SIRT7 and the DEAD-box helicase DDX21
cooperate to resolve genomic R loops
and sateguard genome stability
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R loops are three-stranded nucleic acid structures consisting of an RNA:DNA heteroduplex and a “looped-out”
nontemplate strand. As aberrant formation and persistence of R loops block transcription elongation and cause DNA
damage, mechanisms that resolve R loops are essential for genome stability. Here we show that the DEAD (Asp-
Glu-Ala-Asp)-box RNA helicase DDX21 efficiently unwinds R loops and that depletion of DDX21 leads to accu-
mulation of cellular R loops and DNA damage. Significantly, the activity of DDX21 is regulated by acetylation.
Acetylation by CBP inhibits DDX21 activity, while deacetylation by SIRT7 augments helicase activity and
overcomes R-loop-mediated stalling of RNA polymerases. Knockdown of SIRT?7 leads to the same phenotype as
depletion of DDX21 (i.e., increased formation of R loops and DNA double-strand breaks), indicating that SIRT7 and
DDX21 cooperate to prevent R-loop accumulation, thus safeguarding genome integrity. Moreover, DDX21 resolves
estrogen-induced R loops on estrogen-responsive genes in breast cancer cells, which prevents the blocking of tran-

scription elongation on these genes.
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The DEAD (Asp-Glu-Ala-Asp)-box family of RNA heli-
cases represents a class of RNA-binding proteins that are
characterized by the conserved motif DEAD and are impli-
cated in fundamental aspects of RNA metabolism, such as
ribosome biogenesis, transcription, pre-mRNA splicing,
mRNA transport, translation, and RNA decay (Tanner
and Linder 2001; Fuller-Pace 2013). RNA helicases use
the energy from ATP hydrolysis to catalyze unwinding of
structured RNAs, separation of RNA duplexes, and remod-
eling of RNA-protein complexes. Although DEAD-box
proteins show considerable sequence and structural ho-
mology within their conserved enzymatic domains, their
flanking sequences are highly divergent and are thought
to provide functional specificity through interaction
with specific RNA substrates or other interacting factors.
There is an emerging body of evidence indicating that sev-
eral members of the DEAD-box family are multifunctional
and play important roles in transcriptional regulation.

In support of RNA helicases serving multiple cellular
functions, the RNA helicase DHX9 was shown to unwind
dsRNA and dsDNA as well as noncanonical polynucleo-
tide structures, such as G-quadruplex and R-loop struc-
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tures (Chakraborty and Grosse 2011). Furthermore,
changes in transcription dynamics were found to initiate
a molecular pathway that activates DDX23, a helicase
that is part of the spliceosomal U5 small nuclear ribonu-
cleoprotein (snRNP) complex (Teigelkamp et al. 1997)
and suppresses R-loop formation (Sridhara et al. 2017). An-
other RNA helicase that is involved in several biological
processes is DDX19/Dbp5/Rat8, a DEAD-box protein
that functions in mRNA export and removes nuclear R
loops formed upon replication stress or DNA damage
(Hodroj et al. 2017).

R loops are cellular structures composed of an RNA:
DNA hybrid formed by hybridization of RNA to a comple-
mentary DNA strand, generating an RNA:DNA hybrid
and a “looped-out” nontemplate strand (Aguilera and Gar-
cia-Muse 2012; Ginno et al. 2012). R loops can be formed
in cis when nascent RNA anneals to the DNA template
behind the elongating RNA polymerase or in trans if
RNA transcribed at one locus hybridizes to homologous
DNA at another locus (Cloutier et al. 2016). The higher
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thermodynamic stability of RNA:DNA hybrids compared
with dsDNA allows the C-rich template DNA to be invad-
ed by G-rich RNA (Ginno et al. 2013). Genome-wide pro-
filing approaches have revealed the widespread presence
of R loops along the human genome (Sanz et al. 2016).
The functions attributed to R loops are diverse and appear
to depend on their genomic context. Programmed forma-
tion of R loops affects multiple cellular processes, such as
chromatin dynamics, DNA methylation, gene expression,
and transcription termination (Aguilera and Garcia-Muse
2012; Chedin 2016). In spite of the growing list of benefi-
cial R-loop functions, it is also evident that R loops can
be a dangerous source of DNA damage. As the exposed
ssDNA is vulnerable to DNA damage, aberrant R loops
represent an obstacle for transcription elongation and
can cause genome instability, a hallmark of cancer cells
(Santos-Pereira and Aguilera 2015). Therefore, these struc-
tures need to be removed by dedicated enzymes, such as
members of the RNase H family that specifically degrade
the RNA in R loops, or by helicases that can unwind RNA:
DNA hybrids. Depletion of RNase H (Amon and Koshland
2016) or RNA helicases (Hatchi et al. 2015) has been found
to be associated with elevated levels of R loops and in-
creased DNA damage, supporting that these enzymes
remove these structures from the genome (Skourti-Sta-
thaki and Proudfoot 2014).

In this study, we show that the nucleolar DEAD-box
helicase DDX21 [also known as RH-II/Gu(a) or nucleolar
helicase II] unwinds R loops in vivo and in vitro. DDX21
is known to occupy both ribosomal RNA (rRNA) genes
and genes transcribed by RNA polymerase II (Pol II). Inhi-
bition of Pol I or Pol II transcription leads to eviction of
DDX21 from its target genes, suggesting a link between
ongoing transcription and DNA occupancy. In the nucle-
olus, DDX21 activates Pol I transcription and participates
in small nucleolar RNPs (snoRNP)-dependent modifica-
tion of rRNA, whereas, in the nucleoplasm, DDX21 pro-
motes Pol II transcription elongation by facilitating the
release of P-TEFb from the 7SK snRNP complex and phos-
phorylation of the C-terminal domain (CTD) of Pol II
(Caloetal. 2015). Thus, DDX21 is a multitasking enzyme,
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affecting multiple events in RNA metabolism that are in-
terconnected and very likely coregulated. However, it has
remained enigmatic how this enzyme performs its cellu-
lar tasks. Here we show that the activity of DDX21 is
regulated by acetylation. Acetylation by CBP inhibits
DDX21 activity, while deacetylation by the NAD*-depen-
dent deacetylase SIRT7 augments the R-loop-unwinding
activity. Depletion of SIRT7 leads to hyperacetylation of
DDX21, enhanced R-loop formation, and DNA double-
strand breaks (DSBs). The results decipher a hitherto un-
known post-transcriptional regulatory mechanism that
regulates the activity of DDX21, modulates genome dy-
namics, and safeguards genome integrity.

Results

SIRT7 interacts with the helicase DDX21

Mass spectrometry analysis of human SIRT7-associated
proteins has shown that DEAD/H box RNA helicases con-
stitute a major fraction of the SIRT7 interactome (Blank et
al. 2017). Among the top-ranking candidates was DDX21,
a DEAD-box RNA helicase that is associated with Pol I
and Pol IT and controls transcriptional and post-transcrip-
tional steps of ribosome biogenesis. Like SIRT7, DDX21 is
enriched in nucleoli (Fig. 1A), occupies the transcribed re-
gion, binds to pre-rfRNA and snoRNAs, and promotes
rRNA transcription and processing (Calo et al. 2015). To
validate the association of SIRT7 with DDX21, we per-
formed coimmunoprecipitation experiments that con-
firmed the interaction of DDX21 with both endogenous
and ectopic SIRT7 (Fig. 1B; Supplemental Fig. STA). The
association of DDX21 was specific for SIRT7; little or
no interaction was observed with the nuclear sirtuins
SIRT1 and SIRT6 (Supplemental Fig. S1B). Although
SIRT7 and DDX21 serve major functions in nucleolar
transcription, both enzymes have also been shown to
serve a regulatory role in Pol II transcription (Calo et al.
2015; Blank et al. 2017). In support of DDX21 and SIRT7
functioning across nuclear compartments, cell fraction-
ation experiments reveal that both enzymes are present

A DDX21 SIRT? Hoechst Merge B IP’\ Figure 1. SIRTY7 interacts with and deacetylates
36k DDX21. (A) Confocal image showing the cellular
£ 25 localization of GFP-tagged SIRT7 and endoge-

SIHT7 nous DDX21 in MCF7 cells. Bar, 10 pm. (B)
DDX21E| Coimmunoprecipitation experiment showing
the interaction of endogenous SIRT7 and
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by CBP. GFP-DDX21 was overexpressed in
HEK293T cells in the absence or presence of
HA-CBP, HA-p300, or Flag-PCAF. After binding
GFP-trap, DDX21 acetylation was monitored

on Western blots using pan-acetyl-lysine antibody. (D) Western blot showing acetylation of GFP-DDX21 immunopurified from control
and SIRT7~/~HEK293T cells with or without CBP coexpression. (E) SIRT7 deacetylates DDX21 in vitro. GFP-DDX21 was affinity-purified
from nicotinamide (NAM)-treated (10 mM for 4 h) HEK293T cells and incubated with purified SIRT7, and DDX21 acetylation was mon-
itored on Western blots using pan-acetyl-lysine antibody. (F) Western blot showing the relative acetylation levels of Flag-DDX21 and
DDX21%%Q immunopurified from SIRT7** and SIRT7~/~ HEK293T cells in the absence or presence of overexpressed CBP.
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and interact with each other in not only nucleoli but also
the nucleoplasm (Supplemental Fig. S1C).

Global acetylome studies have shown that DDX21 is
acetylated at multiple sites (Choudhary et al. 2009; Scholz
et al. 2015). To identify the histone acetyltransferase
(HAT) that acetylates DDX21, we coexpressed GFP-
DDX21 with CBP, p300, or PCAF and monitored DDX21
acetylation on immunoblots using pan-acetyl-lysine anti-
bodies. We found that CBP, but not p300 or PCAF,
increased DDX21 acetylation, indicating that CBP acety-
lates DDX21 (Fig. 1C). As SIRT?7 interacts with DDX21,
we hypothesized that SIRT7 might counteract CBP-medi-
ated acetylation of DDX21. In support of this view, acety-
lation of both GFP-tagged and endogenous DDX21 was
higher in SIRT7~/~ cells than in SIRT7*/* control cells
regardless of whether CBP was overexpressed (Fig. 1C; Sup-
plemental Fig. SID). Moreover, treatment with nicotin-
amide (NAM), a competitive inhibitor of sirtuin activity,
augmented DDX21 acetylation (Supplemental Fig. SIE,
left), while overexpression of SIRT7 led to NAD"-depen-
dent deacetylation of DDX21 (Supplemental Fig. SIE,
right). Significantly, purified SIRT7 deacetylated DDX21
in the presence of NAD™ in vitro (Fig. 1E), underscoring
that DDX21 is a novel target of SIRT?7.

Previous studies have shown that DDX21 is acetylated
at multiple sites, three of which (K18, K137, and K600) are
hyperacetylated after inhibition of sirtuins by NAM
(Scholz et al. 2015). To examine whether these sites
are deacetylated by SIRT7, we replaced K18, K137, and
K600 with glutamines and compared acetylation of
wild-type DDX21 and mutant DDX21%%Q in SIRT7*/*
and SIRT7~/~ cells. While wild-type DDX21 was hyper-

acetylated in SIRT7-deficient cells, acetylation of mutant
DDX21%¢? remained low even if SIRT7 was overex-
pressed (Fig. 1F). Thus, CBP-mediated acetylation of
DDX21 is counteracted by SIRT7.

Acetylation regulates the helicase activity of DDX21

DEAD-box RNA helicases unwind duplex RNA by local
strand separation (Tanner and Linder 2001). To get insight
into the structure preference of DDX21, we incubated re-
combinant DDX21 with radiolabeled substrates, includ-
ing dsRNA, RNA:DNA hybrids, and R loops, and
assayed helicase activity by monitoring the release of la-
beled RNA by gel electrophoresis. Consistent with previ-
ous data (Valdez et al. 1997), purified DDX21 unwound
dsRNA oligonucleotides (Fig. 2A, top panel). However,
unwinding was much more efficient if DDX21 was incu-
bated with synthetic RNA:DNA hybrids, pointing to a
preference for heteroduplexes as compared with dsRNA
(Fig. 2A, middle panel). As some helicases have been
shown to resolve R-loop structures (Chakraborty and
Grosse 2011; Hodroj et al. 2017; Sridhara et al. 2017), we
used this assay to examine the capability of DDX21 to un-
wind R loops in vitro. R loops were formed by hybridizing
a%2P-labeled RNA oligo to two longer DNA oligos, result-
ing in a 15-nucleotide (nt) R loop flanked by a 22-base-pair
(bp) stretch of dsDNA. It is noteworthy that DDX21 re-
solved the R-loop structure much faster than dsRNA
and RNA:DNA hybrids (Fig. 2A, bottom panel). While
16% of dsRNA and 52% of RNA:DNA hybrids were un-
wound after 3 min, R-loop structures were resolved faster,
indicating that DDX21 exhibits a preference for R loops
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rather than dsRNA (Supplemental Fig. S2A). Mutations of
the DEAD-box (DEVD to HGVD) and SAT motif (SAT to
LET), which prevent ATP hydrolysis and helicase activity
(Valdez et al. 1997), impaired unwinding of all substrates,
indicating that the catalytic activity of DDX21 is required
for R-loop resolution (Fig. 2B; Supplemental Fig. S2B).

To investigate the impact of acetylation on DDX21
activity, we compared the helicase activity of DDX21
isolated from untransfected cells and from cells overex-
pressing CBP. Hyperacetylated DDX21 from CBP-overex-
pressing cells resolved R loops or RNA:DNA hybrids less
efficiently than hypoacetylated DDX21 from control cells
(Fig. 2C; Supplemental Fig. S2C). Conversely, the unwind-
ing activity was significantly lower if DDX21 was isolated
from SIRT77/~ cells (Fig. 2C; Supplemental Fig. S2D),
demonstrating that acetylation compromises DDX21 ac-
tivity, while deacetylation by SIRT7 augments DDX21 ac-
tivity. In support of this notion, the activity of DDX213%<,
the mutant that mimics the hyperacetylated state of
DDX21, resolved R loops less efficiently than wild-type
DDX21 (Fig. 2D), reinforcing that acetylation of K18,
K137, and K600 impairs the helicase activity of DDX2.1.

DDX21 suppresses accumulation of cellular R loops

Given that RNA helicases work in the context of large
multicomponent assemblies and interact with many oth-
er proteins, the R-loop preference of purified DDX21 in vi-
tro does not imply that DDX21 necessarily unwinds RNA:
DNA duplexes in vivo. High-throughput profiling of R
loops in human and mouse cell lines has revealed that
R-loop formation occurs at sites associated with transcrip-
tion initiation, elongation, and termination (Nadel et al.
2015; Sanz et al. 2016; Stork et al. 2016). To examine
whether DDX21 targets cellular R loops, we compared
published DRIPc-seq (DNA:RNA immunoprecipitation
[DRIP] followed by DNase I treatment and then a re-
verse-transcription of the RNA to ¢cDNA and high-
throughput sequencing) data (Sanz et al. 2016) with ge-
nome-wide ChIP-seq (chromatin immunoprecipitation
[ChIP] combined with high-throughput sequencing) peaks
of DDX21 (Calo et al. 2015). We found that 541 out of 2010
DDX21 ChIP-seq peaks overlapped with DRIP-seq signals,
suggesting that a substantial fraction of DDX21-binding
sites colocalizes with genomic R loops (Fig. 3A; Supple-
mental Table S1). According to gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way analyses, the majority of overlapping peaks serves
functions in ribosome biogenesis and RNA metabolism
(Supplemental Fig. S3A). Consistent with previous studies
showing enrichment of DRIP peaks at 5'-terminal gene re-
gions and sites of transcription termination (Ginno et al.
2012), many ChIP-seq reads of DDX21 overlapped with
the DRIP-seq data at promoters and within the gene
body (Supplemental Fig. S3B).

To validate the association of DDX21 with cellular R-
loop-containing genomic loci, we verified the ChIP-seq
results by ChIP-qPCR at selected candidate genes; i.e.,
RPS3, PSMB4, RPS21, and GPAAI1. Controls were
PRCC, a gene that is occupied by DDX21 but lacks R
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loops, and RPL13A, an R-loop-positive gene that is not as-
sociated with DDX21. DNA was amplified by qPCR using
primers that amplify sequences identified by genome-
wide DDX21 ChIP-seq (Calo et al. 2015) and DRIP-seq
analyses (Sanz et al. 2016). This ChIP-qPCR approach
confirmed that DDX21 was bound to all candidate genes
that have been identified by ChIP-seq (Fig. 3B). Important-
ly, SIRT7 was associated with the same candidate genes,
underscoring the functional interrelationship between
SIRT7 and DDX21. Significantly, increased acetylation
of DDX21 activity by treatment with NAM, by overex-
pression of CBP, or by knockdown of SIRT7 did not affect
binding of DDX21 to its target genes, indicating that acet-
ylation inhibits the enzymatic activity but not the associ-
ation of DDX21 with cellular R loops (Supplemental Fig.
S4A). Overexpression of GFP-RNase H1 reduced binding
of DDX21 and SIRT7 to R-loop-containing genomic
loci, substantiating the association of both enzymes
with DNA:RNA hybrid structures (Supplemental Fig.
S4B). To confirm that the overlap of the ChIP and DRIP
signals reflects the association of DDX21 with cellular
R loops, we precipitated RNA:DNA hybrids with the
$9.6 antibody and monitored coprecipitated DDX21 on
immunoblots. In support of DDX21 being associated
with R loops, DDX21 coimmunoprecipitated with
DNA:RNA hybrids, which was abolished if lysates were
treated with RNase HI1 before immunoprecipitation
(Fig. 3C).

To strengthen the functional link between DDX21 and
SIRT7, we visualized R loops in DDX21- and SIRT7-de-
pleted cells by immunostaining with the $9.6 antibody.
Depletion of either SIRT7 or DDX21 enhanced the S9.6
signal, underscoring the functional link of both enzymes
in the resolution of cellular R loops (Fig. 3D). We also
monitored R-loop accumulation by DRIP-gPCR in
DDX21- and in SIRT7-depleted cells. The specificity of
the DRIP-qPCR approach was controlled by overexpres-
sion of GFP-RNase H1 (Supplemental Fig. S4C) or treat-
ment with RNase HI in vitro (Supplemental Fig. S4D),
both of which compromised the DRIP signal. The efficien-
cy of R-loop enrichment in DRIP-qPCR was monitored by
spiking-in a synthetic R-loop before immunoprecipitation
(Supplemental Fig. S4E). Knockdown of DDX21 or SIRT7
led to increased levels of R loops at genes where the
DDX21 ChIP peak overlapped with the DRIP-seq signal
(Fig. 3E). The DRIP-qPCR signal was also increased at
rDNA, with the highest enrichment being observed at
the 28S rRNA-coding region (amplicon H8), which is a
hot spot for R-loop formation (Supplemental Fig. S4F).
The cooperation of DDX21 and SIRT7 in preventing R-
loop accumulation was further demonstrated by DRIP-
qPCR rescue assays in which wild-type or mutant
DDX21 was overexpressed in cells that were depleted
for endogenous DDX21. We found that ectopic DDX21,
but not the inactive DDX215%4T or DDX21PEY mutants,
prevented R-loop accumulation in DDX21-deficient cells
(Fig. 3F; Supplemental Fig. S3G). Similar to the helicase-
deficient mutants DDX215AT and DDX21P%V, the acety-
lation-mimicking mutant DDX21%*? rescued R-loop ac-
cumulation less efficiently than wild-type DDX21,
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A D siCtrl siDDX21  siSIRT7 Figure 3. SIRT7 and DDX21 cooperate to resolve R
loops. (A) Venn diagram illustrating the overlap be-
DDX21 S9.6 tween DRIPc-seq (Sanz et al. 2016) and DDX21
ChIP-seq DRIPc-seq ChIP-seq (Calo et al. 2015) peaks. (B) ChIP-qPCR
monitoring the occupancy of endogenous DDX21
1469 66243 and Flag-SIRT7 at candidate genes. Bars denote
DDX21 means = standard deviation (SD). n=3. P<0.01. (C)
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indicating that acetylation of K18, K137, and K600 inhib-
its the helicase activity of DDX21.

DDX21 and SIRT7 cooperate to overcome R-loop-
mediated stalling of RNA polymerases

Cotranscriptionally formed R loops represent a transcrip-
tional roadblock, causing transient stalling of RNA poly-
merases (Aguilera and Garcia-Muse 2012). Consistent
with R loops impairing transcription, increased levels of
R loops in DDX21-deficient cells correlated with tran-
scriptional repression of selected target genes (Fig. 4A,
left panel). Decreased transcription in DDX21-deficient
cells was relieved by ectopic RNase H1, while overexpres-
sion of RNase H1-HB, a mutant that contains the RNA:
DNA hybrid-binding domain but does not exhibit catalyt-
ic activity (Bhatia et al. 2014), did not rescue transcrip-
tion. Strikingly, the level of candidate mRNAs was
similarly affected by knockdown of SIRT7 and rescued
by wild-type but not mutant RNase H1 (Fig. 4A, right pan-
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el), highlighting the functional link between DDX21 and
SIRT?.

To examine whether R-loop accumulation caused by
DDX21 knockdown compromises ongoing transcription
rather than RNA processing or stability, we monitored
the synthesis of nascent transcripts by nuclear run-on
(NRO) assays. For this, nuclear transcripts from control
and knockdown cells were labeled with Br-UTP and en-
riched by anti-BrdU antibody, and candidate RNAs were
quantified by RT-qPCR. In support of aberrant R-loop for-
mation impairing ongoing transcription, the levels of na-
scent transcripts at their respective candidate genes
were reduced upon knockdown of SIRT7 or DDX21 (Fig.
4B). Transcription inhibition was relieved by overexpres-
sion of RNase H1, indicating that elongating RNA poly-
merases were stalled at aberrant R loops in DDX21-
depleted cells. Moreover, coimmunoprecipitation experi-
ments revealed that DDX21 and SIRT7 were associated
with Pol II phosphorylated at Ser2 (pSer2-Pol II) within
the CTD of RPBI, suggesting that DDX21 exerts its
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function in transcription elongation (Fig. 4C; Supplemen-
tal Fig. S5A). Indeed, the association of DDX21 with Pol IT
was abolished if cells were treated with the CDK9 inhibi-
tor DRB (Fig. 4D), demonstrating that DDX21 binding to
Pol II depends on ongoing transcription.

To demonstrate stalling of elongating Pol II at R loops,
we monitored the occupancy of pSer2-Pol II at selected
candidate genes by ChIP-qPCR. While ectopic expression
of RNase H1 did not change the association of pSer2-Pol IT
with R-loop-containing genes (PSMB4 and RPS21) in con-
trol cells (Supplemental Fig. S5B), it relieved enhanced
pSer2-Pol I occupancy in DDX21 or SIRT7 knockdown
cells (Fig. 4E), reinforcing that elongating RN A polymeras-
es were stalled at R loops. Significantly, pSer5-Pol II was
not increased in cells depleted of DDX21 or SIRT7, dem-
onstrating that increased Pol II occupancy at these gene
loci was not due to promoter-proximal pausing of Pol II
(Supplemental Fig. S5C). As previous studies have shown
that DDX21 and SIRT7 are associated with Pol I and reg-
ulate rDNA transcription (Ford et al. 2006; Chen et al.
2013; Calo et al. 2015), we also assayed Pol I occupancy
at rRNA genes (fDNA) upon knockdown of DDX21. Bind-
ing of Pol I to the rDNA promoter and pre-rRNA synthesis
were decreased upon knockdown of DDX21 or SIRT7, and
transcriptional repression was partially relieved by over-
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DDX21 resolves R loops

Figure 4. DDX21 and SIRT7 cooperate to over-
come R-loop-mediated stalling of Pol II. (A) RT-
qPCR showing the levels of selected pre-mRNAs
o after depletion of DDX21 (left diagram) or SIRT7
(right diagram) in cells expressing GFP-tagged RN-
ase HI (RN1) or mutant GFP-RNase H1-HB (RN1-
HB). Values were normalized to GAPDH mRNA.
Bars represent means + SD. n=3. (*) P<0.05; (**)
P<0.01. (B) Nuclear run-on assays showing the
levels of nascent trancripts in control, DDX21-de-
pleted, and SIRT7-depleted cells in the absence or
presence of coexpressed RNase H1 (GFP-RN1). (C)
Coimmunoprecipitation experiment monitoring
the binding of DDX21 and SIRT7 to elongating
Pol II. Immobilzed GFP-DDX21 or GFP-SIRT7
was incubated with lysates of HEK293T cells,

[ siCtrl
Bl siSIRT7

B siSIRT7 and the associated Pol II/pSer2 was monitored
+RN1 on Western blots. (D) Coimmunoprecipitation
showing the association of Flag-tagged DDX21
with Pol II/pSer2 in the absence and presence of
80 uM DRB for 2 h. (E) ChIP-qPCR monitoring
pSer2-Pol I (Pol II phosphorylated at Ser2) occu-
pancy at RPS21 and PSMB4 in control, DDX21-de-
pleted, and SIRT7-depleted cells. Where
indicated, cells were cotransfected with a plasmid
—— encoding GFP-RNase H1 (RN1). n=3. (*) P<0.05;
B siDDX21 (**) P<0.01.
B siDDX21+RN1
B siSIRT7

I siSIRT7+RN1

expression of RNase H1 (Supplemental Fig. SSD-F). These
results underscore that DDX21 and SIRT7 augment tran-
scription by at least two different mechanisms, which in-
volve activation of the transcription machinery and
unwinding of cotranscriptionally formed R loops, which
interfere with transcription elongation.

Treatment of breast cancer cells with estrogen (E2) is
known to cause a rapid and global increase in transcrip-
tion of E2-responsive target genes. As highly transcribed
genes are more prone to R-loop formation, cotranscrip-
tionally formed R loops are the main cause of E2-induced
DNA damage (Stork et al. 2016). Inspection of DDX21
ChIP-seq data (Calo et al. 2015) and DRIP-seq data from
E2-induced MCEF?7 cells (Stork et al. 2016) revealed that
282 DDX21 peaks overlapped with DRIP-seq peaks 2 h af-
ter E2 treatment (Supplemental Table S2). To validate the
significance of DDX21 in resolving E2-induced R loops,
we compared R-loop levels and DDX21 occupancy at se-
lected E2-responsive genes in MCF7 cells. If DDX21 is re-
quired to resolve R loops, the DRIP signal should be
enhanced upon knockdown of DDX21. Indeed, we ob-
served a 30%-70% increase of R loops at selected E2-
responsive target genes (e.g., RPL8, RPS21, and rDNA),
which was further increased upon knockdown of
DDX21 (Fig. 5A). Conversely, overexpression of DDX21

GENES & DEVELOPMENT 1375


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.300624.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.300624.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.300624.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.300624.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.300624.117/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.300624.117/-/DC1

Song et al.

*%
piad

*

A B

-5 1.2+

15 * 1 siCtrl
. T = E2siCtrl - .
= - 509
210 mm E2siDDX21 3 **T
£ *k £ 1
& ' 206
o ** o *x
TO5 xx = . '
o ! = 6 03+ ™ : '

* % = X
0 :i:l | o= 0 l:l ’ : | c
RPL8 RPS21 DNA PRCC RPL8 RPS21 rDNA
c 0.8 D 25 .
‘g * 1-E2 ok o
£ . E2 204 r
<06 ° i
~ [=))
By §1.5-
S04 5
3 310 [
8 o
o
§ 0.2 05
[a)]
o
o

RPL8 RPS21 rDNA PRCC

decreased the level of E2-induced R loops (Fig. 5B). En-
hanced R-loop formation in DDX21-depleted cells corre-
lated with increased occupancy of DDX21 (Fig. 5C) and
compromised transcription of E2-responsive genes (Fig.
5D), substantiating that resolultion of R loops by
DDX21 prevents stalling of Pol II. Significantly, upon E2
treatment, acetylation of DDX21 was decreased, and the
interaction with SIRT7 was increased (Supplemental Fig.
S6A,B). Thus, cells ensure the efficient and timely resolu-
tion of R loops at E2-responsive genes by enhanced bind-
ing and deacetylation of DDX21.

Depletion of DDX21 or SIRT7 causes DNA damage

As accumulation of R loops represents a threat to genome
stability, they need to be resolved in time and space. Giv-
en that DDX21 unwinds R loops and releases the nascent
RNA, we reasoned that accumulation of R loops upon
depletion of DDX21 should be associated with DNA dam-
age and genomic instability. To monitor DNA damage
arising in response to DDX21 depletion, we examined
Ser139 phosphorylation of the histone variant H2AX
(YH2AX), a marker of DNA DSBs (Foster and Downs
2005). In situ staining of nuclei showed elevated levels
of YH2AX foci in cells depleted of DDX21, demonstrating
that loss of DDX21 induced DNA lesions (Fig. 6A). Over-
expression of GFP-RNase H1 in the knockdown cells re-
duced the intensity of yH2AX-positive foci, reinforcing
that removal of cotranscriptionally formed R loops com-
promises DNA damage. A similar increase in yH2AX
foci was observed upon knockdown of SIRT7, underscor-
ing that deacetylation of DDX21 by SIRT7 is required
for R-loop unwinding and genome stability. In support of
this view, Western blot analyses revealed a global increase
of yH2AX in both SIRT7-deficient (SIRT7~/~) and DDX21-
depleted cells (Fig. 6B). The close relationship between
DNA damage and loss of DDX21 or SIRT?7 is also demon-
strated by ChIP-qPCR assays monitoring yH2AX occu-
pancy at R-loop-containing candidate genes in control
and knockdown cells. In accord with the observed in-
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Figure 5. DDX21 resolves E2-induced R loops in
MCF7 cells. (A) DRIP-qPCR monitoring E2-in-

: (étg"cm duced R loops at candidate genes in control and
= E2210E DDX21-depleted MCE7 cells. Bars represent
means = SD. n=3. (*) P<0.05; (**) P<0.01. (B)
DRIP-qPCR monitoring E2-induced R loops at can-
didate genes in control and FI-DDX21-expressing
R MCF?7 cells. Bars represent means + SD. n=3. (¥
PRCC P <0.05; (**) P<0.01. (C) ChIP-qPCR monitoring
DDX21 occupancy at selected E2-responsive genes
1 siCtrl in untreated MCF7 cells or after 100 nM E2 treat-
= E2 siCtrl ment for 2 h. Bars represent means + SD. n=3. (*)
= E2 siDDX21

P <0.05; (**) P<0.01. (D) Transcript levels in cells
treated with control (siCtrl) or DDX21-specific
(siDDX21) siRNA without or after E2 treatment.
RNA levels were normalized to GAPDH mRNA.
Bars represent means = SD. n=3. (*) P<0.05; (**)
P<0.01.

crease in yH2AX-positive foci, ChIP assays confirmed
that the level of YH2AX was elevated in DDX21- and
SIRT7-depleted cells at gene regions comprising R loops
(e.g., RPS3, PSMB4, RPS21, and GPAA1) but not at genes
that are devoid of R loops (such as PRCC) (Fig. 6C).

To directly demonstrate the appearance of DNA breaks
in response to DDX21 or SIRT7 depletion, we applied the
single-cell electrophoresis assay (SCGE), also known as
comet assay, which involves lysis of cells embedded in
low-melting agarose on a microscope slide followed by
electrophoresis and microscopy of fluorescently stained
DNA. Under both alkaline and nondenaturing conditions,
increasing DNA tail intensity and comet tail length was
observed in both DDX21- and SIRT7-deficient cells. Over-
expression of ectopic RNase H1 reduced the intensity and
length of the comet tail, emphasizing that the observed
DNA damage was caused by accumulation of R loops
(Fig. 6D; Supplemental Fig. S7A). Ectopic RNase H1 did
not completely abolish DNA damage caused by SIRT7
depletion. This result is in accord with recent studies
showing that SIRT7 also prevents DNA damage in an R-
loop-independent manner by deacetylating histone
H3K18, which in turn promotes recruitment of the dam-
age response factor 53BP1 to DSBs (Supplemental Fig.
S7B), thereby improving the efficiency of nonhomologous
end-joining and DSB repair (Vazquez et al. 2016). Alto-
gether, the results demonstrate that accumulation of
cotranscriptionally formed R loops needs to be resolved
to prevent stalling of RNA polymerase and prevent
DNA damage (Fig. 7).

Discussion

Recent genome-wide approaches have revealed the wide-
spread presence of R loops along the human genome.
R loops are abundant dynamic structures that are con-
tinuously formed and resolved at specific loci associated
with transcription initiation, elongation, and termina-
tion (Sanz et al. 2016). As accumulation of R loops
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compromises genome dynamics and function, the forma-
tion and resolution of R loops have to be tightly con-
trolled. Here we show that the DEAD-box helicase
DDX21 resolves R loops in vitro and in vivo. DDX21 is lo-
calized in nucleoli and is required for processing of 20S
rRINA to 18S, indicating a role of DDX21 in rRNA process-
ing (Henning et al. 2003). A recent study has shown that
DDX21 positively regulates transcription. In the nucleo-
lus, DDX21 coordinates transcription and processing of
pre-rRNA by interaction with snoRNAs that promote
modification of rRNA. In the nucleoplasm, DDX21 con-
trols elongation of Pol II transcription by facilitating the
release of P-TEFb from the 7SK ribonucleoprotein com-
plex (Calo et al. 2015). Our study reveals a novel function
of DDX21, showing that this multifaceted RNA helicase
resolves cellular R loops, thereby playing an important
role in preserving genome integrity.

R-loop formation has been linked to regulation of
important biological processes. They serve positive or
negative functions in gene expression, affecting DNA
methylation, chromatin dynamics, and transcription ter-
mination. They can also mediate replication fork stalling
and class switch DNA recombination and affect cell via-
bility (Santos-Pereira and Aguilera 2015; Chedin 2016).
A recent study has shown that treatment of breast cancer
cells with E2 leads to increased formation of R loops at E2-
responsive genes and replication-dependent DSBs, which
may make the cells vulnerable to becoming cancerous
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Figure 6. Depletion of DDX21 or SIRT7 leads to
increased yH2AX levels and DNA damage. (A)
Fluorescent staining of yH2AX in DDX21- and
SIRT7-depleted MCF7 cells that express or do not
express GFP-RNase H1. Nuclei were stained with
Hoechst 33342. Bar, 10 pm. The box plot repre-

H2AX sents the mean intensity of yH2AX fluorescent sig-
nals in nuclei from 50 cells. (**) P<0.01. (B)

Western blots showing the levels of yH2AX in

SIRT7**.,  SIRT77/~-, and DDX21-depleted

HEK293T cells. (C) ChIP-qPCR monitoring levels

= siCtrl of yH2AX normalized to H2A in HEK293T cells
: 3'2%271 treated with scrambled siRNA (siCtrl) or siRNAs

S

against DDX21 (siDDX21) or SIRT7 (siSIRT7).
Bars represent changes relative to control samples
(siCtrl) and denote means + SD. n=3. (*) P <0.05;
(**) P<0.01. (D, left) Representative images of com-
et assays performed under alkaline conditions in
MCF7 cells transfected with siCtrl, siDDX21, or
siSIRT7 in the presence or absence of GFP-RNase
HI1. Damaged cells are marked by arrows. (Right)
Quantitative analysis of tail DNA percent and
tail moment for each group. Tail DNA% = 100 x
tail DNA intensity/cell DNA intensity; tail mo-
** ment = tail DNA% x tail moment length. (**) P<
A 0.01.

(Stork et al. 2016). We validated the accumulation of R
loops after E2 treatment and also found increased
DDX21 occupancy at E2-induced genes. Upon knock-
down of DDX21, R-loop formation was further enhanced,
and activation of E2-responsive genes was alleviated, indi-
cating that DDX21-mediated unwinding of R loops over-
comes Pol II stalling. A recent report has demonstrated
that the IncRNA SLERT modulates DDX21 activity by al-
losterically changing the conformation of DDX21 (Xing
et al. 2017). Whether acetylation affects the interaction
with SLERT or induces regional allosteric changes that in-
hibit DDX21 activity remains to be investigated.

The biological importance of R loops is supported by
the fact that mutations in proteins implicated in R-loop
resolution cause devastating human diseases, particular-
ly cancer and neurological diseases (Groh and Gromak
2014; Sollier et al. 2014; Stork et al. 2016). The associa-
tion of R loops with genomic instability is often caused
by defects in factors involved in cotranscriptional pro-
cesses, such as splicing, RNA processing, and transcrip-
tion elongation; by loss of topoisomerases that prevent
R-loop formation; by RNase H, which specifically hydro-
lyzes the RNA in RNA:DNA hybrids; or by helicases
that unwind R loops. Despite the growing number of pro-
teins involved in R-loop homeostasis and human disease,
many questions concerning the molecular mechanisms
that control R-loop formation and maintenance remain
unanswered. For example, for many proteins with
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Figure 7. Model illustrating the cooperation of DDX21 and
SIRT7 in R-loop resolution and genome stability. Both SIRT7
and DDX21 are associated with Pol I and Pol II. In SIRT7** cells,
SIRT7 maintains DDX21 hypoacetylated, deacetylation being re-
quired for unwinding of cotranscriptionally formed R loops. In
SIRT7~~ cells, hyperacetylation of DDX21 impairs its helicase
activity, which leads to accumulation of R loops, stalling of Pol
I and Pol II, and DNA damage.

documented in vitro RNA/DNA helicase activity, in
vivo evidence is still lacking. Moreover, it is not known
whether different helicases that have been reported to re-
solve R loops, such as Senataxin, Aquarius, DHXO9,
DDX23, DDX5, and DDX21 (for review, see Jankowsky
2011), work independently or redundantly. Apparently,
cells use different strategies to reduce aberrant R-loop ac-
cumulation by recruiting proteins that either directly or
indirectly remove RNA/DNA hybrids from specific gene
loci. As accumulation of R loops makes cells vulnerable
to becoming cancerogenous, R loops are held in check by
different enzymes that remove these structures. Given
that DDX21 is associated with elongating Pol I and Pol
II and efficiently resolves R loops, it is reasonable to pre-
dict that DDX21 plays a key role in unwinding such
cotranscriptionally formed, potentially harmful struc-
tures. In support of this view, depletion of DDX21 leads
to enhanced levels of R loops, stalling of RNA polymer-
ases, and accumulation of yH2AX foci. The deleterious
effects caused by knockdown of DDX21 could be rescued
by overexpression of wild-type DDX21. The helicase-de-
ficient mutants DDX215AT and DDX21PEY and the acet-
ylation-mimicking mutant DDX213%? were not able to
prevent R-loop accumulation in DDX21-deficient cells,
reinforcing that reversible acetylation of specific lysine
residues regulates the helicase activity of DDX21.

An increasing number of studies have focused on identi-
fying cofactors that regulate unwinding activities of RNA
helicases (Jankowsky 2011). However, very little is known
about regulation by post-translational modifications. The
finding that deacetylation by SIRT7 is required for DDX21
activity and R-loop unwinding is in accord with previous
studies showing that SIRT7 knockout mice suffer from
partial embryonic lethality and that SIRT7-deficient cells
display increased DNA damage, thus establishing a func-
tional link between SIRT7 and the maintenance of ge-
nome integrity (Vazquez et al. 2016).

The functional link between SIRT7 and DDX21 activity
is further supported by data showing that knockdown of ei-
ther SIRT7 or DDX21 has a similar deleterious impact on
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genome integrity. In either case, we observed inhibition of
transcription, enhanced formation of R loops, accumula-
tion of yH2AX foci, and increased length and intensity of
the comet tail forming in response to DNA damage. These
data implicate that, in addition to their direct impact on
transcription regulation, DDX21 and SIRT7 also cooperate
to prevent R-loop-induced DNA damage and maintain ge-
nome stability. The finding that R loops are involved in
multiple cellular processes and are key players in genome
dynamics and function demonstrates that there are “good”
Rloops with beneficial roles in cell homeostasis and “bad”
ones that are a source of genome instability. Further stud-
ies will be required to decipher what determines different
R-loop types and learn how cells prevent the negative func-
tions of R loops but allow the positive ones.

Materials and methods

Cell culture and transfections

MCF7 and HEK293T cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf se-
rum (FCS) and transfected with expression vectors using Lipofect-
amine 3000 (Invitrogen). siRNAs against SIRT7 (hSIRT7 ON-
TARGETplus SMARTpool) or nontargeting control siRNAs
were purchased from Dharmacon (ThermoFisher Scientific).
siRNAs against the coding region of DDX21 (GCUGGGCGA
GGAGAUUGAUUCCAAA) or the 3' UTR (untranslated region)
(GCAUGUAUCUGCCUAUACUUU and GGUGAUUCAUGC
UUUAGUGAA) were from Sigma. Cells were harvested 48 h
after reverse transfection with Lipofectamine RNAIMAX (Invi-
trogen). For DDX21 rescue assays, cells were first transfected
with siRNAs targeting the 3 UTR of DDX21 and, after 16 h,
with DDX21 expression vectors. Cells were harvested after 48 h.

RNA isolation and gRT-PCR

RNA was isolated using TRI reagent (Sigma). For reverse tran-
scription, RN A was treated with DNase I and incubated with ran-
dom hexamers and MuLV reverse transcriptase (ThermoFisher
Scientific). qPCR was performed on a Roche LightCycler 480 us-
ing SYBR Green I Master mix (Roche) and gene-specific primers.
Pre-mRNA levels were normalized to GAPDH mRNA. Primers
are listed in Supplemental Table S4.

Plasmids and antibodies

Plasmids encoding Flag-hSIRT7, Flag-PCAF, CBP-HA, and p300-
HA have been described (Muth et al. 2001; Ford et al. 2006).
¢DNAs of DDX2land mutants DDX21%4T DDX21P%Y, and
DDX21%%Q were generated by PCR and cloned into pCMV-
Tag2. Antibodies against SIRT7 (Chen et al. 2016), RPA194 (Per-
cipalle et al. 2006), and RPA116 (Seither et al. 1997) have been re-
ported. The S9.6 antibody was purified from the hybridoma HB-
8739 cell line (Boguslawski et al. 1986). Commercial antibodies
used were anti-acetyl-lysine (Cell Signaling Technology, 9441),
anti-DDX21 (Novus Biologicals, NB100-1718), anti-Flag (Sigma,
F3165), anti-GFP (Abcam, ab290), anti-pSer5-Pol II (Abcam,
ab5408), anti-pSer2-Pol I (Millipore, MABE953), anti-tubulin
(Sigma, clone B-5-1-2, T6074), anti-yH2AX (Millipore, 05-636),
and anti-H2A (Millipore, 07-146). Anti-Flag (M2) beads (Sigma,
A220) were used for precipitation of Flag-tagged proteins, and
the GFP-Trap (Chromotek, gta) was used for purification of
GFP-tagged proteins. Anti-rabbit or anti-mouse secondary
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antibodies conjugated to HRP were from Dianova (111-035-144
and 115-035-062).

Purification of recombinant DDX21

HEK293T cells expressing Flag-tagged DDX21 were lysed in buff-
er AM-300 (300 mM KCl, 20 mM Tris-HCI at pH 7.9, 5 mM
MgCl,, 0.2 mM EDTA, 10% glycerol, 0.5 mM DTT) supplement-
ed with 0.1% NP-40, protease inhibitors (Roche Complete) and
HDAC inhibitors (1 uM TSA, 10 mM NAM). After incubation
for 4 h at 4°C with anti-Flag beads and washing, DDX21 was elut-
ed in buffer AM-300/0.1% NP-40 supplemented with 20 ng/100
pL Flag-peptide.

Coimmunoprecipitation assay

HEK293T cells expressing the indicated proteins were lysed in
150 mM KCl, 20 mM Tris-HCI (pH 7.9), 5 mM MgCl,, 0.2 mM
EDTA, 10% glycerol, and 0.1 % NP-40 in the presence of protease
inhibitors (Roche). Cleared lysates were incubated with the indi-
cated antibodies or control IgGs bound to protein G Sepharose for
4 h at 4°C. After washing in lysis buffer, bound proteins were an-
alyzed by Western blotting. To analyze R-loop-associated pro-
teins, native chromatin was sheared by sonication and
incubated in the absence or presence of RNase H1 for 4 h at
37°C. After incubation with 20 pg of mouse IgG or $9.6 antibody
overnight at 4°C, immunoprecipitates were bound to protein G
Sepharose and washed in buffer AM-150/0.1% NP-40, and pro-
teins were analyzed on immunoblots.

NRO assay

NRO analyses were performed as described (Roberts et al. 2015).
Nuclei (4 x 10%) from control or knockdown HEK293T cells were
incubated for 30 min at 30°C in a buffer containing 10 mM Tris-
HCl (pH 8.1; 2.5 mM MgCly; 150 mM KCl; 1 mM ATP, CTP, and
GTP; 0.5 mM UTP; and 0.5 mM BrUTP (Sigma). BrU-labeled
RNA was immunoprecipitated with 2 pg of BrdU antibody (BD
Pharmingen, 555627) immobilized on protein G Dynabeads (Invi-
trogen). After treatment with DNase I (Sigma), the RNA was an-
alyzed by RT-qPCR. Values of candidate genes were normalized
to a BrU-labeled spike-in control RNA.

ChIP assay

ChIPs were performed as described (Chen et al. 2016). Briefly,
cells were fixed with 1% formaldehyde for 10 min at room tem-
perature, quenched with 0.125 M glycine, and lysed in 50 mM
Tris-HCI (pH 8.1), 10 mM EDTA, and 1% SDS. Chromatin was
sonicated to an average fragment length of 200-500 bp (Bioruptor,
Diagenode), diluted with 5 vol of immunoprecipitation buffer
(16.7 mM Tris-HCI at pH 8.1, 167 mM NaCl, 1.2 mM EDTA,
0.01% SDS, 1.1% Triton X-100), precleared on protein A/G
Sepharose in the presence of 20 mg/mL sonicated Escherichia
coli DNA, and incubated with 1-5 pg of antibodies overnight at
4°C. Protein-DNA complexes were captured on protein A/G
Sepharose for 1 h and washed twice with low-salt buffer (150
mM NaCl, 50 mM Tris-HCl at pH 8.0, 5 mM MgCl,, 1% Triton
X-100) followed by high-salt buffer containing 500 mM NaCl,
LiCl buffer (250 mM LiCl, 10 mM Tris-HCI at pH 8.0, 5 mM
EDTA, 0.5% Na-deoxycholate, 0.5% Triton X-100), and TE buff-
er. After elution, reversal of the cross-links (65°C), and digestion
with proteinase K, DNA was purified and quantified by qPCR us-
ing gene-specific primers. Precipitated DN A was calculated as the
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percentage of DNA in the immunoprecipitates compared with in-
put DNA.

DRIP

DRIP assays were performed according to Ginno et al. (2012).
Briefly, purified DNA was digested with a cocktail of restriction
enzymes (BsrG1, EcoR1, HindI, Sspl, and Xbal) for 6 h at 37°C
in the absence or presence of 125 U/mL RNase H1. Four micro-
grams of DNA was immunoprecipitated overnight at 4°C with
10 pg of $9.6 antibody in 10 mM NaPO, (pH 7.0), 140 mM
NaCl, and 0.05% Triton X-100. Immunoprecipitated proteins
were bound to protein A/G Sepharose for 2 h, washed in binding
buffer, and eluted with 50 mM Tris-HCI (pH 8.0), 10 mM EDTA,
0.5% SDS, and 0.5 pg/mL proteinase K for 60 min at 55°C. Immu-
noprecipitated DNA was analyzed by qPCR using the primers
listed in Supplemental Table S3. DNA in the immunoprecipi-
tates was compared with input DNA, and the difference between
untreated and RNase Hl-treated samples is presented as DRIP
signal.

In vitro helicase assay

An RNA oligonucleotide (GUUUCGGAUCGACGC) was 5 end-
labeled with T4 polynucleotide kinase and [y->>P]ATP. To form
dsRNA or RNA:DNA heteroduplexes, the RNA oligonucleotide
was annealed to an equimolar amount of unlabeled complemen-
tary RNA oligo (5-GCGUCGAUCCGAAACUAUACUUAA
UUUUAA-3’) or DNA oligo (5- GCGTCGATCCGAAACTATA
CTTAATTTTAA-3) in annealing buffer (1 mM EDTA, 10 mM
Tris-HCI at pH 7.6) by heating for 5 min at 95°C followed by
slow cooling to room temperature. To form R loops, 1 pmol of la-
beled RNA was annealed to 2.5 pmol of DNA oligo 1 (5-GTA
CCCGGGGATCCTCTAGAGTCGAGCGTCGATCCGAAACTT
GGCACTGGCCGTCGTTTTACAAC-3') and 5 pmol of DNA
oligo 2 (5-GTTGTAAAACGACGGCCAGTGCCTTTTCCC AG
CCTCAATCTCATCACTCTAGAGGATCCCCGGGTAC-3'). To
assay helicase activity, 50 fmol of substrates was incubated with
immunopurified Flag-DDX21 in 25 mM HEPES-KOH (pH 7.9),
2 mM MgCl,, 1 mM DTT, and 2 mM ATP. After incubation at
37°C, reactions were terminated by addition of stop buffer and ana-
lyzed by electrophoresis on 10% (w/v) nondenaturing polyacryl-
amide gels. Products were visualized by phosphorimaging and
quantified by Image Gauge software.

In vitro deacetylation assay

HEK293T cells expressing GFP-DDX21 were treated for 4 h with
10 mM NAM and lysed, and GFP-DDX21 was bound to GFP-Trap
(ChromoTek) in buffer containing 300 mM KCl, 20 mM Tris-HCl
(pH 7.9), 5 mM MgCl,, 0.2 mM EDTA, 10% glycerol, 0.5 mM
DTT, 0.1% NP-40, protease inhibitors (Roche Complete), and
HDAC inhibitors (1 uM TSA, 10 mM NAM). Immobilized GFP-
DDX21 was incubated with Flag-SIRT7 for 1 h at 30°C in
10 mM Tris-HCI (pH 8.0), 2 mM MgCl,, 5% glycerol, 0.2 mM
DTT, and 3 mM NAD". Acetylation was monitored on immuno-
blots using anti-acetyl-lysine antibody.

Comet assay

Comet assays were performed using the OxiSelect comet assay
kit (Cell Biolabs) with alkaline buffer or TBE buffer according to
the manufacturer’s instructions. CaspLab comet assay software
was used for analysis and quantification of the percentage of
tail DNA and the tail moment.
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Bioinformatic analysis of DRIPc-seq and DDX21 ChIP-seq data

To compare the peaks of DRIPc-seq with DDX21 ChIP-seq, the
WIG files of DRIPc-seq (GSE70189) and DDX21 ChlIP-seq
(GSE56802) from the Gene Expression Omnibus (GEO) repository
were converted to BED files. Peaks of DRIPc-seq were reduced
from 88,310 to 66,784 by merging the neighboring (maximum dis-
tance 800 bases) or overlapping peaks with Bedtools. To identify
common peaks, Bedtools intersect with default parameters was
used. The peaks were further annotated using EnsEMBL version
74 with the NextGene pipeline in HUSAR. Protein-coding genes
overlapping or within the common peaks were used for GO and
KEGG pathway analysis with the DAVID 6.8 functional cluster-
ing tool (https://david.ncifcrf.gov) by choosing either only the
KEGG pathway or the GO for cellular component (CC), biological
process (BP), or molecular function (MF). Only the top six catego-
ries of each functional chart output were presented. Bed files with
DRIP-seq peaks of the E2-treated breast cancer cells were down-
loaded from GSE81851 and compared with the DDX21 ChIP-
seq peaks.

Immunofluorescence

MCEF7 cells grown on poly-L-lysine-coated coverslips (Thermo-
Fisher Scientific) were fixed at room temperature for 10 min
with 4% paraformaldehyde, permeabilized for 10 min with PBS
containing 0.5% Triton X-100, and blocked in 5% milk for 1
h. Cells were incubated with primary antibodies overnight at 4°
C and with secondary antibodies for 1 h at room temperature. Nu-
clei were stained with 5 pg/mL Hoechst 33342 (Sigma). Images
were processed and quantified using Image] software.

Statistics and quantitative analyses

The values in the graphs show means of three independent exper-
iments with error bars representing standard deviations. The two
groups were compared using a paired two-tailed Student’s t-test.
The significance level was set at P-values of <0.05 (*) and <0.01
(**). Quantification of Western blot and radioactive signals was
performed using Image] and Image Gauge software, respectively.
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