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R loops arise from hybridization of RNA transcripts
with template DNA during transcription. Unrepaired
R loops lead to transcription-replication collisions, caus-
ing DNA damage and genomic instability. In this issue
of Genes & Development, Pérez-Calero and colleagues
(pp. 898-912) identify UAP56 as a cotranscriptional
RNA-DNA helicase that unwinds R loops. They found
that UAP56 helicase activity is required to remove R loops
formed from different sources and prevent R-loop accu-
mulation genome-wide at actively transcribed genes.

Transcription requires RNA polymerase II (RNAPII) to
move across the gene body to transcribe a complete
RNA. However, RNAPII periodically pauses at promoters,
termination sites, or roadblocks along the DNA. This
pausing can cause cotranscriptional R-loop accumulation,
where the nascent RNA transcript can hybridize with
template DNA. These cotranscriptional R loops cause ge-
nomic instability by blocking replication forks (Crossley
et al. 2019). Multiple proteins and complexes prevent R-
loop formation or remove R loops, including RNA-DNA
helicases, RNase H1/2, and RNA processing factors (San-
tos-Pereira and Aguilera 2015). The THO complex con-
sists of several proteins to process nascent mRNA for
packaging and export, including UAP56 (Dominguez-San-
chez etal. 2011). UAP56 is known to chaperone RNA dur-
ing packaging and loss of UAP56 causes genomic
instability (Dominguez-Sanchez et al. 2011). In the study
by Pérez-Calero et al. (2020), the investigators found that
UAP56 is critical for genome-wide removal of cotranscrip-
tional R loops.

Pérez-Calero et al. (2020) first investigate how loss of
UAP56 causes genomic instability. They found that
UAP56 depletion causes DNA double-stranded breaks
and increases yH2AX foci. The DNA damage in UAP56-
depleted cells is suppressed by transcription inhibitor or
overexpression of RNase H1, which destroys the RNA in
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R loops, suggesting that UAP56 suppresses the DNA dam-
age arising from cotranscriptional R loops. Furthermore,
UAP56-depleted cells accumulate yH2AX in S and G2
phases, but R loops accumulate throughout the cell cycle
and peak in G1 cells. This suggests that cotranscriptional
R loops are formed independently of DNA replication, but
they primarily induce DNA damage during S phase. In-
deed, replication forks are slowed down and increasingly
stalled in UAP56-depleted cells, which is alleviated by
RNase HI. Interestingly, the formation of DNA damage
in UAP56-depleted cells is largely independent of XPG
and TOP2, two proteins implicated in the formation of
R-loop-induced DNA breaks (Sollier et al. 2014; Kim
et al. 2019). This finding raises the possibility that the col-
lisions of R loops with replication forks generate DNA
breaks through a different mechanism, perhaps through
the MUSS81 nuclease as reported recently (Matos et al.
2020). Importantly, the investigators tested the helicase
activity of UAP56 with purified protein, and found that
UAP56 unwinds RNA:DNA hybrids more efficiently
than RNA:RNA hybrids, demonstrating that UAP56 is in-
deed an RNA-DNA helicase. Furthermore, the ATPase/
helicase activity of UAP56 is required for unwinding of
RNA:DNA hybrids in vitro. These results firmly establish
UAP56 as one of the RNA-DNA helicases critical for the
suppression of R loops and genomic instability.
Pérez-Calero et al. (2020) also investigated how UAP56
removes R loops in the genome. First, they asked what
kinds of R loops UAP56 removes by depleting DDX23,
SETX, AQR, FANCDI, and THOCI, all of which cause
R-loop formation in different contexts. They found that
UAP56 overexpression removed R loops and prevented
YH2AX accumulation for all the different contexts of R-
loop formation, and that this function depended on the
helicase activity of UAP56. Thus, UAP56 overexpression
can broadly remove R loops arising from different sources
similar to RNase H1 overexpression (Nguyen et al. 2017).
Next, they tested whether UAP56 functions with the
THO-Sin3A pathway to suppress R loops. They show
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that UAP56 interacts and colocalizes with Sin3A, which
binds the THO complex and contributes to its function
in preventing R loops (Salas-Armenteros et al. 2017). How-
ever, depletion of both Sin3 A and UAP56 caused a greater
increase in R loops than depleting Sin3 A or UAP56 alone,
suggesting that Sin3A and UAP56 function independently
to suppress R loops.

Pérez-Calero et al. (2020) then used ChIP-seq and RNA-
seq to analyze the distribution of UAP56 in the genome.
Strikingly, they found that UAP56 associates with 97%
of RNAPII active sites. UAP56 was detected across
gene bodies and was particularly abundant near promoters
and the 3’ ends of genes. Furthermore, they used DRIPc-
seq to map and measure R loops in UAP56-depleted cells,
and found that R loops were increased in some of the genes
bound by UAP56. Notably, UAP56 depletion increased R-
loop levels across gene bodies on the Watson strand, and
also slightly increased R loops near promoters on the
Crick strand, supporting the idea that R-loop formation
is uniformly increased during RNAPII movement in the
absence of UAP56. This behavior of UAP56 is noticeably
different from SETX, which suppresses R loops at tran-
scription termination sites (Hatchi et al. 2015).

This work combines cell biology, biochemistry, and ge-
nomics to demonstrate the importance of UAP56 as a ge-
nome-wide and cotranscriptional suppressor of R loops.
UAP56 is clearly important at many actively transcribed
genes. This finding raises a number of intriguing questions
because several other RNA-DNA helicases are also impor-
tant for the global suppression of R loops in cells: Why do
cells need so many different RNA-DNA helicases? How
are these helicases distinct from each other? Do they func-
tion on different types of R loops or in different genes? Is
UAP56 more important than other helicases? When over-
expressed, UAP56 is able to remove R loops arising from
different sources. However, it is still unclear whether
this ability is unique to UAP56 or common to all R-loop-
suppressing RNA-DNA helicases. UAP56 is important
for suppressing R loops across gene bodies, suggesting
the cotranscriptional nature of its action. Do other
RNA-DNA helicases also function cotranscriptionally?
Are UAP56 and other helicases recruited to R-loop-form-
ing genes through distinct mechanisms? R loops are only
increased at a subset of the UAP56-bound genes when
UAP56 is depleted, raising a question as to what activates
UAP56 at specific genes. The discovery of UAP56 as a crit-
ical suppressor of R loops is no doubt an important ad-
vancement for the understanding of R-loop regulation,
but future work is still needed to fully elucidate how mul-
tiple RNA-DNA helicases function together to suppress R
loops in the genome and protect genomic integrity.
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