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Abstract

Zika virus (ZIKV) infection in human neural progenitors triggers DNA damage and activates DNA damage response, leading to cell cycle
arrest that can retard brain development. Here, we link the ZIKV-induced S phase arrest to replication fork stalling and R-loop induction.
DRIP-seq reveals that ZIKV infection induces R loops at specific loci strongly enriched in the interferon (IFN)-stimulated genes (ISGs).
Bromouridine sequencing results further indicate that nascent ISGs transcripts are prone to R-loop induction upon infection.
Knockout of IFN receptor eliminated the R loops on ISGs and partially rescued S-phase arrest in infected cells. And overexpression of
RNaseH1 reduced ZIKV-mediated DNA damage and cell cycle arrest. We conclude that unscheduled expression of ISGs induced by
ZIKV alters R-loop homeostasis and perturbs replication fork progression, leading to fork stalling and eventually DNA damage. [FN-
dependent R-loop induction represents a previously unknown, nucleic acid-based mechanism for cell cycle arrest.
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Significance Statement

Zika virus (ZIKV), a virus that replicates exclusively in the cytoplasm, intriguingly interferes with genome maintenance mechanisms
within the host cells. Here, we report that ZIKV infection slows host DNA replication fork progression and triggers R-loop accumula-
tion in interferon (IFN)-stimulated genes, and this mechanism is ZIKV-specific and IFN-dependent. Our results reveal a heretofore
unknown function of R-loop dynamics in ZIKV neuropathogenesis and suggest that targeting R loops could be a potential therapeutic

strategy against Zika disease.

Introduction

Zika virus (ZIKV) is a mosquito-borne flavivirus in the family
Flaviviridae. Since its first isolation in 1947, only sporadic Zika
cases had been reported in Africa and Asia until 2007 when an epi-
demic occurred in Micronesia (1). A larger outbreak occurred in
French Polynesia in 2013, from which a suspected link to an in-
creased rate of Guillain-Barré syndrome was reported (2). The
more recent 2015-2016 ZIKV outbreak in the Americas saw the vi-
rus spread to over 70 different countries and a concurrent in-
crease in microcephaly in babies born to infected mothers.
Microcephaly, either present at birth or of postpartum onset, re-
sults from the decreased number of neurons and glial cells in
the brain due to the imbalance between progenitor cell production
and cell death (3). The ability of ZIKV to infect the central nervous
system (CNS) of mice was reported by Bell et al. in 1971 (4), and
ZIKV was found in the fetal brains of infected pregnant women
during the 2015 Brazilian outbreak (5). While the effects of ZIKV

infection on multiple cell types in the CNS collectively contribute
to ZIKV neuropathogenesis (reviewed in (6)), the ZIKV-induced
growth retardation of human neural progenitor cells (hNPCs) (7-
12)is an attractive link between infection and impaired early brain
development. ZIKV infection of hNPCs induces DNA double-
strand breaks and DNA damage response (DDR) (13, 14), leading
to an S-phase arrest and growth perturbation.

DNA replication is regulated at the recruitment of the replication
machinery to origins and requires extraordinary accuracy (15, 16).
However, genomes often face both endogenous and exogenous
stressors, which impede the process of DNA replication (17). DNA
replication stress is commonly understood as the slowing or stalling
of replication fork progression and DNA synthesis, which, while oc-
curring during S phase, can cause broad consequences for mitosis,
chromosome segregation, and genomic stability (17, 18). During S
phase, a potential collision between transcription and replication
machineries makes transcription a major source of replication
stress (19). When the nascent RNA strand is inappropriately base
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paired with the DNA template strand, leaving the nontemplate
strand as single-strand DNA, a three-stranded DNA-RNA hybrid
structure called an R loop is formed, which can interfere with rep-
lication fork progress if not resolved properly (20). Notably, the
ataxia-telangiectasia and Rad3-related (ATR) signaling pathway
is required to suppress harmful R-loop accumulation by sensing
R-loop-impeded replication forks and protects replication forks
from excessive MUS81 cleavage (21). The depletion of either ATR
or Chk1 induces accumulated R loops and slows down DNA repli-
cation progression (22). In addition, many proteins involved in
strand elongation and DNA repair have been reported to facilitate
R-loop processing and resolution (23, 24).

Here, we report that ZIKV infection slows replication fork progres-
sion and triggers co-transcriptionally formed R-loop accumulation.
The enriched R-loop sites induced by ZIKV infection are predominant-
ly found in the interferon-stimulated genes (ISGs). This enrichment
was not detected in Dengue virus-infected cells or when interferon
(IFN) signaling was blocked, demonstrating a ZIKV-specific and
IFN-dependent mechanism for the R-loop induction. Additionally,
overexpression of human RNase H1, an endonuclease specific for
R-loop resolution, suppressed ZIKV-mediated DDR and partially res-
cued S-phase arrest in ZIKV-infected cells. Our findings highlight
the critical role of R-loop dynamics in the cellular response to ZIKV in-
fection and suggest that targeting R loops could be a viable strategy
for mitigating ZIKV-induced cellular dysfunction.

Results

ZIKV infection slows down the progression
of DNA replication

We previously showed that ZIKV infection of hNPCs and glioblast-
oma cells induces an S-phase arrest via DNA damage induction
(13). To investigate whether DNA replication progression was im-
pacted in ZIKV-infected cells, we performed the DNA fiber assay
(25) to directly visualize and quantify the effect of ZIKV infection on
replication fork progression. At various time points postinfection,
the cells were first labeled with iodo-deoxyuridine (IdU) and then
with chloro-deoxyuridine (CldU) for the same amount of time before
being subjected to fiber analysis (Fig. 1A). For hNPCs, infection by
ZIKV MR766 (ZIKVMR, muliplicity of infection [MOI] 1) eliminated
any nucleotide incorporation at times with any appreciable S-phase
arrest (Fig. S1A) (7, 13), precluding a quantitative measurement of in-
hibition of fork progression. The SNB-19 glioblastoma cells produced
quantifiable fibers with both labels. We focused on the fibers that re-
present progressing forks which are ones with green label linked to
red label because they had progressed through the first labeling peri-
od (the red label) without being stalled by ZIKV up to the start of the
green label. On each of these fibers with linked red and green tracks,
the ratio of CldU (green) track to IdU (red) track can be used as a
measure of replication fork progression. We observed a significantly
lower ratio of CldU to IdU lengths in ZIKV-infected cells at 18 and
20 hpi (Fig. 1B). In addition, the total lengths of these double-labeled
tracks were shortened in cells infected with ZIKV for 18 and 20 h
(Fig. 1B). The percentage of infected cells was comparable at these
time points (Fig. S1B). These data indicate that replication fork pro-
gression is substantially slowed by ZIKV infection in these human
glioblastoma cells.

ZIKV infection induces R-loop formation

that is enriched within ISGs

We next investigated whether R-loop formation is altered in
ZIKV-infected cells, given their link to DNA replication by quantify-
ing S9.6 antibody-stained R loops in the nucleus (26). We found

that, with ZIKVM® infection (MOI 1), 20.85% of the cells contained
positive S9.6 signals as bright foci in their nuclei at 18 hpi, whereas
only 2.84% of DENV-infected cells (MOI 1) showed the positive S9.6
signal in their nuclei at this time point (Fig. 2A). Importantly, the
nuclear staining by the S9.6 antibody was significantly reduced
by RNaseH1 treatment, suggesting that the antibody was detecting
R-loop structure in the nucleus as expected (27) (Fig. 2A). Next, we
performed DRIP-seq (DNA-RNA immunoprecipitation followed by
high-throughput DNA sequencing) (28) to profile and compare
R-loop sites in mock- or ZIKV-infected SNB-19 cells. Overall, we
found more loci with up-regulated R loop in cells infected with ei-
ther ZIKVMR or ZIKV PRVABCS9 (ZIKV'), consistent with S9.6 nu-
clear staining (Fig. 2B). Independently, we performed DNA-RNA
hybrid immunoprecipitation (DRIP)-gPCR to confirm the R-loop en-
richmentin a selected group of genes along with positive (constitu-
tive R-loop sites) and negative (sites known to be absent of R loops)
controls (28) (Figs. S2A and B). Strikingly, 56 of the 57 genes that
contain R loops commonly induced by the two strains of ZIKV
are ISGs (Fig. 2C), but not all of these ISGs formed R loops upon
treatment with IFN-B (Fig. 2D). Importantly, these ZIKV-induced
R-loop loci in most ISGs were not found in the same cells infected
with DENV-2 16681 (DENV), suggesting their specific association
upon ZIKV infection (Fig. S2D). The R-loop signals were effectively
eliminated when the samples were treated with RNaseH1 prior to
Immunoprecipitation by the S9.6 antibody (Figs. 2D and S2A), again
demonstrating the specificity of the DRIP-seq results.

Nascent ISG transcripts are prone to R-loop
induction

Because R-loop formation and transcription are tightly linked proc-
esses in cells, we applied bromouridine sequencing (Bru-seq) (29) to
profile nascent transcripts in mock- or ZIKV-infected cells.
Significant overlap was observed between R-loop induction
(DRIP-seq) and nascent transcription (Bru-seq) following ZIKV in-
fection (Fig. 3A). Thirty-eight out of the 57 R-loop-enriched genes
detected post-ZIKV infection were among the genes undergoing ac-
tive transcription in infected cells collected at 18 hpi (Fig. 3B). Again,
these 38 genes are involved in the antiviral response and almost ex-
clusively ISGs (Figs. 3C and S3A and B). There were 783 genes whose
nascent transcripts were commonly up-regulated by both ZIKVM?
and ZIKV™®, Among them, 477 genes were ISGs (Fig. 3C, left) (30).
In contrast, virtually all genes (37 out of 38) from the Bru-seq up-
regulated list that also formed R loops are ISGs (Fig. 3C, right, and
D). In addition, for the ZIKV-induced R-loop peaks that localized
in up-regulated genes detected by Bru-seq, the log fold change
(logFC) of DRIP-seq changes is significantly higher for the ISGs
with both strains of ZIKV (Fig. 3E). Together, these data strongly
suggest that ISGs are more prone to R-loop formation when they
are actively transcribed in response to infection.

ZIKV infection induces IFN signaling-dependent
R-loop formation

Next, we performed interferon alpha receptor 1 (IFNAR1) (a sub-
unit of IFN o/p receptor) knockout (IFNAR1*C) experiments to de-
termine whether IFN signaling is required for ZIKV-mediated
R-loop induction. We constructed IFNAR1X cell lines using glio-
blastoma cells SNB-19 and U-251 MG by CRISPR/Cas9 (Fig. 4A), fol-
lowed by viral infection and DRIP-seq. The overall R-loop levels as
well as the R-loop loci within ISGs were both dramatically de-
creased in the IFNAR1 KO cells when compared with the wild-type
(WT) cells, while the infection rate at 18 hpi remained comparable
(Figs. 4B and S4A-C). Importantly, the hallmark of DNA damage
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Fig. 1. ZIKV infection slows down the progression of DNA replication. A) Schematic of DNA fiber assay. Prior to thymidine analog labeling, cells were
infected with ZIKVMR for 12, 16, 18, and 20 h (MOI 1). At each time point indicated, cells were labeled with 20 uM of IdU for 20 min, followed by a wash and
labeling with 200 uM of CldU for 20 min. Samples were then collected for DNA fiber assay. Created with BioRender.com. B) Left: images of DNA fibers in
mock- or ZIKVMR-infected SNB-19 cells at 20 hpi (MOI 1). Scale bar is 20 ym. Right top: the ratio of CldU track length to IdU track length of the
double-positive fibers in mock- or ZIKVMR. infected cells collected at 12, 16, 18, and 20 hpi. IdU track length and CldU track length of these double-positive
fibers. Right bottom: relative total lengths of these double-labeled DNA tracks collected from mock- or ZIKVMR-infected cells. Relative IdU and CldU track
lengths of these double-labeled DNA tracks. The lengths were standardized to the average of each mock sample. The error bars are mean + SD. *P < 0.05,
P <0.01, ™P<0.001 (unpaired t test). Source data are provided as a Source Data File.

marker, yH2AX, in ZIKV-infected cells was significantly reduced
with IFNAR1¥ (Fig. 4C), and the cell cycle profiles of IFNAR1?
cells showed an increased number of cells proceeding to late S
phase when infected with ZIKV at MOI 1 (Figs. 4D and S4D).
These results demonstrate that IFN signaling contributes to the
ZIKV-induced R-loop formation in ISGs, DDR, and the disruption
of S-phase progression.

R-loop induction contributes to ZIKV-mediated
growth attenuation

RNaseH1 overexpression has been shown to reduce R-loop accu-
mulation (31); so, we determined whether RNaseH1 expression

in the human glioblastoma cells was able to alleviate DNA dam-
age or S-phase arrest induced by ZIKV infection. We constructed
stable SNB-19 and U-251 MG cells that express either human
RNaseH1 or a mutant version without any catalytic activity
(32-34) (Fig. S5A). The expression levels of the WT and mutant
RNaseH1in these cells are comparable (Fig. S5B). We then infected
these with ZIKV and quantified the number of yH2AX foci in the
cells expressing either WT or mutant RNaseH1. We found a stat-
istically significant difference between them, either in the
SNB-19 or the U-251 MG cells (Fig. 5A), suggesting that ectopic R
loops contribute to ZIKV-induced DDR. We also analyzed the
cell cycle profiles using the same comparisons in U-251 MG cells.
Asshown in Fig. 5B, RNaseH1"T overexpression reduced the effect
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Fig. 2. ZIKV infection triggers R-loop induction in IFN-stimulated genes. A) Top: $9.6 staining of mock- or ZIKVM®- or DENV-infected SNB-19 cells
collected at 18 hpi. RNaseH1 was added to the permeabilized cells on the slides before staining in the treatment sample. Bottom left: percentage of cells

contained positive S9.6 signals as bright foci in their nuclei after mock or ZIK

VMR or DENV infection for 18 h. The error bars are mean + SD. n = 2. Bottom

right: the infection rate of mock- or ZIKVMR- or DENV-infected SNB-19 cells (MOI 1). The error bars are mean + SD. n=2. Scale bars are 50 um. *P < 0.05,
P <0.01, **P <0.001 (one-way ANOVA with Tukey’s correction for multiple comparisons). B) Genome-wide significantly up-regulated and down-regulated
R-loop regions detected by DRIP-seq in ZIKVM® and ZIKV*R-infected SNB-19 cells (FDR < 0.05). The y-axis represents the calculated FC values for each
significant locus. C) Venn diagram of the number of common up-regulated genes detected by DRIP-seq in ZIKVM~- or ZIKV™-infected SNB-19 cells. D) IGV
view of DRIP-seq-normalized reads in gene body of FNDC11, IFIT2, IFIT3, and SESN2 of mock- or ZIKVM*-infected SNB-19 cells collected at 18 hpi or
IFN-B-treated cells collected at 18 h posttreatment. Results were representative of three experiments for Mock and IFN, and two experiments for ZIKV.
RNaseH1 was added to the sample prior to the immunoprecipitation by S9.6 for the treatment sample. ISGs are indicated by an asterisk. Negative control

gene is SNRPN.

of ZIKV on S-phase progression to a nonsignificant level, while
the S-phase arrest persisted in cells expressing an RNaseH1
mutant. The partial rescue of the cell cycle arrest phenotype by
the overexpression of RNaseH1"T supports the notion that un-
scheduled formation of R loops induced by ZIKV infection contrib-
utes to the host cell growth attenuation observed in the ZIKV
target cells.

Discussion

The connection between ZIKV infection of human neural cells, es-
pecially fast-dividing neural stem cells and glioblastoma cells,
and the ensuring cell cycle arrest has been well-established. The
phenotype also has significant implications for the unique neuro-
pathogenesis mechanism deployed by ZIKV among flaviviruses to
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interfere with brain development. This study fills important gaps
within this connection; namely, we found that ZIKV infection
leads tonascent ISG transcription, R-loop induction, and DNA rep-
lication fork stalling, likely in that order. Along with our previous
reports on subsequent steps including DNA damage, DDR, and
cell cycle arrest (7, 13), we now provide a complete pathway
from unscheduled ISGs transcription and R-loop induction in
S-phase cells to a specific S-phase arrest relevant for growth re-
tardation (Fig. 6).

Results from our IFNAR1 KO experiment support a role of IFN
signaling in the pathway of R-loop formation in ISGs, DDR induc-
tion, and S-phase arrestinduced by ZIKV. It has been reported that
cytoplasmic accumulation of R loops, as a result of escape from
nucleus under manipulated conditions, can trigger IFN produc-
tion (35), but a function of IFN signaling in the induction of R loops
has not been described previously. The remarkable high propor-
tion of ISGs detected in the lists of genes with enriched R loops
suggests that unscheduled transcription of ISGs in S-phase cells
as a result of ZIKV infection is a potential factor for a conflict be-
tween DNA replication and transcription from loci prone to R-loop
formation, which is normally not an issue if the genes are not pro-
grammed to be expressed under most conditions. Nevertheless,
IFN production and signaling do not appear to be sufficient to

produce the ZIKV phenotypes. Firstly, DENV infection, which
can also activate IFN response, did not trigger R-loop formation
in the ISGs; secondly, direct treatment of the SNB-19 cells with
IFN-B did not induce the full set of ISG R-loop sites. For example,
SESN2, an ISG induced by type II IFN, did not contain increased
R loops. And even some of the type I ISGs, such as IFIT2, did not
show enriched R loops upon IFN-B treatment. These results are
consistent with the functional data that there is a ZIKV-specific
component to the mechanisms for both cell cycle arrest in vitro
(13, 36) and perturbation of brain development in vivo (6).
Interestingly, multiple genes involved in R-loop processing (23,
24) are down-regulated in the Bru-seq sample with ZIKV infection
at 18 hpi (Fig. S6), potentially reducing the ability to resolve the ec-
topic R-loops and exacerbating their negative effect on DNA repli-
cation and S-phase progression. The significance and mechanism
of the down-regulation remain to be understood. While R-loop
formation is typically associated with active transcription, recent
studies have shown that R loops can act as inhibitors of transcrip-
tion by stalling RNA polymerase, and certain R-loop hotspots do
not coincide with regions of active transcription, as evidenced in
yeast hprlA mutants. The formation of R loops in these mutants
can obstruct RNA polymerase II elongation, thereby impairing
transcription efficiency (37).
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Fig. 4. IFN signaling is critical for ZIKV-induced R-loop enrichment in ISGs. A) Western blot images of IFNAR1"" and IFNAR1XC glioblastoma cell lines,
showing IFNAR1 and IFIT3 expression upon treatment with 100 IU/mL IFN-B for 12 h. GAPDH was used as loading control. B) IGV view of
DRIP-seq-normalized reads in gene body of FNDC11, OAS2, MX2, and IFIT3 of mock- or ZIKVMR-infected U-251 MG/IFNAR1™T and U-251 MG/IFNAR1¥®
collected at 18 hpi (MOI 1). RNaseH1 was added to the sample prior to the immunoprecipitation by S9.6 for the treatment sample. ISGs are indicated by an
asterisk. C) Top: percentage of yH2AX* U-251 MG/IFNAR1WT and U-251 MG/IFNAR1¥ infected with ZIKV™® collected at 18 hpi (MOI 1). Bottom: the
infection rate of mock- or ZIKV*®-infected cells. The error bars are mean + SD. n=2 or 3. Unpaired t test. D) Top: quantifications of BrdU-pulse-labeled
glioblastoma cells analyzed for cell cycle profiles. Late/early S-phase ratios were standardized to the average of each mock-infected cell type. Bottom: the
infection rate of mock- or ZIKVM-infected cells. The error bars are mean + SD. n = 3. Two-way ANOVA with Tukey's correction for multiple comparisons.
In both C and D, *P < 0.05, *P < 0.01.

Although accumulation of unresolved R loops is a likely cause facilitate transcription by protecting DNA from DNA methyltrans-
of DNA replication stress and fork stalling, such as in the case of ferases and blocking transcription repressors binding at pro-
ZIKV infection, programmed formation of R loops participates in moters (31, 32). At terminators, R loops aid in transcription

important physiological processes. R loops have been shown to termination by promoting RNA polymerase II (RNAPII) pausing
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Fig. 5. ZIKV-induced R-loop formation contributes to growth attenuation of infected cells. A) Top: percentage of yH2AX* SNB-19-RNaseH1"",
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Fig. 6. Proposed mechanism of ZIKV-induced R-loop accumulation. ZIKV infection promotes ectopic R-loop accumulation in ISG gene regions, which is
IFN signaling dependent. ZIKV down-regulates R-loop processing genes, which may impair the resolution of R loops, leading to elevated levels of DSBs
and ultimately contributing to growth attenuation in infected cells. Created with BioRender.com.

and recruiting R-loop resolution helicases, endonucleases, and
RNAI silencing machinery at the transcription end site to cleave
and release nascent RNA from its template (31, 33, 38). It has
been reported that an increased R-loop level is important for
maintaining human papilloma virus (HPV) replication cycle (39).
Note that we also found a smaller number of down-regulated
R-loop sites in response to ZIKV. The potential effects, if any, of
the down-regulated R loops is unclear at this time. Although the
effect of RNaseH1 overexpression on ZIKV-induced R loops in
these glioblastoma cells has not been directly examined, its im-
pact on cell cycle progression and yH2AX induction indicates
that the viral-induced R loops are the likely contributors to the
DDR and cell cycle phenotype.

The site-specific enrichment of R-loop loci in ZIKV-infected
cells is intriguing. Certainly, the coordinated transcription induc-
tion of ISGs upon viral infection likely plays a role in the reprodu-
cible pattern that we observed, but the question of why only a
subset of ISGs with nascent transcripts were able to have R-loop
formation remains as active transcription appears to be necessary
but not sufficient for R-loop induction. Experiments that profile
DNA damage sites in these cells did not produce any discrete
yH2AX-enriched sites or any correlation with the R-loop sites.
DNA replication timing analysis also did not reveal any DNA fea-
tures that indicate a favorable tendency to generate bidirectional
replication forks, which increase the possibility of a collision
with the transcriptional machinery. However, it remains possible
that the relatively higher transcriptional activity in these ISGs al-
ters the local DNA topology by increasing negative superhelicity
(40), thereby favoring R-loop-prone regions where their resolution
may be less efficient, ultimately leading to their preferential accu-
mulation in this subset of ISGs. Furthermore, how does the local
induction of ectopic R loops lead to a global slowdown of DNA rep-
lication forks as detected in our fiber assay is puzzling although it
has been reported that local toxic DNA lesions can transmit the
stress signal to a global response pathway via an ATR-mediated

mechanism (41). The two strains of ZIKV that we used in the study
differ in passage history and virus lineages, and the higher infec-
tion rate of ZIKVMR correlates with its ability to induce more
R-loop-enriched sites and higher efficiency of inducing S-phase
arrest.

Our study reveals that unscheduled expression of genes, such
as ISGs during an infection, can increase the burden of R-loop pro-
cessing and elevate R-loop formation in the ectopically expressed
genes. If not resolved properly, this perturbation of R-loop homeo-
stasis, although initiated locally, can have consequences on global
DNA replication progression and cell physiology. These results
have broad significance, as induced gene expression under add-
itional stress conditions, such as heat shock or inflammatory re-
sponse, are common occurrences for cells of higher organisms.

Materials and methods

Cell lines

The SNB-19 cells were cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS; Gibco, #10437028).
The human glioblastoma U-251 MG cells were cultured in Eagle’s
minimum essential medium (EMEM) supplemented with 10%
FBS. Vero cells were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 10% FBS. Aedes albopictus C6/36
cells were cultured in EMEM supplemented with 10% FBS and incu-
bated at 28 °Cin 5% CO,. hNPCs were generated in Zhexing Wen's
lab (Emory U) following the previous protocols (7, 42).

Virus propagation and infection

C6/36 cells were inoculated with ZIKV or DENV at the indicated
MOI for 1 h at room temperature and changed into fresh virus-free
medium, followed by incubation at 28 °C in 5% CO, for 5-7 days.
Supernatant was collected and filtered through a 0.2 pm filter be-
fore use or storage. For the focus-forming unit (FFU) assay, a
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confluent monolayer of vero cells was incubated with serial dilu-
tions of the virus for 2 h at 37 °C, the medium was then replaced
with a 2% methylcellulose overlay mixed 1:1 with 2x DMEM, and
cells were incubated for 48 to 72 h at 37 °C. Next, 4% paraformal-
dehyde (PFA) was added to fix cells for 10 min followed by three
washes with PBS. The cells were blocked in PBTG (PBT, 0.2% bovine
serum albumin [BSA] and 5% normal goat serum) for 30-60 min
and incubated with anti-flavivirus envelop 4G2 antibody (1:500 di-
luted in PBTG) overnight at 4 °C followed by three washes with
PBS. The cells were subsequently incubated with goat anti-mouse
IgG H&L (horseradish peroxidase [HRP]) secondary antibody (1:500
diluted in PBTG) for 1h at room temperature, followed by three
washes with PBS. The DAB substrate was added to each well,
and the plates were shaken on a rotator for 15 min to visualize
the foci for the calculation of FFU.

Immunofluorescence staining

For visualizing R loops, cells were seeded on coverslips in 24-well
plates before being infected by indicated viruses for 18 h at MOI
1. At 18 hpi, cells were fixed with ice-cold 100% methanol for
10 min on ice, followed by two washes with PBS. Next, cells were
blocked in TBST-BSA (TBS, 0.1% Tween-20, and 1% BSA) for 1h
at room temperature and incubated with recombinant
anti-DNA:RNA hybrid antibody-S9.6 (Abcam, #ab234957; 1:200 di-
luted in TBST-BSA) overnight at 4 °C, followed by three washes
with PBS. RNaseH1 treatment to cells was done in TBST-BSA sup-
plemented with 3 mM magnesium chloride, and coverslips were
incubated with rocking at 37 °C for 1 h, followed by being washed
in TBST-BSA for 10 min at room temperature. The cells were sub-
sequently incubated with goat anti-mouse IgG Cy3 secondary
antibody (1:500 diluted in TBST-BSA) for 1 h at room temperature,
followed by three washes with PBS. The coverslips were mounted
using Vectashield mounting medium with DAPI (Vector
Laboratories, #H-1200) for confocal imaging.

For infection rates, cells were seeded on coverslips in 24-well
plates before being infected by indicated viruses for 18 h at MOI
1. At 18 hpi, cells were fixed with 4% PFA for 10 min, followed by
two washes with PBS. Next, cells were blocked in PBTG for 1 h at
room temperature and incubated with anti-flavivirus envelop
4G2 antibody (1:500 diluted in PBTG) for 1 h at room temperature,
followed by three washes with PBS. The cells were subsequently
incubated with goat anti-mouse IgG-FITC (Fluorescein
Isothiocyanate) secondary antibody (1:500 diluted in PBTG) or
goat anti-mouse IgG Cy3 secondary antibody (1:500 diluted in
PBTG) for 1h at room temperature, followed by three washes
with PBS. The coverslips were mounted using Vectashield mount-
ing medium with DAPI for imaging.

For verifying RNaseH1 overexpression single clones, cells were
seeded on coverslips and cultured to 70-90% confluency. Cells
were fixed with 4% PFA and blocked in PBTG for 1 h. Cells were
next stained with the V5-tag (D3H8Q) Rabbit antibody (Cell
Signaling Technology, #13202; 1:500 diluted in PBTG). Slides
were washed three times with PBS and then stained with goat
anti-rabbit IgG-FITC (Sigma Aldrich, #F0382; 1:500 diluted in
PBTG). Slides were washed in PBS and mounted using
Vectashield mounting medium with DAPI for imaging.

For visualizing yH2AX foci, cells were seeded on coverslips and
infected with ZIKVF® for 18 h at MOI 1. Cells were fixed with 4%
PFA and blocked in PBTG. Cells were stained with the following
antibodies:  anti-phospho-H2AX  (Ser140) (Thermo Fisher
Scientific, #MA1-2022; 1:250 diluted in PBTG), anti-ZIKV Capsid
(Genetex, #GTX133317; 1:250 diluted in PBTG). Slides were washed
three times with PBS and then stained with the following

secondary antibodies: goat anti-mouse-Alexa Fluor 647 (1:500 di-
luted in PBTG) and goat anti-rabbit IgG-FITC (1:500 diluted in
PBTG). Slides were washed in PBS and mounted using
Vectashield mounting medium with DAPI for imaging. All col-
lected images were analyzed and quantified using Image]
(https://imagej.net/ij/). The positive phospho-H2AX cells were de-
termined by demonstrating at least one prominent foci with nu-
clear localization.

BrdU labeling and flow cytometry

Cells were labeled with 100 uM BrdU for 30 min at 37 °C, followed
by two washes with ice-cold PBS. Next, cells were trypsinized and
resuspended in ice-cold PBS containing 1% FBS. Ice-cold 100%
ethanol was added slowly to the cells with gentle shake at a final
concentration of 75%. For propidium iodide (PI) staining, cells
were denatured by 2N HCI containing 0.5% Triton X-100 for
30 min, followed by pH neutralization with 0.1 M sodium tetrabo-
rate. Next, cells were incubated with 0.15 pg mouse anti-BrdU
antibody diluted in wash buffer (PBS, 0.5% Tween-20, and 1%
BSA) for 1h at room temperature, followed by one wash with
wash buffer. Cells were then incubated with 1 ug goat anti-mouse
FITC diluted in wash buffer for 30 min at room temperature, fol-
lowed by one wash with wash buffer. Cells were pelleted and re-
suspended in PI staining buffer and incubated at room
temperature for 30 min at room temperature before analysis
with a BD FACSCanto machine.

DNA fiber assay

Cells were cultured in 6-well plates for 24 h prior to being infected
by ZIKV at MOI 1. Samples were protected from light and prepared
as described (25). Cells were incubated with 20 uM IdU for 20 min,
followed by two washes with PBS and incubated with 200 uM CldU
for 20 min, followed by two washes with PBS. Next, cells were per-
meabilized with CSK100 buffer (100 mM NacCl, 10 mM MOPS, pH 7,
3 mM MgCl,, 300 mM sucrose, 0.5% Triton X-100) for 10 min at
room temperature, followed by careful washing with cold PBS.
The exposed nuclei were scraped and pelleted at 7,000 rpm for
5min at 4 °C to obtain 1-2 x 10° nuclei/uL. The pellet was resus-
pended well, and 2 uL of nuclei containing sample was pipetted
near the top of the positively charged microscope slides. Eight mi-
croliters of LB buffer (200 mM Tris-HCl, pH 7.5, 50 mM ethylene-di-
amine-tetraacetic acid [EDTA], 0.5% sodium dodecyl sulfate [SDS])
was added to and gently mixed well with the sample to lyse the nu-
clei for 6-10 min. The slides were then tilted to allow the drop to
travel down the slides. After being fixed with freshly prepared
methanol mixed 3:1 with acetic acid for 5 min, and denatured in
2.5M HCI for 1h, the slides were blocked in 5% BSA in PBS for
30 min at room temperature. The slides were stained with mouse
anti-BrdU antibody (1:20 diluted in PBS, 0.05% Tween-20, 1% BSA)
and rat anti-BrdU antibody (1:100 diluted in PBS, 0.05% Tween-20,
1% BSA) for 1h 30 min at room temperature, followed by washes
with PBS and PBST. The anti-mouse IgG1 Alexa Fluor 546 and anti-
rat Alexa Fluor 488 (1:100 diluted in PBS, 0.05% Tween-20, 1% BSA)
were subsequently added to the slides for 1 h at room temperature,
followed by washes with PBS and PBST. The slides were mounted
using the ProLong Gold Antifade for imaging.

DRIP-seq and DRIP-gPCR

DRIP-seq was performed as described (28). Briefly, cells were cul-
tured in T-75 flasks for 24 h prior to the experiment. For IFN-B
treatment, 10 ng/mL of IFN-B was added for 18 h. Cells were col-
lected by trypsinization and pelleting, followed by Dulbecco’s
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phosphate-buffered-saline (DPBS) washes. Cells were resus-
pended in Tris-EDTA (TE) buffer containing 20% (wt/vol) SDS
and 20 mg/mL proteinase K and incubated at 37 °C overnight.
On the next day, DNA was extracted and then fragmentated using
a cocktail of restriction enzymes at 37 °C overnight. Prior to S9.6
immunoprecipitation, digested DNA was diluted in TE buffer,
and 10% of each tube was saved as input for later gPCR. For S9.6
immunoprecipitation, 1x DRIP-binding buffer (10x DRIP-binding
buffer: 100 mM sodium phosphate, pH 7, 1.4 M NaCl and 0.5%
[vol/vol] Triton X-100) and $9.6 antibody (1 mg/mL) were added
to the diluted DNA, followed by incubation at 4 °C on a rotator
for 14 to 17 h. Next, DNA from last step was added to the prepared
agarose beads and gently rotated at 4 °C for 2 h, followed by two
washes with 1x DRIP-binding buffer. DNA was eluted in DRIP elu-
tion buffer (50 mM Tris, pH 8, 10 mM EDTA, pH 8, and 0.5% SDS)
containing proteinase K, followed by rotation at 55 °C for
45 min. After DNA was purified, the immunoprecipitation effi-
ciency was checked by qPCR. The DNA libraries were constructed
for S9.6 antibody immunoprecipitated DNA samples and se-
quenced on a NovaSeqg 6000, with the method of paired-end
150 bp sequencing and 30 M reads. DRIP-seq reads were aligned
to the human genome (hg19) by Bowtie 2 version 2.4.4 with default
parameters (43). The aligned reads were sorted by genomic coor-
dinates using Samtools (44). Peaks for DRIP-seq were identified
by MACS2 version 2.2.6 with their corresponding input BAM file
(45). Identified peaks were merged, and reads were re-counted in
the merged peak regions. Peaks with a read count exceeding 20
in each replicate of one condition were retained for differential
analysis using DESeq?2 (46). Significantly, differential peaks were
defined by a false discovery rate (FDR) threshold of <0.05. All
peaks and differential peaks were annotated to genes using
annotatePeaks.pl from HOMER (version 4.11) (47). The
R-loop-enriched genes were verified by qPCR.

Bru-seq

Bru-seq was performed as described (29). Briefly, cells were cul-
tured in T-75 flasks for 24 h prior to the experiment. For bromour-
idine labeling, 6-10 mL of medium of each flask was transferred to
clean falcon tubes, and BrU was added to a final concentration of
2 mM. The remaining medium was discarded and BrU containing
medium was added back to flasks, and cells were incubated at
37 °C for 30 min. Cells were collected by trypsinization and pellet-
ing. Trizol was then added to the pellet to lyse cells. For total RNA
isolation, we added 0.2 mL chloroform per 1 mL Trizol used initial-
ly. After dissolving RNA in the nuclease-free water, we applied
TURBO DNA-free Kit (Invitrogen, #AM1907) to remove any isolated
DNA content. The goat anti-mouse IgG magnetic Dynabeads
(Invitrogen, #11033) were conjugated with anti-BrdU antibodies
(BD Pharmingen, #555627). For isolating BrU-labeled RNA, the to-
tal RNA was heated to 80 °C for 10 min and was cooled on ice be-
fore being incubated with prepared Dynabeads at room
temperature for 1h. Next, the bead pellet was incubated in
nuclease-free water at 95 °C for 10 min to elute BrU-RNA from
the beads. The cDNA library was sequenced on a NovaSeq 6000
with the method of single-end 100 bp sequencing and 80 M reads.
Bru-seq reads were aligned to the human genome (hg19) by Bowtie
2 version 2.4.4 with default parameters (43). The aligned reads
were counted in each gene body of hg19 downloaded from UCSC
Table Browser. A gene with a read count exceeding 20 in each rep-
licate of one condition was retained for differential analysis using
DESeq?2 (46). Significantly differential genes were defined by an
FDR threshold of <0.05.

RNaseH1 overexpression cell line construction

Cells were cultured until they were 70 to 90% confluent. Three RNaseH1
plasmids, ppyCAG_RNaseH1 WT, ppyCAG_RNaseH1 D210N, and
PpyCAG_RNaseH1 WKKD (Addgene, #111904, #111906, #111905),
were prepared in TE buffer. Each of the three RNaseH1 plasmids was
mixed well with Opti-MEM medium (Gibco, #31985062) and P3000 solu-
tion (Invitrogen, #L.3000008) in well-labeled tubes. Lipofectamine 3000
reagent (Invitrogen, #.3000008) was mixed well with Opti-MEM me-
dium in three separate clean tubes. Next, each of the diluted
RNaseH1 plasmid solutions was added to each of the diluted
Lipofectamine 3000 reagent solutions and incubated for 15min at
room temperature and was then added to cells. Cells were incubated
for 2 days prior to antibiotic selection. Next, 600 pg/mL of hygromycin
B was added for 2 weeks to select stable RNaseH1 cells. Medium con-
taining hygromycin B was replaced every 2 days.

IFNAR1 CRISPR knockout generation and
validation

To generate IFNAR1 KO cells, the sgRNA construct targeting IFNAR1
inserted in a pLentiCRISPRv2 backbone was purchased from
GenScript (sgRNA target sequence GATCTAATGTTAAAGACTGG).
Lentivirus particles containing the CRISPR/Cas9 system were used
for the transduction of glioblastoma cells at a confluency of 30 to
40% to generate IFNAR1-KO cells. After 72 h of transduction, cells
were selected with 2 ug/mL puromycin for 2 weeks, followed by
single-cell cloning for the U-251 MG KO cells. SNB-19 KO population
and U-251 MG KO clones were screened for IFNAR1 expression by
western blotting with mouse anti-IFNR1 (ThermoFisher, #
MA532006). For the SNB-19 KO cell pool and selected U-251 MG
clones, genomic DNA of cells was extracted following the Invitrogen
TRIzol Reagent (DNA isolation) user guide (MAN0016385). PCR pri-
mers were designed to flank each respective sgRNA target site and
amplify the modified region (forward: CAGCTTGCAGCATTCCTGGA
and reverse: TGCATCCAGCCCACATAAAGT) for TOPO cloning fol-
lowed by sequencing (Biosystems 3730 Genetic Analyzer) for cut-site
analysis.

Western blotting

Mock- or IFN-p-treated cells were directly lysed in Laemmli sam-
ple buffer and immediately boiled for 10 min. Proteins were sepa-
rated on SDS-8% or 12% polyacrylamide gels and transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore) for stand-
ard immunoblotting. The primary antibodies used are:
anti-IFNAR1 (1:500, ThermoFisher, #MAS532006), anti-IFIT3
(1:500, Santa Cruz Biotechnology Inc., #sc-393512), anti-IFITM1/
2/3 (Santa Cruz Biotechnology Inc., #sc-374026), or anti-GAPDH
(1:20,000, GeneTex, #GTX100118), all diluted in 5% milk in PBST.

Statistical analysis

For DNA fiber assay and quantification of cell numbers, data were
analyzed using Excel or Prism software (GraphPad). Data were an-
alyzed using one-way or two-way ANOVA with Tukey’s correction
for multiple comparisons, two-tailed unpaired t test, or one-tailed
exact binominal test, as stated in the legends. Data from repeated
independent experiments are presented as the mean + SD of at
least two biological replicates. A P-value <0.05 was considered sig-
nificant. Statistical results can be found in the Source Data file. An
FDR threshold of <0.05 was considered significant in identifying
significantly differential peaks in DRIP-seq or significantly differ-
ential genes in Bru-seq.
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