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Different proteins associate with the nascent RNA and the RNA polymerase (RNAP) to catalyze the transcription cycle and
RNA export. If these processes are not properly controlled, the nascent RNA can thread back and hybridize to the DNA template
forming R-loops capable of stalling replication, leading to DNA breaks. Given the transcriptional promiscuity of the genome,
which leads to large amounts of RNAs from mRNAs to different types of ncRNAs, these can become a major threat to genome
integrity if they form R-loops. Consequently, cells have evolved nuclear factors to prevent this phenomenon that includes THO,
aconserved eukaryotic complex acting in transcription elongation and RNA processing and export that upon inactivation causes
genome instability linked to R-loop accumulation. We revise and discuss here the biological relevance of THO and a number of
RNA helicases, including the THO partner UAP56/DDX39B, as a paradigm of the cellular mechanisms of cotranscriptional

R-loop prevention.

During eukaryotic gene expression, the nascent RNA is
cotranscriptionally processed into its mature form through
a series of events that will render an exportable messenger
ribonucleoparticle (mRNP). Multiple RNA-binding pro-
teins (RBPs) coat the transcripts interacting in a dynamic
manner. The carboxy-terminal domain (CTD) of the RNA
polymerase I (RNAPII) couples transcription with mRNP
biogenesis acting as a scaffold for RNA-processing factors
and RBPs. This intimate connection favors a cross talk
between transcription and RNA maturation and export
that ensures that only properly matured mRNPs exit the
nucleus (Miiller-McNicoll and Neugebauer 2013; Bentley
2014).

Unexpectedly, we now know that mRNP biogenesis is
crucially important to maintain genome integrity. Muta-
tions in a number of mRNP factors confer genome
instability detected as DNA damage, recombination, or
chromosomal rearrangements in yeast and human cells
(Luna et al. 2005; Paulsen et al. 2009; Wahba et al. 2011;
Stirling et al. 2012). This instability is associated with
DNA-RNA hybrids (Huertas and Aguilera 2003; Li and
Manley 2005), which has led to the model that subopti-
mally assembled mRNPs would favor the formation of R-
loops, structures containing a DNA—RNA hybrid and the
displaced single-strand DNA (ssDNA) (Aguilera 2005).

R-loops participate in immunoglobulin class-switching
recombination, mitochondrial replication, and gene ex-
pression regulation, but, in most cases, they are non-
scheduled and can compromise genome integrity. The
mechanism behind R-loop-mediated genome instability
is still unclear. Even though the R-loop ssDNA sequence
is more vulnerable to genotoxic agents or DNA-damaging
enzymes like cytidine deaminases (Gomez-Gonzélez and

Aguilera 2007; Basu et al. 2011), the prevalent idea is that
R-loop main effects are caused by replication impairment
(Crossley et al. 2019; Garcia-Muse and Aguilera 2019).

Cells have evolved mechanisms to mitigate the harmful
consequences of R-loops, either preventing their formation
or removing them via ribonucleases, helicases, and other
enzymes (Garcia-Muse and Aguilera 2019). During the
last decade, an increasing number of RBPs have been re-
lated to R-loop-mediated genome instability (Paulsen et al.
2009; Wahba et al. 2011; Stirling et al. 2012). Whether all
these factors have or do not have a direct role preventing
R-loop accumulation—and by which mechanisms—is still
unclear. Here, we discuss the role of RNA-binding and
-processing factors in R-loop dynamics and genome insta-
bility, with special emphasis on the THO complex and
RNA helicases.

THE THO COMPLEX: A KEY FACTOR
IN mRNP BIOGENESIS

THO is a conserved eukaryotic complex required for
mRNP biogenesis and the maintenance of genome integ-
rity (Chavez et al. 2000; Luna et al. 2012). In yeast, THO
is formed by five subunits: Tho2, Hprl, Mftl, and Thp2,
which form a highly robust complex, and Tex1, which is
less tightly associated (Fig.1A; Chavez et al. 2000; Pena
et al. 2012). Hprl/THOCI1, Tho2/THOC2, and Texl/
THOC3 (referred to yeast/human genes from now on)
are the most evolutionary conserved and together with
THOC5, THOC6, and THOC7 form the metazoan
complex (Rehwinkel et al. 2004; Masuda et al. 2005,
Furumizu et al. 2010; Castellano-Pozo et al. 2013). The
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Figure 1. Structure and chromatin distribution of the yeast THO complex. (4) Two-dimensional average images of the THO complex as
monomer (croissant form, /eff) and dimer (butterfly form, right) and a schematic representation mapping some of the components.
(Reprinted, with permission, from Pefia et al. 2012.) (B) Genomic distribution of the THO complex (Hprl subunit) and the RNA
polymerase subunit Rpb3 in wild-type yeast cells as determined by chromatin immunoprecipitation with DNA microarray (ChIP-chip).
(Reprinted, with permission, from Gomez-Gonzalez et al. 2011.) Peaks showing a statistically significant presence are indicated in

yellow.

three-dimensional electron microscopy (EM) structure of
yeast THO revealed that the unstructured carboxy-termi-
nal region of Tho2 binds to nucleic acids and is crucial for
THO function (Fig. 1A; Pefa et al. 2012). Although re-
moval of any of its four main subunits destabilizes THO
and confers a strong transcription and genome stability
defect in yeast (Huertas et al. 2006; Garcia-Rubio et al.
2008), this is not the case for Tex1 (Luna et al. 2005; Pefia
et al. 2012). The THO complex interacts with the RNA
helicase Sub2/UAPS56, as well as with the RBP and export
factor Yral/ALY, to form a larger complex named TREX
that links transcription and export (StrdBler et al. 2002).
Nevertheless, these interactions seem transient, being de-
tected in substoichiometric amounts if THO is purified
under high-salt conditions, and they do not contribute to
the integrity of the THO complex (Strdler et al. 2002;
Huertas et al. 2006; Pefia et al. 2012; Ren et al. 2017).
THO is cotranscriptionally recruited to chromatin by
redundant mechanisms involving the transcription ma-
chinery, the nascent mRNA, and other mRNP components
(Jimeno et al. 2002; Gomez-Gonzalez et al. 2011; Meinel
et al. 2013). It is found in active open reading frames
(ORFs) with a tendency to accumulate at the 3’ end, as

observed for yeast Hprl (Fig. 1B). THO is found in chro-
matin in association with RNA-processing and -splicing
factors (Masuda et al. 2005; Cheng et al. 2006; Saguez
et al. 2008; Chanarat et al. 2011; Katahira et al. 2013) and
colocalizes with nuclear speckles (Masuda et al. 2005). As
other factors needed for RNA maturation, THO interacts
with the phosphorylated CTD of RNAPII probably as an
initial step to be loaded into the mRNP (Meinel et al.
2013). Thus, THO is recruited and stably bound to the
transcript via a network of contacts with RNAPII and
the pre-mRNA or pre-mRNP.

In addition to the previously mentioned Sub2/UAP56
and Yral/ALY, other proteins contact with THO to form a
mature mRNP (Hurt et al. 2004; Dufu et al. 2010; Folco
et al. 2012; Chang et al. 2013). By remodeling the RNA,
the Sub2/UAPS56 DEAD-box helicase facilitates the inter-
action of several RBPs, including Yral/ALY, which works
as an adaptor for the mRNA export factor Mex67/NXF1
(Dufu et al. 2010). THO interactions with mRNA export
factors could explain THO’s requirement for bulk mRNA
export in yeast and in mammalian cells, including spliced
RNAs that are otherwise retained in the speckles (Dias
et al. 2010; Viphakone et al. 2012). Indeed, different
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THO subunits have been shown to control 3'-end forma-
tion and polyadenylation and gene gating at nuclear pores,
consistent with a central role of THO in transcription and
RNA export via its interaction with factors with a special-
ized function in those processes (Saguez et al. 2008; Kata-
hira et al. 2013; Mouaikel et al. 2013).

Finally, THO has been shown to work during the
biogenesis of all types of RNAPII-driven RNAs, includ-
ing small interfering RNAs (siRNAs), microRNAs
(miRNAs), Piwi-interacting RNAs (piRNAs), viral
RNAs, and small nucleolar RNAs (snoRNAs) (Boyne
et al. 2008; Jauvion et al. 2010; Larochelle et al. 2012;
Francisco-Mangilet et al. 2015; Hur et al. 2016; Zhang
et al. 2018). Some evidence has also been provided for a
physical and genetic association of THO with the ribo-
somal DNA (rDNA) transcription (Zhang et al. 2016), but
a putative role in RNAPI-driven RNA biogenesis is un-
clear yet. In any case, THO exerts its main function at
RNAPII-driven RNAs all over the genome.

THO AS A PARADIGM FOR R-LOOP
PREVENTION

The two main proteins of THO, Tho2 and Hprl, were
initially identified by the increase in genome instability
occurring in yeast mutants (Aguilera and Klein 1990;

Piruat and Aguilera 1998). The link between RNA export
and genome stability was suggested by the observation that
THO/TREX was required for mRNA export (Jimeno et al.
2002; Strafer et al. 2002) and the discovery that DNA—
RNA hybrids accumulate in yeast THO mutants (Huertas
and Aguilera 2003). The role of THO in transcription and
the maintenance of genome integrity are conserved in Cae-
norhabditis elegans and human cells (Dominguez-San-
chez et al. 2011; Castellano-Pozo et al. 2013). As in
yeast, genome-instability phenotypes are suppressed by
overexpression of RNase H (Fig. 2A) and exacerbated by
the AID deaminase that acts on the ssDNA of R-loops
(Dominguez-Sanchez et al. 2011). Human THOC!-de-
pleted cells also accumulate R-loops as determined by
immunofluorescence using the anti-DNA—RNA antibody
S9.6 (Fig. 2B).

DNA-RNA hybrids have been proposed to negatively
affect transcription by acting as roadblocks for RNAPs in
bacteria (Drolet et al. 1995) and yeast (Huertas and Agui-
lera 2003). Indeed, hybrids impair RNAP elongation in
vitro (Tous and Aguilera 2007; Belotserkovskii et al.
2017). Moreover, RNAPI piles up in rDNA if RNaseH
activity is removed, supporting an inhibitory role of
DNA-RNA hybrids in transcription (El Hage et al.
2010), as also previously shown in bacterial IDNA tran-
scription (Drolet et al. 1995). Nevertheless, it is not clear
whether the inefficient transcription derives from an ability

siTHOC1

siTHOC1

+ RNH1
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Figure 2. R-loop and DNA damage accumulation in THO-complex-depleted cells. (4) Alkaline single-cell electrophoresis showing a
higher accumulation of DNA breaks, seen as DNA tails, in siTHOCT cells, compared to control siC cells. A reduction of DNA breaks
can be observed in siTHOC] cells with RNH1 overexpression (+RNH1). (B) Immunofluorescence analysis of R-loop presence using the
S9.6 antibody (red) in siC and siTHOC1 HeLa cells with normal (—RNH1) or high levels of RNH1 (+RNH1) obtained by over-
expression of nuclear GFP-RNase H1 (green). The figure shows partial data previously used in Salas-Armenteros et al. (2017).
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Figure 3. Replication fork progression impairment caused by THOC1 and SIN3 depletion. Representative pictures (/eff) and data plots
(right) of DNA combing analyses of replication fork speed and asymmetry (a measure of stalling). The figure shows partial data

previously used in Salas-Armenteros et al. (2017).

ofthe DNA—RNA hybrid to either retain or stall the RNAP
from which the RNA moiety was born or to act as a road-
block for successive upstream RNAPs. Similarly, R-loops
are also an obstacle for the replication machinery either by
themselves or by retaining the RNAPII at the DNA (Gar-
cia-Muse and Aguilera 2016; Hamperl and Cimprich
2016). Consistent with the idea that THO prevents the
accumulation of harmful R-loops that would impair repli-
cation, yeast and human cells lacking a functional THO
complex display R-loop-mediated hyper-recombination
and DNA break accumulation that are associated with an
increase in transcription-replication conflicts (Wellinger
et al. 2006; Gomez-Gonzalez et al. 2011; Salas-Armen-
teros et al. 2017). This conclusion is supported by the
observation that THO depletion in human cells confers
DNA replication impairment that is suppressed by RNase
H, as seen by DNA combing (Fig. 3).

A distinctive phenotype of yeast THO mutants is the
transcription-associated hyper-recombination, which is
also shared by mutations in other specific mRNP factors
(Huertas and Aguilera 2003; Luna et al. 2005). On the other
hand, in human cells, depletion of the RNA processing
factor SRSF1 causes higher mutation rates (Li and Manley
2005). It is likely that these factors assemble in the nascent
RNA, preventing its hybridization with DNA and the for-
mation of R-loops (Aguilera 2005). Consistent with this
interpretation could be the observations that overexpression
of RBPs Sub2/UAP56, Thol/CIP29, or RNPS1 suppressed

the phenotypes of yeast THO mutants or SRSF1-depleted
cells (Jimeno et al. 2002, 2006; Li et al. 2007).

Nowadays, proteins involved in transcription, chromatin
modification, RNA export, splicing, RNA 3'-end cleavage
and polyadenylation, rRNA processing, and RNA surveil-
lance have been associated with DNA-RNA hybrid accu-
mulation (Paulsen et al. 2009; Wahba et al. 2011; Chan
et al. 2014). Despite the growing list of factors, few func-
tional studies have addressed the molecular mechanisms
underlying their role in R-loop homeostasis. Thus, al-
though depletion of several splicing factors causes DNA
damage that is suppressed by RNase H overexpression, not
all of them protect the genome by preventing R-loops
(Paulsen et al. 2009; Chan et al. 2014). For instance, deple-
tion of the spliceosome-associated factor Spp381/MFAP1,
which interacts with THO, also compromises genome
stability, but in an R-loop-independent manner (Salas-
Armenteros et al. 2019). Transcriptome data of Spp381/
MFAP1 defective yeast and human cells support the idea
that splicing factors may contribute to genome integrity
indirectly by regulating the expression of other genes and
not necessarily by R-loop accumulation.

THE CONTRANSCRIPTIONAL ROLE
OF THO IN CHROMATIN

Transcription and RNA processing are coordinated pro-
cesses occurring in the context of active chromatin, but
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how RNA processing relates with chromatin is still poorly
understood. In a search for new THO interactors, we re-
cently identified the mammalian histone deacetylase com-
plex mSin3A (Salas-Armenteros et al. 2017). This
interaction is paralleled by common cellular effects as
Sin3A depletion causes R-loop-mediated genome insta-
bility comparable to THO depletion. On the other hand,
inhibition of histone deacetylation using siSIN3 or the
deacetylase inhibitors TSA and SAHA results in R-loop
accumulation. Reciprocally, inhibiting acetylation by ana-
cardic acid suppresses DNA breaks and R-loops in
THOCI-depleted cells. In both siSIN3 and siTHOCI
cells, the replication fork progresses faster, consistent
with a more open chromatin associated with histone
hyperacetylation, but replication stalling is increased
(Fig. 3), both phenotypes being suppressed by RNHI
overexpression (Salas-Armenteros et al. 2017). Altogeth-
er, these data suggest that the state of chromatin in the
absence of SIN3 promotes R-loop and transcription—rep-
lication conflicts. In agreement with the idea that an open
chromatin favors DNA-RNA hybrids, these colocalize
genome-wide with DNase I hypersensitive sites, chroma-
tin decondensation, and regions with reduced nucleosome
occupancy in human cell lines (Sanz et al. 2016), and
yeast mutations in histone H3 and H4 tails induce R-
loop accumulation (Garcia-Pichardo et al. 2017). Thus,
a cotranscriptional cross talk between RNA-binding fac-
tors like THO and chromatin modifiers like mSin3A could
represent a coordinated mechanism to prevent R-loop for-
mation by transient cotranscriptional closing of chroma-
tin, thus reducing DNA accessibility of the nascent RNA
(Salas-Armenteros et al. 2017).

UAPS6: THE HIDDEN LINK BETWEEN
THO AND RNP BIOGENESIS

In addition to factors potentially preventing R-loop ac-
cumulation, R-loop-removal activities are necessary to
preserve genome integrity. The main activity relies on ri-
bonucleases H that digest the RNA moieties of the DNA—
RNA hybrids. These are of two classes: RNase H1, which
removes DNA-RNA hybrids like primers in Okazaki
fragments, and RNase H2, which apart from acting on
DNA-RNA hybrids, initiates ribonucleotide excision re-
pair (Cerritelli and Crouch 2019). However, hybrids can
also be eliminated by specific helicases that unwind DNA—
RNA.

The RNA-dependent ATPase Sub2/UAPS56 (also termed
DDX39B) of the DDX family of ATP-dependent RNA
helicases physically interacts with THO (Strdfler et al.
2002; Ren et al. 2017). UAP56 was initially identified as
a splicing factor (Fleckner et al. 1997), but as for other
previously termed “splicing factors,” it might have a
more general role in mRNP biogenesis. It may act as an
RNA chaperone by unwinding RNA secondary structures
or adding/removing proteins to render a mature exportable
mRNP. Consistently, UAP56 is essential for export of most
mRNAs in Drosophila melanogaster, Saccharomyces cer-
evisiae, C. elegans, and human regardless of whether or

not these derive from intron-containing genes (Herold et al.
2003; MacMorris et al. 2003; Kapadia et al. 2006).

UAPS56 has a paralog in humans, URH49 (also termed
DDX39A), with a 90% of amino acid homology (Pryor
et al. 2004). Whereas UAP56 is a ubiquitous protein,
URH49 has a more restrictive expression pattern, but
both seem to play similar roles according to the RNA
export phenotypes of siUAP56 and siURH49 cells (Kapa-
dia et al. 2006). URH49 also interacts with THO (Dufu et
al. 2010). Nonetheless, UAP56 and URH49 are not totally
interchangeable as depletion of UAP56 or URH49 down-
regulates a different set of genes in cell lines (Yamazaki
et al. 2010).

UAPS56 was shown to impact transcription elongation
(Dominguez-Sanchez et al. 2011), and to explore further
its role we have analyzed the recruitment of UAPS6 to
chromatin in the human cell line K562, regularly used in
genome-wide occupancy of different transcription fac-
tors, secondary DNA structures, and chromatin modifi-
cations. Notably, UAP56 associates with the majority of
the transcribed genes, as it localizes to most RNAPII
active sites (Fig.4; Pérez-Calero et al. 2020). This is
paralleled by previous data on the yeast counterpart
Sub2 (Goémez-Gonzalez et al. 2011). Thus, as is the
case with THO, UAPS56 is a general factor of RNAPII-
driven transcription with a general role in mRNP bio-
genesis and export.

Importantly, Sub2/UAPS56 is also required to preserve
genome integrity. Several lines of evidence support this
link. Thus, mutations of the yeast SUB2 gene confer sim-
ilar defects in transcription and genome instability to those
of THO mutants suggesting a similar function. Indeed,
Sub2 overexpression partially suppresses those pheno-
types (Jimeno et al. 2002). In human cells, UAP56 deple-
tion causes DNA damage and double-strand breaks
(DSBs) (Dominguez-Sanchez et al. 2011). Notably, we
have recently observed that it is dependent on transcription
and hybrids (Pérez-Calero et al. 2020). Although the same
analysis has not been done for yeast Sub2 so far, these
results could explain the ability of overexpressed Sub2 to
suppress the growth defect of prl mutants (Jimeno et al.
2002, 2006) and the mutational characterization of Sub2
helicase domains (Saguez et al. 2013). Because UAP56 is
an ATP-dependent RNA helicase that can unwind sub-
strates with 5’ or 3’ overhangs or blunt ends in vitro
(Shen et al. 2008), UAP56 could be the main activity re-
quired for the THO complex to facilitate proper mRNP
assembly and export and, thus, prevent cotranscriptional
R-loops.

RNA HELICASES TO UNWIND
COTRANSCRIPTIONAL DNA-RNA HYBRIDS

Over the last several years, a number of RNA helicases
have been reported to be involved in R-loop dynamics.
Senataxin (Sen1/SETX) was the first reported of this class.
It is required for efficient transcription termination of
RNAPII and RNAPIIT (Mischo et al. 2011; Skourti-Sta-
thaki et al. 2011; Han et al. 2017; Rivosecchi et al. 2019).



6 LUNA ET AL.

%%U 2glmh|lknn|l l“llh‘“l‘llhh]n I“J “l. bl ol ..AILM.H. I““lh.‘J

=)

RNAPII-S2P
ChIP-seq

1000

RNA-seq

T

AP2A1

o

ouMu.WMMLMu,mM._. ....hALIIL...uﬂn R ¥ LT |

MED25

Figure 4. Genome-wide UAP56 occupancy, expression levels, and R-loop distribution. Representative screenshots of the analysis
of the distribution in K562 cells of chromatin-bound UAP56 (green) and RNA-seq (purple) (Pérez-Calero et al. 2020) together with
PRO-seq (blue) and RNAPII-S2P ChIP-seq (orange) data from ENCODE (SRP045616 and ENCSROOOEGF accession numbers,

respectively).

By resolving R-loops formed over G-rich pause sites near
poly(A) signals, SETX grants Xrn2-mediated RNA deg-
radation triggering transcription termination (Skourti-Sta-
thaki et al. 2011). Data suggest that BRCA1 promotes
SETX recruitment at R-loop-forming termination regions
and protects them from R-loop-mediated DNA damage
(Hatchi et al. 2015). Sen1/SETX influence is not restricted
to transcription but extends to other DNA templated pro-
cesses probably modulated by protein interactions. Thus,
Senl/SETX associates with actively replicating regions
and facilitates replication and DNA repair, clearing R-
loops from the template (Alzu et al. 2012).

Following Senl/SETX, the RNA helicases Dbp2/DDXS5,
DHX9, Dbp5/DDX19, DDX21, DDX23, AQR, Sgsl/
BLM, Mphl/FANCM, Pifl, RECQS5, and DDX1 were
also implicated in R-loop homeostasis (Garcia-Muse and
Aguilera2019). Depletion of any of these proteins increases
R-loops and some cause RNaseH-sensitive DNA damage.
Nonetheless, only Dbp2/DDXS5, DDX19, DDX21, Sgsl/
BLM, DHX9, Pifl, and FANCM have been shown to un-
wind hybrids together with other nucleic acid duplexes in
vitro (Chakraborty and Grosse 2011; Chang et al. 2017,
Hodroj et al. 2017; Song et al. 2017; Mohammad et al.
2018; Mersaoui et al. 2019; Silva et al. 2019). This has
not been tested in the other cases, and for most, a compar-
ative study of the efficiency removing DNA-RNA hybrids
versus RNA-RNA duplexes is lacking. Yet, the mechanism
by which these helicases control R-loop dynamics in vivo is
uncertain. Their relevance may depend on the affinity to
bind and act on hybrids compared to other nucleic acid
structures, their different interactions with other mRNP
components, or whether they have a preference to act on
particular RNA sequences. In addition, RNA helicases are
in many circumstances modulated by posttranslational
modifications that control their activity, localization, and
interacting partners, probably limiting their contribution to
R-loop control (Sloan and Bohnsack 2018).

Despite the potential ability of RNA helicases to control
R-loops in vivo by unwinding DNA-RNA hybrids, it is
difficult to separate this activity from what may be its
major activity, RNA—RNA unwinding, that would ensure
mRNP assembly and export. This might be the case for
Dbp2/DDX5 and DHX9, which in the end facilitate the
access of RNA export and splicing factors to the mRNP
(Chakraborty et al. 2018; Mersaoui et al. 2019) or
RECQS5, an RNAPII-interacting RNA helicase that pro-
motes topoisomerase 1 interaction with the elongating
RNAPII (Li et al. 2015). Alternatively, the RNA helicases
that facilitate transcription elongation or termination could
avoid hybridization of the nascent transcript by reducing
the possibility of RNA threading back. This might be the
case for DDX21, which promotes transcription elongation
through the activation of the pTEFb elongation factor, or
DDX5 and SETX, which induce termination recruiting
Xrn2 and/or ensuring RNA degradation (Skourti-Stathaki
etal. 2011; Song et al. 2017; Mersaoui et al. 2019). There-
fore, whether these RNA helicases have a direct role in
unwinding DNA—RNA hybrids or whether their ability to
reduce R-loop accumulation is a consequence of remod-
eling or releasing mRNPs is yet unclear.

The uncertainty about the way RNA helicases prevent
R-loops is fed by the observations that other RNA heli-
cases could contribute to form R-loops. Thus, DHX9
also opens R-loops in vitro and was also proposed to induce
R-loops in the absence of splicing factors (Chakraborty and
Grosse 2011; Chakraborty et al. 2018). In addition, DDX1
binds to G-quarters present in ncRNAs from immunoglob-
ulin genes and mediates their conversion into R-loops, pro-
moting class-switching recombination (Ribeiro de Almeida
et al. 2018), but also shows an in vitro DNA-RNA un-
winding activity that has been proposed to act at DSB sites
(Li et al. 2008). Thus, it seems that these RNA helicases
could perform opposite roles in R-loop dynamics, arguing
whether the R-loop protecting role in vivo rather relies on
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their RNA-RNA helicase activity. Further analysis is re-
quired to clarify this conundrum.

Furthermore, the fact that inactivation of an RNA heli-
case of those detected causes the same phenotype of
DNA-RNA hybrid accumulation argues against the idea
that they all act in vivo by unwinding them, because this
would imply no redundancy at all. Instead, cells may use a
set of nonredundant RNA helicases with a final effect on
R-loop homeostasis, if they act on specific RNA sites,
structures, or metabolic steps required to generate an ex-
port-competent mRNP refractory to form DNA—RNA hy-
brids. In this sense, DDX21 and DDX23 seem to be
specifically recruited to RNAPII stalled at R-loops, thus
rescuing transcript elongation (Song et al. 2017; Sridhara
et al. 2017), whereas SETX removes hybrids at the 3'-end
region of genes and DDX19 has been suggested to target
the replisome to overcome the transcription—replication
conflicts caused by R-loops (Skourti-Stathaki et al.
2011; Hodroj et al. 2017). In any case, these possibilities
need to be further confirmed. The diversity of RNA he-
licases involved in R-loop control could also be due to a
temporal specificity of action during the cell cycle in some
cases. Indeed, yeast Senl helicase is cell cycle-regulated
as it is expressed mainly during the S and G, phases
(Mischo et al. 2018).

The UAP56 RNA helicase is also recruited to actively
transcribed genes (C Pérez-Calero, unpubl.), thus being a
potential RNA helicase with a direct role in removing
cotranscriptional DNA-RNA hybrids working together
with THO. It has been shown that yeast Sub2 can unwind
both RNA-RNA and RNA-DNA duplexes (Saguez et al.
2013), but the relationship of this activity with a potential

WT @

Chromatin >
modifier D

Mutants

Chromatin
modifier

Figure 5. Model for the function of THO in R-loop prevention.
THO is a key cotranscriptional factor in R-loop prevention that
could act by promoting RNP assembly, by talking to the Sin3A
histone deacetylase to promote transient chromatin closing, and
by facilitating the recruitment and actions of RNA helicases with
a potential to unwind DNA—RNA hybrids.

role in R-loop prevention in vivo has not been established.
Assaying whether human UAP56 removes DNA-RNA
hybrids in vitro and in vivo would respond to this ques-
tion. To summarize, the recent reports suggesting the po-
tential of RNA helicases to remove DNA-RNA hybrids
open the possibility that, apart from contributing to R-loop
prevention by promoting mRNP assembly and by talking
to histone deacetylases, such as mSIN3A, that would tran-
siently close chromatin upstream of the RNAPII, THO
may also facilitate RNA—DNA unwinding by specific
helicases as a backup mechanism to resolve accidental
R-loops (Fig. 5), a candidate for this being UAP56.

CONCLUSION

The nascent RNAs may suppose a risk to genome dy-
namics and function if they hybridize back to the DNA
template. As a counterpart, specific RNA biogenesis fac-
tors assure that hybrids are not accumulated during tran-
scription. A paradigmatic example is the THO complex,
which is able to prevent cotranscriptional R-loop forma-
tion by warranting an optimal package of the mRNP and
by talking to histone deacetylases like Sin3A, likely pro-
moting transient closing of chromatin. On the other hand,
although RNase H is believed to be the major activity
resolving R-loops in vivo, it would have the negative
counterpart of cleaving long pre-mRNAs at the hybrid
site. The identification of various DDX/DHX helicases
with the potential to unwind DNA-RNA hybrids suggests
the possibility that helicases rather than nucleases resolve
unscheduled cotranscriptional R-loops. Given the promi-
nent transcriptional role of THO and its interaction with
the Sub2/UAP56 RNA helicase, we believe that THO
function in R-loop prevention may also rely on an associ-
ated DNA-RNA unwinding factor.
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