalytic subunit of DNA 

polymerase epsilon, and the Rrm3 helicase, required for RF progression through 

obstacles in S. cerevisiae, both were found enriched along highly transcribed genes, thus 

supporting the fact that transcription interferes with replication (Azvolinsky et al. 2009). 

In mammalian cells, it has also been reported that TAR is dependent on replication 

(Gottipati et al. 2008). This connection between TAR and replication is related to how 

DNA damage is repaired during this process. Homologous recombination (HR) and 

non-homologous end joining (NHEJ) are the two main pathways to repair DSBs. In HR 

repair, the ends of the DSB are processed and prepared to invade the homologous sister 

chromatid, which will be used as a template to repair. In contrast, NHEJ pathway 

repairs by directly ligation of DSB ends, without using any template (Heyer et al. 2010; 

Chapman et al. 2012; Gaillard and Aguilera 2016). Thus, HR is promoted during S and 

G2 phases, where sister chromatid is present, and NHEJ acts preferentially in G1 and in 

the early S phases. Altogether evidences that TAR is promoted by DNA breaks 

generated as a consequence of transcription-replication conflicts. 
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2.3. Transcription-replication conflicts 

Transcription is a major source of obstacles for replication, resulting in an increase of 

DNA breaks, DNA recombination and genome instability. Several other factors can also 

negatively influence the replication, including dysfunctions of the replication machinery 

itself as well as the encounter with an obstacle such as DNA bulky adducts, non-B DNA 

structures or other tightly-bound DNA-protein complex (Aguilera and Garcia-Muse 

2013). Any of them can hamper the progression of the replication fork (RF) and 

therefore entails a threat to genome integrity (Zeman and Cimprich 2014). The 

encounter of the RF with an obstacle can cause transient pausing of the fork or RF 

stalling, if it is a longer pausing. At this point, replication checkpoint is activated and 

triggers the stabilization of the stalled RF, thus avoiding its dissociation from the DNA 

template. Once a stalled RF is stabilized, it can be restarted if the obstacle has been 

removed. There are also pathways involved in RF restart through bypassing the obstacle 

when it has not been removed. However, if these systems fail or the cause of the 

replicative stress persists DSBs may accumulate at stalled forks and/or DNA 

polymerases may disassemble leading to RF collapse (Aguilera and Garcia-Muse 2013; 

Zeman and Cimprich 2014; Gaillard and Aguilera 2016). Consequently, the repair of 

such breaks during replication involves an increase of recombination events. Due to this 

fact, also increases the probability of undergoing ectopic recombination between 

fragment that shares homologies and different chromosomal rearrangement depending 

on how these recombination events are resolved, leading to genome instability 

(Aguilera and Garcia-Muse 2013). 

 Transcription can hinder RF progression indirectly, through obstacles resulting 

from its activity, or directly, due to transcription-replication collisions. Transient 

formation of ssDNA during transcription, which is more susceptible to DNA damage, 

can lead to different DNA lesions that can interfere with replication if they are not 

properly repaired (Garcia-Muse and Aguilera 2016). Thus, the formation of ssDNA 

stretches as a consequence of negative supercoiled DNA accumulation and/or 

RNA-DNA hybrid favors the formation of these types of obstacles that may interfere 

with DNA synthesis. Moreover, ssDNA not only facilitates RNA-DNA but also other 

types of secondary structures including hairpins, G-quadruplexes, cruciforms and 

others. These non-B DNA structures lead to genome instability, derived in part from its 

ability to block the replisome (Aguilera and Gomez-Gonzalez 2008; Kim and Jinks-
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Robertson 2012; Aguilera and Garcia-Muse 2013; Gaillard and Aguilera 2016). 

However, all this does not seem to be sufficient to explain TAR. 

 Accumulating evidence indicates that TAR is mainly due to 

transcription-replication collisions. Since both processes share the same substrate, the 

collisions between transcription and replication machineries are inevitable. Depending 

on the direction, transcription-RF collisions can be co-directional or head-on (Kim and 

Jinks-Robertson 2012). When transcription and replication of leading strand use the 

same DNA strand as template, both machineries move in the same direction 

(co-directional). In contrast, if transcribed strand coincides with the lagging strand, 

direction of transcription and replication converges (head-on) (Figure I1C). Both types 

of collisions hamper RF progression and increase TAR but head-on collisions seem to 

be more harmful (Prado and Aguilera 2005).  

 There are several evolutionary examples about the strategies developed by the 

cells to prevent or minimize such collisions. In E. coli, most of the genes are oriented 

co-directionally, with respect to the unique origin of replication of bacteria chromosome 

(Brewer 1988). In the human gene organization, transcription is also preferentially co-

oriented with RFs (Huvet et al. 2007). However, additional strategies are necessary due 

to the higher complexity of eukaryotic genomes, with multiple chromosomes and 

numerous replication origins. In budding yeast, replications fork barriers downstream of 

rRNA loci physically block fork to avoid head-on collisions (Brewer and Fangman 

1988). Transcription through gene looping can serve as barrier to avoid both types of 

collisions (Duch et al. 2013). Moreover, transcription and replication in eukaryotic cells 

have some spatial and temporal separation although some genes are transcribed during 

the S-phase (Wei et al. 1998). On the other hand, all those mechanism and factors that 

help avoid RNAPII stalling also contribute to minimize transcription-replication 

encounters. For example, the RECQ5 DNA helicase, which associates with RNAPII, 

prevents RNAPII from pausing or arrest by modulating its movement across genes (Li 

et al. 2011; Saponaro et al. 2014).  
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3. R LOOPS AS A SOURCE OF GENOME INSTABILITY 

Co-transcriptional R loops are one of the major contributors to the potential negative 

impact of transcription on genome integrity. As mentioned above, an R-loop is a three-

strand nucleic acid structure formed by an RNA-DNA hybrid and the resultant 

displaced ssDNA. During transcription, R loops can form when nascent RNA transcript 

hybridizes with its DNA template strand, leading the complementary strand as ssDNA 

(known as the "thread-back" model). Although R loops may have positive roles, 

evidence has accumulated that they are a major threat to genome integrity (Aguilera and 

Garcia-Muse 2012). 

 R loops occur naturally since they are intermediary structures formed during 

several processes such as E. coli plasmid replication, mitochondrial DNA replication or 

immunoglobulin (Ig) class switching (Aguilera and Garcia-Muse 2012). Moreover, over 

the last few years, accumulating evidence indicates that R loops can be also potential 

regulators of gene expression. Genome-wide analyses reported that R loops are enriched 

at promoter and terminator regions of numerous human genes (Ginno et al. 2013). In 

fact, R loops seem to be important intermediaries in transcription activation (Ginno et 

al. 2012), especially at CpG island promoters, as well as in transcription termination in 

numerous yeast and human genes (Ginno et al. 2013; Skourti-Stathaki et al. 2014). 

Nevertheless, when R loops form as aberrant byproducts of transcription and 

accumulate at a higher frequency they entail a major threat to gene expression and 

genome integrity.  

 

3.1. R-loop-mediated genome instability 

Due to its intrinsic characteristics and the consequences of its formation, R loops are a 

potential source of genome instability. The formation of RNA-DNA hybrids during 

transcription with the consequent displacement of the complementary DNA strand 

increases the proportion of ssDNA, which is more susceptible to mutagenic DNA 

damage than dsDNA (Figure I2A) (Aguilera 2002; Santos-Pereira and Aguilera 2015). 

Due to this fact, hypermutation is one of the phenotypes caused by R loops. These 

mutations may occur either spontaneously or enhanced by mutagenic agents or by the 

action of DNA-modifying enzymes such as AID (Figure I2A). During immunoglobulin 

diversification in B cells, AID activity initiates both processes; somatic hypermutation 
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(SHM) and class switch recombination (CSR) at the switch regions (S regions) of the Ig 

genes. Transcription is necessary for this process since AID acts on ssDNA (Chaudhuri 

and Alt 2004). The formation of R loops behind the RNAP contributes to provide this 

substrate to the AID enzyme (Yu et al. 2005). However, AID can erroneously act on 

off-target genes, especially when R loops accumulate at high levels. An evidence of this 

is the fact that off-target AID activity is enriched at transcribed enhancers and 

promoters, regions with high presence of hybrids (Ginno et al. 2013; Qian et al. 2014). 

Due to the relationship between AID and R loops, the increase on genome instability 

after ectopic expression of AID had been used as an indirect method to detect an 

increase in R loops. For example, AID expression in R-loop-accumulating yeast THO 

mutant increases mutation in transcribed genes (Gomez-Gonzalez and Aguilera 2007). 

Moreover, hypermutation mediates by R loops can occur as a consequence of 

non-canonical replication, when the R-loop is used as a primer (Kogoma 1997), since 

the fidelity of replication could be lower. 

 In addition to facilitating mutagenesis, R-loop-mediated genome instability is 

mainly attributed to increased recombination and chromosome rearrangements as a 

result of DNA breaks. Although the mechanisms by which R loops lead to the formation 

of ssDNA gap or DSBs are not fully understood yet, evidence suggest that replication is 

a key factor in R-loop-mediated genome instability (Wellinger et al. 2006; Madireddy et 

al. 2016). Many examples from bacteria to humans support this idea. Replication fork 

progression impairment had been detected in many R-loop-accumulating yeast and 

human cells, using 2D gel electrophoresis, DNA combing or the recruitment of the 

Rrm3 DNA helicase. Moreover, in these cases, the overexpression of ribonuclease H1 

(RNase H1), which specifically degrades the RNA moiety of DNA-RNA hybrids, 

decreases or suppresses replication impairments as well as DNA breaks and 

recombination. Thus, the harmful potential of R loops relies in part in its ability to 

hamper RF progression (Aguilera and Garcia-Muse 2012; Santos-Pereira and Aguilera 

2015). 

 There are several possible scenarios to explain how DNA breaks can occur as a 

consequence of R loops and R loops-replication conflicts. On one hand, the higher 

susceptibility of the ssDNA present in an R-loop to DNA lesions, especially when they 

are not properly repaired, can lead to single-strand breaks (SSBs). These unrepaired 

DNA lesions can block RF progression, which in turn can lead to DSBs formation 
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(Figure I2A). Moreover, the ssDNA is also more prone to form non-B DNA structures 

such as G-quadruplexes and hairpins, which may also be an obstacle to replication. On 

the other hand, the RNA-DNA hybrid structure is a major barrier for replication. It is 

able to stall or block RF progression directly by itself. Indirectly, R loops can hamper 

replication by promoting transcription-replication collisions (Figure I2B). This occurs 

when the RNAP remain trapped at the transcription site as a consequence of a stable 

R-loop (Aguilera and Garcia-Muse 2012). However, recent findings establish a 

connection between R loops and chromatin changes which in turn could be largely 

responsible for R-loop-associated genome instability (Chedin 2016). In particular, it had 

been reported that the accumulation of aberrant R loops triggers histone H3 serine 10 

phosphorylation (H3S10-P), a mark of chromatin condensation (Castellano-Pozo et al. 

2013). Since this compaction could be an important barrier to the RF progression, it is 

proposed that the responsible for RF staling and genome instability mediated by R loops 

it may not be just the R loops, but a more compacted chromatin triggered by them 

(Figure I2C) (Castellano-Pozo et al. 2013). 

 

Figure I2. R-loop-mediated genome instability. 
R loops are a major source of source of genome instability. (A) The formation of R loops involves an 
increase in the proportion of ssDNA, which is more vulnerable to genotoxic and enzymatic activities such 
as AID. This in turn can promote different DNA lesions such as base damage (red star), which can lead to 
mutagenesis, and ssDNA nicks or gaps, which can hamper RF progression and lead to genome instability. 
(B) R loops can also interfere with replication directly by acting as an obstacle or indirectly by promoting 
transcription-replication collisions. (C) Replication can be hinder by local chromatin compaction 
promoted by R-loop formation. In all this cases R loops impede RF progression and lead to fork stalling, 
potential collapse, and breakage, thus leading to genome instability. Figure adapted from (Gaillard and 
Aguilera 2016). 
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3.2. Mechanisms and factors involved in preventing R-loop accumulation 

R loops are dynamic structures that are continuously formed and resolved over a large 

fraction of the genome (Chedin 2016). Cells possess various mechanisms and factors to 

prevent R-loop formation and accumulation. The coordinated action of these factors 

maintains R loops controlled in vivo. Dysfunction of any of them causes R-loop 

accumulation and genome instability (reviewed in (Skourti-Stathaki and Proudfoot 

2014; Santos-Pereira and Aguilera 2015)).  

 In general, two types of mechanisms or factors to avoid R-loop accumulation are 

distinguished: those that help prevent R-loop formation (mRNP biogenesis and 

topoisomerases) and those that remove R loops once they have formed (ribonucleases, 

helicases and others). 

 

3.2.1. Topoisomerases 

During transcription, the advance of the polymerase is accompanied by topological 

changes including positive supercoils ahead and negative supercoils behind the RNAP. 

The accumulation of these supercoils could have detrimental effects on the DNA. In 

particular, the accumulation of negative supercoils behind the RNAP has been linked to 

R-loop formation and genome instability since underwinded DNA might facilitate DNA 

strand opening and subsequent R-loop formation. Topoisomerases are responsible for 

alleviating these supercoiling and for preventing its accumulation (Santos-Pereira and 

Aguilera 2015; Gaillard and Aguilera 2016). Therefore, they are considered important 

factors for R-loop prevention. In E. coli, the growth defect of topA mutants, which lack 

Top1, is suppressed by RNase H1 overexpression (Drolet et al. 1995). In yeast, top1 and 

top2 mutant show transcription defects and R-loop accumulation at the ribosomal DNA 

(rDNA) locus (El Hage et al. 2010). In mammalian, it had been shown that R loops are 

responsible for RF stall and chromosome breaks observed in TOP1-deficient cells 

(Tuduri et al. 2009). Therefore, topoisomerases are an important mechanism to prevent 

R-loop formation during transcription (Figure I3A). 
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3.2.2. mRNP biogenesis 

Many factors involved in different steps of mRNA processing had been shown to be 

relevant to protect the genome from R loops. During transcription, nascent mRNA 

needs to be correctly packaged, which is crucial for pre-mRNA processing, mRNA 

export, mRNA integrity and transcription elongation efficiency. For this, numerous 

RNA-binding proteins (RBPs) associates with the nascent mRNA, thus leaving the 

RNA molecule completely packaged and protected, therewith also reducing the chance 

of the RNA to hybridize back with the DNA template (Figure I3A) (Rondon et al. 

2010). The first evidence of this was observed in yeast mutant of THO/TREX, a 

conserved complex involved in the coupling of transcription with mRNP biogenesis and 

export (see below). Mutants of this complex accumulate co-transcriptional R loop and 

exhibit R-loop-dependent hyper-recombination phenotype (Huertas and Aguilera 2003). 

This is some extent explained by the fact that the absence of this complex leads to the 

formation of a suboptimal mRNP, which in turn facilitates R-loop formation and 

increases genome instability (Huertas and Aguilera 2003; Gomez-Gonzalez and 

Aguilera 2007). Importantly, the role of THO/TREX seems to be conserved since its 

absence lead to similar transcription and mRNA export defects as well as  

R-loop-mediated genome instability in yeast, Caenorhabditis elegans and human cells 

(Chavez and Aguilera 1997; Huertas and Aguilera 2003; Dominguez-Sanchez et al. 

2011a; Gomez-Gonzalez et al. 2011; Castellano-Pozo et al. 2012).  

 From this first evidence, many other examples have supported the idea that 

factors with a role in RNA metabolism are crucial to protect nascent mRNA and to 

prevent R-loop formation and genome instability. The yeast THSC/TREX-2 complex, 

also acts at the interface of transcription and mRNA export since it provides an 

anchoring of transcribed genes to the nuclear pore complex (NPC) (Luna et al. 2012). 

Mutant of this complex show transcription and mRNA export defects and genome 

instability, similarly to those observed in THO/TREX mutant (Fischer et al. 2002; 

Gallardo et al. 2003; Gonzalez-Aguilera et al. 2008). Moreover, this is attributed to 

R-loop formation since these mutants are sensitive to AID and part of the genome 

instability can be suppress by RNase H1 overexpression (Gonzalez-Aguilera et al. 

2008). Along the same lines, the yeast Npl3, a highly abundant RNA-binding 

heterogeneous nuclear ribonucleoprotein (hnRNP) involved in mRNP processing and 

export, has a key role in preventing R-loop-mediated transcription-replication conflicts 
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and genome instability (Santos-Pereira et al. 2013). In vertebrate cell, 

serine/arginine-rich (SR) splicing factor 1 (SRSF1), an SR protein involved in splicing 

but also in mRNA export, was one of the first proteins identified as an important factor 

in the prevention of R-loop formation (Li and Manley 2005). Chicken DT40 and human 

HeLa cells depleted of SRSF1 show hypermutation, DNA damage and higher 

sensitivity to bisulfite mutagenesis, which specifically acts on ssDNA. This is attributed 

to R-loop formation since genome instability caused by SRSF1 depletion can be 

suppressed by RNase H overexpression. Similarly, depletion of either BuGZ or Bub3, 

two mitotic regulators that in interact with the splicing machinery and are required for 

pre-mRNA splicing, cause splicing defects and increase R-loop formation in several 

cancer cell lines (Wan et al. 2015).  

 

 

Figure I3. Mechanisms and factors that help prevent R-loop accumulation.  
(A) Topoisomerase 1 (TOP1), which alleviates the local negative supercoiling behind the elongating 
RNAPII, and specific RNA-binding proteins that are involved in RNA biogenesis (including the THO 
complex, SRSF1 and Pcf11) or RNA surveillance (including Rrp40/EXOSC3 and Rrp6/EXOSC10) help 
prevent the formation of R loops. (B) R loops can be removed by RNase H enzymes, which degrade RNA 
moiety. Additionally, helicases such as Rho in bacteria, Sen1 in yeast, senataxin (SETX) in human and 
other putative helicases such as aquarious (AQR) can unwound the RNA-DNA hybrid within the R-loop. 
Figure adapted from (Santos-Pereira and Aguilera 2015). 
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 In addition to RNA biogenesis, other aspects of RNA metabolism have been 

involved in the prevention of R-loop formation. This is the case of factors with a role in 

RNA surveillance such as yeast Trf4, a component of the TRAMP (Trf4-Air2-Mtr4p 

polyadenilation) complex, or mouse exoribonucleases exosome component 3 

(EXOSC3) and EXOS10 (Rrp40 and Rrp6 in yeast, respectively) (Figure I3A) (Gavalda 

et al. 2013; Pefanis et al. 2015).  

 In general, several genome-wide screenings as well as more focused analyses of 

specific factors have continued identifying factors involved in RNA metabolism with an 

important role in R loops prevention (Paulsen et al. 2009; Wahba et al. 2011; Stirling et 

al. 2012; Chan et al. 2014), thus supporting the idea that protection of RNA contributes 

to maintain genome integrity. 

 

3.2.3. Ribonucleases, helicases and others 

Once R loops are formed, cells also possess mechanisms to remove them and prevent 

their accumulation. R loops can be removed by RNase H enzymes, which specifically 

degrade the RNA moiety of DNA-RNA hybrids (Figure I3B). RNase H1 and RNase H2 

are the two main types of RNases H. They differ in composition and have different 

specialized roles, however both types have the ability to degrade the RNA strand of 

DNA-RNA hybrids (Cerritelli and Crouch 2009; Skourti-Stathaki and Proudfoot 2014). 

Despite this, RNase H1 seems to be the major player in removing 

transcription-associated R loops (Chon et al. 2013). In fact, overexpression of RNase 

H1 has been widely used to experimentally remove R loops and to suppress 

R-loop-dependent genome instability phenotypes.  

 Additionally, the unwinding of DNA-RNA hybrid by the action of DNA-RNA 

helicases also contributes resolve R loops. A clear example of this is the yeast Sen1 

helicase and its human homologue senataxin (SETX). In S. cerevisiae, sen1-1 mutants, 

which carry a mutation in the Sen1 helicase domain, shows hyper-recombination 

phenotype and R-loop accumulation (Mischo et al. 2011). In human cells, SETX 

depletion leads to R-loop accumulation at transcription termination pause sites (Skourti-

Stathaki et al. 2011). This suggests that SETX is necessary to resolve R loops generated 

as intermediaries of the transcription termination process (Figure I3B). Interestingly, 

depletion of the human aquarius (AQR), an helicase of the same subfamily as 
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Sen1/SETX, also leads to R-loop accumulation, suggesting that AQR may have a role in 

R-loop resolution (Figure I3B) (Sollier et al. 2014). 

 Many other factors may indirectly contribute to the resolution of R loops, 

especially those with a role in DNA repair and/or in mediation of 

transcription-replication conflicts, since R-loop formation interferes with RF 

progression.  The DSB repair factor and tumor suppressors BRCA1 and BRCA2 had 

been shown to have a role in preventing R-loop accumulation (Bhatia et al. 2014). 

BRCA1 is recruited to R loops formed at transcription termination regions and mediates 

the recruitment of SETX (Figure I4) (Hatchi et al. 2015). Moreover, BRCA1 has a 

Fanconi anemia (FA)-associated function and BRCA2 is the FANCD1 component of 

the FA DNA repair pathway and plays a role in stabilizing RFs (Moldovan and 

D'Andrea 2009). Importantly, it has been recently reported that FA pathway is relevant 

in protecting cells from naturally formed R loops, thus allowing RF progression through 

transcribed regions (Figure I4) (Garcia-Rubio et al. 2015). Similarly, the FACT 

(facilitates chromatin transcription) chromatin-reorganizing complex, that swaps 

nucleosomes around the RNA polymerase during transcription elongation, has a role in 

the resolution of R-loop-mediated transcription-replication conflicts (Figure I4). The 

accumulation of R loops in cells depleted of this factor suggests that chromatin 

reorganization-mediated by FACT is required for the RF to move through transcribed 

regions (Herrera-Moyano et al. 2014). 

 

 

Figure I4. Factors that help resolve R-loop-mediated replication conflicts. 
RF progression can be hampered by R loops and by local R-loop-mediated chromatin compaction. In this 
scenario, resolution of R loops can be facilitated by factors that protect stalled replication forks from 
collapse or that are required for RF progression through an obstacle such. This includes BRCA2 and 
potentially other Fanconi anemia (FA) proteins, the FACT (facilitates chromatin transcription) 
chromatin-reorganizing complex and probably senataxin (SETX) in cooperation with BRCA1. Figure 
adapted from (Santos-Pereira and Aguilera 2015). 
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4. THE THO/TREX COMPLEX: COUPLING CO-TRANSCRIPTIONAL 

mRNP BIOGENESIS WITH GENOME INTEGRITY 

As part of the eukayotic gene expression process, nascent pre-mRNA needs to be 

processed and packaged into a stable and export-competent mRNP particle that is 

transported into the cytoplasm. For this, many RBPs are recruited co-transcriptionally to 

the nascent mRNA (Muller-McNicoll and Neugebauer 2013). This includes RBPs 

involved in processing (5′ end capping, splicing, 3′ end processing), nuclear export, 

subcellular localization, translation and stability of the mRNA. All these different 

processing steps and mRNP export are connected to each other and at the same time are 

coupled to transcription (Figure I5) (Bentley 2014). This makes the processing more 

efficient and allows its regulation at multiple steps, thus ensuring that only properly 

modified mRNPs are transported (Bjork and Wieslander 2017). The composition of the 

mRNP is dynamic, changing as processing and export takes place. The different steps of 

mRNP biogenesis are interconnected and frequently mediated by interaction with RNA 

polymerase II (RNAPII) (Figure I5). The carboxy-terminal domain (CTD) of the largest 

RNAPII subunit comprises a series of heptapeptide repeats with the consensus sequence 

YSPTSPS conserved from fungi to human. The CTD plays important roles in 

transcription and RNA processing, as a platform to recruit factors and modulate the 

efficiency of these processes (Buratowski 2009; Heidemann et al. 2013). 

 

Figure I5. Nuclear steps of eukaryotic gene expression, from transcription to nuclear export. 
NPC, Nuclear pore complex; CTD, C-terminal domain of Rpb1, RNAPII, RNA polymerase II. Figure 
adapted from (Luna et al. 2008). 
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4.1. mRNP biogenesis: Coupling between transcription, mRNA processing and 

mRNA export 

As soon as mRNA emerges from the RNAP, is capped by methyl-guanylation at its 

5´ end. This is carried out by capping enzymes that binds to the phosphorylated 

carboxy-terminal domain (CTD) of the RNAPII largest subunit. Once the cap is added 

to the nascent mRNA, the nuclear cap-binding complex (CBC) binds 

co-transcriptionally to the monomethylated cap (Figure I5). The CBC binding to mRNA 

seems to be the first step in the assembly of the mRNP and required for the subsequent 

processes that occur on the mRNA molecule (splicing, transcription termination, export, 

nuclear mRNA decay, translation, non-sense-mediated decay and decapping) (Aguilera 

2005; Luna et al. 2008; Gonatopoulos-Pournatzis and Cowling 2014). 

 Another step of mRNA processing is splicing. It consists in the elimination of 

introns from the pre mRNA and the junction of exons to produce a mature mRNA. 

Splicing factors are recruited rapidly to nascent mRNA and introns are removed 

co-transcriptionally, but also some of them can be eliminated after transcription 

(Kornblihtt et al. 2004). Splicing occurs in eukaryotes form yeast to human. However, 

while in mammals almost all RNAPII transcribed genes contain introns (except for 

histones and a few other genes), in S. cerevisiae introns are rather short and only present 

in a small subset of genes (for example in ribosomal protein genes) (Izquierdo and 

Valcarcel 2006; Kornblihtt et al. 2013; Shkreta and Chabot 2015). 

 Splicing is performed by the spliceosome, a complex ribonucleoprotein 

megaparticle that contains five uridine (U)-rich small nuclear ribonucleoproteins 

(snRNPs) (U1, U2, U4, U5 and U6) and more than 150 accessory proteins. The 

spliceosome recognizes and acts over very short consensus elements present in the 

nuclear pre-mRNA introns: The 5´ splice site (SS), the branch site (BS) and the 3´ SS; 

that, in metazoans, are also very poorly conserved (Figure I6A) (Wahl et al. 2009). The 

spliceosome, through its dynamic and sequential assembly, performs the two 

transesterification reactions that are necessary to excise introns and join together the 

selected exons (Figure I6B). Spliceosome assembly occurs by sequential interaction of 

the spliceosomal snRNPs with the numerous other splicing factors, and associated 

proteins as MFAP1, which is studied in more detail in this thesis (Figure I6C) (Will and 

Luhrmann 2011; Papasaikas and Valcarcel 2016). 
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Figure I6. Pre-mRNA splicing and the spliceosome. 
(A) Conserved sequences found at the 5′ and 3′ splice sites and branch site of pre-mRNA introns in 
metazoans and budding yeast (S. cerevisiae). The polypyrimidine tract is indicated by (Yn). (B) Splicing 
consists of two sequential transesterification reactions. In the first reaction, the 2´-hydroyl of an adenosine 
of the branch site (BS) in the intron attacks the phosphodiester bond at the 5´ splice site (SS). This 
generates a free 5´exon and an intron lariat-3´ exon. In the second reaction, the 3´-hydroxyl of the 5´ exon 
attacks the phosphodiester bond at the 3´ SS, leading to the ligation of the 5´and 3´ exons (forming the 
mRNA) and excision of the lariat intron (Wahl et al. 2009). (C) Scheme of the dynamic assembly of the 
spliceosome. The different U snRNPs and complexes (E, A, B and C) involved in the splicing process are 
shown. The participation of helicases and other associated proteins, such as MFAP1, is also indicated. 
NTC, NineTeen Complex. Figure adapted from (Will and Luhrmann 2011). 
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 Depending on the usage of a splice site, two type of splicing can be 

distinguished, constitutive and alternative. In general, those splice sites that are more 

adjusted to the consensus sequence (̒strong ̕splice site) are always efficiently recognized 

and spliced within a pre-mRNA (constitutive splicing). However, those slice sites 

whose sequence diverge far from the consensus sequence (w̒eak̕ splice sites) are only 

sometime recognized and used (alternative splicing) (Kornblihtt et al. 2013). Alternative 

splicing allows the production of multiple mRNA variants from a single pre-mRNA, 

which in turn is a major contributor to transcriptomic and proteomic diversity. This 

occurs especially in higher eukaryotes, where alternative splicing is predominant. The 

final splice site selection is influenced by regulatory factors, thus, members of the SR 

and hnRNP protein families often bind to enhancers and silencers sequences, 

respectively, leading to antagonistic effects on splice-site usage (Kornblihtt et al. 2013). 

Moreover, when splicing occurs co-transcriptionally transcription elongation rate is 

another factor that can be determinant for alternative splicing decisions (de la Mata et 

al. 2003). Changes in RNAPII elongation rates can affect the recruitment of splicing 

factors and the inclusion of exon with weak polypyrimidine tracts, and even the 

chromatin structure by histone modifications (Kornblihtt et al. 2013; Saldi et al. 2016). 

RNAPII pausing at the 3’ end on yeast genes have been proposed to facilitate the 

co-transcriptional removal of introns, and vice versa, the splicing also could promote 

pausing in transcription (Alexander et al. 2010; Carrillo Oesterreich et al. 2010). 

 Another relevant step in gene expression is the mRNA 3´ end processing that 

consists on the cleavage of nascent transcript and acquisition of a poly(A) tail in most of 

them, which is essential for the stability, export to the cytoplasm and translation of the 

transcripts. This is carried out by a large cleavage/polyadenylation machinery that 

recognizes poly(A) signals on the nascent transcripts and produce the endonucleolytic 

3´ end cleavage and the addition of a polyadenylated tail (Figure I7) (Millevoi and 

Vagner 2010). 3´ end formation occurs co-transcriptionally and influences reciprocally 

transcription and different steps of mRNA biogenesis. Indeed, 3´ end processing factors 

are recruited via CTD of RNAPII at the 3´ end of transcribed genes. Several 

transcription factors/activators affect processing at the poly(A) signal, in turn, 3´ end 

processing factors and sequence elements of the poly(A) signal modulate transcription 

termination. There is also a physical and functional interconnection with splicing. 

Several splicing-related factors interact with cleavage and polyadenylation factors. 
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Moreover, 3´ end processing contributes to recognize the last intron of a pre-mRNA. On 

the other hand, splicing factors bound to the last intron 3´ SS facilitates cleavage and 

polyadenylation (Millevoi and Vagner 2010; Bentley 2014). There is also a link 

between 3´ end processing and mRNA export (Rondon et al. 2010), thus mRNP 

particles that are not well processed are retained in the nucleus, and a surveillance 

mechanism controlled by the exosome and other factors (Schmid and Jensen 2008). 

 

Figure I7. Co-transcriptional assembly of export-competent mRNPs. 
Schematic representation of co-transcriptional assembly of messenger ribonucleoprotein particles 
(mRNPs) in mammalian cells. During transcription, the cap-binding complex (CBC) binds to the 7-
methylguanosine (m7G) cap of the 5´ end of nascent mRNA and participates in subsequent stages of 
mRNA biogenesis and export. The splicing and the binding of numerous RNA-binding proteins including 
THO/TREX also occurs co-transcriptionally. The recruitment of THO/TREX is mediated by interaction 
with proteins of the CBC, the exon junction complex (EJC) and serine/arginine serine/arginine-rich (SR) 
proteins and contributes to mRNP biogenesis and export. After cleavage and polyadenylation, 
THO/TREX and other export adaptor factors recruit the RNA export receptor NXF1 to allow efficient 
nuclear export through the nuclear pore. hnRNPC, heterogeneous nuclear ribonucleoprotein C; PABPC1, 
cytoplasmic poly(A) binding protein 1; PABPN1, nuclear poly(A)-binding protein 1; Pol II, RNA 
polymerase II; pre-mRNP, precursor mRNP; CPSF6, cleavage factor and polyadenylation factor 6; 
NXF1, RNA export factor 1. Figure adapted from (Muller-McNicoll and Neugebauer 2013). 
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 In addition to the mRNA processing proteins, many others RBPs bind 

co-transcriptionally to the nascent mRNA and contribute to the formation of the mRNP, 

protecting it from degradation and preparing it to be exported (Figure I7). Mature 

mRNPs are exported to the cytoplasm by the mRNA export receptor factor 

Mex67/NXF1 that interact with the nucleoporins that form the nuclear pore complex 

(Kohler and Hurt 2007). As this factor cannot bind directly the mRNA, the mRNP 

export take place through NXF1 interaction with mRNA adaptors, such SR proteins,  

THO/TREX and THSC/TREX2 complexes (Katahira 2012). 

 

4.2. The THO/TREX complex as a key player of mRNP biogenesis  

THO/TREX is a conserved eukaryotic complex that is required for mRNP biogenesis 

linking transcription to mRNA export, as well other steps of mRNP biogenesis. It was 

first isolated in yeast as a four subunit complex formed by Tho2, Hpr1, Mft1 and Thp2 

(Figure I8) (Chavez et al. 2000). These four subunits appear in stoichiometric amounts 

and strongly interact between them forming a core. In fact, it can be purified under high 

salt conditions and it has been reported that THO is stable only when the four 

component are present (Chavez et al. 2000; Huertas et al. 2006). THO has also been 

purified in Drosophila and human cells and the complexes contain counterparts of the 

yeast subunits hHpr1/THOC1, hTho2/THOC2, as well as additional components such 

as THOC5, THOC6 and THOC7, which do not have apparent yeast homologs (Figure 

I8) (Rehwinkel et al. 2004; Masuda et al. 2005). THOC5-7 were originally identified as 

splicing associated factors and due to this were previously called fSAP79, fSAP35 and 

fSAP24, respectively. Moreover, THO associates with the mRNA export factors 

Sub2/UAP56 and Yra1/REF/ALY, and the Tex1 protein forming a larger complex 

termed TREX (TRanscription-EXport) (Figure I8) (Strasser et al. 2002). As in yeast, 

purification of the complex from Drosophila and human cells show that THO subunits 

form a stable core, while the interactions with UAP56 and ALY are weaker (Rehwinkel 

et al. 2004; Masuda et al. 2005). UAP56 is a DEAD-box helicase required for the 

recruitment of ALY to both spliced and intronless mRNAs, which in turn is necessary 

for subsequent steps of mRNA export (Luo et al. 2001; Taniguchi and Ohno 2008). 

ALY (hYra1 or REF) is an RNA binding protein that belong to the evolutionarily 

conserved REF (RNA and export factor binding proteins) family of hnRNP-like 
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proteins (Stutz et al. 2000). ALY stimulates nuclear mRNA export since acts as an 

adaptor for Mex67/NXF1 recruitment and binding to mRNPs (Zhou et al. 2000; 

Hautbergue et al. 2008; Taniguchi and Ohno 2008; Hung et al. 2010). The interaction of 

THO with UAP56, ALY and other mRNP factors facilitates the coupling between 

transcription and export. Human THO/TREX colocalizes with nuclear speckles which 

are domains enriched in pre-mRNA splicing factors located in the interchromatin 

regions of the nucleoplasm of mammalian cells (Zhou et al. 2000; Gatfield et al. 2001; 

Lamond and Spector 2003; Masuda et al. 2005). Recent evidence shows that splicing 

occurs in these nuclear speckle domains and that TREX functions in the release of 

spliced mRNA/polyA+ RNA from nuclear speckles for export to the cytoplasm (Dias et 

al. 2010). 

 

 

Figure I8. The THO/TREX complex is conserved from yeast to human. 
The Drosophila and human THO complexes contain subunits homologous to Tho2 and Hpr1 
(hTho2/THOC2 and hHpr1/THOC1, respectively) and three additional subunits THOC5/fSAP79, 
THOC6/ fSAP35 and THOC7/ fSAP24. THO also associates with substoichiometric amounts of the 
homologue to Tex1, Yra1 (REF/ALY) and Sub2 (UAP56), forming TREX. Figure adapted from (Reed 
and Cheng 2005). 

 

 The close connection between transcription and mRNP biogenesis can explain 

the pleiotropic phenotypes observed in THO mutants including, transcription 

impairment, hyper-recombination, mRNA export defects, increased levels of 

exosome-dependent mRNA instability, and defects in 3′ mRNA formation (Figure I9) 

(Chavez et al. 2000; Strasser et al. 2002; Rondon et al. 2003; Rougemaille et al. 2008; 

Dominguez-Sanchez et al. 2011a). In vivo and in vitro assays in yeast showed that 

THO/TREX mutants have transcription elongation and mRNA export defects (Figure 
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I9) (Chavez and Aguilera 1997; Piruat and Aguilera 1998; Chavez et al. 2000; Rondon 

et al. 2003). Genome-wide analysis in THO/TREX mutants shows that expression of 

long, G+C-rich and highly transcribed genes are affected, according the role of this 

complex in transcription elongation (Gomez-Gonzalez et al. 2011).  

 THO/TREX is recruited to the active transcribed chromatin. Genome-wide 

profile in yeast show that THO levels increases towards the 3′ end of genes in a gradient 

manner to disappear after the polyadenylation signal (Gomez-Gonzalez et al. 2011). 

This pattern is in agreement with the role of THO in transcription elongation and in 

3′ end formation and the assembly of an export competent mRNP (Luna et al. 2012). 

THO can interact with the RNA molecule and with RNAPII (Jimeno et al. 2002; Meinel 

et al. 2013); but interaction with other mRNP components also seems to help recruit 

THO to the nascent mRNP (Figure I7). It has been suggested that both exon junction 

complex (EJC) and cap-binding complex (CBC), through the CBP80-ALY interaction, 

promote the binding of TREX to the 5´ end of mRNAs (Cheng et al. 2006). This 

connection between co transcriptional splicing and TREX is also established through 

the conserved Prp19 complex (Prp19C), also known as NineTeen Complex (NTC). This 

complex functions in transcription elongation and also is crucial for catalytic activation 

of the spliceosome and subsequent splicing reactions and rearrangement within the 

spliceosome, among other functions (Chanarat and Strasser 2013). In yeast, NTC seems 

to be necessary to stabilize the recruitment of TREX to transcribed genes (Chanarat et 

al. 2011). In addition, subunits of TREX have been shown to be associated with 3´ end 

processing factors in yeast and human cells (Johnson et al. 2011; Katahira et al. 2013). 

Beside the physical interaction, functional connection is also reported as depletion of 

THO leads to mRNA 3´ end formation defects and vice versa, mutation in 3´ end 

processing factors have transcription elongation defects (Luna et al. 2005; Rougemaille 

et al. 2008). 

 Despite the differences in composition and in the recruitment of the complex in 

yeast and human cells, THO/TREX seems to play a similar role in transcription, mRNP 

biogenesis/export and in the maintenance of genome integrity from yeast to human 

(Durfee et al. 1994; Guo et al. 2005; Li et al. 2005; Masuda et al. 2005; Dominguez-

Sanchez et al. 2011a; Viphakone et al. 2012). 
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 The current view in the field is that THO could participate in the 

co-transcriptional formation of export-competent mRNP during transcription elongation 

by controlling the assembly of heterogeneous nuclear ribonucleoproteins (hnRNPs) onto 

the mRNA and avoiding the formation of suboptimal mRNPs. The observation that 

overexpression of the RNA-dependent ATPase Sub2 or the novel RNA binding protein 

Tho1 suppresses both the transcription and RNA-export defects of THO mutants is 

consistent with this view (Fan et al. 2001; Jimeno et al. 2002; Jimeno et al. 2006). 

 

 

Figure I9. THO/TREX plays a role at the interface of transcription and genome instability. 
Lack of THO/TREX leads to transcription elongation and mRNA export defects, R-loop formation, 
replication impairment and hyper-recombination. 

 

4.3. THO/TREX as a paradigm of the connection between RNA metabolism and 

genome integrity 

The analyses of THO mutants in S. cerevisiae provided the first evidence of the relevant 

role of mRNP biogenesis in preventing co-transcriptional genome instability. In general, 

yeast THO/TREX mutants show mRNA export defects, transcription-elongation 

impairment and transcription-dependent hyper-recombination phenotypes (Aguilera and 

Klein 1990; Piruat and Aguilera 1998; Chavez et al. 2000; Jimeno et al. 2002). This is 

mainly attributed to an improper mRNP formation. Yeast cell lacking a functional 

THO/TREX produce a suboptimal mRNP which is able to hinder transcription 

elongation and generate genomic instability measured as an increase in recombination. 

This in turn can be largely explained by an increase in R-loop formation (Huertas and 

Aguilera 2003).  A suboptimal mRNP particle in THO mutans increase the chance of 

nascent mRNA to hybridize back with the DNA template during transcription. Indeed, it 
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has been shown that there is an increase in RNA-DNA hybrids in THO-depleted cells, 

as determined by genetic approaches and by physical detection of RNA-DNA hybrids 

with molecular tools using specific antibodies (Huertas and Aguilera 2003; Bhatia et al. 

2014). These R loops structures could be the responsible for the replication impairment 

observed in THO mutant, as determined by 2D gel and Rrm3 helicase ChIP-chip 

analyses (Wellinger et al. 2006; Gomez-Gonzalez et al. 2011). Moreover, this 

phenomenon seems to be conserved since similar phenotypes are observed in C. elegans 

and human cells depleted of THO (Dominguez-Sanchez et al. 2011a; Castellano-Pozo et 

al. 2012). hTHO depletion in different cell lines increases DNA breaks, as measure by 

single-cell electrophoresis, γH2AX and 53BP1 foci; enhances class-switching 

recombination and causes replication impairment, as determined by DNA combing 

(Dominguez-Sanchez et al. 2011a). Replication impairment has also been observed in 

THO mutants in C. elegans, by incorporation of labeled deoxyribonucleotides 

(Castellano-Pozo et al. 2012). In all these organism data support that increased DNA 

damage, hyper-recombination, transcription elongation defects and replication 

impairment are mediated by R-loop formation since all these phenotypes are suppressed 

by RNaseH and/or enhances by AID overexpression (Figure I9) (Dominguez-Sanchez et 

al. 2011a; Gomez-Gonzalez et al. 2011; Castellano-Pozo et al. 2012). Recently, a 

connection between R loops and chromatin has been shown since lack of THO 

accumulates high levels of H3S10-P in an R-loop-dependent manner in yeast, 

C. elegans and human cells (Castellano-Pozo et al. 2013). 

 Importantly, later studies have shown that this connection between transcription, 

mRNP biogenesis/export and genome instability is not only established exclusively 

through THO/TREX but also extends to many other factors involved in different 

nuclear mRNA processes. These include proteins involved in splicing, as is the case of 

SRSF1 (serine/arginine splicing factor 1) (Li and Manley 2005); in mRNA 3´ end 

processing and degradation (Luna et al. 2005; Stirling et al. 2012; Gavalda et al. 2013; 

Pefanis et al. 2015); mRNP biogenesis and export such as THSC/TREX2 among others 

(Jimeno et al. 2002; Gallardo et al. 2003; Gonzalez-Aguilera et al. 2008); helicases such 

as SETX/Sen1, DDX19, DDX23 and others factors (Paulsen et al. 2009; Skourti-

Stathaki et al. 2011; Wahba et al. 2011; Santos-Pereira and Aguilera 2015; Hodroj et al. 

2017; Sridhara et al. 2017). 
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4.4. Other roles of THO/TREX complex  

THOC1 (hHpr1 or p84N5), one of the conserved subunits of THO, was originally 

identified as a nuclear matrix protein involved in RNA metabolism that interacts with 

the tumor suppressor retinoblastoma protein (pRB) (Durfee et al. 1994). Different 

reports indicate that THO plays a role in cell proliferation and apoptosis, which can be 

mediated by the association of THOC1 with pRB, and the death domain of this subunit 

(Doostzadeh-Cizeron et al. 1999) (reviewed in (Heath et al. 2016)). Interestingly, 

THOC1 has been reported that is de-regulated in several cancer types (Guo et al. 2005; 

Li et al. 2007; Dominguez-Sanchez et al. 2011b; Guo et al. 2012). 

 Moreover, THO complex can play a role in cell differentiation. Although THO 

is not essential for the viability of unicellular yeasts, the orthologous Thoc1 protein is 

required for viability of the early mouse embryo (Wang et al. 2006). This complex is 

also involved in development of adult cells, as determined by defects in 

spermatogenesis of hypomorfic alleles of Thoc1 mice (Wang et al. 2009a) and in bone 

marrow and hematopoiesis differentiation, as shown in conditional THOC5 

knock-down mice (Mancini et al. 2010). These reports suggest that THO/TREX could 

influence different aspects of differentiation and proliferation probably by either 

affecting transcription or the export of specific mRNAs (Tamura et al. 1999; Luna et al. 

2012). 

 Recently, a link between THO complex and syndromic intellectual disability has 

been also shown as mutations of different THO subunits has been related to this 

neurodevelopmental disorder (Chi et al. 2013; Kumar et al. 2015). 

 THO/TREX may also have a similar role in mRNP biogenesis and export or 

different functions in other organisms since this complex is not only present in yeast, 

vertebrates and mammals but also it has been found in plants and in the protozoa 

Trypanosoma (Furumizu et al. 2010; Serpeloni et al. 2011). In Arabidopsis, THO/TREX 

has been shown to be involved in mRNA export and alternative splicing and other 

functions such as transgene and endogenous siRNA and microRNA biosynthesis 

(Yelina et al. 2010; Francisco-Mangilet et al. 2015; Sorensen et al. 2017). Moreover, 

this complex has been shown to participate in the nuclear export of viral mRNA 

transcript (Koffa et al. 2001; Lischka et al. 2006). 
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4.5. Human THO/TREX-associated partners 

During mRNP biogenesis, THO interacts with a variety of proteins that either contribute 

to THO binding to the pre-mRNA or use THO as a landing platform and subsequently 

binding to nascent pre-mRNA. In addition to UAP56 and ALY, several proteins have 

been found to be associated with TREX during the last years. Most of them are proteins 

as RNA helicases (UAP56 and its paralog URH49), hnRNPs as CIP29, and other 

proteins that acts as mRNA export adaptors among others (Luna et al. 2012; Heath et al. 

2016). CIP29 (also known as SARNP) has been purified together with THO (Dufu et al. 

2010). It is the human homologue of yeast Tho1, an hnRNP that, as well as Sub2, was 

identified as a multicopy suppressor of THO mutants defects in transcription and 

mRNA export (Piruat and Aguilera 1998; Jimeno et al. 2006). Although CIP29 may 

interact with both UAP56 and URH49, it has been shown that UAP56 is preferentially 

associated with ALY to form TREX, whereas URH49 is preferentially associated with 

CIP29 to form the AREX complex (alternative mRNA export complex) (Yamazaki et 

al. 2010). These are just some examples among the new putative TREX subunits or 

associated proteins identified over the last few years. This suggests that mRNP 

biogenesis is a dynamic process in which THO is a key component that acts as a 

platform that connects different steps of mRNA metabolism (Luna et al. 2012; Heath et 

al. 2016).  

 Deciphering the nature and relevance of the new physical and genetic 

interactions of THO would help define a group of factors working at the same nuclear 

process that may be the key to understand the mechanism of mRNP biogenesis and its 

coupling with genome instability.  

 During the course of this Thesis we have identified a previously unknown link 

between THO/TREX and the histone deacetylase Sin3A complex. A brief introduction 

to this complex is included in Introduction section 5. 
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5. THE HUMAN SIN3A HISTONE DEACETYLASE COMPLEX 

Eukaryotic gene expression is a highly orchestrated process that involves coordinated 

activation and silencing of genes mediated by complex interactions between the 

chromatin and transcription regulatory proteins. The Sin3 co-repressor complex is a 

highly conserved multiprotein complex that mediates transcriptional repression via 

histone deacetylation (Grzenda et al. 2009). In general, acetylation of histone tails 

promotes a more open chromatin conformation and correlates with active transcription 

whereas deacetylation of histone tails causes a more closed/compacted chromatin and 

correlates with transcriptional repression (Shahbazian and Grunstein 2007). SIN3 

protein through its interaction with DNA-binding factors, acts as a scaffold protein that 

recruits histone deacetylases (Class I HDACs; HDAC1 and HDAC2) and other 

chromatin-modifying enzymes onto the target genes. Thus, the core Sin3-HDAC 

complex interacts with a wide variety of repressors and corepressors, providing 

flexibility and expanded specificity in modulating chromatin structure and transcription. 

As result, Sin3-HDAC corepressor complex functions in transcriptional regulation of 

several genes and is therefore implicated in the regulation of key biological processes, 

such as cellular proliferation, differentiation, apoptosis as well oncogenic 

transformation (Kadamb et al. 2013). Although a repressive role for Sin3-HDAC in 

regulating gene expression is well established, accumulating evidence also points to a 

role in gene activation.  

 Sin3/HDAC complex is conserved from yeast to humans, and the presence of 

several paralogs and alternatively spliced isoforms of SIN3 in different organisms 

potentially contribute to the complexity and diversity of SIN3 functions. In mammalian 

cells, the Sin3A complex consists of eight core subunits, SIN3, HDAC1, HDAC2, 

RBBP4, RBBP7, SUDS3, SAP30 and SAP18 and several additional subunits, including 

RPB1, SAP180, SAP130, ING1/2, BRMS1 and SAP25 (Table I1) (Grzenda et al. 

2009). 
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Table I1. The mammalian Sin3A complex. 

 

 

 SIN3 protein is a key piece of the complex since it mediates interactions with 

DNA-binding factors and acts as a platform for the rest of the complex and other 

chromatin modifiers. To establish all these interactions SIN3 possesses six highly 

conserved regions including four Paired Amphipathic Helices (PAH1-4), one Histone 

Deacetylase Interaction Domain (HID) and one Highly Conserved Region (HCR) 

(Silverstein and Ekwall 2005). In mammals, there are two isoforms, SIN3A and SIN3B, 

encoded by two separate genes (Ayer et al. 1995). Both isoforms are approximately 

57% identical in their amino acid sequence with the highest regions of homology 

localized in the PAH and HID regions. The most pronounced difference between them 

is that SIN3B possesses has a shorter amino-terminal region. Although both SIN3A and 

SIN3B may be found expressed within the same cells and tissues and have common 

functions and interactors, they have also been found to associate with different proteins 

and affect the regulation of different target genes (van Oevelen et al. 2008; van Oevelen 

et al. 2010; Jelinic et al. 2011; Kadamb et al. 2013; Lewis et al. 2016). 

 Histone deacetylases 1 and 2 (HDAC1/2) belong to the class I HDAC family 

(Grozinger and Schreiber 2002). HDAC1/2 constitute the major catalytic subunits of the 

complex and are involved in transcriptional silencing in the nucleus. The 

retinoblastoma-binding proteins 4 and 7 (RBBP4/7, formerly RbAp48/46) contribute to 

the physical stabilization of the contact between the complex and the nucleosome. 

Suppressor of defective silencing 3 (SUDS3) (also known as SDS3) is required for the 

integrity and activity of the complex. The Sin3-associated protein (SAPs) SAP30 has a 

role in stabilizing the complex and may act as a bridge between the Sin3A complex and 
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other co-repressors. SAP18 has also a role in the stabilization of the complex, especially 

the HDAC1-SIN3 interaction, and may enhance the enzymatic activity as well as it 

mediates the interaction with other proteins (Silverstein and Ekwall 2005; Grzenda et al. 

2009). In addition to the core components, several other proteins form part of the 

complex, among them SAP130 a subunit that has been identified in this Thesis as a new 

THO interactor (Table I1).   

 Therefore, SIN3 is recruited to chromatin by DNA-binding proteins and acts as a 

platform. SIN3 and the rest of the different components of the complex provide 

structural stability and expand the action of the complex by establishing interactions 

with others DNA-binding transcriptional repressors and other transcriptional regulatory 

proteins (Kadamb et al. 2013). 

 In addition to transcription regulation, Sin3 complex also mediates 

post-translational stabilization of several non-histone proteins (Zilfou et al. 2001; Icardi 

et al. 2012), formation of heterochromatin and chromosome segregation and rDNA 

silencing (Grzenda et al. 2009). In S. cerevisiae, Sin3 complex has been shown to be 

important in other processes as replication timing, since it avoids early activation of late 

origins (Aparicio et al. 2004); and in DNA repair, since is recruited to create a local 

region of hypoacetylation necessary for double-strand break repair by NHEJ (Jazayeri et 

al. 2004).  

 In conclusion, Sin3A is involved in the regulation of key biological processes 

mainly due to its histone deacetylase activity and the transcriptional regulation of a wide 

variety of genes (Silverstein and Ekwall 2005; Kadamb et al. 2013). In this thesis we 

will describe the physical and functional interaction of this complex with the THO 

mRNP complex and its biological relevance on the maintenance of genome integrity.  
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The main goal of this thesis is to further explore how mRNP biogenesis contributes to 

prevent genome instability.  For this purpose, we addressed the following specific 

objectives: 

 

1. To identify new partners of human THO/TREX. 

 

2. To analyze the role of the newly identified partners in the maintenance of 

genome integrity and gene expression, with the aim of getting new insights into 

the molecular mechanisms of THO/TREX in preventing genome instability. 
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1. IDENTIFICATION OF NEW THO/TREX-INTERACTING FACTORS 
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To get further insight into the connection between mRNP biogenesis and genome 

dynamics, we decided to perform two-hybrid screenings using a human cDNA library to 

look for new partners of human THO/TREX that could help us to better understand how 

this complex contributes to the maintenance of genome stability. 

1.1. Identification of putative THO/TREX interactors by two-hybrid screening  

We searched for factors interacting with THO/TREX by the yeast two-hybrid system 

using different subunits as bait: THOC1, UAP56, URH49 and ALY. THOC1 is a core 

subunit of the THO complex, UAP56 and URH49 are two closed related RNA helicases 

and ALY is an mRNA export adaptor protein (Luna et al. 2012). In order to perform the 

screening, the cDNAs of the selected subunits were cloned into pGAL4BD bait vector 

fused to the DNA-binding domain of the transcriptional factor Gal4 (pGAL4BD-BAIT) 

(Figure R1A). As a result, bait protein is expressed under the control of ADH1 promoter 

and fused with Gal4 DNA-BD and c-Myc epitope tag. Bait constructions were checked 

by sequencing and the expected protein molecular weight (kDa) was confirmed by 

western blot with c-Myc antibody (Figure R1B). 

 

Figure R1. Yeast two-hybrid vectors and expression of bait fusion proteins. 
(A) Scheme of the pGAL4BD bait vector. This vector allows the expression of the Bait protein fussed 
with the Gal4 DNA-binding domain (DNA-BD) and c-Myc epitope tag under the control of ADH1 
promoter. It contains the TRP1 gene as the selection marker in yeast. (B) Western blot analysis of bait 
proteins (UAP56, THOC1, URH49 and ALY) fussed with the Gal4 DNA-BD and c-Myc epitope tag. 
Fusion bait proteins were detected using c-Myc antibody. (C) Scheme of the pGAL4AD prey vector. This 
vector allows the expression of the human cDNA library (prey) fussed with the Gal4-activation domain 
(AD) and HA epitope tag under the control of ADH1 promoter. Prey vector contains the LEU2 gene as the 
selection marker in yeast. 
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 Prey proteins were expressed from a universal and normalized human cDNA 

library cloned into pGAL4AD prey vector fused to that carries the Gal4 activation 

domain and HA epitope tag (pGAL4AD-cDNA library) (Figure R1C). We transformed 

yeast strain Y2HGold with each vector pGALBD-BAIT and after mating with the Y187 

strain transformed with the cDNA library positive interactions were selected plating the 

culture onto high stringency medium (see Materials and Methods 6.1). Prior to perform 

the two-hybrid screening it was tested that bait proteins were not able to autonomously 

activate the reporter genes (no growth was observed when Y2HGold strain 

co-transformed with pGALBD-BAIT and empty pGAL4AD was plated on restrictive 

medium). 

 More than 2x106 clones were screened with each selected bait (Table R1). Total 

number of clones was estimated according to the number of diploids formed in the 

mated cultured (see Materials and Methods 6.1). All clones that grew and showed blue 

staining onto this high stringency medium were analyzed (Figure R2). Library plasmids 

responsible for activation of reporters (positive clones) were rescued and positive 

interactions were confirmed with different yeast transformants. Positive clones showed 

growth and blue staining in selective medium when bait was present while no growth 

was observed in its absence (empty plasmid pGAL4BD) (Figure R2). Finally, cDNA 

inserts of the candidates were sequenced. cDNA sequence analysis allowed the 

identification of the proteins that interact with the subunits of THO/TREX tested by 

two-hybrid system and discard those cDNAs that were not cloned in frame, and 

therefore were false positives. Nineteen proteins were identified as new putative 

partners of THOC1 (see Table R2). In the screenings with UAP56 and URH49 we 

found several clones encoding proteins that have been previously reported to interact 

with these RNA helicases. Six clones encoding URH49 were found using UAP56 as 

bait, and four clones encoding the heterogeneous ribonucleoprotein hnRNP CIP29 were 

isolated with URH49 as bait (Leaw et al. 2004; Lehner et al. 2004; Dufu et al. 2010; 

Yamazaki et al. 2010). In the case of the screening with ALY, one clone encoding 

ZBTB44 was found as a new putative interactor. Number of clones and information 

about the encoded protein fragment isolated from the screening is shown in Table R2.   
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Table R1. Number of clones screened with each bait. 

Bait Clones screened Number of positive clones 

THOC1 6.96 x 106 28 

UAP56 2.7 x 106 6 

URH49 4.94 x 106 4 

ALY 2.15 x 106 1 

 

 

Figure R2. Identification of human THOC1, UAP56, URH49 and ALY partners by Two-Hybrid 
system. 
Positive clones isolated from a human cDNA library as interactors of THOC1, UAP56, URH59 and ALY. 
The two-hybrid interaction of bait proteins with those encoded by the indicated human cDNAs allows 
growth in high stringency medium (SC-Ade-His-Trp-Leu+(X-α-Gal)+AbA). The interaction is also 
observed by enzymatic activity (blue colonies). No growth is observed when yeast cells are co-
transformed with pGAL4AD-cDNA and empty pGAL4BD-. Positive and negative controls are shown at 
the bottom of the figure. For more details see Materials and Methods 6.1 and Table M6.  
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Table R2. Description of the interactors identified in the screening. 

Protein Description 
Number 

of isolated 
clones 

Accession 

Protein fragment 
isolated 

(related to full length). 
 

(aa.=amino acids) 

Domains and 
motifs  

Cellular 
localization 

(N, nucleus; 
C, cytosol) 

 

References 

Y2H screening using THOC1 as bait 

ANKRD36B 
Ankyrin Repeat 
Domain 36B. 

1 Q8N2N9 971-1353/1353 aa. CC domain - 
(Li et al. 

2006) 

CCDC110 
Coiled-Coil Domain 

Containing 110 
1 Q8TBZ0 322-690/833 aa. CC domain N,C 

(Monji et al. 
2004) 

CCT5 
Chaperonin Containing 

TCP1, Subunit 5 
(Epsilon) 

1 P48643 120-423/540 aa. - N,C 
(Spiess et al. 

2004) 

CDC23* 

Cell Division Cycle 23. 
Component of 

anaphase-promoting 
complex (APC). 

1 Q9UJX2 1-500/596 aa. TPR domain N 

(Nakayama 
and 

Nakayama 
2006) 

CUL1* 
Cullin 1. Role in 

protein ubiquitination 
and degradation. 

2 Q13616 
624-776/776 aa. 
639-776/776 aa. 

- N,C 

(Nakayama 
and 

Nakayama 
2006) 

DYX1C1 

Dyslexia Susceptibility 
1 Candidate 1. Interacts 
with estrogen receptors 

and heat shock 
proteins. 

1 Q8WXU2 1-320/420 aa. 

- CS domain 
- TPR repeats 
- Region that 

mediates interaction 
with ESR1 and 

STUB1 

N,C 
(Taipale et 
al. 2003) 

MFAP1* 

Microfibrillar 
Associated Protein 1. 
Pre-mRNA splicing 
factor. Spliceosome. 

1 P55081 289-438/438 aa. - N 
(Hegele et al. 

2012) 
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Protein Description 
Number 

of isolated 
clones 

Accession 

Protein fragment 
isolated 

(related to full length). 
 

(aa.=amino acids) 

Domains and 
motifs  

Cellular 
localization 

(N, nucleus; 
C, cytosol) 

 

References 

Y2H screening using THOC1 as bait 

MITD1 

Microtubule Interacting 
And Trafficking 

Domain Containing 1. 
Required for proper 

cytokinesis. 

4 Q8WV92 1-249/249 aa. 

- MIT domain 
- Region for 

association with 
membranes 

C 
(Lee et al. 

2012) 

MRPL48 

Mitochondrial 
Ribosomal Protein 

L48. Protein synthesis 
within the 

mitochondrion. 

1 Q96GC5 1-212/212 aa. - C (Chen 2015) 

MRPS31 

Mitochondrial 
Ribosomal Protein S31. 

Protein synthesis 
within the 

mitochondrion. 

1 Q92665 44-395/395 - C (Chen 2015) 

NUB1* 

Negative Regulator Of 
Ubiquitin-Like Proteins 

1. Regulation of 
NEDD8 degradation. 

1 Q9Y5A7 82-466/615 aa. 

- CC domain 
- UBA domain 

- Nuclear localization 
signal 

- NEDD8-binding 

N 
(Kito et al. 

2001) 

PIK3R1 

Phosphoinositide-3-
Kinase Regulatory 
Subunit 1. Role in 

the metabolic actions 
of insulin. 

1 P27986 329-723/723 aa. - SH2 domain C 
(Hansen et 
al. 1997) 

QRICH1 
Glutamine Rich 1. 
Inflammation and 

apoptosis. 
1 Q2TAL8 652-776/776 aa. - N,C 

(Jang et al. 
2015) 
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Protein Description 
Number 

of isolated 
clones 

Accession 

Protein fragment 
isolated 

(related to full length). 
 

(aa.=amino acids) 

Domains and 
motifs  

Cellular 
localization 

(N, nucleus; 
C, cytosol) 

 

References 

Y2H screening using THOC1 as bait 

REV1* 
Translesion DNA 

synthesis (Y-family 
polymerase). 

1 Q9UBZ9 1-433/1251 aa. 

- BRCT domain 
- Interaction with 

target DNA 
- dCTP binding 

N 
(Nelson et al. 

1996) 

SAP130* 

Sin3A Associated 
Protein 130kDa 
Transcriptional 

repression (Sin3A 
histone deacetylation 

complex). 

1 Q9H0E3 903-1083/1083 aa. 
Interaction with 

SIN3A and HDAC1 
N 

(Fleischer et 
al. 2003) 

SMC2* 

Structural Maintenance 
Of Chromosomes 2. 

Condensin. 
Chromosome 
condensation. 

1 O95347 867-1197/1197 aa. 
- CC domain 

- Ala/Asp-rich 
(DA-box) 

N,C 
(Losada and 
Hirano 2005) 

SPATA22* 
Spermatogenesis 
Associated 22. 
Gametogenesis. 

6 Q8NHS9 

2-363/363 aa. 
2-226/363 aa. 
2-157/363 aa. 

58-363/363 aa. 
130-363/363 aa. 

- N 
(La Salle et 

al. 2012) 

SQRDL 

Sulfide Quinone 
Reductase-Like 

(Yeast). Mitochondria 
metabolism. 

1 Q9Y6N5 335-450/450 aa. 
FAD nucleotide-

binding motif 
C 

(Jackson et 
al. 2012) 

ZSWIM2 

Zinc Finger SWIM-
Type Containing 2. E3 
ubiquitin-protein ligase 
involved in apoptosis. 

1 Q8NEG5 286-633/633 aa. RING-finger domain C 
(Nishito et 
al. 2006) 



RESULTS 

71 
 

* Prey proteins selected for validation of the association with the bait protein in human cells 
Abbreviations: CC, Coiled-Coil; TRP, Tetratricopeptide; CS, CHORD-containing proteins and SGT1; ESR1, Estrogen Receptor 1; STUB1, STIP1 homology and U-
box containing; MIT, Microtubule Interacting and Trafficking; UBA, Ubiquitin-Associated; SH2, Src homology2; BRCT, BRCA1 C-terminal; dCTP, Deoxycytidine 
triphosphate; HDAC1, Histone Deacetylase 1; FAD, Flavin Adenine Dinucleotide; RING, Really Interesting New Gene; Q motif, GFXXPXPIQ motif with invariant 
glutamine (Q); DECD, variant of DEAD (Asp-Glu-Ala-Asp) box; SAP, Scaffold-Associated Protein. 
 
 
 
 

Protein Description 
Number 

of isolated 
clones 

Accession 

Protein fragment 
isolated 

(related to full length). 
 

(aa.=amino acids) 

Domains and 
motifs  

Cellular 
localization 

(N, nucleus; 
C, cytosol) 

 

References 

Y2H screening using UAP56 as bait 

URH49 
DEAD-Box Helicase 
39A. RNA helicase. 

6 O00148 8-426/426 aa. 

- Helicase 
ATP-binding 

- Helicase C-terminal 
- Q motif 

- DECD box 

N 

(Lehner et al. 
2004; 

Yamazaki et 
al. 2010) 

Y2H screening using URH49 as bait 

CIP29/THO1 

Cytokine Induced 
Protein 29 KDa. 

Component of the 
TREX complex. 

4 P82979 1-209/209 aa. SAP domain N 
(Yamazaki et 

al. 2010) 

Y2H screening using ALY as bait 

ZBTB44* 

Zinc Finger And BTB 
Domain Containing 44. 

Unknown. May be 
involved in 

transcriptional 
regulation because of 

its BTB domain. 

1 Q8NCP5 215-570/570 aa. 
C2H2-type 1-4 

(zinc finger) 
N 

(Beaulieu 
and 

Sant'Angelo 
2011; Lee 
and Maeda 

2012) 
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1.2. Validation of protein interactions in human cells 

In order to analyze whether the novel interactions identified from the two-hybrid 

screening in yeast also take place in vivo in human cells we performed 

co-immunoprecipitation assays. We focus our analysis on those candidates (for THOC1 

and ALY) that act in the nucleus, play a role that could affect genome stability and 

whose interaction with the bait protein has not been previously reported (see Table R2). 

Full-length cDNAs from IMAGE clones of prey candidates were cloned into pEGFP-C2 

mammalian expression vector, fused to EGFP tag (see Table M3). For Co-

immunoprecipitation assays, HEK293T were transfected with pEGFP-cDNA prey 

vector for 24 h and immunoprecipitations were performed with an anti-GFP antibody. 

HEK293T transfected with empty pEGFP-C2 was used as negative control. The 

presence of bait protein in the input and immunoprecipitated fraction was revealed by 

immunoblot with specific antibodies. Among the positive clones selected by 

two-hybrid, two new THOC1-interactors, MFAP1 (Microfibrillar-Associated Protein 1) 

and SAP130 (Sin3A Associated Protein 130 kDa), were confirmed by 

co-immunoprecipitation in human cells (Figure R3A, B). The rest of candidates could 

not be confirmed by biochemical approaches, at least at the conditions assayed (see 

Materials and Methods 6.2). THOC1 was detected by immunoblot in the 

immunoprecipitate of HEK293T cells transiently transfected with the plasmid encoding 

GFP-MFAP1 fusion by pull down with an anti-GFP antibody (Figure R3B). 

Immunoprecipitation assays with available polyclonal SAP130 antibody and HEK293T 

cell extracts also revealed an in vivo interaction between THOC1 and SAP130 protein 

(Figure R3B).  

 Furthermore we showed the in vivo association of these proteins in HeLa cells 

by proximity ligation assays (PLA), which allows the detection of cellular protein–

protein associations in situ (see Materials and Methods 6.3) (Soderberg et al. 2006). A 

strong PLA signal was detected using anti-MFAP1 and anti-THOC1 (Figure R4A) and 

anti-SAP130 and anti-THOC1 (Figure R4B) specific antibodies, thus confirming a close 

association of THOC1 and MFAP1 and SAP130 in human cells. 
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Figure R3. Physical interaction of THOC1 with MFAP1 and SAP130. 
(A) Two-hybrid interaction between MFAP1 and THOC1 (upper panel) and SAP130 and THOC1 (lower 
panel) determined by cell growth and enzymatic activity (blue colonies). (B) MFAP1 and THOC1 protein 
interaction detected by Co-Immunoprecipitation (Co-IP) with anti-GFP antibody from whole cell extracts 
of HEK293T cells after transient expression of the GFP-MFAP1 fusion protein (left panel). THOC1 and 
SAP130 interaction detected by Co-IP assays in whole cell extracts of HEK293T with anti-SAP130 
antibody (right panel). Input extract and total immunoprecipitate (IP) were analyzed by western with anti-
THOC1 antibody (B). 
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Figure R4. In situ proximity ligation assay between endogenous MFAP1 and THOC1 and SAP130 
and THOC1.  
(A) Proximity ligation assay (PLA) showing specific interactions of THOC1 and MFAP1 endogenous 
proteins. (B) PLA signal (red spots) indicating specific interaction between THOC1 and SAP130 
endogenous proteins. Negative controls with only one of the antibodies are also shown (A, B). DNA was 
stained with DAPI. Scale bars, 20 µm. 
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2. ROLE OF HUMAN SIN3A COMPLEX IN THE MAINTENANCE OF 

GENOME STABILITY 
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Given the physical interaction between SAP130 and THOC1, we wondered whether 

SAP130 plays any kind of role in the maintenance of genome integrity, as is the case of 

THO/TREX complex. For this purpose we carried out a functional analysis using RNA 

interference (RNAi) in human cells. 

2.1. Analysis of cell proliferation and cell cycle in SAP130-depleted cells 

SAP130 is part of the human Sin3A corepressor complex (Fleischer et al. 2003). This 

complex plays a role in transcription regulation through deacetylation of nucleosomes 

by histone deacetylases (HDACs) and the recruitment of others chromatin remodelers 

and therefore it is implicated in the regulation of key biological processes (Grzenda et 

al. 2009). It has been reported that loss of Sin3A causes defects in cell cycle and 

proliferation (Pile et al. 2002; Cowley et al. 2005). Given that SAP130 is a subunit of 

the Sin3A complex, we wonder whether it could be also relevant for cell cycle and cell 

proliferation. To address this question we depleted SAP130 via small interfering RNA 

(siRNA) from HeLa cells.  

 

 

Figure R5. Analysis of siRNA-mediated SAP130 depletion. 
Relative SAP130 mRNA quantification measured by RT-qPCR in siRNA-transfected HeLa cells (left 
panel). SAP130 mRNA expression values were normalized respect to the expression of the HPRT 
housekeeping gene. Means and SEM of three independent experiments are depicted. Western blot 
analysis showing SAP130 expression in HeLa cells treated with control and SAP130 siRNAs (right 
panel). β-actin protein was used as a loading control.  
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 First we checked the efficiency of a siRNA pool against SAP130 by RT-PCR 

and western-blot. A clear reduction of SAP130 mRNA and protein levels was observed 

in HeLa cells after 72 hours of transfection (Figure R5). Then, we performed 

proliferation curves of control and SAP130-transfected HeLa cells. SAP130 depletion 

severely reduced cell proliferation (Figure R6A). Next, we considered the possibility 

that cell cycle could be affected in SAP130-depleted cells. To address this question we 

first analyzed the cell cycle distribution of asynchronously growing siRNA-transfected 

HeLa cells. Before collecting samples, cells were incubated with EdU to allow its 

incorporation into the DNA during replication and then subjected to FACS analysis. No 

differences were found in the percentages of cells in G1, S and G2 phase between 

control and SAP130-depleted cells, thus discarding a cell cycle arrest (Figure R6B). 

Since the analysis of asynchronous cultures is sometimes not sensitive enough to detect 

cell cycle alterations we decided to analyze cell cycle progression after synchronization. 

We synchronized the cells in G1 phase by double thymidine block and focused on S 

phase progression in order to see whether SAP130 depletion affects replication 

progression as previously reported in the absence of Sin3 and THO/TREX complex 

components (Aparicio et al. 2004; Dominguez-Sanchez et al. 2011a). Percentages of 

G1, S and G2 cell populations in the different time points analyzed after release were 

very similar in siRNA control and SAP130-depleted cells (Figure R6C). S phase 

progression was found to be slightly faster in siSAP130 than in siC cells. Considering 

that proliferation is seriously affected but cell cycle is not, we also analyzed the 

apoptotic cell population. As shown in Figure R6D the amount of apoptotic cells, as 

measured by sub-G1 DNA content, was similar in siC- and siSAP130-depleted cells. 

Thus, although cell proliferation is affected in SAP130-depleted cells, as is the case of 

Sin3-deficient cells, this does not seem to be due to major problems in the cell cycle or 

to an increase of apoptosis. 
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Figure R6. Defective proliferation of cells depleted of SAP130. 
(A) Cell proliferation curves of HeLa cells after SAP130 depletion. Cells were plated 48h after siRNA 
depletion (day 0). The relative number of living cells was determined by measuring the metabolic 
activity of mitochondrial dehydrogenases. Values were normalized to the day 0 value. A representative 
experiment is shown. (B) FACS analysis of asynchronously growing HeLa cells depleted of SAP130 
after 20 min of incubation with 20 µM EdU. Cells were separated based on their DNA content (7-AAD 
staining) and replication was analyzed by EdU incorporation. (C) FACS analysis of cell cycle 
progression in control and SAP130-depleted cells after G1-phase synchronization by double thymidine 
block. Samples were collected at the indicated times (hours) after release and processed for flow 
cytometry. G1, S and G2 cell population were separated based on their DNA content and replication 
activity as in (B). The percentages of cells in G1, S and G2 phases are depicted (B, C). (D) Analysis of 
apoptosis in siC- and siSAP130-transfected HeLa cells as determined by FACS analysis of cells 
displaying subG1-DNA content. Means and SEM of three independent experiments are depicted (B, C, 
D). See Materials and Methods 7-9. 
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2.2. Recruitment of SAP130 and SIN3 to active transcribed chromatin 

Given the interaction between THO and SAP130, we first studied the recruitment of 

SAP130 to active chromatin by chromatin immunoprecipitation. Sin3 complex has been 

shown to be recruited at promoter regions in agreement with its role in transcription 

repression by deacetylation (Kadosh and Struhl 1997; van Oevelen et al. 2008; Smith et 

al. 2010). Nevertheless, recent reports show that Sin3 complex is also recruited to ORFs 

of transcribed genes (Carrozza et al. 2005; van Oevelen et al. 2010; Jelinic et al. 2011) 

as is the case of THO complex (Luna et al. 2012). We performed chromatin 

immunoprecipitation (ChIP) assays along the highly transcribed GAPDH gene (Figure 

R7A). Both SAP130 and SIN3, the core subunit of the Sin3A complex, were recruited 

to chromatin with a similar profile as shown in Figure R7B. Thus, we confirmed that 

SAP130 and SIN3 are recruited not only to promoter but also along the transcribed 

gene, preferentially at regions closed to 5´end.  

 

 

Figure R7. SAP130 and SIN3 are recruited 
to chromatin along actively transcribed 
genes. 
(A) Schematic diagrams of GAPDH gene, 
with the exons depicted as open boxes. The 
arrow indicates the start of transcription and 
numbered red lines indicate the regions where 
the ChIP analyses were performed. (B) ChIP 
analysis of SAP130 and SIN3 within the 
GAPDH gene in HeLa cells. Values represent 
the ratios of precipitated DNA (IP) to input 
DNA (INPUT). The positions of amplified 
regions are indicated on the x axis. Means and 
SEM of three independent experiments are 
depicted. 
 

 

2.3. Chromatin immunoprecipitation analyses of histone acetylation levels, 

RNAPII and THOC1 in SAP130-depleted cells 

Since SAP130 is part of the histone deacetylase complex Sin3A, we examined the 

histone acetylation levels after its depletion. For this purpose, we performed ChIP 

analysis of total histone H3 and histone H4 acetylation along GAPDH gene in cells 

depleted of SAP130. Although no significant differences were found with respect to siC 
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control cells (Figure R8), a slight increase in histone acetylation was observed in 

SAP130-depleted cells.  

 Since lack of functional yeast and human THO causes transcription defects 

(Chavez et al. 2000; Rondon et al. 2003; Dominguez-Sanchez et al. 2011a), next we 

wondered whether SAP130 depletion could also affect transcription. To test this 

possibility, we performed ChIP analysis of total RNAPII in GAPDH gene, and also in 

β-actin gene (Figure R9) in SAP130-depleted cells. No significant differences in 

RNAPII levels were observed between control and cells depleted of SAP130 (Figure 

R9C, D). These data suggest that transcription seems not to be affected in SAP130-

depleted cells. In parallel we also performed ChIP analysis of THOC1 to determine 

whether SAP130 is involved in the recruitment of THOC1 to chromatin. Although no 

significant differences were observed, THOC1 levels are slightly higher in SAP130-

depleted cells (Figure R9E, F). Thus, we concluded that SAP130 is not required for the 

recruitment of THOC1 to chromatin. 

 

Figure R8. Histone acetylation levels in SAP130-depleted cells. 
ChIP analysis of histone H3 and H4 acetylation in siControl- and siSAP130-transfected HeLa 
cells within the GAPDH gene. Acetyl-Histone H3 and H4 IP/INPUT signals, relative to H3 or 
H4 IP/INPUT signals, respectively, are plotted. Means and SEM of three independent 
experiments are shown. Schematic diagram of GAPDH gene is depicted. Numbered red lines 
indicate the regions where the ChIP analyses were performed. 
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Figure R9. RNAPII and THOC1 recruitment to chromatin in SAP130-depleted cells. 
(A, B) Schematic diagrams of (A) GAPDH and (B) β-actin genes. (C, D) Quantitative ChIPs analyses 
performed with antibody against total RNAPII in control and SAP130-depleted HeLa cells within the 
GAPDH and β-actin gene, respectively. (E, F) ChIP analysis of THOC1 in siC- and siSAP130-transfected 
HeLa cells within the GAPDH and β-actin gene, respectively. Means and SEM of three independent 
experiments are depicted (C, D). Other details as in Figure R7. 
 

 

2.4. Association between THO/TREX and Sin3A complexes 

Once established that THOC1 associates with SAP130, since both proteins are subunits 

of two large complexes, we decided to investigate the interaction between them. First, 

we performed co-immunoprecipitation assays and PLA between THOC1 and SIN3, the 

core component of the Sin3A complex. SIN3-THOC1 interaction was validated in 

human cell by co-immunoprecipitation with an anti-SIN3 antibody as shown in Figure 

R10A. Moreover, a strong PLA signal was observed between THOC1 and SIN3 (Figure 

R10B). 
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Figure R10. Physical interaction 
of THOC1 with SIN3. 
(A) THOC1 and SIN3 interaction 
detected by Co-IP assays in whole 
cell extracts of HEK293T with 
anti-SIN3 antibody. Input extract 
and total immunoprecipitate (IP) 
were analyzed by western with 
anti-THOC1 antibody. (B) PLA 
showing the association of THOC1 
and SIN3 endogenous proteins. 
Red spots are indicative of a 
positive PLA signal. Negative 
controls with only one of the 
antibodies are also shown. Scale 
bar, 20 µm. 
 

 Next we decided to study the interaction between SIN3 and other subunits of the 

THO/TREX complex. We chose THOC2, THOC5 and UAP56 as representative 

subunits and PLA experiments were performed with specific antibodies (Figure R11, 

upper panel). Background signal of each antibody is also shown in Figure R11, lower 

panel. As expected a clear interaction of THOC1 with THOC2, THOC5 and UAP56 

was observed. Negative PLA was observed between THOC2 or THOC5 with SIN3 

(Figure R11, upper panel). The absence of PLA signal with some subunits is not 

incompatible with the association between these two complexes, since different subunits 

of each complex could be not close enough to result in a positive PLA signal, overall 

considering the large size of THO/TREX and Sin3A complexes. Although no positive 

signal could be detected for THOC2 and THOC5 proteins with SIN3, PLA assays 

revealed that the mRNA export factor UAP56 associates with SIN3 (Figure R11, 

upper panel). Altogether this data supports an association between THO/TREX and 

Sin3A-HDAC complexes. 
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Figure R11. PLA between SIN3 and different subunits of the THO/TREX complex. 
PLA performed with SIN3 and THOC1 against THOC2, THOC5 and UAP56 subunits of the 
THO/TREX complex (upper panel). Red spots are indicative of a positive PLA signal. Negative controls 
with only one of the antibodies are also shown (lower panel). Scale bars, 20 µm. 
 

2.5. Genome instability in Sin3A-depleted cells 

 To determine whether the physical interaction of THO/TREX and Sin3A 

complexes had any functional implication we assayed first whether SAP130 plays any 

kind of role in the maintenance of genome integrity, as is the case of THOC1 

(Dominguez-Sanchez et al. 2011a). For this purpose we first determined γH2AX and 

53BP1foci, which accumulate at sites of DBSs and are used as markers of DNA 

damage/repair, in HeLa cells depleted of SAP130. No differences were found with 

respect to siC control in the percentages of γH2AX and 53BP1 foci (Figure R12A). 

Next, we performed more sensitive assays as alkaline single-cell electrophoresis which 

detects DNA breaks. Importantly, alkaline single-cell electrophoresis revealed a 

significant increase in tail moment (2.6 fold) in siSAP130-depleted cells indicating an 

accumulation of DNA breaks (Figure R12B). Moreover, depletion of other subunits of 

the Sin3A complex, such as SIN3, SAP30, which acts as a bridge with other co-

repressors, and SUDS3, required for the integrity and activity of the complex (Grzenda 

et al. 2009), leads to a high significant increase in DNA breaks (Figure R12B). An 

increase in DSBs was also observed by neutral single-cell electrophoresis assays in cells 

depleted by siRNAs of different subunits of the Sin3A complex as well as in siTHOC1 

cells (Figure R12C). Altogether this data suggest that the Sin3A complex plays a role in 

preventing DNA break, similar to those of the THO complex.  
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Figure R12. DNA breaks caused by Sin3A complex depletion. 
(A) Immunofluorescence of γH2AX and 53BP1 after transfection with control and SAP130 siRNAs. 
Nuclei were stained with DAPI. Percentages of cells with >5 H2AX foci and cells with 53BP1 foci are 
shown. Means and SEM are plotted (n=3). Scale bar, 20 µm. (B) Alkaline single cell electrophoresis in 
HeLa cells transfected with siRNAs against siC (control), siSAP130, siSIN3, siSAP30, and siSUDS3 
(upper panel) or different independent siRNAs against SAP130 or SIN3 (lower panel). Relative comet-
tail moments are plotted as means and SEM (n≥3). (C) Neutral single cell electrophoresis of HeLa cells 
transfected with the indicated siRNAs. Relative comet-tail moments are plotted as means and SEM 
(n=3). *, P < 0.05 (Mann-Whitney U test) (B, C). 
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2.6. Transcription and R loop-dependent genome instability in Sin3A-depleted 

cells 

Since lack of functional yeast and human THO lead to genome instability in a 

transcription and R loop-dependent manner (Chavez et al. 2000; Huertas and Aguilera 

2003; Dominguez-Sanchez et al. 2011a), we next considered the possibility that the 

accumulation in DNA breaks caused by Sin3A complex depletion was also transcription 

dependent. To asses this possibility we performed alkaline single-cell electrophoresis in 

the presence of the transcription inhibitor cordycepin, which specifically inhibits RNA 

chain elongation. A full suppression of the increase in DNA breaks was observed after 

depletion of SAP130 and SIN3, taken as representative subunits of the Sin3 complex, 

(Figure R13A, upper panel). Similar results were also obtained with the transcription 

inhibitor 5,6-dichloro-1-β-D-ribofurosylbenzimidazole (DRB) (Yamaguchi et al. 1998), 

indicating that the effect is not specific of inhibitor and that genome instability induced 

by depletion of these factors is mediated by transcription (Figure R13A, lower panel). 

Consequently, we wondered whether the increase in DNA breaks was due to co-

transcriptional RNA-DNA hybrids, as in THO-depleted cells. Alkaline single-cell 

electrophoresis assays of cells overexpressing or not RNase H1 (RNH1), a ribonuclease 

that specifically degrades the RNA moiety of RNA-DNA hybrids, revealed that the 

increase in DNA breaks was completely suppressed by RNH1 overexpression in 

siSAP130 and siSIN3 cells (Figure R13B). From these experiments we can conclude 

that DNA breaks accumulation in Sin3A-depleted cells is dependent on transcription 

and RNA-DNA hybrid formation. 
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Figure R13. DNA breaks accumulation in Sin3A-depleted cells in relation to transcription and 
RNA-DNA hybrids. 
(A) Alkaline comet assay in cells transfected with siC, siSAP130 or siSIN3 untreated or treated with 
50 µM cordycepin (upper panel) or with 100 µM DRB (lower panel) for 4 h. Relative comet-tail 
moments are plotted (n≥3) as means and SEM. (B) Alkaline comet assay in siC, siSAP130 and siSIN3 
cells transfected with pcDNA3 (-RNH1) or pcDNA3-RHaseH1 (+RNH1) during 48h. Relative comet-
tail moments are plotted (n=3) as means and SEM. *, P < 0.05 (Mann-Whitney U test) (A, B). 
 

 

2.7. R loop accumulation in Sin3A-depleted cells 

Consequently, we assayed whether indeed R loops were increased in siSAP130 and 

siSIN3 cells by immunofluorescence using the anti-RNA-DNA hybrid S9.6 monoclonal 

antibody. A significant enrichment of the S9.6 nuclear signal was observed in both 

SAP130 and SIN3-depleted cells (Figure R14), confirming the accumulation of RNA-

DNA hybrids at the cellular level. Then we assayed whether we could also detect an 

increase in R loop accumulation at the molecular level by DRIP-qPCR (Ginno et al. 

2012) using the S9.6 monoclonal antibody in four human genes (APOE, RPL13A, 

BTBD19 and EGR1) that have been previously validated for R-loop detection (Bhatia et 
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al. 2014; Herrera-Moyano et al. 2014; Garcia-Rubio et al. 2015). Results clearly show 

that R loops accumulate at significantly higher levels in siSAP130 and siSIN3 than in 

siC control HeLa cells (Figure R15A, B). These high levels of RNA-DNA hybrids were 

not due to an increase in transcription, since no significant differences in mRNA levels, 

as detected by RT-qPCR, or in RNAPII occupancy, as determined by ChIP analyses, 

were observed (Figure R15C). Since SIN3A associates predominantly at the 

transcription start site (TSS) of human genes (van Oevelen et al. 2010; Williams et al. 

2011; Sanz et al. 2016), and a similar distribution at 5´end of the GAPDH gene was 

observed (Figure R7), we wondered whether Sin3A complex could have a role in 

suppressing R-loops at TSS proximal regions. To address more accurately R-loop 

formation along the gene we performed DRIP-qPCR analysis using different primers 

from 5´ to 3´ end of APOE and RPL13A genes, which show the highest levels of 

RNA-DNA hybrids. The results revealed that R loops accumulated at the different 

regions tested, from 5’ to 3’ ends, in agreement with a role of the Sin3A complex in 

preventing co-transcriptional R-loops along the gene (Figure R16). 

 

 

Figure R14. Analysis of nuclear RNA-DNA hybrid accumulation in Sin3A complex-depleted cells 
by S9.6 immunofluorescence microscopy. 
Immunostaining with S9.6 (red) and anti-nucleolin (green) antibodies in siC, siSAP130 and siSIN3 
transfected HeLa cells. The median of S9.6 signal intensity per nucleus after nucleolar signal removal is 
shown (n=3). ****, P < 0.0001 (Mann-Whitney U test, two-tailed). Scale bar, 20 µm. 
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Figure R15. Effect of Sin3A depletion on R-loop accumulation as determined by DRIP assays. 
(A) Schematic diagrams of APOE, RPL13A, BTBD19 and EGR1 genes. Exons are depicted as open 
boxes, the arrows indicate the start of transcription and red lines indicate the regions where the DRIP-
qPCR analyses were performed. (B) DRIP-qPCR using the anti-RNA-DNA hybrids S9.6 monoclonal 
antibody in SAP130-depleted cells (left panel) and SIN3-depleted cells (right panel) at indicated regions. 
Signal values normalized with respect to the siC control are plotted (n=3) as means and SEM. (C) 
Validation of siRNAs and relative mRNA quantification of APOE, RPL13A, BTBD19 and EGR1 genes 
by RT-qPCR in SAP130-depleted cells and SIN3-depleted cells (left panel). mRNA expression values 
were normalized to the expression of the HPRT housekeeping gene. RNAPII ChIP analysis in siSAP130 
and siSIN3 transfected HeLa cells or in siC transfected cells at APOE, RPL13A, BTBD19 and EGR1 
genes (right panel).  Data are plotted as mean and SEM. *, P < 0.05 (Mann-Whitney U test) (B). 
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Figure R16. Analysis of R-loop accumulation along the gene after Sin3A complex 
depletion by DRIP assays. 
DRIP-qPCR in siC, siSAP130 and siSIN3 cells at different regions of APOE and RPL13A 
genes. Schematic diagrams of genes are depicted at the bottom. Numbered red lines indicate the 
regions where PCR analyses were performed. Signal values normalized with respect to the siC 
control are plotted (n=3) as means and SEM. *, P < 0.05 (Mann-Whitney U test). 
 

 
 

Next, we assayed R-loop accumulation by S9.6 immunofluorescence in cells 

transfected with siRNA against both THOC1 and SIN3. Interestingly, a double-

depletion resulted in significant increase of R loops compared to the siC control (Figure 

R17). Moreover, RNA-DNA levels were higher in double-depleted cells than in the 

single depletion of each factor (Figure R17). These results support a functional 

interaction between Sin3A complex and THO preventing R-loop formation. 
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Figure R17. DNA-RNA hybrids accumulation after single and double depletion of 
THOC1 and Sin3A complex subunits. 
Immunostaining with S9.6 (red) and nucleolin (green) antibodies in siRNA-transfected HeLa 
cells. The median of the S9.6 signal intensity per nucleus after nucleolar signal removal (n=3) 
is shown. ****, P < 0.0001; **, P < 0.01 (Mann-Whitney U test, two-tailed). Scale bar, 20 µm. 
 

 

2.8. R-loop accumulation related to high levels of histone acetylation 

Since the Sin3A complex plays a role in transcription regulation through deacetylation 

of nucleosomes by histone deacetylases (HDACs) and the recruitment of other 

chromatin remodelers (Grzenda et al. 2009), our results suggest that histones would 

need to be deacetylated after transcription to prevent R loops. Consequently, we used 

two different HDAC inhibitors, trichostatin A (TSA) (Yoshida et al. 1990) and 

suberoylanilide hydroxamic acid (SAHA) (Smith et al. 2010), to determine whether 

high levels of acetylated histones facilitate R-loop accumulation. Immunofluorescence 

assays revealed a significant increase in nuclear S9.6 signal in cells treated with 250 nM 
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TSA or 5µM-7.5µM SAHA during 3 h, correlating with the high levels of histone H3 

acetylation reached, as determined by western blot (Figure R18A, B). 

 

 

Figure R18. Effect of the inhibition of histone deacetylation by HDAC inhibitor treatments on R-
loop levels. 
(A) S9.6 immunofluorescence in HeLa cells untreated or treated for 3 h with 100, 250 nM trichostatin A 
(TSA) or (B) with 5, or 7.5 µM SAHA. (A, B) Western blot analysis of histone H3 acetylation in cells 
untreated or treated with HDAC inhibitor are shown. The median of the S9.6 signal intensity per nucleus 
after nucleolar signal removal is shown (n=3). *, P < 0.05; ****, P < 0.0001 (Mann-Whitney U test, two-
tailed). Scale bar, 20 µm. (C) DRIP-qPCR using the S9.6 anti-RNA-DNA hybrid monoclonal antibody in 
cells untreated or treated for 3 h with 250 nM TSA (left panel). Signal values normalized with respect to 
the siC control are plotted (n=3) as means and SEM. RNAPII ChIP analysis at the same regions analyzed 
by DRIPq-PCR (right panel). Data are plotted as mean and SEM (n=3). Schematic diagrams of genes are 
depicted at the bottom.  *, P < 0.05 (Mann-Whitney U test). 
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 To confirm R loop accumulation at the molecular level, we performed DRIP 

analysis in TSA treated cells in the four human genes APOE, RPL13A, BTBD19 and 

EGR1. Results clearly show that histone deacetylation inhibition leads to high levels of 

R-loops at the genes analyzed (Figure R18C). These high levels of RNA-DNA hybrids 

seems not to be due to an increase in transcription, since no significant differences in 

RNAPII occupancy, as determined by ChIP analyses, were observed (Figure R18C). 

Altogether the data suggest a functional relationship between histone acetylation and R-

loop accumulation, consistent with the role of Sin3A in genome integrity.  

 

2.9. Suppression of genome instability and R-loop accumulation in THOC1-

depleted cells via histone acetylation inhibition 

Next, we reasoned that THO could interact with Sin3A to trigger co-transcriptional 

histone deacetylation and transiently close chromatin thus preventing the nascent RNA 

to stably hybridize back with the DNA template. One possibility was that THO 

regulates Sin3A recruitment to chromatin at transcribed regions. For this purpose we 

performed ChIP analysis at R-loop forming genes. The levels of SAP130 and SIN3 

factors in siTHOC1 depleted cells were similar to those of siC cells, as determined by 

ChIP analysis (Figure R19A, B). Thus, we conclude that THO is not necessary for the 

recruitment of Sin3 to chromatin. Another possibility was that THO was necessary for 

proper deacetylation. Interestingly, histone H3 acetylation levels in siTHOC1 cells were 

similar to those of Sin3A-depleted cells and slightly increased respect to those of siC 

cells, as assayed by ChIP and western blot (Figure R19C, D). Consequently, we 

reasoned that if THO could affect histone acetylation as a way to prevent co-

transcriptional R loops, we should be able to suppress siTHO phenotypes by 

maintaining histones hypo-acetylated. To test this hypothesis we used a treatment with 

the histone acetyltransferase inhibitor (HATi) anacardic acid (AA) (Balasubramanyam 

et al. 2003), as a way to transiently maintain histones hypo-acetylated, in THOC1-

depleted cells. Immunofluorescence assays of γH2AX foci revealed that the high levels 

of γH2AX foci accumulated in siTHOC1 cells was suppressed by treatment with AA 

(Figure R20A). Moreover, a clear suppression of the increase in DNA breaks caused by 

THOC1 depletion was also observed by single cell electrophoresis (Figure R20B). In 

order to determine whether such suppression of genome instability in cells depleted of 

THOC1 is due to a suppression of R-loop accumulation we performed DRIP analysis in 
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THOC1-depleted cells untreated or treated with AA. Importantly, AA treatment in 

siTHOC1 cells leads to a reduction in R loops, as shown by DRIP-qPCR (Figure 

R21A). In addition, we checked that this suppression is not caused by a transcription 

reduction because of AA treatment, as determined by RT-qPCR and RNAPII ChIP 

(Figure R21B). Therefore, inhibition of histone acetylation helps prevent the R-loop 

formation.  

 Taken together, our results demonstrate a physical and functional interaction 

between the THO complex and the Sin3A complex that serves to prevent transcription-

associated and R-loop-mediated genetic instability in human cells. 

 

 

Figure R19. Analysis of histone acetylation in cells depleted of Sin3A 
complex or THOC1 by ChIP and western blot. 
(A) Schematic diagrams of APOE, RPL13A, BTBD19 and EGR1 genes. 
Red lines indicate the regions where ChIP analyses were performed. (B) 
ChIP analysis of SAP130, SIN3 and THOC1 at APOE, RPL13A, BTBD19 
and EGR1 genes in siRNA-transfected HeLa cells. Data are plotted as 
mean and SEM (n=3).  (C) ChIP analysis of histone H3 acetylation in 
HeLa cells transfected with the indicated siRNAs at regions previously 
described. Acetyl-Histone H3 IP/INPUT signal, relative to H3 IP/INPUT 
signal, respectively, is plotted. Means and SEM of two independent 
experiments are shown. (D) Western blot of histone acetylation in siRNA-
depleted cells. 



RESULTS 

95 
 

 

 

 

 

 

 

Figure R20. Effect of histone acetylation inhibition on THOC1 depletion-mediated genome 
instability. 
(A) Immunofluorescence of γH2AX in siC and siTHOC1 depleted HeLa cells untreated or treated for 4 h 
with 30 µM anacardic acid (AA). Percentage of cells containing >5 γH2AX foci (n=4) is shown. Scale 
bar, 20 µm. (B) Alkaline single cell electrophoresis of THOC1-depleted cells untreated or treated with 
AA. Means and SEM are plotted (n=3). *, P < 0.05 as determined by Student’s t-test (A) or Mann-
Whitney U test (B). 
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Figure R21. Analysis of R loop levels in siTHOC1 cells treated with a histone acetylation inhibitor. 
(A) DRIP-qPCR analysis in siC and siTHOC1 transfected cells untreated or treated with AA. Schematic 
diagrams of APOE, RPL13A, BTBD19 and EGR1 genes are depicted. Red lines indicate the regions 
where the qPCR analyses were performed. Signal values normalized with respect to the respective siC 
controls are plotted as mean ± SEM (n=3). (B) Validation of THOC1siRNA and relative mRNA 
quantification of APOE, RPL13A, BTBD19 and EGR1 genes by RT-qPCR in siC and siTHOC1 
transfected cells untreated or treated with AA (upper panel). mRNA expression values were normalized 
to the expression of the HPRT housekeeping gene. RNAPII ChIP analysis at the same regions analyzed 
by DRIPq-PCR (lower panel). Data are plotted as means and SEM (n=3).*, P < 0.05 (Mann-Whitney U 
test) (A). 
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2.10. Suppression of R loop-induced chromatin compaction by Sin3A depletion 

During the last years cumulative evidence indicate that chromatin organization could be 

a key factor in R loops-mediated genome instability by a dual role. On one hand 

chromatin organization plays an important role in preventing R-loop accumulation, as 

previously reported for the chromatin-reorganizing complex FACT (Herrera-Moyano et 

al. 2014). On the other hand, recent work indicates that R loops trigger chromatin 

compaction, which in turn would lead to genome instability (Castellano-Pozo et al. 

2013). Since Sin3A is a chromatin remodeler complex we wondered whether in addition 

to help prevent R-loop formation, as our data show, this complex could be also involved 

in the chromatin compaction that R loops trigger. In order to test this possibility we first 

analyzed the percentage of cells with histone H3 phosphorylation at serine 10 

(H3S10-P) foci, a mark of chromatin condensation that has been previously linked to R 

loops (Castellano-Pozo et al. 2013), in siSAP130, siSIN3 and siTHOC1 cells. 

Immunofluorescence with anti-H3S10-P antibody showed an increase in H3S10-P foci 

in THOC1-depleted cells, as it has been previously published (Figure R22), however, no 

significant differences were found in siSAP130 and siSIN3 with respect to siC control 

cells. Interestingly, siRNA depletion of SAP130 or SIN3 suppressed the increase in 

H3S10-P foci caused by THOC1 depletion (Figure R22).  

 Next, we analyzed the levels of H3K9 dimethylation (H3K9me2), a 

heterochromatin mark also linked to R loops (Groh et al. 2014; Skourti-Stathaki et al. 

2014). For this purpose we performed immunofluorescence with anti-H3K9me2 

antibody and measured nuclear H3K9me2 signal intensity. As shown in Figure R23, 

THOC1 depletion clearly led to an increase in H3K9me2 signal intensity whereas no 

significant differences were observed in siSAP130 and siSIN3 with respect to siC 

control cells (Figure R23). Interestingly, the increase in H3K9me2 signal caused by 

THOC1 depletion was partially suppressed by SAP130 depletion and completely 

suppressed by SIN3 depletion. These results were not due to a suppression of RNA-

DNA hybrids levels, since high levels of S9.6 signal were detected by 

immunofluorescence after siRNA single and double depletion of THOC1 and Sin3A 

complex subunits (Figure R17). Finally, to assess whether suppression in chromatin 

compaction could lead to a reduction of DNA damage we performed 

immunofluorescence of γH2AX. SAP130 depletion completely suppressed the increase 

in γH2AX foci caused by THOC1 depletion while such suppression was not observed in 
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siSIN3-siTHOC1 cells (Figure R24). This could be due to the fact that depletion of 

SIN3 itself has a major impact on DNA damage than SAP130 depletion. 

 Taken together, these results suggest that Sin3A complex could participate in the 

process of chromatin compaction triggered by the R loops. 

 

 

Figure R22. Analysis of H3S10-P in THOC1-depleted cells and cells depleted of THOC1 and 
Sin3A complex subunits. 
Immunofluorescence of H3S10-P in HeLa cells transfected with the indicated siRNAs. Percentage of 
cells containing >5 H3S10-P foci excluding S-phase cells and mitotic cells, identified by EdU labeling or 
DAPI staining respectively. Data are plotted as means and SEM (n=3). Scale bar, 20 µm. *, P < 0.05 
(Student’s t-test). 
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Figure R23. High levels of H3K9me2 caused by THOC1 depletion and suppression by double 
depletion of Sin3A complex subunits. 
Immunofluorescence of H3K9me2 in HeLa cells transfected with the indicated siRNAs. The median of 
the H3K9me2 signal intensity per nucleus is shown (n=3). Nuclei were stained with DAPI. Scale bar, 20 
µm. ****, P < 0.0001 (Mann-Whitney U test, two-tailed).   
 

 
Figure R24. Suppression of the γH2AX foci accumulation of THOC1-depleted cells by SAP130 
depletion. 
Immunofluorescence of γH2AX in HeLa cells transfected with the indicated siRNAs. Percentage of cells 
containing >5 γH2AX foci (n=5) is shown. Nuclei were stained with DAPI. Scale bar, 20 µm. *, P < 
0.05 (Student’s t-test). 
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3. ROLE OF MFAP1 IN THE MAINTENANCE OF GENOME STABILITY 
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In addition to SAP130, the two hybrid screening and subsequent validations in human 

cells revealed MFAP1 as a new partner of THOC1. The interaction of the spliceosome-

associated factor MFAP1 with THOC1 is consistent with the predicted role of THO in 

mRNA biogenesis. We carried out a functional analysis using RNAi and a genome-wide 

analysis with microarrays to explore whether this interaction has any functional 

relevance on gene expression, splicing and on the maintenance of genome stability. 

3.1. Localization of the human pre-mRNA splicing factor MFAP1 at nuclear 

speckles 

MFAP1 (Microfibrillar-associated protein 1) was initially identified as a putative 

extracellular matrix protein (Horrigan et al. 1992). However, MFAP1 has been recently 

found as a nuclear protein associated to the spliceosome, as determined in global 

screenings (Makarov et al. 2002; Hegele et al. 2012). Then we analyzed the association 

of MFAP1 with the spliceosome by immunofluorescence assays using the SC35 

antibody, raised specifically against a serine rich protein and used as a marker of 

splicing nuclear speckles. As can be seen in Figure R25 MFAP1 and SC35 colocalize, 

confirming the cytological association of MFAP1 with the spliceosome. 

 

 

Figure R25. MFAP1 localizes at nuclear speckles. 
Colocalization of endogenous MFAP1 and splicing speckles marker visualized by the SC35 antibody. 
HeLa cells were labeled by double-immunofluorescence with specific antibodies. Lower panels are a 
magnification of the region indicated in the first upper panel. Nuclei were stained with DAPI. Scale bars, 
20 μm. 



Tesis Doctoral – Irene Salas Armenteros 

104 
 

3.2. Proliferation and cell cycle defects in MFAP1-depleted cells 

In addition to its association with the spliceosome, little is known about other possible 

roles of MFAP1. It has been reported that lack of functional MFAP1 affects cell cycle 

progression, especially the G2/M transition in Drosophila, and in human cells MFAP1 

was isolated in a siRNA screen for cell division related genes (Kittler et al. 2004; 

Andersen and Tapon 2008). We started our functional studies by analysis of 

proliferation and cell cycle progression in HeLa cells transfected with siRNAs against 

MFAP1. As shown in Figure R26, siRNA-transfected HeLa cells showed a clear 

reduction in MFAP1 protein and mRNA levels. First, we performed proliferation curves 

of siC and siMFAP1-transfected HeLa cells. Cell proliferation was severely affected in 

cells depleted of MFAP1 (Figure R27A). Next, we analyzed the cell cycle distribution 

of asynchronously growing MFAP1-depleted cells. FACS analysis revealed an 

accumulation of cell in G2 phase together with a decrease of cells in S phase in 

MFAP1-depleted cells (Figure R27B). In order to analyze in detail the cell cycle 

progression we synchronized the cells in G1 phase by double thymidine block and 

collected samples at different time points after release. Results showed that MFAP1 

depletion slows down cell cycle progression as well as leads to an increase in the 

percentage of arrested cells in G2 (Figure R27C). Due to these alterations in 

proliferation and cell cycle we decided to analyze apoptosis. An increase in apoptotic 

cells, as measured by sub-G1 DNA content, was found in siMFAP1-transfected HeLa 

cells (Figure R27D). Therefore, these results confirm that depletion of MFAP1 leads to 

defective proliferation and cell cycle in human cells, which is consistent with previous 

studies in Drosophila model and genome-wide siRNA screening of human cells (Kittler 

et al. 2004; Andersen and Tapon 2008).  

 

 

Figure R26. Analysis of siRNA-mediated 
MFAP1 depletion. 
Relative MFAP1 mRNA quantification measured 
by RT-qPCR in siRNA-transfected HeLa cells 
(left panel). MFAP1 mRNA expression values 
were normalized respect to the expression of the 
HPRT housekeeping gene and means and SEM of 
three independent experiments are depicted. 
Western blot analysis showing MFAP1 
expression in HeLa cells treated with control and 
MFAP1 siRNAs (right panel).  β-actin protein 
was used as a loading control.  
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Figure R27. Defects in cell proliferation and cell cycle progression in MFAP1-depleted cells. 
(A) Cell proliferation curves of HeLa cells after MFAP1 depletion. Cells were plated 48h after siRNA 
depletion (day 0). The relative number of living cells was determined by measuring the metabolic activity 
of mitochondrial dehydrogenases. Values were normalized to the day 0 value. A representative 
experiment is shown. (B) FACS analysis of asynchronously growing HeLa cells depleted of MFAP1 
after 20 min of incubation with 20 µM EdU. Cells were separated based on their DNA content (7-AAD 
staining) and replication activity was analyzed by EdU incorporation. (C) FACS analysis of cell cycle 
progression in control and MFAP1-depleted cells after G1-phase synchronization by double thymidine 
block. Samples were collected at the indicated times (hours) after release and processed for flow 
cytometry. G1, S and G2 cell population were separated based on their DNA content and replication 
activity as in (B). The percentages of cells in G1, S and G2 phases are depicted (B, C). (D) Analysis of 
apoptosis in siC- and siMFAP1-transfected HeLa cells as determined by FACS analysis of cells 
displaying subG1-DNA content. Means and SEM of three independent experiments are depicted (B, C, 
D). See Materials and Methods 7-9. 
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3.3. Analysis of the recruitment to chromatin of RNAPII and different factors of 

the mRNA processing in MFAP1-depleted cells 

To investigate more closely the relationship between THOC1 and MFAP1 we analyzed 

the recruitment of this factor to active chromatin. ChIP analysis in β-actin gene show 

that MFAP1 is recruited along transcribed genes (Figure R28A, B), as it has been 

reported for the THO complex (Luna et al. 2012). 

 Since it is known that THO/TREX complex is required for efficient transcription 

(Chavez et al. 2000; Dominguez-Sanchez et al. 2011a) we wondered whether MFAP1 

depletion could also have an impact on transcription. ChIP analysis along β-actin gene 

showed similar levels of total RNAPII in control and MFAP1-depleted cells (Figure 

R29A, B), suggesting that transcription is not affected. Considering that MFAP1 is 

involved in mRNA metabolism we asked whether it could be important for the 

recruitment of other factors related to mRNA processing. For this purpose we 

performed ChIP analysis of THOC1, FIP1 and CPSF6 factors, which participate at 

different steps of mRNA biogenesis. FIP1 is part of the cleavage and polyadenylation 

specificity factor (CPSF) multisubunit complex (Kaufmann et al. 2004) and CPSF6 is a 

subunit of the Cleavage Factor Im (CF Im), which is a component of the 3′ end 

processing complex, that participates in the cleavage reaction and stimulates mRNA 

export (Ruepp et al. 2009). No significant differences were found in THOC1, FIP1 and 

CPSF6 signals in MFAP1-depleted cells, suggesting that the recruitment of these factors 

is not affected by MFAP1 depletion (Figure R29). Interestingly, a decrease in FIP1 

recruitment at 3´end of the gene was observed in siMFAP1 cells, which could suggest a 

connection of MFAP1 with 3´end mRNA processing steps (Figure R29D). 
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Figure R28. Recruitment of MFAP1 to 
chromatin along an actively transcribed 
gene. 
(A) Schematic diagram of β-actin gene, with the 
exons depicted as open boxes. The arrow 
indicates the start of transcription. Numbered 
red lines indicate the regions where the ChIP 
analyses were performed. (B) ChIP analysis of 
MFAP1 within the β-actin gene in HeLa cells. 
Values represent the ratios of precipitated DNA 
(IP) to input DNA (INPUT). The positions of 
amplified regions are indicated on the x axis. 
Means and SEM of three independent 
experiments are depicted. 
 
 
 
 

 

Figure R29. Analysis of the recruitment to chromatin of RNAPII and different factors of mRNA 
metabolism in MFAP1-depleted cells. 
(A) Schematic diagram of β-actin gene. (B) Quantitative ChIPs analysis performed with antibody against 
total RNAPII in control and MFAP1-depleted HeLa cells within the β-actin gene. (C, D, E) ChIP 
analyses of THOC1, FIP1 and CPSF6 in siC- and siMFAP1-transfected HeLa cells within the β-actin 
gene, respectively. Means and SEM of three independent experiments are depicted. *, P < 0.05 
(Student’s t-test) (C). Other details as in Figure R28. 
 



Tesis Doctoral – Irene Salas Armenteros 

108 
 

3.4. Genome instability in MFAP1-depleted cells 

Next, to investigate whether MFAP1 has also a role in the maintenance of genome 

integrity we first determined H2AX and 53BP1 foci, as markers of DNA 

damage/repair, in HeLa cells depleted of MFAP1. An increase in the percentage of cells 

with H2AX foci was observed in siMFAP1 with respect to siC control cells (3.3 fold), 

however, no differences could be found in 53BP1 foci percentages after MFAP1 

depletion (Figure R30A). Next, we performed more sensitive assays as single-cell 

electrophoresis that revealed a significant increase in tail moment in MFAP1 siRNA 

depleted cells (5.5 fold and 2.1 fold in alkaline or neutral single cell electrophoresis 

assays, respectively) indicating an accumulation of DNA breaks (Figure R30B, C). 

 

Figure R30. MFAP1 depletion effect on genome instability. 
(A) Detection of 53BP1 and γH2AX foci by immunofluorescence in siC (control) and siMFAP1 
transfected HeLa cells. The percentage of cells containing 53BP1 foci and cells with >5 γH2AX foci 
(n=3) is shown. Nuclei were stained with DAPI. Scale bar, 20 µm. (B) Alkaline single cell 
electrophoresis in control and MFAP1-depleted cells. (C) Neutral single cell electrophoresis of HeLa 
cells transfected with the indicated siRNAs. Relative comet-tail moments are plotted as means and SEM 
(n=3). *, P < 0.05 as determined by Student’s t-test (A) or Mann-Whitney U test (B, C). 



RESULTS 

109 
 

 Then, we wondered whether these breaks could also be seen in the form of 

anaphase bridges, a well-known biomarker of chromosomal instability resulting from 

unrepaired DNA breaks or of interlinked sister-chromatid intermediates generated by 

replication stress. The percentage of anaphase cells containing bridges was significantly 

increased after MFAP1 depletion (Figure R31A). We also examined sister chromatin 

exchanges (SCEs) events, another sensitive indicator for genome instability. Although 

no differences in SCEs events were found in siMFAP1 cell (Figure R31B), we cannot 

rule out replication and recombination problems. From these experiments we conclude 

that MFAP1 is required for the maintenance of genome integrity. 

 

 

Figure R31. Analysis of anaphase bridges formation in MFAP1-depleted cells.  
(A) Anaphase bridges in siC- and siMFAP1-transfected HeLa cells. Microphotography shows an 
example of anaphase bridge in MFAP1-depleted cells. The percentages of anaphase cells with anaphase 
bridges are plotted. Means and SEM of three independent experiments are depicted. Scale bar, 20 μm. 
(B) Metaphase spreads of HeLa cells transfected with control and MFAP1 siRNAs. Sister chromatid 
exchange (SCE) events are indicated by arrows. The percentages of SCE events per metaphase are 
plotted. Means and SEM of three independent experiments are depicted. *, P < 0.05 (Student’s t-test) 
(A). 
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3.5. Transcription and R loop-independent genome instability in MFAP1-

depleted cells 

We next investigated whether, as in the case of THO, genome instability observed after 

MFAP1 depletion is related to transcription and R loops. For this purpose we performed 

alkaline single-cell electrophoresis in the presence of the transcription inhibitor 

cordycepin. However, no significant reduction of DNA breaks levels was observed in 

cells depleted of MFAP1 factor (Figure R32A). Consistently, overexpression of RNase 

H1 did not suppress DNA breaks in MFAP1-depleted cells, as determined by γH2AX 

immunofluorescence, indicating that DNA breaks were not due to co-transcriptional 

RNA-DNA hybrids (Figure R32B). These results suggest that the effect of MFAP1 on 

genome instability is not directly mediated by its interaction with THO, since such 

genome instability is not transcription-dependent as it would be expected.  

 

 

Figure R32. Dependency of the genome instability of MFAP1-depleted cells on transcription or R-
loops. 
(A) Alkaline comet assay in siC and siMFAP1 transfected HeLa cells untreated or treated with 50 µM 
cordycepin for 4 h. Relative comet-tail moments are plotted (n=3) as means and SEM. (B) 
Immunofluorescence of γH2AX after siC and siMFAP1 transfection with or without RNase H1 (RNH1) 
overexpression. Cells were transfected with empty pcDNA3 vector (-RNH1) or pcDNA3-RNaseH1 
(+RNH1) during 24 h. Data are plotted as mean and SEM (n=3). *, P < 0.05 as determined by Mann-
Whitney U test (A) or Student’s t-test (B). 
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3.6. Microarray analyses of gene expression and alternative splicing in MFAP1-

depleted cells 

To understand how MFAP1 depletion leads to genome instability we next analyzed the 

global gene expression and alternative splicing profiles of control and MFAP1-depleted 

cells, using the Human Transcriptome Array (HTA) 2.0 from Affymetrix. This array 

contains >6.0 million distinct probes covering coding and non-coding transcript. 70% of 

the probes on this array cover exons for coding transcripts, and the remaining 30% of 

probes on the array cover exon-exon junctions, splice junctions and non-coding 

transcripts (for more details see Materials and Methods 15). We performed a microarray 

analysis with three different biological replicates of HeLa cells transfected with siC, 

siMFAP1 or siTHOC1 for 72 hours. From a total of 67528 genes analyzed, gene 

expression analysis of HTA 2.0 data identified 904 differentially expressed genes (P 

<0.05 and |linear fold change| >1.5), of which 359 (39.7%) were down-regulated and 

545 (60.3%) were up-regulated in siMFAP1 cells (Figure R33A and Appendix 1). 

Regarding down-regulated transcripts, the majority were mRNAs (49%) or ncRNAs 

(36.2%), whereas among the up-regulated transcripts, the category of U snRNAs (40%) 

was significant represented (Figure R33B). Up-regulation of U snRNAs, which are part 

of spliceosome and participate in splicing, is consistent with a role of MFAP1 in 

pre-mRNA splicing. Gene ontology (GO) analyses were performed for those down- and 

up-regulated genes with assigned GO term (see Materials and Methods 15.1). A high 

variety of biological processes were found enriched in the down-regulated genes 

(P <0.05). Several of them were related to chromatin and gene silencing as shown in 

Table R3. However, down-regulated genes within these categories belong mostly to 

histone gene clusters and therefore were redundant. Interestingly, although not with the 

highest significance, down-regulated genes were enriched in genes involved in DNA 

repair such as FANCD2, a subunit of the Fanconi anemia complex involved in DNA 

repair and RNASEH2A, the catalytic subunit of the endonuclease RNaseH2, that 

participates in DNA replication and specifically degrades the RNA of RNA-DNA 

hybrids. GO analyses of the up-regulated genes revealed an enrichment of genes 

involved mainly in cellular response to hypoxia and regulation of apoptotic process as 

shown in Table R4. Up-regulation of apoptotic genes is consistent with our data (Figure 

R27D) and previous studies (Andersen and Tapon 2008).  
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Figure R33. HTA 2.0 gene expression analysis of MFAP1-depleted cells. 
(A) Volcano plot of differential gene expression in MFAP1-depleted cells compared to siC control cells. 
Green dots correspond to down-regulated genes and red dots correspond to up-regulated genes (P <0.05 
and |linear fold change| >1.5) (see Appendix 1). (B) Pie charts showing the distribution of the different 
transcript types down-regulated (left) and up-regulated (right). Transcript numbers in each group are also 
indicated. 
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Table R3. Summary of the most representative GO terms enriched among down-regulated genes in 
siMFAP1 cells. 

Down-regulated 
GO 

Biological 
Process 

Count 
(Total 
146)* 

Genes 
Fold 

enrichment 
P-value Q-value 

(Benjamini)  

GO:0006342 
Chromatin 
silencing 

 

22 

HIST1H2AB, HIST2H3A, 
HIST2H2AA3, HIST2H2AA4, 

HIST1H4K, HIST1H2AG, 
HIST1H2AD, HIST2H4A, 

HIST2H3C, HIST2H4B, HIST2H3D, 
HIST1H4B, HIST1H3A, HIST1H2AI, 

HIST1H3B, HIST1H3D, H3F3B, 
HIST1H4D, HIST1H3F, 

HIST1H2AM, HIST1H3G, 
HIST1H3H 

 
21.32 

 

 
5.12E-22 

 

 
1.34E-18 

 
 

GO:0006306 
DNA 

methylation 
 

15 

HIST2H3A, HIST1H4K, HIST2H4A, 
HIST2H3C, HIST2H4B, HIST2H3D, 
HIST1H4B, HIST1H3A, HIST1H3B, 

H3F3B, HIST1H3D, HIST1H4D, 
HIST1H3F, HIST1H3G, HIST1H3H 

 
21.62 

 

 
5.91E-15 

 

 
1.03E-12 

 
 

GO:0031047 
Gene 

silencing by 
RNA 

 

18 

HIST2H3A, HIST1H4K, NUP88, 
IPO8, HIST2H4A, HIST2H3C, 

HIST2H4B, HIST2H3D, SEH1L, 
HIST1H4B, HIST1H3A, HIST1H3B, 

HIST1H3D, H3F3B, HIST1H4D, 
HIST1H3F, HIST1H3G, HIST1H3H 

 
13.49 

 

 
1.87E-14 

 

 
2.87E-12 

 
 

GO:0032200 
Telomere 

organization 
 

12 

HIST1H4K, HIST1H4B, HIST1H3A, 
HIST1H3B, H3F3B, HIST1H3D, 

HIST1H4D, HIST1H3F, HIST2H4A, 
HIST1H3G, HIST1H3H, HIST2H4B 

 
9.5 

 

 
5.18E-08 

 

 
4.84E-06 

 
 

GO:0002230 
Positive 

regulation of 
defense 

response to 
virus by host 

 

7 
HIST1H3A, HIST1H3B, PNPO, 

HIST1H3D, HIST1H3F, 
HIST1H3G, HIST1H3H 

 
6.4 

 

 
7.81E-04 

 

 
0.02618 

 
 

GO:0009267 
Cellular 

response to 
starvation 

 

10 

SEH1L, IMPACT, HIST1H3A, 
HIST1H3B, PNPO, HIST1H3D, 

HIST1H3F, HIST1H3G, MYBBP1A, 
HIST1H3H 

 
2.45 

 

 
0.02054 

 

 
0.34358 

 
 

GO:0006281 
DNA repair 

 

10 

EGFR, KDM1A, HIST1H4K, 
FANCD2, HIST1H4B, TRIM25, 

HIST1H4D, HIST2H4A, 
RNASEH2A, HIST2H4B 

2.2 0.03808 0.47848  

*146 genes out of 359 down-regulated genes were analyzed by Gene Ontology enrichment. 
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Table R4. Summary of the most representative GO terms enriched among up-regulated in 
siMFAP1 cells. 

Up-regulated 
GO Biological 

Process 

Count 
(Total 
26)* 

Genes 
Fold 

enrichment 
P-value Q-value 

(Benjamini)  

GO:0071456 
Cellular 

response to 
hypoxia 

 

4 EPAS1, HMOX1, MDM2, NDRG1 

 

18.98 

 

 

0.00105 

 

 

0.73225 

 

 

GO:0042981 
Regulation of 

apoptotic 
process 

 

8 
CDKN1A, BTG2, TNFRSF10D, 

HMOX1, HIPK3, DAD1, MDM2, 
GDF15 

 

3.47 

 

 

0.00489 

 

 

0.42820 

 

 

GO:0030330 
DNA damage 

response, signal 
transduction by 

p53 class 
mediator 

 

3 CDKN1A, MDM2, NDRG1 

 

17.06 

 

 

0.01229 

 

 

0.62054 

 

 

GO:0006397 
mRNA 

processing 
4 DDX23, BTG2, PRPF3, SMNDC1 

 

5.66 

 

 

0.02943 

 

 

0.83200 

 

 

GO:0007584 
Response to 

nutrient 
3 HMOX1, DAD1, MDM2 9.81 

 

0.03457 

 

0.82875  

*26 genes out of 545 down-regulated genes were analyzed by Gene Ontology enrichment. 

 

 Next, we analyzed whether splicing patterns were altered in siMFAP1 cells. For 

that, Splicing Index (SI) was used to detect splicing changes between MFAP1-depleted 

cells and siC control cells. SI is calculated for each probe set on the array and represents 

the ratio of exon intensities between the two experimental conditions after 

normalization to the gene intensities in each condition, in this case, siMFAP1 versus 

siC. Thus, positive and negative values of SI indicate inclusion or skipping events of a 

probe set, respectively (see Materials and Methods 15.1). Alternative splicing analysis 

of HTA 2.0 data identified 5490 alternative splicing events (ASEs) or exon probe sets 

alternatively spliced (P <0.01 and |Splicing Index| >2), which belonged to 3689 genes 

(Appendix 2). 1712 probe sets (31.2%) showed a SI <-2, whereas 3778 probe sets 
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(68.8%) showed a SI >2. Analysis of the alternative splicing type revealed that cassette 

exon (49%) was the most common type, while no case of mutually exclusive exons was 

found (Figure R34A, B). Importantly, these alterations in splicing patterns in siMFAP1 

cells seem not to be due to transcription problems, since no relationship was found 

between gene expression levels and splicing indexes (Figure R34C).  

 

Figure R34. HTA 2.0 alternative splicing analysis in MFAP1-depleted cells. 
(A) Scheme of the five basic modes of alternative splicing including: cassette exon (exon skipping or 
inclusion), mutually exclusive exons, intron retention (intron inclusion or exclusion), alternative 5´splice 
sites and alternative 3´splice sites. Exons are depicted as white boxes and alternative exons are indicated 
as grey boxes. Introns are represented as yellow lines and splicing events are indicated with diagonal 
lines. (B) Pie chart showing the alternative splicing type distribution in siMFAP1 cells. Alternative 
splicing events in siMFAP1 cells with P <0.01 and |Splicing Index| >2 were considered. This distribution 
was calculated from those alternative splicing events with annotations for the type of alternative splicing 
in Ensembl database (n=2491). (C) Analysis of the gene expression levels of probe sets with splicing 
indexes -2 > SI > 2 (P <0.01) in siMFAP1 cells (see Appendix 2). 

 

 GO analysis identified many biological processes enriched on the differentially 

spliced genes in siMFAP1 cells (Appendix 3). Three GO term clusters, with the highest 
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enrichment (enrichment score >8) stood out over the rest and were related to DNA 

repair, cell cycle regulation and chromatin organization and modification (Table R5).  

Table R5. Top set of GO term enriched among differentially spliced genes in MFAP1-depleted cells. 

Differentially spliced genes 

GO Biological Process Count 
(Total 2470)* 

Fold 
enrichment 

P-value Q-value 
 (Benjamini) 

Related to DNA repair (Enrichment score: 10.96) 
GO:0006974 

Cellular response to DNA damage 
stimulus 

193 1.62 2.22E-12 1.49E-09 

GO:0006259 
DNA metabolic process 

224 1.52 2.18E-11 7.29E-09 

GO:0006281 
DNA repair 

136 1.75 2.69E-11 8.39E-09 

Related to cell cycle (Enrichment score: 8.73) 
GO:0022402 

Cell cycle process 
307 1.54 6.31E-16 1.56E-12 

GO:0007049 
Cell cycle 

361 1.46 3.61E-15 6.65E-12 

GO:1903047 
Mitotic cell cycle process 

215 1.65 1.83E-14 2.45E-11 

GO:0000278 
Mitotic cell cycle 

227 1.6 9.33E-14 8.73E-11 

GO:0044770 
Cell cycle phase transition 

136 1.71 1.60E-10 4.54E-08 

GO:0044772 
Mitotic cell cycle phase transition 

127 1.69 1.31E-09 3.14E-07 

GO:0000086 
G2/M transition of mitotic cell cycle 

55 2.05 1.65E-07 2.57E-05 

GO:0051726 
Regulation of cell cycle 

204 1.4 1.94E-07 2.93E-05 

GO:0044839 
cell cycle G2/M phase transition 

58 2 1.94E-07 2.89E-05 

GO:0010564 
Regulation of cell cycle process 

127 1.46 7.48E-06 6.20E-04 

GO:1901987 
Regulation of cell cycle phase transition 

77 1.58 3.65E-05 0.002322995 

GO:0007346 
Regulation of mitotic cell cycle 

105 1.47 3.98E-05 0.002468098 

GO:1901990 
Regulation of mitotic cell cycle phase 

transition 
72 1.58 6.33E-05 0.003697803 

Related to chromatin organization and modification (Enrichment score: 8.23) 
GO:0051276 

Chromosome organization 
257 1.47 2.42E-11 7.81E-09 

GO:0018205 
Peptidyl-lysine modification 

108 1.8 3.86E-10 1.06E-07 

GO:0016570 
Histone modification 

112 1.73 3.73E-09 8.31E-07 

GO:0016569 
Covalent chromatin modification 

129 
 

1.599872189 
 

3.20E-08 
 

6.11E-06 
 

GO:0006325 
Chromatin organization 

158 1.398208713 6.68E-06 5.63E-04 

*From an initial list of 3689 differentially spliced genes, GO analysis was performed from 2470 genes 
resulting from deleting those that had no GO term annotations or were redundant. 



RESULTS 

117 
 

 Furthermore, we identified a set of genes (119 genes) that had both altered gene 

expression level (P <0.05 and |linear fold change| >1.5) and splicing pattern (P <0.01 

and |Splicing Index| >2). Many of these genes were related to cell cycle regulation and 

protein modifications (Appendix 4). 

 Taken together, these data suggest that MFAP1 depletion has a major impact on 

splicing than on gene expression. The fact that in our splicing analyses we have 

observed a GO term enrichment of genes related to DNA repair and cell cycle, could 

partially explain the genome instability phenotype of siMFAP1 cells. 

 We also carried out a gene expression analysis of HeLa cells depleted with 

siTHOC1 using the same Human Transcriptome Array (HTA) 2.0 from Affymetrix. 84 

genes out of 67528 genes analyzed were de-regulated in siTHOC1 cells (P <0.05 and 

|linear fold change| >1.5). Among them, 52 genes (61.9%) were down-regulated 

(6 mRNA, 2 lncRNA, 1 miRNA, 25 ncRNA, 18 others) and 32 genes (38.1) were up-

regulated (5 mRNA, 6 U snRNA, 2 miRNA, 6 snoRNA, 1 snRNA, 7 ncRNA, 5 others) 

(Appendix 5). GO analysis of the de-regulated genes revealed that no biological process 

was significantly enriched among these genes. Next we compared the list of de-

regulated genes in siMFAP1 and siTHOC1cells. As shown in Figure R35, the overlap 

between down- and up-regulated genes upon MFAP1 or THOC1 depletion was 

significant in both cases (P < 0.0001). Importantly, gene expression analysis of 

siMFAP1 and siTHOC1 separately or in common showed that a large proportion of U 

snRNA but also snoRNAs were up-regulated (Appendix 6-7).  

 

Figure R35. Common gene expression changes between MFAP1- and THOC1-depleted cells. 
Venn diagrams showing the overlap between the lists of genes down-regulated (left panel) and up-
regulated (right panel) in MFAP1- and THOC1-depleted cells, as provided by Pangloss (see Appendix 
6-7). Expression levels (P <0.05; |linear fold change| >1.5). P-value < 0.0001 in all cases (Fisher´s exact 
test, two-tailed). 
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 Given the physical interaction of THOC1 with MFAP1 and other 

splicing-associated factors (Rappsilber et al. 2002; Hegele et al. 2012), we wondered 

whether the depletion of THOC1 could lead to changes in splicing. Alternative splicing 

analysis of HTA 2.0 data revealed that 921 genes (1022 ASESs) were differentially 

spliced in THOC1-depleted cells (P <0.01 and |Splicing Index| >2) (Appendix 8). 

Analysis of AS type of genes with assigned annotations (n=372) showed that cassette 

exon was the most common type, and that AS event distribution was similar in 

siTHOC1 cells and in siMFAP1 cells (Figure R36A and Figure R34B). Interestingly, 

GO analysis of genes with AS changes in siTHOC1 cells showed an enrichment in the 

same biological processes (DNA repair and cell cycle) to those identified when MFAP1 

is depleted (Table R6; Appendix 9 and Table R5). In fact, a 32.46% (299 out of 921) of 

genes with altered splicing patterns in siTHOC1 cells overlaps with the differentially 

spliced genes in MFAP1-depleted cells (Figure R36B and Appendix 10) Taken 

together, these observations could indicate that THO may affect alternative splicing 

through interactions with MFAP1 and maybe other splicing factors. Moreover, it is also 

possible that in part, splicing changes could occur in response to genome instability 

caused by THO depletion. 

 

 

Figure R36. Alternative splicing changes in THOC1-depleted cells. 
(A) Pie chart showing the alternative splicing type distribution in siTHOC1 cells. Alternative splicing 
events in siTHOC1 cells with P <0.01 and |Splicing Index| >2 were considered. This distribution was 
calculated from those alternative splicing events with annotations for the type of alternative splicing in 
Ensembl database (n=372). (B) Venn diagrams showing the overlap between differentially spliced genes 
in MFAP1- and THOC1-depleted cells (see Appendix 10). Venn diagrams were provided by Pangloss. 
Alternative splicing (P <0.01; |Splicing Index| >2). P-value < 0.0001 in all cases (Fisher´s exact test, two-
tailed). 
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Table R6. Top set of GO term enriched among differentially spliced genes in THOC1-depleted cells. 

Differentially spliced genes 

GO Biological Process Count 
(Total 715)* 

Fold 
enrichment 

P-value Q-value 
 (Benjamini) 

Related to organelle organization (Enrichment score: 4.24) 
GO:0007017 

Microtubule-based process 
51 1.94 9.82E-06 0.015055221 

GO:0007010 
Cytoskeleton organization 

76 1.56 1.13E-04 0.052323667 

GO:1902589 
Single-organism organelle organization 

99 1.44 1.71E-04 0.064090158 

Related to DNA repair (Enrichment score: 3.24) 
GO:0006974 

Cellular response to DNA damage 
stimulus 

 

61 
1.78 

 
1.78E-05 0.018167641 

GO:0006259 
DNA metabolic process 

 
65 

1.53 
 

5.82E-04 0.150897088 

GO:0006281 
DNA repair 

34 1.51 0.018808449 0.519838373 

Related to cell cycle (Enrichment score: 3) 
GO:0022402 

Cell cycle process 94 
 

1.635 2.62E-06 0.005379546 

GO:0000278 
Mitotic cell cycle 69 1.67 3.00E-05 0.026151011 

GO:0007049 
Cell cycle 105 1.47 4.23E-05 0.028662154 

GO:1903047 
Mitotic cell cycle process 62 1.63 1.60E-04 0.063751314 

GO:0044770 
Cell cycle phase transition 41 1.76 6.16E-04 0.146759537 

GO:0044772 
Mitotic cell cycle phase transition 39 1.78 6.81E-04 0.155063149 

GO:0010564 
Regulation of cell cycle process 42 1.66 0.001651155 0.230447136 

GO:0007346 
Regulation of mitotic cell cycle 34 1.63 0.006500088 0.388379223 

GO:1901987 
Regulation of cell cycle phase transition 25 1.75 0.009361909 0.425232602 

GO:0000086 
G2/M transition of mitotic cell cycle 16 2.05 0.011556337 0.464656094 

GO:0051726 
Regulation of cell cycle 57 1.37 0.013587172 0.494410542 

GO:1901990 
Regulation of mitotic cell cycle phase 

transition 
23 1.73 0.014552589 0.504664704 

GO:0044839 
Cell cycle G2/M phase transition 16 1.91 0.021269934 0.54453913 

*From an initial list of 921 differentially spliced genes, GO analysis was performed from 715 genes 
resulting from deleting those that had no GO term annotations or were redundant. 
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To get further inside in this comparative analysis we focused our analysis on those 

genes that showed AS changes in both MFAP1- and THOC1-depleted cells. GO and 

clustering analyses indicated that these genes participated in diverse biological 

processes such as cell morphogenesis, protein modification or protein location among 

others (Figure R37 and Appendix 11). Importantly, many of these genes were involved 

in DNA repair, RNA export and cell cycle and were listed in Figure R37. Interestingly, 

some genes involved in RNA transport and closely related to the THO complex 

(THOC1/hHPR1, PCID2/hTHP1, TPR/hMLP1, DDX39B/hSUB2) were differentially 

spliced in both siMFAP1 and siTHOC1 cells. All these data support a physical and 

functional interaction of THOC1 and MFAP1 at the interface of transcription and 

genome stability. 

 

 

Figure R37. GO term cluster enriched among common genes differentially spliced in MFAP1- and 
THOC1-depleted cells. 
Top ten GO term clusters enriched among common genes with AS changes in MFAP1- and 
THOC1-depleted cells (left panel). Genes within DNA repair, RNA export and cell cycle clusters are 
shown (right panel). See Appendix 11. 

 

 

 

 



RESULTS 

121 
 

 

 

 

4. ANALYSIS OF GENOME INSTABILITY IN YEAST MUTANT OF Sin3A 

COMPLEX AND MFAP1 HOMOLOG GENES 
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We have identified two novel partners of human THO complex, the Sin3A complex and 

MFAP1 protein, whose depletion leads to genome instability. Given that the Sin3 

complex is a conserved eukaryotic complex, we performed a functional analysis in the 

yeast model organism in order to see whether genome maintenance functions are 

conserved and yeast sin3 mutants show a similar phenotype as those observed in 

siSAP130 and siSIN3 human cells. In the case of MFAP1 we carried out the same 

approach with the putative orthologue gene.  

4.1. Genome instability in yeast Sin3-Rpd3 mutants 

Sin3 is an evolutionarily conserved corepressor complex involved in transcription 

regulation. Most of its subunits are well conserved from yeast to human, as is the case 

of the scaffold SIN3 protein or the histone deacetylase HDAC/Rpd3. Nevertheless, 

SAP130 seems to have no homolog in yeast. Two different Sin3-Rpd3 complexes have 

been identified in yeast, large (Rpd3L) that has been implicated in deacetylation 

predominantly at the promoter region, and small (Rpd3S) that appears to be involved in 

deacetylation predominantly at coding regions (Grzenda et al. 2009). Both complexes 

contain the core components (Rpd3, Sin3 and Ume1) but different additional subunits as 

shown in Figure R38.  

 

 

Figure R38. Yeast Sin3-Rpd3 complex. 
Schematic representation of the two different yeast Sin3-Rpd3 complexes (Rpd3L and Rpd3S). Sin3, 
Rpd3 and Ume1 are core components (green), shared by the two complexes (Kadamb et al. 2013). Blue 
corresponds to the specific subunits in Rpd3L and yellow corresponds to the specific subunits in Rpd3S.  
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 In addition to its role in transcription repression, Sin3-Rpd3 mutants have been 

related with genome instability (Silverstein and Ekwall 2005), but a direct connection 

between transcription and genome instability was not established when we started this 

work. 

 Taking into account the physical and functional relationship between human 

Sin3A and THO complexes we decided to get insight into the role of yeast Sin3-Rpd3 in 

the maintenance of genome stability. We carried out the analysis with sin3 and rpd3 

mutants and mutants of representative subunits of Rpd3L and Rpd3S complexes (Figure 

R38). First, we analyzed the sensitivity of the Sin3-Rpd3 mutants to different genotoxic 

agents or irradiation by serial dilutions in media containing: 4-nitroquinoline N-oxide 

(4-NQO), a UV-mimetic that generates guanine and adenine adducts and oxidative 

damage; Ultraviolet light (UV) irradiation, which leads to bulky adducts; Methyl 

Methanesulfonate (MMS), an alkylating agent; Hydroxyurea (HU), which inhibits 

replication by depleting the amount of deoxyribonucleotide triphosphate (dNTPs); 

Camptothecin (CPT), a cytotoxic quinoline alkaloid which inhibits the DNA enzyme 

topoisomerase I (topo I). Among the mutants analyzed, only two, showed sensitivity to 

genotoxic agent, at least at the conditions assayed: sin3Δ displayed sensitivity to UV 

and HU, and eaf3Δ displayed sensitivity to 4-NQO, UV and HU (Figure R39). These 

results are in agreement with a key role of Sin3 as scaffold of the Sin3-Rpd3 complex. 

The stronger sensitivity of eaf3 mutant can be explained as Eaf3 being a part of two 

different corepressor complexes, Sin3-Rpd3 and NuA4 (Reid et al. 2004). 

 

 

Figure R39. Analysis of sensitivity of Sin3-Rpd3 mutants to genotoxic agents.  
Sensitivity to 4-NQO, UV, MMS, HU and CPT of WT (BY4741), sin3Δ (YOL004W), sap30Δ 
(YMR263W), rco1Δ (YMR075W), ume1Δ (YPL139C), rpd3Δ (YNL330C), sds3Δ (YIL084C), pho23Δ 
(YNL097C), eaf3Δ (YPR023C). 10-fold serial dilutions of exponentially growing cultures are shown. 
Experiment performed in collaboration with A. Panek. 
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 Next, we analyzed spontaneous recombination as an indirect measure of DNA 

breaks. For this, we used different plasmid-born recombination systems (L and LYΔNS) 

based on direct truncated repeats of 0.6-kb of the LEU2 gene that are transcribed from 

the LEU2 promoter. These systems differ in the length of the transcribed intervening 

sequence (31 bp for L, and 3.7 kb for LYΔNS) (see Figure M4) which allow the 

analysis of transcription-associated recombination. Recombination frequencies were 

measured as the frequency of Leu+ colonies. The analysis with L and LYΔNS 

recombination systems revealed an increase in recombination frequency when a long 

sequence is transcribed (LYΔNS) in WT and the different mutants of Sin3-Rpd3 (Figure 

R40A). We found the stronger hyper-recombination phenotype in rpd3Δ and rco1Δ 

mutants, being the increase in recombination lower in sin3Δ, ume1Δ, sap30Δ and 

pho23Δ as compared with that of WT cells (Figure R40A). To confirm whether 

mutation in Sin3-Rpd3 complex lead to a transcription-dependent recombination, we 

determined the effect of three representative mutants (sin3Δ, sap301Δ and rco1Δ) in the 

L-lacZ and GL-lacZ recombination systems in which the G+C-rich lacZ gene is located 

between the leu2 repeats and transcription is regulated by the constitutive LEU2 

promoter (PLEU2) (L-lacZ system) or by the inducible GAL1,10 promoter (PGAL) (GL-

lacZ system) (Figure R40B). Transformants were grown under conditions of low (PGAL 

promoter in 2% glucose), medium (PLEU promoter in 2% glucose) and high levels of 

transcription (PGAL promoter in 2% galactose) of the recombination system used in each 

case. As can be seen in Figure R40B, recombination frequencies are higher in the 

mutants than in WT cells in low transcription conditions, moreover, comparison 

between low and medium transcription levels indicate that the higher the strength of 

transcription of the recombination system used, the stronger the increase in 

recombination. At high transcription conditions recombination frequencies were lower 

than expected, possibly due to poor growth of transformants on galactose media (Figure 

R40B). The data suggest that Sin3-Rpd3 mutants cause more recombination events and 

consequently more DNA breaks. We tested this prediction by quantifying the number of 

Rad52 foci, which globally marks recombination repair centers (Lisby et al. 2001). As 

can be seen in Figure R40C almost all the mutants lead to a significant increase in the 

percentage of cells with Rad52 foci. Importantly, Rad52-foci accumulation was fully 

suppressed by RNase H1 (RNH1) overexpression (Figure R40C), indicating that part of 

the genetic instability of Sin3-deficient cells is due to R loops, which is consistent with 

our data in human cells.  
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Figure R40. Transcription and R loop dependency of genome instability in yeast Sin3-Rpd3. 
(A) Recombination analysis of WT (BY4741), sin3Δ (YOL004W), rpd3Δ (YNL330C), ume1Δ 
(YPL139C), rco1Δ (YMR075W), sds3Δ (YIL084C), sap30Δ (YMR263W) and pho23Δ (YNL097C) cells 
carrying L and LYΔNS plasmid system. (B) Recombination analysis of WT (BY4741), sin3Δ 
(YOL004W), sap30Δ (YMR263W) and rco1Δ (YMR075W) cells carrying the L-lacZ system, expressed 
under the control of LEU promoter (medium) or GL-lacZ system in glucose or galactose, expressed under 
the control of GAL promoter (low and high transcription levels, respectively). Means and SEM of three 
independent experiments are depicted (A, B). (C) Percentage of spontaneous Rad52-YFP foci formation 
in the strains detailed in (A) with or without RNase H1 (RNH1) overexpression from the pCM189-RNH1 
plasmid. Means and SEM of three independent experiments are depicted. A scheme of recombination 
system (A, B) or Rad52-YFP plasmid (C) is shown on top of each panel. ****, P < 0.0001; ***, P < 
0.001, **, P < 0.01, *, P < 0.05 (Student´s t-test) (A, B, C). Experiments performed in collaboration with 
A. Panek. 
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 Next, we analyzed the effect of the absence of Sin3 in cells lacking the THO-

subunit Hpr1, using the chromosomal leu2-k::ADE2-URA3::leu2-k system to assay 

recombination in sin3Δ, rpd3Δ and hpr1Δ single mutants and in sin3Δhpr1Δ and 

rpd3Δhpr1Δ double mutants (Figure R41A, B). This system is located in chromosome 

III and contains two 2.16-kb long directs repeats of the leu2-k allele separated by the 

ADE2 and URA3 genes. Deletions caused by recombination between two repeats give 

rise to the loss of the URA3 marker, which can be scored in 5-FOA-containing medium 

(see Materials and Methods 16.2). Recombination levels in hpr1Δ were significantly 

higher than in wild-type cells (3084-fold), as previously described (Aguilera and Klein 

1990; Huertas et al. 2006), and a 4- and 6.8-fold increase in recombination was 

observed in sin3Δ and rpd3Δ respectively (Figure R41A, B). Interestingly, the absence 

of Sin3 in hpr1Δ (sin3Δhpr1Δ) leads to a 8-fold reduction in hpr1Δ recombination 

levels. However, no reduction was observed in rpd3Δhpr1Δ, suggesting that the lack of 

Rpd3 could have a pleiotropic effect. In addition to the recombination analysis, the 

sin3Δhpr1Δ double mutant also showed a reduction in Rad52-foci accumulation 

compared with single mutants (Figure R41C). This partial suppression was not due to a 

reduction in transcription, since no significant differences in mRNA levels between 

single and double mutants were observed, as determined by RT-qPCR (Figure R41D). 

Altogether, these results are in agreement with data obtained in human cells and support 

a model in which yeast Sin3-Rpd3 and THO complexes work together in the 

maintenance of genome integrity.  
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Figure R41. Suppression of the hpr1Δ genome instability phenotype by sin3Δ. 
(A) Recombination analysis of WT (LKWT), sin3Δ (LKSIN3), hpr1Δ (LKH1) and hpr1Δ sin3Δ 
(LKH1SIN3) strains carrying the chromosomal direct-repeat system leu2-k::ADE2-URA3::leu2-k. (B) 
Recombination analysis of WT (LKWT), rpd3Δ (LKRPD3), hpr1Δ (LKH1) and hpr1Δ rpd3Δ 
(LKH1RPD3) strains in the same chromosomal recombination system. (C) Percentage of spontaneous 
Rad52-YFP foci formation in the strains detailed in (A). Means and SEM of three independent 
experiments are depicted (A, B, C). (D) Relative mRNA quantification of PMA1, GCN4 and ADH1 
genes by RT-qPCR in the strains analyzed in (A). mRNA expression values were normalized to the 
expression of the SCR1 gene. Means and SEM of two independent experiments are shown. A scheme of 
recombination system (A, B), Rad52-YFP plasmid (C) and regions of genes where RT-qPCRs were 
performed (D) is shown on top of each panel. ****, P < 0.0001; ***, P < 0.001, **, P < 0.01, *, P < 0.05 
(Student´s t-test) (A, B, C). Experiments performed in collaboration with JM. Santos-Pereira. 
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4.2. SPP381 the putative ortholog of MFAP1 and its role in the maintenance of 

genome stability 

Human MFAP1 is highly conserved in Caenorhabditis elegans and Drosophila 

melanogaster (Andersen and Tapon 2008; Ma et al. 2012). Moreover, it has been also 

reported a homologue gene in Schizosaccharomyces pombe called Saf3 (Splicing 

associated factor 3) (Ren et al. 2011), but no ortholog has been identified in 

Saccharomyces cerevisiae. To determine the putative MFAP1 homolog in budding yeast 

we compared the amino acid sequence of MFAP1 protein (Human) and Saf3 protein (S. 

pombe) with the S. cerevisiae proteome by BLAST analysis (Basic Local Alignment 

Search Tool). As a result, we found one candidate, Spp381 protein (S. cerevisiae) from 

BLAST analysis using the amino acid sequence of Saf3 as query sequence. The 

percentages of identity and similarity were only about 12-13% and 22-23% 

respectively, as can be observed in Table R7 and in the multiple sequence alignment 

between these proteins (Figure R42). Despite the low sequence homology the fact that 

Spp381, Saf3 and MFAP1 proteins are pre-mRNA splicing factors involved in the same 

stages of the splicing process and are linked to the NineTeen complex (NTC), through 

their interaction with Prp38, lead us to contemplate the possibility of SPP381 as the 

putative ortholog of SAF3 and MFAP1 genes (Lybarger et al. 1999; Ren et al. 2011; 

Hegele et al. 2012). 

 

Table R7. Percentage of identity and similarity  
between Spp381, Saf3 and MFAP1 protein sequences 

 
Saf3  

(S. pombe) 
MFAP1  

(H. sapiens) 
Spp381  

(S. cerevisiae) 
12.87*     23.51** 13.33*     22.37** 

Saf3  
(S. pombe) 

 25.17*     40.40** 

           * % of identity 
           ** % of similarity 
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Figure R42. Alignment of Saccharomyces cerevisiae Spp381, Schizosaccharomyces pombe Saf3 and 
Homo sapiens MFAP1 proteins. 
Multiple sequence alignment of Spp381 (S.cerevisiae), Saf3 (S. pombe) and MFAP1 (H. sapiens) proteins 
generated by Clustal Omega. The dashes within the aligned sequences, indicate the gap that were inserted 
in order to optimize the alignment. Gray background indicates similarity, and black background indicates 
identity.  

 

 In order to confirm whether SPP381 was the functional homologue of MFAP1 

we carried out an analysis of yeast mutants. First, we analyzed whether the spp381-ts 

thermosensitive mutant was sensitive to genotoxic agents leading to replication 

impairment and/or DSBs by serial dilutions in media containing 4-NQO, UV 

irradiation, MMS, HU or CPT. We found that spp381-ts cells were more sensitive to 4-

NQO, UV and HU than the wild type, suggesting an accumulation of DNA damage in 

Spp381-deficient cells (Figure R43). Next, we determined whether this phenotype also 

results in an increase of spontaneous recombination. Indeed, recombination levels using 

the L and LYΔNS or L-lacZ and GL-lacZ recombination systems were increased in 

spp381-ts with respect to WT levels,  except when transcription rate was high (PGAL in 

galactose), due to growth problems in galactose media (Figure R44A, B). In accordance 

with the hyperrecombinant phenotype, high levels of recombinogenic breaks were 

inferred by determining the frequency of Rad52-YFP foci in spp381-ts and spp381Δ 

mutants (Figure R44C, D). Importantly, such increase in Rad52-YFP foci percentage 

was not suppressed after RNH1 overexpression in both mutants, indicating that R-loops 

are not responsible for the genetic instability of Spp381-deficient cells (Figure 

R44C, D). These data are in agreement with previous studies showing that spp381 

mutant and other splicing factors lead to CIN phenotype while RNA-DNA hybrid levels 

appear to be not affected (Stirling et al. 2011; Chan et al. 2014). In addition, although 

complement analysis in yeast would be required to confirm the homology between 
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MFAP1 and Spp381 proteins, the similar genome-instability phenotype of spp381 

mutant and MFAP1-depleted cells, indicates a conserved function during evolution. 

 

 

 

Figure R43. Analysis of sensitivity of spp381-ts mutant to genotoxic agents.  
Sensitivity to 4-NQO, UV, MMS, HU and CPT of WT (BY4741), spp381-ts (YPH2622). 10-fold serial 
dilutions of exponentially growing cultures are shown. Experiment performed in collaboration with A. 
Panek. 
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Figure R44. Genome instability and R-loop independency by lack of Spp381 in S. cerevisiae.  
(A) Recombination analysis of WT (YDR007W), and spp381-ts (YPH2622-2D-4B) cells carrying L and 
LYΔNS plasmid system. (B) Recombination analysis of WT (YDR007W), and spp381-ts 
(YPH2622-2D-4B) cells carrying the L-lacZ system, expressed under the control of LEU promoter 
(medium) or GL-lacZ system in glucose or galactose, expressed under the control of GAL promoter (low 
and high transcription levels, respectively). Means and SEM of three independent experiments are 
depicted (A, B). (C) Percentage of spontaneous Rad52-YFP foci formation in the strains detailed in (A) 
with or without RNase H1 (RNH1) overexpression from the pCM184-RNH1 plasmid. (D) Percentage of 
spontaneous Rad52-YFP foci formation in WT (CEN.PK) and spp381Δ (CEN.RO20-3A) strains with or 
without RNase H1 (RNH1) overexpression from the pCM189-RNH1 plasmid. Means and SEM of three 
independent experiments are depicted (A, B, C, D). A scheme of recombination system (A, B) or Rad52-
YFP plasmid (C, D) is shown on top of each panel.  ***, P < 0.001, **, P < 0.01, *, P < 0.05 (Student´s 
t-test) (A, B, C, D). Experiments performed in collaboration with A. Panek (A, B, C). 
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In this thesis we have identified new partners of human THO/TREX and we have 

analyzed the impact on genome stability of two of them. We show that THOC1, a 

subunit of the THO/TREX complex, interacts with the Sin3A histone deacetylase 

complex, and with MFAP1, a spliceosome-associated factor. Depletion of the Sin3A 

complex leads to R-loop-mediated genome instability, similar to that conferred by THO 

mutants. Importantly, we provide evidence that inhibition of histone deacetylation 

results in R-loop accumulation. In addition we show that histone acetylation inhibition 

suppresses DNA breaks and R loops in THOC1-depleted cells, suggesting that both 

THO and Sin3A complexes work together to prevent R loops. By contrast, depletion of 

MFAP1 leads to DNA breaks and genome instability that are not dependent on 

transcription neither on RNA-DNA hybrids. Gene expression and splicing analyses of 

MFAP1-depleted cells point that the impact of this protein on genome integrity is 

mainly due to its role in splicing. 

 

1. NEW PARTNERS OF HUMAN THO/TREX 

THO/TREX is an RNA-binding factor with an important role in mRNP assembly. It 

connects transcription with mRNA export and is involved in the maintenance of 

genome integrity (Chavez et al. 2000; Rondon et al. 2010). This complex is an example 

of the relevance of mRNP biogenesis in genetic stability (Aguilera 2005). The current 

view is that THO/TREX, as well other RNA binding and processing factors, are 

necessary for the formation of a correct mRNP preventing the formation of RNA-DNA 

hybrids that are partially responsible for the transcription impairment and the genetic 

instability phenotypes observed in these mutants (Aguilera and Garcia-Muse 2013). 

Nevertheless, whether this is sufficient to explain how specific RNA binding factors 

control co-transcriptional accumulation of harmful R loops is unclear. 

 During mRNP biogenesis, THO is recruited to active chromatin and interacts 

with a variety of proteins that either contribute to THO binding to the pre-mRNA or use 

THO as a landing platform subsequently binding to nascent pre-mRNA (Luna et al. 

2012). THO/TREX has been shown to interact with a variety of factors involved in the 

different stages of gene expression that includes interactions with transcription 

machinery, mRNA processing factors (capping, splicing and 3´ end processing factors) 

and mRNA export factors among others (Zhou et al. 2002; Chen et al. 2007; Luna et al. 
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2012; Meinel et al. 2013). Identification of new interactors of human THO/TREX could 

help to better understand how mRNP biogenesis contributes to the maintenance of 

genome stability. 

 By using the yeast two-hybrid system we identified several putative interactors 

of human THO/TREX (Figure R2 and Table R2). Among them, we have found different 

partners that have been shown to interact with components of THO/TREX. Thus, using 

UAP56 as a bait we found that this helicase interacts with its paralog URH49, in 

agreement with a previous high-throughput two-hybrid screening in which URH49 was 

detected as one frequent interactor of UAP56 (Lehner et al. 2004). Given the high 

homology shared by UAP56 and URH49 (90% amino acid sequence identity) it is 

possible that these helicases could form heterodimers and homodimers, as suggested by 

our results and previous analysis (Lehner et al. 2004). In this two-hybrid 

high-throughput analysis UAP56 was also found to interact with itself and with CIP29, 

an hnRNP homologous to yeast protein Tho1 identified as suppressor of THO mutants 

(Jimeno et al. 2006). We have not found neither of these interactors using UAP56 as a 

bait, in contrast, our screening with URH49 reveals that only this factor interacts with 

CIP29 (Table R2). Our data is consistent with previous biochemical studies and 

functional analysis that propose that URH49 and UAP56 have different partners and 

different impact on cell division (Dufu et al. 2010; Yamazaki et al. 2010), the former 

interacting with CIP29 to form the AREX complex (alternative mRNA export 

complex), the latter with Yra1/Aly to form TREX (revised in (Luna et al. 2012)). Thus, 

our results are in agreement with previous data showing the functional specificity of 

these helicases, and importantly, can also serve us as validation of our screening and 

procedures. 

 A new putative protein partner, ZBTB44 was found to interact with ALY 

(Figure R2 and Table R2). Although ZBTB44 is an uncharacterized protein, proteins 

that contain ZBTB domains (Zinc finger and Broad complex, Tramtrack, and 

Bric-à-brac) have been shown to bind to regulatory regions in target genes and are 

usually related to transcription repression by recruiting corepressors and histone 

modification enzymes (Beaulieu and Sant'Angelo 2011; Lee and Maeda 2012). In this 

sense, it is worth noting that ALY interacts with the transcription factor E2F2 and 

modulates the expression of a large number of E2F-responsible genes (Osinalde et al. 

2013). This suggests that ALY in addition to its role in mRNA export (Katahira 2012) 
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could have a role in transcription regulation through its interaction with different 

transcription factors. It would be important, first to validate this new interaction 

between ALY and ZBTB44, and in that case, further investigate this relationship and 

whether or not THO/TREX as a complex is required for this crosstalk. 

 Nineteen proteins were identified as new putative interactors of THOC1 (Figure 

R2 and Table R2). Although THO is formed by a core of different interacting subunits 

that associates with ALY and UAP56 forming TREX (Strasser et al. 2002; Masuda et 

al. 2005), we have not identified any of THO subunits among these THOC1-interactors. 

One possible explanation for this is the fact that, in some cases, in vivo interactions 

between subunits of a complex are stable only when all the components are present. In 

fact, THO behaves as a structural and functional unit (Chavez et al. 2000; Garcia-Rubio 

et al. 2008) and lack of any subunit of yeast THO affects the stability of the complex 

(Huertas et al. 2006). New THOC1-interacting proteins identified are involved in many 

different processes (Table R2). In this thesis we have focused our studies on two 

factors, SAP130, a subunit of the histone deacetylase complex Sin3A (Fleischer et al. 

2003) and the splicing factor MFAP1 (Makarov et al. 2002; Hegele et al. 2012). Before 

to discuss the functional relevance of these interactions, we will describe briefly some 

other putative nuclear THOC1-interactors that could be interesting to study, despite they 

have not yet been validated, at least at the condition assayed.  

 In our yeast two-hybrid screening using THOC1 as a bait we have found 

different proteins involved in protein degradation mediated by ubiquitination such as 

CUL1, NUB1 and ZSWIM2 (see Table R2 for more details and references). These 

putative interactions are consistent with THOC1 being a substrate of ubiquitination 

machinery (Gwizdek et al. 2005; Song et al. 2013). In addition other putative interactors 

such CDC23, SPATA22 and QRICH1, play a role in cell cycle regulation, cell 

differentiation and/or apoptosis (see Table R2 for more details and references), which it 

is compatible with the described role of THOC1 in these processes. Thus, THOC1, was 

initially described as a human nuclear matrix protein that binds to the retinoblastoma 

tumor suppressor protein pRb (Durfee et al. 1994), and different reports connect this 

factor with cell proliferation, apoptosis and cancer (Wang et al. 2009a; Dominguez-

Sanchez et al. 2011b; Heath et al. 2016). Finally, regarding DNA metabolism, it is 

worth to mention two new putative THOC1-interactors that participates in chromatin 

segregation, replication and genome instability: SMC2 (a subunit of condensin 
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complex) and REV1 (a translesion synthesis DNA polymerase) (Nelson et al. 1996; 

Losada and Hirano 2005). 

 In summary, although these interactions remains to be validated, they are in 

agreement with an scenario with THO beeing a factor that plays a relevant role in a 

wide range of cellular processes as gene expression, cell differentiation and in the 

maintenance of genome integrity. 

 

 

2. ROLE OF SIN3A COMPLEX IN THE MAINTENANCE OF GENOME 

STABILITY 

In this Thesis we have provided evidence for a physical and functional interaction 

between THO and Sin3A-HDAC complexes. The crosstalk between THO and a 

chromatin modifier as the Sin3A complex extends the understanding of the mode of 

action of THO to connect nuclear functions, necessary for proper mRNP formation and 

genome integrity. 

 

2.1. The THO/TREX RNA-processing factor talks to the Sin3A corepressor 

complex 

THO-Sin3A physical interaction has been validated by different approaches as 

two-hybrid, co-immunoprecipitation assays and also with PLA analysis that detect in 

situ association of proteins (Figure R3-R4). Importantly, we show that THOC1 interacts 

with SAP130, as determined in the two-hybrid analysis, but also with SIN3, the core 

component that acts as the scaffold of the Sin3A complex (Figure R10). Moreover, the 

observation that UAP56 associates with SIN3 supports that THO/TREX and Sin3A 

complexes physically interact in vivo (Figure R11).  

 The Sin3A co-repressor complex through its histone deacetylase activity and its 

interaction with a large number of DNA-transcription factors regulates a wide variety of 

genes involved in different cellular processes in eukaryotic cells (Cowley et al. 2005; 

David et al. 2008; Pellegrino et al. 2012). Accordingly, proliferation of siSAP130 cells 

was impaired (Figure R6). Although a repressive role for the Sin3A complex in 
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regulating gene expression has been established, accumulating evidence has revealed 

that this complex also localizes inside of actively transcribed genes (Pile and 

Wassarman 2000; Wang et al. 2009b; Jelinic et al. 2011; Kadamb et al. 2013). This 

localization of the Sin3A complex inside genes, which we confirmed by ChIP-qPCR 

(Figure R7), is consistent with our findings of a new physical and functional interaction 

between THO and Sin3A-HDAC complexes. 

 The Sin3A complex has been shown to play different functions beyond cell 

cycle and proliferation, including DNA methylation, rDNA silencing, control of 

replication timing, centromeric heterochromatin maintenance or DNA damage repair 

(revised in (Silverstein and Ekwall 2005)). Here, we show that Sin3A complex is 

necessary for maintenance of genome integrity. Depletion by siRNA of different 

representative subunit of Sin3A complex leads to DNA breaks that are suppressed by 

transcription inhibitors and RNase H1 overexpression (Figure R12-R13), an 

R-loop-mediated genome instability phenotype similar to that conferred by THO 

mutants (Huertas and Aguilera 2003). Consistently, R loops are accumulated in Sin3A-

depleted cells along a gene from 5’ to 3’, and not only at promoter proximal regions, as 

would be expected according its predominant binding around TSS (Figure R15-R16). 

Along this same line, although Sin3A repress transcription at promoters, accumulating 

evidence indicates that Sin3A also localizes inside actively transcribed genes (Figure 

R7) (Pile and Wassarman 2000; Jelinic et al. 2011; Kadamb et al. 2013). 

 Interestingly, a role of SIN3 in the maintenance of genome integrity has also 

been observed in yeast sin3∆ mutants, as observed by increased Rad52 foci and gross 

chromosomal rearrangements, such increases being suppressed by RNase H1 

overexpression (Wahba et al. 2011). Moreover, it has been reported that sds3Δ mutant 

shows chromosome instability and elevated hybrids levels (Stirling et al. 2011; Chan et 

al. 2014). This is consistent with our data using mutants of the different subunits of 

yeast Sin3-Rpd3. We show that rpd3Δ and rco1Δ mutants increase recombination 

frequency, as an indirect measure of genome instability, and most of the mutants (sin3Δ, 

rpd3Δ, rco1Δ, sap30Δ and pho23Δ) show Rad52-foci accumulation which can be fully 

suppressed by RNase H1 overexpression (Figure R40). Altogether indicate that the role 

of Sin3 in the maintenance of genome integrity seems to be conserved, but importantly 

we show data indicating that Sin3A and THO complexes work together to avoid 

genome instability (discussed below). 
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2.2. Histone deacetylation prevents co-transcriptional R-loop formation 

Given that Sin3A regulates transcription through deacetylation of nucleosomes by 

histone deacetylases (HDACs) and recruitment of chromatin remodelers (Silverstein 

and Ekwall 2005), our results suggest that histones possibly need to be deacetylated 

after transcription to prevent R loops. The acetylation status of chromatin can be 

modified by the action of histone deacetylases (HDACs) and histone acetyltransferases 

(HATs) which in turn have relevant consequences for gene expression, regulating the 

accessibility of transcription factors (Shahbazian and Grunstein 2007; Venkatesh and 

Workman 2015), but also for genome stability (Lahue and Frizzell 2012). Importantly, 

we showed here that treatment with two different HDAC inhibitors, TSA and SAHA, 

leads to an accumulation of R loops (Figure R18). These results are not an indirect 

consequence of changes in transcription levels, and support a direct role of the activity 

Sin3A complex in preventing R loops, as these HDAC inhibitors have been previously 

shown to affect the recruitment of Sin3A to chromatin (Smith et al. 2010). Histone 

acetylation and deacetylation alternate in a dynamic manner along the transcription 

process. Consistently, active genes are enriched in both HATs and HDACs, whose 

levels correlate with gene expression and histone acetylation (Wang et al. 2009b). The 

coordination of different histone modifications (acetylation, ubiquitination, methylation, 

etc.), and the action of chromatin remodelers is necessary for transcription (Venkatesh 

and Workman 2015), and our study with HDACi treatments and Sin3A depletion 

suggests that one objective of chromatin resetting after the passage of the RNAPII is to 

prevent the formation of R loops (Figure D1A), which have been shown to have a 

negative effect on transcription elongation indeed (Tous and Aguilera 2007). 

Reassembly of ubiquitylated H2A-H2B dimers mediated by the nucleosome-

reorganizing complex FACT is also necessary to reset chromatin and ensure effective 

transcription (Belotserkovskaya et al. 2003; Li and Reinberg 2011; Venkatesh and 

Workman 2015). Interestingly, transcription- and R-loop-dependent genome instability 

has been shown in yeast and human cells deficient in the FACT reorganizing complex 

(Herrera-Moyano et al. 2014), consistent with our findings that co-transcriptionally 

mediated chromatin remodeling or chromatin modifications are crucial to prevent 

R-loop-mediated genome instability. 

 Interestingly, recent evidence reported a connection between R loops and 

increased chromatin accessibility. Co-transcriptional R-loop are formed along gene 
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body and enriched at promoters, especially CpG island promoters, and terminator 

regions (Santos-Pereira and Aguilera 2015; Chedin 2016). The analysis of R-loop 

profile together with chromatin state identified an association between R loops and open 

chromatin. Promoter and gene body regions with R loops especially showed 

hyper-accessibility, measured as increased DNase hypersensitivity and higher 

formaldehyde-assisted isolation of regulatory elements sequencing (FAIRE-seq) signal. 

Analysis of different open and active chromatin marks showed hyper-acetylation (H3K9 

and H3K27 acetylation), hyper-methylation of H3K4 (H3K4me2 and H3K4me3) and 

depletion of the heterochromatic mark H3K9me3 at promoter regions (Sollier and 

Cimprich 2015; Chedin 2016). Moreover, multiple chromatin binding factors, including 

the Sin3A complex, were found similarly enriched at these regions (Ginno et al. 2012; 

Sanz et al. 2016). This link between a more open and accessible chromatin and the fact 

that promoters are hotspots of R-loop formation could suggest that this chromatin state 

could facilitates R-loop formation. 

 

2.3. Functional implication of THO and Sin3A complex association in R-loop 

prevention 

The physical interaction between THO and Sin3A and the similar R-loop genome 

instability phenotype upon depletion of these factors suggest that THOC1 and Sin3A 

could act together to prevent R-loop-mediated genome instability. The observation that 

RNA-DNA levels are higher in THOC1-Sin3A double-depleted cells than in the single 

depletion of each factor supports this idea (Figure R17). We propose that THO does not 

only contribute to maintaining genome stability due to its role in mRNP biogenesis but 

also because it could be important for proper deacetylation during transcription. We 

reasoned that THO could interact with Sin3A to transiently promote histone 

deacetylation as a way to transiently close chromatin, thus preventing the nascent RNA 

to hybridize with the DNA template. Although THO may not be necessary for the 

recruitment of Sin3A to chromatin (Figure R19A, B), it could directly or indirectly 

promote the co-transcriptional action of the Sin3A complex. ChIP analysis and western 

blot show a slight increase of global histone acetylation in siTHOC1 cells (Figure 

R19C, D). Recent experiments in our lab using specific antibodies raised against 

acetylation of individual lysine residues on histones have allowed to better appreciate 

differences in histone acetylation levels. Western blot analysis of histone H3 lysine 14 
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(H3K14) acetylation, a histone mark associated with active transcription (Agalioti et al. 

2002), showed a high increase in Sin3A-depleted cells but also in THOC1-depleted 

cells (Aleix Bayona-Feliu personal communication). Importantly, we show that the 

HAT inhibitor anacardic acid suppresses the genome instability and the R-loop 

accumulation phenotype associated with THO depletion (Figure R20-R21). Therefore, 

these data together with the R-loop-dependent genome instability associated with Sin3A 

depletion, supports a model in which THO suppresses genome instability by promoting 

the transient action of the Sin3A complex after the passage of the RNAPII, preventing 

the hybridization of the nascent RNA with the template DNA (Figure D1B). In the 

future, it would be interesting to study whether Sin3A depletion leads to replication 

defects similar to those described in the absence of THO by DNA combing analysis 

(Wellinger et al. 2006; Dominguez-Sanchez et al. 2011a). It is possible that changes in 

histone acetylation would help explain, at least in part, the replication defects caused by 

THOC1 depletion. The observation that R loop-mediated transcription-replication 

collisions and genome instability are increased in yeast and human cells deficient in the 

FACT chromatin-reorganizing complex (Herrera-Moyano et al. 2014), supports the 

view that chromatin plays a crucial role preventing R loop-mediated genome instability. 

It would certainly be interesting to identify the mechanism by which THO, whether 

directly or indirectly promote the co-transcriptional action of the Sin3A complex or 

whether other histone deacetylases complex could contribute in a similar manner to 

genome stability. 

 In summary, our data reveals a new scenario in which an mRNP factor, such as 

THO, which plays a role in transcription elongation, RNA processing and export, talks 

to a chromatin repressive modifier to link mRNP biogenesis, chromatin and genome 

instability (Figure D1B). It would be interesting to address whether deficiency in others 

chromatin remodelers also lead to a genome instability phenotype mediated by R-loop. 

Moreover, it would certainly be interesting to know whether additional proteins are 

required for this crosstalk and whether other RNA binding factors such as UAP56, 

SRSF1 (Li and Manley 2005), SETX (Skourti-Stathaki et al. 2011) among others, 

prevent R loops via a similar ability to control chromatin remodeling. Importantly, our 

results suggest that specific co-transcriptional RNA binding factors may play a novel 

role as a transcriptional and RNA processing checkpoint to dictate post-transcription 

chromatin closing to prevent harmful RNA-DNA interactions. 
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Figure D1. Model to explain the role of histone deacetylation in preventing R-loop-dependent 
genome instability. 
(A) During transcription, both deacetylation of histones mediated by the Sin3A complex, and formation 
of an optimal mRNP particle mediated by THO, help prevent R-loop formation. Depletion of Sin3A or 
HDACi treatment lead to a hyper-acetylated and more open chromatin, thus allowing R-loop formation. 
(B) Depletion of THO would lead to the formation of a suboptimal mRNP, and a lower co-transcriptional 
action of Sin3A, thus contributing to R-loop accumulation. However, this phenotype is suppressed by 
hypo-acetylation of chromatin achieved by HATi treatment. AA, anacardic acid. 
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2.4. Implication of Sin3A complex in R loop-induced epigenetic and structural 

changes in chromatin 

Different works during last years have shown that there is a link between R loops and 

chromatin modulation. A set of histone modifications has been shown to correlate with 

R loops and its positive roles in cells, as is the case of transcription activation and 

termination (Santos-Pereira and Aguilera 2015). R loops formed in human CpG island 

promoters could promote transcription activation in association with histone marks such 

as H3K4me2, H3K4me3 and H3 acetylation, which are characteristic of active 

transcription (Ginno et al. 2012; Chen et al. 2015). R loops formed at terminator region 

seems to be important for termination mechanism of numerous yeast and human genes, 

and in human it correlates with the repressive heterochromatin mark H3K9me2 (Ginno 

et al. 2013; Skourti-Stathaki et al. 2014). Therefore, R loops could alter local chromatin 

and modulate its accessibility to carry out its regulatory functions. However these 

chromatin changes can also occur when R loops are formed as aberrant byproducts of 

transcription. H3S10-P and H3K9me2, marks of chromatin condensation and 

heterochromatinization respectively, are two main chromatin modifications associated 

with aberrant R loops (Castellano-Pozo et al. 2013; Skourti-Stathaki et al. 2014). The 

absence of THO in yeast, Caenorhabditis elegans and human cells leads to an increase 

of H3S10-P, which is suppressed by RNase H1 overexpression (Castellano-Pozo et al. 

2013). Increased levels of H3K9me2 have been observed in C. elegans thoc-2 mutants 

and at triplet repeat expansions in which R loops accumulate (Castellano-Pozo et al. 

2013; Groh et al. 2014). Although transient formation of repressive chromatin may be 

critical for stabilizing the damaged chromatin and for remodeling the chromatin to 

enable efficient DNA repair (Ayrapetov et al. 2014), the aberrant accumulation of local 

compacted chromatin could be an obstacle for transcription and/or replication thus 

leading to genome instability. Therefore, the mechanism by which R loops trigger 

chromatin compaction and its functional relevance remains unclear. Our data indicate 

that although human Sin3A-depleted cells accumulate R loops (Figure R14-R16), they 

show no differences in H3S10-P or H3K9me2 levels (Figure R22-R23). Instead, 

siTHOC1-depleted cells show an increase in H3S10-P which has been reported to be 

R-loop-dependent (Castellano-Pozo et al. 2013) and in H3K9me2 (Figure R22-R23). 

Importantly, depletion of Sin3A complex is able to suppress the increase in H3S10-P 

and H3K9me2 caused by THOC1 depletion (Figure R22-R23). This suggests that the 

activity of Sin3A complex could be required in R-loop-induced chromatin compaction. 
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In fact, deacetylation of H4K14 by yeast Hst2 (human SirT2p) is an intermediary step in 

the cascade of histone modification to promote chromatin condensation in mitosis 

(Perrod et al. 2001; Wilkins et al. 2014). On the other hand, suppression of chromatin 

condensation in hpr1Δ yeast mutant in combination with specific histone H3 point 

mutation at serine 10 (S10) that cannot be phosphorylated (H3S10A) or that mimic 

constitutive phosphorylation (H3S10D) lead to a decrease of genome instability, 

measured as a decrease in recombination frequency and in the percentage of Rad52 foci 

(Castellano-Pozo et al. 2013). Our data show that Sin3A depletion reduces the high 

levels of γH2AX foci caused by THOC1 depletion in human cells. Moreover, the 

absence of Sin3 in yeast hpr1Δ mutant greatly reduces its high levels of recombination 

and Rad52 foci. These results suggest that Sin3 complex is required for the genome 

instability caused by R loops and support the idea that R loop-dependent genome 

instability may be due in part to the chromatin compaction they trigger (Figure D2).   

 

 

Figure D2. A model to explain a possible role of Sin3A complex in R-loop-induced chromatin 
compaction. 
R loops trigger chromatin condensation and heterochromatin formation. These more compacted areas 
within the chromatin can hamper the progression of replication, which in turn, leads to genome 
instability. The action of the Sin3A complex may be required in the cascade to compact the chromatin. 
Model based in (Santos-Pereira and Aguilera 2015). 
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3. ROLE OF MFAP1 IN THE MAINTENANCE OF GENOME STABILITY 

We have reported a novel interaction between the splicing factor MFAP1 and THOC1. 

A number of studies have determined that THO/TREX plays an important role 

connecting the different steps of mRNP biogenesis (Aguilera 2005; Rondon et al. 2010). 

The main goal of our study has been to try to elucidate the physiological relevance of 

the interaction between MFAP1 and THOC1 at the interface of mRNP biogenesis and 

genome instability. 

 

3.1. The relationship between THO/TREX, splicing and mRNP biogenesis 

THOC1 and MFAP1 interaction, validated in human cells by different approaches 

(Figure R3-R4), is in agreement with previous studies showing a relationship between 

THO/TREX and the splicing machinery. In fact, THO/TREX subunits were first 

identified in proteomic analysis as protein associated to the spliceosome (Rappsilber et 

al. 2002; Zhou et al. 2002; Chen et al. 2007). Moreover, THO/TREX complex was 

found to colocalize with splicing factors in nuclear speckle domains in vivo (Zhou et al. 

2000; Masuda et al. 2005; Kota et al. 2008), as we have also shown for MFAP1 (Figure 

R25). 

 According this interaction, analysis of data from proteomic spliceosome studies 

reveals that THOC1 and MFAP1 have common protein interactors as is the case of 

RED/IK and hPRP22/DHX8 (Hegele et al. 2012). IK is a component of B complex of 

human spliceosome and helps recruit other factors, and DHX8 is present at C complex 

and participates in the release of spliced mRNAs from spliceosome (Ohno and Shimura 

1996; Hegele et al. 2012). Interestingly, THO/TREX proteins are important for efficient 

export of spliced mRNA from the nuclear speckles to the cytoplasm (Dias et al. 2010), 

consistently with the view of THO/TREX as a complex linking different steps of mRNP 

biogenesis (Aguilera 2005). Whether MFAP1 has a role in mRNA export and if MFAP1 

and THOC1 interaction have a physiological relevance on the export of spliced mRNAs 

is a question that will require further investigation. 

 The link between splicing and THO/TREX seems to be especially important in 

metazoans, where most of the genes contain introns. In yeast, THO/TREX is directly 

recruited co-transcriptionally by the transcription machinery whereas in metazoans, 
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THO/TREX is recruited to mRNA in a splicing- and capping-dependent manner (Zhou 

et al. 2000; Custodio et al. 2004; Masuda et al. 2005; Reed and Cheng 2005). The 

splicing complex Prp19 complex or also called NTC plays a relevant role in the 

recruitment of TREX to elongating RNAPII, and in the coupling of transcription 

elongation, splicing and mRNA export (Chanarat et al. 2011). Since both THO/TREX 

and numerous splicing factors, including MFAP1, closely associate to the Prp19 

complex one possibility was that MFAP1 could contribute to the loading of 

THO/TREX. However, THOC1 recruitment to the chromatin was not impaired in 

siMFAP1 depleted cells as determined by ChIP analysis (Figure R29C). 

 Splicing has an impact on the regulation of multiple steps in mRNP biogenesis, 

thus coupling connections between splicing and transcription elongation 3′ end 

formation, RNA stability, and mRNA export have been reported (Kornblihtt et al. 2004; 

Braunschweig et al. 2013; Saldi et al. 2016). We have explored the impact of MFAP1 

depletion in transcription and 3´ end mRNA processing by ChIP analysis (Figure R29). 

The levels of total RNAPII in siMFAP1 cells were found to be similar to those found in 

control cells, suggesting that depletion of this factor does not have a direct role on 

transcription. However, genome-wide analysis of microarray showed that depletion of 

MFAP1 has an impact on gene expression (discussed below). In turn, the levels of FIP1 

and CPSF6 factors (components of 3´ end processing machinery) are lower in MFAP1-

depleted cells than in siC control cells and significantly lower in the case of FIP1 at 

3´end of the gene (Figure R29D, E). Since these factors are involved in the cleavage and 

polyadenylation of pre-mRNA, this data suggests that MFAP1 could be important in 

later pre-mRNA processing steps. In this same line, TREX plays a key role in 3´ end 

processing. In yeast, Yra1 is involved in the recruitment of 3´ end processing factors 

(Johnson et al. 2009). Moreover, the absence of yeast THO leads to the attachment of 

the 3´ end region of several genes to the nuclear pore, which can block RNAPII 

progression, and inefficient polyadenylation (Rougemaille et al. 2008; Saguez et al. 

2008). This is mediated in part by selective degradation of Fip1, a key component of the 

polyadenylation machinery (Preker et al. 1995; Saguez et al. 2008). Importantly, human 

THOC5 has been reported to control 3´ end processing by recruiting cleavage and 

polyadenylation factors including CPSF100 and CFIm68 and therefore the connection 

between THO/TREX and 3´ end processing seems to be conserved in humans (Katahira 

et al. 2013; Tran et al. 2014). 
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3.2. Proliferation and cell cycle defects in MFAP1-depleted cells 

Several studies have evidenced defects in the cell cycle progression in the absence of 

MFAP1. A siRNA-based screening in human cells identified a group of splicing factors, 

including MFAP1, as essential factors for cell division (Kittler et al. 2004). In this 

screening it was observed that MFAP1-depletion caused mitotic arrest, cytokinesis 

defect and abnormal spindle. A more recent screening to look for new mitotic regulator 

in human cells reported that lack of functional MFAP1 leads to abnormal nuclear 

morphology, mitotic arrest and defects in the segregations of chromosomes during cells 

division (Sundaramoorthy et al. 2014). Similarly, reduced levels of Drosophila 

homologue of MFAP1 was reported to increase the proportion of cells arrested in G2/M 

phases (Andersen and Tapon 2008). Our data corroborate these defects in cell cycle 

progression. We show that depletion of MFAP1 seriously affects cells proliferation and 

FACS analyses clearly show an arrest in G2/M, which may explain the increase in 

apoptotic cells (Figure R27).  

 There are many examples of splicing factors that affect cell cycle progression. 

S. cerevisiae Cef1 protein is involved in pre-mRNA processing and its loss causes arrest 

in G2. The removal of one intron of α-tubulin (TUB1) mRNA is able to reestablish the 

cell cycle of cef1-13 thermosensitive mutant, suggesting that cell cycle arrest is an 

indirect effect of defective splicing (Burns et al. 2002). In other cases, the splicing 

factors could have a direct role in cell cycle regulation. One example of this is the SR 

protein B52, a serine-rich protein that regulates splicing and levels of dE2F2, a 

transcriptional factor relevant for cell cycle progression in Drosophila (Rasheva et al. 

2006). However, it is unclear whether MFAP1 or other splicing factors affect cell cycle 

due to a direct role in cell cycle regulation or as an indirect consequence of altering the 

expression and/or the splicing of some related genes. In Drosophila, the arrest in G2/M 

in MFAP1 or Prp38-depleted cells is associated with a reduction of stg/cdc25 mRNA 

levels, which encodes a phosphatase essential for G2/M progression (Andersen and 

Tapon 2008). It is unknown whether stg downregulation and the consequent cell cycle 

arrest corresponds to defects in its splicing or whether defective splicing could activates 

specifically a mitotic checkpoint that regulates stg. Our gene expression and alternative 

splicing analyses in MFAP1-depleted cells provide clues about the direct or indirect role 

of this factor in cell cycle and other processes (see below). 
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3.3. Genome instability associated to MFAP1-depletion 

Our data show that lack of MFAP1 in human cells compromises genome stability, since 

depletion of this factor lead to an increase in DNA damage, as measure by γH2AX foci 

immunofluorescence, alkaline and neutral single-cell electrophoresis and anaphase 

bridges formation (Figure R30-R31). Interestingly, MFAP1 associated genome 

instability seems not be associated to R-loop formation, since overexpression of RNase 

H1 does not suppress the increase in γH2AX foci caused by MFAP1 depletion (Figure 

R32B). Our functional analysis in S. cerevisiae with mutants of  SPP381 gene, the 

putative MFAP1 orthologue in yeast, as determined by homologue sequence, reveals a 

similar genome instability phenotype with high increase in DNA damage that is not 

R-loop dependent (Figure R44C, D). These results are in agreement with previous 

studies showing that spp381 mutant and other splicing factors lead to chromosome 

instability (CIN) phenotype while RNA-DNA hybrid levels appear to be not increased 

(Stirling et al. 2011; Chan et al. 2014). Altogether indicates that MFAP1 role in the 

maintenance of genome is conserved along the evolution. 

 Several splicing and other RNA processing factors have been identified in 

different global screenings in yeast and humans as factors involved in the maintenance 

of genome instability (Paulsen et al. 2009; Wahba et al. 2011; Stirling et al. 2012; Chan 

et al. 2014). Provided the functional proximity of splicing factors to THO/TREX and 

SRSF1 (Li and Manley 2005), both suppressors of  R loops and R-loop-mediated 

genome instability, it is sometimes assumed that genome instability promoted by 

deficiency in most RNA binding proteins and splicing factors are of the same nature. 

However, our study argues against this idea. Since genome instability caused by 

MFAP1 depletion cannot be suppressed by transcription inhibition or by overexpression 

of RNase H1 (Figure R32), it is possible that deficiencies in a large number of splicing 

factors could lead to genome instability by a different mechanism. 

 Therefore, it is likely that mutations or depletion of many splicing and 

processing factors cause genome instability as an indirect effect, as it seems to be the 

case of MFAP1, which has been shown to affect mRNA splicing and sister chromatid 

cohesion likely due to the putative impact that they may have in alternative splicing and 

expression of other genes (Andersen and Tapon 2008; Sundaramoorthy et al. 2014; 

Papasaikas et al. 2015). As a consequence, this result strengthens the idea that only 
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specific RNA processing and binding proteins, such as THO/TREX or SRSF1, has a 

direct role in the control of genome stability. 

 

3.3.1. Gene expression and alternative splicing are affected in MFAP1-depleted 
cells  

To shed light on whether MFAP1 could influence the stability of the genome in a direct 

or indirect manner, we performed global gene expression and alternative splicing 

analyses in siMFAP1 cells. We found that MFAP1 depletion affects the expression of 

904 genes (P < 0.05 and |linear fold change| > 1.5), of which 359 (39.7%) are down-

regulated and 545 (60.3) are up-regulated (Figure R33A). Down-regulated genes are 

enriched in mRNAs (49%) and ncRNAs (36.2%) (Figure R33B, left panel). GO analysis 

of these genes identified numerous biological processes that were redundant since 

down-regulated genes that belong to these categories were histone genes in all cases 

(Table R3). Histone genes are found in clusters and its transcription is replication-

dependent (Marzluff et al. 2002). The levels of histone mRNAs are tightly regulated 

reaching the maximum levels at S-phase to be coupled to DNA synthesis process 

(Harris et al. 1991; Nelson et al. 2002). Moreover, it has been shown that G1 checkpoint 

activation after DNA damage induced by ionizing radiation not only inhibits DNA 

synthesis but also inhibit histone genes transcription (Su et al. 2004). Since MFAP1 

depletion seems not to arrest cell cycle in G1 or S-phase, a lower detection of histone 

mRNAs could be due to the reduction in S-phase population observed in siMFAP1 cells 

(Figure R27B). In addition to histone genes, several genes related to DNA repair were 

down-regulated and some of them, including FANCD2, RNASEH2 and EGFR were also 

found differentially spliced suggesting that MFAP1 could be mediating in the regulation 

of DNA repair genes (Table R3 and Appendix 4). Up-regulated genes are enriched in U 

snRNA, which is consistent with a role of MFAP1 in pre-mRNA splicing (Figure R33B, 

right panel). GO analysis identified several genes related to hypoxia, apoptotic process 

or DNA damage response among others, which are probably up-regulated in response to 

the different stress conditions in siMFAP1 cells (Table R4). 

 Analysis of splicing-sensitive microarray data identified that MFAP1 has a large 

impact on splicing since its depletion leads to splicing changes in 3689 genes (5490 

ASEs) (P < 0.01 and |Splicing Index| > 2).  Until now, there are some studies in 

different organisms showing that the absence of MFAP1 leads to changes in splicing 
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and suggesting that the observed phenotypes are possibly an indirect consequence of the 

alteration of the splicing of certain genes (Andersen and Tapon 2008; Ma et al. 2012; 

Sundaramoorthy et al. 2014). Reduced levels of Drosophila MFAP1 causes cells to 

arrest in G2/M due to direct or indirect down-regulation of mitotic string/cdc25 

phosphatase, which is necessary for G2/M transition (Andersen and Tapon 2008). In 

human cells, MFAP1 depletion leads to defects in sister chromatid cohesion as a 

consequence of impaired splicing of Sororin (CDCA5), a protein required for cohesion 

and for stable association of cohesion with chromatin (Sundaramoorthy et al. 2014). 

Based on our analysis, MFAP1 depletion does not seem to affect the mRNA expression 

levels of any of the three human Cdc25 phosphatases (CDC25A, CDC25B, CDC25C) 

and neither of Sororin (CDCA5). However, both all CDC25 phosphatases and CDCA5 

are differentially spliced in siMFAP1 cells (Appendix 12), which could be interfering 

with the correct functioning of these proteins.  

 Importantly, AS analysis in MFAP1-depleted cells reveals an enrichment of AS 

changes in genes involved in important processes for DDR such as DNA repair, cell 

cycle and chromatin organization and modification (Table R5). It is clear that DNA 

damage and the activation of DDR triggers a variety of global changes aimed at 

preserving the integrity of the genome. Depending on the type of DNA lesion, different 

signal transduction cascades and downstream pathways are regulated to coordinate cell 

cycle, DNA repair and apoptosis, thus ensuring the stability of the genome (Jackson and 

Bartek 2009; Ciccia and Elledge 2010). All this implies the participation of multitude of 

factors as well as post-translational modifications and changes not only in gene 

expression but also splicing pattern. There is increasing evidence that splicing plays 

very important roles at different steps in response to DNA damage, however the 

mechanisms are unclear. 

 On one hand, depletion of many splicing factors leads to DNA damage, which in 

many cases is mediated by R-loop formation (Figure D3A) (Li and Manley 2005; 

Paulsen et al. 2009; Wan et al. 2015). Moreover, recent evidences suggest that 

modulation of spliceosome is important to sense the DNA damage and trigger the DDR 

(Shkreta and Chabot 2015). It has been shown that blocked transcription after DNA 

damage promotes selective chromatin displacement of spliceosome, especially late-state 

spliceosomes, thus favoring R-loop formation, which in turn activates DDR (Figure 

D3A) (Sordet et al. 2009; Tresini et al. 2015). However, this does not seem to be the 
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case of MFAP1 since it participates at early steps of spliceosome assembly (B complex 

activation) and also does not lead to R-loop-dependent DNA damage (Figure R32). 

 On the other hand, initial stages in response to DNA damage are based on 

post-translational modification (acetylation, ubiquitylation, sumoylation, 

phosphorylation, and others) of a variety of factors to regulate their localization, 

stability and activity. Many of them are spliceosomal proteins and splicing regulators 

(Figure D3B) (Shkreta and Chabot 2015). It would be interesting to address in the future 

whether MFAP1 is one of these factors, in fact, the protein sequence contains multiple 

phosphorylation sites (Olsen et al. 2006); or whether its expression or localization 

changes after DNA damage. 

 Finally, all these changes in activity, localization and post-translational 

modifications have the purpose of producing an effective response to fight the DNA 

damage. Genes involved in DNA repair, cell-cycle control and apoptosis are the main 

responsible for carrying out this response through changes in their expression levels but 

also in their alternative splicing (Figure D3C) (Lenzken et al. 2013; Shkreta and Chabot 

2015). In some cases, alternative splice variant could be more efficient; however in 

many cases the functional impact is still unknown (Shkreta and Chabot 2015). 

Interestingly, the analysis of six studies in different cell lines that used camptothecin, 

UV irradiation and sodium arsenate to induce DNA damage reported AS changes in 

genes associated with DNA repair, cell-cycle control, apoptosis and chromatin 

organization and modification (Shkreta and Chabot 2015). Although DNA damage and 

cell cycle arrest observed in MFAP1 depleted cells could be indirect, the fact that GO 

and cluster analysis show an enrichment of AS changes in genes involved in DNA 

repair, cell cycle and chromatin organization and modification (Table R5), which is 

important for DNA repair process, suggests that MFAP1 could play a more direct role 

in the maintenance of genome integrity than previously thought. MFAP1 could 

influences splicing response with the aim of counteracting DNA damage. The specific 

contribution of MFAP1 to spliceosome dynamics and splicing decisions is a question 

that needs to be addressed in the future. In fact, a recent study has reported the 

regulatory potential of spliceosomal components since depending on the order and 

duration of their recruitment influences on alternative splice site selection of target 

genes (Papasaikas et al. 2015).  
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Figure D3. Role of splicing factors in genome stability and in the DDR. 
(A) In normal conditions, many splicing-related proteins contributes to protect the nascent RNA and 
therefore to prevent R-loop formation. Under transcription-blocking DNA damage conditions, the 
spliceosome displacement and the consequent R-loop formation could serve as a mechanism to amplify 
the DDR signaling pathway. (B) Intermediate stages of DDR require the action of many splicing factors 
to coordinate late steps of the DDR. For this, splicing factors undergo changes in their 
expression/stability, activity or localization, which is largely mediated by post-translational modifications. 
(C) Finally, changes in expression levels and splicing of genes involved in DNA repair, cell cycle and 
apoptosis allow the cell to successfully respond to DNA damage. Splicing factors (green circles); DNA 
repair proteins (blue circles). 

 

3.3.2. THOC1-MFAP1 interaction links alternative splicing and genome 
instability 

Given the physical interaction, to further explore the functional association of THOC1 

with MFAP1 and with splicing we also carried out global gene expression and 

alternative splicing analyses in THOC1-depleted cells. Gene expression of 84 genes 

(P < 0.05 and |linear fold change| > 1.5) are affected in siTHOC1 cells, of which 52 

(61.9%) are down-regulated and 32 (38.1%) are up-regulated (Appendix 5). These data 

suggest that THOC1 depletion does not seem to have a large impact on gene expression, 

as previously observed in a stable cell line expressing an inducible shTHOC1 

(Dominguez-Sanchez et al. 2011a). Importantly, gene expression analysis of siTHOC1 

and siMFAP1 indicate up-regulation in a large proportion of U snRNA but also small 

nucleolar RNAs (snoRNAs) (Appendix 5, Figure R33 and Figure R35). U snRNAs are 

an essential component of the spliceosome. The main function of snoRNAs is to guide 

some RNAs, as is the case of rRNA, for post-transcriptional modifications. Moreover, 

recent studies suggest that snoRNAs and shorter RNA form derived from them may 

have other functions, including regulation of splicing (Khanna and Stamm 2010; 

Kishore et al. 2010; Williams and Farzaneh 2012). Interestingly, it has been shown that 
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yeast THO complex, through its physical and functional connections with the TRAMP 

polyadenylation complex, negatively controls the expression of snoRNAs (Larochelle et 

al. 2012). Consistently, yeast THO mutants result in increased levels of mature 

snoRNAs, which is in agreement with our data. 

 AS analysis reveals that 921 genes (1022 ASEs) show AS changes in 

THOC1-depleted cells (P < 0.01 and |Splicing Index| > 2) (Appendix 8).  Remarkably, 

an enrichment of these AS changes occurs in genes involved in DNA repair and cell 

cycle, as in the case of siMFAP1 cells (Table R6). In fact, many genes differentially 

spliced are common in siTHOC1 and siMFAP1 cells. Among them, it is important to 

notice the presence of genes involved in DNA repair and cell cycle but also RNA 

transport, supporting a physical and functional association of THOC1 and MFAP1 

(Figure R37). In agreement with this data, gene expression profiling in cells depleted of 

THO components in Drosophila revealed a notably up-regulation of genes involved in 

DNA repair (Rehwinkel et al. 2004). Given the direct role of THO in the maintenance 

of genome stability, it is probable that part of splicing changes observed occur indirectly 

in response to transcription and R-loop-dependent genome instability caused by THOC1 

depletion. However, our results suggest that THO may also affect alternative splicing 

through interactions with MFAP1 and maybe other factors (Figure D4). In fact, different 

genome-wide analyses performed in order to identify alternative splicing regulators 

have identified not only canonic splicing factors but also proteins involved in other 

steps of mRNA processing. Depletion of several subunits of the THO/TREX complex 

were found to affect AS of Fas/CD95, which is important for apoptosis signaling 

pathway (Tejedor et al. 2015). Many others mRNA processing factor were identified as 

regulators of Bcl-x AS, also involved in apoptosis (Moore et al. 2010). Other examples 

are RBMX, an hnRNP with a role in splice site selection regulation or the RNA 

helicases DDX5 and DDX17, which had been shown to regulate AS of several DNA- 

and chromatin-binding factors (Heinrich et al. 2009; Dardenne et al. 2012). All this 

highlights the importance of pre-mRNA processing in the maintenance of genome 

stability. Further understanding of how THO influences splicing dynamics would 

contribute to shed light on the molecular mechanisms of THO to help maintain genome 

integrity. 
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Figure D4. A dual role of THO in maintaining genome integrity. 
The THO complex helps prevent genome instability by different mechanisms through its role in mRNP 
biogenesis. THO binds co-transcriptionally to the nascent mRNA and contributes to the formation of an 
export-competent mRNP, thus protecting RNA from degradation and from R-loop formation and 
preparing it to be exported. Moreover, THO could help maintain genome stability by modulating the 
splicing of genes involved in response to DNA damage through its association with MFAP1 and maybe 
other splicing-related proteins. Splicing factors (green circles). 
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CONCLUSSIONS 

 

1. THOC1 interacts with the Sin3A histone deacetylase complex and with the 

spliceosome-associated factor MFAP1 in human cells. 

 

2. Depletion of the Sin3A complex causes transcription and R loop-mediated 

genome instability, as determined by the accumulation of DNA breaks. 

 

3. Co-transcriptional histone deacetylation is important to prevent R-loop 

formation, as supported by the fact that histone hyper-acetylation lead to high 

R-loop levels detected by S9.6 immunofluorescence and DRIP analysis in cells 

depleted of Sin3A or treated with histone deacetylase inhibitors. 

 

4. Genome instability and R-loop accumulation in THOC1-depleted cells is 

mediated by improper histone deacetylation, caused by a defective crosstalk 

between THO and Sin3A since inhibition of histone acetyltransferases 

suppresses genome instability and R-loop accumulation in THOC1-depleted 

cells. 

 
5. Sin3A depletion suppresses the increase of histone marks associated with R 

loops such as H3S10-P and H3K9me2.  

 

6. Depletion of MFAP1 leads to proliferation and cell cycle defects and to an 

increase in DNA damage that is not R-loop dependent. 

 

7. Depletion of MFAP1 has a wide effect in splicing that is mainly observed at 

alternative splicing of genes involved in DNA repair, cell cycle and chromatin 

organization and modification, suggesting that MFAP1 role in genome integrity 

is indirect, presumably mediated by the genes it regulates. 
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CONCLUSIONES 

 

1. THOC1 interacciona con el complejo histona desacetilasa Sin3A y con MFAP1, 
un factor asociado al madurosoma, en células humanas. 
 

2. El silenciamiento de componentes del complejo Sin3A causa inestabilidad 
genética mediada por transcripción y bucles R (R loops), determinada por la 
acumulación de roturas en el ADN. 
 

3. La desacetilación de histonas durante la transcripción es importante para 
prevenir la formación de R loops. Esto se ve apoyado por el hecho de que un 
estado hiperacetilado de las histonas conduce a altos niveles de R loops, como se 
detecta mediante inmunofluorescencia con el anticuerpo S9.6, así como 
mediante análisis de inmunoprecipitación de híbridos de ADN-ARN (DRIP), en 
células silenciadas para Sin3A o tratadas con inhibidores de desacetilasas de 
histonas. 
 

4. La inestabilidad genética y la acumulación de R loops en ausencia de THOC1 
están mediadas por una inapropiada desacetilación de histonas, causada por una 
falta de interacción funcional entre THOC1 y Sin3A. De acuerdo con esta 
conclusión, la inhibición de acetiltransferasas de histonas suprime la 
inestabilidad genética y la acumulación de R loops causadas por la ausencia de 
THOC1. 
 

5. El silenciamiento de componentes del complejo Sin3A suprime el incremento de 
marcas de histonas asociadas con R loops tales como H3S10-P y H3K9me2. 
 

6. El silenciamiento de MFAP1 produce defectos en la proliferación  y ciclo 
celular, además de un incremento de daños en el ADN, que no es dependiente de 
la formación de R loops. 
 

7. El silenciamiento de MFAP1 tiene un amplio efecto en la maduración de 
intrones (splicing), principalmente en el splicing alternativo de genes implicados 
en la reparación del ADN, en el ciclo celular y en la organización y 
modificación de la cromatina. Esto sugiere que el papel de MFAP1 en la 
integridad del genoma es indirecto, presumiblemente mediado por los genes que 
este factor regula. 
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Appendix 1. Down- and up-regulated genes in MFAP1-depleted cells. 

http://bit.ly/2kxMZ3U 
 
 

Appendix 2. Differentially spliced genes in MFAP1-depleted cells. 

http://bit.ly/2lTuXte 
 
 

Appendix 3. GO analysis of differentially spliced genes in MFAP1-depleted cells. 

http://bit.ly/2ls41Oh 
 
 

Appendix 4. Genes with altered expression levels and splicing patterns in MFAP1-depleted cells. 

 
 

Venn diagram showing the overlap between the list of genes with abnormal splicing patterns and the list 
of genes with altered expression levels as provided by Pangloss (top, left panel). Graph showing the genes 
significantly altered in splicing (P <0.01; |Splicing Index| >2) and expression levels (P <0.05; |linear fold 
change| >1.5) (bottom, left panel). List of genes with alterations in splicing and gene expression in 
MFAP1-depleted cells (right panel). 
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Appendix 5. Down- and up-regulated genes in THOC1-depleted cells. 

Gene symbol  
(or accession 

number) 
Description 

Fold 
Change 
(Linear) 

ANOVA 
P-value 

DQ586720 piRNA -6.12 0.005 

NAP1L1 
mRNAlike lncRNA 

nucleosome assembly protein 1-like 1 
-5.02 0.001 

THOC1 THO complex 1 -3.93 0.001 

DQ576853 piRNA -2.74 0.031 

DQ586951 piRNA -2.6 0.030 

G3BP1 
mRNAlike lncRNA 

GTPase activating protein (SH3 domain) binding protein 1 
-2.45 0.005 

TC14001853.hg.1* lncRNA -2.36 0.008 

CHORDC1 
mRNAlike lncRNA 

cysteine and histidine rich domain containing 1 
-2.33 0.029 

DQ579470 piRNA -2.24 0.008 

DQ572964 piRNA -2.03 0.025 

DQ577389 piRNA -2.03 0.027 

DQ596092 piRNA -2.03 0.046 

PKI55 DKFZp434H1419 -1.98 0.023 

AK095091 mRNAlike lncRNA -1.92 0.007 

YY1 
mRNAlike lncRNA 

YY1 transcription factor 
-1.88 0.003 

DQ584981 piRNA -1.87 0.032 

TC05002264.hg.1* lncRNA -1.86 0.027 

TC02004518.hg.1* lncRNA -1.85 0.008 

PDE10A 
mRNAlike lncRNA 

phosphodiesterase 10A 
-1.85 0.030 

DQ593983 piRNA -1.8 0.046 

DQ593983 piRNA -1.8 0.046 

DQ590616 piRNA -1.8 0.046 

DQ590616 piRNA -1.8 0.046 

LINC00657 long intergenic non-protein coding RNA 657 -1.8 0.033 

TC02001272.hg.1* lncRNA -1.73 0.023 

RBM26 
mRNAlike lncRNA 

RNA binding motif protein 26 
-1.73 0.011 

REEP5 receptor accessory protein 5 -1.72 0.001 

TC17000111.hg.1* - -1.71 0.002 

OR5V1 olfactory receptor, family 5, subfamily V, member 1 -1.7 0.016 

CR608583 mRNAlike lncRNA -1.67 0.038 

HNRNPH2 heterogeneous nuclear ribonucleoprotein H2 (H) -1.67 0.003 

SIPA1L1 
mRNAlike lncRNA 

signal-induced proliferation-associated 1 like 1 
-1.67 0.037 

TC06002070.hg.1* - -1.64 0.021 

SBNO1 
mRNAlike lncRNA 

strawberry notch homolog 1 (Drosophila) 
-1.64 0.014 

AK055438 mRNAlike lncRNA -1.63 0.009 

HELZ 
mRNAlike lncRNA 

helicase with zinc finger 
-1.61 0.031 

ARIH2 
mRNAlike lncRNA 

ariadne RBR E3 ubiquitin protein ligase 2 
-1.6 0.030 

PKI55 DKFZp434H1419 -1.59 0.018 
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Gene symbol  
(or accession 

number) 
Description 

Fold 
Change 
(Linear) 

ANOVA 
P-value 

HIST2H2BE histone cluster 2, H2be -1.57 0.002 

DQ588775 piRNA -1.57 0.023 

KDSR 
mRNAlike lncRNA 

3-ketodihydrosphingosine reductase 
-1.57 0.020 

TC20001195.hg.1* lincRNA -1.57 0.039 

TC03002702.hg.1* lincRNA -1.56 0.007 

AK057721 mRNAlike lncRNA -1.56 0.013 

C16orf72 chromosome 16 open reading frame 72 -1.56 0.021 

DQ584119 piRNA -1.55 0.005 

FAM210B 
mRNAlike lncRNA 

family with sequence similarity 210, member B 
-1.55 0.047 

MIR4653 microRNA 4653 -1.54 0.045 

TC02003815.hg.1* lincRNA -1.52 0.014 

TC01006059.hg.1* lncRNA -1.51 0.008 

TC09002110.hg.1* lncRNA -1.51 0.014 

DQ578136 piRNA -1.51 0.026 

SNORD82 small nucleolar RNA, C/D box 82 1.51 0.016 

TC06000154.hg.1* U6 small nuclear 987, pseudogene 1.51 0.002 

OR4M2 olfactory receptor, family 4, subfamily M, member 2 1.51 0.015 

SNORD3C small nucleolar RNA, C/D box 3C 1.51 0.018 

DDX39A 
lncRNA 

DEAD (Asp-Glu-Ala-Asp) box polypeptide 39A 
1.51 0.000 

TC01003213.hg.1* U6 small nuclear 1309, pseudogene 1.52 0.005 

TC10002372.hg.1 lncRNA 1.52 0.018 

DQ600737 piRNA 1.52 0.018 

SAA3P serum amyloid A3 pseudogene 1.53 0.026 

TC12000580.hg.1* U6 small nuclear 166, pseudogene 1.53 0.034 

SNORD3D small nucleolar RNA, C/D box 3D 1.53 0.019 

RNU5E-1; RNU5D-
1 

RNA, U5E small nuclear 1; RNA, U5D small nuclear 1 1.54 0.020 

TC02001559.hg.1* ncrna:snoRNA 1.56 0.021 

PHLDA3 
mRNAlike lncRNA 

pleckstrin homology-like domain, family A, member 3 
1.58 0.049 

GDF15 growth differentiation factor 15 1.6 0.036 

RNU6-30P RNA, U6 small nuclear 30, pseudogene 1.61 0.023 

DQ601004 piRNA 1.61 0.048 

SUPT6H 
mRNAlike lncRNA 

SPT6 homolog, histone chaperone 
1.61 0.022 

DQ576856 piRNA 1.62 0.006 

TC11001451.hg.1* ncrna:snRNA 1.62 0.002 

LIF leukemia inhibitory factor 1.62 0.007 

PAPPA pregnancy-associated plasma protein A, pappalysin 1 1.65 0.001 

TC18000218.hg.1* U6 small nuclear 116, pseudogene 1.67 0.000 

MIR3661 microRNA 3661 1.69 0.027 

BC014579 mRNAlike lncRNA 1.69 0.041 

NR_037852_8 lncRNA 1.71 0.011 

SNORD3B-1 small nucleolar RNA, C/D box 3B-1 1.76 0.004 
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Gene symbol  
(or accession 

number) 
Description 

Fold 
Change 
(Linear) 

ANOVA 
P-value 

SNORD3B-2 small nucleolar RNA, C/D box 3B-2 1.76 0.004 

STAMBPL1 STAM binding protein-like 1 1.84 0.026 

MIR4434 microRNA 4434 2.19 0.013 

HMOX1 heme oxygenase 1 2.6 0.012 

HMOX1 
mRNAlike lncRNA 
heme oxygenase 1 

2.87 0.041 

      * In case of neither gene symbol nor accession number, the transcript cluster ID has been provided. 

 

 

Appendix 6. Common down-regulated genes in MFAP1- and THOC1-depleted cells. 

  Fold Change (Linear) ANOVA P-value 

Gene Symbol 
 (or accession 

number) 
Description siMFAP1 siTHOC1 siMFAP1 siTHOC1 

DQ586720 piRNA -3.01 -6.12 0.0314 0.0046 

DQ579470 piRNA -2.61 -2.24 0.0064 0.0082 

TC09002110.hg.1* lncRNA -2.37 -1.51 0.0226 0.0138 

G3BP1 
mRNAlike lncRNA  

GTPase activating protein (SH3 
domain) binding protein 1 

-2.29 -2.45 0.0011 0.0051 

NAP1L1 
mRNAlike lncRNA 

nucleosome assembly protein 1-like 1 
-2.26 -5.02 0.0023 0.0008 

CR608583 mRNAlike lncRNA -1.94 -1.67 0.0106 0.0375 

TC14001853.hg.1* lncRNA -1.9 -2.36 0.0002 0.0084 

KDSR 
mRNAlike lncRNA 

3-ketodihydrosphingosine reductase 
-1.75 -1.57 0.0338 0.0197 

HIST2H2BE histone cluster 2, H2be -1.74 -1.57 0.0218 0.0020 

TC02004518.hg.1* lncRNA -1.65 -1.85 0.0067 0.0080 

LINC00657 
long intergenic non-protein coding 

RNA 657 
-1.59 -1.8 0.0225 0.0326 

AK057721 mRNAlike lncRNA -1.53 -1.56 0.0129 0.0125 

DQ577389 piRNA -1.53 -2.03 0.0081 0.0266 

 * In case of neither gene symbol nor accession number, the transcript cluster ID has been provided. 
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Appendix 7. Common up-regulated genes in MFAP1- and THOC1-depleted cells. 

  Fold Change (Linear) ANOVA P-value 

Gene Symbol  
(or accession 

number) 
Description siMFAP1 siTHOC1 siMFAP1 siTHOC1 

RNU5E-1; 
RNU5D-1 

RNA, U5E small nuclear 1; RNA, 
U5D small nuclear 1 

1.96 1.54 0.0028 0.0195 

HMOX1 heme oxygenase (decycling) 1 2.08 2.6 0.0257 0.0119 

RNU6-166P 
RNA, U6 small nuclear 166, 

pseudogene 
2.12 1.53 0.0417 0.0335 

BC014579 mRNAlike lncRNA 2.18 1.69 0.0389 0.0413 

RNU6-1309P 
RNA, U6 small nuclear 1309, 

pseudogene 
2.28 1.52 0.0013 0.0048 

HMOX1 
mRNAlike lncRNA 

heme oxygenase (decycling) 1 
2.32 2.87 0.0209 0.0409 

SNORD3C small nucleolar RNA, C/D box 3C 2.72 1.51 0.0035 0.0184 

SNORD82 small nucleolar RNA, C/D box 82 2.73 1.51 0.0190 0.0158 

SNORD3D small nucleolar RNA, C/D box 3D 3.16 1.53 0.0031 0.0189 

TC11001451.hg.1* ncrna:snRNA 3.32 1.62 0.0001 0.0024 

RNU6-30P 
RNA, U6 small nuclear 30, 

pseudogene 
3.64 1.61 0.0005 0.0228 

SNORD3B-1 small nucleolar RNA, C/D box 3B-1 3.65 1.76 0.0009 0.0039 

SNORD3B-1; 
SNORD3B-2 

small nucleolar RNA, C/D box 3B-1; 
small nucleolar RNA, C/D box 3B-2 

3.65 1.76 0.0009 0.0039 

RNU6-116P 
RNA, U6 small nuclear 116, 

pseudogene 
4.03 1.67 0.0000 0.0003 

GDF15 growth differentiation factor 15 5.15 1.6 0.0014 0.0364 

* In case of neither gene symbol nor accession number, the transcript cluster ID has been provided. 

 

Appendix 8. Differentially spliced genes in THOC1-depleted cells. 

http://bit.ly/2kS058i 
 
 

Appendix 9. GO analysis of differentially spliced genes in THOC1-depleted cells. 

http://bit.ly/2ml3zAv 
 
 

Appendix 10. Common differentially spliced genes in MFAP1- and THOC1-depleted cells. 

http://bit.ly/2mESuLq 
 
 

Appendix 11. GO analysis of common differentially spliced genes in MFAP1- and THOC1-depleted 
cells. 

http://bit.ly/2lgDLJF 
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Appendix 12. AS changes of the CDC25 phosphatases and CDCA5 genes in siMFAP1-depleted cells. 

 

Table showing the gene expression (Fold change) and alternative splicing (Splicing Index) data in the 
CDC25A, CDC25B, CDC25C and CDCA5 genes in MFAP1-depleted cells (upper panel). Schematic 
representation of CDC25A, CDC25B, CDC25C and CDCA5 splice variants (lower panel). Microarray 
probe sets with negative splicing indexes (lower inclusion) are depicted in blue, and probe sets with 
positive splicing indexes (higher inclusion) are depicted in purple. Bold arrows indicate the probe sets 
that showed significant AS changes in MFAP1-depleted cells (P <0.01; |Splicing Index| >2). Accession 
numbers are provided on the left. 
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1. GROWTH MEDIA AND CONDITIONS 

1.1. Bacteria cell culture 

Bacteria were cultured at 37 °C in LB rich medium and supplemented with 

100 µg/ml ampicillin or 25 µg/ml kanamycin or 25 µg/ml chloramphenicol when it was 

necessary for plasmid selection. 

 

LB: 0.5% yeast extract, 1% bacto-tryptone, 1% NaCl (and 2% agar for solid medium). 

 

1.2. Saccharomyces cerevisiae cell culture 

Yeast cells were cultured at 30 °C and experiment were performed in SC or YPAD 

medium unless otherwise noted. Liquid cultures were incubated on horizontal orbital 

shakers at 200 rpm. Sporulation of diploids cells was induced in SPO medium during 

3-4 days. 

 

The following culture media were used for yeast: 

- YPAD (rich medium): 1% yeast extract, 2% bacto-peptone, 2% glucose, 

20 mg/ml adenine. 

- SD (Synthetic Dextrose), minimal medium: 0.17% yeast nitrogen base (YNB) 

without amino acids, 0.5% ammonium sulfate, 2% glucose. 

- SC (Synthetic Complete) medium: SD medium supplemented with adenine, aspartic 

acid, arginine, histidine, leucine, lysine, methionine, tryptophan and uracil at 

concentrations described in (Sherman et al. 1986). When some of the components are 

absent it is specified. For example SC-Trp means SC without tryptophan. 

- SC/+X-α-Gal/+AbA: SC medium supplemented with 40 µg/ml X-α-Gal and 

125 ng/ml aureobasidin (AbA). X-α-Gal and AbA were added after autoclaving. 

- SPO (Sporulation) medium: 1% Potassium Acetate, 0.1% yeast extract and 0.005% 

glucose. Supplements were added at the levels of 25% of those used for SC medium. 

Solid media were prepared by adding 2% agar before autoclaving. 
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1.3. Human cell culture 

HeLa and HEK293T cells were cultured in DMEM (Gibco, USA) supplemented with 

10% heat inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 μg/ml 

streptomycin, 60 μg/ml penicillin and 0.25 μg/ml amphotericin B. Cells were 

maintained at 37 °C and 5% CO2. 

 

 

2. ANTIBIOTICS, DRUGS, INHIBITORS, ENZYMES AND ANTIBODIES 

2.1. Antibiotics 

- Ampicillin (SIGMA): β-lactam antibiotic that inhibits cell wall synthesis in 

Escherichia coli. Used for plasmid selection in E. coli. (Use: 100 μg/ml). 

- Kanamycin, Kan (SIGMA): aminoglycoside antibiotic that inhibits cell growth by 

inducing mistranslation and inhibiting translocation during protein synthesis in E. 

coli. Used for plasmid selection in E. coli. (Use: 25 μg/ml). 

- Penicillin, streptomycin, and amphotericin B (Biowest): penicillin inhibits bacterial 

cell wall synthesis (Use: 60 μg/ml). Streptomycin inhibits prokaryote protein 

synthesis by preventing the transition from initiation complex to chain-elongating 

ribosome and causes miscoding (Use: 100 μg/ml). Amphotericin B interferes with 

fungal membrane permeability (Use: 0.25 μg/ml). Used to prevent growth of 

bacteria, yeast and fungi in human cell culture. 

 

2.2. Drugs and inhibitors 

- Complete Protease Inhibitor Cocktail (Roche): Mixture of several protease inhibitors 

including serine, cysteine and metalloproteases. It was used according to 

manufacturer’s recommendations. 

- Chymostatin (SIGMA): inhibitor of many proteases, including chymotrypsins and 

cathepsins. 

- Phenylmethanesulfonyl  fluride, (PMSF) (SIGMA): Inhibitor of serine and cysteine 

proteases. (Use: 1 mM). 
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- Phosphatase inhibitor cocktail 2 (SIGMA): a mixture of inhibitors of acid and 

alkaline phosphatase as well as tyrosine protein phosphatases. Contains sodium 

vanadate, sodium molybdate, sodium tartrate, and imidazole. (Use: 1/100). 

- Dethyl pirocarbonate (DEPC) (SIGMA): inhibitor of RNAses. 

- Thymidine (SIGMA): is a pyrimidine deoxynucleoside, an inhibitor of DNA 

synthesis. It is used to synchronize the cells in G1/early S phase. (Use: 2 mM). 

- Nocodazole (SIGMA): an inhibitor of microtubule polymerization. It is used to 

synchronize the cells in G2/M phase. (Use: 50 ng/ml). 

- KaryoMAX colcemid solution (Invitrogen): N-desacetyl-N-methylocolchicine 

(Colcemid) prevents spindle formation during mitosis, causing metaphase arrest. 

(Use: 0.1 µg/ml) 

- Cordycepin (SIGMA): Adenosine antagonist 3’ deoxyadenosine, inhibitor of RNA 

chain elongation. (Use: 50 µM). 

- 5,6-dichloro-1-β-D-ribofurosylbenzimidazole (DRB) (SIGMA): Adenosine analogue, 

inhibitor of RNA polymerase II elongation. (Use: 100 µM). 

- Trichostatin A (TSA) (SIGMA): a specific inhibitor of histone deacetylase (HDAC) 

from Streptomyces hygroscopicus. (Use: 100, 250 nM). 

- Suberoylanilide hydroxamic acid (SAHA) (SIGMA): A potent, reversible pan-

histone deacetylase (HDAC) inhibitor. It inhibits both class I and class II HDACs. 

(Use: 5, 7.5 µM). 

- Anacardic acid (AA) (Millipore): An inhibitor of histone acetyltransferase (HAT) 

activity. (Use: 30 µM). 

- 5-fluoroorotic acid (FOA) (USB): Toxic analog of the uracil that kills URA3 cells 

but not ura3 mutants (Boeke et al. 1984). (Use: 500 mg/l). 

 

2.3. Enzymes and antibodies 

- Alkaline phosphatase (Roche): hydrolyzes 5'-monophosphate groups from DNA 

impeding the religation of double-stranded DNA (dsDNA) ends after an enzymatic 

cut.  

- T4 DNA ligase (Roche): catalyzes the formation of phosphodi-ester bonds between 

neighboring 3 -́hydroxyl- and 5 ́-phosphate ends in dsDNA. 

- DNA polymerase Expand High Fidelity PCR system (Roche): mixture of Taq and 

Pwo polymerases. Used in PCRs that required high fidelity. 
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- Phusion High-Fidelity DNA polymerase (Finnzymes): Pyrococcus-like DNA 

polymerase fused with a processivity-enhancing domain. Used in PCRs for long or 

difficult amplicons that required high fidelity and processivity. 

- Go-Taq Flexi DNA polymerase (Promega): used for PCRs to generate probes and 

check. 

- iTaq universal SYBR Green supermix (Bio-rad): 2x concentrated, ready-to-use 

reaction master mix optimized for dye-based quantitative PCR (qPCR). It contains 

antibody-mediated hot-start iTaq DNA polymerase, dNTPs, MgCl2, SYBR Green I 

dye, enhancers, stabilizers, and a blend of passive reference dyes (including ROX 

and fluorescein). 

- Proteinase K (Roche): very efficient serine protease from Pichia pastoris with no 

pronounced cleavage specificity. 

- Restriction enzymes (New England and Takara): DNA endonucleases with specific 

DNA targets. 

- RNase A (Roche): endoribonuclease that degrades single-stranded RNA. 

-  Zymolyase 20T (USB): mixture of enzymes from Arthrobacter luteus used for 

digestion of the cell wall of S. cerevisiae. (Use: 2 mg/ml). 

- Lysozyme (SIGMA): enzyme purified from chicken egg white that hydrolyzes 

peptidoglycans. 

- Spermidine (SIGMA): polyamine involved in cell metabolism. It binds and 

precipitates DNA and protein-bound DNA. (Use: 0.5 mM). 

- Dynabeads protein A/G (Invitrogen): it binds specifically to the Fc portion of IgG. 

Used for immunoprecipitation experiments (co-IP, ChIP and DRIP). 

 Antibodies used are listed in the Table M1 and Table M2 below. 

Table M1. Primary antibodies used in this study. 

Antibody Source Epitope Reference Use 

c-Myc  
(Clone 9E10) 

Mouse 

Synthetic peptide 
corresponding to residues 
408-439 of the human 
p62-c-Myc protein 

631206 
(Clontech) 

WB (1:500) 
TBS-0.2% T 
5% milk 

GFP Mouse 

A  mixture of two 
monoclonal antibody 
(7.1 and 13.1 clones) that 
recognizes both wild 
type and mutant forms of 
GFP 

11814460001 
(Roche) 

WB (1:1000) 
TBS-T 5% milk 
or BB 
IP (2 µg) 
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Antibody Source Epitope Reference Use 

GFP Rabbit 
Recombinant full length 
GFP made in 
Escherichia coli 

ab6556 
(Abcam) 

PLA (1:250) 

β-Actin Rabbit 
Synthetic peptide derived 
from within residues 1-
100 of Human beta Actin  

ab8227 
(Abcam) 

WB (1:1000) 
TBS-T 5% milk 

Nuclear Matrix 
Protein p84 [E10] 
antibody (THOC1) 

Mouse 
Fusion protein containing 
amino acids 15-374 of 
human p84 

ab487 (Abcam) 

WB (1:2500) 
BB or  odyssey 
buffer 
IF (1:500) 
PLA (1:250) 
ChIP (3 µg) 

MFAP1 Rabbit 
Synthetic peptide within 
Human MFAP1 amino 
acids 28-58 (N terminal) 

ab175508 
(Abcam) 

WB (1:500) 
TBS-T 5% milk 
IF (1:250) 
ChIP (15 µl) 

SC35 (phospho) 
Nuclear speckle 
marker 

Mouse 

Antibody that recognizes 
a phospho-epitope of the 
non-snRNP (small 
nuclear 
ribonucleoprotein 
particles) factor SC35 

ab11826 
(Abcam) 

IF (1:500) 

SAP130 Rabbit 

Recombinant protein 
fragment containing a 
sequence corresponding 
to a region within amino 
acids 771 and 1005 of 
Human SAP130 

ab111739 
(Abcam) 

PLA (1:50) 

SAP130 Rabbit 

Synthetic peptide 
corresponding to a region 
between amino acids 
998-1048 of Human 
SAP130 

ab114978 
(Abcam) 

WB (1:1000) 
odyssey buffer 
ChIP (5 µg) 

SMC2 Rabbit 

Synthetic peptide, which 
represented a portion of 
Human SMC2 within 
exon 27 

ab10412 
(Abcam) 

WB (1:2500) 
BB 
IP (5 µg) 

mSin3A  Rabbit 

Synthetic peptide 
corresponding to amino 
acids 1-19 of Mouse 
mSin3A 

ab3479 

WB (1:2000) 
BB or  odyssey 
buffer 
PLA (1:250) 
ChIP (5 µg) 

mSin3A (G-11) Mouse 
Epitope mapping within 
the PAH2 region of 
mSin3A of mouse origin 

sc-5299  
(Santa Cruz 
Biotechnology) 

IF (1:50) 
PLA (1:50) 

Phospho-Histone 
H2A.X (Ser139), 
clone JBW301 

Mouse 

Synthetic peptide 
corresponding to amino 
acids 134-142 of human 
histone H2A.X 

05-636 
(Millipore) 

IF (1:500) 

53BP1 Rabbit 
Amino acids 350 and 400 
of Human 53BP1 

NB100-304 
(Novus 
Biologicals) 

IF (1:500) 
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Antibody Source Epitope Reference Use 

S9.6 Mouse 
Antibody that detects 
DNA-RNA hybrids 

Hybridoma cell 
line HB-8730 

DRIP (10 µg) 
IF (1:200) 

Nucleolin Rabbit 

Synthetic peptide 
conjugated to KLH, 
corresponding to N 
terminal amino acids 2-
17 of Human Nucleolin 
with a C-terminal added 
cysteine 

ab50279 
(Abcam) 

IF (1:1000) 

UAP56 Rabbit 

Synthetic peptide 
conjugated to KLH 
derived from within 
residues 300-400 of 
Human UAP56 

ab47955 
(Abcam) 

IF (1:200) 
PLA (1:200) 

ALY Rabbit 
Synthetic peptide within 
Human Aly amino acids 
200 to the C-terminus 

ab202894 
(Abcam) 

IF (1:250) 
PLA (1:250) 

THOC2 Rabbit 

Synthetic peptide 
conjugated to KLH 
derived from within 
residues 100-200 of 
Human THOC2 

ab46685 
(Abcam) 

IF (1:100) 
PLA (1:100) 

THOC5 [EP6904] Rabbit 
Synthetic peptide 
corresponding to amino 
acids in Human THOC5 

ab137051 
(Abcam) 

IF (1:100) 
PLA (1:100) 

Pol II (H-224) Rabbit 
Antibody raised against 
amino acids 1-224 of Pol 
II of Human origin 

sc-9001  
(Santa Cruz 
Biotechnology) 

ChIP (2 µg) 

FIP1L1 Rabbit 

Synthetic peptide 
corresponding to a region 
between residue 544 and 
594 of Human FIP1L1 

ab80272 
(Abcam) 

ChIP (3 µg) 

CPSF6 Rabbit 

Synthetic peptide 
corresponding to a region 
between residue 1 and 50 
of Human CPSF6 

ab99347 
(Abcam) 

ChIP (2 µg) 

Phospho-Histone 
H3 (Ser10) 
(H3S10p), Mitosis 
Marker 

Rabbit 

Linear peptide 
corresponding to human 
Histone H3 at Ser10. It 
recognizes Histone H3 
when phosphorylated at 
Ser10 

06-570 
(Millipore) 

IF (1:200) 

Dimethyl-Histone 
H3 (Lys9) 
(H3K9me2) 

Rabbit 

KLH-conjugated 
synthetic peptide 
corresponding to amino 
acids 6-13 of Histone H3 
with C added to the C 
terminus for conjugation 

07-212 
(Millipore) 

IF (1:200) 
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Antibody Source Epitope Reference Use 

Histone H3 (di 
methyl K9) 
(H3K9me2) 

Mouse 

Synthetic peptide 
corresponding to Human 
Histone H3 amino acids 
1-100 (di methyl K9) 
conjugated to KLH 
(Cysteine residue) 

ab1220 
(Abcam) 

ChIP (5 µg) 

Histone H3 (acetyl 
K9 + K14 + K18 + 
K23 + K27) 
(AcH3) 

Rabbit 

Synthetic peptide  
including acetyl-lysines 
contained in the N-
terminal tail of Human 
Histone H3 

ab47915 
(Abcam) 

WB (1:1000) 
TBS-T 5% milk 
or odyssey 
buffer 
ChIP (10 µl) 

Histone H3 Rabbit 

Synthetic peptide 
corresponding to Human 
Histone H3 amino acids 
100 to the C-terminus 
conjugated to KLH 

ab1791 
(Abcam) 

WB (1:1000) 
TBS-T 5% milk 
or odyssey 
buffer 
ChIP (5 µg) 

Histone H3 Goat 

Synthetic peptide 
corresponding to Human 
Histone H3 amino acids  
100 to the C-terminus 

ab12079 
(Abcam) 

WB (1:1000) 
odyssey buffer 

Acetyl-Histone H4 
(AcH4) 

Rabbit 

KLH-conjugated peptide 
corresponding to amino 
acids 2-19 of 
Tetrahymena histone H4, 
acetylated on lysines 5, 
8, 12 and 16 

06-598 
(Millipore) 

WB (1:1000) 
TBS-T 5% milk 
or odyssey 
buffer 
ChIP (5 µg) 

Histone H4 Rabbit 

Synthetic peptide 
corresponding to Human 
Histone H4 amino acids 
1-100 conjugated to 
KLH 

ab7311 
(Abcam) 

WB (1:1000) 
TBS-T 5% milk 
or odyssey 
buffer 
ChIP (5 µg) 

Histone H4 Mouse 

Synthetic peptide 
corresponding to Human 
Histone H4 aminoacids 
50 to the C terminal 
conjugated to KLH 

ab31830 
(Abcam) 

WB (1:1000) 
TBS-T 5% milk 

or odyssey 
buffer 

 

KLH: Keyhole Limpet Haemocyanin; WB: Western Blotting; IF: Immunofluorescence; IP: 
Immunoprecipitation; ChIP: Chromatin immunoprecipitation; DRIP: DNA-RNA immunoprecipitation; 
PLA: Proximity Ligation Assay; TBS-T: TBS-0.1% Tween-20; BB: Blocking reagent (Roche). 
 

 

Table M2. Secondary antibodies used in this study. 

Specificity Conjugation Source Use  

Rabbit Horseradish peroxidase SIGMA (A6154) WB (1:4000)  

Mouse Horseradish peroxidase SIGMA (A4416) WB (1:5000)  

Goat Horseradish peroxidase 
Santa Cruz 
Biotechnology 

WB (1:10000)  
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Specificity Conjugation Source Use  

Rabbit IRDye 800CW 
LI-COR  
(925-32211) 

WB Odyssey 
(1:3000)  

Mouse IRDye 680RD 
LI-COR 
(925-68074) 

WB Odyssey 
(1:3000) 

 

Goat IRDye 680RD 
LI-COR 
(925-68070) 

WB Odyssey 
(1:3000) 

 

Rabbit 
PLA probe  
(PLUS oligonucleotide) 

Olink Biosciences PLA (1:5)  

Mouse 
PLA probe  
(MINUS  oligonucleotide) 

Olink Biosciences PLA (1:5)  

Rabbit Alexa fluor 488 Molecular Probes IF (1:500)  
Rabbit Alexa fluor 568 Molecular Probes IF (1:500)  
Rabbit Alexa fluor 647 Molecular Probes IF (1:500)  
Mouse Alexa fluor 488 Molecular Probes IF (1:500)  
Mouse Alexa fluor 546 Molecular Probes IF (1:500)  
Mouse Alexa fluor 594 Molecular Probes IF (1:500)  
Mouse Alexa fluor 647 Molecular Probes IF (1:500)  

WB: Western Blotting; IF: Immunofluorescence; IP: Immunoprecipitation; PLA: Proximity Ligation 
Assay; 
 

 

3. BACTERIA, YEAST STRAINS AND HUMAN CELL LINES 

3.1. Escherichia coli strains 

The DH5α strain (F- endA1 gyr96 hsdR17 ΔlacU169(f80lacZΔM15) recA1 relA1 

supE44 thi-1) (Hanahan 1983) was used in all experiments with E. coli. 

The following bacterial clones containing the cDNA of the listed genes were used. 

 

Table M3. Bacterial clones used in this study. 

Clone name Gene Vector Resistance Source 
IRAUp969H0452D Human THOC1 pDNR-LIB Chloramphenicol RZPD/ImaGenes 
IRAUp969H063D Human UAP56 pOTB7 Chloramphenicol RZPD/ImaGenes 
IRAUp969G051D Human URH49 pOTB7 Chloramphenicol RZPD/ImaGenes 

IRAUp969B08104D 
Human THOC4 
(ALY) 

pOTB7 Chloramphenicol RZPD/ImaGenes 

IRCMp5012D0113D 
Human 
SAP130 

pCR4-TOPO Kanamycin  RZPD/ImaGenes 

IRATp970F0878D Human MFAP1 
pCMV-
SPORT6 

Ampicillin RZPD/ImaGenes 

IRATp970E01101D Human REV1 pBluescriptR Ampicillin RZPD/ImaGenes 
IRAUp969A1279D Human CCT5 pOTB7 Chloramphenicol RZPD/ImaGenes 

IRATp970G0420D Human CDC23 
pCMV-
SPORT6 

Ampicillin RZPD/ImaGenes 
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Clone name Gene Vector Resistance Source 

IRCMp5012B0834D Human CUL1 
pCR-BluntII-
TOPO 

Kanamycin RZPD/ImaGenes 

LLAM13353-P01 Human NUB1 
pCMV-
SPORT6 

Ampicillin RZPD/ImaGenes 

IRATp970H0132D 
Human 
SPATA22 

pBluescriptR Ampicillin RZPD/ImaGenes 

IRAUp969G05108D Human CIP29 pDNR-LIB Chloramphenicol RZPD/ImaGenes 

IRATp970H0577D 
Human 
ZBTB44 

pCMV-
SPORT6 

Ampicillin RZPD/ImaGenes 

RZPD: RZPD German resource center for genome research. 
 

3.2. Saccharomyces cerevisiae strains 

Yeast strains used are shown in Table M4. Single and double mutants were obtained by 

backcrosses and tetrad dissection using a SINGER MSM 200 micromanipulator. 

 

Table M4. S. cerevisiae strains used in this study. 

Name Genotype Source 

Y2HGold 

MATa, trp1-901, leu2-3, 112,ura3-52, his3-200, 
gal4Δ, gal80Δ, LYS2:: GAL1UAS-Gal1TATA-His3, 
GAL2UAS-Gal2TATA-Ade2 URA3::MEL1UAS-Mel1TATA 
AUR1-C MEL1 

Derived from P J69-
2A strain (James et 
al. 1996) 

Y187 
MATα, ura3-52, his3-200, ade2-101, trp1-901, 
leu2-3, 112, gal4Δ, gal80Δ, met-, URA3::GAL1UAS-
Gal1TATA-LacZ, MEL1 

(Harper et al. 1993) 

BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Euroscarf 

YOL004W BY4741 sin3Δ::KanMX4 Euroscarf 

YNL330C BY4741 rpd3Δ::KanMX4 Euroscarf 

YPL139C BY4741 ume1Δ::KanMX4 Euroscarf 

YMR075W BY4741 rco1Δ::KanMX4 Euroscarf 

YPR023C BY4741 eaf3Δ::KanMX4 Euroscarf 

YIL084C BY4741 sds3Δ::KanMX4 Euroscarf 

YMR263W BY4741 sap30Δ::KanMX4 Euroscarf 

YNL097C BY4741 pho23Δ::KanMX4 Euroscarf 

A3Y3T3 
MATα ade2 ura3 his3Δ200 hprlΔ3::HIS3 
leu2-k::ADE2-URA3::leu2-k 

(Aguilera and Klein 
1990) 

LKWT-23B 
MATα ade2 ura3 his3 met15Δ0 
leu2-k::ADE2-URA3::leu2-k 

JM. Santos-Pereira 

LKWT-18D MATa ade2 ura3 his3 leu2-k::ADE2-URA3::leu2-k JM. Santos-Pereira 

LKH1-32A 
MATa ade2 ura3 his3 hprlΔ3::HIS3 
leu2-k::ADE2-URA3::leu2-k 

JM. Santos-Pereira 

LKH1-10D 
MATα ade2 ura3 his3 met15Δ0 hprlΔ3::HIS3 
leu2-k::ADE2-URA3::leu2-k 

JM. Santos-Pereira 

LKH1-1B 
MATα ade2 ura3 his3 met15Δ0 hprlΔ3::HIS3 
leu2-k::ADE2-URA3::leu2-k 

JM. Santos-Pereira 
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Name Genotype Source 

LKSIN3-1B 
MATα ade2 ura3 his3 sin3Δ::Kan 
leu2-k::ADE2-URA3::leu2-k 

JM. Santos-Pereira 

LKH1SIN3-4B 
MATa ade2 ura3 his3 hprlΔ3::HIS3 sin3Δ::Kan 
leu2-k::ADE2-URA3::leu2-k 

JM. Santos-Pereira 

LKH1SIN3-23C 
MATa ade2 ura3 his3 met15Δ0 hprlΔ3::HIS3 
sin3Δ::Kan leu2-k::ADE2-URA3::leu2-k 

JM. Santos-Pereira 

LKRPD3-1C 
MATa ade2 ura3 his3 met15Δ0 rpd3Δ::Kan 
leu2-k::ADE2-URA3::leu2-k 

JM. Santos-Pereira 

LKH1RPD3-18A 
MATα ade2 ura3 his3 met15Δ0 hprlΔ3::HIS3 
rpd3Δ::Kan leu2-k::ADE2-URA3::leu2-k 

JM. Santos-Pereira 

CEN.PK2 
MATa his3Δ1 leu2-3,112 ura3-52 trp1-289 
MAL2-8c  SUC2 

Euroscarf 

CEN.RO20-3A 
(YBR152W) 

CEN.PK MATα his3Δ1 leu2-3,112 ura3-52 
trp1-289 spp381Δ::LEU2 

Euroscarf 

YPH2622 
MATa can1Δ::MFA1pr-HIS3::LEU2 his3Δ1 
met15Δ0 spp381-ts::URA3 

(Ben-Aroya et al. 
2008) 

YPH2622-2D MATα his3Δ1 leu2Δ0 met15Δ0 spp381-ts::URA3 This study 

YDR007W BY4741 trp1Δ::KanMX4 Euroscarf 

YPH2622-2D-4B 
MATα his3Δ1 leu2Δ0  trp1Δ::KanMX4 
spp381-ts::URA3 

This study 

UAS: Upstream Activation Sequence; TATA: TATA box. 
 

3.3. Human cells 

Human cells used in this study are listed in the Table M5. 

 

Table M5. Human cell lines used in this study. 

Cell line Description Medium Source  
HeLa Human cervical adenocarcinoma epitelial cells DMEM ECACC  

HEK293T 
Human Embryonic Kidney 293 cells. It 
contains the SV40 T-antigen. 

DMEM 

Dr. Amelia 
Nieto CNB-
CSIC, Madrid 
(España) 

 

ECACC: European Collection of Authenticated Cell Cultures. 
 

All experiments were performed using HeLa cells except co-immunoprecipitation 

experiments, which were performed using HEK293T cells. 
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4. PLASMIDS 

Plasmids used are shown in Table M6. 

 

Table M6. Plasmids used in this study. 

Plasmids used in S. cerevisiae 
Plasmid Description Resistance Reference/Source  

pGAL4BD 

Yeast two-hybrid pGBKT7 bait 
vector for expressing proteins 
fused to the GAL4 DNA-binding 
domain 

Kanamycin Clontech  

pGAL4BD-53 

Yeast two-hybrid pGBKT7-53 
positive control plasmid in 
combination with pGADT7-T 
plasmid. 53=murine p53. 

Kanamycin Clontech  

pGAL4BD-Lam 

Yeast two-hybrid pGBKT7-Lam 
negative control plasmid in 
combination with pGADT7-T 
plasmid. Lam=Laminin C. 

Kanamycin Clontech  

pGAL4BD-
THOC1 

pGBKT7 DNA-BD vector 
containing the Human THOC1 
cDNA (cloned into the NcoI-
BamHI sites of the MCS) fused 
to the GAL4 DNA-binding 
domain 

Kanamycin This study  

pGAL4BD-
UAP56 

pGBKT7 DNA-BD vector 
containing the Human UAP56 
cDNA (cloned into the NcoI-
BamHI sites of the MCS) fused 
to the GAL4 DNA-binding 
domain 

Kanamycin This study  

pGALBD-URH49 

pGBKT7 DNA-BD vector 
containing the Human URH49 
cDNA (cloned into the EcoRI-
SalI sites of the MCS) fused to 
the GAL4 DNA-binding domain 

Kanamycin This study  

pGAL4BD-ALY 

pGBKT7 DNA-BD vector 
containing the Human ALY 
cDNA (cloned into the NcoI-
BamHI sites of the MCS) fused 
to the GAL4 DNA-binding 
domain 

Kanamycin This study  

pGAL4AD 

Yeast two-hybrid  pGADT7-
RecAB prey vector for 
expressing proteins fused to the 
GAL4-AD (activation domain) 

Ampicillin Clontech  

pGAL4AD-T 

Yeast two-hybrid pGADT7-T 
control plasmid in combination 
with pGBKT7-53 or pGBKT7-
Lam plasmids. T=SV40 T-
antigen. 

Ampicillin Clontech  
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Plasmids used in S. cerevisiae  
Plasmid Description Resistance Reference/Source  

pWJ1213 
YCp HIS containing the 
RAD52::YFP fusion 

Ampicillin (Lisby et al. 2001)  

pWJ1344 
YCp LEU containing the 
RAD52::YFP fusion 

Ampicillin (Lisby et al. 2001)  

pRS316 
YCp vector based on the URA3 
marker 

Ampicillin 
(Sikorski and Hieter 
1989)  

pRS316L 
pRS316 containing two direct 
repeats of LEU2 gene sharing 
600 bp of homology 

Ampicillin 
(Prado and Aguilera 
1995) 

 

pRS316LYΔNS 

pRS316L containing the 
complete YIp5 sequence, except 
a 1.92-kb SphI-NsiI deletion, 
inserted at the BglII site located 
between the repeats 

Ampicillin (Prado et al. 1997)  

pRS316GL-lacZ 

p316GLB with the 3-kb BamHI 
fragment of LacZ from pPZ 
inserted at BglII between the leu2 
repeats 

Ampicillin J. Lafuente  

pRS316L-lacZ 

pRS316LB with the 3-kb BamHI 
fragment of LacZ from pPZ 
inserted in the BglII site located 
between the repeats 

Ampicillin J. Lafuente  

pRS314 
YCp vector based on the TRP 
marker 

Ampicillin 
(Sikorski and Hieter 
1989)  

pRS314L 
pRS314 containing two direct 
repeats of LEU2 gene sharing 
600 bp of homology 

Ampicillin 
(Prado and Aguilera 
1995) 

 

pRS314LYΔNS 

pRS314L containing the 
complete YIp5 sequence, except 
a 1.92-kb SphI-NsiI deletion, 
inserted at the BglII site located 
between the repeats 

Ampicillin (Prado et al. 1997)  

pRS314GL-lacZ 

p314GLB with the 3-kb BamHI 
fragment of LacZ from pPZ 
inserted at BglII between the leu2 
repeats 

Ampicillin 
(Piruat and Aguilera 
1998) 

 

pSCh204(pL-lacZ) 

pRS314LB with the 3-kb BamHI 
fragment of LacZ from pPZ 
inserted in the BglII site located 
between the repeats 

Ampicillin 
(Chavez and 
Aguilera 1997) 

 

pCM189 
Centromeric plasmid containing 
Tet promoter and URA marker 

Ampicillin (Gari et al. 1997)  

pCM184 
Centromeric plasmid containing 
Tet promoter and TRP marker 

Ampicillin (Gari et al. 1997)  

pCM189-RNH1 
RNH1 ORF cloned into pCM189 
in NotI site 

Ampicillin 
(Castellano-Pozo et 
al. 2013)  

pCM184-RNH1 
 

RNH1 ORF cloned into pCM184 
in NotI site 

Ampicillin 
(Santos-Pereira et 
al. 2013) 
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Plasmids used in mammalian cell cultures 
Plasmid Description Resistance Reference/Source  

pEGFP-C2 

Mammalian expression vector 
that allows transient 
expression of N-terminal 
EGFP fusion proteins under 
the control of the PCMV 

Kanamycin Clontech  

pEGFP-SAP130 

pEGFP-C2 containing the 
Human SAP130 cDNA 
(cloned into the BglII-KpnI 
sites of the MCS) fused to 
EGFP 

Kanamycin This study  

pEGFP-MFAP1 

pEGFP-C2 containing the 
Human MFAP1 cDNA 
(cloned into the BglII-KpnI 
sites of the MCS) fused to 
EGFP 

Kanamycin This study  

pFLAG-CMV-6a 

Expression vector derivative 
of pCMV5 used to establish 
transient intracellular 
expression of N-terminal 
Met-FLAG fusion proteins in 
mammalian cells  

Ampicillin SIGMA  

pCDNA3 
Vector containing a PCMV for 
expression in mammalian 
cells 

Ampicillin 
(ten Asbroek et al. 
2002) 

 

pCDNA3-RNaseH1 
pcDNA3 containing the 
human RNase H1 gene under 
the PCMV 

Ampicillin 
(ten Asbroek et al. 
2002) 

 

MCS: Multiple cloning site; PCMV: Cytomegalovirus promoter; EGFP: Enhanced Green Fluorescent 
Protein; ORF: Open reading frame. 
 
 

The different Human cDNA sequences cloned into pEGFP-C2 plasmid were obtained 

by PCR from the corresponding clone (see Table M3).  

 

 

5. BACTERIAL AND YEAST TRANSFORMATION AND HUMAN CELLS 

TRANSFECTION 

5.1. Bacterial transformation 

Transformation of bacteria with exogenous DNA was carried out according to standard 

heat shock transformation protocol (Sambrook et al. 1989). 

 



Tesis Doctoral – Irene Salas Armenteros 
 

184 
 

5.2. Yeast transformation 

Yeast transformation was performed using the lithium acetate method as previously 

described (Gietz et al. 1995). 

 

5.3. Human cells transfection 

All assays were performed 48 or 72 hours after small interfering RNA (siRNA) 

transfection and 24 or 48 hours after plasmid transfection. 

 

5.3.1. siRNA transfection 

siRNA used are shown in Table M7. 

 

Table M7. siRNAs used in this study. 

 siRNA Time Source  

siC 
ON-TARGETplus Non-targeting Pool  
(D-001810) 

48, 72 h Dharmacon  

siMFAP1 
ON-TARGETplus SMARTpool human 
MFAP1  
(L-020071-02) 

48, 72 h Dharmacon  

siSAP130 
ON-TARGETplus SMARTpool human 
SAP130 (L-017129-02) 

48, 72 h Dharmacon  

siSIN3 
ON-TARGETplus SMARTpool human SIN3A  
(L-012990-00) 

48, 72 h Dharmacon  

siSAP30 
ON-TARGETplus SMARTpool human SAP30 
(L-011538-00) 

48, 72 h Dharmacon  

siSUDS3 
ON-TARGETplus SMARTpool human 
SUDS3  
(L-027133-02) 

48, 72 h Dharmacon  

siTHOC1 
ON-TARGETplus SMARTpool human 
THOC1  
(L-019911-00) 

48, 72 h Dharmacon  

 

 

 Cells were transfected with siRNA using DharmaFECT 1 (Dharmacon) at 

30-50% confluence. 24 hours before transfection cells were cultured in antibiotic-free 

medium. Transfection in a well of a 6-well plate was performed using the following 

protocol: 
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 - Mixture A (final volume 100 μl): 50 μl culture serum-free medium (medium 

without antibiotics or FBS), 36 μl H2O, 9 μl 5X siRNA buffer (300 mM KCl, 30 mM 

HEPES-pH 7.5, 1.0 mM MgCl2) (Dharmacon) and 5 μl siRNA 20 μM (100 nM). 

 - Mixture B (final volume 100 μl): 95 μl serum-free medium and 5 μl 

DharmaFECT 1. 

 

 Each mixture was incubated at room temperature (RT) for 5 min, mixed and 

incubated for 20 min. Meanwhile, medium was replaced by 800 μl serum-free medium. 

For transfection of primary cells, this medium was supplemented with the normal 

concentration of FBS. Transfection solution was added carefully drop by drop to the 

cell culture and was incubated for 4-5 hours. Afterwards, 2 ml of a high-concentrate 

complete medium was added to have a final normal concentration of all the medium 

components. 

 

 Co-transfection with two siRNA for double depletions was performed using 

3.5 µl of each siRNA in the mixture A. 

 

5.3.2. Plasmid transfection using Lipofectamine 2000 or FuGENE 6 

 For plasmid transfection using Lipofectamine 2000 (Invitrogen), cells were 

transfected at 80% confluence. 24 hours before transfection cells were cultured in 

antibiotic-free medium (2 ml for 6-well plates). Transfection in a well of a 6-well 

plate was performed using the following protocol: 

- Mixture A (final volume 100 μl): 2-3 μg DNA in Opti-MEM (Gibco). 

- Mixture B (final volume 100 μl): 4-6 μl Lipofectamine 2000 in Opti-MEM. 

Each mixture was incubated at RT for 5 min, mixed and incubated for 15 min at RT. 

Transfection solution was added carefully drop by drop to the cell culture. 

 For plasmid transfection using FuGENE 6 (Roche), cells were transfected at 80% 

confluence. 24 h before transfection cells were cultured in antibiotic-free medium 

(3 ml for 6-well plates). Transfection in a well of a 6-well plate was performed using 

the following protocol: 

- Mixture (final volume 150 μl): 9 µl FuGENE in Opti-MEM was incubated for 5 min 

at RT. Then, 3 µg of DNA was added and the mixture was incubated for 20 at RT. 

Transfection solution was finally added drop by drop to the cell culture. 
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6. PROTEIN-PROTEIN INTERACTION METHODS 

6.1. Yeast two-hybrid system 

The screening to identify new protein partners of THO/TREX was performed using the 

GAL4-based Matchmaker Gold Yeast Two-Hybrid System (Clontech). In this system, a 

bait protein is expressed as a fusion to the Gal4 DNA-binding domain (DNA-BD), 

while libraries of prey proteins are expressed as fusions to the Gal4 activation domain 

(AD) (Fields and Song 1989; Chien et al. 1991). When bait and library (prey) fusion 

proteins interact, the DNA-BD and AD are brought into proximity to activate 

transcription of four independent reporter genes (AUR1-C, ADE2, HIS3 and MEL1). 

AUR1-C is a dominant version of the AUR1 gene that encodes the enzyme inositol 

phosphoryl ceramide synthase. Its expression confers strong resistance to the otherwise 

highly toxic drug Aureobasidin A (AbA). The expression of HIS3 permits the cell 

biosynthesizes histidine and therefore grow on SC–His minimal medium. The 

expression of ADE2 allows cells to grow on SC–Ade minimal medium. MEL1 encodes 

an α-galactosidase that when expressed is secreted by the yeast cells and allows yeast 

colonies turn blue in the presence of the chromogenic substrate X-α-Gal. These four 

reporter genes are under the control of three distinct Gal4-responsive promoters (G1, G2 

and M1) that are different because they have different Gal4-binding sites thus reducing 

the number of false positives (Giniger et al. 1985; Giniger and Ptashne 1988).  

 

 As bait, we choose THOC1, UAP56, URH49 and ALY as representative 

subunits of THO/TREX. The full length cDNA of each one was obtained by PCR using 

primers detailed in Table M8 from IMAGE clones (see Table M3) and cloned into 

pGBKT7 vector fused to the Gal4 DNA-BD (pGAL4BD-BAIT). This plasmid contains 

the TRP1 gene as selection marker in yeast. As prey, Mate & Plate library-Universal 

Human (normalized) (Clontech) was used. This library was constructed from human 

cDNA, obtained from a mixture of poly A+ RNAs from a collection of adult human 

(male and female) tissues chosen to represent a broad range of expressed genes. The 

library had been previously normalized to preferentially remove abundant cDNAs 

derived from high-copy-number mRNAs. cDNA library is cloned into pGADT7-RecAB 

vector, which contains the LEU2 gene as selection marker in yeast and transformed into 

yeast strain Y187.  
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 The screening was performed according to the Matchmaker Gold Yeast Two-

Hybrid System manual. The yeast strain Y2HGold was transformed with vector 

pGAL4BD-BAIT and grown in 50 ml SD-Trp at 30 °C at 250 rpm until the OD600 

reaches 0.8 (16-20 h). The cells were harvested by centrifugation at 1000 g for 5 min 

and cell density was adjusted to >1 x 108 cells per ml in SD-Trp. 5 ml of the bait strain 

cell culture were mated with one vial (1 ml) of the library strain Y187 cell culture 

transformed with the cDNA library in 45 ml of 2X YPAD containing 50 µg/ml 

kanamycin and cultivated at 30 °C for 20-24 h at 50 rpm. When zygotes were formed, 

cells were harvested by centrifugation at 1000 g for 10 min, the cell pellet was washed 

with 0.5X YPAD/kan and finally resuspended in 10 min of 0.5X YPAD/kan. The 

culture was plated on to SD-Trp-Leu+(X-α-Gal)+Aba agar plates and incubated at 

30 °C for 3-5 days. The blue colonies appeared were streaked on to high stringency 

plates SD-Ade-His-Trp-Leu+(X-α-Gal)+Aba and incubated at 30 °C for 3-5 days. Prey 

plasmids from the blue colonies appeared on high stringency plates were rescued using 

the Easy Yeast Plasmid Isolation Kit (Clontech) and inserts were sequenced. Afterward, 

positive interactions between bait and candidates selected were verified by re-

transformation of Y2HGold strain and subsequent growth on selective media. 

 

 In order to calculate the number of clones screened, the final volume of mated 

culture was scored and 100 µl of the mated culture diluted 1/100 were plated on 

SD-Trp-Leu (diploids selection). The number of cfu (colony forming units) was counted 

and the number of clones screened was calculated:  

Nº clones screened= (nº cfu/Plating volume) * Final vol. of mated culture * Dilution 

factor. 

 

6.2. Co-Immunoprecipitation (Co-IP) 

Whole-cell extracts from a 10 cm petri dish of HEK293T cells at 80% confluence were 

obtained by lysing cells in 200 µl lysis buffer during 30 min on ice with occasionally 

gently pipetting up and down. The lysate was centrifuged 10 min at 16,000 g. For each 

immunoprecipitation, 50 µl Dynabeads Protein A (Invitrogen) were washed twice in 

1 ml PBS-0.5%BSA and 5 µg antibody was bound to the beads in 200 µl PBS-0.5% 

BSA, 4 h at 4 °C. 20 and 180 µL of supernatant were used for input and 

immunoprecipitation. After two washed in PBS-0.5% BSA, 180 µL of the lysate were 
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diluted with 180 µL of dilution buffer (to obtain a 0.25% (vol/vol) final concentration of 

NP-40) and incubated with beads-antibody complexes for 2 h at 4 °C. The same amount 

of lysate was incubated with beads (without antibody) and was used as a control. Then, 

beads were washed twice in PBS, four times with wash buffer and bound proteins were 

eluted by boiling the beads for 10 min 25 µl of 2X Laemmli loading buffer. Finally the 

result was visualized by Western blot. 

 

Lysis buffer: 10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA pH 8, 0.5% 

(vol/vol) NP-40, 1 mM PMSF, and protease inhibitor cocktail. 

Dilution buffer: 10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA pH 8, 1 mM 

PMSF, and protease inhibitor cocktail. 

Wash buffer: 10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA pH 8, 0.2% 

(vol/vol) NP-40, 1 mM PMSF, and protease inhibitor cocktail. 

 

6.3. Proximity Ligation Assay (PLA) 

For detection of protein-protein interactions in situ, PLA was performed with reagents 

from Duolink In Situ Red Starter Kit (Olink Biosciences) in accordance with 

manufacturer´s instruction. Schematic drawing of the different PLA steps is shown in 

Figure M1. Cells were cultured on glass coverslips and fixed in optimal conditions 

compatible with the two primary antibodies to be used (see Materials and methods 11). 

Coverslips were blocked with PBS-3% BSA for 1 h at RT,  incubated with primary 

antibodies diluted in PBS-3%BSA for 2 h at RT (for antibodies dilution see Table M1), 

washed three times in 5 ml PBS for 5 min and incubated with PLA probes for 1 h at 

37 °C. After two washed in 5 ml wash buffer A for 5 min, ligation reaction was 

performed for 30 min at 37 °C. Then, cells were washed twice in 5 ml wash buffer A, 

incubated with the amplification reaction for 100 min at 37 °C in darkness, washed 

twice in 5 ml buffer B for 10 min and once in 5 ml 0.01X wash buffer B for 1 min. 

Finally, coverslips were dried in darkness, mounted with mounting medium with DAPI 

and images were acquired in a fluorescence microscope.  For negative controls, 

everything was performed identically, except that only one of the primary antibodies 

was added.  
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For each coverslip: 

PLA probes (40 µl): 8 µl PLA probe anti-Mouse MINUS, 8 µl PLA probe anti-Rabbit 

PLUS, 24 µl PBS-3% BSA. 

Ligation reaction (40 µl): 8 µl of 5X Buffer ligase, 1 µl Ligase, 31 µl MQ H2O. 

Amplification reaction (40 µl): 8 µl of 5X Buffer amplification, 0.5 µl Polymerase, 

31.5 µl MQ H2O. 

 

 PLA probes, buffers, enzymes and mounting media are provided in the Duolink 

In Situ Red Starter Kit. 

 

 

Figure M1. In situ proximity ligation assay (PLA). 
Schematic drawing of the different PLA steps. (1) Two target proteins that interact. (2) Incubation with 
target primary antibodies. (3) Incubation with secondary antibodies conjugates with oligonucleotides 
(PLUS and MINUS PLA probes). (4) Ligation reaction to form a complete DNA circle (from the PLA 
probes oligonucleotides, connector oligos and the ligase). (5) Rolling circle amplification reaction (using 
the ligated DNA circle as template and the polymerase). (6) Addition of fluorescent probes that hybridize 
to the amplification product to reveal interaction.  
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7. PROLIFERATION ASSAYS IN HUMAN CELLS 

Hela cells were plated in 1 well of a 6-well plate and were transfected with siRNA at 

30-50% confluence the following day. 48 h after transfection, cells were detached using 

accutase, diluted in complete medium, counted and plated in wells of 96-well plates 

(2000 cells/well) in a final volume of 100 µl. The first quantification, which was 

considered the day 0, was performed after 7 h. Cells were transfected again 3 days after 

first transfection with 2/5 of siRNA standard amount as described in Materials and 

methods 5.3.1. 

 Cell number quantification was performed using the Cell Proliferation 

reagent WST-1 (4-[3-84-Iodophenyl)-2-(4-nitrophenyl)2H-5-tetrazolio]-1,3-benzene 

disulfonate) (Roche) following the manufacture´s protocol. 10 µl of WST-1 reagent 

were added to the culture and incubated for 2 hours at 37 °C and 5% CO2 in darkness. 

WST-1 is a tetrazolium salt that can be cleaved to formazan by the mitochondrial 

dehydrogenases in the sample. Thus, the amount of formazan dye. For that, samples 

were shaken thoroughly (720 rpm) for 1 minute and the absorbance was measured using 

microplate (ELISA) reader VARIOSKAN FLASH (Thermo) at 450 nm with a reference 

wavelength of 690 nm. Absorbance values were normalized to the value at the day 0 

and represented as arbitrary units (A.U.). Measurements were performed each 24 hours. 

 

 

8. ANALYSIS OF SUB-G1 DNA CONTENT (APOPTOSIS) 

HeLa cells were transfected with siRNA. 72 h after transfection, floating and adherent 

siRNA-depleted cells from two well of a 6-well plate (≈ 5 x 105 cells) were harvested, 

washed with 5 ml of cold PBS, centrifuged at 3500 rpm for 2 min and resuspended in 

100 µl PBS. For fixation, 900 µl of cold 70% ethanol was added drop by drop during 

vortexing and cells were incubated at least 5 minutes at 4 °C. Afterwards, cells were 

centrifuged at 3500 rpm for 2 min, washed with 2 ml PBS, resuspended in 250 µl PBS 

and 250 µl of DNA extraction solution was added. After incubation for 10 min at 37 °C, 

cells were centrifuged and pellet was resuspended in 300 µl of PI/RNase A solution and 

incubated for 30 min in darkness. 5000 cells were scored by FACS and the percentage 

of cells with sub-G1 content was calculated. 
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10X PBS: 81.9 g/L NaCl, 2.01 g/L KCl, 14.2 g/L Na2HPO4, 2.45 g/L KH2PO4. 

DNA extraction solution: 190 ml Na2HPO4 0.2 M, 8 ml Citric Acid 0.1 M pH 7.8. 

PI/RNase A solution: 100 µg/ml RNase A, 5 µg/ml Propidium Iodide in PBS. 

 

 

9. CELL CYCLE ANALYSIS IN HUMAN CELLS 

9.1. FACS analysis 

For cell cycle analysis, HeLa cells were incubated with EdU (20 µM) for 20 min 72 h 

after siRNA transfection to allow EdU incorporation in replicating cells. Cells were 

harvested with accutase, washed with PBS and centrifuged (10000 rpm 10 s). Pellet was 

resuspended in 300 µl cold PBS and cells were fixed by adding 700 µl cold 96% ethanol 

drop by drop and incubated at least 1 h on ice. After centrifugation (10000 rpm) ethanol 

was removed and 800 µl of 0.5% Triton X-100 in PBS was added to the pellet, mixed 

by vortexing and incubated on ice for 15 min. Then, cells were centrifuged 

(10000 rpm), washed in 800 µl of 1% BSA, 0.5% Tween-20 in PBS and centrifuged 

again. Afterwards, pellet was resuspended in 100 µl Click-iT reaction (85.8 µl of 1X 

Click-iT reaction buffer, 4 µl of 100 mM CuSO4, 0.24 µl of Alexa Fluor azide, 10 µl of 

1X reaction buffer additive), incubated for 30 min at RT in darkness and washed three 

times in 800 µl of 1% BSA, 0.5% Tween-20 in PBS. For RNA degradation and DNA 

stain, cells were incubated with 700 µl of PBS with 7 µl RNase A 10 mg/ml and 5 µl of 

7-Amino-Actinomycin D (7-AAD) at least for 30 min before being scored by FACS. 

Three population of cells were analyzed based on their DNA content (1n=haploid or 

2n=diploid DNA content of the genome) and EdU signal: G1 (with 1n DNA content and 

no EdU signal), S (with DNA content between 1n and 2n and EdU signal) and G2 (with 

2n DNA content and no EdU incorporation) -phase cells. 

 

9.2. Cell cycle progression (Synchronization by double thymidine block) 

Synchronization of cells population in G1/S to monitored S phase progression was 

performed using a double thymidine block. Thymidine blocks DNA synthesis by 

inhibiting the synthesis of specific nucleotides, resulting in a reversible arrest in S phase 

with partly synthetized (Crosby 2007). Hela cells were transfected with siRNA at 30-

40% confluence. 24 hours after transfection, growth medium was replaced with fresh 
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medium containing 2 mM thymidine and cells were incubated for 19 h under normal 

conditions. After three washed in PBS, cells were released in fresh complete medium 

and incubated under normal conditions for 7 h. Following incubation, medium was 

replaced with fresh medium containing 2 mM thymidine and cells were incubated for 

17-19 h under normal conditions. Finally, cells were washed three times in PBS and 

released in fresh complete medium. 20 min before collect the samples, cells were 

incubated with with EdU (20 µM) and then processed as described in Materials and 

Methods 9.1. Time points were collected 0, 1, 2, 4, 6 and 9 h after release. 

 

10. SISTER CHROMATIN EXCHANGE (SCE) ASSAY 

SCE assay was performed as previously described (Bayani and Squire 2005). Briefly, 

24 hours after siRNA transfection HeLa cells were incubated with 10 µM BrdU for 42 

hours followed by 3 hours treatment with 0.1 µg/ml of KaryoMAX colcemid solution 

(Invitrogen). Cells were resuspended in 0.075 M KCl and incubated at 37 C for 10 min 

followed by 3 changes of Carnoy fixative (3:1 methanol:acetic acid). Cells were 

dropped onto slides and baked overnight at 65 C. To differentially stain the two 

chromatids, the slides were incubated with 20 µg/ml Hoechst solution for 20 min, then 

exposed for 1 hour to UVA irradiation in 2X SSC and incubated in 2X SSC at 60C for 

20 min before standard Giemsa staining was performed.  

 

20X SSC (sodium chloride/sdium citrate): 3 M NaCl, 0.3 M Na3citrate 2H2O. pH 7 

adjusted with 1 M HCl. 

Giemsa: 1:20 in buffer Weise pH 6.8 (Millipore). 

 

11. IMMUNOFLUORESCENCE 

Cells were cultured on glass coverslips, fixed in formaldehyde or methanol and specific 

target molecules were visualized in a fluorescence microscope after incubation with 

specific primary antibodies and with fluorophore-conjugated secondary antibodies.  

 

Types of cell fixation used: 

- Formaldehyde fixation: Cells were fixed in 2% formaldehyde in PBS for 20 min at 

RT and permeabilized with 70% ethanol for 5 min at -20 °C, 5 min at 4 °C, and 
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washed twice in PBS. This fixation was used for immunofluorescence with THOC1, 

γH2AX, 53BP1 and H3Ser10P antibodies. 

- Triton-Formaldehyde fixation: Cells were pre-permeabilized with cold 0.1% triton in 

PBS on ice for 1 min and then fixed in formaldehyde as previously described. This 

fixation was used for immunofluorescence with MFAP1-SC35 antibodies (Figure 

R25) and PLA experiments using MFAP1, SAP130, SIN3, HDAC2, THOC1, 

THOC2, THOC5 and UAP56 and antibodies (see Figure M2).  

- Methanol fixation: Cells were fixed in cold absolute methanol for 7 min at -20 °C 

and washed twice in PBS. This fixation was used for immunofluorescence with S9.6 

and nucleolin antibodies. 

- Methanol-Formaldehyde fixation: Cells were pre-permeabilized with cold 

0.25% triton in PBS for 1 min on ice, fixed in cold absolute methanol for 15 min at -

20 °C, washed in 0.5% triton in PBS for 5 min at 4 °C, fixed in 2% formaldehyde in 

PBS for 20 min at RT and washed twice in PBS. This fixation was used for 

immunofluorescence with H3K9me2 antibody. 

 

 

Figure M2. Immunofluorescence with antibodies used in PLA experiments. 
Immunofluorescence of endogenous SIN3, SAP130, THOC1, THOC2, THOC5 and UAP56 proteins 
using compatible fixation conditions for each pair of antibodies used in PLA experiments. 

 

Immunofluorescence: Blocking, incubation with primary and secondary antibodies, 

DAPI staining and mounting conditions. 

After blocking with 3% bovine serum albumin (BSA) in PBS, the coverslips were 

incubated with primary antibodies diluted in 3% BSA in PBS for 2 h at RT. For 

antibody dilutions see Table M1. Then cells were washed three times in PBS for 5 min. 

Secondary antibodies conjugated with Alexa Fluor diluted (1:500) in 3% BSA in PBS 
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were incubated for 1 h at RT. Coverslips were washed twice in PBS before and after the 

staining of the DNA with 1 µg/ml DAPI (2-(4-Amidinophenyl)-6-indolecarbamidine 

dihydrochloride) for 5 min. Finally, coverslips were washed in water and a drop of 

Immu-mount mounting medium (Thermo) was used for mounting. For S9.6 and 

nucleolin immunofluorescence see Materials and Methods 12.3.2. 

 

Detection of cells in S phase by immunofluorescence: 

When required, detection of cells in S phase by immunofluorescence was performed by 

EdU detection using a Click-iT EdU Imaging Kit (Invitrogen) following manufacturer’s 

instructions. 

 In this assay the modified thymidine analogue EdU (5-ethynyl-2'-deoxyuridine) 

is efficiently incorporated into DNA during active synthesis and fluorescently labeled 

with a bright, photostable Alexa Fluor dye in a reaction that allows the visualization of 

cells in S phase. 

 Cells were cultured on glass coverslips, incubated with EdU (10 µM) for 20 min 

and fixed in formaldehyde or methanol. Then cells were washed twice with 1 ml of 3% 

BSA in PBS, permeabilized with 1 ml of 0.5% Triton X-100 in PBS for 20 min at RT 

and washed again twice in 1 ml of 3% BSA in PBS. Finally cells were incubated with 

50 µl/coverslip of Click-iT reaction cocktail (43 µl of 1X Click-iT reaction buffer, 2 µl 

of 100 mM CuSO4, 0.12 µl of Alexa Fluor azide, 5 µl of 1X reaction buffer additive) for 

30 min at RT in darkness and washed once with 1 ml in 3% BSA. 

 

 

12. GENOME INSTABILITY ANALYSIS 

12.1. Analysis of 53BP1 and γH2AX foci  

Cells were cultured on glass coverslips and transfected with siRNA as indicated in 

Material and Methods 5.3.1, fixed in 2% formaldehyde and immunofluorescence was 

performed with  rabbit polyclonal anti-53BP1 (NB100-304 Abyntec Biopharma) or 

mouse monoclonal anti-γH2AX (JBW301, 05-636 Millipore) (see Materials and 

Methods 11 and Table M1). More than 100 cells from each experiment were analyzed 

(see Materials and Methods 13). 
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12.2. Single cell gel electrophoresis (Comet assay) 

Comet assay was performed using a commercial kit (Trevigen, Gaithersburg, MD, 

USA) following the manufacturer´s protocol, 48 h after siRNA transfection. When it is 

indicated, 50 µM cordycepin was added to the culture 4 hours before the experiment. In 

the case of comet assay experiment overexpressing RNase H1, cells were transfected 

with siRNA for 72 h and with pcDNA3 (- RNase H1) or pcDNA3-RNase H1 

(+ RNase H1) 48 h before the experiment. 

 

12.2.1. Alkaline comet assay 

Cells were collected using accutase, washed and resuspended in ice cold 1X PBS, 

combined with low melting agarose, immobilized on CometSlides (30 min at 4 °C, until 

agarose is solidified) and lysed for 30 min at 4 °C. Then, DNA was unwound and 

denatured in freshly prepared alkaline unwinding solution pH˃13 for 30 min at RT and 

electrophoresis was performed in prechilled alkaline electrophoresis solution pH˃13 at 

21 V for 30 min. Next, slides were immersed twice in dH2O for 5 min each, then in 70% 

ethanol for 5 min and dried at RT. DNA was stained with SYBR Green at 4 °C for 

5 min. 

 

Alkaline unwinding solution/Alkaline electrophoresis solution pH˃13: 200 mM 

NaOH, 1 mM EDTA. 

 

12.2.2. Neutral comet assay 

Cells were collected and immobilized on CometSlides as in alkaline come assay. Cells 

were lysed for 1 h at 4 °C and immersed in prechilled 1X neutral electrophoresis buffer 

for 30 min at 4 °C. Electrophoresis was performed in prechilled 1X neutral 

electrophoresis buffer at 35 V for 15 min and then immersed in DNA precipitation 

solution for 30 min at RT. Finally, slides were immersed in 70% ethanol for 30 min at 

RT and dried. DNA was stained with SYBR Green at 4 °C for 30 min. 

 

10X Neutral electrophoresis buffer (500 ml): 60.57 g Tris Base and 204.12 g of 

sodium acetate dissolved in H2O. Adjust to pH=9.0 with glacial acetic acid. 1X stock 

was obtained by diluting the 10X stock in dH2O. 
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DNA precipitation solution: 1 M NH4Ac in 70% ethanol. 

 

For 53BP1 and γH2AX foci and comet assays analyses at least three independent 

experiments were performed. More than 100 cells were scored in each experiment (see 

Materials and Methods 13). 

 

12.3. DNA-RNA hybrids detection 

12.3.1. DNA-RNA immunoprecipitation (DRIP) 

DRIP was performed mainly as described (Ginno et al. 2012) with few differences. 

After 72 h of siRNA transfection, pellet from one confluent 6-cm plate of HeLa cells 

was collected using accutase, washed in PBS and resuspended in 800 µl of TE. Then, 

20.75 µl SDS 20% and 2.5 µl proteinase K (20 mg/ml) were added and pellet was 

incubated at 37 °C overnight. DNA was extracted gently with phenol-chloroform. 

Precipitated DNA was spooled on a glass rod, washed 2 times with 70% EtOH, 

resuspended gently in TE and digested overnight with 50 U of HindIII, EcoRI, BsrGI, 

XbaI and SspI, 2 mM spermidine and BSA. For the negative control, half of the DNA 

was treated with 3 μl RNase H (New England BioLabs) overnight. 5 μg of the digested 

DNA were bound to 10 μl of S9.6 antibody (1mg/ml) in 500 μl 1X binding buffer in TE, 

overnight at 4 °C. DNA-antibody complexes were immunoprecipitated using 

Dynabeads Protein A (Invitrogen) during 2 h at 4 °C and washed 3 times with 1X 

binding buffer in TE. DNA was eluted in 180 µL elution buffer, treated 45 min with 7 

μl proteinase K (20 mg/ml) at 55ºC and cleaned using NucleoSpin Gel and PCR Clean-

up kit (Macherey-Nagel). qPCR was performed with the primers listed in Table M8. 

 

10X Binding buffer: 100 mM NaPO4 pH 7.0, 1.4 M NaCl, 0.5% triton X-100. 

Elution buffer: 50 mM Tris pH 8.0, 10 mM EDTA, 0.5% SDS.  

 

DRIP quantification and normalization: Input and immunoprecipitate (IP) were eluted 

in 150 µl of double-distilled H2O. 4 µl of 1:25 dilutions of the Input and 4 µl of IP were 

used for qPCR. The relative abundance of DNA-RNA hybrids immunoprecipitated in 

each region was normalized to the Input signal obtained. 
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12.3.2. S9.6 immunofluorescence 

Cells were cultured on glass coverslips and fixed in methanol (see Materials and 

Methods 11). For S9.6 and nucleolin immunofluorescence, coverslips were blocked in 

2% BSA in PBS overnight at 4 °C, incubated with anti-S9.6 (hybridoma cell line HB-

8730) (1:200) and anti-nucleolin (ab50279, Abcam) (1:1000) primary antibodies diluted 

in 2% BSA in PBS o/n at 4 °C, washed in PBS and incubated with secondary antibodies 

conjugated with Alexa Fluor 594 and 488 diluted in 2% BSA in PBS (1:1000) for 1 h at 

RT. Washed, DAPI staining and mounting as described above. More than 100 cells 

from each experiment were scored (see Materials and Methods 13).  

 

12.4. Anaphase bridges analysis 

HeLa cells were cultured on glass coverslips and transfected with siRNA for 72 h. In 

order to increase the proportion of cells in mitosis, cells were treated with 50 ng/ml 

nocodazol in complete medium for 4 h at 37 °C, washed twice carefully in PBS and 

incubated for 1 h in 2 ml complete medium before to be harvested. Then, cells were 

fixed and permeabilized directly in the well adding 2 ml of 4% formaldehyde – 0.5% 

Triton X-100 in PBS during 20 min at RT. After immersing the coverslips carefully in 

PBS vectashield mounting medium with DAPI was used for the mounting. The 

percentage of cells in anaphase with anaphase bridges was calculated. More than 100 

cells from each experiment were analyzed (see Materials and Methods 13).  

 

 

13. MICROSCOPY IMAGES ACQUISITION, DATA ANALYSIS AND 

STATISTICAL ANALYSIS 

13.1. Fluorescence and confocal microscopy 

Fluorescence microscopy images were captured with a Leica DM6000 microscope 

equipped with a DFC390 camera (Leica) and data acquisition was performed with LAS 

AF (Leica). A Leica TCS SP5 confocal microscope was used to capture images of 

H3K9me2 immunofluorescence. A 100x objective was used for SCE, a 63x objective 

was used for immunofluorescence (53BP1 and γH2AX and H3S10-P foci, H3K9me2 

IF, PLA, S9.6 and nucleolin IF) and HeLa DAPI staining (Anaphase bridges), a 40x 
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objective was used for DNA combing experiments and a 10x objective was used for 

comet assays.  

 

13.2. Data analysis 

- 53BP1, γH2AX, H3S10-P foci measurements were analyzed and processed with the 

MetaMorph v7.5.1.0. software using the granularity application. 

- S9.6 and H3K9me2 signal intensity per nucleus were analyzed and processed with 

the MetaMorph v7.5.1.0. software using the multi wavelength cell scoring 

application. The S9.6 signal corresponding to the nucleolus area was previously 

removed using the nucleolin signal and granularity application. 

- Comet assays tail moments were analyzed using Comet-score (version 1.5) or TriTek 

CometScore Professional (version 1.0.1.36) softwares. Tail moment (TM) reflects 

both the tail length (TL) and the fraction of DNA in the comet tail (TM=%DNA in 

tail x TL/100). 

- Anaphase cells with bridges and SCE events were counted manually. 

For all experiments, at least three biological repeats (n) were performed. More than 100 

cells were scored in each repeat.  

13.3. Statistical analysis 

- 53BP1, γH2AX, H3S10-P foci and anaphase bridges: Graphs shows the mean of the 

percentage of cells with foci or anaphases with bridge from at least three biological 

repeats. Data were analyzed with EXCEL program. For statistical analysis, Student´s 

t-test was performed and a P value < 0.05 was considered as statistically significant. 

- S9.6 and H3K9me2 signal intensity per nucleus: Graphs shows the median of the 

measurements from at least three biological repeats. Data were analyzed with 

GraphPad Prism software. For statistical analysis, Mann-Whitney U-test, two tailed 

was performed and P value < 0.05 was considered as statistically significant. (****, 

P < 0.0001; ***, P < 0.001; **, P < 0.01; *, P < 0.05). 

- Comet assay: Graphs shows the mean of the median of tail moment normalized with 

to the siC control from at least three biological repeats. Data were analyzed with 

EXCEL program and GraphPad Prism software. For statistical analysis, Mann-

Whitney U-test was performed and P value < 0.05 was considered as statistically 

significant.  
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- DRIP: Graphs shows the signal values of RNA-DNA hybrids immunoprecipitated in 

each region as a function of input DNA normalized with respect to the siC control 

from at least three biological repeats. Data were analyzed with EXCEL program and 

GraphPad Prism software. For statistical analysis, Mann-Whitney U-test was 

performed and P value < 0.05 was considered as statistically significant.  

 

 

14. CHROMATIN IMMUNOPRECIPITATION (ChIP) ASSAY 

After 72 h of siRNA transfection, HeLa cells were crosslinked for 10 min with 

crosslinking solution - formaldehyde, resuspended in 2.5 ml of cell lysis buffer, then 

centrifuged and 1 ml of nuclei lysis buffer was added. Chromatin was sonicated on the 

maximum intensity setting, with fifteen pulses of 30 s on and 30 s off in Bioruptor 

(Diagenode), to obtain approx. 400 bp fragments. For each immunoprecipitation, 25 µg 

of chromatin were diluted up to 1300 µl with IP buffer. 100 µl and 1200 µl of diluted 

chromatin were used for input and immunoprecipitation, respectively. Chromatin was 

incubated overnight at 4 ºC with 5 µg of antibody. A negative control without antibody 

was used to calculate the background signal. Chromatin-antibody complexed were 

immunoprecipitated for 2 h with 30 µl of Dynabeads Protein A/G (Invitrogen) at 4 ºC 

and washed once with wash buffer 1, once with wash buffer 2, once with wash buffer 3 

and twice with 1X TE. Input and immunoprecipitate were then un-crosslinked in TE - 

1% SDS and treated with proteinase K. DNA was isolated using NucleoSpin Gel and 

PCR Clean-up kit (Macherey-Nagel) and qPCR was performed with the primers listed 

above. Signal values in the different regions were calculated as the ratio between the 

DNA amount immunoprecipitated subtracting the background signal (IP) and the total 

amount of DNA (input) of each region. 

 

Crosslinking solution - formaldehyde: 50 Mm HEPES, 0.1 M NaCl, 1 Mm EDTA, 

0.5 Mm EGTA. Formaldehyde was added fresh, in the appropriate concentration to 

obtain a final concentration of 1% formaldehyde after the addition to the medium. 

Cell lysis buffer: 5 mM PIPES  pH 8, 85 mM KCl, 0.5% NP-40, 1 mM PMSF and 

protease inhibitor cocktail). 

Nuclei lysis buffer: 1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8, 1 mM PMSF and 

protease inhibitor cocktail. 
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IP buffer: 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl pH 8, 

167 mM NaCl. 

Wash buffer 1: 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8, 

150 mM NaCl. 

Wash buffer 2: 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8, 

500 mM NaCl. 

Wash buffer 3: 0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, 

10 mM Tris-HCl pH 8. 

 

ChIP quantification and normalization: Input and immunoprecipitate (IP) were eluted in 

150 µl of double-destilled H2O. 4 µl of 1:10 dilutions of the Input and 4 µl of IP were 

used for qPCR. IP/Input ratios in the different regions were calculated and multiplied by 

100. The IP signal of the negative control without antibody was considered as 

background and was subtracted to IP before dividing it by Input. 

 

 

15. MICROARRAY ANALYSES OF GENE EXPRESSION AND 

ALTERNATIVE SPLICING  

Gene expression and alternative splicing microarray was performed using the 

Affymetrix platform GeneChip Human Transcriptome array 2.0 (HTA 2.0). This array 

contains a median of 10 probes per exon or ncRNA and 4 probes per junction (>6.0 

million distinct probes in total). 

 Total RNA was isolated from HeLa cells transfected with siRNA for 72 h using 

the RNeasy Mini Kit (Qiagen). The quality of isolated RNA was confirmed with a 2100 

Bioanalyzer (Agilent Technologies). A total of 250 ng of RNA per microarray were 

used. cDNA synthesis and labelling and microarray hybridization to HTA 2.0, scanning, 

and data extraction were performed by the CABIMER´s Genomics Unit according to 

the recommended Affymetrix protocols.  



MATERIALS AND METHODS 

201 
 

15.1. Microarray data analyses 

For each condition, microarray analysis was conducted in triplicate from different 

biological replicates. Affymetrix Command Console 2.0 Software was used to 

transform scanned image signals (saved as DAT image files) into digital signals (saved 

as CEL files), which recorded the fluorescence density of probes. Raw data from CEL 

files were normalized using the SST (Signal Space transformation)-RMA (Robust 

Microarray Average) method (Irizarry et al. 2003) and the average of the replicates was 

calculated using the Tukey´s Bi-weight algorithm, thus obtaining chp files. Data were 

processed using Transcriptome Analysis Console (TAC) Software from Affymetrix, to 

detect differentially expressed genes (DEGs) and alternatively spliced genes (ASGs).  

 

 For gene expression analysis, genes showing expression changes with 

P-value<0.05 (ANOVA) and a |linear fold change| >1.5 were considered significant.  

 

 For alternative splicing analysis, the filter criteria to consider that the alternative 

splicing of a gene is significantly altered were as follows: A gene is expressed in both 

conditions, A PRS/Junction must be expressed in at least one condition, a gene must 

contain at least one PRS, |Splicing Index (SI)| was >2 and P-value<0.01 (ANOVA). 

Splicing Index (SI) was calculated as:  

 

 Moreover, the analysis using TAC Software provides the Splicing Event 

Estimate method as tool to classify splicing events in the five basic modes of alternative 

splicing (Figure M3), not being a tool intended for a de novo event discovery.  

 Gene Ontology (GO) analyses, enriched biological processes (BPs) and 

functional annotation clustering analyses were performed using DAVID (Database for 

Annotation, Visualization and Integrated Discovery) bioinformatics resources 6.8 tool 

(http://david-d.ncifcrf.gov/summary.jsp) (Huang da et al. 2009). A P-value<0.05 or 

P-value<0.01 was established to consider GO terms as significantly enriched in gene 

expression and alternative splicing analyses, respectively. Adjusted P-value (Q-value) 

by the Benjamini-Hochberg procedure was also provided. 
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Figure M3. Basic modes of alternative splicing.  
Schematic diagrams of the five main types of alternative splicing: Cassette exon (Exon skipping or 
inclusion), mutually exclusive exons, intron retention (Intron inclusion or exclusion), alternative 5´splice 
sites and alternative 3´splice sites. Exons are depicted as white boxes and alternative exons are indicated 
as grey boxes. Introns are represented as yellow lines and splicing events are indicated with diagonal 
lines. Short black, blue and pink lines represent different assay probes, covering exon-exon and splice 
junctions. 
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16. YEAST TECHNIQUES 

16.1. Genotoxic damage sensitivity assay 

Mid-log cultures were grown in YPAD or SC medium. Drops of 3 or 7 µl of 10-fold 

dilutions in sterile water were plated on solid YPAD or SC medium, respectively, 

containing the drugs at the concentrations indicated in the figures. For UV irradiation, 

drops were dried before irradiation. Plates were incubated during 2-6 days (in the dark 

for UV-irradiated plates) at the indicated temperature.  

 

16.2. Recombination assays 

Recombination frequencies were calculated as the median value of six independent 

colonies. The average of three independent transformants is plotted. Recombinants were 

obtained by platting appropriate dilutions in applicable selective medium. To calculate 

total number of cells, they were plated in the same media as the original transformation 

used. All plates were grown for 3-5 days at 30ºC.  

 

Plasmid L and LYΔNS systems 

Both systems are based on leu2∆3’ and leu2∆5’ truncations of the LEU2 gene that share 

600 bp of homology. The difference between them resides in the length of the sequence 

placed between the repeats. The L system contains a 31-bp fragment and the LYΔNS 

system contains a 3.7-kb fragment as intervening sequence (Prado and Aguilera 1995; 

Prado et al. 1997). In this system, recombination between the repeats results in a wild-

type LEU2 gene. Recombinants are selected in plates without leucine (Figure M4A).  

 

Plasmid L-lacZ systems 

This system contains the sequence of the 3 kb long lacZ gene from E. coli cloned 

between the direct repeats (leu2∆3’ and leu2∆5’ truncations of the LEU2) (Chavez and 

Aguilera 1997). In this system, recombination between the repeats results in a wild-type 

LEU2 gene. Recombinants are selected in plates without leucine (Figure M4B).  

 

Chromosomal leu2-k::ADE2-URA3::leu2-k (Lk-AU) system  

This system is located in chromosome III. It consists in two direct-repeats of the leu2-K 

allele, which lacks a 7-bp region that contains a KpnI target. It contains an 11-kb 
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fragment containing ADE2 and URA3 markers between the two leu2-k repeats (Aguilera 

and Klein 1989). In this system, recombination results in deletion of ADE2 and URA3 

genes. Recombinants are selected in plates with FOA, since loss of URA3 confers cells 

resistance to this toxic. In addition, recombinants generate red-white colonies due to a 

red pigment that accumulates by the loss ADE2 gene (Figure M4C). 

 

 

Figure M4. Recombination systems used in S. cerevisiae. 
Schematic representation of the different recombination systems used in yeast.  (A) L and LYΔNS 
systems, (B) L-lacZ and GL-lacZ systems and (C) Lk-AU system. The outcome of the recombination 
event and the marker used for recombinant selection are shown. 

 

16.3. Detection of Rad52-YFP foci 

Spontaneous Rad52-YFP foci from mid-log growing cells carrying plasmid pWJ1213 or 

pWJ1344 were visualized and counted by fluorescence microscopy in a Leica DC 350F 

microscope, as previously described (Lisby et al. 2001). More than 100 S/G2 cells 

where inspected for each experimental replica. 
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17. POLYMERASE CHAIN REACTION (PCR) ANALYSIS 

17.1. Non-quantitative PCR 

PCRs performed to check constructions and to amplify DNA fragment to be cloned or 

to be used as probed were performed following standard and manufacture’s protocols 

with the polymerases described in Materials and Methods 2.3. DNA primers used are 

listed in Table M8. 

 

17.2. Quantitative PCR analysis 

Real-time quantitative PCRs (qPCRs) were performed on a 7500 Fast Real-Time PCR 

system (Applied Biosystems, Carlsbad, CA). For PCRs, 6 μl H2O, 2 μl primer mixture 

(each 10 µM), 2 μl DNA and 10 μl SYBR® green qPCR Mix (Bio-rad) were used. The 

following PCR reaction was used: 1 cycle (10 minutes 95 °C), 40 cycles (15 s 95 °C and 

1 minute 65 °C) and 1 dissociation cycle (15 s 95 °C, 1 minute 65 °C, 15 s 95 °C and 

15 s 60 °C). DNA primers were designed using Primer express 3.0 Software (Applied 

Biosystems) and are listed in Table M8. qPCR primers were validated by qPCR by 

establishing that each pair of primers had the same amplification efficiency (the slope of 

the 10-fold serial dilutions of a calibration curve was between -3.3 and -3.4). 

 

17.2.1. Reverse Transcription quantitative PCR (RT-qPCR) analysis 

Relative mRNA levels in human cells were determined using Relative qPCRs. To 

obtain the samples, cDNA was synthesized from total RNA extracted using RNeasy 

Mini Kit (Qiagen) (1 μg) by reverse transcription using QuantiTect Reverse 

transcription (Qiagen) and random primers. mRNA expression values of the indicated 

genes were normalized to mRNA expression of the Hypoxanthine 

PhosphoRibosylTransferase (HPRT) housekeeping gene. 

 

17.2.2. qPCR analysis for ChIPs and DRIP quantification 

Absolute qPCRs were used for ChIP and DRIP quantification. 
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Table M8. DNA primers used in this study. 

Non-quantitative PCR primers 
Primer Sequence 5´to 3´ Use  

pGBKT7-THOC1 up 
 
 
pGBKT7-THOC1 low 

CATATGGCCATGGAGGCCGAATTCATGTCTC
CGACGCCGCCGCTCTTC 
 
GCAGGTCGACGGATCCCTAACTATTTGTCTC
ATTGTCATT 

Construction of 
bait plasmid: 
THOC1 PCR 

 

pGBKT7-UAP56 up 
 
 
pGBKT7-UAP56 low 

TATGGCCATGGAGGCCGAATTCATGGCAGAG
AACGATGTGGACAAT 
 
GCAGGTCGACGGATCCCTACCGTGTCTGTTC
AATGTAGGA 

Construction of 
bait plasmid: 
UAP56 PCR 

 

pGBKT7-URH49 up 
 
 
pGBKT7-URH49 low 

CATGGAGGCCGAATTCATGGCAGAACAGGAT
GTGGAAAAC 
 
CTGCAGGTCGACGGATCCTTACCGGCTCTGC
TCGATGTATGT 

Construction of 
bait plasmid: 
URH49 PCR 

 

pGBKT7-ALY up 
 
 
pGBKT7-ALY low 

CATATGGCCATGGAGGCCGAATTCATGGCCG
ACAAAATGGACATGTCT 
 
GCAGGTCGACGGATCCTTAACTGGTGTCCAT
TCTCGCATT 

Construction of 
bait plasmid: 
ALY PCR 

 

T7 Sequencing up 
 
3’DNA-BD Seq. low 
3’AD Seq. low 

TAATACGACTCACTATAGGGC 
 
 
TTTTCGTTTTAAAACCTAAGAGTC 

Sequencing of 
prey inserts 

 

pFLAG-THOC1 up 
 
 
pFLAG-THOC1 low 

CGCGAATTCAGATCTCATGTCTCCGACGCCG
CCGCTCTTC 
 
GCAGGTCGACGGATCCCTAACTATTTGTCTC
ATTGTCATT 

Plasmid 
construction: 
THOC1 PCR 

 

pFLAG-UAP56 up 
 
 
pFLAG-UAP56 low 

GACAAGCTCAAGCTTATGGCAGAGAACGATG
TGGACAAT 
 
GCAGGTCGACGGATCCCTACCGTGTCTGTTC
AATGTAGGA 

Plasmid 
construction: 
UAP56 PCR 

 

pFLAG-URH49 up 
 
 
pFLAG-URH49 low 

GACAAGCTCAAGCTTATGGCAGAACAGGATG
TGGAAAAC 
 
CTGCAGGTCGACGGATCCTTACCGGCTCTGC
TCGATGTATGT 

Plasmid 
construction: 
URH49 PCR 

 

pFLAG-ALY up 
 
 
pFLAG-ALY low 

GACAAGCTCAAGCTTATGGCCGACAAAATGG
ACATGTCT 
 
GCAGGTCGACGGATCCTTAACTGGTGTCCAT
TCTCGCATT 

Plasmid 
construction: 
ALY PCR 

 

pEGFP-URH49 up 
 
 
pEGFP-URH49 low 

CATGGAGGCCGAATTCATGGCAGAACAGGAT
GTGGAAAAC 
 
CTGCAGGTCGACGGATCCTTACCGGCTCTGC
TCGATGTATGT 

Plasmid 
construction: 
URH49 PCR 

 

pEGFP-SAP130 up 
 
 
pEGFP-SAP130 low 

GGCCGGACTCAGATCTCGATGGGCCCTCCGC
GGCACCCCCAG 
 
CCCGGGCCCGCGGTACCGCTAGACTTTTTCCT
TTCGCTTCAA 

Plasmid 
construction: 
SAP130 PCR 
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Non-quantitative PCR primers 
Primer Sequence 5´to 3´ Use  

pEGFP-MFAP1 up 
 
 
pEGFP-MFAP1 low 

GGCCGGACTCAGATCTCGATGTCGGTCCCAA
GCGCTCTC 
 
CCCGCGGTACCGTCGACTCTAGGTAGTTTTCC
GCTTCTT 

Plasmid 
construction: 
MFAP1 PCR 

 

pEGFP-SMC2 up 
 
 
pEGFP-SMC2 low 

GGCCGGACTCAGATCTCGATGCATATTAAGT
CAATTATTCTA 
 
CCCGCGGTACCGTCGACTTTAAACTTCCACAT
GTGCTCCTTT 

Plasmid 
construction: 
SMC2 PCR 

 

pEGFP-REV1 up 
 
 
pEGFP-REV1 low 

CGGACTCAGATCTCGAGCATGTTGCATGGAG
GTCAATACCAT 
 
CCCGCGGTACCGTCGACTCTAACACAGGCCA
AGCCAACCTGA 

Plasmid 
construction: 
REV1 PCR 

 

pEGFP-CDC23 up 
 
 
pEGFP-CDC23 low 

GGCCGGACTCAGATCTCGATGGTCCCGGTGG
CTGTGACG 
 
CCCGCGGTACCGTCGACTCTATTTAAAAGAT
TTAACTTT 

Plasmid 
construction: 
CDC23 PCR 

 

pEGFP-CCT5 up 
 
 
pEGFP-CCT5 low 

GCTCAAGCTTCGAATTCATGGCGTCCATGGG
GACCCTCGCC 
 
CTAGATCCGGTGGATCCCTCATTCTTCAGATT
CTCCAGGCTT 

Plasmid 
construction: 
CCT5 PCR 

 

pEGFP-NUB1 up 
 
 
pEGFP-NUB1 low 

GGCCGGACTCAGATCTCGATGAAAACAAACG
GCGGCCGC 
 
CCCGCGGTACCGTCGACTTTAGTTTTTCTTTG
TTGCTGA 

Plasmid 
construction: 
NUB1 PCR 

 

pEGFP-CUL1 up 
 
 
pEGFP-CUL1 low 

AGCTTCGAATTCTGCAGTATGTCGTCAACCC
GGAGCCAG 
 
GATCCGGTGGATCCCTTAAGCCAAGTAACTG
TAGGT 

Plasmid 
construction: 
CUL1 PCR 

 

pEGFP-SPATA22 up 
 
 
pEGFP-SPATA22 low 

GGCCGGACTCAGATCTCGATGAAGCGAAGCC
TAAATGAAAAT 
 
CCCGCGGTACCGTCGACTTCACGATCCTAAT
ACTTCAAAAAG 

Plasmid 
construction: 
SPATA22 PCR 

 

pEGFP-ZBTB44 up 
 
 
pEGFP-ZBTB44 low 

GGCCGGACTCAGATCTCGATGGGTGTGAAAA
CATTTACTCAT 
 
CCCGCGGTACCGTCGACTTCATTCTCCGTTCC
TGGTCATTTC 

Plasmid 
construction: 
ZBTB44 PCR 

 

    
Quantitative PCR primers 

Primer Sequence 5´to 3´                                      Use   
HPRT up 
HPRT low 

GGACTAATTATGGACAGGACTG 
TCCAGCAGGTCAGCAAAGAA Relative mRNA expression  

MFAP1 up 
MFAP1 low 

CGCTCAGGTCGCACCAA 
AGCTGAGTCAAAGGAGGTGGTATCT Relative mRNA expression  

SAP130 up 
SAP130 low 

GCCACGGCCAAGCATACT 
GGAATGAGGGTTTTCCGAACT Relative mRNA expression  

SIN3 up 
SIN3 low 

GCCTGAGCTTCGTGAACATCT 
CTC TCGACCACGTTGACACTTC Relative mRNA expression  
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Quantitative PCR primers 
Primer Sequence 5´to 3´ Use  
THOC1 up 
THOC1 low 

GGAACCCTGTGCAATGC TATG 
ACATGTTCTCCTCCTGTTTTCAATT Relative mRNA expression  

ACTB_1 up 
ACTB_1 low 

CGGCCAACGCCAAAACT 
TCCCCTCCTTTTGCGAAAA 

ChIP. Promoter region of 
the β-Actin gene 

 

ACTB_2 up 
ACTB_2 low 

AGGCATCCTCACCCTGAAGTAC 
TCCATGTCGTCCCAGTTGGT 

ChIP. Exon 3 region of the 
β-Actin gene 

 

ACTB_3 up 
ACTB_3 low 

GGCGGCACCACCATGTAC 
CAGGGCAGTGATCTCCTTCTG 

ChIP. Exon 5 region of the 
β-Actin gene 

 

ACTB_4 up 
ACTB_4 low 

CAGAGTGCAGGTGTGTGGAGAT 
CCTCCCCCACCCTCTAAGG 

ChIP. Pause region of the 
β-Actin gene 

 

GAPDH_1 up 
GAPDH_1 low 

CCCCCTTCCTTACAAGTGTTCA 
GGGCAGAGGGCCAGGTT 

ChIP. Promoter region of 
the GAPDH gene 

 

GAPDH_2 up 
GAPDH_2 low 

CTCTCTGCTCCTCCTGTTCGA 
CACCTGGCGACGCAAAA 

ChIP. TSS region of the 
GAPDH gene 

 

GAPDH_3 up 
GAPDH_3 low 

CCGGGAAGGAAATGAATGG 
CAGGAGCGCAGGGTTAGTCA 

ChIP. Intron 2 region of the 
GAPDH gene 

 

GAPDH_4 up 
GAPDH_4 low 

ATGCTGGCGCTGAGTACGT 
GCCTTCTCCATGGTGGTGAA 

ChIP. Exon 5 region of the 
GAPDH gene 

 

GAPDH_5 up 
GAPDH_5 low 

GCGTGTAGCTGGGACCTAGGT 
CAAAGCAACTGAGCCGTTCA 

ChIP. 5’ region of the 
GAPDH gene 

 

APOE  up 
APOE low 

GGGAGCCCTATAATTGGACAAGT 
CCCGACTGCGCTTCTCA 

DRIP 
ChIP 

 

APOE_2 up 
APOE_2 low 

GGCACACAAGGACACTCAATACA 
CCCAAAGTGCTGGGATTACAG 

DRIP 
ChIP 

 

APOE_3 up 
APOE_3 low 

AAGCTGGAGGAGCAGGCC 
ACTGGCGCTGCATGTCTTC 

DRIP 
ChIP 

 

BTBD19 up 
BTBD19 low 

CCCCAAAGGGTGGTGACTT 
TTCACATTACCCAGACCAGACTGT 

DRIP 
ChIP 

 

RPL13A up 
RPL13A low 

GCTTCCAGCACAGGACAGGTAT 
CAC CCACTACCCGAGTTCAAG 

DRIP 
ChIP 

 

RPL13A_2  up 
RPL13A_2  
low 

ACTGGGCAGGCCTCACACT 
CGCTTGCGGAGGAAAGC 

DRIP 
ChIP 

 

RPL13A_3 up 
RPL13A_3 low 

GGGAGCAAGGAAAGGGTCTTA 
ACAATTCTCCGAGTGCTTTCAAG 

DRIP 
ChIP 

 

EGR1 up 
EGR1 low 

GCCAAGTCCTCCCTCTCTACTG 
GGAAGTGGGCAGAAA GGATTG 

DRIP 
ChIP 

 

SNRPN up 
SNRPN low 

TGCCAGGAAGCCAAATGAGT 
TCCCTCTTGGCAACATCCA 

DRIP 
ChIP 

 

PMA1 3´ up 
PMA1 3´ low 

ATCGCTATTTTCGCTGATGTTG 
CGGGCTTTGGAGAGTAAGGA Relative mRNA expression  

GCN4 3´ up 
GCN4 3´ low 

TTGTGCCCGAATCCAGTGA 
TGGCGGCTTCAGTGTTTCTA Relative mRNA expression  

ADH1 3´ up 
ADH1 3´ low 

TGGTCAAGTCTCCAATCAAGGTT 
CCAACGATTTGACCCTTTTCC Relative mRNA expression  
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18. PROTEIN ANALYSIS 

18.1. Yeast protein extraction by TCA (trichloracetic acid) 

For protein extraction, 10 ml of mid-log yeast culture were centrifuged and kept in ice. 

Pellets were resuspended in 200 µl of cold 10% TCA and 200 µl of glass beads,  and 

cells were broken by vortexing 7 times 20 seg each time at 4ºC. Supernatant was 

recovered and beads were washed twice with 200 µl of cold 10% TCA. Samples were 

centrifuged 10 min at 3000 rpm and supernatant discarded. The remaining pellet was 

resuspended using 100 µl of 2x Loading Buffer supplemented with protease inhibitors, 

50 µl of water and 50 µl of 1M Tris (not-adjusted pH). Prior to gel loading samples 

were boiled for 5 min and centrifuged 10 min at 3000 rpm at RT. 

 

2X Loading buffer: 62.5 mM Tris-HCl pH 6.8, 25% glycerol, 2% SDS, 0.01% water-

diluted Bromophenol Blue, 5% β-mercaptoethanol. 

Protease inhibitor: 1 mM PMSF, 66 µg/ml chymostatin. 

 

18.2. Human cells protein extraction 

Pellet of HEK293T or HeLa cells was collected using accutase, washed in cold PBS and 

resuspended in ice-cold lysis buffer (100 µl/1x106 cells) during 30 min on ice with 

occasionally gently pipetting up and down. The lysate was centrifuged 10 min at 

16000 g and the supernatant was transfer to a new tube. Prior to gel loading, 4X laemmi 

buffer was added to 1X final concentration and samples were boiled for 5 min. 

Lysis buffer: 10 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, pH 8, 0.5% 

(vol/vol) NP-40, 1 mM PMSF, and protease inhibitor cocktail. 

4X Lammeli buffer: 200 Mm Tris-HCl, 40% glycerol, 8% SDS, 0.4% Bromophenol 

Blue, 400 mM β-mercaptoethanol. 

 

18.3. SDS-PAGE 

Proteins were separated in 29:1 acrylamide:bis-acrylamide gels with concentrations 

appropriate to the molecular size of the proteins of interest or in 4-20% gradient SDS-

PAGE CriterionTM TGX TM Precast Gels (BioRad) and SDS-PAGE was performed 

according to previously described method (Laemmli 1970). Electrophoreses were 
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performed in a Mini-PROTEAN 3 Cell with Running Buffer at 100 V. Page RulerTM 

(Fermentas) was used as a protein marker. 

 

Runnig buffer: 25 mM Tris base pH 8.3, 194 mM glycine, 0.1% SDS buffer. 

 

18.4. Western Blot Analysis  

For Western blot, proteins were wet-transferred using Trans-Blot system (Biorad) for 

2 h at 400 mA in 1X Transfer Buffer with 20% methanol or o/n at 30 V in 1X Tris-

glycine Buffer at 4 °C.   

5X Transfer buffer: 6 g/L Tris base, 28.8 g/L glycine and 0.5% SDS. 

10X Tris-glycine buffer: 30 g/L Tris base, 143.2 g/L glycine pH 8.3. 

 

18.4.1. Non-fluorescent WB 

Proteins were transferred to a nitrocellulose membrane (Hybond-ECL, GE Healthcare). 

Membranes were blocked with 1X TBS - 0.1% Tween 20 - 5% milk or Blocking Buffer 

solution (ROCHE) for 1 h. Primary antibodies were incubated during 2 h at RT or o/n at 

4 °C in 1X TBS - 0.1% Tween 20 - 5% milk or Blocking Buffer solution. After 3 

washes of 10 min each one, membranes were incubated with the corresponding 

secondary antibodies conjugated with the horseradish peroxidase for 1h hour and 

washed again. Finally, SuperSignalR West Pico (Pierce) or Immobilon Western 

Chemiluminescent HRP Substrate (Millipore) was used for chemiluminescence 

detection depending on the expected strength of the signal. 

 

Blocking Buffer solution: 1% Blocking reagent (Roche), 0.05% Tween 20, 0.05 M 

Tris-HCl pH 7.5. A stock of 10% Blocking reagent was previously prepared  dissolving 

10 g of blocking reagent in 100 ml maleic buffer (0.1 M Maleic acid, 0.15 M NaCl, pH 

7.5 M adjusted with NaOH and autoclaved) with heat (50-60 °C) and shake. 

Wash solution: 1X TBS – 0.1% Tween 20. 
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18.4.2. Fluorescent WB 

A PVDF membrane with low fluorescence background (Inmobilon-FL, Millipore) was 

used. This membrane was first activated in methanol for 15 s and equilibrated in 

transfer buffer before the transference. Commercial Odyssey Blocking Buffer (LI-COR 

Biosciences) was used to block the membrane for 1 h at RT or o/n at 4 °C. Primary 

antibody was prepared to the appropriate dilution (see Table M1) in blocking buffer - 

0.1% Tween 20 and incubated for 2 h. Three washes of 10 min were performed with 1X 

TBS - 0.1% Tween 20 followed by incubation of 1 h with IRDye secondary antibodies. 

Finally, membranes where washed again 3 times, rinsed in 1X TBS and immediately 

scanned or left drying. Image acquisition was performed in an Odyssey CLx Imager 

(LI-COR Biosciences). 
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