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RESUMEN

Para la transmision fidedigna de la informacion genética es indispensable
preservar la integridad del genoma. Las células han desarrollado procesos
complejos altamente regulados que velan por la estabilidad del mismo, evitando
o resolviendo problemas que puedan comprometerla. La causa de dicha
inestabilidad genética no sélo radica en la accion de agentes genotdxicos
externos, sino también en aquellos derivados del propio metabolismo celular,
resultado de fallos en los propios procesos enddgenos de la célula como la
transcripcion, replicacion y recombinacion. La manifestacion de la inestabilidad
genética se presenta generalmente en forma de mutaciones y reordenaciones
cromosoOmicas, caracteristicas asociadas a la predisposicion a envejecimiento y

procesos tumorales.

Paraddjicamente, uno de los procesos mas esenciales para la
supervivencia de la célula, la transcripcion, puede constituir a su vez una de las
fuentes mas importantes de inestabilidad genética. Esto se debe principalmente
a la aparicion de ADN de cadena sencilla durante su desarrollo, que es mas
susceptible a danos que la doble cadena. Asimismo, la propia maquinaria de
transcripcion puede suponer un obstéaculo para otro proceso esencial en la célula
como es la replicacién, pudiendo derivar todo ello en un aumento de roturas y
recombinacion en el ADN. Durante la transcripcion, el ARN naciente puede
hibridar con la hebra molde de ADN, de manera que la hebra no transcrita se
mantiene en forma de cadena sencilla. Estas estructuras generadas se conocen
como bucles R (R loops) y estan compuestos por un hibrido de ADN-ARN vy la
cadena sencilla de ADN desplazada. Si bien se ha demostrado que los R loops
pueden desempefar importantes funciones fisioldgicas, cuando se forman o
acumulan de manera incontrolada pueden suponer una amenaza para la

integridad del genoma.

El ARNm naciente ha de ser correctamente empaquetado en forma de

ribonucleoproteinas mensajeras (mMRNPSs) para la elongacién de la transcripcion,
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la integridad y el procesamiento del ARNm, previo a su transporte al citoplasma.
Dicho ARNm, como sustrato potencial en la formacién de R loops, ha de ser
pertinentemente procesado, empaquetado y protegido para evitar que hibride
con el ADN molde. Es por ello que, durante su procesamiento, existen
numerosos factores que se unen al ARNm y contribuyen a proteger el genoma
de la formacion de R loops. En esta tesis nos hemos centrado en factores que
tienen un papel en la biogénesis de las mRNPs y en particular en la helicasa
UAP56/DDX39B perteneciente a la familia de helicasas DEAD/H box. Esta
proteina, ademas de desempefiar un papel en el acoplamiento del madurosoma
(spliceosome), interviene en la interfaz de la transcripcidn con la biogénesis y
transporte de mRNPs. En concreto, UAP56 interacciona con el complejo THO,
involucrado en la formacion de la mRNP, y promedia el transporte de la mayoria
de los mRNAs a través del reclutamiento del factor ALY/REF. El silenciamiento
de UAP56 genera una alta inestabilidad genética en las células. Esto se atribuye
a defectos en la formacion de la mRNP, pero se desconoce si este fenotipo esta

mediado por R loops.

En la presente tesis hemos querido profundizar en los mecanismos por
los cuales UAP56 contribuye al mantenimiento de la integridad del genoma.
Hemos corroborado que el silenciamiento de UAP56 causa inestabilidad
genética, determinada por un incremento de roturas en el ADN y descubierto
nuevos fenotipos asociados como defectos en la replicacion. Ademas, hemos
desvelado que tanto la inestabilidad como son los defectos en replicacién estan
mediados por R loops. En colaboracion con el laboratorio del Dr. Patrick Sung
en la Universidad de Yale, hemos descubierto que UAP56 es una helicasa de
ADN-ARN capaz de resolver R loops in vitro. In vivo, la sobreexpresion de
UAP56 suprime los fenotipos de inestabilidad mediados por R loops
caracteristicos de diversos mutantes, confirmando su actividad helicasa. Por
ultimo, hemos determinado en todo el genoma las regiones mas propicias a
acumular R loops y a donde se une preferentemente UAP56, asi como el

transcriptoma resultante del silenciamiento de UAP56.
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RESUMEN

Debido al creciente numero de estudios que relacionan el silenciamiento
de diferentes helicasas de la familia DEAD/H box con la acumulacién de R loops,
hemos comparado a nivel de todo el genoma los sitios de acumulacion de R
loops tras el silenciamiento de UAP56 y DDX5 para investigar siambas proteinas

presentan una actividad redundante.

Finalmente, hemos estudiado la contribucion del factor de transcripcion
Snail1 a la integridad del genoma. Tradicionalmente, el estudio de esta proteina
se ha enmarcado en el contexto de la transicién epitelio-mesenquima (EMT),
gracias a la cual las células epiteliales adquieren las caracteristicas propias de
las células mesenquimales como la pérdida de los contactos intracelulares e
interaccién con la membrana basal. Aunque, este proceso es esencial para el
desarrollo, se ha demostrado que se activa de manera anormal en los procesos
cancerosos. Su activacidon permite a las células adquirir una mayor capacidad de
invasion y metéastasis. Un factor crucial encargado de desencadenar el inicio de
esta transicibn es Snaill. En este trabajo hemos demostrado que el
silenciamiento de Snail1 causa inestabilidad genética y defectos en la replicacion
mediados por R loops. Estos datos son particularmente relevantes al sugerir que
pueda existir una posible conexion entre los R loops y la inestabilidad asociada

a cancer, dado el papel de Snail en determinados procesos cancerigenos.
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INTRODUCTION

1. GENOME INSTABILITY

Cells are able to maintain order in a disordered world due to a large extent to the
genetic information encompassed in the genome and stored in form of DNA
molecule. Since the prime objective for cells is to faithfully transmit this genetic
material in each cell division to its offspring, cells have developed a wide variety
of highly regulated coordinated processes to guarantee genome stability.
However, DNA is constantly assaulted by endogenous and environmental agents
that might propitiate genome changes. This paradoxical situation drives to
genetic variability, which although can have detrimental consequences, is also
the basis for evolution (Aguilera and Gomez-Gonzalez, 2008). Thereby, genome
instability can be a source of genetic diversity as is the case of immunoglobulin
diversification. Nonetheless, under certain circumstances such as the ones that
affect a proper DNA repair and/or replication, genome alterations can
compromise genome integrity leading to an increased genome instability, which
is a hallmark of aging, hereditary genetic diseases and cancer-related disorders
(Gaillard and Aguilera, 2016; Negrini et al., 2010).

Such changes in the genome can be the consequence of lesions in the
DNA generated by different sources of DNA damage, including endogenous
metabolites from cellular processes like transcription or replication, and
exogenous sources, such as external genotoxic agents. Indeed, DNA can
undergo distinct type of lesions that cover abasic sites, bases mismatch, DNA
adducts, inter- and intra-strand crosslinks, single-stranded DNA (ssDNA) gaps
and double-strand breaks (DSBs). Therefore, genome instability comprises
different form of mutations from point mutations to microsatellite contractions and
expansions and chromosomal changes, such as chromosome instability (CIN),
gross chromosomal rearrangements (GCRs), copy number variants (CNVs), loss
of heterozygosity (LOH) and hyper-recombination (Aguilera and Garcia-Muse,
2013).

To counteract this threat to genome integrity, cells have evolved several

systems based on the sensing and repair of DNA damages and coupling to the
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cell cycle to warrant proper cell proliferation or, alternatively apoptosis, which are

collectively termed DNA Damage Response (DDR) (Gaillard and Aguilera, 2016).

1.1. DNA damage response

The DNA damage response (DDR) is based on a complex signally network that
detects DNA damage and replication stress and orchestrates DNA repair and cell
cycle progression in order to counteract DNA damage. This system comprises a
wide variety of DNA repair mechanisms, given the diversity of DNA-lesion types.
The DDR signaling cascades are triggered by the recognition of specific DNA
lesions by sensor proteins such as the MRN (Mre11 Rad50 Nb1) sensor complex
that detects DSBs and RPA (replication protein A). These proteins signal the
accumulation of ssDNA generated during replication stress, which are sensed by
the ataxia telangiectasia mutated (Tel1/ATM) and ataxia telangiectasia and Rad3
related (Mec1/ATR) via its partner protein ATRIP (ATR-interacting partner) (as
named in yeast/humans), respectively. Afterwards, ATM/ATR phosphorylates
various proteins that trigger cell cycle progression arrest in coordination with DNA
repair pathways to preserve genome integrity (Sulli et al., 2012). Among them,
there are important mediators such as the histone variant H2AX, p53-binding
protein (53BP1) or BRCA1. The DDR signaling can be spread from the damage
locus thanks to the phosphorylation of the histone variant H2AX on Ser139
(known as yH2AX) by ATM/ATR or the activation of the downstream kinases
including the checkpoint kinases 1 and 2 (Chk1/CHK1 and Rad53/CHK2)
phosphorylated by ATR and ATM, respectively. Finally, all these complex
signaling pathways converge on downstream effectors such as p53 and the cell
division cycle 25 (CDC25) phosphatases. At the end, cells have different
alternatives: cell cycle can be arrested to permit DNA repair before proliferation
and cell cycle resumption or, if the DNA damage is persistent or irreparable, cell

apoptosis and senescence pathways can be activated (Sulli et al., 2012).

1.2. Replication
DNA replication is essential for genome duplication, and then, for transmission of

genetic information to the offspring. Each time a cell divides, only once during S

19



INTRODUCTION

phase, billions of nucleotides must be accurately copied in coordination with cell
cycle. For this purpose, replisomes are required to maintain an accurate rate
through the chromatinized DNA template and overcome different impediments
such as DNA lesions, torsional stress, non-B DNA structures or the transcription
machinery itself that can hamper replication fork (RF) progression (Gaillard et al.,
2015; Gomez-Gonzalez and Aguilera, 2019). However, these obstacles can alter
the proper function of the replisome leading to replication stress, which in turn
could drive to persistent RF stalling and then to, the collapse of the replication
machinery causing replisome disassembly, ssDNA gaps and DNA breaks
threatening genetic integrity (Aguilera and Garcia-Muse, 2013; Aguilera and
Gomez-Gonzalez, 2008; Kim and Jinks-Robertson, 2012). To counteract this
situation, cells have evolved refined mitotic and S phase checkpoint pathways

that ensure DNA integrity and chromosome transmission (Gaillard et al., 2015).

1.3. Transcription-associated genome instability

Gene expression encompasses different processes from transcription to the
proper processing of the messenger RNA (mMRNA), export and translation of that
RNA into a protein in the cytoplasm (Gaillard et al., 2013). During transcription
the two DNA strands separate locally within the RNA polymerase (RNAP) to form
the transcription bubble in which the RNAP uses one of the DNA strands as
template (transcribed strand) to generate a complementary RNA chain, forming
an RNA-DNA hybrid. Meanwhile, the non-transcribed strand remains unpaired as
ssDNA. Furthermore, transcription generates DNA topological changes and even
chromatin remodeling changes required to permit the movement of the
transcription machinery through the DNA (Selth et al., 2010). Numerous studies
from the last decades have revealed that transcription represent also a source of
DNA variability. Since any DNA lesions or secondary structure with the potential
to stall a DNA polymerase, could also block an RNA polymerase, transcription
has been found to be responsible for high levels of mutation (Transcription-
associated mutation, TAM) and recombination (Transcription-associated
recombination, TAR) (Gaillard and Aguilera, 2016).
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Genome instability associated with transcription can be adduced to several
factors. For instance, the transient exposure of a ssDNA after the RNAPII
passage increase its vulnerability toward mutagenic agents (Figure I1A). This is
consistent with previous reports showing a synergistic effect between the
transcriptional stated of a DNA regions and its susceptibility to DNA damaging
agents (Garcia-Rubio et al., 2003). Moreover, during this process the DNA is also
subjected to topological changes that nucleic acids must accomplish to allow the
movement of the transcription machinery, which leads to positive and negative
supercoiling ahead and behind the RNAPII, respectively. Such changes can
facilitate the transient formation of the ssDNA. This stretched ssDNA could be
damaged (Bermejo et al., 2009), but it can also facilitate the appearance of non-
B structures such as RNA-DNA hybrids (known as R loops when formed outside
the transcription bubble), hairpins, triplex DNA or G-quadruplexes (Figure 11B),
among others. All such structures that could lead to genome instability due to its
potential to block the replisome (Aguilera and Garcia-Muse, 2013; Gaillard and
Aguilera, 2016; Kim and Jinks-Robertson, 2012).

In other cases, the RNA itself can facilitate aberrant structures such as
RNA-DNA hybrids or R loops. For instance, if the nascent mRNA is not properly
packaged into a messenger ribonucleoprotein particle (mRNP), as in the case of
MRNA biogenesis mutant, it can invade the DNA duplex (Huertas and Aguilera,
2003)(Figure 11B). However, the mechanisms of TAR are not completely
understood. Since homologous recombination (HR) is the main pathway
responsible for repair of DNA breaks occurring preferentially during replication,
mounting evidence suggest that TAR is the consequence of transcription-
replication collisions which can cause RF collapse (Aguilera, 2002; Gaillard and
Aguilera, 2013; Garcia-Muse and Aguilera, 2016).

1.4. Transcription-replication conflicts
Since transcription and replication are crucial for cell survival and proliferation
and they use the same DNA as a template, collisions between both machineries

are unavoidable when both encounter each other at the same DNA region in
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certain occasions in prokaryotes and eukaryotes (Gomez-Gonzalez and Aguilera,
2019). These two processes are significantly different: whereas the RNA
polymerase embraces both DNA strands during transcription, the replicative
machinery uses two DNA polymerases embracing each one each ssDNA.
Furthermore, while several RNA polymerases can simultaneously transcribe the
same gene, replisomes always move alone once per cell cycle. Additionally, in
prokaryotes the fact that DNA replication and transcription exhibit different rates
(Helmrich et al., 2013) make these conflicts to occur often (Merrikh et al., 2012).
Therefore, how the replisome advance along the double-stranded DNA despite
the presence of the transcription machinery becomes an abiding question.
Moreover, as mentioned above, RNA polymerases are considered one of the
main impediments to the progression of the RFs (Bermejo et al., 2012;
Deshpande and Newlon, 1996; Liu and Alberts, 1995). And of utmost importance,
these encounters are prone to occur at transcribed sites driven by different
RNAPs (Gaillard et al., 2013; Gottipati et al., 2008; Prado and Aguilera, 2005)
representing a common issue for both prokaryotes and eukaryotes (Helmrich et
al., 2011; Prado and Aguilera, 2005).

In any case, these collisions that compromise genome integrity not always
require a physical contact between both machineries. Given that both processes
modify topology, chromatin organization and structure of the DNA, different
mechanism have arose by which transcription compromise genome integrity in a
replication-mediated manner (Gomez-Gonzalez and Aguilera, 2019). Even
though transcription-replication conflicts can be co-directional or head-on,
regardless the directionality of the conflict, replisomes are impeded to progress
through an RNA polymerase. However, experimental evidence suggests that

head-on collisions are more deleterious (Figure 11C) (Prado and Aguilera, 2005).
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Figure I1. Transcription-associated genome instability.

Transcription could compromise genome integrity by itself. (A) Local positive supercoiling ahead
the RNAPII and negative supercoiling behind it make the DNA more vulnerable to damage. (B)
Non B-structures such as R loops can emerge when the nascent RNA hybridizes with the
template DNA. Under circumstances with high level of R loops, as is the case of mMRNP biogenesis
mutants such as THO, the displaced ssDNA is more vulnerable to damage by genotoxins or
nucleases. (C) Transcription-replication collisions as a result of replication progression caused by
the RNA polymerase. If these encounters are head-on (if both machineries progress in the
opposite direction), they are more deleterious than when they are co-directional (both machineries
advance in the same direction). MCM, minichromosome maintenance complex; DNA pol, DNA
polymerase. Figure adapted from (Gaillard et al., 2013).

Cells have evolved different strategies to minimize the harmful impact of
such collisions. In bacteria, highly transcribed and essential genes are orientated
co-directionally with replication to avoid head-on collisions (Brewer, 1988). In the
human genome, this co-orientation bias is also present (Petryk et al., 2016).
However, the considerable complexity of eukaryotic genomes demand further
solutions. For instance, in budding yeast a RFB downstream of rDNA loci
prevents head-on collisions with the RNA polymerase | by blocking RF (Linskens
and Huberman, 1988). In general, transcription and replication in eukaryotic cells
have some spatial and temporal separation but some highly expressed genes

are transcribed during the S-phase (Wei et al., 1998). Interestingly, those
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mechanisms and factors that contribute to eliminate the RNAPII stalling also help
to suppress the consequences of these encounters. This is the case of the
RECQL5 DNA helicase, which decreases the elongation rate of the RNAPII

preventing its stalling (Saponaro et al., 2014).

2. RNA METABOLISM AND GENOME STABILITY

2.1. Transcription and RNA processing

In eukaryotic gene expression, the nascent pre-mRNA undergoes maturation by
processing factors and protein-packaging lead to an export-competent mRNP
particle apt to its translation in the cytoplasm. These mRNA processing steps
comprise 5’-capping, splicing and 3’-end processing. During these events,
numerous RBPs are loaded co-transcriptionally to the nascent RNA. The
processing steps and mRNP export are interlinked and they influence one
another’s specificity and efficiency but them are also tightly linked to transcription.
This fact allows the regulation of the process at different steps during transcription
and makes the composition of the mRNP a dynamic process (Bentley, 2014;
Proudfoot et al., 2002).

The first processing step that occurs when the RNA emerge from the
RNAPII is the addition of a cap structure to the 5’ end of all the mRNAs by capping
enzymes that binds to the phosphorylated Carboxy-Terminal Domain (CTD) of
the RNPII largest subunit. This initial structure is then recognized by the Cap
Binding Complex (CBC) (Figure 12). This first step initiates in the assembly of the
mRNP and is believed to play a major role in the stabilization of the mRNA and
required for further processes that occur on the mRNA molecule (splicing,
transcription termination export, nuclear mRNA decay, translation, non-sense-
mediated decay and decapping) (Aguilera, 2005a; Gonatopoulos-Pournatzis and
Cowling, 2014; Proudfoot et al., 2002)

Splicing is also an important step to which pre-mRNAs are subjected in

order to obtain a mature mRNP. The pre-mRNA is spliced by different splicing

factors that eliminate introns and join the remaining exons to obtain the mature
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MRNA. Splicing factors associate rapidly with the nascent RNA and introns are
removed co-transcriptionally, but some of them can be eliminated after
transcription (Kornblihtt et al., 2004). Splicing occurs in eukaryotes from yeast to
human. However, whereas introns in the budding yeast are scarce and the larger
part are found in ribosomal protein genes, In humans almost all RNAPII
transcribed genes contain introns (lzquierdo and Valcarcel, 2006; Shkreta and
Chabot, 2015). The splicing process is catalyzed by a dynamic ribonucleoprotein
structure called spliceosome, whose formation involves the stepwise assembly
of five uridine (U)-rich small nuclear ribonucleoproteins (snRNPs) (U1, U2, U4,
U5 and U6), along with many associated protein cofactors (Will and Luhrmann,
2011). The spliceosome recognizes short consensus sequences at the nuclear
pre-mRNA introns: the 5 splice site, the branch site and the 3’ splice site
(Gersappe et al., 1999). Nuclear pre-mRNA introns are removed by two
consecutive transesterification reactions that are necessary to excise introns and
join together the remained exons. Sequential assembly of the spliceosome
occurs by the ordered interaction of the spliceosomal shnRNPs and numerous
other splicing factors (Will and Luhrmann, 2011). In general, splice sites that are
more adjusted to the consensus sequence (“strong” splicing site) lead to
constitutive splicing and full usage of the site. However, those splice sites that
diverge from the consensus sequence (“weak” splice sites) are less efficiently
recognized and used leading to alternative splicing (Kornblihtt et al., 2013).
Alternative splicing is predominant in higher eukaryotes and permits the
production of multiple mRNA variants from a single pre-mRNA contributing to
transcriptomic and proteomic diversity. The selection of the final splice site is
regulated by diverse factors including members of the SR and hnRNP protein
families which bind to enhancers and silencers sequences, respectively.
Moreover, alternative splicing when occurred co-transcriptionally is also
regulated by a more complex process that involves the transcription machinery
(Kornblihtt et al., 2013). Indeed, RNAPII pausing at the 3’ end on yeast genes
have been shown to favor the co-transcriptional excision of introns, and vice
versa, splicing could also promote pausing in transcription (Alexander et al.,
2010).
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Other relevant step in gene expression is the 3’ end cleavage of transcripts
generated by RNAPII. This is an universal step that consists on the cleavage of
the nascent transcript and the acquisition of the poly(A) tail in the majority of
genes. This poly(A) tail is essential for stability, translocation to the cytoplasm
and translation of the transcripts. Thus, the 3’ end processing reaction requires
multiple protein factors that recognizes poly(A) signals on the nascent transcripts
and produce the endonucleolytic 3 end cleavage and the addition of a
polyadenylated tail. This step serves as a bridge in the network connecting
different transcription and other steps in the mRNP biogenesis. Indeed, 3’ end
polyadenylation factors and sequence elements of the poly(A) signal modulate
transcription termination and, in turn, transcription factors/activators affect
processing at the poly(A) signal. Indeed, a connection between 3’ end processing
and mRNP export are also linked. Accordingly, mRNPs that are not processed at
the 3’ end will be degraded or not transported efficiently to the cytoplasm (Millevoi
and Vagner, 2010).

Additionally, others RBPs binds co-transcriptionally to the nascent mRNA
and help in the formation of the mRNP, preventing its degradation and promoting
its export. The export competent mRNP are drive to the cytoplasm by the export
receptor factor NXF1/TAP-p15 (yeast Mex67-Mtr2) that interacts with
nucleoporins that form the nuclear pore complex (NPC). This complex operates
together with different adaptor proteins including proteins from the THO/TREX
and THSC/TREX2 complexes (Figure 12) (Kohler and Hurt, 2007)
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Figure 12. Co-transcriptional assembly of the mRNPs.

Illustration representing the co-transcriptional assembly of messenger ribonucleoprotein particles
(mRNPs) in mammalian cells. During transcription, the cap-binding complex (CBC) binds to the
7-methylguanosine (m’G) cap and facilitates splicing. The splicing and the binding of numerous
RNA-binding proteins occur co-transcriptionally. The recruitment of the THO/TREX complex is
mediated by the interaction with proteins of the CBC. The exon junction complex (ECJ) and
serine/arginine rich (SR) proteins contribute to mRNP biogenesis and export. After cleavage and
polyadenylation, THO/TREX and other export adaptor factors recruit the RNA export receptor
NXF1 to permit efficient nuclear export through the nuclear pore. 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 1, 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).

2.2. THO/TREX as a paradigm of the connection between RNA

metabolism and genome integrity
After the diverse mRNA processing steps, the mRNP is mature and ready for

nuclear export. Initial studies in S. cerevisiae about the mRNA export pathway
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allowed the identification of the key components of this machinery (Aguilera,
2005a; Reed and Cheng, 2005; Reed and Hurt, 2002; Vinciguerra and Stutz,
2004). These include THO/TREX, a conserved eukaryotic complex involved in
transcription elongation and RNA export that contributes to the mRNP
biogenesis. In this interface, the THO complex associates with a number of RBPs
including the DEAD-box RNA helicase UAP56/DDX39B (yeast Sub2) or the
mRNA export adaptor protein ALY/REF (yeast Yral) in a supramolecular
structure termed TREX (Transcription-Export) coupling transcription and export
(Cheng et al., 2006; Jimeno et al., 2002; Masuda et al., 2005; Strasser et al.,
2002).

Yeast THO/TREX mutants present mRBNA export defects, transcription-
elongation impairment and transcription-dependent-hyper-recombination
phenotypes (Aguilera and Klein, 1990; Chavez et al., 2000; Jimeno et al., 2002;
Piruat and Aguilera, 1998). This is explained by the formation of a suboptimal
mRNP, which can impair transcription elongation and cause genome instability,
all of which may be explained by an increase in the R loop accumulation (Huertas
and Aguilera, 2003). Since THO contributes to the co-transcriptional formation of
export-competent mRNP (Rondon et al.,, 2010), THO mutants increase the
possibility to hybridize back to the DNA template during transcription due to an
improper mRNP assembly (Aguilera, 2005b). Accordingly, THO-mutant
phenotypes in yeast can be suppressed by the overexpression of specific RNA-
binding proteins such as Sub2 (human UAP56) or Tho1. Thereby, yeast and
human cells deprived of THO exhibit strong transcription- and R loop dependent
genome instability phenotypes that are accompanied by altered RF progression
(Dominguez-Sanchez et al., 2011; Gomez-Gonzalez et al., 2011; Wellinger et al.,
2006).

Moreover, genome-wide studies in yeast pointed that THO/TREX complex
is recruited to the active transcribed chromatin (Gomez-Gonzalez et al., 2011). In
this line, recent work in our laboratory has shown a physical and functional

connection between THO complex and the histone deacetylase mSin3A co-
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repressor complex to suppress co-transcriptional R loops, DNA damage and
replication impairment. Thus, THO may also play a key role in promoting local
and transient chromatin closing via mSin3A to prevent harmful RNA-DNA hybrids

(Salas-Armenteros et al., 2017).

This connection between RNA metabolism and genome integrity has been
extended to other factors. These involved different RNA nuclear processes which
are also associated to genome instability. Among them, there have been found
proteins with a role in splicing as is the case of SRSF1 (Li and Manley, 2005),
mMRNA 3’ end processing and degradation factors such as Trf4, Rrp6 and FIP1L1
(Gavalda et al., 2013; Luna et al., 2005; Stirling et al., 2012) or helicases such as
SETX/Sen1, DDX19 and DDX23 (Hodroj et al., 2017b; Skourti-Stathaki et al.,
2011; Sridhara et al., 2017).

2.3. DEAD-box RNA helicases and genome integrity

In the last years, there has been an emerging interest in the role of different
helicases in the maintenance of genome integrity. Helicases are nucleic acid—
dependent ATPases capable of unwinding DNA or RNA duplex substrates. They
play roles in almost every process involving nucleic acids, including DNA
replication and repair or transcription (Singleton et al., 2007). Among them, the
DEAD/H box family is the largest family of superfamily 2 helicases, which in turn
comprehends two groups: the DEAD-box group with 44 members and the DEAH-
box family with 15 proteins. The majority of these helicases use ATP to bind or
remodel RNA and RNA-protein complexes and for this reason, they are involved
in nearly all aspects of RNA metabolism, from transcription and translation to
MRNA decay. These proteins are characterized by the presence of an Motif/Motif
Il, D-E-A-D (asp-glu-ala-asp) or D-E-A-H (asp-glu-ala-his), which inspired the
name of the family (Linder and Jankowsky, 2011). Hence, DEAD-box proteins
can act as RNA chaperones (unwinding and refolding of RNA (Jarmoskaite and
Russell, 2014; Putnam and Jankowsky, 2013). Importantly, emerging evidence
suggest that these helicases are involved in genome instability and cancer onset

since mutations in many of them lead to the appearance of such phenotypes (Cai
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et al., 2017; Fuller-Pace, 2013; Sarkar and Ghosh, 2016). Interestingly, these
features are linked to R loop imbalance in the cases of DHX9 (Cristini et al.,
2018), DDX1 (Li et al., 2016) DDX23 (Sridhara et al., 2017), DDX21 (Song et al.,
2017) or DDX19 helicases (Hodroj et al., 2017a), among others.

2.3.1. The helicase DDX5/DBP2

Human DDX5/p68 (yeast Dbp?2) is one of the prototypic members of the DEAD
box family of RNA helicases (Ford et al., 1988). It was initially identified due to its
cross-reactivity with an antibody generated against the simian virus (SV40) large
T antigen (Lane and Hoeffler, 1980). DDX5 and the highly related protein
DDX17/p72 (Lamm et al., 1996) are RNA-dependent ATPases and ATP-
dependent RNA helicases. Both proteins share 90% identical central core but
with different N- and C-termini. DDX5 presents the characteristic “helicase core”
divided into two flexibly linked RecA-like domains, which are critical for RNA
binding, ATP binding and hydrolysis, and intermolecular interactions. (Dai et al.,
2014). Moreover, human DDX5 possesses 10-fold higher unwinding activity than
Dbp2, partially due to the presence of a mammalian specific C-terminal extension
(Xing et al., 2017). DDX5 and DDX17 have been shown to function in multiple
cellular processes, in most cases as RNP chaperones (Figure 13). However,
despite these proteins being predominantly nuclear, different reports have shown
that DDX5 is a nucleocytoplasmic shuttling protein (Iggo et al., 1991; Wang et
al., 2009).

DDX5/Dbp2 act in multiple steps of RNA metabolism. It is involved in the
regulation of transcription through IncRNAs (Wongtrakoongate et al., 2015;
Zhang et al., 2016); mRNP processing, being required for the spliceosome
assembly and alternative splicing (Dardenne et al., 2014; Wang et al., 2016), and
MRNP export. Curiously, DDX5 co-immunoprecipitates with the export factors
ALY and TAP (Zonta et al., 2013) and likewise Dbp2 in S. cerevisiae genetically
interacts with Yra1l and Mex67 (Ma et al., 2016). In addition to these roles, it has
also been proposed to be involved in the regulation of the mRNA levels in the

nonsense-mediated decay, an RNA surveillance pathway that targets a selection
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of mRNAs for degradation (Geissler et al., 2013; Lykke-Andersen and Jensen,
2015), and of microRNA processing, which are non-coding RNAs that target
mRNAs for silencing (Gregory et al., 2004; Ha and Kim, 2014), and they also are
involved in ribosome biogenesis (Saporita et al., 2011). DDX5 also acts as a
transcriptional co-factor to activate transcription, as is the case of MyoD (Caretti
et al., 2006), Snail1 (Carter et al., 2010) or p53 (Bates et al., 2005). (Figure 13).
Finally, recent reports have also uncovered broader effects of DDX5 in glucose
metabolism and carcinogenesis (Mazurek et al., 2014; Xing et al., 2017) through
the regulation of gene expression. The importance of DDX5 in tumor
development is also provided by the fact that its overexpression is well
established in breast cancer (Wortham et al., 2009). Therefore, it has been
proposed that the multiple roles in which DDX5/Dbp2 is found to intervene are
dictated by the wide range of RNA targets acted on by DDX5/Dbp2 (Xing et al.,
2019).
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Figure 13. DDX5/Dbp2 functions as a RNP chaperone.

DDX5/Dbp2 (orange circle, “DEAD”) participates as a RNP chaperone in multiple processes such
as alternative splicing, the regulation of IncRNA activities, mRNA export, miRNA processing,
nonsense mediated decay (NMD) and ribosome biogenesis. Adapted from (Xing et al., 2019).
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2.3.2. The helicase UAP56/DDX39B: a key player in mRNP biogenesis

The DEAD-box helicase UAP56/Sub2 is a conserved RNA-dependent ATPase
and ATP-dependent RNA helicase discovered through its interaction with the
human splicing factor U2AF65 (Fleckner et al., 1997). Human UAP56 comprises
the minimal helicase core with two canonical RecA-like helicase domains
connected with a flexible liner (Figure 14). The N-terminal domain contains the
conserved helicase motifs IV, motifs Q, I, la, GG, Ib, I, and lll, whereas the C-
terminal domain contains helicase motifs IV, QXXR, V, and VI. (Shi et al., 2004;
Zhao et al., 2004). Structures of several DEAD/H-box proteins and other
helicases have shown that Lys in motif | (GKT) interacts with the phosphate group
of ATP and is important for ATP binding (Sengoku et al., 2006; Shi et al., 2004).
The Glu in motif Il (DEAD) has been postulated to be the key catalytic residue
that activates a water molecule to hydrolyze ATP in DEXD/H-box proteins and
other helicases (Cordin et al., 2006; Sengoku et al., 2006).

“N-terminal - C-terminal

Figure 14. Human UAP56 structure.

Picture represents both N-terminal and C-terminal domain joined by the flexible linker (black line).
Conserved helicase motifs are mapped on the structure in different colors. Adapted from (Zhao
et al., 2004)

Specifically, UAP56 plays a role in splicing by facilitating the unwinding of
U4/U6 snRBNA duplex and it is also required for the first ATP-dependent
spliceosome assembly step (Fleckner et al., 1997; Shen et al., 2008). UAP56 is
also essential for the export of the majority of mRNAs from the nucleus to
cytoplasm in D. melanogaster, S. cerevisiae, C. elegans and human (Herold et
al., 2003; Kapadia et al., 2006; Luo et al., 2001; MacMorris et al., 2003). It recruits

the mRNA export factor ALY to the intron-containing and intron-less pre-mRNAs.
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In the first case, UAP56 remains as part of the exon junction complex (EJC) and
couples splicing and mRNA export. In the second scenario, UAP56 and ALY
together with the THO complex patrticipate in the export of bulk mRNAs through
the interaction with the NXF1 complex linking the nascent mRNA to its export
factors, which allow translocation to the NPC (Strasser et al., 2002). UAP56/Sub?2
is not an integral part of THO (Chavez et al., 2000; Pena et al., 2012) (Figure 15).
However, it displays an important role in the assembly of the TREX complex by
mediating the ATP-dependent interaction of CIP29, Aly, PDIP3 and ZC11A with
THO complex (Dufu et al., 2010; Folco et al., 2012; Sugiura et al., 2007). The
TREX components Aly and Chtop stimulate the UAP56 helicase activity and are
recruited to mRNAs by UAP56 (Chang et al., 2013). UAP56/Sub2 is the most
abundant protein of the THO/TREX complex (Heath et al., 2016). Interestingly,
an additional UAP56-related helicase called URH49/DDX39A is also present in
humans (Pryor et al., 2004). This protein shares 90% amino acid sequence
homology with UAP56. Both proteins, UAP56 and URH49, are able to
complement Sub2 deletion and interact with the Yra1 adaptor in yeast. However,
URH49 has been found to bind preferentially to CIP29 (yeast Tho1) in what it is
believed to be a novel complex called AREX (alternative mRNA export complex)
(Yamazaki et al., 2010).
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Figure 15. Role of UAP56 in transcription and nuclear export.

During transcription, the THO complex associates with the RNAPII travelling along the entire
transcribed region. UAP56 and Aly associate with the 3’-end of the gene forming the active TREX
complex. Thanks to the UAP56 helicase activity, different proteins could be transferred to the
mRNAs. Afterwards, the Tap-p15 heterodimer recognizes the mRNAs through Aly facilitating the
formation of an export competent mMRNP. Finally during or after release from genes locus, mRNPs
can be subject to more rearrangements prior its translocation through the nucleopores and its
following translation in the cytoplasm.
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In yeast, Sub2 is involved in multiple stages of mMRNA maturation and its
inactivation leads to non-productive spliceosome assembly (Kistler and Guthrie,
2001; Libri et al., 2001), decreased polyadenylation efficiency and mRNA
instability (Rougemaille et al., 2008; Saguez et al., 2008). Therefore, this RNA
helicase seems to play a chaperone role in the process of assembly of the mRNP
(Saguez et al., 2013). In addition, Sub2 also plays a role in the maintenance of
genome instability since mutations of SUBZ2 lead to hyper-recombination
phenotype, whereas Sub2 overexpression partially suppresses the growth-defect
and hyper-recombination phenotypes associated to the hpr1A mutants of the
THO complex (Jimeno et al., 2002). In human cells, UAP56 depletion leads to
MRNA export defects and a strong genomic instability phenotype (Dominguez-
Sanchez et al.,, 2011). Altogether, these findings suggest a double role of
UAP56/DDX39B in mRNP biogenesis/export and the maintenance of genome,

as it seems to be also the case of THO.

3. R LOOPS AS A SOURCE OF GENOME INSTABILITY

Co-transcriptional R loops represent one of the elements that contributes to
exacerbate the negative impact of transcription and transcription-replication
conflicts on genome integrity. These three-stranded-structures are the result of
the hybridization of the nascent RNA with the transcribed DNA strand, leading

the complementary strand as ssDNA (“thread-back” model). (Figure 16).
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Figure 16. R loop structure.
R loops are the resulting structures formed by a RNA-DNA hybrid and the displaced ssDNA.
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3.1. R loops as a cellular regulators

RNA-DNA hybrids occur naturally during transcription and replication. Despite
their well-known localization at the active site of the RNA polymerase at the
transcription bubble or during lagging-strand synthesis (Aguilera and Garcia-
Muse, 2012), they have also found around DSB sites regulating the strand
resection process (Ohle et al., 2016). Similarly, reports have widely described
transient programmed R-loops with a role in different physiological processes
such as E. coli plasmid replication (Kogoma, 1997), mitochondrial DNA
replication (Xu and Clayton, 1996), or immunoglobulin (lg) class-switch
recombination in the B-cells (Yu et al., 2003). Strikingly, recent reports have also
shown the implications of R loops in suppression of chromosome instability
through R loop-driven ATR pathway that acts at centromeres and promotes

faithful chromosome segregation (Kabeche et al., 2018).

R loops are formed in multiple regions of the eukaryotic genomes, such as
the ones transcribed by RNA polymerases I, Il and Il (El Hage et al., 2010; Tran
et al, 2017). Furthermore, at RNAPIl-transcribed genes, genome-wide
approaches have provided evidence showing that the R loops are preferentially
found at promoters of genes enriched in CpG island showing a strong GC skew
(Chen et al., 2017; Dumelie and Jaffrey, 2017; Ginno et al., 2012; Nadel et al.,
2015; Sanz et al., 2016). At promoters, it has been shown that R loops may assist
transcription by suppressing DNA methylation (Ginno et al., 2012; Grunseich et
al., 2018) and by influencing the binding of chromatin remodelers. On one hand,
in mouse embryonic stem cells (MESCs) R loops inhibit repressive chromatin-
modifying enzymes and recruit activating chromatin-remodeling complexes such
as Tip60-p400 to favor differentiation genes (Chen et al., 2015). On the other
hand, R-loops can impede transcription-factor binding as occurred in the case of
the human vimentin gene (Boque-Sastre et al., 2015). This dual situation may
reflect the capacity of R loops in regulating gene expression through multiple

context-dependent mechanism (Crossley et al., 2019).
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Importantly, R loops have also been found to be enriched at the 3’ end of
some mammalian genes where they are supposed to mediate efficient
transcription termination (Skourti-Stathaki et al., 2011). R loops can hamper
transcription and it could be used as an initial pause signal to slow down RNAPII
that would facilitate the co-transcriptional splicing process or the correct
termination and polyadenylation of the nascent mRNA (Proudfoot, 2016; Wahba
et al., 2016). Thus, these findings suggest that R loops might play regulatory roles
such as the control of the gene expression through epigenetic mechanisms or by
transcriptional interference (Chan et al., 2014; Ginno et al., 2012; Wahba et al.,
2016). Importantly, despite their important regulatory roles, they can also hinder
RF progression and may also occur when R loops interfere with productive

transcription.

3.2. Rloops as genomic threats

3.2.1. Structural R loop-mediated genome instability

Given its structure and effects, R loops constitute a putative threat to genome
stability. As said above, the formation of a RNA-DNA hybrid and the concomitant
displacement of the ssDNA drive to a major exposure the DNA strand, which is
more mutagenic than dsDNA. This could lead to SSBs, that if remaining
unrepaired might block RF progression and could lead to DSB formation (Figure
I7A). The ssDNA can be object of the action of different mutagenic agents or
DNA-modifying enzymes, as it is the case of the human activation-induced
cytidine deaminase (AID) (Figure 17A), which participates in immunoglobulin
class switching recombination and somatic hypermutation in mammalian
activated B cells (Chaudhuri and Alt, 2004). However, the action of AID is not
restricted to such genes and it could act over other transcribed genes, particularly
when R loops accumulate at high levels, as it occurs in THO yeast mutants
(Gomez-Gonzalez and Aguilera, 2007). In addition, R loops can also promote
hypermutation by non-canonical replication that arises when the R loop is used
as a primer, as described in E. coli (Kogoma, 1997) or in the rDNA region of yeast
deprived of Top1 and RNase H enzymes (Stuckey et al., 2015). Furthermore, the

ssDNA is also more predisposed to generate non-B DNA structures which could
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also be an impediment for the replisome (Aguilera, 2002). Due to this fact, an

increase in R loops would lead to a hypermutation phenotype.

R loops can also alter transcription. Excessive pausing, arrest or
backtracking of RNP can lead to transcription stress (Saponaro et al.,
2014).Hybridization between the nascent RNA and the DNA template strand
within an R loop could destabilize the transcription complex, that could render the
RNAP prone to blockage at randomly-occurring weak pausing/termination mode.
Indeed, R loops have been shown to become obstacles for RNA polymerase
progression in vitro (Tous and Aguilera, 2007) and in vivo (Bonnet et al., 2017;
Lang et al., 2017) Although it is not clear whether problems with transcription
derive from a RNAP stalled with the R loop or whether the R loop by itself act as

a barrier to upstream polymerases.

3.2.2. R loops and replication stress

Since the most prevalent source of R loop-dependent DNA damage seems to
take place during S phase (Gan et al., 2011; Wellinger et al., 2006), R loops are
supposed to exacerbate transcription-replication conflicts. There is a large body
of work that has provided a mechanistic connection between recombination and
replication-stress induced by R loops. The DSB repair factor and tumor
suppressor BRCA2 and other members of the Fanconi Anemia pathway, which
act at RF, have been shown to suppress R loops to prevent damage arising from
these conflicts (Bhatia et al., 2014; Garcia-Rubio et al., 2015; Hatchi et al., 2015;
Schwab et al., 2015). Indeed, reports indicate that head-on conflicts are more
deleterious than codirectional encounters (Prado and Aguilera, 2005).
Accordingly, recent studies show that R loop levels are also affected by the
orientation of the conflict (Hamperl et al., 2017; Lang et al., 2017). This suggests
that head-on formed R loops blocked replication and can result in DNA breaks
and in the end, genome instability and chromosome fragility (Figure 17B)
(Aguilera and Garcia-Muse, 2012; Zeman and Cimprich, 2014). Evidence from
yeast to human cells corroborate this idea. RF progression defects are detected

in several R loop-accumulating cells by different techniques as 2D-gel
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electrophoresis, DNA combing or the recruitment of the Rrm3 DNA helicase
(Gomez-Gonzalez et al., 2011; Herrera-Moyano et al., 2014; Salas-Armenteros
et al., 2017; Tuduri et al., 2009; Wellinger et al., 2006).

From the mechanistic point of view, these differences between co-
directional and head-on R loop might be based on the fact that RNAP can remain
attached to the template, impeding the access of the replicative helicases to the
R loop at head-on collisions. Conversely, in co-directional conflicts the replisome
itself may unwind hybrids. However, the mechanism by which R loops block RF
is still unclear. On one hand, RNA-DNA hybrids can retain the RNAP or recruit
proteins that constitute a barrier. On the other hand, R loops can promote positive
superhelicity accumulation between head-on transcription-replication conflicts or
even it could be possible that the impediment is not the RNA-DNA hybrid by itself
but the compacted chromatin structure induced by it (Castellano-Pozo et al.,
2013; Garcia-Pichardo et al., 2017; Rondon and Aguilera, 2019) .

3.2.3. Chromatin modifications

Recent finding suggests that epigenetic mechanisms can act to regulate R loop
homeostasis. Chromatin acetylation has been proposed to influence the R loop
formation. A hyper-acetylated state of the chromatin could lead to a more opened
and relaxed structure that would theoretically facilitate the probability of R loop
generation. In human cells, it has been shown that depletion of the histone
deacetylase mSin3a complex or the acetyltransferase MOF leads to an
accumulation of R loops and genome instability (Salas-Armenteros et al., 2017;
Singh et al., 2018). In addition, the treatment with histone deacetylase inhibitors
such as trichostatin A (TSA) boosted a major acetylated state of the chromatin

and R loop accumulation (Salas-Armenteros et al., 2017).

However, the accumulation of aberrant R loops is linked to
heterochromatin and chromatin condensation marks in yeast, C. elegans and
human cells. Specifically, depletion of the THO complex or the helicase

SETX/Sen1 triggers an accumulation of histone H3 serine 10 phosphorylation
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(H3S10-P) in yeast and human cells, a mark of chromatin condensation
(Castellano-Pozo et al., 2013). Given that replisomes have difficulties to advance
through a condensed chromatin (Castellano-Pozo et al., 2012b; Castellano-Pozo
et al., 2013; El Achkar et al., 2005), it is logical to speculate about the role of
chromatin condensation as a cause of RF stalling and genome instability
mediated by R loops (Figure 17C) (Castellano-Pozo et al., 2013). Another piece
of evidence linking chromatin with R loops is the FACT complex, necessary for
the proper DNA replication and whose deprivation leads to an increase in R loops
and genomic instability in yeast and human cells (Herrera-Moyano et al., 2014).
Interestingly, recent studies in yeast have identified specific histone mutants that
accumulate R loops without compromising genome integrity. This fact suggests
that R loops may not generate DNA damage by themselves. Instead, it would
require a subsequent chromatin-remodeling step connected to chromatin
compaction that includes H3S10-P to cause genome instability (Garcia-Pichardo
et al., 2017). Subsequent studies have also shown the H3S10-P accumulation at
centromeres together with R loops and ATR, supporting the link between R loops
and H3S10-P in these regions (Kabeche et al., 2018).
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Figure 17. R loop-mediated genome instability.

R loops by themselves constitute a major source of genome instability. (A) R loop formation
implies an increase in the exposition of the ssDNA, which is more sensible to suffer assaults from
genotoxins or enzymatic activities such as AID. This could lead to DNA lesions such as base
damage (red star) or ssDNA gaps, which can hamper RF progression leading to genome
instability. (B) R loops by themselves could constitute an impediment for replication facilitating
transcription-replication collisions. (C) Chromatin compaction after R loop formation could also
hamper replication. Definitely, R loops could constitute a major barrier for RF progression and
lead to fork stalling, subsequently fork collapse and breakage, leading to genome instability.
Adapted from (Gaillard and Aguilera, 2016).

3.3. Mechanisms and elements involved in R loop prevention

As we previously indicated, R loops can occur naturally in cells. They are
regularly generated over a large part of the genome (Chedin, 2016).
Consequently, R loop homeostasis need to be regulated. For this purpose, cells
have evolved different protection mechanisms and factors to overcome the R-
loop formation and mitigate their harmful effect if deregulated (Santos-Pereira
and Aguilera, 2015; Skourti-Stathaki and Proudfoot, 2014). In general, these
factors are classified in two categories: those that prevent R loops formation
(topoisomerases and mRNP biogenesis) and those which remove R loops once

formed (ribonucleases, helicases and others).
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3.3.1. Topoisomerases

During transcription, local topological changes need to be controlled since the
accumulation of negative supercoils behind the RNAP is thought to facilitate R
loop formation. Topoisomerases can relax negative supercoiling and prevent R
loop accumulation. This has been observed in bacteria where the growth defect
of topA mutants, defective in Top1, are rescued by RNase H1 overexpression
(Drolet et al., 1995), and in yeast, in which top1 and fop2 mutants present R loop
accumulation at the rDNA locus (El Hage et al., 2010), and human cells, where
TOP1-deficient cells show DNA breaks at active genes, replication defects and
R loop accumulation that are suppressed by RNase H1 overexpression (Manzo
et al., 2018; Tuduri et al., 2009).

3.3.2. mRNP biogenesis

The nascent mRNA is considered other important element that is target of the R
loop prevention mechanisms, since deficiencies in the assembly of the
messenger ribonucleoparticle (mMRNP) can prompt to R loop formation.
Eukaryotic gene expression is a tightly coupled process where transcription and
MRNA processing need to be coordinated for the export of a functional mMRNP.
During this process, RNA-binding proteins (RBPs) associate with the nascent
MRNA, contributing to the conformation of a correctly packaged and coated RNA
molecule and thus, preventing its hybridization with the DNA template and R loop
formation (Rondon et al., 2010). Evidence considering co-transcriptional R-loops
as a source of genome instability were first shown in yeast cells where the
absence of the yeast THO/TREX complex lead to hyperrecombination and
instability phenotypes (Huertas and Aguilera, 2003). This complex binds to the
nascent mMRNA and ensure its assembly into a proper mRNP to be efficiently
exported. Remarkably, the role of this complex seems to be conserved since
deficient cells of yeast, C. elegans and human exhibit analogous transcription
and mRNA export effects, as well as R loop-mediated genome instability
(Castellano-Pozo et al., 2012a; Chavez and Aguilera, 1997; Dominguez-Sanchez

et al., 2011; Gomez-Gonzalez et al., 2011; Huertas and Aguilera, 2003).
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Later on, many other transcription factors involved in R loop prevention
have come to light. For instance, the human serine/arginine-rich splicing factor 1
(SRSF1) gene involved in splicing and mRBRNA export also prevents R loop
formation (Li and Manley, 2005). In addition, the mRNAs half-life is another target
to prevent R loop formation, as is the case of the Trf4 (polyadenilation
polymerase) component of the TRAMP complex (Gavalda et al., 2013) or the
human exosome components EXOSC3 and EXOSC10 (Pefanis et al., 2015)
(Figure I8A). In fact, many global and specific studies have uncovered more
elements related with RNA metabolism that have a role in R loop prevention
(Chan et al., 2014; Paulsen et al., 2009; Stirling et al., 2012; Wahba et al., 2011).
Consequently, these findings have evidenced that almost every defective RNA
processing function can lead to R-loop accumulation, strengthening the

importance of the RNA protection to guarantee genome integrity.

3.3.3. Ribonucleases, helicases and others

Since R loops are dynamic and reversible structures, when formed, they can be
removed by different mechanisms that prevent their long-live and accumulation.
R loops can be directly resolved by RNase H enzymes: RNase H1 (monomeric)
and RNase H2 (three subunits in eukaryotes). Despite their different composition
and specialized roles, both proteins are able to degrade the RNA moiety of an
RNA-DNA hybrid (Cerritelli and Crouch, 2009; Skourti-Stathaki and Proudfoot,
2014). However, RNase H1 is considered to be the key player in eliminating co-
transcriptional R loops (Chon et al., 2013) and its overexpression is continuously

used to suppress R loop-dependent genome instability phenotypes.

Additionally, R loops can be removed by RNA-DNA helicases which
unwind the RNA-DNA hybrids. One well-studied example is the helicase
senataxin SETX (Sen1 in yeast). This protein and others such as DHX9 are
proposed to unwind R loops, specially at transcription termination pause sites
(Cristini et al., 2018; Mischo et al., 2011; Skourti-Stathaki et al., 2011). Thus, after
the unwinding of the RNA-DNA hybrid, the nascent RNA is exposed for its
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degradation by exonucleases such as XRN2, leading to termination.
Subsequently, absence of either of these factors results in R loop accumulation
and altered termination (Cristini et al., 2018; Skourti-Stathaki et al., 2011). In this
context, the human RNA helicase aquiarius (AQR) protein, which belongs to the
same family as SETX, has been also suggested to have a role in R loop resolution
since its depletion lead to an R loop accumulation phenotype (Sollier et al., 2014)
(Figure 18B).
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Figure 18. Action to prevent or resolve R loop accumulation.

(A) R loop control can occur at different steps during transcription. On one hand, topoisomerases
(TOP1) avoid supercoiling accumulation that could facilitate R loop formation. On the other hand,
specific RNA-binding proteins acting at different steps of RNA metabolism from RNA biogenesis
(THO complex, UAP56, SRSF1 and Pcf11) to RNA surveillance (including the exoribonucleases
exosome component 3 (EXOSC3) and EXOSC10 (Rrp40 and Rrp6 in yeast, respectively) and
the TRAMP complex prevent the RNA to hybridize back with DNA. (B) R loop removal could be
achieved by different mechanisms. RNase H1 and RNase H2 both recognize RNA-DNA hybrids
and degrade the RNA moiety. Moreover, helicases such as SETX/Sen1 in human and yeast, Rho
in bacteria and putative ones such human aquarius (AQR) could unwind R loops. Adapted from
(Santos-Pereira and Aguilera, 2015).

There are other factors that normally resolve other forms of stresses that
might indirectly help resolve R loops. For instance, the transcription-coupled
nucleotide excision repair (TC-NER) factors can help process R loops (Shivji et
al., 2018; Sollier et al., 2014; Yasuhara et al., 2018). Although the mechanism
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involved is not completely understood, it is proposed that TC-NER nucleases
XPG and XPF could excise R loops, leaving a ssDNA gap that could progress to
a DSB (Sollier et al., 2014). Importantly, the breast cancer susceptibility factors
BRCA1 and BRCAZ2 have also been found to help resolve R loops (Bhatia et al.,
2014; Hatchi et al., 2015; Shivji et al., 2018). Generally, as both factors associates
with RNAPII, they are able to suppress R loop-mediated transcriptional stress by
promoting elongation and resolving R loops (Shivji et al., 2018; Zhang et al.,
2017). It is known that BRCA1 recruits the helicase SETX to remove R loops at
termination sites. Fanconi Anemia factors or the FACT chromatin reorganizing
complex involved in RF progression also help prevent R-loop accumulation and
R loop-mediated genome instability at transcription-replication conflicts (Figure
19) (Garcia-Rubio et al., 2015; Herrera-Moyano et al., 2014).
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Figure 19. Multiple factors involved in R loop-mediated T-R conflicts.

R loops and R loop-mediated chromatin compaction can hamper RF progression. In addition to
the already mentioned RNase H and SETX, which can be recruited by BRCA1 to R loop sites,
there are other factors implied in R loop resolution under these circumstances. For instance,
BRAC2, TC-NER factors and potentially other Fanconi anemia (FA) proteins or the FACT
chromatin-reorganizing complex can help to counteract this situation.

3.4. Techniques to detect R loop accumulation

Direct detection of R loop have relied on the use of the S9.6 monoclonal antibody,
which recognizes RNA-DNA hybrids. However, the suspicion of the lack of
specificity of this antibody has always been a concern. Indeed, recent reports
have demonstrated its ability to bind also to dsRNA (Hartono et al., 2018; Silva
et al., 2018). As a consequence, other indirect strategies have been performed
to demonstrate the existence of R loop accumulation, including the suppression
of R loop-dependent phenotypes by RNase H overexpression. In particular,

RNase H1 presents a hybrid-binding domain (HBD) in the N-terminus (Nowotny

44



Tesis doctoral-Carmen Pérez Calero

et al., 2008), whereas the RNase H2 main activity is to cleave a single
ribonucleotide embedded in the DNA duplex (Eder et al., 1993). The combination
of both strategies using the S9.6 and the subsequent overexpression of RNase
H to suppress the R loop-dependent phenotype has served to overcome the S9.6
limitations. In addition to S9.6 immunofluorescence (IF) or DRIP (DNA-RNA
hybrid immunoprecipitation), numerous techniques have been applied for
genome-wide detection of R loops using the S9.6 antibody such as DRIP followed
by sequencing (DRIP-seq) (Ginno et al., 2012) or the most accurate DRIP
followed by cDNA conversion coupled to high-throughput sequencing (DRIPc-
seq) (Sanz et al., 2016). In addition, bis-DRIP-seq (Dumelie and Jaffrey, 2017)
combines in situ ssDNA bisulfite footprinting with S9.6 hybrid pull-down to
theoretically improve the specificity by targeting both, the hybrids and the ssDNA.
However, there have been increasing efforts in the field to abandon the use of
the S9.6 antibody. Due to these facts, new alternatives beyond the use of the
S9.6 have been proposed such as R-ChIP, where the expression of the
exogenous catalytically inactive form of the RNase H1 is followed by chromatin
immunoprecipitation (ChIP) of the tagged RNase H1 (Chen et al., 2017) or the
use of the fusion protein HB-GFP formed by the 52-residue DNA-RNA hybrid-
binding (HB) domain of the RNase H1 and the enhanced green fluorescent
protein (eGFP), which is able to detect RNA-DNA hybrids in vivo (Bhatia et al.,
2014).

4. EPITHELIAL-MESENCHYMAL TRANSITION AND THE
TRANSCRIPTION FACTOR SNAIL1

4.1. Epithelial-Mesenchymal transition

The epithelial-mesenchymal transition (EMT) is a crucial and reversible cell
plasticity program occurring during embryonic development and in adult tissue
homeostasis. When completed, it promotes the transition from an immotile
epithelial to a motile mesenchymal cell type. When aberrantly activated, it could
lead to pathogenic effects, particularly cancer. Phenotypically, cells undergoing

EMT lose their apical-basal polarity, tight intercellular contacts and interaction
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with the basal membrane. They acquire a spindle-like appearance, gain motility
and invasiveness. These profound cellular attribute changes require an extensive
transcriptional reprogramming, that relies on down- and upregulation of epithelial
and mesenchymal gene expression programs, respectively. Under a wide range
of pleiotropic signaling factors, the EMT is triggered in association with the
activation of the expression of specific transcription factors such as Snail1
(SNAI1), Slug (SNAI2), Twist-related protein 1 (TWIST1) and zinc-finger E-box-
binding homeobox 1 (ZEB1) and ZEB2; and miRNAs and epigenetic and post-
translational regulators. These transcription factors are responsible of the control
of the expression of two broad functional groups of genes: epithelial genes,
whose expression is repressed and, mesenchymal genes, whose expression is
induced. From a molecular point of view, the hallmark of EMT is the down-
regulation of E-cadherin. Other epithelial markers such as claudins and occludins
are also down-regulated. While Fibronectin 1 (FN1) or Vimentin, typical
mesenchymal markers are up-regulated during EMT (Figure 110) (Nieto et al.,
2016; Stemmler et al., 2019).

As mentioned before, EMT is also important under pathological
circumstances, where a reactivation of developmental programs take place, such
as cancer progression. EMT is thought to enhance stemness of cancer cell during
the process of tumor metastasis, facilitating the execution of most of the steps of
the invasion-metastasis cascade. Invasion permits the translocation of tumor
cells from the initial neoplastic focus into neighbouring host tissues, allowing them
to penetrate vessel endothelium and enter the circulation to form distant
metastasis. (Guarino et al., 2007; Mani et al., 2008; Thiery, 2003; Thiery et al.,
2009).
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Figure 110. Principal traits during epithelial-mesenchymal transition.
During this process cells undertake different events to accomplish the entire EMT course. Image
also shows the main epithelial and mesenchymal markers. Adapted from (Aroeira et al., 2007).

4.2. SNAIL1

Snail1 is a conserved zinc-finger transcription factor. Its C-terminal domain
contains four zinc fingers of the CzH2 type that bind to the E-box motif 5’-
CANNTG-3’ or 5-CAGGTG-3’ in target gene promoters. The divergent N-
terminal region is involved in the repressive activity and is essential for the
interaction with several co-repressor complexes such as mSin3A, Ajuba LIM
proteins or the Polycomb repressive complex 2 (Wang et al., 2013). Lastly, the
central part of the protein comprises a nuclear export signal (NES), a destruction
box domain and a serine-proline rich region, involved in the stability and
subcellular location of the protein (Figure 111).

Importantly, Snail1 has been purposed as a prototype inductor of EMT. It
is fast induced by citokynes or stress conditions activating EMT and it is able to
bind and repress the expression of E-cadherin and other epithelial genes and
activate the expression of other mesenchymal genes. Given its relevance in this
process, Snaill expression and function are regulated at multiple levels from
gene transcription to protein modifications, affecting its interaction with specific
cofactors including TGFB, NOTCH, WT or NF-xB (Thiery and Sleeman, 2006).
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Figure 111. Structure of Snaill.

Snail1 contains an N-terminal SNAG domain, which interacts with different co-repressors and
epigenetic remodeling complexes and the C-terminal zinc finger domain for DNA binding. The
serine-rich domain, the destruction box and the nuclear export sequence (NES) are involved in
the stability and subcellular location of the protein. Adapted from (Peinado et al., 2007)

Research in the last decade has revealed a connection between Snail1
and the co-repressor interactor LOXL2 in regulating major satellite transcription
and heterochromatin reorganization during EMT. Upon the binding of Snail1 and
LOXL2 to pericentromeric regions, HP1a is released from heterochromatin with
a down-regulation of major satellite transcription, enabling chromatin
reorganization and acquisition of mesenchymal traits. Notably, the histone-
modifying enzyme LOXL2 replaces the active mark from histone H3 (H3K4me3)
by a deaminated lysine generating the variant H3K4ox. Given that a particular
chromatin state can influence the DDR response (Burgess and Misteli, 2015;
Goodarzi et al., 2008), recent findings have suggested a connection between
LOXL2 and the activation of the DDR pathway in the absence of any detectable
DNA lesions in specific breast cancer cell lines. It has been proposed that the
lack of LOXL2 and the reduction of H2K4ox levels modify the regulation of
chromatin condensation (leading to decondensation) and trigger DDR (Cebria-
Costa et al., 2019).
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OBJECTIVES

The main goal of this thesis is to determine the implication of UAP56 and Snail1
in genome integrity and their mechanisms of action. For this purpose, we
addressed the following specific objectives:

1. To define the role of UAP56 in the maintenance of genome integrity, with the
aim of obtaining new insights into the molecular mechanism of this factor to
prevent genome instability.

2. To assay the contribution of UAP56 to genome stability all over the genome
and evaluate its significance in comparison with the helicase DDX5.

3. To explore the possible implication of Snail1 as a novel factor involved in R

loop-mediated genome instability.
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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
ug/ml ampicillin or 25 ug/ml kanamycin when it was necessary for plasmid

transfection.

LB: 0.5% yeast extract, 1% bacto-tryptone, 1% NaCl (and 2% agar for solid

medium).

1.2. Human cell culture

HelLa (ECACC, 93021013) and HEK-293T cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; GIBCO, USA) supplemented with 10% heat-
inactivated fetal bovine serum (SIGMA Aldrich, Germany), 2 mM L-glutamine and
1% antibiotic-antimycotic (Biowest, France). K562 (ATCC, CCL-243) cells were
cultured in Iscove's Modified Dulbecco's medium (IMDM; GIBCO) supplemented
with 10% heat-inactivated fetal bovine serum (Sigma Aldrich) and 1% antibiotic-

antimycotic (Biowest). Cells were maintained at 37°C and 5% COs..

2. ANTIBIOTICS, DRUGS, INHIBITORS, ENZYMES AND ANTIBODIES

2.1 Antibiotics

- Ampicillin (SIGMA): B-lactam antibiotic that inhibits cell wall synthesis in
Echerichia coli. Used for plasmid selection in E. coli (Use: 100 ng/ml).

- Kanamycin (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 ug/ml).

- Penicillin, streptomycin and amphotericin B (Biowest): penicillin inhibits
bacterial cell wall synthesis (Use: 60 pg/ml). Streptomycin inhibits prokaryote
protein synthesis by preventing the transition from initiation complex to chain-
elongating ribosome and causes miscoding (Use: 100 ug/ml). Amphotericin B is
used to prevent growth of bacteria, yeast and fungi in human cell culture since it

interferes with fungal membrane permeability (Use: 0.25 ug/ml).
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2.2

2.3.

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.
Phenylmethanesulfonyl fluride, (PMSF) (SIGMA): Inhibitor of serine and
cysteine proteases. (Use: 1 mM).
Dethyl pirocarbonate (DEPC) (SIGMA): inhibitor of RNAses.
Cordycepin (SIGMA): Adenosine antagonist 3’ deoxyadenosine, inhibitor of

chain elongation. (Use: 50 uM).

Enzymes and antibodies

iTag 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 iTag DNA polymerase, dNTPs, MgCI2,
SYBR Green | dye, enhancers, stabilizers, and a blend of passive reference
dyes (including ROX and fluorescein).

Q5 Hot Start High-Fidelity DNA Polymerase: high-fidelity, thermostable, hot
start DNA polymerase with 3"'— 5 exonuclease activity, fused to a
processivity-enhancing Sso7d domain to support robust DNA amplification.
Used as a part of the Q5 Site-Directed Mutagenesis Kit.

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).
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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 Table M1 and Table M2 bellow.

Table M1. Primary antibodies used in this study

Antibody Source Epitope Reference (VET)
Synthetic peptide
conjugated to KLH .
At Mouse ; _ ab8227 WB (1:1000)
B-Actin der_lved from within (Abcam) TBS-T 5% milk
residues 1-100
human beta-actin
BrdU (clone Mouse 5-Bromo-2- 347580(Becton DNA combing
B44) deoxyuridine Dickinson) (1/20)
BrdU (clone Rat 5-Bromo-2- ABC1177513  DNA combing
BU1/75) deoxyuridine (AbCys) (1/20)
ssDNA (poly dT) Mouse  poly dT DSHB 3'75%;°mb'”9
Monoclonal antibody
raised against the N-
FANCD2 Mouse  terminus of human §¢-20022 IF (1:100)
. (Santa Cruz
FANCD2 fusion .
. Biotechnology)
protein
Polyclonal antibody
FLAG Rabbit  recognizes the FLAG F?425 IF (1:1000)
epitope located on (Sigma) '
FLAG fusion proteins
Sg’:::‘setfnzﬁ]p“?f sc-5299 PLA (1:50)
. responding (Santa Cruz WB (1:200)
mSin3A Mouse amino acids 1-19 of Biotechnology)  odyssey buffer
Mouse mSin3A 9y yssey
Phospho- Synthetic peptide
Histone Corresponding to 05-636
H2AX.X (Ser Mouse  amino acids 134-142  (Milipore) IF (1:1000)
139), of human Histone
Clone JBW301 H2A.X
Phospho- Synthetic peptide
Histone Corresponding to
H2AX.X (Ser Mouse  amino acids 134-142 ((SI;i?c’:‘Ifzen g IF (1:1000)
139), of human Histone 9
Clone 2F3 H2A.X
Phospho- Linear peptide
Histone corresponding to
H3 (Ser10) Rabbit human Histone HS at 06-570 IF (1:200)
(H3S10p) Ser10. It recognizes (Millipore) :
Mitosis P): Histone H3 when P
phosphorylated at
Marker Ser10
S9.6 Mouse Antibody that detects Hybridoma cell DRIP (20 pug)
RNA-DNA hybrids Line HB-8730  IF (1:500)
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Antibody Source Epitope Reference Use
Synthetic peptide
conjugated to KLH,
corresponding to N
Nucleolin Rabbit  terminal amino acids ab50279 IF (1:1000)
2-17 of Human (Abcam)
Nucleolin with a C-
terminal added
cysteine
Amino acids 1-286
RNase H1 Rabbit RNASEH1 fusion 12000 1T-AP 1 11000
. (Proteintech)
protein
Synthetic p_eptlde IF (1:200)
corresponding to PLA (1:200)
UAP56 Rabbit KLH derl\{ed from ab47955 WB (1:1000)
within residues 300-  (Abcam)
BB or odyssey
400 of human buffer
UAP56
UAP56 Rabbit DDX39B fusion 14798-1-AP ChlIP (5 pg)
protein Age512 (Proteintech) IP (5 ng)
Mouse monoclonal
Vineulin Mouse ~antibodyderived g6, (igma)  WB (1:5000)

from the hVIN-1

hybridoma

KLH: Keyhole Limpet Haemocyanin; WB: Western blot; IF: immunofluorescence;
IP: immunoprecipitation; ChIP: Chromatin immunoprecipitation;
DRIP: RNA-DNA 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

Reference

Mouse Horseradish peroxidase = SIGMA (A6154) WB (1:5000)
Rabbit Horseradish peroxidase = SIGMA (A6154) WB (1:4000)
LI-COR (925- WB Odyssey
Mouse IRDye 680RD 68074) (1:5000)/(1:15000)
. LI-COR (925- WB Odyssey
Rabbit IRDye 800CW 32211) (1:5000)/(1:15000)
LI-COR (925- WB Odyssey
Goat IRDye 680RD 68070) (1:5000)/(1:15000)
Mouse PLA probe Olink Bioscience PLA (1:5)
(MINUS oligonucleotide) '
: PLA probe : N )
Rabbit (PLUS oligonucleotide) Olink Bioscience PLA (1:5)
Mouse Alexa fluor 488 Molecular Probes IF (1:500)
IF (1:500)
Mouse Alexa fluor 546 Molecular Probes DNA combing (1/50)
Mouse Alexa fluor 594 Molecular Probes IF (1:500)
Mouse Alexa fluor 647 Molecular Probes DNA combing (1/50)
Rabbit Alexa fluor 488 Molecular Probes IF (1:500)
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Specificity Conjugation Reference
Rabbit Alexa fluor 488 Molecular Probes IF (1:500)
Rat Alexa fluor 488 Molecular Probes DNA combing (1/50)

WB: Western blot; IF: immunofluorescence; PLA: Proximity Ligation Assay;

3. HUMAN CELL LINES

Human cells used in this study are listed in the Table M3.

Table M3. Cell lines used in this study

Cell line Description Medium Source
Hela CHeu"r:an cervical adenocarcinoma epithelial DMEM ECACC

Human Embryonic Kidney 293 cells. It PhD. Amelia Nieto

HEK293T contains the SV40 T-antigen DMEM CNB'QSIC’ Madrid
(Espafia)
K562 Human Caucasian chronic myelogenous IMDM ATCC

leukemia lymphoblast cells
ECACC: European Collection of Authenticated Cell Cultures;

ATCC: American Type Culture Collection.

All experiments were performed using Hela cells except co-immunoprecipitation
experiments, which were performed using HEK293T cells and genome-wide

studies, which were performed using K562 cells.

4. PLASMIDS

Plasmids used are shown in Table M4.
Table M4. Plasmids used in this study

Plasmid Description Resistance Reference/Source

Vector containing the Pcuv

PCDNA3 for expression in mammalian ~ Ampicillin (ten Asbroek et al.
cells 2002)
pCDNAGS- pcDNAS3 containing the
Ampicillin ten Asbroek et al.
RNaseH1 human RNase H1 gene p 2002)
under PCMV

Expression vector derivative
of pCMV5 used to establish
pFLAG-CMV-6a transient intracellular Ampicillin SIGMA
expression of N-terminal
Met-FLAG fusion proteins in
mammalian cells
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Plasmid Description Resistance Reference/Source
pFLAG-UAP56 pFLAG containing the human Ampicillin PhD. Irene Salas
UAP56 gene fussed to FLAG Armenteros
pFLAG-UAP56- pFLAG containing the K95A o
mutation in human UAP56 Ampicillin This study

KO5A gene fussed to FLAG

pFLAG-UAP56- pFLAG containing the E197A . )

E197A mutation in human UAP56 Ampicillin This study

gene fussed to FLAG

Expression vector derivative

of pGEX-2T used to establish

transient intracellular o This stud

PGEX-KG-UAPS6  gxpression of gutathione S- Ampicillin Patrick Sy lab

transferase (GST) UAP56 atrick sung 1

fusion protein in mammalian

cells

pGEX-KG vector containing

PGEX-KG- the the K95A mutation in Ampicilin  This study

UAP56-K95A human UAP56 gene fussed Patrick Sung lab

to GST

pGEX-KG vector containing

PGEX-KG- the the E197A mutation in Ampicillin This study

UAP56-K95A human UAP56 gene fussed Patrick Sung lab
to GST

Pcuv: Cytomegalovirus promoter.

5. BACTERIAL 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).

5.2. Human cells transfection
All assays were performed 72 hours after small interfering RNA (siRNA)

transfection and 24 hours after plasmid transfection.

5.2.1. siBRNA transfection
siRNA used are shown in Table M5.

Table M5. siRNAs used in this study

siRNA Time Source
ON-TARGETplus Non-targeting Pool (D-001810) 72 h Dharmacon
ON-TARGETplus SMARTpool human UAP56 (L- 72h Dharmacon
003805-00)
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siRNA Time Source
ON-TARGETplus SMARTpool human THOC1 (L- 72h Dharmacon
016376-00)

ON-TARGETplus SMARTpool human SETX (L- 72h Dharmacon
021420-00)

ON-TARGETplus SMARTpool human DDX23 (L- 72h Dharmacon
19861-01)

ON-TARGETplus SMARTpool human AQR (L-022214- 72h Dharmacon
01)

ON-TARGETplus SMARTpool human FANCD2(L- 72h Dharmacon
016376-00)

DDX5 siRNA: 72h Sigma

5'-GCU CUU UAU AUU GUG UGU UAU dT-3'

Cells were transfected with siRNA using DharmaFECT 1 (Dharmacon) at
30-50% confluence. Transfection in a well of 6-well plate was performed using
the following protocol:

- Mixture A (final volume 100 pl): 95 pl culture serum-free medium (medium
without antibiotics or FBS) and 5 ul siRNA 20 uM (100 nM).
- Mixture B (final volume 100 pl): 95 ul culture serum-free medium (medium

without antibiotics or FBS) and 5 pl of DharmaFECT1.

Each mixture was incubated at room temperature (RT) for 5 min. Then, Mixture
A is added over Mixture B, mixed and incubated for 20 min. Meanwhile, medium
was replaced by 800 pl antibiotic-free medium. Transfection solution was added
carefully drop by drop to the cell culture and incubated for 2 hours. Afterwards, 2

ml of complete medium was added.

5.2.2. Plasmid transfection using Lipofectamine 2000 or Lipofectamine

3000

e For plasmid transfection using Lipofectamine 2000 (Invitrogen), cells were
transfected at 80% confluence. 24 hours before transfection cell 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 pl): 2 ng DNA in Opti-MEM (Gibco).

- Mixture B (final volume 100 pl): 4 ul Lipofectamine 2000 in Opti-MEM.
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Each mixture was incubated at RT for 5 min, mixed and incubated for 5
min at RT. Transfection solution was added carefully drop by drop to the
cell culture.

e For plasmid transfection using Lipofectamine 3000 (Invitrogen), cells were
transfected at 80% confluence. 24 hours before transfection cell 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 pl): 2 ug DNA and 4 ul of Enhancer Reagent
in Opti-MEM (Gibco)

- Mixture B (final volume 100 pl): 4 ul Lipofectamine 2000 in Opti-MEM.
Each mixture was incubated at RT for 5 min, mixed and incubated for 5
min at RT. Transfection solution was added carefully drop by drop to the

cell culture.

6. IN VITRO ANALYSIS
These experiments were performed in collaboration with Patrick Sung lab in Yale

University.

6.1. Purification of UAP56 wild-type and mutant proteins

The cDNAs that encode the wild type, K95A and E197A variants of UAP56 were
introduced into the pGEX-KG vector to add an N-terminal GST tag to these
proteins. The resulting UAP56 expression plasmids were introduced into E. coli
BL21:DE3 Rosetta cells, which were grown at 37°C to OD600 = 0.8, and protein
expression was induced by the addition of 0.2 mM IPTG and incubation at 16°C
for 16 h. Cells were harvested by centrifugation and all the subsequent steps
were carried out at 0-4°C. For lysate preparation, a cell pellet (20 g, from 4 L of
culture) was suspended in 100 ml K buffer with 300 mM KCI and 5 pg/ml each
of the protease inhibitors aprotinin, chymostatin, leupeptin and pepstatin, and
then subject to sonication (three 1 min pulses). The crude cell lysate was clarified
by ultracentrifugation (100,000Xg for 90 min) and then mixed gently with 2 ml of
Glutathione Sepharose 4B resin (GE) for 1.5 h. The resin was washed

sequentially with 50 ml K buffer containing 1 M KCI, 50 ml K buffer containing 300
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mM KCI, 20 ml K buffer containing 300 mM KCIl and 1 mM ATP, 20 ml K buffer
containing 300 mM KCI and 5 mM MgClz, and 2 x 50 ml K buffer containing 300
mM KCI. UAP56 was eluted with 12 ml K buffer containing 300 mM KCI and 10
mM reduced glutathione and concentrated to 1 ml (Amicon 10K concentrator,
Millipore). The GST tag was cleaved by incubating the concentrated protein pool
with 100 ug of thrombin for 12 h. The reaction mixture was diluted with 2 ml of K
buffer and applied onto to a 1-ml Mono Q column (GE), which was washed with
5 ml K buffer plus 150 mM KCI and then developed with a 25-ml linear gradient
from 150 to 650 mM KCI. The peak of UAP56, eluting at ~350 mM KCI, was
collected, concentrated to 0.5 ml, and fractionated in a Superdex 200 gel filtration
column (24 ml, GE) in K buffer containing 300 mM KCI. Fractions containing
highly purified UAP56 (1 mg protein) were pooled, concentrated to 1 mg/ml, and
stored in small aliquots at -80°C. The UAP56 K95A and E197A mutants were

purified using the same procedure with a similar yield.

K buffer: 20 mM KH2POs, pH 7.4, 10% glycerol, 0.5 mM EDTA, 0.01% Igepal, 1
mM DTT.

6.2. Nucleic acid unwinding assays

RNA-RNA duplexes, without or with a 5’ or 3’ overhang, were prepared as
described (Shen et al., 2007). RNA-DNA hybrids without and with a 5’ or 3’
overhang and DNA-DNA duplex with a 5’ overhang were prepared by annealing
oligonucleotides (with one of the oligonucleotides being labeled with 32P) listed in
Table M6. In the unwinding reaction, UAP56 (wild type or mutant at the indicated
concentration) was incubated with 5 nM substrate in reaction buffer (1) and 100
nM of “trap” RNA or DNA (unlabeled version of the oligonucleotide that was
labeled in the substrate) at 37°C (for the RNA-RNA substrates) or 30°C (for the
RNA-DNA substrates) for 30 min or the indicated time. Reaction mixtures were
deproteinized by treatment with SDS (0.1%) and proteinase K (0.5 mg/ml) for 10
min at 37°C and then resolved in 15% polyacrylamide gels in TAE buffer at 4°C.

Gels were dried and subject to phosphorimaging analysis.
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The 5 RNA-DNA flap structure that resembles a branch migratable R-loop
structure was constructed as described (Schwab et al., 2015). UAP56 (wild type
or mutant at the indicated concentration) was incubated with the substrate in
reaction buffer (2) at 30°C for 20 min. Reaction mixtures were deproteinized
before being resolved in 7% polyacrylamide gels in TAE buffer at 4°C and

analyzed, as above.

Reaction buffer (1): 35 mM Tris-Cl, pH 7.5, 1 mM DTT, 3 mM ATP, 2 mM MgClz,
60 mM KCI.

Reaction buffer (2): 25 mM Hepes, pH 6.5, 1 mM DTT, 2 mM ATP, 2 mM MgClz,
60 mM KCI.

TAE buffer: 40 mM Tris, 20 mM Acetate acid and 1 mM EDTA.

Table M6. Oligonucleotides for unwinding assays used in this study

Oligo RNA or Length Sequence

Name DNA

R13 RNA 13 5GCUUUACGGUGCUZ’

R13C RNA 13 5’AGCACCGUAAAGCZ

R23-5° RNA 23 5’AAAACAAAAUAGCACCGUAAAGC3’

R23-3° RNA 23 5’GCUUUACGGUGCUUAAAACAAAAZ’

D13 DNA 13 5GCTTTACGGTGCTY

D13C DNA 13 5’AGCACCGTAAAGCY

D23-5° DNA 23 5" AAAACAAAATAGCACCGTAAAGCS

XX1 DNA 60 5’ACGCTGCCGAATTCTACCAGTGCCTTGCTAGGACA
TCTTTGCCCACCTGCAGGTTCACCC3’

XX2 DNA 60 5GGGTGAACCTGCAGGTGGGCAAAGATGTCCCAGC
AAGGCACTGGTAGAATTCGGCAGCGT3’

R5F RNA 30 5GGGUGAACCUGCAGGUGGGCAAAGAUGUCC3’
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7. PROTEIN-PROTEIN INTERACTION METHODS

7.1. 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 pl 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 ul Dynabeads Protein A (Invitrogen)
were washed twice in 1 ml PBS-0.5%BSA and 5 pg antibody was bound to the
beads in 200 ul PBS-0.5% BSA, 4h at 4 °C. 20 and 180 pl od the lysate were
diluted with 180 pl of dilution buffer (to obtain a 0.25% (vol/vol) final concentration
of NP-40) and incubated with beads-antibody complexes for 2h 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 pl of 2X

Laemmli loading buffer. Finally the result was visualized by Western blot.

Lysis buffer: 10 mM Tris-HCI 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-HCI pH 7.5, 150 mM NaCl, 0.5 mM EDTA pH 8, 1
mM PMSF, and protease inhibitor cocktail.

Wash buffer: 10 mM Tris-HCI 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.

7.2. Proximity ligation Assay (PLA)

For detection of protein-protein interactions in situ, PLA was performed following
manufacturer’s instruction with reagents from Duolink In Situ Starter Kit (Olink
Biosciences). Cells were cultured on glass coverslips and fixed in suitable
conditions compatible with the two primary antibodies to be used (see Materials
and methods 7). Coverslips were blocked with PBS-3% BSA for 1h at RT,
incubated with primary antibodies diluted in PBS-3%BSA for 2h 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
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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.

For each coverslip:

- PLA probes (40 pl): 8 pl PLA probe anti-Mouse MINUS, 8 ul PLA probe anti-
Rabbit PLUS, 24 pl PBS-3% BSA.

- Ligation reaction (40 pl): 8 ul of 5X Buffer ligase, 1 pl Ligase, 31 pl MQ H20.

- Amplification reaction (40 pl): 8 ul of 5X Buffer amplification, 0.5 pl
Polymerase, 31.5 pl MQ H20.

PLA probes, buffers, enzymes and mounting media are provided in the Duolink
In Situ Red Starter Kit.

8. CELL CYCLE ANALYSIS IN HUMAN CELLS
8.1. FACS analysis

After siRNA transfection for 72h, HeLa cells were harvested with trypsin, washed
twice with cold PBS and centrifuged (3000 rpm 5 min). Pellet was resuspended
in 300 pul cold PBS and cells were fixed by adding 700 ul cold 96% ethanol drop
by drop and stored at -20 °C. Before cell cycle analysis and sorting, cells were
incubated with Propidium lodide (50 ug/ml) and treated for RNA degradation with
RNase A (250 pg/ml). After that, cells were examined by flow cytometry
(FACSCalibur; BD). Three population of cells were analyzed based on their DNA

content (1n=haploid or 2n=diploid DNA content of the genome).

9. IMMUNOFLUORESCENCE
Cell were cultured on glass coverslips and, if needed, transfected as indicated in
Matherial and Methods 5.2. Cells were fixed in formaldehyde or methanol and

selected target molecules were visualized in a fluorescence microscope after the
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incubation with the corresponding primary antibodies and with the subsequent

fluorophore-conjugated secondary antibodies.

Type of cell fixation used:

- Formaldehyde fixation: cells were fixed in 2% formaldehyde in PBS for 20 min
or 4% formaldehyde in PBS for 10 min and permeabilized with 70% ethanol
for 5 min at -20 °C, 5 min at 4 °C and washed twice in PBS. This fixation was
used for immunofluorescence with yYH2AX, pFLAG 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 UAP56,
pFLAG, SIN3

- 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.

Immunofluorescence: Blocking, incubation with primary and secondary

antibodies, DAPI staining and mounting conditions.

Cells were blocking using 3% bovine serum albumin (BSA) in PBS. Then, primary
antibodies were diluted in 3% BSA in PBS for 1h at RT. For antibody dilutions
see Table M1. Afterwards, cells were washed three times in PBS for 5 min.
Secondary antibodies conjugated with Alexa Fluor diluted (1:500) in 3% BSA in
PBS were also incubated for 1h at RT. Finally, coverslips were washed twice in
PBS before and after the staining of the DNA with 1 pg/ml DAPI (2-(4-
Amidinophenyl)-6-indolecarbamidine dihydrochloride) for 5 min. At the end,
coverslips were washed in water and a drop of ProLong Gold Antifade reagent
(Thermo) was used for mounting. For S9.6 and nucleolin immunofluorescence

see Materials and Methods 8.3.

68



Tesis doctoral-Carmen Pérez Calero

Detection of cells in S phase by immunofluorescence:

When necessary, 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.

To perform this assay, cells were culture on glass coverslips and then, the
modified thymidine analogue EdU (5-ethynyl-2'-deoxyuridine) is added for 20 min
to the cell culture in order to be incorporated into DNA during active synthesis
before its fixation. Afterwards, cells were fixed, 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 pl/coverslip of Click-iT reaction cocktail (43 pl of 1X Click-iT
reaction buffer, 2 pl of 100 mM CuSO4, 0.12 pl of Alexa Fluor azide, 5 pl of 1X
reaction buffer additive) for 30 min at RT in darkness and washed once with 1 ml
in 3% BSA.

10. GENOME INSTABILITY ANALYSIS

10.1. Analysis of yH2AX foci

Cells were culture on glass coverslips and transfected with siRNA as indicated in
Materials and Methods 5.2., fixed in 2% formaldehyde and immunofluorescence
was performed with mouse monoclonal anti-yH2AX (JBW301, 05-636 Millipore)
or mouse monoclonal anti- yH2AX (2F3, 613402 Biolegend) (see Materials and
Methods 7 and Table M1). More than 100 cells from each experiment were

analyzed (see Materials and Methods 10).

10.2. 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 uM cordycepin was added to the culture 4 hours before

the experiment.
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10.2.1. 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 dH20 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.

10.2.2. Neutral comet assay

Cells were collected and immobilized on CometSlides as previously described.
Cells were lysed for 1h at 4 °C and immersed in prechilled 1X neutral
electrophoresis buffer at 21V for 45 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 SYBER 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 H20. Adjust to pH=9.0 with glacial acetic acid. 1X
stock was obtained by diluting the 10X stock in dH20.

DNA precipitation solution: 1 M NH4Ac in 70% ethanol.

For yH2AX 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 10).
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10.3. RNA-DNA hybrids detection

10.3.1. RNA-DNA immunoprecipitation (DRIP-qPCR)

DRIP assays were performed by immunoprecipitating DNA—-RNA hybrids using
the S9.6 antibody from gently extracted and enzymatically digested DNA, treated
or not with RNase H (New England Biolabs, USA) in vitro as described (Herrera-
Moyano et al, 2014; Garcia-Rubio et al, 2015). After 72 h of siRNA transfection,
pellet from a 6-cm plate of HelLa cells was collected using accutase, washed in
PBS and resuspended in 800 ul of TE. Afterwards, 20.75 pl SDS 20% and 2.5 pl
proteinase K (20 mg/ml) were added and pellet was incubated at 37 °C overnight.
DNA was extracted gently with phenol-chloroform in phase lock tubes (VWR,
USA). 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 Hindlll,
EcoRl, BsrGl, Xbal and Sspl and 2mM spermidine. For the negative control, half
of the DNA was treated with 3 yl RNase H overnight. 5 ug of the digested DNA
were bound to 10 yl of S9.6 antibody (1mg/ml) in 500 pl 1X binding buffer in TE,
overnight at 4°C. DNA-antibody complexes were immunoprecipitated using
Dynabeads Protein A (Invitrogen) during 2h at 4°C and washed 3 times with 1X
binding buffer. DNA was eluted in 180 pl elution buffer, treated 45 min with 7 pl
proteinase K at 55°C and cleaned with the NucleoSpin Gel and PCR Clean-up
(Macherey-Nagel, USA). Quantitative PCR of immunoprecipitated DNA
fragments and input DNA was performed on a 7500 Fast & 7500 Real-Time PCR
System SYBR gPCR Mix (Applied Biosystems, Thermo Fisher) with the primers
listed in Table M7.

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 immunoprecipitated (IP) were
eluted in 150 pl of double-distilled H20. 4 ul of IP were used for g°PCR. The

relative abundance of RNA-DNA hybrid immunoprecipitated in each region was

normalized to Input signal obtained.
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10.3.2. $9.6 immunofluorescence

Cells were cultured on glass coverslips and fixed in methanol (see Materials and
Methods 7). For S9.6 and nucleolin immunofluorescence, coverslips were
blocked in 2% BSA in PBS overnight at 4°C and incubated with S9.6 mouse
(1:500) and anti-nucleolin rabbit (1:1000, Abcam) or pFLAG (1:1000) primary
antibodies diluted in 2% BSA. Then, coverslips were washed three times in PBS,
and then incubated with secondary antibody Alexa Fluor 594 and 488 diluted in
2% BSA in PBS (1:1000) for 1 hour at RT. Finally, they were washed, DAPI
staining and mounting as described above. More than 100 cells from each

experiment were scored (see Materials and Methods 10).

11.REPLICATION ANALYSIS
11.1. Analysis of FANCD2 foci

Cells were cultured on glass coverslips, pre-permeabilized with 0.25% Triton X-
100 in PBS for 1 minute on ice and then fixed with 2% formaldehyde in PBS. After
blocking with 3% BSA in PBS, cells were incubated with primary antibodies
FANCD2 (1:100 dilution) and RNase H1 (1:400) diluted in 3% BSA in PBS.
Afterwards, coverslips were washed three times in PBS and incubated with
secondary antibodies conjugated with Alexa 488 and Alexa 546 (1:1000). Finally,
coverslips were washed, DAPI staining and mounting as described above. More
than 100 cells from each experiment were scored (see Materials and Methods
10). In pre-permeabilized cells the overexpressed RNase H1 stained only

nucleus and nucleoli because the rest of the protein had been washed out.

11.2. Single DNA fiber analysis in human cells (DNA combing)

DNA combing was performed as previously described (Michalet et al., 1997).
Cells were transfected with siRNA and with the empty pcDNAS plasmid or the
pcDNA3 RNase H1 plasmid for 48 h, as indicated in Matherial and Methods 5.2.
lodo-deoxyuridine (IdU) and Cloro-deoxyuridine (CldU) labels were added for 20
min each. Subsequently, cells were harvested using accutase, resuspended in

cold PBS and embedded in 1% low melting agarose plugs in PBS. Plugs were
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incubated in proteinase K buffer at 50 °C overnight, 6 hours more with a new
preparation of the same buffer and washed 5 times with TE buffer for 10 min at
RT at 300 rpm. DNA was stained with YOYO-1 (Molecular Probes) to check the
integrity of the DNA fibers. Afterwards, each plug was melted in 3 ml of 50 mM 2-
(N-morpholino)ethanesulfonic acid (MES) pH 5.7 for 30-45 min at 67°C. 3U of -
agarase (New England Biolabs) was added after the solution cooled down to
42°C and it was incubated overnight. Next, DNA fibers were stretched on
silanized coverslips by incubation for 15 min at RT and coverslips were removed
from the reservoir at the speed of 300 pm/s. DNA was crosslinked to coverslips
by baking at 60°C for 2 hours.

For immunodetection, slides were dehydrated for 3 minutes in successive
bath of 70%, 90% and 100% EtOH, incubated for 8 min in 0.5 M NaOH/ 1M NaCl,
washed 5 times in PBS and blocked in PBS - 0.1% Triton X-100 - 1% BSA for 15
minutes. DNA molecules were counterstained with 18 pl of an anti-ssDNA
antibody (DSHB, 1:500, 30 min) and an anti-mouse IgG coupled to Alexa 647
(Molecular Probes, 1:50, 30 min). CldU and IdU were detected with BU1/75
(AbCys, 1:20, 45 min) and BD44 (Becton Dickinson, 1:20, 45 min anti-BrdU

antibodies, respectively. Antibodies were incubated in a humid chamber at 37 °C
and, between incubations, samples were washed 5 times for 2 minutes with PBS-
0.1% Triton X-100. Secondary antibodies used were goat anti-mouse IgG Alexa
546 (1:50, 30 min) and chicken anti-rat Alexa 488 (1:50, 30 min). Finally, dried
slides were mounted using 20 ul of Prolong Gold Antifade. Representative
images of DNA fibers were assembled from different microscopic fields of view

and were processed as described.
Proteinase K buffer: 10 mM Tris-HCI pH 7.5 - 50 mM EDTA - 1% Sarkosyl-

0.5%.
TE buffer: 10 mM Tris-HCI pH 7.0 — 50 mM EDTA.
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12.MICROSCOPY IMAGES ACQUISITION, DATA ANALYSIS AND
STADISTICAL ANALYSIS

12.1. Fluorescence microscopy

DNA fibers were analyzed on a Leica DM4000 microscope equipped with a
DFC365 FX camera (Leica). Data acquisition was performed with LAS AX
(Leica). A 63x objective was wused for immunofluorescence for
immunofluorescence (YH2AX, FANCD2 and H3S10-P foci IF, PLA, S9.6 and
nucleolin IF), a 40x objective was used for DNA combing experiments and a 10x

objective was used for comet assays.

12.2. Data analysis

- YH2AX, FANCD2 and H3S10-P foci measurements were analyzed and
processed with the MetaMorph v7.5.1.0. software using the granularity
application.

- §9.6 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 talil
(TM=%DNA in tail x TL/100).

- Combing measurements were analyzed and processed with the MetaMorph
v7.5.1.0 software using measurements applications with the following setup
conditions: 50 uM = 310 pixels and 1 uM = 2.2 Kb. Data analysis was
performed as previously described (Salas-Armenteros et al., 2017; Tuduri et
al., 2009). For fork velocity only CldU tracks that follow an IdU track were
considered. Fork asymmetry was expressed as the percentage of distance
that is longer the longest track than the shortest, for each pair of sister
replication forks during the CldU pulse ((longest-shortest)/longest) x 100).
Only sister replication forks with present more than a 25% of difference were

considered asymmetric.
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Figure M1. DNA combing measurements.
D/t: Distance/time. S: shortest track. L: longest track.

For all experiments, at least three biological repeats (n) were performed. More
than 100 cells were scored in each repeat, when possible. Otherwise, a minimum

of 50 cells were counted in each repeat.

12.3. Statistical analysis

- YH2AX, FANCD2 and H3S10-P foci: Graphs shows the mean of the
percentage of cells with foci 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.

- 89.6 signal intensity per nucleus: Graphs shows the median of the
measurements from at least three biological repeats. Data were analyzed wit
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 <0.001; **, 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.

- 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
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analysis, Mann-Whitney U-test was performed and P value < 0.05 was

considered as statistically significant.

13.POLYMERASE CHAIN REACTION (PCR) ANALYSIS

13.1. 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 ul H20, 2 pul
primer mixture (each 10 uM), 2 ul DNA and 10 pl SYBR® green gPCR Mix (Bio-
rad) were used. The program for PCR reaction used was the following: 1 cycle
(10 minutes 95 °C), 40 cycles (15 s 95 °C and 1 minute 65 °C) and 1 dissociation
cycle (15s 95 °C, 1 minute 65 °C, 15s 95 °C and 15 s 60 °C). DNA primers were
designed using Primer express 3.0 Software (Applied Biosystems) and are listed
in Table M7. gPCR 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).

13.1.1. Reverse Transcription quantitative PCR (RT-PCR) analysis

Relative gPCRs were used to determine the relative mRNA levels in human cells.
cDNA was obtain from total RNA extracted using RNeasy Mini Kit (Qiagen) (1
Mg) by reverse transcription using QuantiTect Reverse transcription (Qiagen) and
random primers. mMRNA expression values were normalized to mRNA expression

of the Hypozanthine PhosphoRibosylTransferase (HPRT) housekeeping gene.

13.1.2. qPCR analysis for DRIP quantification
Absolute gPCRs were used for DRIP quantification.

Table M7. DNA primers used in this study

Primer Sequence 5’ to 3’ Use
APOE Fwd CCGGTGAGAAGCGCAGTCGG DRIP
APOE Rvs CCCAAGCCCGACCCCGAGTA DRIP
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Primer Sequence 5 to 3’ Use

RPL13A Fwd GCTTCCAGCACAGGACAGGTAT DRIP

RPL13A Rvs CACCCACTACCCGAGTTCAAG DRIP

EGR1 Fwd GCCAAGTCCTCCCTCTCTACTG DRIP

EGR1 Rvs GGAAGTGGGCAGAAAGGATTG DRIP

DDX23 Fwd AGCCATTATCCCTGGAGGAG Relative mRNA expression
DDX23 Rvs CTTCAGCCTCTCGTTCTGCT Relative mRNA expression
AQR Fwd TGGGAGAATCTGAACCTAATCC Relative mRNA expression
AQR Rvs GCAGGGTAACCAAGTAAACACA Relative mRNA expression
SETX Fwd CACACTATGGAGAGGGAAGCA Relative mRNA expression
SETX Rvs TTAGATCCAAGGCGATCCAG Relative mRNA expression
UAP56 Fwd GACAGCAGCTGGGGGAGATG Relative mRNA expression
UAP56 Rvs CTCATGCTGGACTTCTGACG Relative mRNA expression
DDX5 Fwd GCAACCATTGACGCCATG Relative mRNA expression
DDX5 Rvs CCAAGTCCAAGCCGCAAA Relative mRNA expression
APOE Fwd AAGCTGGAGGAGCAGGCC Relative mRNA expression
APOE Rvs ACTGGCGCTGCATGTCTTC Relative mRNA expression
RPL13A Fwd GGGAGCAAGGAAAGGGTCTTA Relative mRNA expression
RPL13A Rvs Relative mRNA expression

ACAATTCTCCGAGTGCTTTCAAG

14.PROTEIN ANALYSIS

14.1. Human cells protein extraction

Pellet of HeLa, HEK293T or K562 cells was collected using trypsin or accutase,

washed twice in cold PBS and gently resuspended in 2X Laemmli loading buffer

(100 pl/1x1068 cells). The lysate was boiled at 95 °C for 5 min and sonicated for

another 5 min on the maximum intensity setting, with fifteen pulses of 30s on and
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30s off in Bioruptor (Diagenode). Prior to gel loading, samples we boiled for 2
min.
2X Lammeli buffer: 200 Mm Tris-HCI, 40% glycerol, 8% SDS, 0.4%

Bromophenol Blue, 400 mM B-mercaptoethanol.

14.2. SDS-PAGE

Proteins were separated in 29:1 acrylamide:bis-acrylamide SDS-PAGE with
appropriate concentrations to the molecular size of the proteins of interest or in
4-20% gradient SDS-PAGE CriterionTM TGXTM Precast Gels (BioRad)
following the method described in (Laemmli, 1970). Electrophoreses were
performed in a Mini-PROTEAN 3 Cell (BioRad) using running buffer at 100 V.

Page RulerTM (Fermentas, CA) was used as a protein marker.

Runnig buffer: 25 mM Tris base pH 8.3, 194 mM glycine, 0.1% SDS buffer.

14.3. 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. After transfer, the membranes were strained with
Ponceau S (0.1% w/v Ponceau (Sigma) in 5% Acetic acid) to check protein

loading and correct transfer.

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.

14.4. Non-fluorescence 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
for 2h at RT or o/n at 4 °C in 1X TBS - 0.1% Tween 20 - 5% milk, blocking buffer
solution or BSA. After 3 washes of 10 min each one with 1X TBS- 0.1% Tween

20, membranes were were incubated with the corresponding secondary
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antibodies conjugated with the horseradish peroxidase for 1h hour and washed
again. Finally, SuperSignalR West Pico (Pierce) was wused for

chemiluminescence detection.

Blocking Buffer solution: 1% Blocking reagent (Roche), 0.05% Tween 20, 0.05
M Tris-HCI 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.

14.5. 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 continuing. Commercial Odyssey Blocking
Buffer (LI-COR Biosciences) was used to block the membrane for 1 hat RT or o/n
at 4 °C. Primary antibody was prepared (for 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).

15.GENOME WIDE EXPERIMENTS

15.1. RNA-seq

Total RNA was isolated from K562 cells transfected with siC or siUAP56 siRNA
for 72 h with an RNeasy Mini kit (Qiagen). Then, total RNA-seq was performed
after ribosomal RNA depletion applying the TruSeq Stranded Total RNA library

and sequenced on the platform NextSEq500 (lllumina).
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15.2. Chromatin immunoprecipitation (ChiP) assay (ChIP-seq)

K562 cells were crosslinked for 10 min with formaldehyde at a final concentration
of 1%, 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 30s on and 30s off in Bioruptor
(Diagenode), to obtain approx. 400 bp fragments. Samples were diluted up to
1300 pl with IP buffer. 100 ul and 1200 pl of diluted chromatin were used for input
and immunoprecipitation, respectively. 30 pl of Dynabeads Protein A (Invitrogen)
per sample was incubated overnight at 4 °C with 4 pg of UAP56 antibody. A
negative control the corresponding IgG was used to calculate the background
signal. Then, Dynabeads-antibody complexes were added to the samples used
for immunoprecipitation for 2h at 4 °C 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 used to build the libraries using the ThruPLEX DNA-Seq
6S kit (Rubicon Genomics) according to manufacturer’s instructions and then

sequenced on the lllumina platform NextSEg500.

Cell lysis buffer: 5 mM PIPES pH 8, 85 mM KCI, 0.5% NP-40, 1 mM PMSF and
protease inhibitor cocktail).

Nuclei lysis buffer: 1% SDS, 10 mM EDTA, 50 mM Tris-HCI pH 8, 1 mM PMSF
and protease inhibitor cocktail.

IP buffer: 0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCI pH
8, 167 mM NacCl.

Wash buffer 1: 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH
8, 150 mM NacCl.

Wash buffer 2: 0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCI pH
8, 500 mM NacCl.

Wash buffer 3: 0.25 M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA,
10 mM Tris-HCI pH 8.
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15.3. DNA-RNA immunoprecipitation followed by high-throughput DNA
sequencing (DRIP-seq)

DRIP-seq was performed as previously described (Sanz & Chedin, 2019) with
minor modifications of the DRIP-gPCR (see Materials and Methods 8.3).
Basically, genomic DNA was digested overnight with 30 U of Hindlll, EcoRlI,
BsrGl, Xbal and Sspl and 2mM spermidine. For the negative control, 10 ug of the
digested DNA were treated with 4 yl RNase H (New England Biolabs) for 6 h at
37 °C. Five immunoprecipitation were performed, in each one 8 ug of the digested
DNA were bound to 20 ul of S9.6 antibody (1mg/ml) in 500 yl 1X binding buffer
in TE, overnight at 4°C. DNA-antibody complexes were immunoprecipitated using
Dynabeads Protein A (Invitrogen) during 2h at 4°C and washed 3 times with 1X
binding buffer. DNA was eluted in 300 ul elution buffer, treated 45 min with 7 pl
proteinase K at 55°C and phenol-chloroform purified. Finally, DNA was
resuspended in 10 ul of RNase-free water, with a total volume of 50 pl. Finally,
the DNA was sonicated and checked on a 2100 Agilent Bioanalyzer. Afterwards,
this DNA was used to build the libraries using the ThruPLEX DNA-Seq 6S kit
(Rubicon Genomics) according to manufacturer’s instruction and sequenced on

an lllumina NextSeq500 platform.

15.4. RNA-DNA immunoprecipitation followed by cDNA conversion
couple to high throughput sequencing (DRIPc-seq)

DRIPc-seq was performed essentially as described (Sanz & Chedin, 2019) and
described in Materials and Methods 11.3. Briefly, after DRIP, the eluted DNA from
five immunoprecipitations of each sample was treated with 6 U of DNase | (New
England BioLabs) for 45 min at 37°C to degrade all DNA. The resulting RNA was
subjected to libraries construction using the TruSeq Stranded Total RNA protocol
(Nlumina) from the fragmentation step. The quality of the libraries was checked
on a 2100 Agilent Bioanalyzer prior to sequencing on an lllumina NextSeq500

platform.
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16.GENOME WIDE DATA ANALYSIS
16.1. RNA-seq

Sequenced paired-ends reads were subjected to quality control pipeline using
the FASTQ Toolkit v.1.0.0 software (lllumina) and then mapped to the human
reference genome hg38 canonical using HISAT2 (Kim et al., 2019). Reads
mapping to mitochondrial chromosome and duplicated reads were discarded
using SAMtools (Li et al., 2009) for our purposes. After the obtainment of BAM
files, counts per peak were established using FeatureCounts and RPKM
normalized. For genes in which expression changes are detected (llinear fold
changel > 1.5), siC Logzexpression and Logz(siUAP56/siC) was compared and

represented for genes longer than 5 Kb.

16.2. ChlP-seq

Sequenced paired-ends reads were subjected to quality control pipeline using
the FASTQ Toolkit v.1.0.0 software (lllumina) and then mapped to the human
reference genome hg38 canonical using using BWA-MEM (Li et al., 2009). Reads
mapping to mitochondrial chromosome and duplicated reads were discarded
using SAMtools (Li et al., 2009) for our purposes. BAM files were further analyzed
with deepTools Bamcompare from deepTool2 package (Ramirez et al., 2016) for
track generation. The results were visualized with the Integrative Genomics
Viewer (IGV), developed and maintained by The Broad Institute and the Regents

of the University of California and UC San Diego.

Peak calling was performed using MACS2 package (Zhang et al., 2008)
selecting those whose enrichment signal over the input had a p-value < 0.01. As
well, selected peaks were annotated to genes using ChiPseeker (Yu et al., 2015)
and genes retrieved from Ensembl release 94 2018 (Zerbino et al., 2018). For
our purposes, only genes with more than 5 Kb were analyzed, considering

promoter as -2/+5 Kb from TSS and downstream as -2/+5 Kb from TES.
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16.3. DRIP-seq and DRIPc-seq

Sequenced paired-ends reads were subjected to quality control pipeline using
the FASTQ Toolkit v.1.0.0 software (lllumina) and then mapped to the human
reference genome hg38 canonical using using BWA-MEM (Li et al., 2009). Reads
mapping to mitochondrial chromosome and duplicated reads were discarded
using SAMtools (Li et al., 2009) for our purposes. Additionally, For DRIPc-seq,
reads were separated into minus and plus strand using the same tool. BAM files
were further analyzed with deepTool2 package (Ramirez et al., 2016) for track
generation setting a window bien size of 10 nt and a smooth value of 40. The
results were visualized with the Integrative Genomics Viewer (IGV), developed
and maintained by The Broad Institute and the Regents of the University of

California and UC San Diego.

Peak calling on DRIP-seq and DRIPc-seq was performed using MACS2
package (Zhang et al., 2008). Then, number of counts per peak was calculated
using FeatureCounts and RPKM normalized. For analysis, significant DRIPc
peaks (g-value < 0.01) in siUAP56 depleted cells were established selecting
those peaks whose DRIPc signal fold change was higher than 1.5X respect to
the siC control cells. Afterwards, peaks were annotated to genes using
ChiIPseeker (Yu et al., 2015) and genes retrieved from Ensembl release 94 2018
(Zerbino et al., 2018). For our purposes, only genes with more than 5 Kb were
analyzed, considering promoter as -2/+5 Kb from TSS and downstream as -2/+5
Kb from TES.

Gene metaplots were obtained using deepTools computematrix and

plotheatmap. Venn diagrams were created using Biovenn (Hulsen et al., 2008).

- Statistical tests
Statistical tests (Mann-Whitney U-test and Pearson’s correlation were
calculated using GraphPad Prism software. Hypergeometric tests were
calculated using R scripts. In general, a P-value < 0.05 was considered as

statistically significant.
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