
MOLECULAR CANCER RESEARCH | GENOME MAINTENANCE

R-Loop–Mediated ssDNA Breaks Accumulate Following
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ABSTRACT
◥

Histone deacetylase inhibitors (HDACi) induce hyperacetylation
of histones by blocking HDAC catalytic sites. Despite regulatory
approvals in hematological malignancies, limited solid tumor clin-
ical activity has constrained their potential, arguing for better
understanding of mechanisms of action (MOA). Multiple activities
of HDACis have been demonstrated, dependent on cell context,
beyond the canonical induction of gene expression. Here, using a
clinically relevant exposure duration, we established DNA damage
as the dominant signature using the NCI-60 cell line database and
then focused on the mechanism by which hyperacetylation induces
DNA damage. We identified accumulation of DNA–RNA hybrids
(R-loops) following romidepsin-induced histone hyperacetylation,
with single-stranded DNA (ssDNA) breaks detected by single-cell
electrophoresis. Our data suggest that transcription-coupled base

excision repair (BER) is involved in resolving ssDNA breaks that,
when overwhelmed, evolve to lethal dsDNA breaks. We show that
inhibition of BER proteins such as PARP will increase dsDNA
breaks in this context. These studies establish accumulation of
R-loops as a consequence of romidepsin-mediated histone hyper-
acetylation.We believe that the insights provided will inform design
of more effective combination therapy with HDACis for treatment
of solid tumors.

Implications: Key HDAC inhibitor mechanisms of action
remain unknown; we identify accumulation of DNA–RNA
hybrids (R-loops) due to chromatin hyperacetylation that pro-
vokes single-stranded DNA damage as a first step toward cell
death.

Introduction
Histone deacetylase inhibitors (HDACi) were introduced to the

laboratory as differentiating agents in 1975, with the observation that
the addition of sodium butyrate could increase the production of fetal
hemoglobin in erythroleukemia cells (1). Differentiation was recog-
nized inmultiple different cell types, including colon cancer and poorly
differentiated thyroid adenocarcinoma (2–4), and linked to increased
histone acetylation (5) and inhibition of HDACs. Once introduced to
the clinic, the agents were found to have little activity in solid tumors,
but a dramatic and sometimes long-lasting effect in T-cell lymphomas.
This led to FDA approvals in cutaneous T-cell lymphomas (CTCL)
and peripheral T-cell lymphomas (PTCL) (6–8), and multiple mye-

loma (MM) (9). Despite success in the clinic, the mechanism by which
HDACis induce differentiation and cell death is not fully understood.

Gene transcription is regulated in part by chromatin accessibility.
Acetyl groups added to positively charged lysine residues via the
activity of histone acetyl transferase enzymes interfere with binding
of negatively charged DNA, resulting in a more accessible chromatin
structure that favors transcription (10). This process is then reversed
by the activity of HDAC enzymes that encourage chromatin compac-
tion (11). The classical description of the mechanism of action for
HDACis is that the increased histone acetylation opens chromatin,
leading to differentiation. However, many other mechanisms of action
of HDACis have been described, with diverse mechanisms, including
protein acetylation, direct induction of apoptosis, and DNA
damage (11, 12).

DNA damage has long been observed following the administration
of HDACis, but the mechanism by which that damage occurs is not
known. Explanations include transcriptional downregulation of sev-
eral repair proteins such as RAD50, RAD51, RAD52, BRCA1, CHK1,
KU70, KU80,MRE11, as well as impaired recruitment or acetylation of
repair proteins such as P53 and KU70 (11, 13). The administration of
HDACis has been shown to result in double-strand break (DSB), and
this has been ascribed to the generation of reactive oxygen species or
alterations in chromatin structure (11, 14, 15).

In the data that follow, we evaluated the dominant mechanism of
action, among the multiple proposed. We begin with results from our
investigation on the mechanism of action of romidepsin using Cell-
Miner (http://discover.nci.nih.gov/cellminer) to probe the NCI-60 cell
line database where we observed a striking DNA-damage signature.

We then investigated the mechanism by which DNA damage is
caused by HDACis, using romidepsin (also called depsipeptide, NSC
630176 or FK228) as our model HDACi. We hypothesized that a
unique form of DNA damage occurs preferentially at sites that are
actively transcribed, and genes are “trapped” by histone modifications
due to the activity of HDACis and prolonged chromatin accessibility.
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We further hypothesized that DNA damage at sites of active tran-
scription would be associated with R-loops, three strand nucleic acid
structures that form during active gene transcription, where the
nascent RNA is hybridized to its complementary DNA sequence
leaving displaced and vulnerable single-stranded DNA (ssDNA).
R-loops are known to be sources of genome instability and sites
of DNA damage. They have also been reported to form at other
cellular events such as replication and immunoglobulin class-switch
recombination (16–18). Here, we show that the hyperacetylation of
histone lysine residues that follows romidepsin exposure provokes the
formation of R-loops, a molecular structure giving rise to the initiation
of damage to DNA in the form of single-stranded breaks (SSB). When
R-loops are not resolved and SSB are not repaired, DNA damage
evolves to DSBs and ultimately cell death.

Materials and Methods
Reagents and cell culture

Romidepsin (depsipeptide, NSC 630176) was obtained from
theNational Cancer Institute Anticancer Drug Screen (Bethesda,MD)
and from (Sigma-Aldrich Cat # SML1175) and Olaparib from
(Selleckchem Cat # S1060).

Cell lines from the NCI-60 were obtained from the NCI Anticancer
Drug Screen, these cell lines are regularly authenticated by the NCI;
HUT-78 and LOXIMVI were purchased from the ATCC. Cell line
Authentication and Mycoplasma testing was performed yearly at the
Johns Hopkins University Genetic Resources Core Facility (GRCF).
Routine Mycoplasma testing was also performed using MycoAlert
Mycoplasma detection kit (Lonza, Cat#LT07–118). Cells were cultured
in appropriate cell culture medium (Gibco Laboratories) supplemen-
ted with 10% FBS (Gibco Laboratories), and 1% glutamine (Gibco
Laboratories) and cell lineswere passaged at amaximumof 30 passages
between thawing and using in experiments.

RNaseH1-expressing LOXIMVI cells were generated by transfect-
ing cells with 2 mg of plasmid DNA using FuGENE HD Transfection
Reagent (Lonza, Cat # E2311) according to the manufacturers’
instructions, using pFRT-TODestGFP_RNAseH1 plasmid, purchased
from Addgene (Addgene, Cat # 65784). Following transfection
GFPþ cells were selected by cell sorting using BD Influx cell sorter
(BD Biosciences) and stable selection with 0.5 to 1 mgmL�1 blasti-
cidine and clonal selection.

Annexin V assay
Apoptosis was measured as previously described (19) using the

Annexin V-fluorescein isothiocyanate (Annexin V-FITC) Apoptosis
Detection Kit (BD Biosciences) according to the manufacturer’s
instructions. Following treatment, Annexin-positive cells were quan-
titated by FACS analysis (Becton Dickinson) using FlowJo Software
(Tree Star, Inc.) and FCS Express 7 Software (De Novo Software Inc.).
The percentage of Annexin positive was calculated and the delta
between treated and untreated control was determined.

Pattern comparison and statistical analysis
To perform pattern comparison, a “pattern comparison input

template file” was downloaded from the CellMiner website: http://
discover.nci.nih.gov/cellminer/. Compared with the untreated, the
percentage of increase in cell death following romidepsin treatment
was used as the input pattern of interest. “Pattern in 60 element array”
was selected as the type of input. We performed a two-sided Fisher’s
exact test (alpha 0.05) for each mechanism, comparing the proportion
of the experimental data having a correlation greater than 0.35with the

proportion of the given mechanism out of the total with known
mechanisms in the CellMiner database.

Microarray gene expression analysis
HUT-78, LOXIMVI, M14, A549, MDA231, ACHN, and PC3 cell

lines were treated with 25 ng/mL (46 nmol/L) of romidepsin for
6 hours. Total RNAwas isolated using the RNeasyMini Kit (QIAGEN)
according to the manufacturer’s instructions. RNA quality was
assessed on Agilant Bioanalyzer (Agilent Technologies). Global
gene expression analysis was performed at the NCI-Frederick LMT
Microarray Center (Frederick, MD) according to protocol using the
Affymetrix GeneChip Human Genome U133 Plus 2.0 Array covering
þ47.000 transcripts. Microarray gene expression data were summa-
rized by applying the RMA (robust multi-array average) and quantile
normalizationworkflow as implemented in the ExpressionConsole 1.4
software (Affymetrix). Differentially expressed genes (DEG) were
identified by ANOVA, and significance was adjusted for multiple
testing by estimating FDRs (20). Data were visualized in Qlucore
Omics Explorer v. 3.4 (Qlucore AB), including principal component
analysis (PCA), heat maps, and unsupervised hierarchical clustering.
DNA repair gene lists were pulled from the KEGG Pathway database
(https://www.genome.jp/kegg/pathway.html) and from the Molecular
Signatures Database v6.2 (MSigDB) at BROAD Institute (http://
software.broadinstitute.org/gsea/msigdb/index.jsp). The expression
data are deposited in Gene Expression Omnibus (GEO; https://
www.ncbi.nlm.nih.gov/geo/) under the accession numberGSE133120.

Western blotting
Western blotting was carried out as previously described (19).

Membranes were incubated with primary antibodies: Anti–phospho-
histone H2A.X (Ser139) antibody, clone JBW301(1:1,000, Millipore
Sigma Cat # 05–636), FANCD2, FI17 (1:500, Santa Cruz Biotechnology
Cat # sc-20022), GAPDH (1:10,000, Abcam Cat # ab8245); and
secondary antibodies IRDye 680RD Goat anti-Mouse (LI-COR Bio-
sciences Cat #P/N 925–68070)- IRDye 800CW Goat anti-Rabbit
(LI-COR Biosciences #P/N 925–32211). Signal quantitated using the
Odyssey CLx imaging system (LI-COR Biosciences), and various
exposures within the linear range captured using ImageStudio software
V3.1 (LI-COR Biosciences).

Comet assay
DNA SBs were analyzed using a commercial comet assay (Trevigen,

Inc.) following the manufacturer’s protocol. Slides from both alkaline
andneutral conditionswere stainedwithVistaGreenDNADye (CELL
BIOLABS, INC.) according to the manufacturer’s recommendations.
Alkaline and neutral assay control cells (Trevigen Cat # 4256–010-CC
and # 4257–010-NC, respectively) were used as DNA-damage con-
trols. Images of cells in different fields of view were collected using
EVOS FL Auto microscope (Life Technologies). At least 50 cells
analyzed per sample. Tail moments (¼ tail length � DNA in the
tail/total DNA) were analyzed using the Tritek Comet Score software.

Immunocytochemistry of R-loops
Immunofluorescence using S9.6 antibody (Kerafast Inc.) was per-

formed as previously described (21). Cells were incubated with pri-
mary antibodies, anti-DNA–RNA hybrid (S9.6) antibody (1:500,
Kerafast Cat # ENH001), anti-nucleolin antibody (1:1,000, Abcam
Cat # ab22758), anti-PARP1 antibody (1:1,000, Abcam Cat # ab32138
and 1:500 Cat # ab191217), anti-XRCC1 antibody (1:1,000, Cell
Signaling Technology Cat #27350), anti-DNA Polymerase beta anti-
body (1:1,000, Abcam Cat # ab26343), anti-CYCLIN A antibody
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(1:200, Sigma Cat #C4710), and anti-RPA70/RPA1 antibody (1:50,
Cell Signaling Technology Cat #2267S) followed by incubation in
secondary antibodies Alexa Fluor 488 goat anti-mouse (1:1,000,
Invitrogen Cat #A11034) or Alexa Fluor 594 goat anti-rabbit
(1:1,000, Invitrogen Cat #A11005). DNA was stained with DAPI.
Images were captured at �40 magnification with a Zeiss Confocal
Microscope (Zeiss LSM 700). Fiji software (version: 2.0.0-rc-69/1.52i,
open source image processing software) used for analysis of images. As
a control, cells were treated with 10 U of RNase H enzyme (New
England Biolabs Cat # M0297L), before staining with S9.6 antibody.

siRNA transfection assay
On-TargetPlus siRNAs and non-targeting control siRNA were

purchased from GE Healthcare Dharmacon Inc. For transfection,
200,000 cells were seeded per well in a 6-well plate and transfected
using DharmaFECT 1 Transfection Reagent (GE Healthcare Dhar-
macon Inc., Cat #T-2001–01) according to themanufacturer’s instruc-
tions, using 25 nmol/L siRNA in a final volume of 2mL of culture
mediumwithout antibiotics. A pool of four different siRNAs was used.
A non-targeting siRNA pool and GAPD siRNA pool (GE Healthcare
Dharmacon) were used as controls. The target sequences were:

FANCD2:
50UGGAUAAGUUGUCGUCUAU30

50CAACAUACCUCGACUCAUU30

50GGAUUUACCUGUGAUAAUA30

50GGAGAUUGAUGGUCUACUA30

Nontargeting control pool:
50UGGUUUACAUGUCGACUAA30

50UGGUUUACAUGUUGUGUGA30

50UGGUUUACAUGUUUUCUGA30

50UGGUUUACAUGUUUUCCUA30

GAPD Control Pool:
50UGGUUUACAUGUCGACUAA30

50UGGUUUACAUGUUGUGUGA30

50UGGUUUACAUGUUUUCUGA30

50UGGUUUACAUGUUUUCCUA30

DNA–RNA immunoprecipitation
DNA–RNA immunoprecipitation (DRIP) assay was performed

in LOXIMVI and siFANCD2-transfected LOXIMVI cells according
to the method described earlier (22). Briefly, following gentle
extraction of the genomic DNA, cells were subjected to digestion
using a cocktail of restriction enzymes, treated with or without
RNaseH (New England Biolabs Cat # M0297L). DNA–RNA hybrids
were then immunoprecipitated from the digested genomic DNA
using S9.6 antibody (Kerafast Inc.). Quantitative PCR was perform-
ed at the R-loop–positive loci RPL13A, CALM3, and TFPT genes
and R-loop–negative locus SNRPN gene with the primers listed in
Supplementary Table S1. Means and SEM from three independent
experiments were calculated.

ChIP-qPCR
The chromatin immunoprecipitation (ChIP) assay was performed

on LOXIMVI cells using the Zymo-Spin ChIP kit (Zymo Research)
according to the manufacturer’s instructions. Following treatment for
6 hours with romidepsin, cells were harvested, and chromatin was
cross-linked using formaldehyde and sheared mechanically by soni-
cation on ice for four 30 second cycles, at 40% amplitude using a sonic
dismembrator model 500 (Thermo Fisher Scientific). Protein–DNA
complexes were precipitated using control IgG; normal Rabbit IgG
(Cell Signaling Technology #2729), anti–acetyl-histone H3 (Lys9;

C5B11; 1:50, Cell Signaling Technology #9649S), and anti-RPA70/
RPA1 (1:25, Cell Signaling Technology #2267S) antibodies, followed
by elution, reverse cross-linking and purification of the ChIP-DNA.
Quantitative PCR was performed in technical triplicates using SsoAd-
vancedUniversal SYBRGreen Supermix (Bio-Rad, Cat # 1725272) and
primers for the RPL13A, CALM3, TFPT, and SNRPN genes, with the
primers listed in Supplementary Table S1. ChIP-qPCR signals were
calculated as the percentage of input.

Results
Different sensitivity spectrum of the NCI drug screen collection
in 6- versus 48-hour assays

The CellMiner analytic tools in the NCI drug screen allow the
inference of a dominant mechanism of action of anticancer agents,
based on signatures of drug activity. To generate data forCellMiner, we
studied the sensitivity of the NCI-60 collection of cell lines exposing
cells to 25 ng/mL romidepsin for 6 hours followed by a 42-hour
incubation in romidepsin-free medium. A 6-hour exposure duration
was chosen to better emulate the clinical exposure achieved with the
4-hour infusion of a drug that has a 3.5-hour half-life (19, 23, 24). We
performed the short-term exposure assay on cell lines of the NCI-60,
avoiding those known to express P-glycoprotein, a mechanism of
resistance to romidepsin (25–27). We included HUT-78 cells as a
reference, as our previous studies showed this cell line to be markedly
sensitive toHDACis (19). Figure 1A shows a range of sensitivity across
the remaining NCI-60 cell lines as well as HUT-78 using a 6-hour
treatment platform with HL-60, SR and LOXIMVI cell lines most
sensitive and TK10, OVCAR4, and T47D least sensitive to romidepsin
among NCI-60 cells determined by Annexin staining. Representative
histograms of quantitating Annexin staining are shown in Fig. 1B.

The NCI-60 database includes data from over 50,000 compounds
tested on a 48-hour exposure platform in which drugs with similar
dominant mechanisms of action (MOA) generate highly correlated
sensitivity profiles. Using pattern comparison analyses, the CellMiner
platform identifies highly correlating profiles, generating insights into
potential mechanisms of sensitivity and resistance (28, 29). The
sensitivity profile obtained from the 48-hour assay in the complete
NCI-60 cell line panel is shown in the left of Fig. 1C. Pgp-expressing
cell lines show marked resistance to romidepsin and drive the overall
mean graph; the mean graph without Pgp-expressing lines is shown in
the middle.We used the 6-hour exposure to achieve a greater dynamic
range among the cell lines, finding it more relevant to the romidepsin
clinical profile, with sensitivity in the leukemia andmelanoma cell lines
(Fig. 1C, right).

Romidepsin 6-hour drug sensitivity profile in the NCI-60
database is highly correlatedwith thatofDNA-damagingagents

Using the greater dynamic range derived from the more clinically
relevant 6-hour treatment, we determined correlations in CellMiner
with agents with known or proposed MOA (28, 29). Among the 349
compounds with assignedMOA in the NCI-60 database, 80 correlated
with the cell sensitivity profile of the 6-hour treatment at a level
considered statistically meaningful—Pearson correlation coefficient
values r > 0.3. Supplementary Fig. S1A shows the top 27 correlating
compounds including methyl-CCNU, carmustine, and multiple other
alkylating agents and topoisomerase inhibitors. This profile differed
markedly from that found with romidepsin in the 48-hour data-
base (30). Because some MOA are overrepresented in the NCI-60
database, we askedwhether the high fraction ofDNA-damaging agents
among the correlating compounds could simply reflect their high
representation in the database. We found the A7 alkylating agents
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significantly overrepresented in our dataset. HDACis, including vor-
inostat, were also identified, in the set of compounds with r>0.3. The
MOA identified for these hits are plotted in Supplementary Fig. S1B.
This analysis suggests the dominant molecular intermediate respon-
sible for romidepsin sensitivity is DNA damage.

Gene expression profiling shows impact on DNA repair genes
Downregulation of DNA repair gene expression has been suggested

as having a role in DNA damage observed with romidepsin (11, 13).

We performed a series of Affymetrix cDNAmicroarray experiments to
evaluate gene expression changes in 7 cell lines following treatment
with romidepsin for 6 hours. These cell lines were chosen for their
spectrum of response to romidepsin, and included HUT-78, LOX-
IMVI, M14, A549, MDA231, ACHN, and PC3. Initial results dem-
onstrated that, as previously seen in patient samples (7), cell context
was the dominant factor in determining the gene expression profile.

A PCA revealed cell lines, not treatment effect as the dominant
difference (variance) in gene expression (Fig. 2A). This is also

Figure 1.

Different sensitivity spectrum of the
NCI drug screen collection in 6-
versus 48-hour assays. A, Analysis
of apoptotic cell death in NCI-60
cell lines and HUT-78 following
romidepsin treatment. Annexin V–
positive cells were determined by
flow cytometry. Results are base-
linemean� SD from three indepen-
dent experiments. Each bar repre-
sents percentage of increase in cell
death compared with untreated
control. B, Representative histo-
grams quantitating Annexin stain-
ing.C,Agraphical representation of
z-score of sensitivity of tumor cells
to romidepsin following treatment.
Drug sensitivity profiles in the NCI-
60 cell lines plotted asmeangraphs.
In these profiles, the mean IC50 val-
ue for all cell lines is plotted as the
center line. Then the difference in
IC50 value for each cell line from the
mean is plotted, as Z-scores, with
the bars to the left indicating resis-
tance and the bars to the right indi-
cating sensitivity. Left, mean graph
showing results following treat-
ment with romidepsin in the con-
ventional NCI-60 48-hour assay.
Middle, eliminating cell lines previ-
ously shown to express Pgp (SF-
295, HCT-15, SW-620, CCRF-CEM,
EKVX, HOP-62, NCI-ADR-RES,
A498, ACHN, CAKI-1, RXF-393,
UO-31) in the 48-hour assay. Right,
mean graph showing results of a
6-hour drug exposure after remov-
ing the Pgp-expressing cells.
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illustrated in a 2-way unsupervised hierarchical clustering of the 48
samples and the 1,441 most variably expressed genes showing samples
from the same cell lines clustering together (Supplementary Fig. S2).
These two results indicate the dominant difference driving gene
expression is cell (and tissue) type. Treatment effect emerged as a
driver only when cell type was eliminated as a factor in the analysis
(comparable with a paired t test, data not shown). Since our earlier
analysis as well as previously published data suggested that DNA
damage occurs following romidepsin treatment, we analyzed the
microarray data for DEG involved in DNA damage repair (DDR)
pathways. Figure 2B; Supplementary Fig. S3 show the impact of
romidepsin treatment on DDR genes. Supplementary Fig. S3A shows
a heatmapof 123DEGs involved inDDRwithP values<0.05 and>1.2-
fold-change in expression. After removing the cell line as a factor,
DEGs were found in every DNA-repair pathway: Homologous recom-

bination repair (HRR), non-homologous end-joining (NHEJ), nucle-
otide excision repair (NER), base excision repair (BER), andmismatch
repair (MMR). Figure 2B shows the DEGs after applying a more
stringent cutoff value of >1.5-fold change in expression. We found
downregulation of genes involved in the HRR and NHEJ pathways,
including BRCA2, EME2, RAD51D, NBN, NHEJ1, as well as in BER
and NER pathways, including POLD2, POLE2, LIG3, and RPA4.

In addition, we analyzed the data generated from a recent RNA-
sequencing analysis of CD4-positive T cells derived from 6-primary
tumors in patients with Sezary syndrome treated ex vivo with romi-
depsin for 24 hours, available on the NCBI Gene Expression Omnibus
(GEO) under accession number GSE110248 (https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc¼GSE110248). Figure 2C showsDEGs
after applying a cutoff value of >2-fold-change in expression confirm-
ing the effect of romidepsin treatment on impairing DNA-repair gene

Figure 2.

Gene expression profiling shows impact on DNA repair genes. A, PCA plot showing that samples separate primarily into cell-specific clusters, rather than by
treatment. The PCA plot is based on the 1851 probe sets that were found to be most variable across samples [applying a Variance filter of 0.4 sigma/sigma max
(s/smax) >0.4 tomaximize the projection score]. Samples are colored according to the cell line.B,Heatmap and unsupervised 2-way hierarchical clustering of DEGs
involved in DNA damage repair (DDR) pathways. Clustering is based on 47 DNA repair genes (out of 252) with P < 0.05, and expression fold change of >1.5-fold. Cell
line removed as factor. Primary clustering according to romidepsin 6 hours Rx. C,Heat map and unsupervised 2-way hierarchical clustering of DEGs involved in DDR
pathways from patients with Sezary syndrome treated with romidepsin for 24 hours. Clustering is based on 13 DNA repair genes (out of 252) with P < 0.05, and
expression fold change of >2-fold.
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expression in samples from patients with Sezary syndrome similar to
that observed in our microarray data.

g-H2AX signal increases following romidepsin treatment
We looked for the presence of phosphorylatedH2AX (g-H2AX) as a

marker of DSBs following a short-term (6 hours) treatment of HUT-
78, LOXIMVI, andA549 cells with 100nmol/L romidepsin followed by
incubation in drug-free medium for an additional 18 hours (Fig. 3A).
In the HUT-78 and LOXIMVI cells, both highly sensitive to romi-
depsin, we observed a clear increase in the g-H2AX signal only after
additional 18 hours incubation when compared with the vehicle-
treated controls. A similar observation was made in the more resistant
A549 cells but to a lesser degree, suggesting thatDSBs are not the initial
event following short-term romidepsin treatment. To monitor the
emergence of DSBs (i.e., g-H2AX signal), we treated the HUT-78 and
LOXIMVI cells with 50 nmol/L romidepsin for 6 hours followed by
incubation in drug-free medium over a 24-hour period with samples
collected every 6-hour (Fig. 3B). Our data showed that until the 12-
hour timepoint (6-hour treatment þ 6-hour incubation in drug-free
medium), there is minimal increase in the g-H2AX signal in both cell
lines tested. Furthermore, we observed that PARP is not cleaved until
the 12- or 18-hour timepoint following treatment, suggesting that DSB
is not occurring at early hours following treatment with romidepsin,
but rather develops gradually over time, finally leading to apoptosis.

R-loop structures form following romidepsin treatment
Having observed evidence of DNA damage following romidepsin

treatment in the earlier assays, we next asked what mechanism could
initiate damage after hyperacetylation of chromatin by romidepsin
shortly after the treatment? Found in some actively transcribed regions
ofDNA,R-loops are three-stranded nucleic acid structures comprising
a template DNA hybridized to nascent RNA leaving the non-template
ssDNA. Previous studies have shown R-loop accumulation behind
stalled elongating RNA polymerases and also during failure in termi-
nation of transcription (16). We reasoned that because hyperacetyla-
tion of chromatin occurs mostly at transcription start sites where the
chromatin structure is open (31, 32), lysine hyperacetylation following
treatment with an HDACi could force chromatin to remain open for
longer periods resulting in defect in the termination of transcription.
This could lead to the accumulation of R-loop structures at stalled
transcription bubbles, which if unresolved would result in DNA
damage (17). To test these hypotheses, we performed confocal micros-
copy using an antibody against DNA–RNAhybrids (S9.6) to look at R-
loop formation following treatment with romidepsin for 6 hours in the
LOXIMVI cell line (Fig. 4). We observed accumulation of R-loops in
the nucleus and their co-localization with nucleolin, a ubiquitous
nuclear and nucleolar protein that binds DNA–RNA hybrids and,
among other functions, is involved in the synthesis of ribosomal RNA
and induction of chromatin decondensation (33–36). We confirmed

Figure 3.

g-H2AX signal increases following romidepsin treatment. A, The expression of g-H2AX following treatment with 100 nmol/L romidepsin in HUT-78, LOXIMVI, and
A549 cell lines was detected by western blot assay. B, HUT-78 and LOXIMVI cells treated with 50 nmol/L romidepsin for 6 hours followed by incubation in the drug-
free medium for additional time periods of (þ6/þ12/þ18 hours). Presence of g-H2AX and PARP signals were detected by western blot assay.
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Figure 4.

R-loop structures form following romidepsin treatment. A, DNA–RNA hybrid accumulation in romidepsin-treated cells. Staining was carried out using S9.6 and
nucleolin antibodies. Nuclei were stained with DAPI. Bottom, treatment with RNase H in the romidepsin-treated cells eliminated the DNA–RNA hybrids.
B,Quantification of nuclear S9.6 immunofluorescence signal in LOXIMVI cells treated with or without romidepsin and with RNase H following romidepsin treatment.
The S9.6 signal was quantified only in the nuclear regions, DAPI staining. The median of the nuclear S9.6 signal intensity per nucleus is shown. ��� , P < 0.001;
���� , P < 0.000 (t test, two-tailed). C, Detection of DNA–RNA hybrids in siFANCD2-transfected A549 cells. Top two demonstrating the untreated control and
negative control of siRNA experiment and the bottom is showing positive R-loop staining in siFANCD2 cells. See also Supplementary Fig. S4A.D, DRIP–qPCR signal
values atRPL13A, CALM3, TFPT, andSNRPNgenes in LOXIMVI cells treatedwith orwithout romidepsin for 6hours. LOXIMVI cells transfectedwith theFANCD2 siRNAs
were included as positive control for R-loops. Cells treated in vitrowith (bottom) or without (top) RNase H before immunoprecipitation. Themean� SEM from three
independent experiments is shown. E, ChIP-qPCR was performed with antibody against H3K9ac in the LOXIMVI cells after treatment with romidepsin for 6 hours.
Immunoprecipitated chromatin samples were analyzed by qPCR using specific primer pairs as shown on Supplementary Table S1. The mean � SEM from three
independent experiments is shown.
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that R-loops are also identified outside of nucleolar condensates by
subtracting the observed nucleolar signal, which does not change after
romidepsin treatment (Supplementary Fig. S4). To show that the
observed structures were in fact R-loops, we demonstrated their
sensitivity to RNase H treatment (Fig. 4A and B). Incubation of
romidepsin-treated cells with RNase H before staining with the S9.6
monoclonal antibody resulted in loss of the R-loop structures. As a
positive control, we used A549 cells with siRNA knockdown of the
FANCD2 gene, an intervention known to induce the formation of R-
loop structures (Fig. 4C; Supplementary Fig. S5; ref. 37). To further
confirm the accumulation of R-loops following romidepsin treatment,
we performed DRIP using the S9.6 antibody for the immunoprecip-
itation with or without RNase H treatment, followed by qPCR. Gene
loci whereR-loops have been previously shown to occur during normal
transcription were selected for analysis, including the RPL13A,
CALM3, and TFPT genes (22, 38). As expected, R-loops were detected
in untreated controls in the DRIP assay; increased R-loop accumu-
lation after romidepsin and FANCD2 siRNAwas confirmed (Fig. 4D).
Romidepsin had the greatest impact at the RPL13A locus; SNRPN
negative control locus was similar to the background resulting from
RNase H treatment.

We also performed ChIP-qPCR using H3K9ac antibody to show
that R-loop–positive loci from the DRIP experiment, namely RPL13A,
CALM3, and TFPT genes were hyperacetylated following 6 hours
treatment with romidepsin. As shown in Fig. 4E, all three loci
demonstrated increased acetylation in romidepsin-treated samples
compared with the control following immunoprecipitation with
H3K9ac antibody. In contrast with the positive loci, there was no
significant change in acetylation of the R-loop–negative SNRPN locus
following romidepsin treatment. Taken together, these data support
the thesis that romidepsin-induced hyperacetylation contributes to R-
loop formation.

ssDNA breaks following romidepsin treatment
R-loop accumulation, particularly if it remains unresolved, can lead

to ssDNA damage. R-loop formation results in a DNA–RNA hybrid
that leaves the complimentary ssDNA very sensitive to damage (17).
Having observed the formation of R-loops following a 6-hour romi-
depsin treatment, we hypothesized that we would find damage to
ssDNA as the initial lesion following treatment. To test this, we
performed a comet assay following a 6-hour treatment with different
concentrations of romidepsin. We quantified single and DSBs in the
HUT-78 and LOXIMVI cell lines using tandem neutral (pH 8) and
alkaline (pH >13) comet assays to detect only DSBs or the sum of SSBs
þ DSBs, respectively. The results were analyzed by calculating the tail
moments, which reflect the extent of DNA breaks in each comet-
positive cell. Representative images of the comet assay are shown
in Fig. 5A. Following a 6-hour treatment, the tail moments at pH 8
(neutral, DSBs) increased in romidepsin-treated compared with
untreated control cells only at a concentration of 400 nmol/L romi-
depsin, whereas at pH >13 (alkaline, SSBs þ DSBs) comet tails
increased with increasing romidepsin concentrations beginning at
50 nmol/L (Fig. 5B). We also evaluated the time course, treating cells
with 50 nmol/L of romidepsin for 6 hours followed by incubation in
drug-free medium over a 24-hour period with sample collection every
6 hours. Similarly, we observed that under alkaline conditions, the
increase in the tail moment began at the 6-hour timepoint compared
with the vehicle-treated control and expanded over time (Fig. 5C-a).
However, under neutral conditions, an increase in the tail moment was
observed only after a further 6- to 18-hour incubation in drug-free
medium (total 12 to 24 hours; Fig. 5C-b), indicating that romidepsin

treatment leads to SSBs initially, with DSBs occurring only at higher
concentrations and longer incubation times.

R-loop structures co-localize with ssDNA-damage response
proteins following romidepsin treatment

The above was consistent with a hypothesis that envisions hyper-
acetylation of histone lysin residues leading to stalled transcription
complexes and in turn an increase in unscheduled R-loop formation
rendering the non-transcribed DNA strand vulnerable to DNA dam-
age. This would initiate the SSBs we observed by comet assay. Hence,
we hypothesized that there would be evidence of a cellular response to
the SSBs, such as the transcriptional-coupled repair machinery, at the
site of R-loop formation. Three pathways that repair SSB are NER,
BER, andMMR.Non-transcribed ssDNA inR-loops is likely subject to
endogenous DNA damaging agents causing small lesions and AP sites,
and BERmachinery will be among the initial damage response systems
to these lesions. Moreover, we observed upregulation of RNA poly-
merase beta (Polb), RAD9A, and CHEK2 genes in our earlier micro-
array data (Fig. 2; Supplementary Fig. S3A), suggesting the availability
of BER pathway proteins. We therefore looked for the presence of
several key proteins involved in the BERpathway: PARP1, which binds
damaged ssDNA and recruits X-ray repair cross-complementing
protein (XRCC1; ref. 39); XRCC1, which recruits downstream repair
enzymes to repair SSBs; and polymerase b (POLb), a DNApolymerase
involved in BER (40). We performed confocal microscopy to deter-
mine whether any of these proteins accumulated at sites of R-loop
formation following romidepsin exposure and observed an increase in
the number of foci of POLb, PARP1, and XRCC1 (Fig. 6A–D).
Importantly, as is evident from the images, these foci co-localized
with the R-loops. We also found co-localization of R-loops with
replication protein A (RPA1), part of a heterotrimeric complex that
binds and stabilizes ssDNA (Fig. 6E–F). To test for accumulation of
RPA1 and by inference, DNA damage, at the R-loop–positive locus
RPL13A following romidepsin treatment, we performed ChIP-qPCR
using an antibody against RPA1. As shown in Fig. 6G, an increase in
RPA1 binding at the RPL13A locus was detected following treatment
with romidepsin. Taken together, these studies support a role for DNA
damage and SSB repair in the R-loops induced by romidepsin.

Several additional lines of evidence support a role for R-loop
accumulation in the ssDNAdamage that follows romidepsin exposure.
First, we observed that Pol-II did not accumulate following treatment
nor did it co-localize with the R-loops, consistent with the idea that
R-loops are accumulating behind the polymerase-II complex during
RNA transcription (Fig. 7A; ref. 17). We also reasoned that, following
R-loop–induced single-strand breaks, incapacity of BER to deal with
excess ssDNAdamage could drive damage accumulation in S-phase, as
others have shown (41, 42). Accordingly, we co-stained the cells with
CYCLIN A, a marker of S phase, and PARP1, and observed that
cells with accumulated PARP1 foci also accumulated the CYCLIN
A signal indicating accumulation of damage during the S phase in
LOXIMVI cells (Supplementary Fig. S6).

To test whether disruption of the R-loop with RNaseH would
protect cells from DNA damage and cytotoxicity, we transfected
LOXIMVI cells with an RNaseH1 plasmid. Using g-H2AX protein
as an indicator of DSBs following exposure to romidepsin for 6 hours
followed by incubation for an additional 6 hours (total 12 hours) at 50
and 100 nmol/L concentrations, we observed a 15% and 47% reduction
in g-H2AX protein detected at 50 and 100 nmol/L concentrations,
respectively, suggesting that increased expression of RNaseH1 corre-
lated with reduced R-loop accumulation and consequently DNA
damage (Fig. 7B, left). Cytotoxicity was also assessed by treating cells
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with 50 nmol/L romidepsin for 6 hours followedby incubation in drug-
free medium for an additional 18 hours (total 24 hours). There was a
45% reduction in Annexin-positive cells in the RNaseH1-transfected
population compared with the non-transfected population following
treatment (Fig. 7B, right).

Having observed the above DNA-repair response, we postulated that
inhibiting proteins involved in the repair of ssDNA would augment the
R-loop–initiated DNA lesions, leading to DSBs in the initial 6 hours of
treatment. To test this, we combined romidepsin (50 nmol/L) with the
PARP-inhibitor (PARPi) olaparib (10 mmol/L) and treated LOXIMVI
cells with a single dose and the combination of both drugs for 6 hours,

and looked at the emergence of g-H2AX signal by immunoblot. As seen
in Fig. 7C left, g-H2AX signal increased after a 6-hour treatment in the
drug combination samples compared with that of romidepsin or PARPi
alone, reaching the level observed after 12 hours. This indicates that
targeting SSB repair proteins could augment the initial DNA damage
caused by romidepsin and increase its efficacy. We confirmed the
cytotoxicity of the combination romidepsin for 6-hours followed by an
additional 12-hour incubation with or without olaparib. Figure 7C,
right, indicates that the augmented DNA damage resulting from the
combination of romidepsin with olaparib also sensitized the cells to cell
death from the drug combination.

Figure 5.

Single-stranded DNA breaks following romidepsin treatment. DNA damage in HUT-78 and LOXIMVI cells treated with various concentrations of romidepsin for
6 hours was measured by single-cell gel electrophoresis (comet assay). DNA damage examined by fluorescence microscopy. A, Representative images of
comet assay. B, Quantitative analysis of DNA damage. Average comet tail moment was calculated for at least 50 cells per sample. Tail moments¼ tail length�
DNA in the tail/total DNA. Significance was calculated based on an unpaired student t test comparing each condition with the control. C, Quantitative analysis
of DNA damage in LOXIMVI cells treated with 50 nmol/L romidepsin for 6 hours followed by additional incubation times in drug-free medium. Samples were
run in tandem alkaline (A) and neutral (B) assay conditions to determine the type of DNA damage following treatment. � , P < 0.01; ��� , P < 0.001; ���� , P <
0.0001 (t test, two-tailed).
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Discussion
HDACis are antineoplastic agents that cause epigenetic alterations

in chromatin. However, their regulatory approval is currently limited
to hematological malignancies. Attempts to broaden their reach to the
more common solid tumors have been largely unsuccessful. For

progress to ensue, a better understanding of their mechanism of
action, including the DNA damage that follows their administration,
is needed. Here, we studied the DNA damage caused by romidepsin
following a more clinically relevant 6-hour treatment schedule. Anal-
ysis of the drug sensitivity profile from our experiment in CellMiner

Figure 6.

R-loop structures co-localize with single-stranded DNA damage response proteins following romidepsin treatment. Co-localization of accumulated R-loops in the
romidepsin treated cells with SSD repair proteins involved in BER. Nuclei were stainedwith DAPI. DNA–RNA hybrids accumulated in the nuclei and co-localized with
POLb (A), PARP1 (B), XRCC1 (C), and RPA1 (E) following romidepsin treatment in LOXIMVI cells. D, Quantification of nuclear POLb, PARP1, and XRCC1
immunofluorescence signal in LOXIMVI cells treated with or without romidepsin for 6 hours. F, Quantification of nuclear RPA1. For each protein, signal was
quantified only in the nuclear regions, defined by DAPI staining. The median of the signal intensity per nucleus is shown. ��� , P < 0.001; ���� , P < 0.000 (t test, two-
tailed). G, ChIP-qPCR was performed with antibody against RPA1 in the LOXIMVI cells after treatment with romidepsin for 6 hours. Immunoprecipitated chromatin
samples were analyzed by qPCR using RPL13A primer sets. � , P < 0.03.
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Figure 7.

A, Co-localization of accumulated R-loops in the romidepsin treated cells with POL-II. Quantification of nuclear POL-II. Immunofluorescence signal in LOXIMVI cells
treated with or without romidepsin for 6 hours. For each protein signal was quantified only in the nuclear regions, defined by DAPI staining. Themedian of the signal
intensity per nucleus is shown; � , P < 0.01; ns, not significant (t test, two-tailed). B, left, Analysis of g-H2AX in the RNaseH1-transfected LOXIMVI cell line following
romidepsin treatment. g-H2AX signal was detected bywestern blot assay and quantified using Image Studio Software, the percentage of decrease in the expression
of g-H2AX signal relative to the wild-type parental cells is shown here. Treatment was for 6 hours followed by incubation in drug-free medium an additional 6 hours.
B, right, Analysis of apoptotic cell death in both RNaseH1 transfected andwild-type (parental) LOXIMVI cell lines following romidepsin treatment. Annexin V–positive
cells were determined by flow cytometry. Results are baseline mean � SD from three independent experiments. Each bar represents percentage of increase in cell
death comparedwith untreated control. � , P <0.04 (t test, two-tailed).C, LOXIMVI cells treatedwith romidepsin 50 nmol/L, PARP-inhibitor olaparib (10 mmol/L) and
combination of romidepsin and olaparib for 6 hours and harvested immediately (6 hours) or incubated an additional 6 hours before harvest (12-hour time point). The
presence of g-H2AX signal was detected by western blot assay (left). Analysis of apoptotic cell death in the LOXIMVI cell line following treatment with romidepsin
(50 and 200 nmol/L), olaparib alone (10 mmol/L), and 50 nmol/L romidepsin in combination with 10 mmol/L olaparib. Annexin V–positive cells were determined by
flow cytometry (right).
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revealed a strong correlation with known DNA damaging and alkylat-
ing agents. This encouraged us to investigate the mechanism of action
and type of DNA damage caused by romidepsin with the 6-hour
exposure duration. Although DNA damage after HDACis has long
been known, the underlying mechanism has not been explored. We
pursued the hypothesis that HDACis such as romidepsin lead to a
surge of histone hyperacetylation that disrupts transcription at open
chromatin sites by interfering with the reannealing and repackaging of
DNA strands that normally occurs behind RNA polymerase. Further-
more, the romidepsin-mediated hyperacetylation creates a favorable
environment for a nascent RNA transcript to tread back and hybridize
with its DNA template resulting in increased formation of DNA–RNA
hybrids, or R-loops, which we document increase following treatment
of cells with romidepsin for 6 hours. Accumulation of R-loops in turn
renders DNA susceptible to SSBs. Evidence that SSBs occur initially
and are followed by the emergence of DSBs was provided by single-cell
gel electrophoresis, under both alkaline and neutral conditions to
discriminate between SSBs and DSBs. This is consistent with only
sporadic co-localization of gH2AX DSB signal with R-loops after
6-hour treatment (Supplementary Fig. S7). A lack of sufficient
response to the damaged DNA leads to the accumulation of SSBs
over the course of treatment and eventually to DSBs; confirmed by the
increase in both the gH2AX signal as well as the tail moment in both
alkaline and neutral comet assay conditions (Figs. 3B and 5C). The
occurrence of DSBs following treatment with romidepsin or other
HDACis has also been previously reported (43–45).

We propose that the accumulation of R-loops occurs as a result of
the hyperacetylation-induced increase in open chromatin and that this
in turn is augmented by the repression of genes involved inDNArepair
and in prevention and resolution of R-loops. Normal cells prevent
R-loop formation via RNA-binding proteins such as the THOcomplex
or the SRSF1 factor proteins; or resolve R-loop structures via enzymes
such as RNase H, senataxin (SETX), and other DNA–RNA
helicases (16, 17, 46–48); and indirectly by the action of DNA repair
factors, including Fanconi Anemia proteins or BRCA2 and
BRCA1 (37, 47, 49, 50). Our microarray data confirm prior observa-
tions by showing repressed expression of DDR genes (14, 51, 52),
including genes involved in preventing or resolving R-loops such as
SRSF1, BRCA2, and TREX1 (Supplementary Fig. S3B).

We next turned to the question of what pathway would be used to
repair the SSBs that arise from romidepsin-induced R-loops and
reasoned the DNA repair pathways involved in the early response
would be a form of transcription-coupled SSB repair such as NER or
BER (21). NER is normally responsible for dealing with larger DNA
lesions caused by exogenous mutagens such as UV, which are less
likely to form during the initial hours of exposure to romidepsin,
whereas BER removes base oxidation induced by endogenous ROS,
deamination caused by deaminases, and DNA lesions induced by
endogenous alkylating agents. Furthermore, it has been suggested
that a subset of oxidative lesions occurring during transcriptional
arrest is detected by BER and although transcription coupled NER
proteins are recruited, these oxidative lesions are eventually
repaired by BER rather than NER (53). We therefore envision that
by interfering with the resolution of R-loops, romidepsin treatment
increases the length of time the non-transcribed DNA persists as a
single strand in R-loops and this in turn leads to endogenous DNA
damage with the BER machinery likely contributing to the initial
damage response. Indeed, by confocal microscopy, we observed an
increase in the number of PARP1, XRCC1, RPA1, and POLb foci; in
all cases co-localizing with R-loops following a 6-hour romidepsin
treatment consistent with involvement of the BER machinery in the

early response to romidepsin-induced R-loop arrest (Fig. 6A–E).
Interestingly, in the microarray studies, the RNA expression of
PARP1, XRCC1, and RPA1 is preserved after romidepsin, whereas
POLb expression is induced.

Our data are supported by a recent study demonstrating that Sin3A,
a core component of the Sin3–HDAC complex, prevents R-loop
accumulation and R-loop–mediated instability (54). This study
showed that the RNA-binding THO complex, which prevents
co-transcriptional R-loop accumulation, physically interacts with the
Sin3A–deacetylase complex. TheHDACi trichostatin A prevented this
interaction (54). Depletion of Sin3A caused replication fork stalling,
which was rescued by overexpression of RNase H1 (54) arguing that
DNA breaks may occur as a consequence of replication traversing the
R loops, and thus might also explain the high DSB occurrence
following long-term romidepsin treatment as determined by gH2AX
(Fig. 3A and B). Whether replication fork stalling would be in part a
consequence of a previously occurring ssDNA break caused by the
incapacity of BER to deal with excess ssDNA damage is an open
question.

The accumulation of R-loops in romidepsin-treated cells has several
implications. Although R-loops arise during normal gene transcrip-
tion, in romidepsin-treated cells the delay in R-loop resolution leads to
DNA damage. Interestingly, accumulation of R-loops has also been
linked to the silencing of genes involved in neurogenerative disease.
They are thought to reduce gene expression by impeding the activity of
RNA polymerase II during transcription and activation of the repres-
sive chromatin mark H3K9me2 via direct recruitment of methyltrans-
ferase enzymes (21, 55–58). It is plausible that some of the observed
effects of romidepsin on silencing genes are due to the accumulation of
R-loops. Investigations in this area could provide more evidence for
this hypothesis, and further clarify the mechanism of action of
HDACis.

We believe that the mechanistic insight provided by this work
provides opportunities for exploiting HDACis in solid tumors. Com-
binations of romidepsin with drugs targeting the proteins involved in
the formation and resolution of R-loops could enhance the antitumor
activity of these compounds, as could identifying tumors with defects
in DDR, that render cells more sensitive to HDAC inhibition. For
example, topoisomerase I suppresses R-loop formation by preventing
the annealing of RNA with DNA through resolving the negative
torsional stress behind RNA polymerase II and relaxing the DNA
supercoils (59). Inhibition of topoisomerase I has been shown to
stabilize and increase R-loop formation; camptothecin, for instance,
stabilizes R-loops (17, 60, 61).HDAC inhibition could augment R-loop
accumulation, and potentially explain the reported activity of an
HDAC and topoisomerase I inhibitor combination (62, 63). Identi-
fying and targeting the proteins involved in the repair of ssDNA
damage could also be another strategy to enhance the efficacy of
HDACis; inhibitors of PARP1 have been shown to generate DNA
lesions in the absence of BRCA1 and BRCA2 (64). We observed both
an increase in gH2AX signal and sensitivity of the cells with a
combination of a PARPi and romidepsin compared with that of the
individual agents alone (Fig. 7C). The romidepsin effect on R-loops
could explain multiple studies that have reported increased efficacy
combining PARP1 inhibitors with romidepsin (65, 66).

In conclusion, this study provides evidence for a novel mecha-
nism of DNA damage occurring following romidepsin treatment.
We show for the first time, accumulation of DNA–RNA hybrids
following romidepsin treatment, leading to the initiation of single-
strand DNA damage. Furthermore, we provide evidence that BER is
likely the first line of response to the DNA damage that occurs in
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romidepsin induced R-loops. By having an impact on both the
generation and repair of SSBs, romidepsin leads to an increase in
lethal DSBs and cell death.
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