DOTTORATO DI RICERCA

S
DBMC

IN BIOLOGIA MOLECOLARE E CELLULARE

UNIVERSITA’ DEGLI STUDI DI MILANO

Dottorato di Ricerca in Biologia Molecolare e Cellulare

XXXIII ciclo

Characterization of TLS Polymerase 1n function under
replication stress induced by low dNTP pools

Giulia Maria Nava
PhD Thesis

Scientific tutor: Federico Lazzaro

Academic year: 2020-2021






Thesis performed at: Department of Biosciences,
University of Milan,
Milan 20133, [taly






Table of Contents

ADbStract in Italian ... —————————————————— 8
Abstract in ENGliSh ... s 9
A Of the Project.....iisssssssssss s s s sss s s 10
0000 0o L1 ) o 11
Endogenous and exogenous sources of DNA damage and replication Stress .......uumsmmssninnans 11
Replication Stress IeSPOMSE . R R AR R AR AR AR RS 12
The replication checkpoint......coiimimnn s ————————————— 13
DNA damage tolerance mechaniSms ... —————————————————— 14
Template SWItChING (TS) e sssessesse s s ss s s s p e sennaes 15
Translesion SYNhESIS (TLS) e serseessessesss s sesssesssesssessssssse s ssesssssssssssssessaees 16

POl 1) TLS-AEPENACHE JUNCHIONS ...covrerereerireerirscrisssirisssisisssesisssessssissssisssssssssssssssssssasssssasssssasssssssssssassssasssssassssasssessssesans 19

POl 1) TLS-TNAEDENACHE fUNCIIONS ..oreroreerirecrirscrissserisssesisssesisssessmsessssisssssssssssssssssssasssssasssssassssssnssssassssasssssassssassssssssesans 19

POL 1) FEQUIATION coovoreveeeriseriserissserssserisseerissses s s ssis s s s s SRR RS R R 10 20

LA N 0 D 20 22
Ribonucleotides introduced by DINA POIYMETaSes ......vueuerrerreermereerseesseessesssesssesssesssssssessessssssesssssessees 22
Consequences of Ribonucleotides iN0 DINA .....coconeerinmserisssersmsessssesisssessssessossesssssssssssssssssssssssisssssasssssaniss 24
Ribonucleotides remoVAl Via RNASE H .......ccrovscrinserismseriossissonsisssssssssssssssssssosssssssssssssssssssssssssisssssasssssasssssssesans 25

Backup pathways for ribORUCIEOtIAES FEMOVAL .....ccereereericrscricssirressisssssisississossissossisssssesosssssssssssssssasssssasssesssssesans 27
RNA:DNA hybrids formed during Okazaki fragments SyNthesis .......c.cueeeemerseesernserssesssessessseesees 29
RNA:DNA hybrids formed during transCription .........eeeereeessesseesseessesssesssessssssesssssssessssssssssssessssssees 30
RNA:DNA hybrids in DSBS IEPAIT ...coueuereeereesiessermeessesserssssssessssseesesssessssssesssesssssssesssssssessssssssssssesssessees 31
ReSUlts & CONCIUSIONS....cociiirnmsines s e 33
New function for the DNA polymerase 1 during replication Stress ..., 33
Characterization of the DNA polymerase n toxicity in RNase H deficient cells..........cecususurunnen 34

Pol n is responsible for DNA damage checkpoint activation and mitotic arrest in RNase H

AETICIENTE CIIS vuvrurrerrureueerersessee st st ses s bbbt s s e s s s E e REEReEsER e nEne bt 35
Pol n acts at HU-stressed replication fOTKS .......uerrerernsersseeeseesseesesssesssesssssssesssssssessesssessssssessssssaees 35
Pol n toxicity does not depend upon residual rINMPs in the template DNA strand ........cccccvevrreneen. 35
Pol n toxicity is related to the insertion of multiple riboNUCICOtIAES. ..c.eurrrreneererrirreererrerseeseeserseeneens 36
Sources of RNA:DNA hybrids ... 37
Does Pol 1 incorporate stretches of RNA int0 DINA?......coecneeemesseesssessessssssessessssssesssssessees 37
Does Pol ] compromise the Okazaki fragments proCesSiNg? ........covereereeseesersersesssesssesssesesssessees 37
Do0es POl 1] 8Ct 0N R-100PST7 ..ot sessssssessesssessse s s s sssssssssessaees 38



Characterization of the DNA polymerase n physiological meaning at HU-stalled replication

Contribution of Pol 1 to DNA replication in low dNTPs concentration, using ribonucleotides as

SUDSTIALES weuvvereeusesseeserssessessessseusessessssssessessssssessessessssssessessssssessessssssesseessssessesssssessesassasessesesssssssessssssssessssssssssssssaneens 42
SGA to find interactors of the DNA polymerase 1 under replication Stress.......eeereeeseesnees 44
Regulation of the DNA polymerase 1 activity ... 47
SUMOVYIAtION O POL 1 coueeueecereeeeesseesseessessessssesessesssessesssssssessssssesssssssesssssssssssessssssesssssssesssssssessssssssssssssssssssaees 47
LD 0T T 1 ) 1 51
Material and Methods. ... ——————————————— 55
TaDIE OF YEASE STTAINS cvuvureereeurerseesrerseeseesees s sessseessesssses e sssess s s s s s R s e 55
21 o) E 03 i o) 1] 8 PPN 57
Yeast strains, plasmids, media and growth CONAItIONS .......cvereeereereerreesees e seessess s sesssesenns 57
SENSTLIVIEY ASSAY wvrrreurerssersrerserseesseesseessesssesssesssesssesssesssesssessesssesssasssessssessesssssssesasesssssssessesssesssssssesssssssesssesssssssessssssesssees 58
IS0 T4 S 0 1 S PPN 58
Fluorescence-activated cell-sorting (FACS) ANalYSiS.....reerensesemsesssesssesssesssssessessssssessessssesees 58
Two-Dimensional agarose gel EXPEIiMENLS ... reeuresrersererserees s sessesssesssessssssse s ssesssssesssssssssees 58
SGA PrOCEAUIE ...uveureereeureaeeseisessesssssssssessesssssss sttt s et s st s s s st b s bbbt 59
Scoring of putative interactions in an SGA SCIEEM .....ccuerreeriesrerrrsersersssssersess s sesssssssesssesssssssessssssssssees 60
Ni-NTA pull-down under denaturing CONAITIONS ......eeuerereeeremseesresseessesssesssessessssseessesssessssssesssesssesssesasseans 61
2 =) ) 4 68
APPEINAICES .ttt AR AR AR 85
Published paper L. s 86
RNase H activities counteract a toxic effect of Polymerase 1 in cells replicating with depleted
ANTP POOLS vttt s s s ss s R R R RS SaRs R 86
Published paper L. 109
Measuring the levels of ribonucleotides embedded in genomic DNA ......ccocmreenmrrnreneenserneesneesnens 109
Published paper IL......mmmsmsmssssssssssssssssss s 120
One, No One, and One Hundred Thousand: The Many Forms of Ribonucleotides in DNA.......120






Abstract in Italian

Durante diversi processi cellulari ’'RNA e il DNA possono appaiarsi, portando alla formazione di
ibridi RNA:DNA. Sebbene queste strutture abbiano una rilevanza fisiologica, il loro stabile accumulo
induce stress replicativo, compromettendo la replicazione del DNA e la stabilita del genoma. Le
cellule possiedono due enzimi in grado di processare gli ibridi di RNA:DNA: I’RNasi H1, che taglia
solo ribonucleotidi consecutivi, € ’RNasi H2 che processa sia ribonucleotidi singoli che multipli.
Mutazioni dell’RNasi H2 sono associate a carcinogenesi ¢ ad una grave malattia auto-infiammatoria
chiamata sindrome di Aicardi-Gouti¢res. Nel lievito S.cerevisiae 1’assenza delle RNase H (rnhid
rnh2014) causa un accumulo di ribonucleotidi nel genoma, e una sensibilita a diversi agenti che
inducono stress replicativo, tra cui l'idrossiurea (HU), un composto che riduce la concentrazione di
nucleotidi, bloccando le forche replicative. Inaspettatamente, noi abbiamo scoperto che questa
sensibilita all’HU ¢ causata dall’attivita della DNA polimerasi translesione n (codificata dal gene
RAD30).

In questo studio, abbiamo dunque caratterizzato questo nuovo ruolo di Pol n in HU, e la tossicita che
ne deriva dall’assenza di RNasi H, concentrandoci anche sui possibili meccanismi regolatori. I nostri
dati indicano che Pol 1 lavora a livello delle forche replicative stressate dall’HU, con un reclutamento
che sembra dipendere dalla mono-ubiquitinazione di PCNA, e che potrebbe anche essere regolato dai
livelli di SUMOilazione di Pol 1. Abbiamo dimostrato che I’attivita catalitica di Pol n ¢ dannosa in
cellule prive di RNasi H, causando l'attivazione del checkpoint del danno al DNA e l'arresto in G2 /
M. Questi effetti deleteri si verificano durante il primo ciclo di replicazione in HU, e sembrano
derivare dall'incorporazione di tratti di ribonucleotidi promossa da Pol 1. In accordo, un mutante di Pol
n che incorpora piu ribonucleotidi, incrementa ulteriormente la sensibilita all'HU delle cellule prive di
RNasi H.

Tutti questi dati sono compatibili con I’idea che Pol n promuova la replicazione del DNA quando le
forche sono bloccate dalla carenza di dNTPs, inducendo la formazione o la stabilizzazione d’ibridi
RNA: DNA. Questi ibridi potrebbero derivare dall'incorporazione diretta di ribonucleotidi nel DNA,
da un’errata maturazione dei frammenti di Okazaki, o dalla stabilizzazione di R-loops. Tuttavia, in uno
scenario in cui le RNasi H non riescono a ripristinare il corretto appaiamento DNA:DNA, questi ibridi
diventano tossici per le cellule. Infine, eseguendo uno screening genetico (SGA), ho identificato alcuni
interattori negativi di RAD30 che potrebbero compensare la sua funzione a livello delle forche

replicative bloccate dall’HU.



Abstract in English

RNA:DNA hybrids are transient physiological intermediates that arise during several cellular
processes such as DNA replication. Although these structures have physiological relevance, their
stable accumulation perturbs DNA replication, inducing replication stress and genome instability.
Cells possess two enzymes that process these structures restoring the correct DNA:DNA sequence:
RNase H1, which just handles stretches of multiple INMPs, and RNase H2 that processes either single
or multiple ribonucleotides hybridized with DNA. Mutations in the human RNase H2 lead to
carcinogenesis and a severe auto-inflammatory disease known as Aicardi-Goutiéres syndrome.
S.cerevisiae yeast cells lacking RNases H enzymes (rnhiA rnh2014) accumulate ribonucleotides in
their genome, becoming sensitive to different replication-stress inducing agents such as hydroxyurea
(HU), a compound that decreases the dNTP pools, stalling replication forks. Unexpectedly, we found
that this HU-sensitivity is completely suppressed by removing the RAD30 gene, coding for the
translesion DNA polymerase 1.

In this study, I characterized this novel activity for the yeast Pol n under HU-induced replication
stress, and the toxicity observed in RNase H depleted-cells, also focusing on possible regulatory
mechanisms. Our data indicate that Pol n acts at HU-stressed replication forks, with recruitment that
seems to depend on PCNA mono-Ub, and might also be regulated by the Pol n-SUMOylation levels.
We proved that the catalytic reaction performed by Pol n is detrimental for RNase H deficient cells,
causing DNA damage checkpoint activation and G2/M arrest. These harmful effects arise during the
first replication cycle in HU and seem to be due to the incorporation of stretches of ribonucleotides
promoted by Pol n. In agreement, a Pol n mutant allele with enhanced ribonucleotide incorporation
further exacerbates the sensitivity to HU of cells lacking RNases H enzymes.

All these data are compatible with a model in which Pol n promotes DNA replication from stalled
replication forks, inducing the formation or stabilization of RNA:DNA hybrids. These hybrids could
result from either direct incorporation of INMPs into DNA or incorrect Okazaki fragments maturation
or R-loops stabilization. However, in a scenario where RNase H activity fails to restore DNA, these
hybrids become toxic for cells. Finally, performing an SGA screening, I identified some negative
interactors of RAD30 that might compensate for the role played by the polymerase at HU-stalled

replication forks.



Aim of the Project

Replication stress is defined as slowing or stalling in replication fork progression. This condition,
which can arise from several endogenous or exogenous sources, is the main driver of genome
instability, leading to tumorigenesis and cancer progression '. Conversely, many therapeutic strategies
aim to exploit replication stress to generate an unsustainable level of damage in cancer cells, which
selectively kill them *. Therefore, the growth of precancerous or cancerous cells strongly depends on
their ability to tolerate replication stress.

In this regard, a key role is played by translesion synthesis (TLS) DNA polymerases that can deal with
many barriers encountered during replication fork progression thanks to their spacious active sites °.
Among the different TLS polymerases, | am interested in the study of the Y-family translesion DNA
Pol m due to its aberrant expression in many cancer types and its broader role in dealing with different
replication stress conditions. For decades its activity has been restricted to an accurate DNA
translesion synthesis (TLS) opposite UV-induced thymine dimers and other DNA distorting lesions *°.
However, It is now starting to emerge that Pol 1 can deal with many other lesion-independent
replication stress conditions (reviewed in °). Pol 1 downregulation is associated with the genetic
disease Xeroderma Pigmentosum-Variant (XPV), characterized by sun sensitivity and elevated
incidence of skin cancer ’. On the other hand, high expression of Pol 1 has been found in several

. . 811
tumors and has been linked to chemoresistance

. Due to these outcomes, it appears crucial to
characterize how different types of replication stress can trigger the activity of Pol 1, in order to

understand in deep the contribution of Pol 1) to genome stability.

Working with S.cerevisiae yeast cells, we found that Pol n plays a role when replication stress is
induced by depletion of nucleotide pools (Hydroxyurea treatment). In particular, this role becomes
deleterious in the absence of RNases H enzymes required to process RNA:DNA hybrids in cells,
suggesting an intriguing and unexpected role of RNA in these processes. In this view, the aim of my
project was to characterize at the molecular level this alternative role played by the yeast Pol 1, and

how it becomes toxic in RNase H depleted-cells.
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Introduction

Endogenous and exogenous sources of DNA damage and replication stress

DNA replication is a fundamental process of the cell that ensures accurate duplication of the genetic
information and subsequent transfer to daughter cells. In Eukaryotes, this complicated and tightly
regulated process is initiated at multiple replication origins from which two replication forks travel bi-
directionally until the entire genome is replicated. Before the S-phase, each origin is “licensed” by a
combination of proteins to prepare the chromatin for replication'”. Synthesis is subsequently initiated
at the beginning of the S-phase in a process called origin firing'’. The parental duplex is unwound by
the helicases Cdc45-GINS-MCM2-7 (CMG), allowing access to the replicative DNA polymerases.
These include the DNA polymerase o primase (pol a-Pri), and the DNA polymerases € and 6 that
synthesize the leading and lagging strands respectively, with the help of the sliding clamp and
processivity factor PCNA, RFC, and numerous additional factors. All these proteins together

constitute a multi-subunit complex called replisome, which accounts for replication fork progression'’.

However, a variety of obstacles can slow or stall the replication fork progression and/or DNA
synthesis, causing replication stress (reviewed in '*)(Figure 1). Among the most commonly
recognized sources of replication stress, there are DNA lesions that can distort the DNA helix or
induce breaks, hampering the replication fork progression. Exogenous agents that generate DNA
lesions include UV light, ionizing radiation, and numerous genotoxic chemicals, while endogenous
sources of damage include reactive oxygen species formed as by-products of normal cellular
metabolism or abasic sites resulted from hydrolysis of nucleotide residues'’. Moreover, despite the
replicative DNA polymerases are highly accurate, sometimes they introduce errors in the genome such
as mismatches, insertion, deletions, or misincorporation of ribonucleotides instead of
deoxyribonucleotides '°.

Besides, many DNA sequences are intrinsically challenging for the replication machinery. Examples
include trinucleotide repeats that can form secondary DNA structures, G-quadruplexes structures
formed in GC-rich DNA, protein-DNA complexes, and Common fragile sites (CFSs), defined as
difficult-to-replicate DNA loci present in the human genome that accumulate breaks or gaps in
response to mild replication stress'®. Furthermore, since transcription operates on DNA, this process
inevitably interferes with the replication fork progression. Collisions between transcription and
replication machinery are indeed an important source of replication stress'”'®. In addition, during
transcription, the nascent RNA can hybridize back to the complementary DNA strand, forming a
triplex structure with an RNA:DNA hybrid and a displaced ssDNA that is termed R-loop'’. Moreover,
highly transcribed yeast genes migrate to the nuclear periphery, anchoring the nuclear pore to facilitate
RNA export. However, it was reported that the nuclear positioning of transcribed genes generates a

topological impediment for incoming replication forks™.
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In general, replication requires several factors, including nucleotides and replication machinery
components that, when limiting, can slow replication forks and induce replication stress. Depletion of
dNTP pools is a condition typically observed in many types of cancers and can be artificially
recapitulated using a compound called hydroxyurea (HU), which selectively inhibits the
ribonucleotide reductase enzyme (RNR), preventing the conversion of rNTPs into dNTPs. Aphidicolin
(APH) is another compound that inhibiting the B-family DNA polymerases slows down the replication
fork progression. Finally, the overexpression or constitutive activation of oncogenes is another

. . . 21
emerging source of replication stress” .

Inhibition of replicative
DNA polymerases
(APH)

Oncogene

overexpression Transcription-
ROS { replication
I Myc - conflicts
SR | _
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wv incorporation
DNA damage Difficult to replicate
sequences
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Figure 1. Sources of replication stress.

Replication stress response

Replication through all these obstacles can make the replisome stall, resulting in a condition defined as
replication stress. Stalled forks usually expose single-stranded DNA (ssDNA) since replicative
helicases continue to unwind for a short tract the parental DNA, while the replicative DNA
polymerases are stalled. ssDNA is then coated by the replication protein A (RPA), and this is the
signal that activate a surveillance pathway called the DNA replication checkpoint (explained later in
the text), and recruits numerous factors that stabilize the stalled replication forks and promote the
repair/removal of the obstacles. These multiple interconnecting pathways constitute the so-called
Replication Stress Response'®. Thanks to the existence of this response, stalled replication forks can
resume DNA synthesis when replication stress has been relieved. Nevertheless, if replication stress
persists or some replication-stress-response components are lost, the fork may fail to restart and
collapse. Fork collapse results in replisome disassembly, ssDNA gaps, and DNA breaks, even if the
mechanisms by which this occurs are still ambiguous*>*.

Overall, a defective response to replication stress is the primary cause of genome instability, resulting
in gross chromosomal rearrangements (GCRs), chromosome fusions, and chromosome fragmentation

and loss. In humans, replication stress and genome instability are common features of most cancer and
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precancerous cells and aging'. Therefore understand the causes and the consequences of replication

stress can increase our comprehension of the early molecular steps involved in tumorigenesis and

aging.

The replication checkpoint

At the center of the replication stress response, there is the activation of a signal transduction cascade,
called the DNA replication checkpoint (DRC), whose aim is to sustain cell viability and protect
genome integrity. Mutations in genes involved in this cascade are frequently found in cancers or
genetic syndromes that lead to cancer predisposition. The replication checkpoint constitutes a
specialized branch of the DNA damage checkpoint, and it is often referred to as the S phase (or intra-S
phase checkpoint)** . In particular, stalled forks are sensed by protein sensors, and this information is
communicated through signal transducers to effectors that mediate the physiological response of the
cells. The entire cascade is highly conserved amongst eukaryotes, and here I summarize the yeast
S.cerevisiae factors. The primary sensor is the apical kinase Mecl (ATR in mammals), which is
recruited to RPA-coated ssDNA exposed at stalled forks together with Ddc2**. Mecl activation
depends then on additional factors that include the 9-1-1 complex (Ddcl, Mec3, and Radl7), the

239 Once activated, Mecl

replication factors Dpbll and the DNA helicase/nuclease Dna2
phosphorylates the effector kinase Rad53. This leads to Rad53 activation and subsequent
autophosphorylation. Since Rad53 phosphorylation level correlates with its kinase activity and thus
with the extent of damages, Rad53 phosphorylation is generally used as a marker of the checkpoint
activation in yeast S.cerevisiae. Activation of Rad53 also depends upon Mecl phosphorylating the
mediator proteins Rad9 and Mrc1, which binds the FHA domains of Rad53 *'*> While Rad9 seems to
be more important for some types of DNA damage, Mrcl seems to signal replication stress, since it
travels with the replisome’'. Other factors that emerged as important for the activation of Rad53 are
the DNA helicase Sgs133’34, the MCM replicative helicases™, and besides the Rad24-RFC, also the

alternative RFC complex (RECS'8)*%7,

Once active, the effector kinase Rad53 acts on various biological processes together with Mec1, which
can act both as a sensor and effector of the S-phase checkpoint. A first effect of the checkpoint is to
rapidly inhibit DNA synthesis through repression of late and dormant origins®*>’. Then the classical
role of the checkpoint response is to delay progression through mitosis to prevent segregation of
damaged DNA or incompletely replicated chromosomes™ *. This delay is required to allow DNA
repair to occur. Indeed, depending on the obstacles that interfere with the replication fork progression,
cells evolved specialized DNA repair pathways (reviewed in **). In line with this, another role of the
checkpoint kinases is to induce the expression of DNA repair genes and maintain the expression of
genes required for DNA replication. Another function of the checkpoint kinases is to up-regulate the

dNTP levels, mainly through modulation of the ribonucleotide reductase activity (RNR)*. Finally, the
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most crucial function of the checkpoint kinases is to protect the fork stability, preserving the ability of

the replisome to resume DNA synthesis once the stress is relieved, and preventing fork collapse™*.

DNA damage tolerance mechanisms

Besides the existence of a plethora of DNA repair pathways that act removing lesions that hamper the
replication fork progression, cells evolved specialized mechanisms named DNA damage tolerance
(DDT) or post-replication repair (PRR) mechanisms that allow the cell to bypass or “tolerate” lesions
encountered during DNA replication, allowing completion of DNA replication. There are two
predominant post-replication repair pathways conserved in all the eukaryotic kingdom (reviewed in *'~
). translesion synthesis (TLS), which involves specialized DNA polymerases able to directly
replicate across the lesion and template switching (TS), which is more accurate since it involves
recombination to a homologous template, usually the sister chromatid. Several studies support that
both pathways are coupled with on-going DNA replication’>*. However, the observation that ssDNA
gaps can persist into late S/G2, together with the finding that restricting the DTT to G2/M phase does
not affect cell viability ***° indicates that damage bypass also functions post-replicatively in the G2

phase.

Post-translational modifications of the proliferating cell nuclear antigen (PCNA) play a key role in
regulating the choice between the different DTT pathways (Figure 2). PCNA is a homotrimer
essential for the processivity of DNA polymerases by tethering polymerases to DNA, but it also
represents a loading platform for a variety of proteins that participate in DNA replication and repair *°.
In particular, apart from activating the Replication checkpoint, RPA-coated ssDNA also promotes the
recruitment of the E3 Ub-ligase Rad18, which, acting in complex with the E2 Ub-conjugating enzyme
Rad6 mono-ubiquitinate PCNA at the conserved residue K164 ° . This is the signal that stimulates
TLS activity. Importantly, Rad18 does not seem to be the only enzyme that mono-ubiquitinate PCNA
6163 "and lines of evidence suggested that in some instances TLS can proceed independently on PCNA
mono-ubiquitination *. K164 mono-ubiquitination can be further extended to K63-linked ubiquitin
chain by the E3 ligase Rad5, which acts together with the E2 enzyme Ubc13 and the E2-like enzyme
Mms2 > This poly-ubiquitination of PCNA signals the cell to switch from TLS to TS. However,
it was recently proved that Rad5 also has an Mms2-Ubc13 independent role in the TLS pathway .

Moreover, apart from having a ubiquitin ligase activity, Rad5 also has an ATPase activity able to

catalyze fork reversal .

Historically PCNA ubiquitination and DTT pathways have always been related to DNA-Damage
bypass. However, it is now clear that DTT can be active also in the absence of DNA lesions. For
instance, Ub-PCNA is seen in cells experiencing replication stress induced by hydroxyurea, which

60,69

depletes dNTPs without generating DNA lesions . Ub-PCNA is also seen when there is an

overexpression of oncogenes that lead to dysfunctional DNA replication "°, and it was suggested that
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PCNA-Ub has a role during normal DNA replication, promoting an efficient lagging-strand DNA

. TLT2
synthesis * "

K164 and the nearby K127 of PCNA can also be targeted for SUMOylation. PCNA SUMOylation is
observed normally during S-phase or after high dosage of DNA damage and is mediated by the E2-E3
complex Ubc9-Sizl *"**. Although the precise role of this modification is still mysterious, it seems that
SUMO-PCNA interacts with the anti-recombinogenic helicase Srs2, which displaces Rad51 from
DNA preventing repair through Homologous Recombination in the S phase, thereby facilitating
ubiquitin-dependent DDT pathways ®*°. The ability of Radl8 to target PCNA is indeed strongly
enhanced by SUMO-PCNA. Again, PCNA can be the target for other modifications, like ISGylation,
acetylation, methylation, and phosphorylation, all involved in regulating its activity during DNA
replication and repair (reviewed in *).

Since PCNA functions as a trimer, more than one modification can occur on the same clamp.
However, whether this happens in vivo is still unclear. Moreover, although the main players involved
in DDT have been identified, many aspects regarding their coordinate regulation and crosstalk are still
obscure. How cell selects TS over TLS, and whether the choice depends on the specific type of
damage is still unknown. Answer to those questions can significantly impact the development of
chemotherapeutic approaches since players in DDT are frequently defective or overexpressed in

different types of cancer’’.

———
Poly-ubiquitination T "; g NP~
of PCNA

Fork regression Lesion bypass (EF)
(chickenfoot)

‘Z%E>==~ == - ——>

/ Mono-ubiquitination Direct TLS polymerase TLS (EP)

of PCNA recruitment
o N :
......... > —_—
Replication stalling @:e‘_‘\/= —_— T

i Rad5-dependent TLS polymerase TLS (EP)
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SUMOylation of PCNA —

and Srs2 recruitment Lesion bypass by HR Lesion bypass (EF)

Figure 2. Sub-pathways of the DDT"*,

Template Switching (TS)

The Template Switching is considered an error-free mechanism since it uses the information present in

the nascent sister chromatid to bypass stalled replication forks. This mechanism is triggered by the
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poly-ubiquitination of PCNA, which in yeast is mediated by Rad5, Mms2, and Ubcl3. Poly-
ubiquitination is also observed in mammalian cells, where in addition to Mms2 and Ubc13, there are
two Rad5 orthologs, which seem to poly-ubiquitinate PCNA via distinct mechanisms: HLTF 7 and
SHPRH . Moreover, mouse embryonic fibroblasts lacking both those factors retain the ability to
poly-ubiquitinate PCNA, suggesting the existence of another backup E3 ligase ''. How poly-
ubiquitinated PCNA itself signals for TS is still enigmatic, and many aspects regarding the molecular

mechanisms used by TS are still obscure.

Anyway, it seems that following PCNA poly-ubiquitination the newly synthesized ssDNA blocked
ahead of the DNA lesion present in the template strand, anneals with the daughter’s newly synthesized
strand forming a three-strand duplex. Homology search and strand invasion seem to be promoted by
Rad51, Rad52, Rad54, Rad55, and Rad57 . Then, Pol & extends the DNA by using the daughter’s
newly synthesized strand as a template. The result is the formation of recombination-like structures
called sister chromatic junctions (SCJs) ”°, which are preferentially processed by the Sgs1-Top3-Rim1
complex ®'. Other players involved in TS are Pol a primase, Ctf4, and the cohesion complexes that

82,83 In

facilitate sister chromatid recombination maintaining nascent sister chromatids nearby
addition, in humans, the Exol nuclease and the 9-1-1 (Rad9-Husl-Radl) complex were recently

implicated in the TS pathway **.

Besides its Ubiquitin-ligase activity, Rad5 also has an ATPase activity able to promote fork reversal.
The result is a structure termed chicken foot, which in theory is a substrate suitable for TS by allowing
nascent DNA strands to anneal to provide a template for synthesis past a blockage on the other strand.
Besides, reversed forks provide a means to stabilize stalled forks during stress, protecting labile DNA

structures from nucleolytic degradation *.

Translesion synthesis (TLS)

Translesion DNA synthesis utilizes low-fidelity DNA polymerases (TLS) able to replicate directly
past the lesions thanks to their large active site, which is flexible enough to accommodate damaged
nucleotides™. As for the replicative polymerases, also in TLS, we can identify a Palm, Thumb, and
Fingers domain. The Palm domain contains the carboxylate residues necessary for the catalysis, while
the Fingers and Thumb are shorter compared with the replicative polymerases, making fewer contact
with both the template and incoming nucleotide: this contributes to the low fidelity and processivity of
TLS*”*. These features make worsen by the lack of the 3°-5” exonuclease activity that is characteristic
of replicative polymerases®. Finally, a TLS-specific additional domain, known as the little-finger

domain or polymerase-associated domain (PAD), helps to stabilize TLS polymerases on DNA®*!,

The budding yeast S.cerevisiae has three TLS polymerases: Revl and Pol 1, which belong to the Y
family, and Pol {, a member of the B family. Later in the text, each of these TLS will be discussed in
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detail, paying particular attention to Pol . Mammals possess two further Y-family polymerases: Pol
and Pol 1 * (Figure 3). How the most appropriate TLS is chosen to bypass a specific lesion is still
controversial and under extensive studies (reviewed in *%). Each of these polymerases has indeed one
or more cognate lesions, which the enzyme bypasses with relatively high accuracy and efficiency.
However, the activity of TLS is generally considered error-prone and mutagenic”, and TLS
overexpression is frequently linked to tumorigenesis and chemotherapy resistance®''. This occurs
when TLS bypass the DNA damage caused by the chemotherapy drugs. An example is resistance to
cisplatin-inducing treatment, due to the ability of Pol n to bypass the DNA damage adducts caused by

the cisplatin-based drugs '*"

. On the other hand, reduced TLS activity can also lead to cancer
predisposition’. Therefore, the access of TLS to replication forks must be strictly regulated (reviewed
in™). A central scaffold for the binding and the recruitment of TLS on DNA is PCNA: interaction with
mono-Ub PCNA is mediated by a specific ubiquitin-binding zinc finger (UBZ) or ubiquitin-binding
motif (UBM) present in the Y-family polymerases”™. Additional interaction with PCNA occurs
through the canonical PCNA-interacting peptide (PIP) found in all the TLS, except for Revl where
PCNA-interaction is mediated by its BRCT domain’*®’. Another level of regulation is posttranslational
modifications of the TLS themselves by for instance ubiquitination, phosphorylation, O-
GlcNAcylation and SUMOylation **. Finally, TLS abundance can also be regulated in a cell-cycle
dependent manner. In both S.cerevisiae and mammals, for instance, the levels of Revl and Poln peak
at the G2/M phase relative to G1 and S*'%*. However, a recent study demonstrated that in presence of
UV radiation or hydroxyurea (HU) treatment, which causes replication stress limiting dANTP pools,

both Rev1 and Pol 1 start to accumulate in S-phase '

. Polymerase
Species family
™ ScRad30 (Pol ) )
3 71300) -
2 Y ScRev1
3 —— -
o | (985aa)
8 B ScRev3 (Pol £) s _
(1501aa)
™ Poln (NRAD30A)
. C15%e) D
kS Pol 1 (NRAD30B) )
§ v (715aa) E=——4
. Pol x (hDINB1) .
T (870aa) -0
REV1
| (1251aa) ——I- I —E)—am

B Pol { (REV3)
(3130aa)

Core polymerase domain
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[ ns ¢ uez ] PDORR

. . . . o . 104
Figure 3. Domain structure of TLS polymerases in S.cerevisiae and Homo sapiens .
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Translesion synthesis is thought to occur via two non-mutually exclusive processes: the polymerase

switching model and the gap-filling model (reviewed in'”

). The first mechanism takes place during
active DNA replication where, after replication fork stalling, replicative DNA polymerases are
temporally exchanged with TLS polymerases. Lesion bypass and extension may require the action of
one or more TLS polymerases and, finally, a further switch restore an accurate DNA synthesis by

L 106-109
replicative polymerases

. The gap-filling model instead, occurs outside the context of the
replication forks during G1 and G2/M phases or in the last stages of the S phase. Here the purpose of
TLS is not to restart a stalled replication fork, but rather to fill gaps originated when the DNA

replication fork stalled and restarted downstream of the lesion'*'*!'%!!!

. This lesion-skipping
mechanism requires a primase activity to reinitiate DNA synthesis downstream of the damaged site.
Interestingly, in human de novo primer synthesis rely on a newly discovered protein called PRImase
and DNA-directed POLymerase (PRIMPOL), which possesses both primase and polymerase activities

112

(reviewed in 7). Orthologs of PRIMPOL are absent in budding yeast, where repriming seems to be

promoted by the Pol o primase complex ****'"3.

Revl is a TLS with deoxycytidyl (dCMP) transferase activity''*. This means that its activity is
restricted primarily to introducing dCMP nucleotides preferentially on G template or abasic sites '"”.
Interestingly, complete loss of Revl compromises the bypass of lesions that are not substrate for its
catalytic activity. This can be explained by the fact that besides its catalytic activity, Revl plays an
important role in coordinating the activity of the other TLS through protein-protein interactions. Its C-
terminal domain (CTD) can indeed associate with Y-family polymerases''"'® and with Pol {'"°. This,
combined with the interaction between Revl and PCNA mediated by the BRCT domain, leads to a

model in which Revl functions primarily as a molecular “bridge” between PCNA and TLS

polymerases, rather than by bypassing lesions directly.

DNA Polymerase { is a B-family enzyme related to the replicative polymerases o, €, and 6, even
though its 3’-5" exonuclease domain is inactivated by mutations. It is a heterodimer composed of the
Rev3 catalytic subunit and the Rev7 accessory subunits'®’. Interestingly, upon Pol § stalling at DNA
lesions, the catalytic subunit of Pol & seems to dissociate, while its Pol31 and Pol32 subunits can
associate with Rev3/Rev7. The result is a tetrameric enzyme, which exhibits more efficient and

121,122

processive activity than the Rev3/Rev7 complex alone . Pol { is generally inefficient at inserting

bases opposite lesions but it is very proficient at extending distorted base pairs, such as mismatches
that might result from inaccurate base insertion by other TLS polymerases or a base pair involving a

bulky DNA lesion®'?*. Nevertheless, sometimes it can also insert nucleotide across damaged bases, for

124-126

example, it is capable of single-step bypass of 6-4 photoproducts , and in budding yeast, it is also

able to replicate DNA containing rINMPs ',
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Pol n TLS-dependent functions

DNA polymerase 1, encoded by RAD30 gene in yeast and POLH gene in humans, is a Y-family DNA
polymerase able to faithfully bypass several distorting DNA lesions. It is the primary TLS responsible
for an error-free bypass of cis-syn cyclobutane pyrimidine dimers (CPDs), one of the major lesions

resulting from UV radiation *'**. Pol n also bypasses oxidative DNA lesions such as 7,8-dihydro-8-

129 130

oxoguanine (8-0x0G)’ and thymine glycol (TG)'*’, and other lesions such as abasic sites (AP-sites)'’,
O°-methylguanine (O°-me-G)"', acetylaminofluorene-adducted guanine'”> and (+)-trans-anti-
benzo(a)pyrene-N>-dG'**. Moreover, it can bypass 1,2-intrastrand d(GpG)-cisplatin adducts "**. On the
other hand, Pol 1 exhibits low fidelity when copying undamaged DNA. This is consistent with a more
open active site compared to the other polymerases that is less specific but better able to accommodate

bulky lesions™.

Several acid residues have been identified as important for the polymerase activity of yeast Pol n:
Asp30, Glu39, and Asp155 are essential for Pol n function, since they coordinate the two metal ions
necessary for phosphodiester bond formation, while Glul56 seems to participate in nucleotide
binding'*’. Recently it was also demonstrated a role for the residues GIn55 and Arg73 in the DNA
synthesis among different lesions'*. Besides, like most DNA polymerases, Pol 1 has a conserved
“steric gate” residue in its active site, which functions to prevent the incorporation of ribonucleotides
during DNA synthesis. In S.cerevisiae this residue is the Phe35", while in humans it is the Phel8,
which is stabilized by the Tyr92"**. Mutations of those residues to alanine increase the propensity to
introduce INMPs over dNMPs into DNA. On the other hand, also WT hPol n can insert INMPs on

138.1 . . ..
38139 " even if this last condition makes RNase

undamaged substrates or opposite several DNA lesions
H2-dependent rNMPs removal greatly inefficient'”. Furthermore, WT hPol n seems capable of
synthesizing polyribonucleotide chains, and both yeast and human Pol 1 can also extend RNA primers

incorporating dNMPs or tNMPs "%,

Pol n TLS-independent functions

Besides its TLS activity, Pol n also possesses many TLS-independent cellular functions, where the
polymerase operates in no DNA-damage context (Figure 4), (reviewed in°). For instance, Pol 1 could
play a role during HR-mediated DNA repair '**'*. Pol 1 can indeed extend DNA synthesis from D-
loops recombination intermediates, with an activity that is further stimulated by interaction with
Rad51,' PALB2 and BRCA2'. Since D-loops do not harbour any lesion per se, this role is
considered to be TLS independent. Moreover, this D-loop extension capability has a potential role in
alleviating replication stress at the ATL telomeres, which strongly rely on recombination-associated
DNA synthesis'*. hPol 1 is also able to exchange with Pol & stalled at Common fragile sites (CFSs)'*,

and it is required to efficiently replicate these loci, maintaining their stability'*”'**, CFSs are defined

as inherently unstable genomic loci exquisitely prone to breakage upon mild replication stress and
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recurrently altered in human tumor cells. Consistently, hPol 1 seems required for S-phase progression
during replication stress induced by hydroxyurea (HU), although its activity is proapoptotic'®.
Furthermore, among the variety of factors that induce CFSs instability, there is replication stress
resulting from collisions with the transcription machinery'*’, and hPol 1 seems critical for replication

to continue upon co-directional collisions with IncRNAs"".

Moreover, it was recently found that yeast Pol m seems to compete with the replicative DNA
polymerases o and & for the DNA replication of lagging strand"”® and besides this role in DNA
replication, Pol n could also function in transcription, probably in the elongation step. Yeast Pol ) was
found to be enriched in hyper-transcribed regions, and the transcription of several genes was affected
by its absence'*’. A transcriptional role is also supported by the fact that, as mentioned above, both

140,141

yeast and human Pol 1 can extend RNA primers incorporating rNMPs . Pol n also promotes

faithful chromosomal segregation participating in the DNA damage-induced cohesion'”’, and

participates in the IgG diversification during somatic hyper mutation'**

. Furthermore, it is possible that
other TLS-independent functions still have to be discovered. Indeed, while more than 20 years of
extensive studies support the TLS activity of Pol m, the discovery of all these TLS-independent
functions is relatively new. Comprehension of detailed molecular mechanisms is thus still limited and

needs further clarification.

_/\/

B }__ﬁ
— —_—

DNA synthesis replication conflicts/
CFSs

— —

Damaged DNA Dl-cohesion D-loop extension transcription

TLS - activity NON-TLS - activity

Figure 4. TLS dependent and independent functions of S.cerevisiae Polymerase ) (modified from®).

Pol 1 regulation

Pol n downregulation is associated with the genetic disease Xeroderma Pigmentosum-Variant (XPV),
characterized by sun sensitivity and elevated incidence of skin cancer’. On the other hand, since TLS

activity can help cancer cells tolerate DNA Damage, high expression of Pol n has been found in
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different tumors, including Head and Neck Squamous Cell Carcinomas®, non-small cell Lung
Carcinomas’ and ovarian stem cells'® and, Pol 1 overexpression seems to be responsible to
chemoresistance to platinum-based treatments'”''. Therefore, it is clear that Pol n activity must be
tightly modulated. The picture is further complicated by the plethora of TLS-independent functions of

Pol n: cells have to regulate its recruitment in all these different situations.

As discussed above, the abundance of Pol 1 is regulated in a cell-cycle dependent manner, while
PCNA-interactions regulate its recruitment on DNA. These interactions are mediated by the UBZ
(ubiquitin-binding zinc finger) domain and the PCNA-interacting peptide (PIP) motif, located at the C-
terminal of Pol 1 that bind to Ub-PCNA and PCNA respectively'”. In S.cerevisiae, it was recently
reported that without the UBZ domain, the PIP alone has a minor affinity for Ub-PCNA'®.
Furthermore, it was recently identified a second PIP (PIP2), whose function is maintaining the
architecture and the dynamics of the complex'’’. Some conserved residues of the PIP can also bind
Revl, and because of that, they are sometimes referred to as Revl-interacting region (RIR)"®. Even if
the importance of this C-terminal region of Pol n is still debated, it seems that all these motifs
modulate protein localization without affecting the polymerase activity’>'>’. Finally, various post-
translational modifications may also regulate Pol 1 activity. For example, in the absence of DNA
damage, the hPol n can be mono-ubiquitinated on one of four lysines present in its PCNA interacting
regions '®’. This induces a conformational change in the C-terminal of the protein, which prevents its
interaction with chromatin. Then, after UV treatment, a de-ubiquitination event promotes hPol 0
interaction with PCNA '®. Removal of hPol 1 from replication forks is also promoted by its poly-
ubiquitination on K462 '%'. Interestingly, this modification is promoted by the O-GlcNAcylation on

161

the adjacent T457 residue . Unlike the inhibitory effect on TLS induced by ubiquitination, full TLS

162,163

activation seems to be promoted by hPol n phosphorylation on S601 . Furthermore, it was

recently found that even in the absence of DNA damage, hPol n exists in multiple phosphorylation

102

states, and its phosphorylation changes in a cell cycle-dependent manner . Finally, hPol n can also

be SUMOylated. In particular, while multiSUMOylation seems to reduce Pol n interaction with DNA
damage sites'®, monoSUMOylation on K163 promotes the association of Pol 1 at the replication fork
during unchallenged S phase'®. This was the first evidence of a mechanism used to regulate a TLS-
independent function of Pol m. Interestingly, the level of SUMOylation increases under lesion-
independent replication stress induced by drugs such as hydroxyurea. Thus, it was proposed that
mono-SUMOylation regulates the ability of hPol 1 to replicate common fragile sites (CFSs) in

unchallenged S-phase, preventing their breakage, especially upon replication stress.

All these modifications were described for the human Pol 1, and it is still not clear if they are also
preserved in the yeast protein, where the study and clarification of the biological meaning can be more

5

straightforward. Yeast Pol 1 seems to be either mono'> or poly-ubiquitinated'®, and this latter

modification seems to targets its proteasome degradation. Moreover, in vitro studies recently found
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that yeast Pol 1 can also be phosphorylated and acetylated'®’. In the same work, it has been proposed
that phosphorylation regulates the TLS-independent role of Pol m during the damage-induced

cohesion.
RNA in DNA

As described above, RNA into DNA represents an important cause of replication stress. RNA is
considered unstable compared to DNA, due to the presence of a reactive 2’-OH group on the sugar
moiety, which can attach the sugar-phosphate backbone, generating breaks with genotoxic outcomes
' This is the reason why cellular organisms store their genetic information into stable DNA
molecules rather than in RNA. Nevertheless, RNA is frequently found in DNA. Examples include
single and stretches of ribonucleoside monophosphates (rNMPs) introduced into DNA by DNA
polymerases, polyribonucleotide chains synthesized to allow DNA replication priming, transcription
bubbles and peculiar three-stranded nucleic acids structures termed R-loops, formed upon re-
hybridization of the transcript to its template DNA, RNA:DNA hybrids formed at double-strand
breaks (DSBs), etc (reviewed in'®)(Figure 5). All these RNA:DNA hybrids contribute to regulate
different physiological functions, but they have to be promptly removed to ensure genome integrity
and genome stability. Here below, I described in detail origins and consequences of RNA in the

genome, as well as pathways involved in their removal.

DNA polymerases transcription RNA
introduce Ribonucleotides ~ Okazaki fragments R-loops bubble in DSBs repair

Primase

RNA RNAP RNAPII RNAPII

Pol &

Figure 5. Sources and form of RNA:DNA hybrids present in cells

Ribonucleotides introduced by DNA Polymerases

Within a single round of DNA replication, DNA polymerases frequently incorporate ribonucleosides
triphosphate (rNTPs), the normal constituent of RNA, instead of the canonical deoxyribonucleosides
triphosphate (ANTPs) '”. This phenomenon turned out to be extremely conserved from bacteria to
humans and occurs more frequently than any other incorporation of abasic, oxidized, and modified
nucleotides. It has been estimated that more than 2000, 10000, and 1000000 ribonucleotides are
incorporated into bacteria ''', yeast, and mouse genomes respectively, during each cell division,

making ribonucleotides the most frequently non-canonical nucleotides incorporated into duplex DNA
172
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Rates of incorporation are influenced by many factors: one of them is the INTP in question, with rCTP
being the most frequently incorporated '™, Another determining factor is the sequence context:
different groups using different but related techniques have recently mapped rNMPs locations

737177 and fission yeast '™, They found that the rNTP distribution is non-

genome-wide in budding
random, with more abundant ribonucleotides in the leading strand, and with preferential hotspots in
correspondence of mitochondrial DNA, Ty regions, and tDNA locus'’*. The likelihood that INTPs are
mistakenly used instead of dNTPs is also increased by the fact that in physiological conditions there is
a great excess of INTPs over dNTPs (between 30- and 200- fold in S.cerevisiae, depending on the
nucleotide) '"*'"*'®_ Consistently, a decrease of dNTP pools (by chemicals such as hydroxyurea (HU)
that inhibit the ribonucleotide reductase enzyme) further increases the ribonucleotide incorporation
frequency '*'. Finally, incorporation frequency varies depending on the DNA polymerase used.
Studies under physiological INTP:dNTP ratio revealed that S.cerevisiae replicative DNA polymerases
a, 8, and € incorporate one ribonucleotide every 625, 5000, or 1250 deoxyribonucleotides respectively
' Single ribonucleotides are also incorporated during mtDNA replication by the replicative DNA

182,1
polymerase Y '#%!1%

. Finally, besides replicative DNA polymerases, an important contribution in
ribonucleotides-incorporation is given by all the DNA polymerases involved in reparative DNA
synthesis (Table 1) (reviewed in '® ). It should be highlighted that those latter are often active outside
the S-phase when the concentration of dNTPs can be three-fold lower than in the S phase *, and thus

the rNTPs incorporation can be more relevant.

In order to choose the nucleotide containing the correct sugar, most DNA polymerases use a conserved
“steric gate” residue, located at the entrance of their active site that clashes with the 2’OH of the
incoming rNTP, physically blocking a nucleotide with the wrong sugar from being incorporated into

16,186
% and

DNA "% Residues directly flanking the steric gate also play a role in sugar selectivity
recently it was identified an additional polar filter '*”. In B- and Y-family DNA polymerases the steric
gate residue is almost always a tyrosine or a phenylalanine '*°, and mutations that make the gate more
flexible or more rigid, allow higher or lower rate of ribonucleotide misincorporation respectively. For
example, in yeast, mutants of the replicative polymerases Pol & (pol2-M644G), Pol & (pol3-L612M),
and Pol o (poll-L868M) incorporate 10, 8, and 15 times more ribonucleotides respectively'®'**%.
Conversely, the mutant pol2-M644L is 3-fold less prone to introduce ribonucleotides '°. Mutants with
decreased sugar selectivity have been selected also for some TLS polymerases as Scpoly-F354 7 and

poli-Y394 ™°.

Although DNA polymerases are mainly responsible for single rNMPs incorporation, under particular
circumstances some of them might also incorporate stretches of consecutive INMPs '®’. For instance,
the fact that the pol/2-M 644G mutant becomes synthetic lethal with the simultaneous absence of RNase
H1 and H2, suggests that it incorporates stretches of multiples rINMPs, requiring the activity of both
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RNases H to be removed *'®. Or again, the poln-F35A mutant seems to incorporate stretches of
rNMPs at a high rate, leaving a specific 1bp deletion signature, when not removed by RNase H2 "*"'%2.
Consecutive rNMPs might also be introduced by wild type DNA polymerases: we found that upon
replication stress induced by hydroxyurea, S.cerevisiae Pol n is recruited at stalled replication forks,

where it facilitates the formation of stretches of rNMPs that become highly toxic for cells if not

191

properly repaired with DNA . Again, Pol B seems able to catalyze the incorporation of up to 8

192

sequential INMPs ', E.coli polV synthesizes RNA stretches unusually long ', and finally DinB2

194

from Mycobacterium smegmatis can synthesize even 16 consecutive INMPs . However, although

different techniques can be used to visualize single rINMPs-incorporation to date, multiple embedded

L L . . 169
rNMPs have never been visualized in vivo (reviewed in ).

Who Family Role in rNMPs Insertion
pol e B replication/repair undamaged leading strand
pol & B replication/repair undamaged lagging strand
pola B replication/repair undamaged lagging strand
TLS
pol'¢ B mitochondrial replication rare
. undamaged template, CPDs
pol B X repair/TLS 8- 0x0-Gs
pol A X repair/TLS 8-0x0-Gs
pol p X repair NHE] ends
Tdt X repair N-regions of V(D)] ends
TLS undamaged template
lesion-independent replication HU-stalled replication forks
poln Y stress
8-0x0-Gs, CPDs, cis-PtGG,
8-methyl-2'-deoxyGs
pol1 Y TLS undamaged template, 8-ox0-Gs, abasic sites
pol K Y TLS unknown
Revl Y TLS rare
poly A mitochondrial replication rare
pol 6 A TLS/repair alt-EJ ends
polv A TLS/repair unknown
PrimPol Archaeo eukaryotic priming/TLS undamaged template, 8-oxo-Gs

primase superfamily

Table 1. rNMPs insertion by eukaryotic DNA polymerases opposite different DNA templates.
Modified from'®’

Consequences of Ribonucleotides into DNA

The abundance and non-random distribution of INMPs in DNA suggest that their presence may be

') It has been demonstrated indeed that INMPs

useful for some biological functions (reviewed in
provide a mechanism to mark and initiate Miss Matches Repair (MMR) in eukaryotes '**'*°. While on
the lagging strand, nicks from Okazaki fragments allow strand discrimination, it seems that on the
leading strand nicks introduced by RNase H2 on rNMPs play this role, ensuring that MMR machinery

specifically removes mismatches on the newly synthesized strand. Ribonucleotides promote also an
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efficient DSB repair by NHEJ. The Pol p implicated in the NHEJ pathway has indeed a very low
rNTPs/dNTPs discrimination rate and it inserts primarily rNMPs, promoting an effective ligation by
the DNA ligase IV 7%,

Prompt removal of embedded ribonucleotides is anyway required to prevent several negative
consequences. Firstly, unrepaired ribonucleotides affect the DNA structure: NMR and X-ray analysis
report that a single INMP within short DNA molecules seems to induce a partial shift from B to A-

200-202

form conformation . Similarly, randomly incorporated rNMPs within long DNA molecules (up to

1 kb in length) induce a shortening and increased elasticity of the DNA backbone **. Besides, in vitro,

204,205
7 and

and in silico analyses report that ribonucleotides adversely affect the nucleosomes assembly
once rNMPs are located into nucleosome particles, they seem to be protected by cleavage. INMPs
located in the central part of NPCs are indeed repaired 273-fold less efficiently than those in free
dsDNA *®. It is easy to imagine that all these effects can be even more significant when DNA contains
polyribonucleotide tracks instead of single rNMPs. Unrepaired ribonucleotides hamper also DNA
replication since replicative DNA polymerases are not very efficient in bypassing them. In
S.cerevisiae, Pol 8 and Pol € show an efficiency of = 60% on single INMP bypass, and then they stall
proportionally as the number of consecutive rINMPs increases from 1 to 4 . Multiple INMPs in the
nucleus of S.cerevisiae are only tolerated thanks to the action of the template-switch and TLS Pol ¢ ***.
Moreover, although the impact on DNA polymerases progression is known, an interesting and still
unexplored aspect is how ribonucleotides impact the activity of RNA polymerases. In S.cerevisiae the
expression of 349 genes results indeed altered in the absence of RNase H2, indicating that unrepaired
rNMPs cause a transcriptional response **. Finally, persistent embedded rNMPs stimulate genomic

210

instabilities (reviewed in “ "), which are manifest as mutagenesis (in terms of deletions in simple

repeats to up of 5nt in length) *'', increased recombination, increased loss of heterozygosity (LHO) *'*,
and increased gross chromosome rearrangements (GCR). While some studies suggest that these
phenotypes arise from improper mechanisms that repair single INMPs in the absence of RNase H2 "
(reported below), other studies find evidence that problems are mainly caused by multiple tandem

rNMPs >4,

Ribonucleotides removal via RNase H

Incorrect bases in DNA are efficiently removed by the 3’- 5° exonuclease activities of the replicative
DNA polymerases & and &. This mechanism, however, it is quite inefficient in case of an incorrect

: : 215
sugar msertion .

Ribonuclease H enzymes (RNase H) instead, are able to initiate INMPs removal, cleaving DNA at
sites of INMPs incorporation *'°. They are evolutionary conserved, and in eukaryotes, they are divided
into two main classes: RNase H1 and RNase H2. RNase H1 is a monomeric enzyme present in the

nucleus and mitochondria, and it consists of an N-terminal hybrid binding domain (HBD) and a C-
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terminal endonuclease motif, which can only recognize stretched with at least four consecutive INMPs
7 RNase H2 is composed of three subunits that in yeast are Rnh201 (catalytic), Rnh202, and
Rnh203, (RNase H2A, RNase H2B, RNase H2C in higher eukaryotes, respectively), all essential for
the activity of the complex and it can act both on single and consecutive rNMPs. *'° Although
overlapping for the RNA:DNA hybrid removal activity, each RNase H enzyme seems to uniquely
target specific INMP stretches *'*. This was confirmed thanks to the development of a separation of
function mutant of the RNase H2 enzyme, called rnh201-RED (ribonucleotide excision defective),
which loses the ability to remove single INMPs, but retains a discrete activity on consecutive INMPs
% The two RNase H enzymes seem also to be differently regulated: while RNase H1 is active

throughout the cell cycle, the RNase H2 processes its substrates in G2/M phase of the cell cycle *.

RNase H2 is responsible for the primary pathway of INMP removal from DNA, named error-free

ribonucleotide excision repair (RER) pathway”*'

(Figure 6a). In vitro reconstruction experiments have
elucidated the mechanism in detail: single INMPs are recognized by RNase H2, which cleave the
DNA backbone on the 5° side of INMPs generating a nick whose ends have a 3’0OH and a 5’-RNA-
DNA junction. The 3’OH is then extended by Pol § or less efficiently by Pol € generating a flap, which
contains the rINMP. The flap is then processed by the flap endonuclease Fenl and/or exonuclease Exol
and the DNA ligase I seals the remaining nick **'. Interestingly, it was recently found that the DEAD-
box RNA helicase DDX3X has RNaseH2-like activity and can support fully reconstituted in vitro
RER reactions, not only with Pol § but also with the repair Pols p and A **>. Whether the RER pathway
also works on consecutive INMPs has never been proved. Indeed, even if both the RNase H enzymes
can recognize tracks of rNMPs embedded into DNA, how the enzymes work in vivo on these
structures need further clarification, and a detailed molecular mechanism has not been identified yet
(Figure 6d).

In bacteria and in yeast cells, both types of RNase H are dispensable for viability, showing an increase

in genome instability only upon simultaneous absence of RNase H1 and H2 ****

In higher
eukaryotes, both enzymes are essential. Mouse cells Rnaseh201”" accumulate rNMPs that below a
certain threshold trigger an innate immune response but are permissive to mouse embryonic
development, while above a threshold trigger a p53-induced apoptosis. This lethality was indeed
rescued by concomitant inactivation of the p53 gene ******. Death during the embryonic development
is also observed in Rnasehl” mice, due to incomplete mitochondrial replication **°. Mutations in any
of the three genes encoding human RNase H2 leads to Aicardi-Goutieres syndrome (AGS)*”’, a rare
inflammatory encephalopathy with infancy onset and characterized by high levels of Type I interferon
(IFN alpha) production. Although alterations in different genes have been related to AGS (reviewed in
%) 'mutations in the RNase H2 are observed in over 50% of the patients, with the RNaseH2B being
the subunit most frequently mutated, and A177T the substitution most commonly observed ***. RNase

H2 dysfunctions have also been associated with systemic lupus erythematosus (SLE) **° , CLL
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(chronic lymphocytic leukemia) and CRPC (castration-resistant prostate cancer) >'. RNase H2-
mutated human cells accumulate TNMPs in their genome and exhibit constitutive post-replication

repair (PRR) and DNA damage checkpoint activation >,

Backup pathways for ribonucleotides removal

The backup strategy used to remove single embedded ribonucleotides in case of faulty RER, is based
on Topoisomerase I (Topl)(Figure 6B), with an activity that seems to be specific for leading strand-
rNMPs ***. The mechanism starts when Top! cuts on the 3’ side of ribonucleotides, generating a nick
containing 5’-OH and cyclic 2°-3” phosphate-terminated ends that require further processing before
either ligation or extension is possible ***. One possibility is that Topl makes a second incision
upstream of the initial one, releasing the INMP-dNMP, and generating a 2 nt gap which can either be

> or lead to a 2-5bp deletion whether incisions

filled in an error-free pathway mediated by Tdpl
occur within tandem repeat sequences ~>*°. Another possibility is the repair of the nick by Apn2 and
Srs2-Exol error-free pathway ">, Finally, if Topl makes a second cut on the complementary strand,
the result is a DNA double-strand break (DSB), which can be repaired by either Rad51/52 mediated
homologous recombination or by a Topl-mediated illegitimate recombination **°. It is still unknown
what dictates the choice between these different repair pathways and whether they are active also in
the presence of RNase H2, collaborating to RER in the removal of INMPs. While these pathways have
been characterized in S.cerevisiae, it is now clear that Topl can cut INMPs also in RNase H2-mutant

231
human cells '

Studies in bacteria identified the nucleotide excision repair (NER) as another backup pathway to

remove ribonucleotides from DNA>*

. While in yeast a NER contribution to rNMP removal has been
excluded '¥, in human it was recently found that NER together with Pol 1 are involved in the

processing of oxidized-ribonucleotides embedded into DNA **' (Figure 6C).

Finally, when ribonucleotides cannot be removed, the activity of the post-replication repair (PRR)
pathway becomes critical to tolerate their presence in the chromosomes. Indeed, the coordinate action
of the Mms2-dependent template switch and the TLS Pol {, becomes crucial in yeast cells lacking both
RNase H1 and H2, with Pol { which efficiently replicates over 1-4 INMPs '’ (Figure 6E).

27



Sed .
SL -
HYd

£ O S

£ LDR-DR-DR:! S

roA
@

ZH 2seNy

sdIAN- o|di}nw jo |erowsal
NS

ssedAg (o

LH®seNy  (p

J

43N
(o)

dqs-zv

p Jieday ded 9auy-104i3
£ S

Jiedau des aauy-ioui3

]\m

dis HO.E

Ncg,ﬂﬁ

uonesi| pue Juawusijeas

d
Ewucmnwv.ﬁgo._./ \ TepL

S €
£ S
HO .S d
Tdoy
Huwp
d
S €
S
€ nw_-"-v
d-0
(asa)

tdoj+
pueais

aysoddo
uo tdoj+

€
£ T‘m
Q
/ d-0

HO .S

Hoxmncmmﬁmﬂ

: o—
Q

HO .S d-0

I
o

|dop (9

sdIAN4 @[Buls jo |erowsu

ased|| <zn_ﬁ

——

TOX3J0 TN34 ¥0d .S

S €

£ ——
v0d .S a

VNOd +
asesawAjod yNQ

£ ° S

v0d .S HO.€

CH ®SeNY (e

Figure 6. Pathways involved in the removal of single and multiple rNMPs embedded into DNA
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RNA:DNA hybrids formed during Okazaki fragments synthesis

The major sources of ribonucleotides introduced into DNA are undoubtedly RNA primers synthesized
by the primase activity of Pol a. In eukaryotes, they are approximately 8-10 rNMPs in length, which
are repeated at each Okazaki fragment (200nt) on the lagging strand. This means that the replication of
the 12Mb S.cerevisiae nuclear genome requires the synthesis of about 600000 rNMPs, and the number
arrives at 150 million for the human nuclear genome ***. Besides, we have to consider also RNA

chains used to restart stalled replication forks (reviewed in **

), and RNA primers synthesized by
human PrimPol *****. Primer lengths can also vary according to the dNTP pools concentration ***. To
maintain the fidelity of the lagging strand, these ribonucleotides have to be efficiently removed during
Okazaki fragments maturation (reviewed in **’) (Figure 7), and it was recently shown that this process
can be uncoupled from ongoing DNA synthesis at replication forks **.

During DNA replication, when the replicative Pol & encounters the 5° of the downstream Okazaki
fragments it can generate a flap of variable length containing the RNA stretch. Short flaps (2-10 nt in

length) are processed by Fenl, (with Exol as a backup factor) *****

, while longer flaps are coated by
RPA and then processed by Dna2 **'. Alternatively, the RNA primers can be directly cleaved by
RNase H2 (or by RNase H1) up to the final rNMPs, which is then cleaved by Fenl (Rad27 in
S.cerevisiae) . Finally, the generated nicks are sealed by DNA ligase I (Cdc9 in S.cerevisiae) *>°.
The exact composition and contribution of each pathway are still under investigation, but to date the

predominant role seems to be played by Fenl, while the contribution of Dna2 seems to be limited >**.

POl N cerit/ia Rad2)

TIIIL TIIIIITITII1¢t:

Rad27

Exor Ligase |
5 — 3 5 3
ENEEEEE [TITTI17; wewp CSTTTTTITITTTTTITTITITL.

Dna2

b 2

Figure 7. Okazaki Fragments maturation process

Dysfunctions in this process may cause DNA deletions, DNA amplifications, double-strand breaks

formation, and even inclusion of RNA stretches into DNA, with deleterious consequences in cells ***.

169,191,255

2

Different groups linked the RNA primers inclusion in DNA to a genome instability situation

and this seems to occur both in the nucleus and in the mitochondria. For instance, it has been found
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that in the absence of RNase H1 the inclusion of RNA primers into mouse mitochondrial genome
triggers dramatic effects on mtDNA replication **°. S.pombe uses instead two rNMPs escaped from
Okazaki fragments maturation as a system to trigger the recombination events that lead to mating-type

.. 1 257258
switch =%,

RNA:DNA hybrids formed during transcription

8bp RNA:DNA hybrids form naturally inside the active site of the RNA polymerase (RNAP) during
transcription *>°. Longer hybrids are also able to form when an RNA transcript invades a homologous
DNA duplex, which exposes the non-complementary ssDNA strand "°. These structures called R-loops
span 100-2000 bp and occupy a significant portion of the genomes of bacteria, yeast, and higher
eukaryotes **’. R-loops can form co-transcriptionally behind the transcribing RNAP (in cis), but can
also generate when the transcript hybridizes to any homologous DNA sequence away from the locus
of its genesis (in trans) *°*'. Their stable formation is influenced by high G density, negative

6

supercoiling, and DNA nicks on the template **>. Besides, due to its G-rich nature, the ssDNA strand

can form secondary structures such as G-quadruplexes that further stabilize the RNA:DNA hybrids. R-

loops form naturally during E.coli plasmid replication **, mitochondrial DNA replication ***2%, or

immunoglobulin class switching **’, and growing evidence suggests that they play important roles in
regulating gene expression **® and chromatin structures >*. On the other hand, aberrant or excessive R-
loops can seriously compromise genome integrity. Recent evidence indeed correlates these structures
with several human diseases, including neurological disorders, cancer, and autoimmune diseases

270

(reviewed in “7). R-loops toxicity can be caused by the exposure of fragile ssDNA, which is prone to

271,272

transcription-associated mutagenesis (TAM), recombination (TAR), and DSBs . R-loops may

273

also promote toxicity by stalling transcription “*°, or by directly blocking the progression of DNA

replication machinery, causing fork collapse and DSBs *’**”°. In addition, the RNA strand of the R-
Y ry g p

loops can be used to prime DNA synthesis *’**"’

. While this mechanism is normally used in bacterial
DNA replication and mitochondrial DNA replication, in S.cerevisiae this event has been linked to

unscheduled replication in the ribosomal DNA locus, which triggers genome instability >’ .

Maintaining a balance between the positive and a negative effect of R-loops is thus crucial, and to
date, many factors have been identified as important in preventing, resolving, but also promoting R-

- - . 279281
loops formation (reviewed in

)(Figure 8). Topoisomerase 1 and 2 enzymes counteract R-loops
formation by relieving supercoils in DNA, and also topoisomerase 3B has been found to act at highly
expressed genes *****. A role in preventing R-loops formation is also played by factors that act all
along the path from the transcription site to the nuclear pore complex (NPC). Indeed, a correct
coordination of messenger ribonucleoprotein particle (mRNP) biogenesis and export reduces the

ability of RNA transcripts to re-hybridize with the DNA behind RNAPs ***. Just to mention a few, in
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S.cerevisiae it has been found that R-loops accumulate in the absence of Hprl protein (involved in

mRNA elongation and export), and in the absence of the nuclear basket proteins Mlp1 and Mlp2 2%,

Once formed, R-loops can be processed by RNase H1 and H2 which can specifically degrade RNA in

RNA:DNA hybrids. In yeast, an increase in R-loops is observed only when both RNases H are

284

inactivated, implying that they can substitute for each other ©". However, it was then found that RNase

H2 seems to act on hybrids genome-wide, while RNase H1 seems to act at a subset of hybrids *'®.
Moreover, as mentioned above, the two enzymes are differently regulated during the cell cycle **°.
Hybrids can also be untangled by helicases, like mammalian DHX9 **’, aquarius (AQR) ***, senataxin
(Senl in yeast) **, and the ATP-dependent DNA helicase PIF1 *. Conversely, it has been found in

S.cerevisiae that the activity of Rad51 promotes the formation of R-loops in trans *°'.

Top1 Top2

RNase H1/H2
Sen1/SETX

Figure 8. Factors important in preventing and resolving R-loops

RNA:DNA hybrids in DSBs repair

Accumulation of RNA:DNA hybrids have also been observed at the level of DSBs **' %, These

hybrids could form by de novo transcription **'*%**7

, or from hybridization of pre-existing nascent
transcripts > +***?%  Anyway, once present at the breaks, they may influence the DNA repair in
multiple ways.

First of all, RNA:DNA hybrids seem to impact the efficiency of DNA resection, the process required
to create the 3’ overhangs needed for DNA recombination. However, while some data indicate that

297,299,301

hybrids promote resection , others suggest an anti-resection role . RNA:DNA hybrids at

the level of the breaks can also impact the repair process: In budding and fission yeast, they seem to

293

promote the repair by HR but not NHEJ “°, while in human cells, they seem to facilitate both types of

repair **'. Moreover, it seems that HR can also occur using the RNA molecule instead of DNA as a
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template for the repair **>*®. On the other hand, persistent hybrids can compromise the binding of

296

some repair factors **, affect the chromatin structure flanking DSBs *°, and cause an aberrant repair

296,305
Because of these conflicting data it is clear that many aspects regarding the role of RNA:DNA hybrids
in DSBs repair should be more investigated and defined. What is clear is that if not properly removed
persistent hybrids may trigger additional DNA damage ***. Moreover, even if never visualized, also in
this case improperly removed RNA stretches might remain embedded at DSB ends, affecting genome

stability (reviewed in '®®).
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Results & Conclusions

New function for the DNA polymerase 1 during replication stress

S.cerevisiae cells lacking both RNase H activities (rnhlArnh201A) accumulate rfNMPs in their
genome, becoming sensitive to different DNA damaging agents such as hydroxyurea (HU) and

methyl-methanesulfonate (MMS)'*""%

. Both these agents generate replication stress, acting in
different ways: MMS is an alkylating agent, which directly modify DNA by attaching an alkyl group
that presents an obstacle to replication fork progression. HU indirectly affects DNA synthesis by
reversibly inhibiting ribonucleotide reductase (RNR), the enzyme that converts rNTPs in dNTPs. The
consequent depletion of ANTP pools on one hand induces the stalling of replication forks and, on the
other hand, makes the incorporation of ribonucleotides into DNA more likely'®'. Noteworthy, it was
found that the post replication repair (PRR) pathways become essential for cell survival in the
presence of HU since the template switch and the TLS Pol { can efficiently bypass INMPs in the DNA

template'?’.

Unexpectedly, we found that the deletion of all the yeast TLS polymerases Revl, Pol { and Pol n
(revid, rev3A rev7A rad304) almost completely suppresses the HU sensitivity of rnhlArnh201A cells
(Figure 1A). By testing the individual contribution of each TLS polymerase, we found that the
recovery is fully recapitulated by the single deletion of the DNA polymerase n (encoded by RAD30
gene) (Figure 1A). Interestingly, this recovery is specific for the presence of HU, since it is not
observed in the presence of MMS (Figure 1B).

A B
Mock 25 mM HU Mock 25 mM HU
wild type &

revid ..-: - - -

rev3Arev7A @ ,’3 e °
EEAN @ © 2 %
2z

rad30A reviA
rev3A rev7A

rnh14 h2014 &

rnh14 rnh201A
rad304

mh14 rmh201A @ DMSO 0.01% MMS

wild type (RSN

reviA

N

N -

N rev3A rev7A rad304 B

S @ ¢

<

£ rad304 mh1amh2014 (G5}
rad30A reviA rmh14rnh2014

rev3Arev7A rad304 6 &b

Figure 1. Removal of Pol n rescues the HU sensitivity of cells lacking RNases H activity. 10-fold serial
dilution of the indicated strains were plated on (A) YEPD and YEPD + 25mM HU and (B) on YEPD, YEPD +
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25mM HU and YEPD + 0.01% MMS. Plates were incubated at 28°C and pictures were taken after 3 days.
Results are representative of four biological replicates '’

Altogether these data suggest that Pol n plays a role during replication stress induced by nucleotide
pool depletion, which turns toxic in the absence of RNase H activity. As already discussed in the
introduction, Pol 1 is a Y-family translesion DNA polymerase, which can face many replication stress
conditions: apart from acting on DNA distorting lesions (typical TLS substrate), it is emerging that Pol
n can face different lesion-independent replication-stress conditions. In this regard, as already
mentioned, the main target of HU is the inhibition of the RNR enzyme, with a consequent depletion in
the dNTP pools and stalling of replication forks. In addition, some studies suggest that HU may have
other targets that, when inhibited, cause oxidative stress, leading to DNA damage and cell death .
However, at the HU concentration in which we appreciate the Pol 1 toxic role (25mM), the level of
oxidative stress generated seems very low. Indeed, a positive control lacking mitochondrial DNA

(tho") is perfectly able to grow (Figure 2A). Moreover, in our lab, it has been seen that rnkhlArnh201A

cells do not show any sensitivity to agents that generate replication stress, such as H,O, (Figure 2B).

These data support the idea that Pol 1 does not act at DNA lesions generated by oxidative stress, but
its activity is related to a condition where the NTP pools are unbalanced, and replication forks are
stalled. We can thus define the role played by Pol 1 in this condition as a new TLS-independent

function of the polymerase. The characterization of this role was the aim of my study.

A untreated HU 25mM

4o o n

rnh1A rnh201A rad30A

WT rho®

mh1A rnh201A
rmh1A rnh201A rad30A

WT rho? [

Figure 2. Pol 1 activity does not seem to be related to the oxidative stress generated by HU. 10-fold serial
dilution of the indicated strains were plated on (A) YEPD and YEPD + 25mM HU and (B) on YEPD, YEPD +
3mM H,0,, YEPD + 4mM H,0,. Plates were incubated at 28°C and pictures were taken after 2 days.

Characterization of the DNA polymerase 1 toxicity in RNase H deficient cells

The first step was to characterize the toxic consequences of Pol n activity in cells without RNase H.

All the work done for this part has been published in a paper entitled: “RNase H activities counteract a

s 191

toxic effect of polymerase m in cells replicating with depleted dNTP pools (appendix1).
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Therefore, this chapter will summarize the main results present in the manuscript. For the figures and

for more details, | remand to the reading of the appendix 1.

Pol 1 is responsible for DNA damage checkpoint activation and mitotic arrest in RNase H
deficient cells

To better understand the phenotypes observed by cell lethality assay, we looked at the effect of Pol 0
in the cell cycle progression in 25mM HU. It was already known that in the presence of HU, rnhiA
rnh2014 cells exhibit a prolonged activation of the DNA damage checkpoint; compared to wild-type
cells (monitored by looking at the phosphorylation state of Rad53 effector kinase), leading to an arrest
of a fraction of cells in G2/M (monitored by FACS analysis)'*’. We found that RAD30 gene deletion
rescues almost completely these HU-induced phenotypes, confirming these abnormalities to be caused

1), These phenotypes are also recapitulated, even if with milder

by Pol n toxic action (Figure 2 in
phenotypes, with transient exposure to a high HU level (two hours to 200mM HU, followed by a

release in fresh medium)(Figure S2 in '*").

Pol n acts at HU-stressed replication forks

As described in the introduction, TLS polymerases can work both at stressed replication forks during
the DNA replication or post-replication, in G2/M phase, filling gaps that remained into DNA '”. To
determine when Pol 1 exerts its toxic activity, we conditionally overexpressed Pol n in rnhiA rnh2014
rad304 synchronized cell population, at different times following transient exposure to HU. In
particular, we induced the expression of Pol n before or after two hours of 200mM HU treatment.
Noteworthy, during this acute HU-pulse, cells significantly slow down DNA replication and
replication forks stall due to the low dNTP pools. Then, when cells are released, they restore normal
DNA replication and divide normally. We found that if Pol n is present during the few replication
carried out in the presence of HU, part of the rnhid rnh2014 cells remain blocked in the G2/M phase.
On the other hand, when Pol n was induced after the HU-treatment, rnhiA rnh2014 cells could re-
enter in the next G1 phase without any problem (Figure 3 in "'). This data indicate that Pol 1 toxic
activity starts at the beginning of the S-phase, during active DNA replication under low dNTPs

condition.

Pol ) toxicity does not depend upon residual rNMPs in the template DNA strand

Since Pol 1 toxicity is observed only in the absence of RNase H, it is crucial to assess how they relate
to each other. One possibility is that the absence of RNases H leads to the accumulation of
unprocessed rNMPs that can trigger Pol 1 activity in the next replication cycle. Conversely, Pol n
could act in the first replication cycle in which cells experience HU-induced replication stress. In this
case, toxicity could result from the introduction of substrates, possibly rNMPs, which cannot be
removed in the absence of RNases H. To discriminate between these two hypotheses, we took

advantage of an RNase H2 heterologous conditional system. We used E.coli RnhB, which
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complements the absence of RNase H1 and H2 in yeast cells, suppressing the HU sensitivity (Figure
S3 in "°"). Due to its monomeric nature, the RnhB can be easily manipulated, and we placed the gene

under transcriptional and translational control.

rnhlA rnh2014 cells carrying the RnhB construct can efficiently remove ribonucleotides from the

Y. RnhB was then turned off in G1 phase, before the release in HU, and cells

genome (Figure S3 in
were collected at different time points to monitor the cell cycle progression and the DDC activation.
We found that in presence of RnhB, rnhlIA rnh20IA cells can normally progress through the cell
cycle, reaching the next G1 phase, as the wild type. When RnhB is turned off before the HU treatment,
rnhIA rnh20IA cells experience the first replication cycle in which ribonucleotides cannot be
removed, and this first cycle is sufficient to trigger the Pol n-dependent phenotypes, similarly to what

is observed in rnhIA rnh20IA cells with the empty plasmid (Figure 4 in "'

). Altogether, this
experiment indicates that Pol 1 toxicity does not depend upon residual rNMPs in the template strand,

but it probably involves the incorporation of INMPs at HU-stressed replication forks.

Pol 7 toxicity is related to the insertion of multiple ribonucleotides

The introduction of toxic substrates by Pol 1 assumes the involvement of the catalytic activity of the
polymerase. Moreover, if the toxic substrates are INMPs in genomic DNA, the expectation is that
more rNMPs there are, more harmful the effect should be. In this view, we monitored cell viability in
25mM HU, overexpressing either the wild type allele of RAD30, a catalytic-dead (rad30-D155A4-
E1564) allele, or a steric gate mutant with enhanced ribonucleotide incorporation activity (rad30-
F354)"7. Overexpression of all these alleles was achieved at a similar level, and in wild type cells
does not compromise the viability both in untreated or in the presence of HU (Figure 5 in '°"). On the
other hand, the overexpression of the wild type Pol n exacerbates the HU sensitivity of rnhIA rnh201A
cells, suggesting that toxicity is directly related to the level of the protein. The overexpression of the
catalytic-dead mutant completely restores normal viability, confirming that toxicity depends on the
catalytic activity of the protein. Finally, overexpression of the F35A-mutant exacerbates the cell death
of rnhIA rnh20IA cells on HU compared to the wild type overexpression (Figure 5 in "'). This
suggests that the toxic function could be the incorporation of ribonucleotides during its synthesis

reaction.

We observed Pol ) toxicity only upon simultaneous deletion of the two RNase H enzymes, but not in

Y, This suggests that problems are caused by the persistency of

the single mutants (Figure 6 in
consecutive ribonucleotides. Indeed, while only RNase H2 can process single INMPs, both the RNases
H can act on stretches longer than four ribonucleotides *'°. To confirm this assumption, we tested a
separation-of-function mutant rnh201-RED (rnh201-P45D-Y219A4), which retains the ability to

219

remove stretches of INMPs, but it is impaired in the processing of single INMPs . Unlinking these

two activities, we confirmed that Pol 1 is toxic only if RNA:DNA hybrids with more than 4 rINMPs
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cannot be processed (Figure 6 in ). This finding suggests that with decreased dNTP pools, Pol 1

activity may promote the insertion of multiple ribonucleotides in genomic DNA.

Sources of RNA:DNA hybrids

Our data strongly indicate that with depleted ANTP pools, Pol 1 activity leads to the inclusion of RNA
stretches into DNA that result toxic only when both RNases H enzymes are inactive. However, as
described in the introduction, RNA:DNA hybrids can arise during different cellular processes '*.
RNA stretches could be directly incorporated by Pol n, or they could result from improper Okazaki

fragments processing or R-loops metabolism. Therefore, I deeper investigated these possibilities.

Does Pol i incorporate stretches of RNA into DNA?

Pol n can incorporate rNMPs in vitro"*'?’; therefore, RNA stretches could result by direct

incorporation of INMPs by Pol 1 in vivo. This hypothesis is supported by the fact that Pol n activity is

observed in HU, where rNMPs are more likely incorporated into DNA '*!

, and that a steric gate
mutated version of Pol n exacerbates the HU sensitivity of rnhIA rnh20IA cells. 1 tested multiple
approaches to detect INMPs incorporated by Pol 1 (among which, the ribonucleotides incorporation
assay that we published ***)(appendix 2). Unfortunately, these assays were not sensitive enough,
probably because they are used to visualize single rNMPs, and cannot discriminate between singles

and multiple INMPs. Indeed, the detection of multiple INMPs embedded in genomic DNA has never

been shown.

Does Pol n compromise the Okazaki fragments processing?

Okazaki fragments synthesis starts from RNA:DNA hybrids that could be stabilized in HU-stalled
replication forks. Furthermore, yeast Pol 1 was recently found to replicate the lagging strand, together
with Pol a and & '*>. Based on this, we hypothesized that Pol j might promote the inclusion of RNA
primers into DNA, generating RNA:DNA hybrids that, if not removed, become toxic. To investigate
this hypothesis, we generated an unbalance in the different pathways that cooperate in the Okazaki
fragments processing. This was done by removing not only the RNases H enzymes but also removing
the main player involved in this process, which is Rad27. By genetic crossing, I obtained all the
possible combinations of those mutants with or without Pol n. First of all, the absence of RNases H is
known to be lethal when combined with RAD27 deletion, and I verified that this lethality was not
caused by RAD30 (Figure 3A). Then, I tested the HU sensitivity to 25 and 50 mM of HU for all the
viable combinations of mutants. The expectation was to see a Pol n-dependent lethality not only in the
absence of RNases H but also when the Okazaki fragments processing is compromised by the removal
of Rad27. However, this does not occur, since the HU sensitivity is appreciated only in rnhlA
rnh201A cells (Figure 3B). In conclusion, compromise the Okazaki fragments processing does not

alter the Pol 1 toxicity, arguing against the involvement of Pol 1 at the Okazaki fragments level.
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Figure 3. Genetic interactions between Pol 1, RNase H1, RNase H2, and Rad27. (A) Tetrads derived from a
cross between rnhiA rnh2014 rad304 MATa and rad274 MATa strains were dissected on YEPD plates. 9
tetrads are shown. The circles on the figure indicate the position of the original rnhlA rnh2014 rad274 +/-
rad304 spores. (B) 10-fold serial dilution of the indicated strains are plated on YEPD, YEPD + 25mM HU and
YEPD + 50mM HU. Plates were incubated at 28°C and pictures were taken after 3 days. Results are
representative of two biological replicates.

Does Pol n act on R-loops?

Another possibility is that Pol n acts extending/stabilizing R-loops that result toxic if not removed by
RNases H. This hypothesis is consistent with the discovery that hPol n acts on transcription-replication

conflicts, which are characterized by R-loops formation "'

and by the observation that both human
and yeast Pol 1 efficiently extend RNA primers in vitro °*'*". As anticipated in the introduction, R-
loops level is regulated by several factors, including RNases H and other players like Topoisomerase 1
and the RNA:DNA helicase Senl (reviewed in **'). I reasoned that if R-loops are the substrates for Pol
N activity, I might recapitulate its HU-toxicity even without these other factors. Since SENI is an
essential gene, | worked with the temperature-sensitive senl-1 mutant (G1747D), which carries a
mutation in the helicase domain. senl-1 mutation or TOP1 deletion cause cell death when combined
with the absence of RNases H1 and H2, due to abundant R-loops accumulation ***”. I found that this
lethality was not caused by the activity of Pol 1 on R-loops, since RAD30 deletion does not suppress
the lethality (Figure 4A). Moreover, deletion of RAD30 does not affect the HU-sensitivity of topi4 or
senl-1 strains (Figure 4B and 4D). Finally, as reported above, the overexpression of Pol n
exacerbates the HU-sensitivity of rnhIA rnh201A cells, but it does not have any effect in topl4 or
senl-1 cells (Figure 4C and 4E).
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Figure 4. Genetic interactions between Pol 1 and factors involved in the prevention/removal of R-loops.
(A) Tetrads derived from a cross between rnhiA rnh2014 rad304 and top 14 (above), or rnhiA rnh2014 rad304
and senl-1 mutant (below), were dissected on YEPD plates. The different shapes on the figure indicate the
position of the original combination of spores that are not viable (B)(C) 10-fold serial dilution of the indicated
strains are plated on YEPD and YEPD + 25mM HU (B), and on -URA Raffinose 2% Galactose 2% with or
without 25mM HU. Rad30 overexpression is obtained through a plasmid carrying R4D30 gene under the control
of a Galactose inducible promoter (C). Plates were incubated at 28°C and pictures were taken after 3 days.
Results are representative of two biological replicates. (D)(E) 10-fold serial dilution of the indicated strains are
plated on YEPD and YEPD + 25mM HU (D), and on -URA Raffinose 2% Galactose 2% with or without 25mM
HU (E). Due to the presence of the senl-1 temperature-sensitive mutant, plates were incubated at the permissive
temperature of 25°C and at the semi-permissive temperature of 30°C. Pictures were taken after 3 days and the
results are representative of two biological replicates.

From these results, it seems that Pol n activity is not linked to the presence of R-loops. However, we
have to consider that RNases H enzymes are present in both foplA and senl-I strains since their
deletion causes lethality. So, even if Pol  were to act on the hybrids accumulated in these mutants,
RNase H activity could still resolve the problem. Therefore, I decided to change the approach: I
overexpressed either TOP1 or SENI in rnhIA rnh201A cells. Thanks to their overexpression, those
factors should reduce the global level of R-loops present in cells. If Pol 1 acts on those structures, their
reduction should reduce the Pol n-dependent toxicity observed in rnhlA rnh201A cells. Unfortunately,

the overexpression of TOPI appears to be toxic for yeast cells, making it difficult to draw any
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conclusion about the Pol n substrates (Figure 5A). Interestingly, we found that the overexpression of
SENI almost completely suppresses the HU-sensitivity of rnsilA rnh20I1A cells (Figure 5B). The same
result has been recently obtained also by Appanah et al., *'’. This suppression, which is similar to the
one observed upon deletion of RAD30 leads to the intriguing hypothesis that SEN/ eliminates the

substrates of Pol n, preventing its activity.

A
-Leu Glu -Leu Gal/Raf
-Leu Glu 25mM HU -Leu Gal/Raf 25mM HU
empty {
WT
PGAL-TOP1
empty
A1 A201
PGAL-TOP1
B
YEPD YEPRG
YEPD 25mM HU YEPRG 25mM HU
GAL-TAP
WT

GAL-TAP-SEN1

A1 A201 GAL-TAP

GAL-TAP-SEN1

Figure S. Effect of TOP1 and SENI overexpression in WT and rnhIA rnh201A cells. (A) 10-fold serial
dilution of the indicated strains are plated on Sc-Leu +/- 25mM HU and -Leu + Raffinose 2% + Galactose 2%
+/- 25mM HU. (B) 10-fold serial dilution of the indicated strains are plated on YEPD +/- 25mM HU and YEPD
+ Raffinose 2% + Galactose 2% +/- 25mM HU. Plates were incubated at 28°C and pictures were taken after 2
days.

As reported above, the HU-sensitivity of rnhIA rnh20IA cells is directly related to Pol n levels.
Indeed, the overexpression of RAD30 is more toxic than the endogenous variant. In order to link Pol 1
to R-loops, I tested whether also this sensitivity was suppressed by SEN/ overexpression (Figure 6).
Both SENI and the RAD30 genes were placed under the control of a Galactose inducible promoter,
meaning that the presence of Galactose in the media induces the expression of both genes
simultaneously. Interestingly, the overexpression of SENI can suppress also the toxicity caused by the

overexpression of RAD30.
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Figure 6. The overexpression of SENI suppresses the toxicity caused by the overexpression of RAD30.
10-fold serial dilution of the indicated strains are plated on Sc-Ura + Raffinose 2% + Galactose 2% +/- 25mM
HU. Plates were incubated at 28°C and pictures were taken after 3 days.

To conclude, genetic analyses did not prove a correlation between the HU-specific Pol n activity and
the Okazaki fragments processing. Besides, due to the lack of an assay capable to detect multiple
rNMPs embedded into DNA, we cannot exclude that RNA:DNA hybrids result from the direct
incorporation of consecutive INMPs into DNA by Pol 1. On the other hand, the finding that SEN/
overexpression rescues the HU sensitivity of rnhlA rnh20I1A cells when Pol 1 is present either at its
endogenous level or when it is overexpressed suggests that there might be a link between Pol n
activity and R-loops. An intriguing hypothesis is that when HU stalls replication forks, Pol  promotes
replication starting from some RNA transcripts, leading to the inclusion of RNA stretches into DNA,
removed then by RNases H. Although this phenomenon has been already described both in bacteria

278,311

and eukaryotic cells , this is only a speculation that, in the future, will be investigated more in

detail.
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Characterization of the DNA polymerase mn physiological meaning at HU-stalled

replication forks

Based on the results reported till now and published in "', we propose that Pol 1 actively participates
to DNA replication in low dNTPs conditions, leading to the accumulation of stretches of consecutive
ribonucleotides in the genome. Although the nature of the RNA:DNA hybrids generated by Pol 1 is
still under investigation, we have characterized the toxic consequences of their presence in cells

191

without RNases H (appendix 1, ). Nevertheless, the physiological meaning of using Pol n with low

dNTP pools is only partially understood.

Contribution of Pol n to DNA replication in low dNTPs concentration, using ribonucleotides as

substrates

If it is true that Pol n physiologically contributes to DNA replication in HU, the absence of Pol 1
should somehow compromise the DNA replication independently on the lack of RNases H enzymes.
We compared the viability of wild-type and rad304 cells at increasing HU concentrations. However,
in none of the tested conditions we detected an HU-sensitivity Pol n-dependent (Figure 7A). We did
not notice any differences, either in sensitivity or cell cycle progression in the presence of a high HU
concentration. Wild-type and rad304 cells synchronized in G1 phase were released in the presence of
150 mM of HU, and we monitored the cell cycle progression at different time points by FACS
analysis. Overlapping of the profiles revealed no differences in S-phase progression between the two
strains (Figure 7B). We thus tested the replication fork progression more in detail using two-
dimensional (2D) DNA agarose gel electrophoresis. With this technique, replicating DNA fragments
are separated by size and shape through two distinct stages of agarose gel electrophoresis and

Southern blot is used to probe the fragment of interest '

. Results can give powerful information
regarding replication kinetic, points of fork stalling, and recombinative intermediates generated
(Figure 7C). We analysed replication intermediates at some early origin of replication (ARS305,
ARS108, and ARS607) in wild-type and rad304 cells released from a G1 block in the presence of
200mM HU (Figure 7D). Bubble arc represents origins that have been fired bi-directionally (e.g.,
ARS305), while the asymmetric progression of replication forks generates large Y molecules (e.g.,
ARS108 and ARS607 profiles, since here origins are located outside the DNA fragment analysed).
The absence of RAD30 does not seem to induce fork stalling or the appearance of recombinative
intermediates, and the replication kinetic seems to be the same as wild-type cells. These results

indicate that, at least in correspondence of the regions tested; the absence of the RAD30 per se does not

compromise the replication fork progression.
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Figure 7. The Absence of Pol n per se does not compromise the replication fork progression in HU. (A) 10-
fold serial dilution of the indicated strains are plates on YEPD and YEPD + the indicated increasing HU
concentrations (B) Exponentially growing cells were synchronized in the G1 phase by a-factor addition
(4pg/mL) and then released in YEPD + 150mM HU. Cell cycle progression was followed by flow cytometry
(FACS), measuring the DNA content (1C, 2C) at the indicated time points. Overlaps of FACS profiles obtained
during the S-phase progression are reports on the right. (C) Schematic representation of the replication
intermediates discussed in the text. (D) Exponentially growing cells were synchronized in the G1 phase by a-
factor addition (4pg/mL) and then released in YEPD + 200mM HU. Cell synchronization and release were
checked by FACS analysis. DNA was prepared from cells collected at the indicated time points: 10-ug aliquots
were cut with restriction enzymes, according to the indicated strategy ad analysed by two-dimensional
electrophoresis.

One possible explanation for these phenotypes is the existence of parallel pathways capable to replace
the role played by Pol n in HU. To fully characterize this role, is thus important to identify these
alternative pathways (Figure 8).
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Figure 8. Alternative pathways might replace the role played by Pol n in HU. A possible model that explains
why the absence of Pol n alone does not compromise DNA replication in the presence of HU. If unknown
pathways can replace its role, only by removing these other factors, we should appreciate HU-specific
phenotypes.

SGA to find interactors of the DNA polymerase 11 under replication stress

Genetic interaction studies are extremely useful to gain knowledge of the role of uncharacterized
genes, pathway composition, and connection among these pathways *'>. Genetic interactions occur
when mutations in two or more genes result in an unexpected phenotype, not predictable based on the

effect of individual gene mutants °'*

, and a powerful methodology to automate genetic interaction
studies is the Synthetic Genetic Array (SGA) methodology. In a typical SGA screen, a query gene
deletion mutant is crossed with a library of gene mutants to identify synthetic lethal and synthetic sick
genetic interactions, yielding information on the query gene and the genes it interact with *'>='.
Therefore, to identify genes capable of compensating the role played by Pol n in HU, I went to Grant
Brown’s laboratory in Toronto to perform an SGA in the presence of HU using R4D30 as a query
(Figure 9A). Briefly, I crossed yeast cells deleted for RAD30 with a library consisting of an array of
~5000 non-essential genes mutants and ~1000 temperature-sensitive mutants of essential genes, in
which each gene was linked to a selectable marker. From the crossing, I selected heterologous
diploids, and I induced their sporulation. Through different steps of growth on synthetic medium, I
then selected among all the spores, only the ones containing the query and the array strain mutation
simultaneously in haploid condition. I thus obtained a collection of yeast double-mutants in which
each gene present in the library was also deleted for RAD30. Cells were then grown in YEPD plates
with or without 100mM HU, and colony size was used as a proxy for fitness (Figure 9B). Using the

SGAtools software (http://sgatools.ccbr.utoronto.ca/), I then selected only the double mutant

combinations that deviated from an expected phenotype. I analysed the non-essential (DA) and
essential yeast genes (TS) separately, and I performed two independent SGA screenings. Based on the
normalization method applied and the threshold selected (see material and methods), I defined a list
of putative HU-specific negative interactors of RAD30. For the non-essential genes, I obtained 293
genetic interactors genes from the SGA 1 and 450 from the SGA 2, with 44 genes common to both my
screenings (Figure 9C, above). For the essential genes, I obtained 178 positives from the SGA1 and

231 from the SGA 2, with 50 genes common to both my screenings (Figure 9C, below). I defined the
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44 + 50 genes as the final HITS from the screenings (Supplementary list 1). These genes represent
the putative synthetic sick and lethal HU-specific interactors of RAD30.

A SCREENING RATIONALE B SCREENING PROCEDURE C SGA2
SGA1 (DA)
(DA)
" colony size: Mata Mata
Q& y size: rad30A X XXXA e e
(-6000 genes)
raazo4 mating a/a
HU
& SGA2
SGA1
—_— (TS) (TS)
HU sporulation
selection MATa rad30A XXXA
% 128 181
rad30A
&) — @)

Figure 9. Synthetic genetic array (SGA) methodology to find HU-specific interactors of Pol 1. (A)
Schematic representation of the screening rational (B) Schematic representation of the screening procedure (C)
Venn diagrams of the candidate HU-specific negative genetic interactors of RAD30 obtained from the two SGA
screenings performed. Non-essential genes (DA) are reported above, essential genes (TS) are reported below.

Serial dilutions of each putative hit were then spotted on YEPD plates with or without HU. In this
way, I removed all the false positives genes, and I obtained only the real HU-specific interactors of
RAD30. 1 confirmed 14 non-essential genes (Figure 10A) and 3 essential genes (Figure 10B) (17
genes in total). Gene ontology (GO) enrichment analysis shows that most of those genes are involved
in DNA replication and repair, consistently with our observation that during replication stress induced

by HU, Pol n is recruited to stalled replication forks (Figure 10C).
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Figure 10. Identification of 17 HU-specific negative interactors of Pol 1. (A)(B) The indicated strains +/-
RAD30 deletion were grown in YEPD at the permissive temperature of 25°C O/N. After normalization, 10-fold
serial dilution of the indicated strains were then plated on YEPD plates (left) and YEPD plates + the indicated
concentration of HU (right). Plates were incubated at the semi permissive temperature of 30°C and pictures were
taken after 2 days. Results are representative of two biological replicates. Non-essential genes combined or not
with RAD30 deletion are reported in (A), essential genes combined or not with RAD30 deletion are reported (B).
(C) On the left, SAFE (Spatial Analysis for Functional Enrichment) analysis was used to identify and color
network regions enriched for similar Gene Ontology bioprocess terms °'”. On the right, SAFE analysis of the
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validated HU-specific negative interactors of RAD30 shows enrichment in the DNA replication and repair region
of the genetic interaction similarity network.

Interestingly, among the factors annotated in the DNA replication/repair area, there are genes involved
in DNA recombination: MMS4, TOP3, SMC6, NSE5, RMII, RAD57. As mentioned in the
introduction, recombination factors have an important role in processing stalled replication forks, and
all those genes are involved in processing/regulating DNA joint molecules (JM) formed as
intermediates during recombinational repair *'*. Further work is now required to demonstrate a link
between these recombination factors and the activity played by Pol n at HU-stalled replication forks,
which turns toxic in the absence of RNases H enzymes. However, this result is extremely encouraging,

and all those genes might be part of the pathway we were looking for.

Regulation of the DNA polymerase n activity

Access of TLS polymerases to damaged DNA templates can be regulated in different ways. As
discussed in the introduction, an important role in regulating TLS activity is played by PCNA
monoubiquitination. For Pol 1, interaction with Ub-PCNA is mediated by the ubiquitin-binding zinc
finger (UBZ) domain, and the PCNA-interacting peptide (PIP) located at the C-terminal of the protein
' Besides, another significant level of regulation of Pol 1 activity is represented by post-translational
modifications. In this view, we decided to investigate the mechanisms regulating the activity of Pol n
under HU induced replication stress.

We found that an endogenous mutant version of RAD30, which abolish PCNA interactions thanks to
mutations in the UBZ and PIP domains (rad30-D570A4-F6274-F6284), seems to rescue the HU-
sensitivity of RNases H lacking cells (Figure 11A), suggesting that PCNA could regulate the activity

of yeast Pol n under replication stress, which becomes toxic in the absence of RNases H.

SUMOpylation of Pol n

Besides the regulation mediated by PCNA-interaction, human Pol 1 undergoes different PTM, among
which there is SUMOylation. While multiSUMOylation seems to reduce Pol 1 interaction with DNA
damage sites '*, monoSUMOylation of K163 promotes the association of Pol 1} at the replication forks
during unchallenged S-phase and seems to increase under lesion-independent replication stress
induced by HU or APH '®. Thus, this PTM could represent an additional or alternative mechanism to
regulate Pol 1 respect to PCNA monoubiquitination. To examine if yeast Pol n is a SUMO target, we
used strains with the endogenous Myc-tagged Rad30 either overexpressing or not the His-tagged
Smt3, which is the homolog of SUMO in yeast. SUMOylated proteins were purified on nickel (Ni)
beads in denaturing conditions, and the presence of Pol 1 was tested by western blot using an anti-Myc
antibody. We compared untreated cells and cells treated for two hours with 200mM of HU.
Unfortunately, there was no SUMOylated Pol n among the SUMO-enriched proteins, neither in
untreated nor in the presence of HU (Figure 11B). The absence of Pol n-SUMO was not due to
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technical problems since western blot against Smt3 confirmed that SUMOylated proteins were
correctly enriched, and a positive control, which is known to be hyper-SUMOylated (Gen5) was
properly enriched (Figure 11B).

At this point, a possibility is that the fraction of modified-Pol n is too low to be detected or maybe the
SUMOylation/deSUMOylation process is extremely rapid. The chance to detect yeast SUMOylated
proteins has been shown to increase upon ethanol treatment °'°. The reason is that oxidative stress
generated by ethanol causes the oxidation of the cysteine residues of the yeast SUMO-protease Ulpl.
This modification results in the loss of its protease activity inducing a global increase of the level of
SUMOylated proteins **. Therefore, we decided to repeat the experiment treating cells for 1 hour with
10% of ethanol after release from the G1 phase. Interestingly, we detected a slower migrating band in
the pull-down, only in the presence of His-Smt3, corresponding to a SUMOylated version of Pol n
(Figure 11C). The increase of the molecular weight of the polymerase (~11 KDa) suggests that Pol n
is mono-SUMOylated. Again, western blot against Smt3 confirmed that SUMOylated proteins were
correctly enriched. This time we used PCNA as a positive control since as mentioned in the
introduction also this protein is known to be SUMOylated. Conversely to what we expected,
replication stress induced by HU seems to decrease the level of SUMOylated Pol n. One possibility
might be that, in contrast to what happens in human cells, the activity of yeast Pol 1 at HU-stalled
replication forks might be regulated by a deSUMOylation event. Besides, the difference in the
SUMOylation level between humans and yeast could also result from the fact we used an acute

treatment of the HU, while in humans it was tested a low dosage of the drug '®.
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Figure 11. Molecular mechanisms regulating the activity of yeast Pol n during replication stress. (A)
Exponentially growing cells of the indicated strains were collected, either prior or after 2h in 200mM HU, for
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Ni-NTA pull-down analysis under denaturing conditions on whole cell extracts. Input and pulled-down samples
were analysed by western blot using first an anti-Myc antibody (to detect Pol n and the positive control GenS),
and then using an anti-Smt3 antibody. (B) Exponentially growing cells of indicated strains were synchronized in
the G1 phase by a-factor (4pg/mL) and released in YEPD + 10% EtOH +/- 200mM HU for 1 hour. Samples
were then collected for Ni-NTA pull-down analysis under denaturing conditions on whole cell extracts. Input
and pulled-down samples were analysed by western blot using first an anti-Myc antibody to detect Pol 1, then an
anti-PCNA antibody (to detect PCNA used as positive control), and finally using the anti-Smt3 antibody.

Anyway, to understand if SUMOylation regulates somehow Pol m during replication stress, it is
important to map the SUMO modification site(s). We performed an in silico analysis with a
SUMOylation site-prediction software program named SUMOplot™. This tool predicts the probability
for the SUMO consensus sequence, the tetrapeptide motif B-K-x-D/E (where B is a hydrophobic
residue, K is the lysine conjugated to SUMO, x is any amino acid (aa), D or E is an acidic residue) to
be engaged in SUMO attachment, and scores SUMOylation sites in the protein of interest based on
direct amino acid match to SUMO consensus sequence and on possible combinations of consensus
amino acids other than lysine. Through this analysis we identified 16 lysines as candidate SUMO
acceptor sites (Figure 12). We started to mutate the candidate lysines (K) to no longer SUMOylatable
arginines (R), through site-directed mutagenesis. Unfortunately, at the moment, even if some lysines
have been mutated (coloured in red in Figure 12), we still have to find the SUMO acceptor site.

Altogether, even if further work is required to identify the SUMO-acceptor sites in Pol n, we
demonstrated for the first time that also the yeast Pol n is a SUMO target. Moreover, the fact that the
SUMOylation level decreases when the nucleotide pools is low suggests that a fine regulation of this

modification might have a role in regulating the activity of Pol n at HU-stalled replication forks.

Position sequence Score
287 VKND 0.93
216 LKFE 0,91
475 LKVG 0,73
96 FKKG 0.68
532 GKED 0.67
299 GKFE 0.67 K96 K287 K546
K68 K97 K140 K216 K279 K299 K343 K373 K457 K475 K532 K549 K603
549 PKLE 0.61 1 1 1] 1
343 LKEF 0.56 1| FINGERS PALM | THUMB PAD | uBz PIP || 632
140 LKIF 0.56
279 KKPD 0.48
97 KKGE 0.48
546 EKTP 0.39
603 RKRP 0.34
457 RKSG 0.27
68 RKYG 0.27
373 EKLE 0.15

Figure 12. Yeast Pol 1 lysines candidate for SUMOylation from SUMOplot™ analysis program. Lysines
residues candidate for yeast Pol 1 SUMOylation according to SUMOplot™ analysis are reported in the table,
indicating the position of the residues, the sequence context and the score assigned. Briefly, the software predicts
the probability for the SUMO consensus sequence to be engaged in SUMO attachment and scores each residue
based on two criteria: the direct amino acid match to SUMO consensus sequence and the substitution of the
consensus amino acid residues with amino acid residues exhibiting similar hydrophobicity. Residues coloured in
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red have already been mutagenized into arginine. On the right it is reported a representation of Pol n and its
domains, indicating the 16 lysines candidate as SUMO acceptors sites.
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Discussion

It is now well established that RNA frequently hybridizes with DNA, generating RNA:DNA hybrids.
These include RNA primers of Okazaki fragments, ribonucleotides introduced by DNA polymerases,
R-loops formed during transcription, and many others. (Details regarding origins of single and
multiple ribonucleotides present in the genome can be found in the review entitled “One, no one and

one hundred thousand: the many forms of ribonucleotides in DNA” '®, that we recently published

(appendix 3)). In general, although all these RNA:DNA hybrids have been associated with some

196321322 " their stable accumulation perturbs DNA replication, inducing replication

positive functions
stress and genome instability '*”. RNA:DNA hybrids are thus processed by Ribonuclease (RNase) H1
and H2, which re-establish the correct DNA:DNA pairing *'®**%°*. S.cerevisiae cells lacking these
enzymes (rnhiArnh2014) accumulate rNMPs in the genome, becoming sensitive to different
replication stress-inducing agents, such as Hydroxyurea (HU), a drug which depletes dNTP pools

127306 Unexpectedly we found that this HU-sensitivity is

inducing stalling of replication forks.
suppressed by deletion of the DNA polymerase n (encoded by RAD30 gene). Pol 1 is a Y-family
translesion DNA polymerase able to face many replication stress conditions. Apart from acting on

#128.131 it can also face different lesion-independent

DNA-distorting lesions (e.g. UV-induced lesions)
replication-stress conditions (reviewed in ®). In this study, we described a novel involvement of Pol n
during DNA replication under decreased nucleotide pools condition, which turns toxic in the absence

of RNases H enzymes.

In the presence of HU, RNase H lacking cells activate the DNA damage checkpoint, which causes a
cell cycle arrest in G2/M phase '*’. In this study, we proved that by deleting RAD30, cells restore their
ability to complete the cell cycle by switching off the checkpoint signal. These phenotypes are the
result of the Pol 1 activity at replication forks stressed by ANTP depletion, while no problems arise if
Pol n acts later in S phase, once the ANTP pools have been replenished. Importantly, our phenotypes
are associated only with the presence of HU, which depleting the dNTP pools enhances the
ribonucleotide incorporation '*'. The fact that toxicity does not depend upon residual rNMPs in the
template DNA strand, suggests that problems could be caused by ribonucleotides introduced by Pol n
itself. In agreement, we have shown that toxicity requires the catalytic activity of the polymerase, and
it is exacerbated using a Pol n mutant allele with enhanced ribonucleotide incorporation. Finally, we
linked the toxicity to the persistency of RNA:DNA hybrids constituted by at least four consecutive
rNMPs. All these results were included in a publication "' (appendix 1), where we proposed that Pol
n actively participates to DNA replication in low dNTPs conditions. Its ability to incorporate or extend
RNA stretches could enable full-genome duplication at the expense of an accumulation of stretches of

consecutive ribonucleotides in the genome (Figure 13).
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Figure 13. Proposed model of Pol 1) function during HU-mediated fork stalling "°'.

The comprehension of Pol 1 activity under HU-induced replication stress is far from being complete,
and after the publication, I tried to decipher different aspects of this complex picture:

1) The access of Pol 1 to damaged DNA templates is mainly regulated by PCNA monoubiquitination.
However, it is not so clear whether the activity of Pol n under lesion-independent replication stress is
regulated by the same mechanism. Our results indicate that PCNA seems to regulate also the
recruitment of Pol n at HU-stressed replication forks. Moreover, we demonstrated that yeast Pol n can
be mono SUMOylated. Interestingly, the level of SUMOylation decreases in the presence of HU. This
indicates that apart from PCNA-monoubiquitination, also this modification might have a role in
regulating the activity of Pol n at HU-stalled replication forks. This assumption is consistent with the
recent finding that deSUMOylation events are known to promote the resumption of DNA synthesis

% We identified different SUMO-acceptor sites within the protein, but after the

from arrested forks
mutagenesis of the most probable sites, the modified residues are still unknown. An answer can come
from coupling Pol  immunoprecipitation (+/- HU) to mass spectrometry analysis. This approach
could shed light on the target residues, on how the HU influences this modification, and could also
reveal other unscheduled posttranslational modifications that might regulate yeast Pol n.

2) Our data indicate that Pol n acts at HU-stressed replication forks, including RNA:DNA hybrids into
DNA. Consistently, previous studies showed that yeast Pol n is enriched in the proximity of some

133325 Nevertheless, we still lack a genome-wide view of

replication origins actively replicated in HU
all the regions where Pol 1 acts. We recently performed a chromatin immunoprecipitation coupled to
deep sequencing (ChIP-seq) in the presence of 200 mM HU, and future data analysis will reveal
whether Pol 7 is recruited genome-wide or if its activity is restricted to specific locations or structures

in the genome. In the absence of Pol 1 however, unknown pathways seem capable to replace its role,
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making it difficult to appreciate a contribution of Pol 1 to DNA replication without removing RNase H
enzymes. In collaboration with Grant Brown’s lab in Toronto, I performed an SGA screening aimed to
identify HU-specific synthetic sick or synthetic lethal interactors of RAD30. Interestingly, a bunch of
genes validated as negative interactors of RAD30 in the presence of HU has a role during DNA
recombination. An intriguing hypothesis is that some HU-stalled replication forks can be processed
through recombination or through a parallel pathway involving RAD30, which might act incorporating
consecutive ribonucleotides that require the activity of RNases H to be removed. Future analyses need
to be done to prove this theory.

3) Our data strongly indicate that Pol n activity leads to the inclusion of RNA stretches into DNA. Pol
7 is suitable for this function thanks to its ability to extend DNA or RNA primers with either INTPs or
dNTPs """ Genetic analyses seem to exclude that hybrids originate from the inclusion of RNA
primers formed during Okazaki fragments synthesis. Even if it is still possible that INMPs are directly
incorporated by Pol 7 itself, we have to consider that SEN/ overexpression rescues the HU sensitivity
of rnhiArnh2014 cells. This finding leads to the hypothesis that stretches of INMPs result from the
inclusion into DNA of RNA formed during transcription. This is supported by the finding that yeast

140,326

Pol n is implicated in transcription elongation , and by in vitro studies indicating that when

replication forks collide with RNA, transcripts can be used as primers to restart replication *''. This

8 and could be the strategy used by Pol 1 to

phenomenon has also been observed in eukaryotic cells
promote DNA replication when replication forks are stalled by depleted dNTP pools. If this happens,
part of the transcript might be included in DNA, generating RNA:DNA hybrids that need to be
removed by RNases H enzymes. In this view, the increased toxicity of the ribonucleotide prone mutant
of Pol  (F35A) might result from the elongation of transcripts with additional rNMPs, generating
longer tracks of RNA:DNA hybrids, that could be more toxic if not resolved. If transcripts are the real
substrates of Poln, a global reduction of the transcription levels might correlate with a reduced Pol 1
activity. Noteworthy, physical detection of multiple embedded rNMPs in DNA is very hard to tackle
with the available technology. However, if they are formed by more than 6 consecutive INMPs, a
chance for their detection might come from the DRIP-seq technology **. The signal obtained with this
technique should overlap with the signal obtained with the Pol n-ChIP-seq.

4) Finally, we proved that hybrids persistency (due to the absence of RNases H) causes cell death.

. . . . 202,327,328
Since hybrids compromise chromatin structure ="

, one possibility is that their incorporation in
some critical regions (such as centromeres) affects a proper cell division. This is supported by the
finding that deletion of the Spindle Assembly Checkpoint factor MAD?2 partially rescues the HU-
sensitivity, the cell cycle arrest, and the DDC activation of rnhlArnh2014 cells (Figure S6 in '*').
Alternatively, in the absence of RNases H, hybrids could be processed by mutagenic repair

mechanisms, such as the ones dependent on Top1, leading to deletions and chromosome breaks %
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In conclusion, although some aspects need further clarification, in this study we described a novel role
for the TLS polymerase n during genome duplication under HU-induced replication stress. We also
have preliminary data indicating that this role is conserved from yeast to human. Replication stress is a
prominent feature of precancerous and cancerous cells and Pol 1 is aberrantly expressed in several
tumor types. Therefore, define the molecular mechanism of Pol n activity under depleted ANTP pools

could enhance our knowledge of some tumors, and provide new targets for cancer therapy.
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Material and Methods

Table of yeast strains

NAME GENOTYPE SOURCE
SY2080 W303 MATa ade2-1 trpl-1 leu2-3,112 his3-11,15 ura3-1 canl- M. Foiani

100 RADS
SY2081 W303 MATa ade2-1 trpl-1 leu2-3,112 his3-11,15 ura3-1 canl- M. Foiani

100 RADS
YFL1213 (SY2080) MATa rnhl ::HIS3 rnh201::KANMX6 Lazzaro, 2012
YFL1773 (SY2080) MATa rnhl ::HIS3 rnh201::KANMXG6 rad30::TRP1 This Study
YSS21 (SY2080) MATa rad30::KANMX6 Giannattasio, 2012

YMG1082 (SY2080) MATa rad30::KANMXG6 revl::KANMXG6 rev3::TRPI Giannattasio, 2012

rev7::HIS3
YFL1271 (SY2080) MATa rad30::KANMXG6 revl::KANMXG6 rev3::TRPI Lazzaro, 2012
rev7::HIS3 rnhl::HIS3 rnh201::KANMX6
YSS17 (SY2080) MATa revl::KANMX6 This Study
YFL2485 (SY2080) MATa revl::HPH rnhl::HIS3 rnh201::KANMX6 This Study
YMG1096 (SY2080) MATa rev3::-TRPI rev7::HIS3 This Study
YFL1389 (SY2080) MATa rev3::TRPI rev7::HIS3 rnhl ::HIS3 This Study
rnh201::KANMX6
YFL3192 (SY2080) MATa rad27::HPH This Study

YFL1358/6¢c | (SY2081) MATa rnhli::HIS3 rnh201::KANMX6 rad30::KANMX6 | Available in lab

YFL3234/3b | (SY2080) MATa rad27::HPH rad30::KANMX6 This Study
YFL3236/2b | (SY2081) MATa rad27::HPH rnhl::HIS3 This Study
YFL3240/1a | (SY2080) MATa rad27::HPH rnh201::KANMX6 This Study
YFL3239/4b | (§Y2080) MATa rad27::HPH rad30::KANMX6 rnhl::HIS3 This Study
YFL2852 (SY2080) MATa topl ::HIS3 Available in lab
YFL3014 (SY2080) MATa topl::HIS3 rad30::TRP1 This Study
GH176 (SY2080) MATa senlG1747D-NATI G Liberi
GH292 (SY2080) MATa senl1G1747D-NATI rad30::KANMX6 G Liberi
YFL1419 (SY2080) MATa + pRS426 This Study
YFL1420 (SY2080) MATa + pEGUhR6-RAD30 [GALI-6XHIS- RAD30- This Study
URA3]
YFL1422 (SY2080) MATa rnhl ::HIS3 rnh201::KANMXG6 + pRS426 This Study
YFL1423 (SY2080) MATa rnhl::HIS3 rnh201::KANMX6 + pEGUhG- This Study
RAD30 [GALI-6XHIS-rad30-URA3]
YFL3361 (SY2080) MATa top1::HIS3 + pRS426 This Study

55



YFL3363 (SY2080) MATa topl::HIS3 + pEGUh6-RAD30 [GALI-6XHIS- This Study
RAD30-URA3]

YFL3365 (SY2080) MATa senlG1747D-NATI + pRS426 This Study

YFL3367 (SY2080) MATa senlG1747D-NATI + pEGUh6-RAD30 [GALI- | This Study
6XHIS- RAD30-URA3]

YFL3803 (SY2080) MATa + pGREG525 This Study

YFL3804 (SY2080) MATa + pFL149.1 [GALI-13MYC-TOPI-LEU2] This Study

YL3805 (SY2080) MATa rnhl::HIS3 rnh201::KANMX6 + pGREG525 This Study

YFL3806 (SY2080) MATa rnhl::HIS3 rnh201::KANMX6 + pFL149.1 This Study
[GALI-13MYC-TOPI1-LEU2]

YFL3754 (SY2080) MATa leu2-3,112::GALI-TAP (LEU2) This Study

YFL3755 (SY2080) MATa leu2-3,112::GALI-TAP-SENI (LEU2) This Study

YFL3757 (SY2080) MATa leu2-3,112::GALI-TAP (LEU2) rnhl::HIS3 This Study
rnh201::KANMX6

YFL3758 (SY2080) MATa leu2-3,112::GALI-TAP-SENI (LEU2) This Study
rnhl::HIS3 rnh201::KANMX6

YFL3775 (YFL3754) MATa + pRS426 This Study

YFL3776 (YFL3754) MATa + pEGUhR6-RAD30 [GALI-6XHIS- RAD30- This Study
URA3]

YFL3778 (YFL3755) MATa + pRS426 This Study

YFL3779 (YFL3755) MATa + pEGUhR6-RAD30 [GALI-6XHIS- RAD30- This Study
URA3]

YFL3781 (YFL3757) MATa + pRS426 This Study

YFL3783 (YFL3757) MATa + pEGUhR6-RAD30 [GALI-6XHIS- RAD30- This Study
URA3]

YFL3787 (YFL3758) MATa + pRS426 This Study

YFL3789 (YFL3758) MATa + pEGUhR6-RAD30 [GALI-6XHIS- RAD30- This Study
URA3]

yGWB4990 | (BY4741) MATo ura3A::NatMX canlA::STE2pr-sp_his5+ G.Brown
leu2 A0 his3A1 met15A0 lypl A

SN1280 (BY4741) MATa rad30A0: :natMX canl AO::STE2pr-Sp_HIS5 G .Brown
lyp1A0 his3Al leu2 AO ura3A0 metl15SA0 LYS2

YFL3668 (SY2080) MATa rad30-D570A-F627A-F628A-13MYC:LEU2 This Study

YFL3680 (SY2080) MATa rnhl::HIS3 rnh201::KANMX6 rad30-D570A- This Study
F627A-F628A-13MYC:LEU?2

YFL548 (SY2080) MATa GCN5-13MYC:KANMX6 + yIPLAC211 Available in lab

YFL549.3 (SY2080) MATa GCN5-13MYC:KANMX6 + yIPLAC212 Available in lab

YFL2977 (SY2080) MATa RAD30-13MYC:KANMX6 + yIPLAC211 This Study

YFL3020 (SY2080) MATa RAD30-13MYC:KANMX6 + yIPLAC212 This Study
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Table of plasmids

NAME DESCRIPTION SOURCE
pRS426 2-micron high copy number yeast vector with URA3 marker Available in lab
pEUGh6- 2-micron high copy number yeast vector with URA3 marker, T.A. Kunkel
RAD30 GALI-RAD30-6xHIS (Pavlov 2001)
pGREGS525 Centromeric plasmid with LEU2 marker, GALI-13MYC-@ Available in lab
pFL149.1 Centromeric plasmid with LEU2 marker, GALI-13MYC-TOPI Available in lab
pCS14 yeast integrative plasmid with LEU2 marker (pRS305), GALI- G. De Piccoli
TAP-O (Appanah, 2020)
pCS39 yeast integrative plasmid with LEU2 marker (pRS305), GALI- G. De Piccoli
TAP-SENI (Appanah, 2020)
YIPLAC211 | yeast integrative plasmid with URA3 marker Available in lab
YIPLAC212 | yeast integrative plasmid with URA3 marker, ADH-6xHIS-SMT3 Available in lab

Yeast strains, plasmids, media and growth conditions

All the strains used in this study are listed in the yeast strains table, except for the strains used in the
chapter: Characterization of the DNA polymerase 1 toxicity in RNase H deficient cells, (results and
conclusions) that can be found in the published manuscript "' , (appendices 1). All the strains are
derivatives of W303 RADS5+ background (trpl-1 his3-11,15 canl-100 ura3-1 leu2-3,112 ade2-1),
with the exception of the query strains used for the SGA (yGWB4990 and SN1280), which are
derivatives of BY4742 background (his341 leu2A40 met1540 ura340). Yeast strains were obtained by
standard procedures of transformation and tetrad dissection. One-step PCR system was used to delete
genes and to tag proteins as described in **°. YFL2977 and YFL3020 strains were obtained integrating
the Ncol-digested YIPLAC211/212 plasmid at the URA3 locus. Proper integration and Smt3 protein
level were checked by western blot. YFL3754, YFL3755, YFL3757, and YFL3758 strains were
obtained integrating the Bstell-digested pCS14 or pCS39 plasmid at the LEU2 locus. Integration and
TAP- @ / TAP-Senl expressions were checked by western blot using the aPAP antibody (1:1500 in
5% milk in TBST).

For all the experiments, cells were grown at 28°C (except for the temperature-sensitive mutants that
were grown at the permissive T of 25°C and at the semi-permissive T of 30°C). Cells were grown in
YEP medium (1% yeast extract, 2% peptone) containing 2% glucose (YEPD), 2% raffinose (YEPR),
or 2% galactose and 2% raffinose (YEPRG). For strains carrying plasmids, cells were grown in
Synthetic-Complete (SC) medium supplemented with appropriate sugar(s) and nutrient to maintain the
selection. The concentrations of the drugs used are indicated in the figures and in the legends.
Hydroxyurea was purchased from US Biological (Salem, MA,USA). MMS was purchased from
SIGMA (Saint Louis, MO,USA).

Below are reported all the protocols used in this study. Protocols used for all the experiments reported
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in the chapter: Characterization of the DNA polymerase 1 toxicity in RNase H deficient cells, (results

and conclusions) can be found in the published manuscript ', (appendices 1).

Sensitivity assay

Logarithmically growing yeast cultures or O/N growth yeast cultures were normalized at ODgy=0,06.
Four 10-fold serial dilutions were prepared and spotted on YEP or selective plates, supplemented with
the appropriate sugar and drugs at the indicated concentrations. Plates were incubated at 28°C, (or at

25°C and 30°C in case of the temperature-sensitive mutants), and pictures were taken after 2-4 days.

Tetrads analysis

Parental strains of opposite mating types (MATa and MATa) were crossed on a YEPD plate. After O/N
growth and an optional step to specifically enrich MATa/a diploids, cells were transferred on
sporulation plates and kept for 3 days at 25°C to induce asci formation (the poor medium-composition
and the non-optimal temperature induce sporulation). Asci are then treated for 5 min with zymolyase
(0,0lmg/mL), to weaken the yeast wall and the 4 spores contained are separated and fixed in known
positions on a YEPD plate. This is done through a micromanipulator fixed on an optical microscope
(10X). After two days of growth at 28°C (or 25°C in the case of the sen/-I mutants), single spore-
derived colonies were tested on different selective plates to identify those having the desired
combination of selectable markers, and thus the genotype of interest. Genotypes of unviable spores

can be deduced by analyzing the three viable spores of the same ascus.

Fluorescence-activated cell-sorting (FACS) Analysis

ImL of cells were centrifuged and fixed O/N in 70% cold ethanol. After centrifugation, cell pellet was
resuspended in 0,5mL RNase A solution (Img/mL in 50mM Tris-HCI p7.5) and incubated 2 hours at
37°C. Then, cells were centrifuged and resuspended in 0,5mL Proteinase K solution (Img/mL in
50mM Tris-HCI pH7.5) and incubated 2 hours at 42°C. Pellet was resuspended in FACS buffer to
keep it stable for few days. For the analysis, DNA was stained with Sytox Green (1:5000M in 50mM
Tris-HCI pH7.5) and then the cell-cycle distribution was estimated by cytofluorimetric analysis with a

FACScan™. Data were plotted using the FlowJO" Software.

Two-Dimensional agarose gel experiments

331-333

Two dimensional agarose gel analysis was carried out essentially as described in . More

312,334
", For

information regarding the technique and the interpretation of the results can be found in
each sample 200mL of ~1*10 cells were collected, washed, resuspended in 5 mL of sterile water, and
placed in 6-multiwell plates on ice. 300 pL of trioxalen solution (0.2mg/mL in 100% ethanol, SIGMA)
were added. Cells were incubated for 5 min in the dark and irradiated for ten min with 365 nm UV

light. This crosslinking procedure was repeated four times in total. Cells were resuspended in 5 mL
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cold NIB Buffer pH 7.2 (17% Glycerol, 50 mM MOPS, 150 mM KAc, 2 mM MgCl2, 0.5 mM
Spermidine, 0.15 mM Spermine) and mechanically disrupted by vortexing with glass beads. DNA
extraction was performed according to the ‘“QIAGEN genomic DNA Handbook,’’ using genomic-tip
100/G columns and 10 pug of DNA were digested with Ncol and EcoRV restriction enzymes
(according to the strategies described in the results, figure 7). DNA was then precipitated and
resuspended in 20 pL of TE 1X. First-dimension gels (0.35% agarose in TBE 1X without EtBr) were
run at 75 V for 18 h at room temperature. The low agarose gel concentrations and the low electric field
minimize the effects of various molecular shapes and separate replication intermediates mainly
according to their different mass. Gel slices containing the fragments of interest and all their
replication intermediates are excised and subjected to the second-dimension gel run (0.9% agarose in
TBE 1X + 0.3 pg/mL of EtBr). Here, samples were run at 250V for 4.5h at 4°C, supplementing the
running buffer with 0.3 mg/mL of EtBr. This high EtBr concentration, agarose gel concentration, and
electric field allow resolving replication intermediates according to their different topological
structures. Trioxalen crosslinking was then reverted by irradiating gels under 265 nM UV lamps for 10
min. Gels were sequentially washed with 0.25N HCI, milliQ water, denaturing solution (0.5 M NaOH,
1.5M NacCl) and Blot#2 solution (1M AcNH,4 0.02M NaOH). Southern blot was performed overnight

on Gene Screen neutral transfer membranes equilibrated in SSC 10X.

25ng of specific DNA probes were labeled with 6000 Ci/mmol of a’?P dATP using the Exo-Klenow
polymerase (DECAprime™ II by Ambion) and purified by G-50 column (IllustraTM Microspin G-50
Columns, GE Healthcare). Membranes were pre-incubated in hybridization solution (PerfectHyb™
Plus Hybridization Buffer by SIGMA) at 65°C for 1h rotating, then incubated overnight under rotation
at 65°C after radioactive probe addition. The next morning, membranes were washed twice with
washing solution I (SSC 2X, 1% SDS) pre-heated at 65°C and twice with washing solution II (SSC
0.1X, 0,1% SDS) pre-heated at 42°C. Membranes were dried on air and were exposed to IR-sensitive
screens for two days. The radioactive signals were analyzed using a Typhoon™ FLA7000

biomolecular imager (GE Healthcare Life Sciences, Marlborough, MA, USA).

SGA Procedure

Synthetic genetic array (SGA) analysis was carried out as described in **°. Wild-type (yGWB4990)
and rad304::natMX (SN1280) Mat a strains were used as query. Their genotype is reported in the
strains table. All the steps were performed using a robotic system programmed to manipulate yeast cell
arrays. The query strains were grown in 5 mL of YEPD O/N. In the meantime, the 1536-density DMA
and TS Mat a strains were replicated to fresh YEPD + G418 plates. The next day each query strain
culture was poured over a YEPD plate and cells were grown at 30°C for 1 day. Mating was performed
pinning at first the 1536-format query strains onto a fresh YEPD plate and then pinning the DMA/TS

on top of the query cells. Mating plates were incubated at room temperature for 2 days and diploids
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were selected pinning the Mat a/a zygotes on YEPD + G418/clonNAT plates and incubating plates for
2 days at room temperature. Diploids cells were pinned on sporulation medium, and the sporulation
plates were incubated at 23°C for 7 days. The resulting spores were pinned onto SD-
His/Arg/Lys+canavanine/thialysine plates to select for Mat a haploid meiotic progeny. The haploid
selection plates were incubated at room temperature for 4 days. Canavanine and thialysine are toxic
analogues of Arginine and Lysine that allow selecting only haploid Mat a cells, avoiding the selection
of recombinogenic events that can generate Mat a/a diploids. For a proper action of these compounds,
plates are devoid of Arginine and lysine. Finally, the absence of histidine in the plates allows to
specifically select Mat a cells, which express canlA::STE2pr-Sp HISS. This step of selection onto SD
—His / Arg / Lys + canavanine /thialysine plates is repeated a second time and plates are incubated for
2 days at room temperature. The Mat a meiotic progeny is then pinned onto SD -His/Arg/Lys +
canavanine/thialysine/G418 plates to select for Mat a meiotic progeny carrying the KanR marker.
Plates were incubated at room temperature for 2 days. This step is then repeated pinning cells onto SD
- His/Arg/Lys + canavanine/thialysine/G418/clonNAT plates to select the meiotic progeny carrying
both KanR and natR markers. Plates were incubated for 3 days at room temperature. Colonies were
sequentially pinned on YEPD plates (untreated) and YEPD plates containing 100mM HU. Plates were

incubated for 3 days at 30°C, and finally, the double mutants were scored for fitness defects.

Scoring of putative interactions in an SGA Screen

Double mutants SGA Plates (YEPD +/- 100mM HU) were digitally photographed, and colony areas
were analysed using the SGA-tools (http://sgatools.ccbr.utoronto.ca/). SGA-tools is a web-based
analysis system, which allows to quantify colonies on the agar plates, normalize systematic effects and
calculate fitness scores relative to a control experiment. The score is calculated using the
multiplicative model, whereby the double mutant fitness is expected to be equal to the product of the

corresponding single mutant fitness (fab =fa x fb) **°

. When the colony of the double mutant is
smaller than expected, it is considered as a negative (synthetic sick or lethal) genetic interaction. If it is
larger, it is referred as a positive (e.g. suppression) genetic interaction . From the screenings, I
obtained both wild-type and rad304 cells combined with each gene in the DMA/TS array, either in
untreated or in the presence of 100mM HU. Therefore, I applied the following normalization

conditions:

First condition: wt-geneX(UT) vs wt-geneX(100mM HU) (negative score corresponded to genes
known to be sensitive to HU). Second condition: wt-geneX(UT) vs rad304-geneX(UT) (the
canonical RAD30-screening, already published by **%).

Since I wanted to analyze interactions specific for RAD30 and for the presence of HU, I focused my
attention on genes associated with a score < -0.1 applying a third condition: wt-geneX(HU) vs

rad304-geneX(HU).
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I also selected genes associated with a score < -0,1 using the fourth condition: rad304-geneX (UT)
vs rad304-geneX (HU), selecting genes where the A-score between this condition and the first one
was < -0,1. In other words, I compared wt-geneX (UT)vs(HU) to rad304-geneX(UT)vs(HU) to find
genes that become sensitive to HU only when RAD30 is deleted, or genes that exacerbate their HU-
sensitivity upon deletion of RAD30. 1 analyzed non-essential genes (DA) and essential genes (TS)
separately, and I finally compared the two-screenings replicates. Genes selected for further validation
were 129 in total, (supplementary list 1), including genes common to both the screenings (44 DA +
50 TS), plus some genes associated with a negative score in only one of the SGA. This is because

SGA can also generate false-negative results.

Ni-NTA pull-down under denaturing conditions

For each sample, 100 mL of yeast cells were normalized at ODgy=0.3 and were collected by
centrifugation. Cells were washed with water, resuspended in 150 puL TCA 10% and then transferred
in 1.5mL tubes. After glass beads addition, cells were mechanically lysed through FastPrep machine.
Lysis was checked under the microscope and the lysate material was transferred into new 1.5mL
tubes. After centrifugation, the pellet was sequentially washed with 100% ice-cold acetone, and Tris-
Base 1M in order to neutralize eventual residual TCA present in the pellet. Pellet was brought to 1.5
mL total volume in Buffer A pH8.0 (6 M Guanidine HCI, 100 mM NaH,PO,, 10 mM Tris-Base) and
proteins were solubilized for 3 hours at room temperature under rotation. Cell debris were then
removed by centrifugation. 20 puL of protein extracts were collected as input sample. A Ni-pull-down
was performed incubating the remaining protein extracts with Ni-nitrilotriacetic (NTA) agarose beads

(Qiagen) over-night at room temperature, in presence of 15 mM Imidazole and 0,05% Tween.

Agarose beads were recovered the day after by slow centrifugation and washed two times with Buffer
A and three times with Buffer C pH6.3 (8 M Urea, 100 mM NaH,PO,4, 10 mM Tris-Base), both
supplemented with 0,05% Tween 20. Sumoylated proteins were eluted with 50 ul of HU Buffer (8§ M
Urea, 200 mM Tris-HCI pH 6.8, 1 mM EDTA, 5% SDS, 0,1% bromophenol blue, 0.1M DTT). Input
and pull-down samples were run on 4-20% gradient SDS-poly-acrylamide gel (Novex) for western
blotting. Pol n and GCNS5 modifications were visualized by western blot analysis using aMyc
antibodies (mouse monoclonal antibodies, diluted 1:20 in 5% milk in PBST). PCNA was visualized
using oPCNA (rabbit, diluted 1:10000 in 5% milk in PBST). 6xHIS-Smt3 expression and protocol
success were controlled by incubation with aSMT3 antibody (Rockland Immunochemicals) (rabbit,

diluted 1:1000 in 5% milk in TBST).
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ABSTRACT

RNA:DNA hybrids are transient physiological inter-
mediates that arise during several cellular processes
such as DNA replication. In pathological situations,
they may stably accumulate and pose a threat to
genome integrity. Cellular RNase H activities process
these structures to restore the correct DNA:DNA se-
quence. Yeast cells lacking RNase H are negatively
affected by depletion of deoxyribonucleotide pools
necessary for DNA replication. Here we show that
the translesion synthesis DNA polymerase v (Pol 1)
plays a role in DNA replication under low deoxyri-
bonucleotides condition triggered by hydroxyurea.
In particular, the catalytic reaction performed by Pol
1 is detrimental for RNase H deficient cells, caus-
ing DNA damage checkpoint activation and G2/M ar-
rest. Moreover, a Pol n mutant allele with enhanced
ribonucleotide incorporation further exacerbates the
sensitivity to hydroxyurea of cells lacking RNase H
activities. Our data are compatible with a model in
which Pol v activity facilitates the formation or sta-
bilization of RNA:DNA hybrids at stalled replication
forks. However, in a scenario where RNase H activ-
ity fails to restore DNA, these hybrids become highly
toxic for cells.

INTRODUCTION

The accuracy of genome duplication is mainly guaranteed
by the high fidelity of replicative DNA polymerases that

insert the correct deoxyribonucleotide respecting the base
pairing with the template. Besides discriminating among the
different bases, replicative polymerases have also to choose
the right sugar moiety (1). In doing so, they are challenged
by the intracellular physiologically high concentration of ri-
bonucleotides (rNTPs), which exceed deoxyribonucleotides
(ANTPs) by over a hundredfold (2). Specific amino acid
residues shape the steric gate in the nucleotide binding site,
driving DNA polymerases to select dNTPs, which lack an
oxygen at the 2’ carbon of the sugar compared to rNTPs (1).
Nonetheless, during DNA replication, a significant num-
ber of ribonucleotides is introduced into the nascent strand
(2). In yeast, at least 1 rNTP is incorporated every 1000
dNTPs, making rNTPs the most frequent non-canonical
nucleotides introduced into the genome (3). Genomic rN-
MPs play an important physiological role in mismatch re-
pair (4-6) but, if not promptly removed from DNA, they
also promote replication stress and genome instability (7-
11).

Chromosome embedded ribonucleotides are usually pro-
cessed by RNase H enzymes, which contribute to the re-
establishment of the correct DNA sequence (3): RNase H1
cleaves RNA:DNA hybrids constituted by at least four con-
secutive ribonucleotides; RNase H2 processes both single
and multiple embedded ribonucleotides (12). Noteworthy,
dysfunction of the RNase H2 complex is a primary cause
of the Aicardi-Gouti¢res syndrome, a rare interferonopathy
that mainly affects the brain (13).

Genomic ribonucleotides can also be subjected to muta-
genic processing by Topoisomerase 1, leading to the forma-
tion of short deletions and ultimately double-strand breaks
(14-16). In general, the impaired removal of ribonucleotides
leads to severe consequences, as their persistence in DNA
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distorts the helix structure (17-19) and therefore affects
DNA transactions.

Ribonucleotide incorporation is further increased when
the cellular dNTP pools are reduced, such as following
treatment with the ribonucleotide reductase inhibitor hy-
droxyurea (HU) (8). Indeed, RNase H deficient cells are hy-
persensitive to HU (7-9). During replication, genomic rN-
MPs are not efficiently bypassed by replicative DNA poly-
merases (7,20-22) and cells rely on post-replication repair
mechanisms to overcome these blocks (7). Upon HU treat-
ment, template switching or Pol { -mediated translesion syn-
thesis (TLS) are essential to bypass TNMPs in the DNA
template and to complete genome duplication (7).

Intriguingly, we found that the increased sensitivity to
HU observed in yeast cells lacking RNase H activities
(rnhl1 A rnh201A) is almost totally dependent on the TLS
polymerase m (RAD30).

Pol m belongs to the Y-family polymerases and has a
major role in the bypass of several adducts that halt the
progression of replication forks. This versatile polymerase
is known for its excellent ability in bypassing thymidine
adducts and 8-oxo-guanines in an error-free manner (23—
25). In humans, defects in the gene encoding Pol n (POLH)
lead to the onset of the xeroderma pigmentosum variant
(XP-V) genetic syndrome (26), characterized by high inci-
dence of skin cancer and sunlight sensitivity, due to the in-
ability to bypass bulky lesions (27). Besides the TLS func-
tion, human Pol m has been implicated in class switch re-
combination (28,29) and common fragile sites (CFSs) sta-
bility (30-33). Moreover, yeast Pol m was reported to be re-
cruited at replication forks upon replication stress induction
(34). Different studies reported that yeast and human Pol n
efficiently utilize rINTPs and extend RNA primers in vitro
(35-37).

In this work, we describe the involvement of Pol m in
genome replication when dNTP pools are low. In particu-
lar, we report that in these conditions Pol m catalytic activity
becomes harmful when ribonucleotides cannot be removed.
The enhanced ribonucleotide incorporation, through a Pol
7 steric gate mutant (38), further exacerbates this pheno-
type. In the absence of RNase H activities capable of pro-
cessing consecutive ribonucleotides, Pol n activity leads to
the activation of the DNA damage checkpoint and to cell
cycle arrest within a single round of replication in the pres-
ence of low dNTPs. We demonstrate that the toxic activ-
ity of Pol m is not dependent upon ribonucleotides already
present in the template DNA and that RNase H enzymes
are essential to resolve the toxic structures promoted by Pol
7. We propose a model where Pol m actively participates
to DNA replication in low dNTPs conditions. Pol m ability
to incorporate INMPs or extend RNA stretches could be
crucial to enable full-genome duplication during replication
stress at the expense of an accumulation of longer stretches
of consecutive ribonucleotides in the genome. In wild type
cells, thanks to RNase H, this is a tolerable compromise.
However, this activity of Pol n becomes highly toxic when
RNase H enzymes are defective and cells cannot restore the
correct DNA composition and structure.
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MATERIALS AND METHODS
Yeast strains, plasmids, media and growth conditions

All the strains used in this work are listed in Supplemen-
tary Table S1 and are derivatives of the W303 RADS5*
background. Strains were generated by standard genetic
procedures. Deletions were obtained by one-step PCR
(39). RNase H2 mutant strains (rnh201-P45D-Y219A and
mh201-D39A4) were obtained by crossing, starting from
MATa sgsl::HIS3 rmh201-D39A4 and MATa sgsl::HIS3
rnh201-P45D-Y2194 (40).

For the indicated experiments, cell cultures were grown
at 28°C in YEP medium (1% yeast extract, 2% peptone)
containing 2% glucose (YEPD), 2% raffinose (YEPR), or
2% galactose and 2% raffinose (YEPRG). For strains car-
rying plasmids, cells were grown in Synthetic-Complete
(SC) medium supplemented with appropriate sugar(s) and
nutrients to maintain the selection. The concentration of
drugs/chemicals and their addition to the medium are in-
dicated in the figures and their respective legends.

Hydroxyurea was purchased from US Biological (Salem,
MA, USA), Auxin (IAA), Doxycycline (DOXY) and MMS
were purchased from Sigma (Saint Louis, MO, USA).

The pEGUK6-RAD30 (GALI-6xHIS-RAD30) and
pEGUN6-rad30 DISSA DIS6A (GALI-6xHIS-rad30-
D155A4-E156A) plasmids were kindly provided by T.A.
Kunkel and are described in (41). pFL166.4 (GALI-6xHIS
-rad30-F35A4) was obtained by site-directed mutagenesis
(QuikChange Site-Directed Mutagenesis Kit Thermo
Fisher Scientific, Waltham, Massachusetts USA) on
pEGUh6-RAD30 using oligos 3'-ACA TAG ATA TGA
ATG CCT TTG CTG CAC AGG TTG AGC AGA TGC
G-5" and 3'-CGC ATC TGC TCA ACC TGT GCA GCA
AAG GCA TTC ATA TCT ATG T-5, and then verified
by DNA sequencing.

The pFL160.1 plasmid carrying the rnhB-3xminiAID-
HA under TetOFF promoter (42) was prepared as follows.
The rnhB gene was amplified from MG1655 E. coli strain
using primers 3’- TTA ACA TCG ATA GCG GCC GCA
TGA TCG AAT TTG TTT ATC CGC ACA CG-5 and 3'-
GAC TTT TGA CAA GAA ACC ATG GAC GCA AGT
CCC AGT GCG C-5. The 3X-miniAID sequence was am-
plified from the plasmid BYP7432 (43) using primers 3'-
GCG CAC TGG GAC TTG CGT CCA TGG TTT CTT
GTC AAA AGT C-5 and 3-TGC AGG GCC CTA GCG
GCC GCT CAC GCA TAG TCA GGA ACA TCG TAT
GGG TAT TTA TAC ATT CTC AAG TCT A-5. The
two amplicons were purified and then digested with Notl
and PshAlI restriction enzymes. Ligation reactions were per-
formed with Notl-digested pCM 185 (42). The sequence of
the insert and its junction regions was then verified by DNA
sequencing (Eurofins Scientific, Luxembourg). Restriction
enzymes were provided by New England Biolabs (Ipswich,
MA, USA).

Drop test assays

Logarithmically growing yeast cultures were diluted at 2 x
10° cells/ml. A series of 10-fold dilutions were prepared,
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and 10 pl drops were spotted on YEP or selective plates,
supplemented with the appropriate sugar and the indicated
drugs. Pictures were taken after incubation at 28°C for 2-4
days.

Sensitivity assay

Exponentially growing cells were synchronized in the G1
phase by adding a-factor (4 pg/ml) (Primm, Milano, Italy).
Upon appropriate dilutions, 100 CFU of each strain were
plated on YEPRG =+ 25 mM HU. After 4 days of incuba-
tion, the number of grown colonies was counted and nor-
malized. The standard error of the mean (SEM) was calcu-
lated on three independent experiments.

SDS-PAGE and western blot

TCA protein extracts were prepared, and an equal amount
of each sample was separated by SDS-PAGE (44). West-
ern blottings were performed with anti-Rad53 (kind gift by
C. Santocanale), anti-HIS-tag (70796-3 Novagen, Merck,
Darmstadt, Germany) or anti-miniAID-tag (MBL Inter-
national, Woburn, MA, USA (43)) or anti-Pgkl (22c5d8
Abcam, Cambridge, UK) antibodies, using standard tech-
niques.

FACS analysis

Cells were fixed in 70% ethanol and treated with RNase
A and proteinase K. DNA was stained with Sytox Green
(Thermo Fisher Scientific, Waltham, MA, USA), and cell
cycle distribution was estimated by cytofluorimetric analy-
sis with a FACScan (BD Biosciences, San Jos¢, CA, USA).
Data were plotted using the FlowJo® Software.

Ribonucleotide incorporation assay

The assay was performed as described in details in (45).
Briefly, genomic DNA was isolated using Y-DER (Thermo
Fisher Scientific, Waltham, Massachusetts USA) extraction
kit according to manufacturer’s instruction and treated with
Escherichia coli RNase HII (NEB, Ipswich, Massachusetts
USA), which introduces nicks at every ribonucleotide-
containing site. The nicks were then used to radioactively
label the site with DNA Polymerase I (NEB, Ipswich, MA,
USA) in the presence of unlabeled dA/-dT/-dGTP and «-
2P-dCTP (Perkin Elmer, Waltham, MA, USA). Labeled
genomic DNA was separated by agarose gel electrophoresis
in the presence of ethidium bromide, imaged under UV light
and quantified with ImageLab software (Bio-Rad). The gel
was successively dried, and the radioactive signal was de-
tected by autoradiography using a Typhoon FLA 7000 (GE
Healthcare Life Sciences, Marlborough, MA, USA) and
quantified with ImageQuant software (GE Healthcare Life
Sciences, Marlborough, MA, USA). The radioactive sig-
nal of each sample was normalized on total genomic DNA
measured by ethidium bromide staining. The ratio between
in-vitro RNHII-treated and the untreated sample was ex-
pressed as fold change respect to the control sample. The
mean of four different experiments = SEM is reported in
the figure.

RESULTS

DNA polymerase ) is responsible for HU-induced cell lethal-
ity in the absence of RNase H activities

Yeast cells lacking both RNase H activities (rnhlA
rmh201A) are sensitive to several genotoxic and replica-
tion stress-inducing agents, such as MMS, CPT, and HU
(7,46,47). In particular, following HU treatment, the Post
Replication Repair (PRR) pathway becomes essential for
cell survival, and TLS polymerase { is critical to help
replicative polymerases bypass the ribonucleotides persist-
ing in the template strand of genomic DNA (7). Unexpect-
edly, we found that the simultaneous loss of all yeast TLS
polymerases, Pol ¢, Pol m and Revl (rev3A rev7A rad30A
revl A) almost completely suppresses the HU sensitivity
phenotype of rnhl A rnh201A cells (Figure 1A). By ana-
lyzing the individual contribution of each TLS polymerase,
we found that the suppression of HU sensitivity is almost
completely dependent upon the loss of DNA polymerase n
(encoded by RAD30 gene) (Figure 1A). Furthermore, Pol
m affects rnhl A rnh201 A cell viability specifically following
HU treatment, but not upon treatment with other genotoxic
agents impacting on S phase, like MMS (Figure 1B).

Low doses of HU induce a Pol n-dependent DNA damage
checkpoint activation and mitotic arrest in RNase H deficient
cells

We have previously shown that upon treatment with low
doses of HU, RNase H lacking cells exhibit DNA damage
checkpoint activation and cell cycle arrest at G2/M phase
(7). Given the involvement of Pol m in the HU sensitivity
of rnhl A rnh201 A cells, we tested its contribution to such
checkpoint activation.

The phosphorylation state of the checkpoint effector ki-
nase Rad53 was used as a readout for DNA damage check-
point (DDC) activation, while cell cycle profiles were ana-
lyzed by flow cytometry (48,49). Cells were synchronized in
G1 phase with a-factor, released in 25 mM HU, and col-
lected at the indicated time points. At low doses of HU,
wild type cells exhibit a mild and transient activation of the
DDC in S phase; the checkpoint response is then switched
oft, and cell cycle progression continues (Figure 2A and B).
In rnhl A rnh201 A cells, however, Rad53 phosphorylation
persists after S phase and cells cannot complete the cell cy-
cle and entry into the next G1 phase is delayed (Figure 2A
and B). Consistently with their reduced viability, a fraction
of these cells remains in G2/M with 2C DNA content (Fig-
ure 2A); no cell cycle defects or Rad53 phosphorylation are
observed in the absence of HU (Supplementary Figure S1).
Intriguingly, deletion of R4D30 rescues almost completely
all the HU-induced phenotypes observed in RNase H mu-
tants. Indeed, most rnhl A rnh201A rad30A cells dephos-
phorylate Rad53 and exhibit an almost wild type kinetics
of cell cycle progression (Figure 2A and B).

It is worth noting that even in the absence of RAD30
a small proportion of cells remain blocked in G2/M with
Rad53 phosphorylated, suggesting that other polymerases
may contribute to the HU-induced toxicity.
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Figure 1. Removal of Pol m rescues the HU sensitivity of cell lacking RNase H activities. 10-fold serial dilutions of the indicated strains were plated on (A)
YEPD and YEPD + 25 mM HU and (B) on YEPD, YEPD + 25 mM HU and YEPD + 0.01% MMS. Plates were incubated at 28°C and pictures were

taken after 3 days. Results are representative of four biological replicates.

Pol m acts at HU-stressed replication forks

Hydroxyurea is known to induce replication forks stalling
and the formation of ssDNA gaps, which are filled in late S
phase mainly by TLS polymerases (50-52). Yeast Pol y was
reported to be recruited to the proximity of replication ori-
gins during HU-induced stress (34,53). In human cells, Pol
m actively participates to CFSs replication, possibly by sub-
stituting Pol 8 (31-33), and forms nuclear foci upon hydrox-
yurea exposure (54). Thus, we asked whether the toxic activ-
ity of Pol moccurs at the fork during DNA replication under
low dNTPs conditions or post-replication, during gap refill-
ing in late S phase/G?2.

In order to address this question, we exploited a yeast
strain lacking endogenous RAD30, where Pol m could be
conditionally overexpressed at different times following a
transient exposure to HU. We first tested whether an acute
exposure to high levels of HU had the same effect as the
chronic low dose HU treatment used so far. We exposed
a-factor synchronized cells for two hours to 200 mM HU,
which was then washed out, rapidly restoring physiological
dNTPs level (55-57). Upon release in the cell cycle in the ab-
sence of HU, rnhl A rnh201 A cells exhibited similar, albeit
milder, phenotypes as those reported following a chronic ex-
posure to 25 mM HU (compare Supplementary Figure S2
and Figure 2). Importantly, even though the drug was re-
moved from the medium when cells resumed cell cycle pro-
gression, the activation of the DDC and the G2/M cell cycle
arrest in rnhl A rnh201 A cells was still dependent on Pol m
(Supplementary Figure S2).

To determine when Pol m exerts its toxic activity, we syn-
chronized rnhl A rnh201 A rad30A cultures, and we induced
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RAD30 overexpression, before, immediately after or 30" af-
ter the acute HU treatment. In the first case, cells were sub-
jected to nucleotide depletion in the presence of Pol m. In
the other samples, cells experienced the HU-induced stress
in the absence of Pol m, which was expressed only immedi-
ately or 30’ after HU removal. Protein levels were verified
by western blotting; cell cycle progression and DDC activa-
tion were monitored as previously described. Intriguingly,
we observed a strong accumulation of G2/M arrested cells
and Rad53 phosphorylation only when Pol n was concomi-
tantly present with hydroxyurea during DNA replication
(Figure 3, before HU treatment). In contrast, when Pol m
was induced after the removal of HU, most cells did not ex-
hibit cell cycle progression defects or DDC activation (Fig-
ure 3, 0 min after HU release, 30 min after HU release).
These data indicate that Pol n exerts its toxic effect at repli-
cation forks when they are slowed down and challenged by
low dNTPs conditions.

Pol v toxicity is independent of ribonucleotides embedded in
the DNA replication template

Since Pol m activity becomes toxic only in the absence of
RNase H, it is essential to assess how the two are related
to each other. Lack of RNase H causes the genome-wide
accumulation of unprocessed ribonucleotides, which could
stimulate a Pol m activity that becomes toxic when dNTP
pools have been depleted. On the other hand, Pol  may
be recruited at the HU-stressed replication forks generat-
ing a product that becomes toxic in the absence of RNase
H. In the first scenario, Pol my would be toxic in the absence
of RNase H due to the presence of INMPs in the template
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Figure 2. Pol mis responsible for the DNA damage checkpoint activation and G2/M arrest of RNase H deficient cells in low doses of HU. Exponentially
growing cells were synchronized in G1 phase by a-factor addition (4 pg/ml) and released in 25 mM HU; a-factor (10 pg/ml) was re-added to the medium
90 min after the release to block cells in the next G1 phase. (A) Cell cycle progression was followed by flow cytometry (FACS) measuring DNA content (1C,
2C) at the indicated time points. (B) Rad53 phosphorylation was analyzed by western blotting of total cell extracts with anti-Rad53 antibodies. Results are

representative of four biological replicates.

strand. In the second case, the inability to process ribonu-
cleotides would be lethal only after Pol m action. To distin-
guish between these two hypotheses, we evaluated the ef-
fects of unprocessed rNMPs within a single cell cycle. We
produced a heterologous conditional system, where RNase
H2 can be inactivated at different times in a synchronous
culture. A yeast strain was generated where we expressed E.
colirnhB gene fused to the AID-degron, so that the chimeric
protein is degraded following the addition of auxin (IAA)
(42,43). The fusion was cloned under the TetOFF promoter
so that its expression can be switched off by addition of
doxycycline (DOXY). The RNase H2 activity provided by
the RnhB-AID fusion protein complemented the simulta-
neous loss of RNase H1 and H2 in yeast cells, suppressing
almost completely the HU sensitivity and the accumulation
of ribonucleotides incorporated in genomic DNA (Supple-
mentary Figure S3). Moreover, expression of the rnhB-AID
construct did not alter cell cycle progression of an otherwise
wild type strain (Supplementary Figure S4).

rnhl A rnh201 A cells carrying the conditional rnhB-AID
construct were grown in the presence of the RnhB (ON), al-
lowing efficient removal of pre-existing ribonucleotides, and
arrested with a-factor. RnhB was then turned off (OFF)
in a-factor, before the release in 25 mM HU impeding the
removal of newly incorporated ribonucleotides. Cells were
collected at different time points; cell cycle progression was
monitored by FACS analysis (Figure 4A), and DDC activa-
tion was evaluated by western blotting (Figure 4B). In the
presence of RnhB activity, despite being exposed to a low
dose of HU, strains mutated in RNHI and RNH20I pro-
gressed throughout the cell cycle and normally reached the

next G1 phase, similarly to wild type cells (Figure 4A, panels
1, 3, 6). In these conditions, Rad53 hyperphosphorylation
was almost completely absent (Figure 4B, lanes 7, 9, 11).
These results further confirm that RnhB-AID efficiently
complements the absence of yeast endogenous RNase H ac-
tivities. When RnhB was turned off before the release in HU,
rnhl A rnh201 A cells experienced the first round of DNA
replication in the presence of hydroxyurea and in the ab-
sence of RNase H activities (Figure 4A, lanes 4 and 7). In
these conditions, contrary to what observed when RnhB
was expressed, cells arrested at G2/M within the first cell cy-
cle (Figure 4A, panel 4) with hyperphosphorylated Rad53
(Figure 4B, lane 10), with a phenotype similar to that of
rnhl A rnh201A cells carrying the empty plasmid (Figure
4A, panel 2 and Figure 4B, lane 8). Moreover, deletion of
RAD30 suppressed both the cell cycle arrest and the DDC
activation (Figure 4A, panel 7 and Figure 4B, lane 12).

These findings suggest that when Pol 1 acts at replication
forks in low dNTPs, it poses a lethal threat to cells if RNase
H activity is missing. This argues against the involvement in
the toxic effect of Pol m of pre-existing rNMPs in the tem-
plate strand.

Pol 1) toxicity is exerted via its catalytic activity, and it is en-
hanced by a steric gate mutation that increases rNTPs incor-
poration

To characterize the mechanism underlying Pol m toxicity, we
investigated the involvement of its catalytic activity. HIS-
tagged wild type (RAD30), catalytic-dead (rad30-D155A-
E156A) alleles or a steric gate mutant with enhanced ri-
bonucleotide incorporation activity (rad30-F354) (38,58)
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Figure 3. Pol m exerts its toxic activity at HU-stressed DNA replication forks. Cells were grown in SC-URA Raffinose 2%, arrested with a-factor (4
wg/ml) and released from the G1 block by transferring them in SC-URA Raffinose 2% with 200 mM HU for 2 h. HU was then washed out and cells were
transferred to fresh medium to allow completion of the cell cycle. a-factor (10 pg/ml) was re-added 90 min after HU wash out to block cells in the next G1
phase. Media were supplemented with Galactose 2% to induce R4D30 expression, when indicated (red). (A) Cell cycle progression was followed by flow
cytometry (FACS) measuring DNA content (1C, 2C) at the indicated time points. (B) Rad53 phosphorylation and Rad30-6xHis expression were analyzed
by western blotting of total cell extracts using appropriate antibodies. Results are representative of three biological replicates.
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Figure 4. Pol n) generates toxic intermediates at stressed replication forks in HU. Exponentially growing cells were synchronized in SC-TRP glucose 2% by
a-factor addition (4 pg/ml) and released in YEPD + 25 mM HU. a-factor (10 wg/ml) was re-added 90 min after the release. RnhB was expressed (RnhB
ON, in green) and was depleted as needed by addition of 10 pg/ml Doxycycline (DOXY) and 0.5 mM Auxin (IAA) (RnhB OFF, in gray). All the strains
host the OsTIR1 gene integrated at the URA3 locus. (A) Cell cycle progression was followed by flow cytometry (FACS) measuring DNA content (1C, 2C)
at the indicated time points. (B) Rad53 phosphorylation, RnhB-AID and the Pgk1 loading control were analyzed by western blotting of total cell extracts
using appropriate antibodies. Results are representative of three biological replicates.

were overexpressed in yeast cells under the control of the
GALI/10 promoter. Overexpression was necessary because
the steric gate mutation although increasing rNTPs incor-
poration, strongly reduces the catalytic activity of the en-
zyme. Indeed, a rad30-F35A4 mutant expressed at the en-
dogenous level is catalytically deficient and UV sensitive,
while the UV sensitivity is suppressed when overexpressed,
likely because enough Pol n catalytic is present (Supplemen-
tary Figure S5A and B). Cell viability in 25 mM HU was

measured and it is reported in Figure SA. Overexpression
of either wild type or mutant forms of Pol n was achieved
at similar levels (Figure 5B) and did not noticeably affect
the viability of RNase H wild type cells both in untreated
or HU-treated conditions (Figure 5A, grey bars, and Sup-
plementary Figure S5C). In cells lacking RNase H, on the
other hand, overexpression of wild type Pol m exacerbated
the sensitivity to HU, linking the extent of the toxic activity
to the level of Pol m in cells (Figure 5A, black bars). Con-
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Figure 5. Pol m toxicity depends on its catalytic activity and it is exacerbated if its ribonucleotide-incorporation activity is increased. (A) Cells were grown
in SC-URA Raffinose 2% and arrested with a-factor. Cultures were then appropriately diluted and plated on SC-URA supplemented with Galactose 2%
and Raffinose 2%, either with or without 25 mM HU. Colonies were counted from at least three plates after 4 days at 28°C. Histogram bars represent the
ratio between colonies counted on plates with and without hydroxyurea. Error bars represent the standard error of the mean (SEM), calculated on three
independent experiments. (B) Overexpression levels of wild type and mutant versions of Rad30 were analyzed by western blot with anti-HIS antibodies 4

h after Galactose induction; equal loading was verified by Ponceau S staining.

versely, overexpression of the catalytic-dead mutant (rad30-
D155A4-E156A) suppressed the HU-induced cell lethality
restoring viability to levels comparable to those observed
in RNase H proficient cells, implying that Pol m catalytic
activity is responsible for the HU sensitivity. This was con-
firmed by the steric gate mutant rad30-F35A4, which con-
fers enhanced ribonucleotide incorporation activity (37,38)
and caused a drastic increase in HU sensitivity to rnhl A
rmh201 A cells, suggesting that the incorporation of ribonu-
cleotides mediated by Pol mis the cause of cell lethality (Fig-
ure 5A, black bars).

To examine whether unprocessed genomic ribonu-
cleotides were responsible for the HU-induced lethality, we
analyzed the HU sensitivity imparted by individual RNH1
(RNase H1) and RNH201 (RNase H2) deletions, by an
RNase H2 catalytic-dead mutant (rnh201-D39A4) and by
a separation of functions mutant rnh201-RED (rnh201-
P45D-Y219A4), which has been reported to be able to pro-
cess multiple consecutive ribonucleotides, while being im-
paired in the removal of single INMPs (40) (Figure 6A).
The same mutations were then combined with the deletion
of RAD30 to gain an insight into the type of toxic product
generated by Pol m (Figure 6B).

The results reveal that HU becomes lethal only when
cells cannot process consecutive ribonucleotides (rnhlA
mh201 A or rnhl A rnh201-D39A4 ) but not if consecutive ri-
bonucleotides can be processed by RNase H1 (rnh201 A) or
if the ability of RNase H2 to act on multiple rINMPs is pre-
served (rnhl A rnh201-RED ). Intriguingly, the data shown
in Figure 6B also shows that Pol m is toxic only if mul-
tiple ribonucleotides cannot be processed, suggesting that
when the dNTP pools are decreased Pol n activity may pro-
mote the incorporation of stretches of ribonucleotides in the
genome.

95

DISCUSSION

Ribonucleotides are massively incorporated during DNA
replication by DNA polymerases, and, if not repaired, they
cause genome instability. Depletion of the dNTP pools by
hydroxyurea inhibits replicative DNA synthesis. Interest-
ingly, exposure of rnhlA rnh201A cells to even low lev-
els of HU leads to DNA damage checkpoint activation
and G2/M arrest. TLS DNA polymerase r is well known
for its roles in lesion bypass for the effective completion
of DNA synthesis, following exposure to DNA damaging
agents (23,24).

We describe a novel involvement of Pol ny during genome
duplication under replication stress conditions. In partic-
ular, we propose that, when canonical DNA polymerases
are challenged by deoxyribonucleotide depletion, Pol m
facilitates replication fork progression and chromosomal
replication favoring the inclusion of consecutive ribonu-
cleotides in newly synthesized genomic DNA. Pol m is suit-
able for this function thanks to its ability to extend DNA or
RNA primers with ribonucleotides (37,38), unlike replica-
tive DNA polymerases, which exhibit lower incorporation
capability and are blocked by dNTPs shortage (2,3). Even
though this function may be relevant to complete DNA
replication and tolerate temporary decreases in the dNTP
pools, it presents a potentially lethal challenge when RNase
H activities are absent, and chromosome embedded ribonu-
cleotides are excessively accumulated (Figure 7). The ge-
nomic sites bound by Pol m in HU-treated cells have been
previously mapped and some of them correspond to ARSs
(34) that are actively replicated in cells exposed to 200 mM
HU (34,53). Moreover, human Pol v is required for S phase
progression in hydroxyurea, and its activity induces apop-
totic cell death (36,54).
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Figure 6. HU sensitivity is due to the failure to process multiple consecutive ribonucleotides. 10-fold serial dilutions of the indicated strains were plated
on YEPD and YEPD + 25 mM HU and incubated at 28°C. Pictures were taken after 2 days of incubation. Results are representative of two biological
replicates. The D39A mutation inactivates the catalytic function of RNase H2 while the separation of function mutant rni201-RED allows the removal of
stretches of INMPs but is impaired in the removal of single INMPs.

a)

b)

<)

In this work we show that:

When cellular ANTP pools are depleted by exposure to
low doses of HU, Pol m catalytic activity promotes the
formation of some structures that become toxic only if
RNase H activities are lost, while no effect is detected in
cells expressing RNase H functions. This strongly sug-
gests a role for ribonucleotides in the Pol n-dependent
HU-induced lethality.

Such toxic products are generated when Pol mis active at
replication forks stressed by dNTPs depletion, while no
problem arises if Pol m acts later in S phase, once ANTP
pools have been replenished.

The formation of the toxic products by Pol m does not
depend upon residual rNMPs in the template strand,
but it involves ribonucleotides incorporated during the S
phase with low dNTP pools, and it elicits a DNA dam-

d)

age checkpoint and G2/M arrest within the same cell
cycle.

The sensitivity to HU, and thus the formation of the
toxic products, is greatly enhanced if cells express a Pol
m variant with enhanced rNTPs incorporation ability.
Moreover, the HU-induced lethality depends upon the
inability in the processing of multiple consecutive ri-
bonucleotides.

Physical detection of multiple rINMPs embedded in ge-

nomic DNA has proven to be very hard to tackle with
the available technology; no groups to our knowledge were
able to address this problem yet. Even if we cannot directly
measure the presence of Pol n-dependent multiple ribonu-
cleotides, the data summarized above very strongly support
the hypothesis that the phenotypes reported in this work
are related to RNA stretches embedded in genomic DNA,
which are accumulated only when Pol m is active and the
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Figure 7. Proposed model of Pol m function during hydroxyurea-mediated fork stalling. Replication forks are stalled by dNTP pools depletion caused
by HU, allowing Pol m recruitment. Pol m activity promotes RNA:DNA hybrids formation by either direct incorporation of ribonucleotides in the newly
synthesized strand or incorrect Okazaki fragments maturation or R-loops stabilization. These hybrids are later processed by RNase H activities, allowing
completion of the cell cycle. In the absence of RNase H, RNA:DNA hybrids are not removed from the genome and lead to DNA damage checkpoint

activation, cell cycle arrest and ultimately cell death.

dNTP pools are depleted. Such RNA stretches may arise
from the direct incorporation of rNTPs by Pol m, from
a Pol m-dependent stabilization of R-loops or impairment
of Okazaki fragments processing, consistently with recent
evidence showing that Pol v could take part in the repli-
cation of the lagging strand (59). Remarkably, following
replication with low dNTP pools and active Pol m, if ri-
bonucleotides cannot be processed cells die because they
cannot divide (Figure 7). Careful kinetic analyses reveal
that, in these conditions, the DDC is switched off after S
phase and re-activated when cells reach 2C DNA content
in G2/M. Taken together, these observations may corre-
late RNA:DNA hybrids with chromosome segregation. We
propose that RNA:DNA hybrids may compromise chromo-
somes structure (17-19,60) generating problems that are de-
tected in G2/M and trigger the DDC. Such hybrids may
also lead to mutagenic repair mechanisms, such as the one
dependent on Topl, leading to deletions and chromosome
breaks (15,16). We can also envision that the alteration of
chromosome structure due to newly incorporated ribonu-
cleotides may affect particular regions, e.g. centromeres, es-
sential for proper cell division. This hypothesis is supported
by the observation that deletion of the Spindle Assembly
Checkpoint factor MAD?2 partially rescues the HU sensitiv-
ity, cell cycle arrest of cells lacking RNase H and persistent
DNA damage checkpoint activation (Supplementary Fig-
ure S6).

As mentioned above, such scenario may be conserved in
higher eukaryotes as well. This mechanism resembles the
one reported in human cells for Chromosome Fragile Sites
(CFSs) replication. CFSs are peculiar sequences that as-
sume non-B DNA structures that block replication forks
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(61,62). Here, Pol m substitutes Pol 8 and carries on DNA
synthesis, avoiding the formation of breaks and preventing
under-replicated DNA from entering mitosis (30-33). As
in hydroxyurea, Pol m may act when replication forks are
stalled.

In conclusion, this study unravels a novel role of TLS
polymerase m and provides evidence of its contribution to
the preservation of genome integrity. In the future, it will be
interesting to investigate how Pol m can participate to repair
synthesis in environments where dNTP pools are physiolog-
ically low, such as in neuronal cells.
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Supplementary Data are available at NAR Online.
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Figure S1
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Figure S1. Strains lacking RNase H activity do not exhibit cell cycle delay and DDC activation in
untreated conditions.

(A-B) Exponentially growing cells were synchronized in G1 phase by a-factor addition (4 ug/mL) and
released in fresh YEPD medium. a-factor (10 ug/mL) was re-added to the medium 90 min after the
release to block cells in the next G1 phase. (A) Cell cycle progression was followed by flow cytometry
(FACS) measuring DNA content (1C, 2C) at the indicated time points. (B) Rad53 phosphorylation was
analyzed by western blotting of total cell extracts using anti-Rad53 antibodies. Results are
representative of two biological replicates.
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Figure S2
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Figure S2. In RNase H deficient cells Pol n promotes DDC activation and G2/M arrest, even after
acute HU exposure.

(A-B) Exponentially growing cells were synchronized in G1 phase by a-factor addition (4 yg/mL) and
released from the G1 arrest in 200 mM HU for 2 hours. HU was then washed out and cells were
transferred to fresh medium to allow completion of the cell cycle. a-factor (10 pg/mL) was then re-added
40 min after the HU wash out to block cells in the next G1 phase. (A) Cell cycle progression was followed
by flow cytometry (FACS) measuring DNA content (1C, 2C) at the indicated time points.

(B) Rad53 phosphorylation was analyzed by western blotting of total cell extracts using anti-Rad53
antibodies. Results are representative of three biological replicates.
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Figure S3
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Figure S3. In yeast cells lacking endogenous RNase H enzymes, bacterial RnhB restores the
ribonucleotides removal activity.

(A) 10-fold serial dilutions of the indicated strains were plated on SC-TRP and SC-TRP + 25 mM HU
and incubated at 28°C. RnhB-AID is constitutively expressed. Pictures were taken after 4 days of
incubation. Results are representative of three biological replicates.

(B) Ribonucleotides incorporation assay on genomic DNA extracted from G1 synchronized wild type
and rnh14rnh201A cells transformed either with the empty plasmid or the one carrying the RnhB-AID
coding gene. All the strains have the OsTIR1 gene integrated at URA3 locus.

(C) Ribonucleotides incorporation was quantified and is expressed in arbitrary units as fold change

of the RNHII treated sample respect to the untreated. All samples were normalized on the corresponding
ethidium bromide signal. The error bars represent the SEM of four independent experiments.

Student t-test is performed relative to the wild type [empty] sample (ns = non significative, ** = P < 0.01).
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Figure S4
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Figure S4. Expression of RnhB does not affect cell cycle progression in wild type cells.
Exponentially growing cells were synchronized in SC-TRP Glucose 2% by a-factor addition

(4 pg/mL) and released in YEPD + 25 mM HU. a-factor (10 pg/mL) was re-added 90 min after the
release. RnhB-AID was expressed (RnhB ON, in green) and was depleted as needed by addition
of 10 pg/mL Doxycycline (DOXY) and 0.5 mM Auxin (IAA) (RnhB OFF, in grey). All the strains carry
the OsTIR1 gene integrated at URA3 locus. Cell cycle progression was followed by flow cytometry
(FACS) measuring DNA content (1C, 2C) at the indicated time points. Results are representative of
three biological replicates.
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Figure S5
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Figure S5. rad30-F35A mutant complements UV sensitivity only if overexpressed and

wt cell viability is not affected by overexpression of Rad30, rad30-D155A-E156A and rad30-F35A.
(A)10-fold serial dilutions of the indicated strains were plated on YEPD and UV irradiated.Pictures were

taken after 2 days of incubation at 28°C. Results are representative of two biological replicates.
(B)10-fold serial dilutions of the indicated strains were plated on SC-URA, supplemented with

Raffinose 2% and Galactose 2% and UV iradiated. Pictures were taken after 3 days of incubation
at 28°C. Results are representative of two biological replicates.

(C)10-fold serial dilutions of the indicated strains were plated on SC-URA and SC-URA + 25 mM HU,
supplemented with Raffinose 2% and Galactose 2%. Pictures were taken after 3 days of incubation

at 28°C. Results are representative of three biological replicates.
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Figure S6
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Figure S6. The toxic effect of Pol n is partly dependent upon the spindle assembly checkpoint

factor Mad2.

(A) 10-fold serial dilutions of the indicated strains were plated on YEPD and YEPD + 50 mM or 100
mM HU Pictures were taken after 2 days of incubation. (B) Exponentially growing cells were synchronized
in G1 phase by a-factor addition (4pg/ml) and released in 25 mM HU. a-factor was re-added to the
medium 90 min after the release to block cells in the next G1 phase. In the left panel cell cycle
progression was followed by flow cytometry (FACS) measuring DNA content (1C, 2C) at the indicated
time points. In the right panel Rad53 phosphorylation was analyzed by western blotting of total cell
extracts using anti-Rad53 antibodies. Results are representative of two biological replicates.
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Table S1

Strain Genotype Ref.

SY2080 W303 MATa ade2-1 trpl-1 leu2-3,112 his3-11,15 ura3-1 | M. Foiani
canl-100 RADS5

YFL1213 (SY2080) MATa rnhl::HIS3 rnh201 ::KANMX6 (7

YFL1773 (SY2080) MATa rnhl::HIS3 rnh201::KANMX6 This Study
rad30::TRP1

YSS21 (SY2080) MATa rad30::KANMX6 (63)

YMG1082 (SY2080) MATa rad30::KANMXG6 revl :: KANMX6 (63)
rev3::TRPI rev7::HIS3

YFL1271 (SY2080) MATa rad30::KANMXG6 revl ::KANMX6 @)
rev3::TRPI rev7::HIS3 rnhl ::HIS3 rnh201 ::KANMX6

YSS17 (SY2080) MATa revl::KANMX6 This Study

YFL2485 (SY2080) MATa revl::HPH rnhl::HIS3 This Study
rnh201::KANMX6

YMG1096 (SY2080) MATa rev3::TRPI rev7::HIS3 This Study

YFL1389 (SY2080) MATa rev3::TRPI rev7::HIS3 rnhl::HIS3 This Study
rnh201::KANMX6

YFL1419 (SY2080) MATa + pRS426 This Study

YFL1420 (SY2080) MATa + pEGUh6-RAD30 [GALI-6XHIS- This Study
RAD30-URA3]

YFL1421 (SY2080) MATa + pEGUR6-rad30 D155A D156A [GALI- | This Study
6XHIS-rad30-D155A-E156A-URA3]

YFL2567 (SY2080) MATa + pFL166.4 [GALI-6XHIS-rad30- This Study
F355A-URA3]

YFL1422 (SY2080) MATa rnhl::HIS3 rnh201::KANMX6 + pRS426 | This Study

YFL1423 (SY2080) MATa rnhl ::HIS3 rnh201 ::KANMX6 + This Study
pEGUR6-RAD30 [GALI-6XHIS-rad30-URA3]

YFL1424 (SY2080) MATa rnhl::HIS3 rnh201::KANMX6 + This Study
pEGUR6-rad30 D155A DI156A [GALI-6XHIS-rad30-
DI55A-E156A-URA3]

YFL2569 (SY2080) MATa rnhl::HIS3 rnh201::KANMX6 + This Study
pFL166.4 [GALI-6XHIS-rad30-F355A-URA3]

YFL2591 (SY2080) MATa ura3::ADHI-OsTIR1-9MYC:URA3 + This Study
pCMI85 [TRP]

YFL2596 (SY2080) MATa ura3::ADHI1-OsTIRI-9MYC:URA3 This Study
rnhl::HIS3 rnh201::KANMX6 + pCM185 [TRP]

YFL2603 (SY2080) MATa ura3::ADHI-OsTIR1-9MYC:URA3 This Study

rnhl::HIS3 rmh201::KANMX6 rad30::LEU2 + pCM 185
[TRP]
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YFL2592 (SY2080) MATa ura3::ADHI-OsTIRI-9MYC:URA3 + This Study
pFL160.1 [rnhB-AID-HA-TRP]

YFL2598 (SY2080) MATa ura3::ADHI1-OsTIRI-9MYC:URA3 This Study
rahl ::HIS3 rnh201::KANMX6 + pFL160.1 [rnhB-AID-

HA-TRP]

YFL2604 (SY2080) MATa ura3::ADHI1-OsTIRI-9MYC:URA3 This Study
rnhl ::HIS3 rnh201::KANMXG6 rad30::TRPI + pFL160.1
[rnhB-AID-HA-TRP]

YFL3045 (W303 RADS) MATa sgsi::HIS3 rnh201-D39A (38)

YFL3044 (W303 RADS) MATa sgsl::HIS3 rnh201-P45D-Y219A (38)

YFL3049/2D (SY2080) MATa rnh201-D39A This Study

YFL3047/3A (SY2080) MATa rnh201-P45D-Y219A This Study

YFL1208/2D (SY2080) MATa rnhl::HIS3 @)

YFL1191/4B (SY2080) MATa rnh201::KANMX6 @)

YFL3068/2A (SY2080) MATa rnh201-D39A rnhl ::HIS3 This Study

YFL3071/3D (SY2080) MATa rnh201-D39A rnhl::HIS3 rad30::TRP1 | This Study

YFL3062/2A (SY2080) MATa rnh201-P45D-Y219A rnhl::HIS3 This Study

YFL3066/4A (SY2080) MATa rnh201-P45D-Y219 rnhl::HIS3 This Study
rad30::TRP1

YFL1229/1A (SY2080) MATa rnhl::HIS3 rnh201::KANMX6 This Study
mad2::TRPI

YFL1228/2A (SY2080) MATa mad2::TRP1 This Study

YFL3180 (SY2080) MATa mms2::HPH rev3::TRP1 This Study
rad30::KANMX6 + pRS426

YFL3182 (SY2080) MATa mms2::HPH rev3::TRPI This Study
rad30::KANMX6 + pEGUh6-RAD30 [GALI-6XHIS-
rad30-URA3]

YFL3184 (SY2080) MATa mms2::HPH rev3::TRP1 This Study
rad30::KANMX6 + pEGUh6-rad30 D155A D156A
[GALI-6XHIS-rad30-DI155A-E156A-URA3]

YFL3186 (SY2080) MATa mms2::HPH rev3::TRPI This Study
rad30::KANMX6 + pFL166.4 [GALI-6XHIS-rad30-

F355A-URA3]

YFL3188 (SY2080) MATa mms2::HPH rev3::TRP1 RAD30- This Study
13MYC:KANMX6

YFL1496/4a (SY2080) MATa mms2::HPH rev3::TRPI This Study
rad30::KANMX6

YFL3177/17d (SY2080) MATa mms2::HPH rev3::TRPI rad30-D155A- | This Study

13MYC:KANMX6
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YFL3174/12a (SY2080) MATa mms2::HPH rev3::TRPI rad30-F35A- This Study
I3MYC:KANMX6

YSS16 (SY2080) MATa RAD30-13MYC:KANMX6 This Study

LS237 (SY2080) MATa rad30-D155A-13MYC:KANMX6 (34)

YFL2945 (SY2080) MATa rad30-F35A-13MYC:KANMX6 This Study
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Synopsis of the work and specific contributions

In this Method in Molecular Biology, we described in detail how to measure levels of
ribonucleotides embedded in genomic DNA. This protocol was optimized for human and

yeast, to compare ribonucleotides levels in different mutants.

This Method is part of a collection of Methods in Molecular Biology, published in the book
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Chapter 22

Measuring the Levels of Ribonucleotides Embhedded
in Genomic DNA

Alice Meroni, Giulia M. Nava, Sarah Sertic, Paolo Plevani,
Marco Muzi-Falconi, and Federico Lazzaro

Abstract

Ribonucleotides (rNTPs) are incorporated into genomic DNA at a relatively high frequency during
replication. They have beneficial effects but, if not removed from the chromosomes, increase genomic
instability. Here, we describe a fast method to easily estimate the amounts of embedded ribonucleotides
into the genome. The protocol described is performed in Saccharomyces cerevisine and allows us to quantify
altered levels of INMPs due to different mutations in the replicative polymerase . However, this protocol
can be easily applied to cells derived from any organism.

Key words DNA replication, DNA repair, DNA polymerase, Ribonucleotides incorporation, RNase
H, Genome stability, Genomic rNMPs

1 Introduction

During evolution, DNA was selected as the principal molecule to
preserve genetic information likely due to its greater stability com-
pared to RNA, whose 3" hydroxyl group increases its susceptibility
to hydrolysis.

At every cell cycle, genomic DNA is duplicated by DNA poly-
merases, enzymes that are specialized to copy a single-stranded
DNA template and polymerize deoxyribonucleotides (dNTPs)
accordingly, forming a complementary DNA strand. Given the
much greater abundance of rNTPs compared to dNTPs in the
nucleus, DNA polymerases evolved a steric gate to help preventing
rNTPs from entering the active site [1].

However, recent data revealed that large amounts of rNTPs are
incorporated in genomic DNA during replication [2]. The presence
of INMPs in the chromosomes has physiological roles [3-5] and is

M. Muzi-Falconi and F. Lazzaro are co-last authors.

Marco Muzi-Falconi and Grant W. Brown (eds.), Genome Instability: Methods and Protocols, Methods in Molecular Biology,
vol. 1672, DOI 10.1007/978-1-4939-7306-4_22, © Springer Science+Business Media LLC 2018
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normally transient: specific RNase H-based pathways excise them
before mitosis [6]. Failure to remove genomic rNMPs causes repli-
cation stress and genome instability in yeast and human cells
[7-12]. Mutations in the genes coding for RNase H2 in humans
are responsible for the rare Aicardi-Goutieres Syndrome (AGS)
[13]. Intriguingly, cells derived from AGS patients accumulate
rNMPs in their chromosomes and exhibit constitutively activated
DNA damage response and post-replication repair mechanisms [ 8,
10].

To investigate the mechanisms underlying incorporation and
removal of ribonucleotides in chromosomes and to determine their
effect on genome integrity, it is important to determine rapidly and
semiquantitatively the amounts of ribonucleotides present genomic
DNA. Here, we describe an experimental strategy based on the
approach originally described by Hiller and colleagues [12] and
then in [8]. Briefly, genomic DNA is extracted and treated in vitro
with bacterial RNase HII, which introduces nicks at every ribonu-
cleotides site. These nicks are radioactively labeled taking advantage
of the DNA Polymerase I nick translation capability (Fig. 1). In this
chapter, we describe the procedure starting from the preparation of
genomic DNA from yeast cells and compare the effect of two
mutations affecting the steric gate of pol e, M644G and M644L,
that respectively increase and decrease rNTPs incorporation [9].

2 Materials

Eppendorf tubes 1.5 and 2 mL.
Pipettes and tips.

Glass Pasteur pipette.

MilliQ water.

250 mL glass flasks.

Stirrer.

Gel electrophoresis apparatus.

Power supply.

W ® N gk D

UV transilluminator and digital camera.

—
=)

. Plastic wrap.

—
—

. Tape.

—
[\

. Scalpel.

—
w

. Thermomixer.

—
S

. Geiger counter.
. Gel dryer.

—
92
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Ribonucleotides Incorporation Assay 321
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Fig. 1 Representative scheme for ribonucleotides incorporation assay. RNHII recognizes and cleaves ribonu-
cleotides embedded into genomic DNA (red dof) leaving 5’ P-ribonucleotide ends. The DNA-Poll enzyme,
through nick translation, marks RNHII-induced nicks with radiolabeled dCTP

16. 3 MM Whatman blotting papers.
17. Towel papers.

18. Weight (>400 g).

19. Phosphorimager and screen.

20. YDER Yeast DNA Extraction kit, materials and reagents listed
in the kit instructions (Thermo Scientific).

21. RNase A 10 mg/mL.

22. Phenol:Chloroform:Isoamyl ~ Alcohol  25:24:1  v/v/v
(Saturated with 10 mM Tris-HCL, pH 8.0, 1 mM EDTA).
Stored at 4 °C.

23. 100% ethanol. Stored at —20 °C.
24. 3 M sodium acetate, pH 7.0. Stored at 4 °C.
25. 70% ethanol. Stored at —20 °C.

marco.muzifalconi@unimi.it
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26.
27.
28.

29.
30.
31.

32.

33.

34.
35.
36.

37.
38.

Agarose powder.
10 mg/mL ethidium bromide (EtBr).

TAE 1x: 40 mM Tris—-HCI, pH 8.0, 20 mM acetic acid, and
1 mM EDTA. Stored at room temperature.

Lambda DNA marker.
RNase HII 5000 U/mL.

10x ThermoPol® Reaction Buffer: 200 mM Tris-HCI,
100 mM (NH,4),SOy4, 100 mM KCI, 20 mM MgSO,, 1%
Triton® X-100 (New England Biolabs).

10x dNTPs mix (without dCTP); 200 pM dATP, 200 pM
dGTP and 200 pM dTTPD.

NEBuffer 2; 500 mM NaClL,L100 mM Tris-HCI, 100 mM
MgCl,, 10 mM DTT (New England Biolabs).

DNA Polymerase I 10,000 U/mL.
«*?*P-dCTP, 3000 Ci/mmol.

STOP solution: 30% glycerol, 200 mM EDTA, bromophenol
blue, in MilliQ water.

TCA 30%.

Software for quantification and analysis: ImageQuant and
Microsoft Excel.

3 Methods

3.1 Genomic DNA
Preparation

. Isolate yeast genomic DNA using the Y-DER extraction Kit

according to the manufacturer’s instructions. All the steps are
performed as described in the kit’s instructions, with the fol-
lowing modifications:

(a) Use 50 mL cultures with an ODggg between 0.3 and 0.8.

b) RNase A 10 mg/mL is diluted 1:1000 in the Y-PER
g
reagent.

. Resuspend DNA in 200 pL of MilliQ water and add an equal

volume of Phenol:Chloroform:Isoamyl Alcohol 25:24:1 v /v /v
saturated with 10 mM Tris—-HCI, pH 8.0, 1 mM EDTA
(see Note 1).

. Vortex vigorously for 15 s.
. Centrifuge at maximum speed for 10 min at RT.

. Careftully transfer only the aqueous phase (upper phase) to a

new 1.5 mL eppendorf tube. That phase contains DNA. Do
not transfer material from the interface or the lower phase. If
so, repeat the procedure from step 2, adding an equal volume
of Phenol:Chloroform:Isoamyl Alcohol 25:24:1 v/v/v
saturated with 10 mM Tris-HCI, pH 8.0, 1 mM EDTA.
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3.2 Nicking DNA at
Ribonucleotide Sites

Ribonucleotides Incorporation Assay 323

. Precipitate DNA by adding three volumes of ice-cold 100%

cthanol and 1/10 of the volume of sodium acetate 3 M,
pH 7.0. Mix well and keep overnight at —20 °C.

. Spin down the precipitate at maximum speed for 45’ at 4 °C.

Draw off the supernatant.

. Wash adding 1 mL of ice-cold 70% ethanol. Spin at maximum

speed for 30 min at 4 °C. Draw oft the supernatant and dry the
pellet at 4244 °C (see Note 2).

. Resuspend gently the pellet with 50 pL of MilliQ water.

. Quantify genomic DNA by loading 2 pL. on a 1% agarose gel in

TAE (with 0.67 pg/mL EtBr) next to 1 pL of Lambda DNA
marker. Run for 10 min at 8-10 V/cm. The genomic DNA
band should be compact and easily quantifiable (se¢ Note 3).

. Normalize DNA in each sample to 25 ng/pL by adding MilliQ

water.

. Prepare two new 1.5 mL eppendorftubes per sample. Label the

tubes with the sample name plus “—"” and “+” (e.g., Sample
1— and Sample 1+) (see Note 4), and transfer 20 pL (500 ng)
of normalized genomic DNA to each tube.

. Dilute 1:10 the RNase HII in ThermoPol Buffer 1x. Prepare

“_»

the two reaction mixtures (mix and mix “+”) in new
1.5 mL tubes in excess with respect to the number of samples.
Keep the mixtures on ice.

1 x reaction mix recipe (Note that the final reaction volume is
50 pL):

Mix “—” Mix “+”
ThermoPol Buffer 10x 5 pL 5 pL
RNase HII / 1 pL
ThermoPol Buffer 1x 1 pl /
H,0 MilliQ 24 pL 24 L
Total volume 30 uL 30 uL

. Vortex briefly and add 30 pL of each mixture to the appropriate

labeled tube containing genomic DNA.

. Incubate at 37 °C with 550 rpm agitation in a thermomixer for

2.30 h.

. Add 50 pL of MilliQ water and precipitate DNA following

steps 6-8 of section 3.1, consider 100 pL of total volume.

. Resuspend gently the pellet in 20 pL of MilliQ water.
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3.3 Radioactive
Labeling of Nicks

1.

Quantify and normalize DNA by loading 2 pL on a 1% agarose
gel in TAE (with 0.67 pg/mL EtBr) next to 1 pL of Lambda
DNA marker. Run for 10 min at 9-10 V/cm (see Note for gel
preparation).

. Transfer 300 ng of DNA to a new 1.5 mL tube and add MilliQ

water to 15 pL of total volume.

. Prepare the common DNA Polymerase I reaction mixture,

keep it on ice.
1x DNA Polymerase I reaction mix recipe:

10x dNTPs mix (without dCTP): 2 pL
DNA Pol I 10x buffer NEBuffer 2 2 uL
DNA Pol 110,000 U/mL 0.5 uL
o*2P-dCTP 3000 Ci/mmol 0.3 pL
H,0 MilliQ 0.2 uL

. Add 5 pL of the DNA Polymerase I reaction mix to the each

sample and incubate at 16 °C for 30 min (se¢ Note 5).

. Add 4 pL of the STOP solution (se¢ Notes 5 and 6).

6. Load 20 pL on a 1% agarose gel in TAE (with 0.67 pg/mL

10.

11.

12.
13.

14.

EtBr). Here the DNA size marker is dispensable.

. Run at 7 V/cm for 1.20 h.

. Cut the gel immediately under the bromophenol blue line (see

Note 7).

. Examine the gel by UV light and photograph it digitally. This

will allow normalization of the radioactive signal with respect
to the DNA loaded in the gel.

Soak the gel in TCA 30% for half an hour to precipitate the
DNA. The bromophenol blue turns yellow.

Assemble the sandwich on a glass tray: cover completely the
inner part with plastic wrap. Layer three pieces of 3MM What-
man blotting paper larger than the gel. Take out the gel from
TCA 30% and place it on the top of the blotting paper. Place in
order: three more sheets of blotting paper on the gel, a stack of
paper towels, and a weight (0.3-0.5 kg) (Fig. 2).

Let the gel dry overnight at room temperature.

Remove the paper towels and the blotting papers above the gel.
Transfer the desiccated gel on a new 3MM blotting paper.

Dry the gel on the blotting paper using a gel dryer for 20 min
at 80 °C. Use more than one blotting paper and cover the gel
with plastic wrap to avoid radioactive contamination of the
instrument.
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Weight (300 g)

Towels (10 cm)
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Fig. 2 Scheme to assemble paper sandwich to dry the agarose gel
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Sl Sl S S S — S—f S C(Br

325

Fig. 3 Visualization of ribonucleotides incorporation assay results. The strains tested are derivatives of a W303
background (MATa ade2-1 trp1-1 leu2-3112 his3-11,15 ura3—1 can1—-100 RAD5) with a deletion of gene
coding for the catalytic subunit of RNase H2 (rnh207A) combined with wt or mutated POL2 gene. The RNH201
POL2 wt strain is used as control. The radiolabeled signal represents the nicks labeled by Poll. The signal
dependent upon RNHII treatment is proportional to the genomic ribonucleotides levels. The EtBr panel

represents the loading control, acquired before gel dryng and necessary for radioactive quantification

15. Expose the dried gel on a phosphorimager screen for 5-15 min

(see Note 8).

16. Scan the screen in a phophorimager. To quantify the result see

Note 9. An Example is shown in Fig. 3.
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4 Notes

1. DNA has to be clean and as little nicked as possible to achieve

the best resolution. For these reasons it is strongly recom-
mended to clean DNA through phenol:chloroform extraction
and ethanol precipitation. We also found that the YDER prep-
aration yields a genomic DNA with fewer nicks compared with
other methods.

. Draw off as much supernatant as possible with a glass Pasteur

pipette, this would ensure removing the majority of the etha-
nol, and then place the eppendorf tubes in a heater at
42—44 °C. Drying time depends on how much ethanol is left
in the samples. Check the samples after 20 min, if the ethanol is
still there, leave them in the heater and check later. Note that
excessive drying would damage the sample, for this reason
keep checking samples every 20 min until the pellet is
completely dry.

. To normalize DNA in the samples take a digital image and use

quantifying tools such as ImageQuant or ImageLab (BioRad).

. Here, each sample is split into two: one half is digested with

purified bacterial RNase HII, the other half is left untreated.
This allows discrimination between the ribonucleotide-
dependent nicks and the nicks generated during DNA
preparation.

. Labeling the nicks is the key step of this protocol. For this

reason the procedure needs strict standardization. We suggest
proceeding sample by sample adding the reaction mix to each
tube every 15-30 s. After 30 min of incubation, repeat this
procedure with the STOP solution. In this way, all the samples
would be incubated for exactly 30 min at 16 °C.

. As most DNA polymerases, DNA polymerase I needs magne-

sium ions. In this case the high concentration of EDTA in the
STOP solution will stop the reaction, while the glycerol and the
bromophenol blue make the samples ready to be loaded on a
gel.

. Labeled genomic DNA is loaded on the agarose gel together

with the DNA Polymerase I reaction mix, including the unin-
corporated radioactive nucleotides. The nucleotides migrate
faster than genomic DNA and the long run ensures complete
separation. Free nucleotides migrate immediately below the
bromophenol blue; therefore, the gel is cut immediately after
the run to avoid their diffusion through the gel. The bromo-
phenol blue is also a pH-indicator, used to monitor the change
in the gel pH while soaking in 30% TCA. When it turns yellow

marco.muzifalconi@unimi.it
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the agarose gel pH has become acid so DNA would be pre-
cipitated into it.

. The exposure time could vary depending on the a*?P-dCTP

activity. With fresh and fully active «®*P-dCTP the signal is
saturated in 15 min.

. Signal quantification. To quantify the resulting signal proceed

with the following step. Quantify the bands corresponding to
the genomic DNA, including the ones from the EtBr capture.
Use the Volume Tool of ImageQuant software drawing a rect-
angle around the right band. Normalize each radioactive value
to the corresponding EtBr value. This would ensure the correct
interpretation of the radioactive signal. Then for each sample
subtract the “—” signal from the “+” signal as a background

normalization.
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Synopsis of the work and specific contributions

In this review, we discussed the origin of single and multiple ribonucleotides in the genome
and the DNA of organelles (mitochondria and chloroplasts). As sources of RNA:DNA hybrids
in cells, we describe ribonucleotides that are directly incorporated into DNA by DNA
polymerases, primers used in Okazaki fragments synthesis, R-loops formed during
transcription, and hybrids formed during DSBs repair. For all these examples, we paid
particular attention to situations where the aberrant processing of RNA:DNA hybrids may
result in multiple TNMPs embedded in DNA. Indeed, although RNA:DNA hybrids can
regulate different physiological functions, their persistence compromises genome integrity
and genome stability, so hybrids are usually processed in cells. We concluded the review by
providing an overview of the currently available strategies to study the presence of single and

multiple ribonucleotides in DNA in vivo.
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Abstract: In the last decade, it has become evident that RNA is frequently found in DNA. It is now well
established that single embedded ribonucleoside monophosphates (rNMPs) are primarily introduced
by DNA polymerases and that longer stretches of RNA can anneal to DNA, generating RNA:DNA
hybrids. Among them, the most studied are R-loops, peculiar three-stranded nucleic acid structures
formed upon the re-hybridization of a transcript to its template DNA. In addition, polyribonucleotide
chains are synthesized to allow DNA replication priming, double-strand breaks repair, and may as
well result from the direct incorporation of consecutive rINMPs by DNA polymerases. The bright
side of RNA into DNA is that it contributes to regulating different physiological functions. The dark
side, however, is that persistent RNA compromises genome integrity and genome stability. For these
reasons, the characterization of all these structures has been under growing investigation. In this
review, we discussed the origin of single and multiple ribonucleotides in the genome and in the DNA
of organelles, focusing on situations where the aberrant processing of RNA:DNA hybrids may result
in multiple INMPs embedded in DNA. We concluded by providing an overview of the currently
available strategies to study the presence of single and multiple ribonucleotides in DNA in vivo.

Keywords: rNMPs incorporation; RNA:DNA hybrids; RNase H; replication stress; genome instability

1. Introduction

The presence of single ribonucleotides in DNA has been extensively studied and reported in many
excellent reviews [1-4]; here, we just recalled some important details about their sources, effects, and
removal. On the other hand, we still lack a complete understanding of the different types of multiple
rNMPs that can be found in DNA. Most of the published literature about RNA:DNA hybrids focus
on R-loops, but the world of RNA:DNA hybrids is much wider: it also includes RNA primers found
at Okazaki fragments, hybrids formed at double-strand breaks (DSBs), polyribonucleotide stretches
eventually incorporated by DNA polymerases, etc. In this review, we thus discussed with particular
interest the possible sources and consequences of inserting multiple INMPs into DNA.

2. DNA Polymerases are the Main Source of Single Ribonucleotides Introduced in DNA

2.1. DNA Replication
Most leaving organisms store their genetic information in DNA rather than in RNA, partly because

of the inherent chemical instability of the RNA molecule. The DNA, indeed, lacks the reactive 2’-OH

Int. J. Mol. Sci. 2020, 21, 1706; d0i:10.3390/ijms21051706 www.mdpi.com/journal/ijms
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group on the ribose sugar, which can attack the sugar-phosphate backbone, generating breaks with
genotoxic outcomes [5]. The DNA must, therefore, be carefully duplicated for proper transmission of
the genetic information over many generations, avoiding mutations that can promote genome instability
and related human pathologies, like cancer or neurodegenerative diseases [6,7]. The accuracy of DNA
replication is ensured not only by the high-fidelity rate of replicative DNA polymerases and their
associated proofreading activities but also by numerous other replicative and post-replicative factors
and mechanisms, including DNA repair systems [8,9]. Apart from choosing the proper complementary
base, replicative DNA polymerases must also discriminate between sugars, ribose in rNTPs versus
deoxyribose in ANTPs [10]. This is why replicative DNA polymerases, like most DNA polymerases, are
equipped with a special “steric-gate” residue localized in their nucleotide-binding pocket. Steric-gate
residues (Tyrosine or Phenylalanine in B-family polymerases) are characterized by a bulky side chain
that sterically clashes with the 2’-OH on the ribose ring of incoming rNTPs, thus preventing their
incorporation in DNA [11]. Other active site residues are as well necessary to keep the side chain of
the steric-gate residue and the incoming nucleotide in the proper orientation to achieve high sugar
selectivity; for example, the backbone NH of a highly conserved hydrophobic residue flanking the
N-terminus of the steric-gate residue can form a hydrogen bond with a non-bridging oxygen in the
B-phosphate of a bound nucleotide [11]. Moreover, it has been recently shown that a polar filter,
interacting with the 3’-OH and the triphosphate moiety of the incoming nucleotide, makes the 2’-OH
of an rNTP clash with the surface of the fingers domain, limiting the possibility to bind rNTPs in a
catalytically competent conformation [12]. The steric and the polar filters fall on nearly perpendicular
planes, cooperating for elevated sugar selectivity [12].

However, sugar selectivity is not stringent enough, especially considering that DNA polymerases
are constantly challenged by high rNTP concentrations. For example, even if in Saccharomyces cerevisiae,
the dNTP pools increase of about three-fold upon entry into the S phase respect to G1 [13], and high
ribonucleotide reductase (RNR) activity is maintained throughout the S phase [14], the physiological
concentrations of the four rNTPs greatly exceed those of ANTPs [15,16]: tNTPs in yeast cells range from
500 to 3000 uM, while dNTPs are in between 12 and 30 uM, with rINTP:dNTP ratios varying from 36:1
for cytosine to 190:1 for adenine [16]. For this reason, pol € has been estimated to introduce 1 rNMP
every 1250 deoxyribonucleoside monophosphates (ANMPs) during leading strand synthesis, while pol
b and pol «, responsible for lagging strand synthesis [17], account for the incorporation of 1 INMP every
5000 dNMPs and 625 dNMPs, respectively, resulting in more than 13,000 rINMPs inserted into the yeast
genome for each replication cycle [16] (Table 1). Such high numbers also result from the reduced ability
of pol € and especially pol 6 to proofread rNMPs inserted in DNA [18-20]. Ribonucleotides can thus be
considered as the most common non-canonical nucleotides present in the eukaryotic genome [16,21].
The presence of ribonucleotides into genomic DNA has been confirmed in vivo by alkali-sensitivity
assays [17], and subsequent studies revealed that the mean frequency of incorporation might be even
higher, about 1 rNMP every 700 dNMPs [21]. Single or di-ribonucleotides have been detected in vivo
also in mammalian genomic DNA and estimated to generate at least 1,000,000 alkali-sensitive sites per
cell [22]. Additionally, different mutations in the active site of the three yeast replicative polymerases,
which impact on their sugar selectivity, even induce higher frequencies of INMPs incorporation. For
example, for particular pol € (pol2-M644G), pol & (pol3-L612M), and pol « (pol1-L868M) variants, the
rNMPs incorporation rate increases 10, 8, and 15 times, respectively [17,23,24].
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Table 1. Ribonucleoside monophosphates (rNMPs) insertion by eukaryotic DNA polymerases opposite
different DNA templates. Eukaryotic DNA polymerases are classified according to family type and
roles in DNA transactions; their ability to synthesize ribonucleotides opposite different types of DNA
templates is then reported.

Who Family Role In rNMPs Insertion
pol e B replication/repair undamaged leading strand [16]
pol & B replication/repair undamaged lagging strand [16]
pol « B replication/repair undamaged lagging strand [16]
translesion synthesis (TLS);
pol ¢ B mitochondrial replication rare [25]
. undamaged template, CPDs [26]
pol B X repair/TLS 8-0x0-Gs [27]
pol A X repair/TLS 8-0x0-Gs [27]
pol X repair NHE] ends [28-30]
Tdt X repair N-regions of V(D)] ends [31]
TLS; undamaged template [32-34];
poln Y lesion-independent 8-0x0-Gs, CPDs, cis-PtGG,
replication stress 8-methyl-2’-deoxyGs [32,33]
undamaged template, 8-oxo-Gs,
pol ¢ Y LS abasic sites [35]
pol Y TLS unknown
Revl Y TLS rare [36]
poly A mitochondrial replication rare [37,38]
pol & A TLS/repair alt-EJ ends [39]
polv A TLS/repair unknown
PrimPol Archaeo- eukaryotic priming/TLS undamaged template, 8-oxo-Gs [40]

primase superfamily

2.2. Reparative DNA Synthesis

The activity of pol € and pol 6 is not only restricted to DNA replication. They are indeed involved
in repair processes requiring DNA synthesis, in particular, nucleotide excision repair (NER) [41],
so they may also introduce rNMPs in such circumstances. Reparative DNA synthesis steps are as
well performed by many other specialized polymerases that can contribute to rINMPs incorporation
(Table 1) [42].

The X-family polymerases pol 3, pol A, and pol p are involved in base excision repair (BER),
DSBs repair by nonhomologous end-joining (NHE]), and specialized translesion synthesis (TLS) of
oxidative lesions [43,44]. Pol 3 can place INMPs opposite cyclobutane pyrimidine dimers (CPDs), and
it is even able to synthesize stretches of up to eight INMPs long in vitro [26]. Moreover, pol 3 (and,
to a lesser extent, pol A) can introduce ribonucleotides opposite 8-0x0-G lesions under physiological
concentrations of metal activators and nucleotides [27]. Due to the lack of a steric gate residue,
substituted by a single glycine residue [45], pol u has a very low rNTPs/dNTPs discrimination
rate [28], which allows it to insert INMPs, promoting efficient DSBs repair by NHE]J [28-30]. The
X-family Terminal deoxynucleotidyl transferase (TdT) has been long known to be important for the
addition of template-independent nucleotides (N-regions) to gene segment junctions during V(D)]
recombination [46,47], and it has as well only a minor preference for dNTPs over rNTPs in vitro,
under conditions of in vivo rNTP/dNTP pool imbalance [31]. Y-family polymerases as pol n and pol
L are needed for TLS of many different types of DNA lesions [43,44]. The wild type S. cerevisiae pol
1 just shows a minimal rate of INMP insertion on undamaged and damaged DNA; by contrast, the
steric gate mutant pol n-F35A readily incorporates the correct INMP opposite both templates, and
in vivo experiments suggest that it may catalyze the incorporation of stretches of ribonucleotides in
DNA [48,49]. Moreover, genetic evidence points towards the idea that under low dNTP conditions,
either the wild type pol 1 or, even more, pol n-F35A inserts consecutive ribonucleotides, which become
toxic in the absence of RNase H activity [34]. Differently from its yeast counterpart, the wild type human
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pol n inserts INMPs opposite both undamaged and damaged DNA templates, even if maintaining base
selectivity [32,33]. Human pol 1 can incorporate cytidine monophosphate (rCMP) opposite guanine,
CPDs, 8-0x0-Gs, 8-methyl-2’-deoxyGs, and cisplatin intra-strand guanine crosslinks (cis-PtGG), and it
is also capable of synthesizing polyribonucleotide chains [32,33]. The low sugar selectivity of human
pol n may result not only by its extraordinarily spacious active site but also by the absence of the
polar filter described above [12]. The human pol t incorporates and extends ribonucleotides opposite
damaged and undamaged bases depending on the sequence context [35]. Contrary to poln, pol t
readily incorporates rNMPs also opposite abasic sites [35]. The A-family pol 8 is a fundamental player
in DSBs repair by alternative end-joining (alt-EJ) [50,51]. In vitro studies have demonstrated that, in
the presence of Mn?*, pol @ has a robust template-independent terminal transferase activity and it
is prone to incorporate rNMPs; this is intriguing, considering that Mn?* is used by the MRX/MRN
complex when generating 3’ ssDNA overhangs, which are the substrates of pol 8 during alt-EJ [39].
Finally, the DNA-directed primase-polymerase PrimPol, belonging to the archaeo-eukaryotic primase
superfamily, is able to use both INTPs and dNTPs during replication initiation and chain elongation,
when activated by Mn?* (the preferred metal cofactor), as well as during the bypass of DNA lesions,
even increasing the fidelity of synthesis opposite 8-ox0-G lesions [40]. Interestingly, rCMP paired
opposite to damaged templates makes the RNase H2-dependent removal greatly inefficient. This
may contribute to the accumulation of rCMP into genomic DNA [33], and it also seems to reduce the
efficiency of the human OGG1 and MutYH base excision repair (BER) proteins [52], which may lead to
a lack of 8-oxo-Gs removal, resulting in increased mutagenesis.

It should be emphasized that these polymerases are often active outside of the S phase [53-56]
when the concentration of dNTPs is even lower than in the S phase [13], which may contribute to
more significant incorporation of rNMPs into DNA. We can then speculate that “non-replicative”
ribonucleotides may become particularly relevant in post-mitotic cells, such as neurons, where TLS has
been recently found to take place [57].

3. Mechanisms of Single Ribonucleotides Removal

The high number of NMPs incorporated into DNA, together with the observation that steric gate
mutations, making replicative polymerases more stringent for sugar discrimination [17], have not been
selected through the evolution, suggests that they must have some physiologic meaning. For example,
two separate groups have demonstrated how rNMPs provide sites where the genomic DNA can be
incised, allowing the mismatch repair machinery to be loaded onto the otherwise continuous leading
strand in eukaryotic cells [23,58]. Single chromosome-embedded rNMPs must be anyway promptly
removed, as their persistence has several negative consequences. Ribonucleotides left in DNA alter the
shape and the conformation of DNA molecules [59-62], the assembly of nucleosomes [63,64], and they
may hamper DNA replication since replicative DNA polymerases € and 6 are not efficient in bypassing
them [16,18,19,65-68]. However, the most detrimental effects of single INMPs seem to derive from
their improper repair, as reviewed in [3].

To restore the correct DNA:DNA composition, cells have evolved ribonucleases H (RNases H),
specialized in the removal of ribonucleotides from DNA. In eukaryotic cells, RNase H2 is composed
of three subunits (Rnh201, Rnh202, Rnh203 in yeast; RNaseH2A, RNaseH2B, RNaseH2C in higher
eukaryotes), all essential for the activity of the complex, and it cleaves both single and multiple INMPs
paired with DNA [69]. RNase H2 is the initiator of ribonucleotide excision repair (RER), the most
common repair pathway for the removal of genomic embedded rNMPs [21]. RER ensures genome
integrity and proper development of mouse embryos [22], keeping embedded rNMPs under a threshold
of ribonucleotide tolerance [70]. In yeast, the main alternative strategy for processing ribonucleotides in
DNA in the case of a faulty RER is based on Topoisomerase 1 (Top1) [71]. Topl-mediated mechanisms
act mainly on the leading strand [72] and create unligatable 2’,3’-cyclic phosphate ends [73], which may
have mutagenic effects [17,74,75], even resulting in DSBs [76]. Similarly, human Top1 can recognize
and incise the DNA at the level of unrepaired rNMPs in RER-defective RNase H2-mutated human

125



Int. J. Mol. Sci. 2020, 21, 1706 50f23

cell lines [77]. RNase H2 mutations are associated with a rare autoinflammatory disorder known
as Aicardi-Goutiéres syndrome (AGS) [78], mainly characterized by early-age onset and chronic
overproduction of type I interferon in the absence of infections [79]. Patient-derived cells accumulate
rNMPs in their genome and exhibit constitutive post-replication repair (PRR) and DNA damage
checkpoint activation [68,80]. The mechanism by which RNase H2 aberrations trigger the disease is
still unclear, although over 50% of the studied AGS families are affected by mutations in one of the
three RNase H2 genes [81,82]. Moreover, RNase H2 dysfunctions have also been associated with some
types of cancer [83-87] and with systemic lupus erythematosus (SLE) [80].

Eukaryotic cells also possess another specialized ribonuclease H, RNase H1, which is a single
subunit protein that cleaves stretches of at least four consecutive INMPs. Its enzymatic activity is
essential for mitochondrial DNA replication in mammals [88], while it does not seem to be required
during RER [21].

4. Multiple rINMPs Embedded into DNA: One Possible Cause of Genome Instability and Cell
Lethality

Although the presence of single ribonucleotides into the chromosomal DNA has been extensively
investigated in many organisms, whether the incorporation of consecutive rNMPs is also possible is
still unclear. Unlike single rINMPs, which are moderately tolerated up to a certain threshold, multiple
rNMPs might be even more detrimental for cellular viability. Indeed, even a few consecutive INMPs
can represent an insuperable obstacle during DNA replication because they cannot be correctly copied
by the replicative DNA polymerases & and ¢ that progressively stall when encountering four or more
rNMPs [66,67]. A similar effect has been observed in mammalian mitochondria, where only RNase H1
activity is present: if multiple INMPs embedded in mitochondrial DNA (mtDNA) are not properly
removed, they cause a block of the replication fork, resulting in breakdown and loss of mtDNA [89].
Additionally, multiple rINMPs in the nucleus of S. cerevisiae cells are only tolerated, thanks to the action
of the two main pathways of PRR: template-switch and TLS pol { [66]. Finally, similarly to single
rNMPs, but even more significantly, polyribonucleotide chains may alter the proper conformation
of DNA [59,60,62] and interfere with protein binding [63,64], possibly causing catastrophic defects
in chromosome segregation and a global alteration of gene expression profiles. For all these reasons,
further investigation of multiple INMPs’ metabolism appears very important.

Unfortunately, the study of multiple embedded rNMPs is complicated by the fact that it requires
the simultaneous removal of RNase H1 and RNase H2, which can both recognize stretches of more
than four consecutive rINMPs. S. cerevisiae represents an excellent model organism to this purpose
because mutants lacking all RNase H activities are still viable [66]. Nevertheless, RNases H can
potentially process any polyribonucleotide tract in DNA (stretches of INMPs, R-loops, RNA primers
found at Okazaki fragments, etc.), so it remains difficult to establish which one of these unprocessed
substrates causes the observed effects. Anyway; if stretches of consecutive rNMPs do exist, how they
are incorporated (Figure 1) and subsequently removed needs to be clarified. We have discussed below
the different possible sources of multiple embedded rNMPs.
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Figure 1. Sources and forms of INMPs embedded in genomic DNA. Single ribonucleotides are primarily
introduced in DNA by several DNA polymerases carrying out genome duplication and/or reparative
DNA synthesis; their activity may also result in the direct incorporation of polyribonucleotide chains.
Stretches of consecutive ribonucleotides embedded in chromosomal DNA may also derive from the
aberrant processing of RNA:DNA hybrid structures, like RNA primers required for Okazaki fragments’
synthesis, R-loops, and hybrids at double-strand breaks (DSBs) sites.

4.1. DNA Polymerases

Despite DNA polymerases being primarily responsible for the incorporation of single INMPs,
only mutant variants seem capable of introducing consecutive INMPs. The pol ¢ variant pol2-M644G
mentioned above incorporates INMPs in DNA at higher frequencies than the wild type pol ¢ [17].
The fact that this mutant becomes synthetic lethal with the simultaneous absence of RNase H1 and
H2 suggests that it incorporates stretches of INMPs, requiring the activity of both RNases H to be
removed [24,66]. On the contrary, pol « and 6 variants that incorporate more rNMPs are still viable
when combined with RNase H1 and H2 mutants [24]. This could be explained by a low rNMPs
density in the lagging strand, possibly correlating with a low probability of introducing consecutive
rNMPs [24]. Alternatively, RNase H independent mechanisms may remove single and multiple rNMPs,
when incorporated in the discontinuous lagging strand [24].

As already discussed, also the S. cerevisiae poln-F35A steric-gate mutant seems to incorporate
polyribonucleotide tracts in DNA at a high rate, leaving a specific 1 bp deletion signature, when not
removed by RNase H2 [48,49]. Moreover, under particular stress conditions, also wild type replicative
and/or reparative DNA polymerases may incorporate consecutive rNMPs. This is what has been
suggested for the S. cerevisiae pol 1. Meroni et al. found that, upon replication stress induced by
hydroxyurea, pol n was recruited at stalled replication forks, where it facilitated the formation of
stretches of INMPs that became highly toxic for cells, when not properly replaced with DNA [34].

127



Int. J. Mol. Sci. 2020, 21, 1706 7 of 23

4.2. Okazaki Fragments

Although the number of rNMPs incorporated during DNA replication is surprisingly large, the
main source of genomic ribonucleotides remains by far the replication priming. Replicative DNA
polymerases require a piece of RNA initiator (RNAi) of ~8-10 nt in length to properly work and
replicate DNA. Considering the discontinuous nature of the lagging strand, this is translated in an
average of ~100,000 RNA:DNA hybrids formed at each round of DNA replication in S. cerevisiae and
in more than 10 millions of hybrids found in human cells [90,91]. RNA:DNA primers must then
be removed, and Okazaki fragments (OKFs) joined together, forming a continuous lagging strand.
Because of their abundance, it is easy to imagine how just a few defects in their processing may have
deleterious consequences in cells. Different pathways cooperate in Okazaki fragments maturation
(reviewed in [92]). The dominant pathway seems to be dependent on FEN1 (Rad27 in S. cerevisiae),
with the additional contribution of Exol cleaving the short flaps (2-10 nt in length), generated when
the RNAI is displaced through pol 3-mediated DNA synthesis [93-95]. When flaps become longer
(>30 nt), the ssDNA generated is coated by RPA, which inhibits the activity of Fen1; the processing of
such intermediates requires Dna?2 activity [96]. When strand displacement does not occur, also RNase
H2 seems to have a role in the direct hydrolysis of RNA:DNA primers [97]. S. cerevisiae strains, lacking
Rad27 and RNase H2, are sick but become lethal when combined with RNase H1 deletion. This seems to
suggest that, besides RNase H2, also RNase H1 has a role in Okazaki Fragments maturation [98]. Finally,
the generated nicks are sealed by DNA Ligase I (Cdc9 in S. cerevisiae) [99]. The exact composition,
crosstalk, and regulation of all these pathways are still largely unknown, but dysfunctions in any of
these mechanisms could leave flaps or nicks into the genome, causing deletions, amplification of DNA
sequences, and DSBs [100]. Moreover, even if never visualized, dysfunctions could also result in the
stable inclusion of RNA stretches into DNA, as suggested by different groups [34,101]. Intriguingly,
Holmes et al. [89] found that this also happened in the mouse mitochondrial genome, where, in the
absence of RNase H1, the RNA primers were fixed in both template strands of mtDNA, causing
dramatic effects on mtDNA replication. The incorporation of an RNA primer into the DNA is also the
proposed mechanism for mating-type switching in Schizosaccharomyces pombe. During the S phase, two
consecutive INMPs are left by incomplete processing of RNA primer into the lagging strand at the
MATT1 locus; these NMPs are maintained until the following replication cycle, inducing polymerase
stalling, and recombination events, which lead to mating-type switching [102,103].

4.3. R-Loops

Another important source of ribonucleotides in DNA is represented by R-loops, peculiar
three-stranded structures formed when a transcribed RNA hybridizes back to the template, leaving
the non-template DNA single-stranded [104]. These hybrid regions are longer than the canonical
8 bp hybrids formed by active RNA polymerases (RNAPs) [105], and R-loop-prone regions cover
about 8% of the yeast genome [106]. Growing evidence suggests that these structures play important
roles in regulating gene expression [107] and chromatin structures [108]. On the other hand, they can
compromise genome integrity since R-loops expose patches of ssDNA, which are more susceptible to
mutagenesis, recombination, and DNA damage, compared to dsDNA (reviewed in [109]). Moreover,
conflicts between the DNA replication machinery and R-loops trigger fork collapse and DSBs [110,111].
Tight R-loop homeostasis must thus be maintained in cells, to prevent their negative outcomes while
maintaining positive functions. Understanding how this regulation occurs is a big challenge, and, to
date, many factors have been identified as important ones for preventing, resolving, but also promoting
R-loops formation (reviewed in [112,113]).

The formation of R-loops is prevented by mRNA biogenesis and processing proteins that reduce
the ability of RNA transcripts to re-hybridize with the DNA behind RNAPs [114,115] and by DNA
topoisomerases that relax negative supercoils formed behind the transcriptional bubble [116,117].
Once formed, different factors can act to remove R-loops, like RNase H enzymes (H1 and H2), which
cleave the RNA moiety of RNA:DNA hybrids [69] and numerous helicases that unwind the hybrids, as
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Senataxin (Senl in S. cerevisiae) [118], the human DHX9 [119], and Pifl-family helicases [120]. Rad51,
instead, seems to actively promote R-loops formation [121].

Different situations have been described where the RNA stretch present into R-loops becomes
embedded into DNA. In prokaryotic cells, R-loops are frequently associated with origin-independent
replication [122,123]. In vitro studies have shown that prokaryotic DNA polymerases can use mRNA
as a primer when the replication fork collides with the RNA polymerase [124], and this is also the case
for eukaryotic cells. Stuckey et al. [125] found that in S. cerevisize, RNA polymerase I transcription
constraints led to persistent R-loops in the ribosomal DNA locus. Here, the RNA present in the R-loop
can be used as a primer by DNA polymerases, triggering an origin-independent replication process.
Being highly inaccurate, this unscheduled replication can cause genome instability.

4.4. Hybrids at DSBs

The local incorporation of ribonucleotides and the presence of different types of RNA molecules
have been shown to have important effects even on DNA DSBs, influencing their repair by
nonhomologous end-joining or homologous recombination pathways (reviewed in [126-128]). For
example, Pryor et al. recently reported that one or more NMPs were transiently incorporated at broken
DNA ends by pol u or TdT, enhancing DSB repair by NHE] mechanisms [30]. Growing evidence
shows that also the hybridization of complementary RNA molecules at DSB ends regulates their repair
(reviewed in [126-129]); different groups have indeed observed an accumulation of RNA:DNA hybrids
at DSB sites [130-140]. The origin of such RNA species is still under investigation. One possibility
is that, after DNA damage, RNA polymerase II is recruited at the broken ends, generating newly
transcribed RNA, as suggested in [130,132,139,141]. An alternative, which can coexist with the former
mechanism, is that the RNA molecules may result from transcripts produced before the formation of
the break in active genes [133,134,137,138]. Regardless of the source of RNA:DNA hybrids, the most
discussed point is the understanding of their significance when repairing DSBs. Notably, RNA:DNA
hybrids seem to contribute to the recruitment of repair factors [131-140] and to the control of DNA
end resection [132,137-139], the fundamental process creating 3’ end ssDNA filaments needed for
recombination [142]. However, how RNA:DNA hybrids impact on DSB processing and repair is still an
open debate [143]. Indeed, while some data indicate that they promote resection [136,137,139], others
suggest an anti-resection role [132,138] or no effect at all [134]. More work is thus required to clarify
the regulation of this dynamic phenomenon. Furthermore, it has long been known that DSBs repair
can proceed through the formation of a cDNA intermediate [144,145]. Perhaps related to those early
observations, it has also been discovered that, when RNase H enzymes are not functional, endogenous
RNA itself can directly be used as a template for DSBs repair [129].

In conclusion, even if there is now a large body of evidence showing that RNA:DNA hybrids
participate in DSBs repair, many aspects should be investigated and defined. Moreover, as mentioned
for R-loops, and RNA primers at Okazaki fragments (OFs), it is tempting to speculate that, also in the
context of DSBs repair, improperly removed RNA tracts might remain embedded at DSB ends, posing
a threat to genome stability.

5. Mechanisms of Multiple Embedded Ribonucleotides Removal

Once defined the different processes that could generate tracts of INMPs embedded into DNA, the
question that arises is: how are these substrates processed in cells? As previously mentioned, single
rNMPs are the substrate of RER [21], but whether this pathway also works on multiple rINMPs has
never been proved. It is unlikely that the pathways acting on R-loops and OFs could process multiple
rNMPs, once embedded into DNA, and thus inaccessible to players like helicases. Since RNase H1
and H2 both process consecutive embedded rNMPs, they represent the main candidates for their
removal. Anyway, how the two enzymes work in vivo on these structures needs further clarification.
Some progress has been made, thanks to the development of a separation-of-function mutant of the
RNase H2 enzyme, called r1nh201-RED (ribonucleotide excision defective), which loses the ability to
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remove single INMPs, but retains a discrete activity on consecutive rNMPs [146]. This mutant has
been extremely useful to enlighten the role of the two functions of RNase H2 (reviewed in [147]). Being
still able to remove multiple INMPs, the r1nh201-RED mutant alone cannot prove their existence; the
development of additional separation-of-function mutants may thus be useful.

6. Ribonucleotides into the DNA of Organelles

Besides being present into the nuclear DNA, ribonucleotides are also found in the DNA contained
in two types of eukaryotic organelles: mitochondria [148-150] and chloroplasts [151].

The human mitochondrial DNA (mtDNA) is a circular multicopy molecule of 16.5 kb, composed
of two filaments, named heavy (H) strand and light (L) strand, and whose replication mechanism is
not completely resolved. Different models for mitochondrial DNA duplication have been proposed,
which are well described in recent reviews [152,153]; here, we only summarized the types and the
sources of INMPs that could be found into mtDNA (reviewed in [154]).

Replication primers represent the first source of consecutive rNMPs also in mtDNA. However,
they seem to be synthesized by the mitochondrial RNA polymerase POLRMT and not by a replicative
primase, as it happens for the nuclear DNA [155]. Such transcripts are stabilized by G-quadruplex
structures formed in the non-template DNA strand, resulting in mitochondrial R-loops that act as
replication primers [156]. Polyribonucleotide chains could also result from long RNA transcripts, which
temporally coat the displaced H-strand, generating RNA:DNA hybrids that function as lagging strands
during mtDNA replication, as proposed by one of the models used to explain mtDNA replication
called RITOLS (ribonucleotide incorporation throughout the lagging strand). These long RNAs may
result from a primase activity or by the hybridization of the displaced DNA with preformed RNA
transcripts [157]. RNase H1 is the factor responsible for the removal of multiple INMPs from mtDNA.
The mammalian RNase H1 is recruited into the organelles, thanks to an essential mitochondrial
localization domain, and failures in its activity cause mitochondrial dysfunctions. In mouse, when
RNase H1 is absent, replication primers are not properly removed, and stretches of RNA remain
fixed in both template strands of mtDNA [89]. This is a perfect example of how tracts of embedded
rNMPs can compromise genome integrity. Since they cannot be bypassed by the mtDNA polymerase
v, they lead to persistent DNA gaps that are catastrophic for the subsequent round of replication [89].
As a consequence, mice lacking RNase H1 die during embryogenesis [88]. In humans, mutations in
RNase H1 have been associated with mitochondrial encephalomyopathy with adult-onset [158]. These
examples highlight the importance of removing multiple INMPs from mtDNA.

Besides stretches of rNMPs, single ribonucleotides are as well incorporated during mtDNA
replication. Intriguingly, unlike the nucleus, mitochondria completely lack RNase H2 or other
mechanisms for the removal of single INMPs [159]. As a result, it has been estimated that 30-60
rNMPs persist in each mtDNA molecule of different human and mouse cell lines [38,160]. rINMPs
have been mapped in these cells, revealing that they have a random distribution, no strand specificity,
and that rAMP is the most frequently found [160,161]. These few single INMPs may result by the
action of the replicative DNA polymerase y responsible for mtDNA duplication, despite its efficiency
in discriminating against NTPs and in the bypass of previously incorporated rNMPs [37,38]. Anyway,
other DNA polymerases seem to contribute to mtDNA replication after DNA damage, like PrimPol [162]
pol 3, pol ¢, pol 1, and pol 0 (reviewed in [163]); thus, we cannot exclude a minor contribution of these
latter ones in INMPs incorporation (Figure 2).
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Figure 2. rNMPs incorporation and removal from mitochondrial and chloroplast DNA. Single and
multiple ribonucleotides found into the DNA of mitochondria and chloroplasts may result from different
sources. Several DNA polymerases might contribute to the incorporation of INMPs, as demonstrated
for pol y acting on mtDNA. The activity of RNase H1 is essential for processing polyribonucleotide
chains synthesized for replication priming, while single INMPs remain unprocessed due to the absence
of RNase H2.

Ribonucleotides have also been observed into the DNA of chloroplasts, the other organelles
capable of autonomous replication in plant cells. The chloroplast DNA (cpDNA) consists of linear
or circular multicopy molecules of 120-170 kb, which can replicate in different manners (reviewed
in [164]). Even if there is still much to learn about rINMPs in the DNA of chloroplasts, it is evident
that stretches of multiple INMPs can compromise cpDNA stability. Apart from RNA tracts used for
DNA replication priming, R-loops can be frequently found in these organelles. It has been found that
the AtRNaseH1-like protein (RNH1C), together with DNA gyrases, plays a key role in the processing
of these hybrids, maintaining chloroplast DNA integrity [165,166]. In addition, also single INMPs
have been observed into the cpDNA of some species of plants, with an estimation of 12-18 rNMPs per
molecule [151] (Figure 2). However, the origin, location, and significance of their presence are still
unknown, as well as the existence of RNase H2-like enzymes able to remove these structures.

Although rNMPs in mtDNA and cpDNA need to be further explored, their existence in these
endosymbiotic organelles is extremely intriguing. This “incorrect” sugar selection comes from ancestral
forms of life and is conserved in evolved organisms, suggesting that they have been maintained
throughout the evolution to perform physiological functions.

7. Methods to Map and Quantify Ribonucleotides in DNA

At this point, it is clear that RNA can hybridize to DNA in different ways and under different
forms, having beneficial but also detrimental effects in cells. It is, therefore, crucial to study and map
these structures with precise, quantitative, and reproducible techniques. We have concluded our
review with an overview of the most common strategies available for studying in vivo, either single
or stretches of INMPs hybridized with DNA; strong and weak aspects of each method are indicated
(Figure 3).

131



Int. J. Mol. Sci. 2020, 21, 1706 11 of 23

5’ e—" e— E:RRRRRRRRRRRL::

3 ——

——
RNase H2 Alkaline hydrolysis / \

273 59.6
. RNase H1
3-OH 5'P cydicP 5-OH Antibody /NN ase

5 3 5’ﬂl _3’ 5 RRRRRR?3’ 5 RRRR %

3 ——" 3 —— 3’ — 5 3’ — 5’

- Radioactive assay - Alkaline gel - Dot blot -R-ChIP

- Ribo-sequencing - Comet assay - Immunofluorescence - Immunofluorescence

- Ribo-sequencing - DRIP (DRIP-like methods)

(a) (b)

Figure 3. Currently available techniques for studying RNA in DNA. (a) The investigation of single
ribonucleotides paired with DNA is based on enzymatic or chemical digestion in correspondence of
rNMPs to generate single breaks in DNA. Different approaches can then be used to visualize and map
the sites of INMP insertion. (b) The main strategies developed to examine stretches of ribonucleotides
hybridized with DNA rely on the S9.6 monoclonal antibody or on RNase H1, which allows recognizing
RNA:DNA hybrids independently of their sequence. 59.6 binds DNA hybrids of at least 6 bp; RNase
H1 detects hybrids of at least 4 bp.

7.1. Single rNMPs Paired with DNA

As mentioned above, the highly reactive 2’-OH group present on the ribose ring of ribonucleotides
can attack the adjacent phosphodiester bonds, generating breaks by alkaline hydrolysis [5]. In the
presence of a basic solution, the genomic DNA is, therefore, nicked in correspondence of embedded
rNMPs, originating fragments that can then be visualized by staining with SYBR Gold or other DNA
intercalating dyes, after electrophoresis in alkaline conditions [16,22]. The average size of the fragments
correlates with the frequency of rINMPs introduction. Besides this global indication, it is also possible
to selectively probe ribonucleotides incorporated into specific regions by Southern blot analysis after
digestion with appropriate enzymes. Furthermore, using a strand-specific probe, it is possible to
discriminate ribonucleotides incorporated into the leading or lagging replicated-strand [167-169].
Although the alkaline electrophoresis-based approach is widely used, it is very hard to understand
whether fragments are exclusively due to embedded rNMPs. Nicks/gaps caused by incomplete
replication or nicks generated during DNA manipulation cause the same fragmentation in denaturing
conditions. These experiments should, indeed, always be compared with a denaturing condition that
does not affect the hydrolysis of ribonucleotides [22].

Similarly, comet assay has also been adapted to measure ribonucleotides embedded into the DNA
of human and mouse fibroblasts, as well as in cells collected from patients with SLE and AGS [80]. After
nicking the genomic DNA with the bacterial RNase HII, electrophoresis is performed in an alkaline
buffer. The migration of the fragmented DNA leads to the formation of comets visualized by fluorescent
microscopy after SYBR Gold staining. The length and intensity of the comet tail are proportional
to the level of ribonucleotides [170]. Compared to alkaline electrophoresis, the manipulation of the
sample is minimal, making the result more reproducible. However, even this technique does not allow
distinguishing nicks/gaps from rNMPs.

Hiller et al. [171] were the first to describe another extensively used approach subsequently
applied by other groups [68,172]. After extraction, the genomic DNA is treated in vitro with the
bacterial RNase HII, which introduces nicks at every site of ribonucleotide incorporation. These nicks

132



Int. J. Mol. Sci. 2020, 21, 1706 12 of 23

are then radioactively labeled, taking advantage of the DNA polymerase I nick translation capability.
The radioactive signal reflects the level of genomic ribonucleotides. With this approach, the advantage
is that a comparison of the signals-obtained +/— RNase HII digestion allows discriminating between
ribonucleotide-dependent nicks and nicks generated during DNA preparation.

The main limitation of all these approaches, however, is that they are only semi-quantitative and
probably only sensitive enough to detect big changes in the ribonucleotide content. Moreover, they
sometimes give inconsistent results.

High-throughput sequencing techniques bypassed these limitations, allowing the study of
embedded rNMPs with single-nucleotide resolution. This was made possible, thanks to the
development of four different strategies: embedded ribonucleotide sequencing (emRiboSeq) [173],
hydrolytic end-sequencing (HydEn-seq) [174], ribose-seq [20], and polymerase usage sequencing
(Pu-seq) [175]. The genomic DNA is extracted from RNaseH2-defective strains, and it is nicked in
the correspondence of the embedded rNMPs. This can be done either enzymatically with RNase
H2 [173], or chemically by exploiting alkaline hydrolysis [20,174,175]. Fragments are then ligated
to adaptors and sequenced by next generation sequencing (NGS) approaches. Independently of
the technique used, raw sequencing data can be analyzed using a novel open-sources software
(http://github.com/agombolay/ribose-map) [176]. A similar approach is RADAR-seq (rare damage and
repair sequencing) [177]. Here, nicks generated by RNaseH2 are replaced with a patch of modified
bases, thanks to a nick translation reaction. The detection of such modified bases by PacBio single
molecule, real-time (SMRT) sequencing reveals the location of ribonucleotides [177]. Moreover, by
using steric-gate mutants, which incorporate more rNMPs, it has been even possible to assess the
precise contribution of replicative and TLS polymerases to DNA replication [20,49,173,174,177]. To
date, these approaches have been used in bacteria, archaea, and yeast cells, but they could be adapted
to any organism in which RNase H activity can be modulated. They have allowed demonstrating that
the rNMPs distribution is non-random and that mitochondrial DNA, Ty regions, and rDNA locus are
preferential hotspots [20]. However, all the experiments have been performed in RNase H-deficient
strains, where every replication round occurs in the presence of thousands of INMPs accumulated
in the DNA template, which compromises the progression and fidelity of DNA polymerases [19,66].
This could have an influence on the incorporation of INMPs, masking the real hotspots introduced
in a single round of DNA replication. The use of an RNase H conditional mutant [34], which can
be switched off just prior to entering the S phase, could be a useful strategy to map the unaffected
positions of INMPs.

Overall, all the strategies described until now exploit the same principle: enzymatic or chemical
digestion in correspondence of rNMPs, to generate a single break. This makes it impossible to
discriminate between one or several consecutive INMPs. Indeed, the presence of stretches of embedded
ribonucleotides has never been observed. One possibility could be to extract the genomic DNA of
RNase H-defective cells and incise only multiple rINMPs with RNase H1 or RNase H2-RED [146].
Ribose-sequencing approaches can then be applied. This should avoid the high signal generated by
single NMPs that might mask the signal due to just a few stretches of embedded ribonucleotides.

7.2. Stretches of rNMPs Hybridized with DNA

The main strategies available at the moment to detect multiple ribonucleotides hybridized to
DNA rely on the use of the S9.6 monoclonal antibody or on a catalytically inactive version of RNase
H1 (reviewed in [178]). Although these tools are massively used to study R-loops, we have to keep
in mind that they can recognize any hybrid present in the genome: e.g., R-loops, DNA replication
primers, stretches of embedded ribonucleotides, hybrids at DSBs. Moreover, even if with lower affinity,
both 59.6 and RNase H1 can also recognize RNA:RNA hybrids [179,180]. In particular, S9.6 binds
RNA:DNA hybrids with at least six consecutive ribonucleotides [179], even if the binding affinity
seems to be influenced by the sequence context [181]. In addition to 59.6 antibodies, RNA:DNA hybrids
can be detected by using the RNase H1 N-terminal hybrid-binding domain (HDB), which can even
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recognize stretches made up by just four ribonucleotides [182]. Finally, D5H6 is another antibody
able to react with RNA:DNA hybrids [183,184], even if less efficiently, compared to the other systems.
Independently of the used tools, treatment with RNase H1 is then essential to prove that the signal
obtained is specific for RNA:DNA hybrids.

A first indication about the global level of hybrids present in the genome can be obtained by a
dot blot assay [165,185-187], where serial dilutions of genomic DNA are spotted on a membrane and
subsequently hybridized with S9.6. Indications about the abundance and localization of RNA:DNA
hybrids can also be obtained by immunofluorescence studies. The 59.6 antibody has been extensively
used for this purpose [183,188], while Aguilera and colleagues used the HBD of RNase H1 fused with
the green fluorescent protein (GFP), forming the so-called HB-GFP [188]. Both these strategies led to
the identification of RNA:DNA hybrids in the nucleus of cells, with high intensities detected in the
nucleolar region (where the majority of R-loops are formed [117]), as well as in the cytoplasm, possibly
because of the abundant RNA:DNA hybrids present in mitochondria.

DNA-RNA immunoprecipitation (DRIP) is currently the most used and accurate technique for
mapping genomic RNA:DNA hybrids. It was initially described by the Tollervey’s lab [117], and, since
then, many variations have been developed (S1-DRIP, bisDRIP, DRIPc, ssDRIP, etc.) [106,189-191].
After chromatin extraction and fragmentation, RNA:DNA hybrids are immunoprecipitated with the
59.6 antibody. The precipitated material is then purified and used for rtPCR reactions, or sequenced, to
study the genome-wide distribution of hybrids (DRIP-seq). R-ChIP is a similar approach that uses a
catalytically inactive RNase H1, which can still bind hybrids [192,193]. However, the resolution of these
techniques depends on the dimension of the immunoprecipitated DNA fragments, and the results
obtained are not always reliable. Moreover, probably due to the big number of different protocols
available, the results obtained by different groups are sometimes contrasting [194]. Nevertheless, to
date, DRIP is considered as the most accurate system to detect and map RNA:DNA hybrids. We
have to remember, however, that the latter does not include only R-loops, but any structure in which
stretches of RNA anneal to DNA.

8. Concluding Remarks

Although stretches of multiple embedded rNMPs have only been observed in mtDNA, their
presence in the nuclear DNA has also been genetically predicted. The persistence of multiple
rNMPs in the mitochondrial DNA has been shown to have detrimental effects, and so is suspected for
genome-embedded polyribonucleotide chains, with consequences even more severe than those deriving
from unprocessed single INMPs. Different techniques are currently available to study single rINMPs
and RNA:DNA hybrids, but further efforts should be made for the development of groundbreaking
methods, allowing to isolate only the desired category of RNA:DNA hybrids, and to distinguish sites
of single INMPs insertion from sites with multiple rNMPs. Demonstrating the existence of consecutive
embedded rNMPs, and discovering details about their sources and removal, might help to clarify
the contribution of the two RNases H in the recognition and processing of all hybrid structures and,
importantly, to shed light on the mechanisms linking RNA:DNA hybrid structures, replication stress,
genome instability, and severe human pathologies.

Author Contributions: Conceptualization, writing—original draft preparation, GM.N., L.G., and EL.; figure
preparation S.S.; review and editing, A.P,; supervision and funding acquisition, M.M.E. All authors have read and
agreed to the published version of the manuscript.

Funding: The work was supported by ASSOCIAZIONE ITALIANA PER LA RICERCA SUL CANCRO (AIRC),
grant number 1G21806 to M.M.F. and IG19917 to A.P.; TELETHON, grant number GGP15227 to M.M.E,; and MIUR
grant number PRIN-2015LZE994 to A.P. and PRIN-2017KSZZJW_002 to M.M.F.

Acknowledgments: We thank all members of the genome instability and human pathologies lab for critical
discussions. Figure 1 was created with BioRender.com.

Conflicts of Interest: The authors declare no conflict of interest.

134



Int. J. Mol. Sci. 2020, 21, 1706

Abbreviations

AGS
BER
Bis-DRIP
cpDNA
CPDs
dNMP
dNTP
DRIP
DRIPc
DSB
emRiboSeq
GFP
HBD
HydEn-seq
mtDNA
NER
NHE]
OKFs
PRR
Pu-seq
R-ChIP
RADAR-seq
rDNA
RED
RER
RITOLS
RNAi
RNAPs
RNase H
rNMP
RNR
rNTP
S1-DRIP
SLE
ssDNA
ssDRIP
TdT

TLS

References

Aicardi-Goutieres syndrome

base excision repair

bisulfite DNA:RNA immunoprecipitation
chloroplast DNA

cyclobutane pyrimidine dimers
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