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Abstract

The autonomous parvovirus Minute Virus of Mice (MVM) localizes to cellular DNA damage

sites to establish and sustain viral replication centers, which can be visualized by focal depo-

sition of the essential MVM non-structural phosphoprotein NS1. How such foci are estab-

lished remains unknown. Here, we show that NS1 localized to cellular sites of DNA damage

independently of its ability to covalently bind the 5’ end of the viral genome, or its consensus

DNA binding sequence. Many of these sites were identical to those occupied by virus during

infection. However, localization of the MVM genome to DNA damage sites occurred only

when wild-type NS1, but not its DNA-binding mutant was expressed. Additionally, wild-type

NS1, but not its DNA binding mutant, could localize a heterologous DNA molecule contain-

ing the NS1 binding sequence to DNA damage sites. These findings suggest that NS1 may

function as a bridging molecule, helping the MVM genome localize to cellular DNA damage

sites to facilitate ongoing virus replication.

Author summary

Parvoviruses are among the simplest of viruses, depending almost exclusively on host cell

factors to successfully replicate. We have previously shown that the parvovirus Minute

Virus of Mice (MVM) establishes replication centers at sites that are associated with cellu-

lar regions of DNA damage. These sites are primed to contain factors necessary to effi-

ciently initiate vigorous virus lytic infection. The process by which viral proteins and viral

DNA specifically localize to these sites has previously remained unknown. In this study

we show that the essential viral protein NS1 possesses the intrinsic ability to localize to cel-

lular sites of DNA damage. Additionally, wild-type NS1, but not its DNA binding mutant,
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could localize to sites of DNA damage both the MVM genome, or a heterologous DNA

molecule engineered to contain NS1 binding sites. This work provides the first evidence

that NS1 may function as a bridging molecule to localize the MVM genome to cellular

sites of DNA damage to facilitate ongoing replication.

Introduction

Parvoviruses are non-enveloped icosahedral viruses that contain a linear genome of single-

stranded DNA [1]. The prototype parvovirus Minute Virus of Mice (MVM) is lytic in murine

cells and transformed cells of multiple species including human, and replicates autonomously

during S phase through rolling hairpin replication [2,3]. The MVM genome is approximately 5

kb long with inverted terminal repeats at either end which serve as replication origins. The

virus encodes two non-structural phosphoproteins, NS1 and NS2. NS1 is essential for numer-

ous facets of viral replication in all permissive cell types, whereas NS2’s function during infec-

tion is less clearly defined, and is essential only in murine cells [4,5].

Following S phase entry, the single-stranded MVM genome is amplified by alternating

monomeric and concatemeric duplex replicative intermediates, utilizing cellular DNA poly-

merase δ. The unit-sized double stranded intermediate also serves as the primary template for

the expression of viral genes [6,7]. NS1 molecules can dimerize asymmetrically on the octa-

meric consensus motif ACCAACCA present at 14 locations on the viral genome [8–10].

Besides binding to its consensus DNA motif, NS1 facilitates genome replication as a site- and

strand-specific nickase and helicase, and covalently binds to the 5’ end of the viral genome dur-

ing replication [6,11–14].

MVM establishes replication factories in the nucleus (termed Autonomous Parvovirus

Associated Replication, or APAR bodies), where ongoing genome replication and expression

take place [15–18]. In addition to viral DNA, NS1 colocalizes there with replication factors

such as PCNA, RPA and DNA polymerases α and δ in viral replication centers [15,16,19]. At

early stages of infection, MVM induces cellular DNA damage which results in a DDR in host

cells, driven by signaling from the ATM kinase and virally mediated inactivation of the CHK1

kinase [15,19]. APAR bodies are also sites where cellular DNA Damage Response (DDR) sen-

sor and response proteins accumulate and associate with replicating viral DNA [15,20,21]. As

virus replication proceeds, MVM programs the degradation of p21 through the CRL4Cdt2 ubi-

quitin ligase pathway, and downregulates Cyclin B1 expression in part by dysregulating the

transcription factor FOXM1, ultimately resulting in a potent pre-mitotic cell cycle block [22–

25].

To establish successful infection, MVM must co-opt factors essential for virus expression

and replication while simultaneously evading the sentinels of genome integrity. Importantly,

rather than merely recruiting essential proteins to replication centers, the MVM genome local-

izes to cellular genomic sites that contain high concentrations of replication and repair pro-

teins. High-throughput chromosome conformation capture assays (which we have termed

V3C-seq) have mapped the primary localization sites of the replicating MVM genome with

cellular sites of DNA damage replete with such factors, many of which coincide with Early

Replicating Fragile sites (ERFs, [21,26]). As replication proceeds, MVM induces and then

spreads to additional sites of DNA damage. However, the molecular machinery that enable the

MVM genome to localize to cellular DDR sites, and potentially aid in its expansion, remains

unknown. A potential factor that could enable proper viral genome localization is NS1, which

is both bound to, and essential, for the replicating MVM genome.
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Here, we show that NS1 expressed in the absence of infection can localize to cellular sites of

DNA damage that have been induced with either focused laser micro-irradiation, or chemi-

cally induced with hydroxyurea or doxorubicin. Mutant NS1, which is incapable of dimerizing

and subsequently binding to its cognate ACCAACCA sequence also localizes to cellular DDR

sites. Many of these sites were identical to those occupied by the virus during infection. How-

ever, localization of the MVM genome to sites of DNA damage could occur only when wild-

type NS1, but not its DNA-binding mutant was expressed. Additionally, wild-type NS1 pro-

tein, but not its DNA binding mutant, could localize a heterologous DNA molecule containing

the NS1 binding sequence to sites of DNA damage. These findings suggested that NS1 may

function as a bridging molecule which helps localize the MVM genome to cellular sites of

DNA damage to facilitate ongoing virus replication.

Results

MVM NS1 localizes to induced cellular sites of DNA damage during

infection and overexpression

As shown in Fig 1A, during wild-type MVM (MVMWT) infection in U2OS osteosarcoma cells,

which are fully permissive for MVM in an NS2-independent manner, NS1 co-localized with

cellular sites of DNA damage monitored by γH2AX staining, as a part of APAR bodies (Fig

1A, panel 1), consistent with previously published observations [15,20,21]. Upon induction of

DNA damage by laser micro-irradiation in U2OS cells 16 hours post infection (16 hpi), a sig-

nificant portion of NS1 relocalized to the laser micro-irradiated stripe as monitored by γH2AX

staining (Fig 1A, panel 2). When U2OS cells were infected with an MVM mutant unable to

generate NS2 (MVMΔNS2), NS1 also colocalized with micro-irradiated DDR sites (Fig 1A,

panel 3), suggesting that NS2 was not required for this localization. The unrelated transcrip-

tion factors NR5A2 and FOXP1, which do not have strong binding sites on the MVM genome,

did not relocalize to the laser micro-irradiated sites, and instead remained distinct from the

γH2AX staining pattern (Fig 1A, panels 4 and 5 respectively).

Following induction of DNA damage by laser micro-irradiation, wild-type NS1, expressed

individually from a CMV-driven expression vector also relocalized to γH2AX stripes from

APAR-like foci (Fig 1B, compare panels 1 and 2), suggesting that NS1 could localize to laser

micro-irradiated sites independently of the replicating virus and even though the expressed

NS1 gene contains NS1 binding sites. NS1 possesses a dimerization-dependent DNA binding

and helicase activity which requires binding and hydrolysis of ATP [8]. Mutation of NS1 lysine

405 (NS1K405S) interferes with its ability to dimerize and prevents binding to its cognate

ACCAACCA site [8,27]. Surprisingly, NS1K405S, overexpressed transiently in U2OS cells, still

efficiently relocalized to laser micro-irradiated sites, while non-MVM binding control FOXP1

remained distinct from γH2AX in these cells (Fig 1B, panels 3 and 4).

To further analyze NS1’s relocalization to laser stripes, we generated stable A9 cell lines

which inducibly express just NS1 [28]. Focused DNA damage generated by laser micro-irradi-

ation 24 hours post-induction of NS1 with doxycycline also led to NS1’s relocalization to

micro-irradiation induced DNA breaks (Fig 1C, compare panels 1 and 2), whereas control

NR5A2 remained distinct from the induced damage sites in these cells (Fig 1C, panel 3).

We next monitored NS1’s localization to punctate sites of DNA damage induced either by

pulsing cells with hydroxyurea (HU), or doxorubicin, which generate DNA damage via repli-

cation stress, by inhibiting ribonucleotide reductase (HU), or hampering topoisomerase II

progression [29,30]. U2OS cells expressing CMV-driven NS1 formed foci which colocalized

with γH2AX in the absence of treatment (Fig 1D, panels 1 and 2); pulsing these cells with HU

or doxorubicin led to the formation of more, and larger γH2AX foci, to which NS1 staining
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Fig 1. MVM NS1 localizes to induced cellular sites of DNA damage during infection and overexpression. (A) Laser

micro-irradiation followed by immunofluorescence analysis of U2OS osteosarcoma cells was performed during
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colocalized (Fig 1D, panels 3 and 4). Quantification of multiple fields of view demonstrated

that the distance between the center of mass of the NS1 and γH2AX foci in the presence of

DNA damaging agents was significantly smaller (closer) than their distance from control

NR5A2 foci (Fig 1E). Additionally, induction of replication stress led to a greater number of

γH2AX foci per nucleus (Fig 1F), indicating that the cellular target regions where NS1 could

potentially relocalize increased in the presence of generalized DNA damage.

Analysis of NS1 localization and relocalization to DDR sites at the genomic

level

To characterize how individually expressed NS1 localizes and can be re-localized to cellular

DNA damage sites throughout the genome, and in higher resolution, we performed ChIP-seq

for NS1 and γH2AX in stable A9 fibroblasts inducibly expressing NS1 with doxycycline, in the

presence and absence of HU.

As shown for representative samples on mouse chromosomes 17 and 19, where the MVM

genome was previously found to localize within megabase-sized domains during early stage of

infection ([21] and described below), NS1 binds to distinct sites on Chr17 and Chr19 (red his-

togram), and colocalization of NS1 with γH2AX (green histogram) is evident when viewed

both from the whole-chromosome view (Fig 2A left panels), as well as in magnified finer detail

(Fig 2A right panels). Induction of DNA damage in these cells via an HU pulse led to the

spread of γH2AX over wide areas (purple histogram and, cf. Fig 1D, panel 3), as previously

characterized by others for γH2AX induction [26,31], and consistent with previously pub-

lished findings during MVM infection [21]. NS1 broadly relocalized to the γH2AX domains in

both analyses (blue histogram).

When analyzed on a genome-wide basis (results for individual chromosomes comprising

the entire mouse genome are shown in supplemental S1 Fig), we observed that, in the presence

of 1 mM HU pulsed for 16 hours to induce DNA damage, treated cells possessed approxi-

mately 50% more NS1-associated peaks relative to untreated A9 cells (Fig 2B, 635 versus 940

shared peaks obtained from the intersection of 2 independent experiments). This suggested

infection with MVMp (MVMWT; panels 1,2,4,5) and MVMp1989 variant (MVMΔNS2; panel 3, [66]) of MVM for 16

hours. The induced DDR site was monitored by γH2AX staining (green) and the viral non-structural protein was

visualized by NS1 staining (red). The host transcription factors FOXP1 and NR5A2, which do not have strong binding

sites on the MVM genome, were monitored as controls (red). The cell nuclei were visualized by DAPI staining and the

nuclear periphery was demarcated by dashed white line. White bars in figure inset represent 10 microns. Data is

representative of 3 independent experiments, each imaging at least five fields of view containing 4–5 nuclei. (B) U2OS

cells were transfected with the indicated NS1 expressing vector with LipoD293 for 16 hours, DDR induced by laser

micro-irradiation and processed for immunofluorescence by co-staining for γH2AX (green) and NS1 protein (red).

The cell nuclei were visualized by DAPI staining and the nuclear periphery was demarcated by dashed white line.

White bars in figure inset represent 10 microns. Data is representative of 3 independent experiments, each imaging at

least five fields of view containing 4–5 nuclei. (C) Murine A9 fibroblasts which stably express NS1WT were induced

with doxycycline for 24 hours before focused DDR induction by laser micro-irradiation. Samples were then co-stained

for γH2AX (green) and the indicated proteins (red). The cell nuclei were visualized by DAPI staining and the nuclear

periphery was demarcated by dashed white line. White bars in figure inset represent 7.5 microns. Data is representative

of 3 independent experiments, each imaging at least five fields of view containing 4–5 nuclei. (D) U2OS cells were

transfected with NS1 expressing vector for 12 hours and induced with 1 mM Hydroxyurea or 200 nM Doxorubicin for

4 hours to chemically induce DNA damage. Samples were collected by CSK pre-extraction at 16 hours post-expression

and processed for immunofluorescence by co-staining for DNA damage sites, visualized by γH2AX (green) and NS1

(red). The cell nuclei were visualized by DAPI staining and the nuclear periphery was demarcated by dashed white line.

White bars in figure inset indicate 10 microns. (E) The distance between the center of mass of the fluorescence of

γH2AX foci and NS1 foci were quantified for multiple nuclei imaged across 3 independent experiments using Leica

LAS X image processing software. (F) The number of γH2AX foci were quantified in NS1 expressing cells over

multiple fields of view in 3 independent experiments. Statistical analysis was performed using One-way ANOVA,

multiple comparisons test, with statistical significance designated by ����, which represents p<0.0001. ns denotes not

statistically significant.

https://doi.org/10.1371/journal.ppat.1009002.g001
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Fig 2. Analysis of NS1 localization and relocalization to DDR sites at the genomic level. (A) Representative NS1 and γH2AX ChIP-seq data

on mouse chromosome 17 (top) and chromosome 19 (bottom) in murine A9 fibroblasts inducibly expressing NS1 for 24 hours. Cells were

pulsed with 1 mM Hydroxyurea for 16 hours starting at 8 hours post-expression in the bottom 2 panels (histograms in blue and purple). Y-axis

represents quantile normalized reads per million values of ChIP-seq reads for each sample. The left panels represent whole chromosome views

of Chr17 and Chr19. The right panels represent zoomed-in views of the respective regions indicated by red rectangle on the left. (B) The total

number of called NS1 peaks which were shared between two biological replicates of NS1 ChIP-seq experiments were compared between

doxycycline induction (left) and HU pulse during doxycycline induction (right) in A9 cells containing an integrated NS1-pINDUCER20

cassette. (C,D) Venn diagrams representing whole-genome comparison of the overlap of NS1 and γH2AX ChIP-seq peaks in A9 cells

expressing NS1 alone (C, left panel) and NS1 followed by HU pulse (D, left panel). The statistical significance of the overlap is shown via

Jaccard analysis in the respective right panels (labelled as “Observed”; red cross). The bioinformatically-called NS1 ChIP-seq peaks common to

two independent experiments were intersected with an equivalent number of randomly generated locations on the mouse genome (labelled as

“Permuted”; black square). (E) The overlap of NS1 peaks throughout the genome in A9 cells expressing ectopic NS1 in the absence or presence

of HU is shown via Venn diagram (E, top left) with the statistical significance of the overlap calculated by Jaccard analysis (E, top right). The

intersection of the NS1 peaks with respective γH2AX peaks from two independent experiments were quantified and presented in the bar

graphs (E, bottom). The subsets of NS1 peaks from the Venn diagram were represented according to the corresponding highlighted colors in

the bottom panel of E. White fractions of the bars represent γH2AX-negative fraction and black bars represent γH2AX -positive fraction of

identified NS1 peaks. (F) The relative position of NS1 ChIP-seq peaks with-respect-to γH2AX peaks 1 Mb upstream and downstream in the
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there was increased migration of NS1 to cellular genomic sites upon HU treatment. More

detailed analysis of genome-wide data from 2 separate experiments were consistent, and

showed, that in the absence of HU treatment, approximately 48% of the NS1 positive sites

were shared with γH2AX (Fig 2C, left). The statistical significance of this intersection was eval-

uated using Jaccard analysis in which the observed NS1 peaks were intersected with a ran-

domly computed set of sites on the mouse genome containing the same number of equally

sized peaks as control (Fig 2C, right, compare red cross with black square respectively). Recip-

rocally, 69% of γH2AX-bound regions in these cells contained NS1 (Fig 2C, left), suggesting

that the majority (more than two-thirds) of γH2AX sites in non-treated cells, presumably gen-

erated by DNA damage in their vicinity, could serve as substrates for NS1 localization. Upon

HU induction of additional DNA breaks during doxycycline-induced NS1 expression, we

observed the formation of broad γH2AX peaks on chromosomes 2–8, 15–17 and 19 (supple-

mental S1 Fig). Quantification of the extent of NS1 interaction with γH2AX regions through-

out the genome revealed that approximately 52% of NS1 peaks were shared with γH2AX

marked regions (Fig 2D, left). This colocalization was statistically significant as evaluated by

similar Jaccard analysis (Fig 2D, right). Importantly, since in the presence of HU approxi-

mately 50% more of NS1 protein targets the genome (Fig 2B), this again confirmed a signifi-

cant migration of NS1 to sites of DNA damage, which corresponded in this case with only 8%

of the total γH2AX ChIP-seq sites (Fig 2D, left). Interestingly, since approximately half of NS1

localized to γH2AX in the presence or absence of HU, an approximate maximum of 50% of

NS1 molecules were apparently available to interact with the cellular genome.

Approximately 30% of NS1 peaks were conserved between non-HU-treated cells induced to

express ectopic NS1, and those expressing NS1 in the presence of HU (Fig 2E top left; light

blue). This overlap was statistically significant, as calculated by Jaccard analysis (Fig 2E, top

right). Of these overlapping NS1 sites (represented by light blue region in the Venn diagram in

Fig 2E), 31% colocalized with endogenous γH2AX sites (Fig 2E bottom, column 3). Co-localiza-

tion to HU-induced γH2AX sites increased to 47% (Fig 2E bottom, column 4, intersection of 2

independent experiments), further demonstrating NS1 relocalization to these sites was

increased upon HU treatment. Of the non-overlapping NS1 sites (represented by dark blue and

red regions in the Venn diagram in Fig 2E), approximately 60% still overlapped with γH2AX, in

both untreated and HU treated cells (Fig 2E bottom, columns 1 and 5, respectively), somewhat

more, but similar to results in 2C and 2D. Considering that approximately 50% more NS1 inter-

acted with the genome following HU induction (Fig 2B), these results also indicated that HU-

induced sites on the genome became targeted by NS1. These intersections were statistically sig-

nificant, as a randomly generated library of genomic binding sites was γH2AX-positive for less

than 5% of the common sites which intersected with NS1 peaks in the presence or absence or

HU (Fig 2E bottom, columns 2 and 6). When NS1 binding relative to γH2AX peaks was visual-

ized throughout the genome (as shown in the heat maps in Fig 2F), most γH2AX peaks in

untreated cells contained NS1 bound regions within their 2 Mb vicinity (red; left). However, in

the presence of HU (blue; right) a smaller number of NS1 peaks were within this vicinity. This

was consistent with the NS1 occupancy change from 69% in the absence of HU to 8% in its

presence, as shown in Fig 2D and 2E. These heatmaps suggested further that even though all

NS1 peaks did not colocalize with γH2AX peaks, the majority fell within the 2 megabase

absence of HU (red; left) and the presence of HU (blue; right) were visualized using deepTools bioinformatic resource on the Galaxy project

platform [63,67]. (G) Focused NS1 ChIP-qPCR assays were performed at a subset of cellular sites identified by ChIP-seq in cells inducibly

expressing wild-type NS1 (NS1WT, blue bars), and the dimerization mutant of NS1 (NS1K405S, red bars) for 24 hours. Data is presented as

mean ± SEM of percent input pulldown efficiencies across 2 independent experiments.

https://doi.org/10.1371/journal.ppat.1009002.g002
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window encompassing γH2AX. Identified NS1 peaks did not correlate with published murine

ChIP-seq peaks for active histone modifications H3-acetylated lysine 27 (H3K27ac, [32]), or

H3-acetylated lysine 9 (H3K9ac, [33]), (S2 Fig), in spite of previous qualitative observations that

during MVM infection NS1-bound regions correlated with sites of transcriptionally active Type

A chromatin marks [21,34]. This suggested that the replicating viral genome might aid in

aspects of virus localization that are unknown, and possibly independent of NS1.

To confirm the results described above showing that localization of NS1 to cellular sites of

DNA damage was independent of its ability to directly bind DNA, we selected a subset of

strongly binding NS1 peaks to assay by ChIP-qPCR in A9 cells inducibly expressing either

wild-type NS1 (NS1WT), or the non-DNA binding K405S mutant (NS1K405S, described above)

with doxycycline. As shown in Fig 2G, NS1 pulldown efficiencies at these sites for both NS1WT

and NS1K405S were similar, confirming that the association of NS1 with cellular DDR sites was

independent of its ability to bind DNA (as shown in Fig 1B above). These assays further sug-

gested that components present at sites of cellular DDRs, rather than NS1’s cognate DNA

binding element, likely served as mediators for NS1 binding.

Ectopically expressed NS1 localizes with Virus Associated Domains

identified during infection

In order to investigate how transiently expressed NS1’s association with the cellular genome corre-

lated with cellular sites associated with the MVM genome during infection, we intersected NS1

ChIP-seq data gathered during doxycycline-induced NS1 expression with MVM virus associated

sites (which we dubbed Virus Associated Domains, or VADs; [21]). As shown in Fig 3A, NS1

peaks which relocalized to encompass broad regions of mouse Chromosome 17 (green histogram)

generally coincided with previously identified cellular VAD sites [blue rectangle encompassing NS1

ChIP-seq (red histogram; 3rd genome browser track) and MVM V3C-seq (red histogram; 4th

genome browser track) at 16 hpi]. The extent of correlation was therefore evaluated over time using

Jaccard analysis where NS1 ChIP-seq peaks were intersected with a control library of random sites

(as described above). As shown in Fig 3B, expressed-NS1 peaks did not coincide with V3C-seq

peaks at 12 hpi in the absence of HU (Fig 3B, column 1). However, NS1 peaks began to correlate

with MVM genome-associated regions in cells treated with HU at this time (Fig 3B, column 2).

This was likely due to the broadening of NS1 interaction sites observed upon HU treatment during

NS1 expression (described above). At both 16 hpi and 20 hpi, a substantial number of NS1 peaks

correlated with V3C-seq sites in untreated cells, which increased further when intersected with

samples that had undergone HU induction (compare columns 3 to 4 and 5 to 6 respectively).

We have previously shown that during infection at 16 hpi, 90% of NS1-associated sites—

which included MVM-bound NS1 and host-chromatin-bound NS1- correlated with VADs

(21). Only 17% of these peaks overlapped with NS1 sites identified in NS1-expressing cell lines

in the absence of HU (Fig 3C), which approximately doubled to 36% in the presence of HU

(Fig 3D). The overlap of transiently expressed NS1 peaks with NS1 during infection also

approximately doubled, from 24% in the absence of HU (Fig 3C) to 46% in the presence of

HU (Fig 3D). These results indicated that ectopically expressed NS1 could localize to the same

shared cellular sites as NS1 associated with the MVM genome; however, the unique DDR pro-

file induced by infection subsequently generated an additional set of target sites for NS1 on the

host genome used exclusively by the virus.

NS1 directs the localization of MVM genome to cellular DDR sites

As a prelude to further analysis of viral genome re-localization, we initially optimized 3-color

Immuno-FISH assays in MVM infected U2OS cells. Following staining samples with γH2AX
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to identify the sites of cellular DNA damage, we monitored co-localization of the viral genome

using Alexa-Fluor-555-labelled MVM (Fig 4A) and anti-NS1 (Fig 4B). As shown in Fig 4A

(panel 1) the viral genome and γH2AX colocalized in MVM infected cells at nuclear sites pre-

viously identified as APAR bodies (identified by NS1 staining in Fig 4B, panel 1). Upon induc-

tion of DNA damage using laser micro-irradiation, the MVM genome relocalized to induced

DDR sites (Fig 4A, panel 2). Following transfection in U2OS cells, we also found that a non-

replicating MVM genomic plasmid (labelled as MVMp NS1WT FD), which includes its multi-

ple genomic NS1 binding sites, could similarly localize to micro-irradiated nuclear sites (Fig

4A, panel 3). Concurrently, the wild-type NS1 protein expressed by this vector also colocalized

to the laser micro-irradiated sites (Fig 4B, panel 3). Strikingly, a transfected MVMp FD

genome which expressed the NS1K405S mutant that lacks the ability to dimerize and bind to its

cognate consensus sequence (described above and labelled here as MVMp NS1K405S FD) did

not relocalize to the laser micro-irradiated stripe (Fig 4A, panel 4). However, the expressed

mutant NS1K405S protein localized to the laser stripe (Fig 4B, panel 4, and as seen previously).

Similarly, an unrelated pUC18 vector did not localize to the stripe (Fig 4A, panel 5). Quantifi-

cation of the average profile of MVM DNA which colocalized with laser micro-irradiated

regions (schematic shown in Fig 4C, left) in multiple nuclei confirmed that the MVMp NS1WT

FD plasmid localized with γH2AX significantly better than the MVMp NS1K405S FD plasmid,

which remained distinct from these regions, similar to the pUC18 plasmid background (Fig

Fig 3. Ectopically expressed NS1 localizes with Virus Associated Domains identified during infection. (A) Representative NS1

ChIP-seq tracks on mouse chromosome 17 comparing the localization sites of ectopically expressed NS1 in the absence or presence of

HU (blue and green histograms respectively) with that of NS1 during infection (red histogram; third genome browser track). The NS1

binding sites are compared with MVM localization sites previously identified using V3C-seq (red histogram; fourth genome browser

track). NS1 ChIP-seq and MVM localization V3C-seq were carried out at 16 hpi and have been described previously [21]. The resulting

Virus Associated Domain (VAD) has been demarcated in blue rectangle. (B) The NS1 ChIP-seq peaks identified in the presence and

absence of HU were compared with MVM genome localization sites at 12 hours post-infection (hpi), 16 hpi and 20 hpi previously

identified by V3C-seq [21]. The statistical significance of this overlap was determined by Jaccard analysis (red crosses), and compared

with a randomly generated set of cellular sites with approximately the same number of genomic sites as the identified NS1 ChIP-seq

peaks (black squares). The extent of separation between red X and black squares reflect increased correlation of ChIP-seq and V3C-seq

peaks. The overlap of NS1 ChIP-seq peaks previously identified at 16 hpi of MVM infection (C, D; red, [21]) was compared with NS1

peaks identified during expression (C, blue) and expression in the presence of HU treatment (D, green). The statistical significance of

the respective overlap was evaluated by Jaccard analysis (C,D; right).

https://doi.org/10.1371/journal.ppat.1009002.g003
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Fig 4. NS1 directs the localization of MVM genome to cellular DDR sites. (A) Representative immuno-FISH data of

U2OS cells infected with MVMp virus for 16 hours (panels 1,2) and MVM infectious clone lacking the replication
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4C, right). These findings suggested that while NS1 did not require its DNA binding ability to

localize to DDR sites, localization of the MVM genome to sites of DNA damage could occur

only when wild type NS1, but not its DNA binding mutant, was expressed.

To test whether NS1 might be capable of transporting a heterologous DNA molecule to cel-

lular sites of DNA damage, we inserted the P38 promoter region of MVM, which contains a

potent NS1 binding ACCAACCA site, into the pUC18 vector (Fig 4D, top). Control vectors

were generated containing the same insert except that the NS1 binding sequence was scram-

bled to CACACACA (hereafter labelled as “scrambled-pUC18”). Focused NS1 ChIP-qPCR

assays showed that NS1 bound to the pUC18 vector containing ACCAACCA consensus

sequence at nine-fold higher efficiency than the vector containing scrambled consensus

sequence following their transfection in inducible NS1-expressing stable cells (Fig 4D,

bottom).

In the absence of NS1, neither the pUC18 vector alone (Fig 4A, panel 5), nor the

ACCAACCA-pUC18 vector (Fig 4E, panel 1), localized to the laser micro-irradiated sites.

Expression of NS1WT in these cells prior to laser micro-irradiation led to the re-localization of

ACCAACCA-pUC18 to the induced laser stripe (Fig 4E, panel 2). However, neither the scram-

bled-pUC18 vector in the presence of NS1WT, nor the ACCAACCA-pUC18 vector in the pres-

ence of the non-DNA-binding NS1K405S protein, localized to laser micro-irradiated sites (Fig

4E, panels 3 and 4, respectively). These results indicated that NS1 binding to its cognate

origin (MVMp FD, panels 3,4) or pUC18 vector (panel 5) transfected for 36 hours. DNA damage was induced using

laser micro-irradiation (panels 2–5) and monitored by γH2AX staining (green). The MVM genome or pUC18 DNA

were visualized by AF-555 labelled FISH probes (red). The white bar in the figure inset represents 10 microns. (B) The

corresponding NS1 localization during infection (panels 1,2) and MVMp FD transfection (panels 3,4) were monitored

using immunofluorescence assays for NS1 (red). DNA damage was induced using laser micro-irradiation (panels 2–4)

and monitored by γH2AX staining (green). The white bar in the figure inset represents 10 microns. Data is

representative of 3 independent experiments, each imaging at least five fields of view containing 4–5 nuclei. (C)

Schematic of the selection of laser-micro-irradiated ROI (left) for the quantification of Immuno-FISH assays in

multiple nuclei (right). The average FISH signal intensity of AF-555 labelled MVMp and pUC18 (red) over the laser

micro-irradiated sites (green) were calculated in over 10 nuclei in the indicated conditions in Fig 4A. Data is presented

as mean ± SEM of signal intensity at 72 nm intervals along ROIs that are 8.4 μm in length. Statistical analysis was

performed by One-way ANOVA, multiple comparisons test. Statistical significance is designated by ���� < 0.0001 for

all samples relative to MVMp NS1WT FD. (D) Schematic of ACCAACCA consensus site and scrambled sequence

(CACACACA) on MVMP38 with 100 bp of the genome sequence on either side, which were cloned into the HindIII

site of the pUC18 vector. NS1 binding to this site on the pUC18 vector was monitored by NS1 ChIP-qPCR assay

(bottom), with the qPCR primers located on the pUC18 backbone flanking the insert site (black arrows). NS1

expression was induced with doxycycline for 16 hours in stable A9 cells described above before transfecting with the

modified pUC18 vectors for 8 hours, followed by ChIP assays at 24 hours post-induction. Data is represented as

mean ± SEM for percent input of NS1 pulldowns in three independent experiments. Statistical significance was

determined by unpaired t-test. Statistical significance is shown by ���, which reflects p< 0.05. (E) Immuno-FISH

assays of U2OS cells transiently expressing wild-type (NS1WT, panels 2,3) or dimerization mutant (NS1K405S, panel 4)

variants of NS1, transfected with the ACCAACCA–pUC18 (panels 1,2,4) or scrambled–pUC18 (panel 3) vectors for 16

hours and damaged by laser micro-irradiation which were monitored by γH2AX staining (left panel). Plasmid

localization was monitored by AF-555 labelled probe (middle panels) and their colocalization was visualized in the

right panel (labelled “Merge”). (F) Quantification of the average FISH signal intensity of AF-555 labelled pUC18 (red)

over the laser micro-irradiated sites (green) calculated in over 10 nuclei in the indicated conditions in Fig 4E. Data is

presented as mean ± SEM of signal intensity at 72 nm intervals along ROIs that are 8.4 μm in length. Statistical analysis

was performed by One-way ANOVA- multiple comparisons test. Statistical significance is designated by ���� < 0.0001

for all the samples relative to NS1WT ACCAACCA-pUC18. (G) ChIP-loop assays with pUC18 viewpoint in

NS1-expressing A9 fibroblasts (induced for 24 hours with doxycycline) transfected with the ACCAACCA–pUC18 /

scrambled–pUC18 plasmids at 12 hours post-induction followed by DDR induction with hydroxyurea at 18 hours

post-induction. Chromatin was processed using standard 3C methods before performing NS1-ChIP, and

intramolecular ligation was subsequently performed. The localization of the pUC18 vector with cellular DDR sites

(identified by γH2AX ChIP-seq, Fig 2) was assayed by Taqman qPCR where the probe viewpoint is complementary to

the plasmid genome while the assay sites are on the mouse genome are at chromosome 17qA1, 17qA3.3 and the

previously identified gene desert site 9qE1 [21]. Statistical analysis was performed by one-way ANOVA- multiple

comparisons test. Statistical significance is designated by ���� < 0.0001.

https://doi.org/10.1371/journal.ppat.1009002.g004
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binding sequence was essential for localization of the plasmid to induced DDR sites. Quantifi-

cation of the immuno-FISH studies over multiple micro-irradiated nuclei supported these

observations (Fig 4F). These findings suggested that when bound, NS1 can translocate a heter-

ologous DNA molecule to cellular sites of DNA damage.

As a complementary approach, we performed ChIP-loop experiments, which combine

chromatin immunoprecipitation with chromosome conformation capture [35]. In this case,

we first identified robust HU-induced γH2AX sites by ChIP-seq (Fig 2) to monitor NS1-bound

modified pUC plasmid localization. If the heterologous molecule was recruited to these HU-

induced DDR sites by NS1, then these assays should yield hybrid junctions between pUC18

and the cellular DDR regions of interest after intramolecular ligations are performed. As

shown in Fig 4G, in the presence of HU, the NS1-bound ACCAACCA-pUC18 molecule

formed novel ligation junctions with 17qA3.3 and 17qA1 respectively, two regions on the

mouse genome containing robust HU-induced γH2AX peaks identified in Fig 2. In the

absence of HU (when DNA damage was not detected at these sites), or when the pUC18 vector

containing scrambled NS1 binding sites was used, the frequency of these novel ligation junc-

tions was significantly diminished (Fig 4G)—suggesting that these heterologous molecules

localized less efficiently to these regions. Additionally, even in the presence of HU, the

NS1-bound ACCAACCA-pUC18 molecule did not form detectable hybrid junctions at a gene

desert region of the genome that is devoid of DNA damage following HU treatment, previ-

ously identified on chromosome 9 (9qE1, [21]), suggesting that the localization occurred pri-

marily at HU-induced regions. These findings independently confirmed our microscopic

observations that NS1 bound to a heterologous DNA molecule was necessary to translocate it

to a cellular DDR site.

Discussion

We have previously shown that MVM establishes replication centers at cellular sites of DNA

damage which associate with γH2AX [21]. To begin to understand how such centers are estab-

lished and maintained during ongoing viral replication, we examined how individually

expressed MVM NS1 localizes to cellular sites of DNA damage. We have found that NS1 local-

izes to sites of cellular DNA damage in a manner independent of its ability to bind DNA.

Many of these sites overlap with sites of viral association during infection. Further, the MVM

genome, as well as a heterologous DNA molecule containing an NS1 binding site could be

localized to sites of cellular DNA damage in the presence of wild-type, but not DNA binding

mutant of NS1. These results suggested that NS1 may play a role in localizing the MVM

genome to sites of DNA damage to facilitate ongoing infection.

During ectopic expression in the absence of replicating viral genome substrates, non-

MVM-bound NS1 relocated to chemical- and radiation-induced nuclear DNA breaks. This

was observed first in microscopic assays. Genome-wide ChIP-seq data then confirmed and

expanded on these observations. In untreated cells, NS1 was found to associate with sites of

DNA damage bound by γH2AX; however, when cells were treated with HU, a significant por-

tion of NS1 migrated to the additional sites of damage that was induced. As NS1 possesses

both helicase and nickase functions [36,37], it is also possible that ectopic NS1 causes genome

instability by directly disrupting the cellular DDR machinery, or indirectly, by causing cellular

toxicity [38], either of which would result in increased γH2AX foci. However, these possibili-

ties remain to be mechanistically tested. Importantly however, migration to cellular sites of

DNA damage did not require NS1’s ability to bind DNA. NS1 might be targeted to cellular

DDR sites in a DNA-binding-independent manner through its interaction with host proteins,

which are yet to be determined. In this regard, multiple SQ/TQ motifs on NS1 could serve as
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phosphorylation targets for ATM kinase, which is also active at the DNA break sites [39].

Additionally, Casein Kinase 2 alpha (CK2α), which mediates the recruitment of the DDR

adaptor protein MDC1 to DNA break sites marked by the MRN complex, also interacts with

NS1 [40,41]. While this is yet to be determined, the interaction between NS1 and factors pres-

ent at DDR sites are likely important for NS1 localization.

It remains unclear specifically if the viral genome localizes to cellular DDR sites at the earli-

est stages of infection, before NS1 can be expressed. If it does, it is possible that the incoming

capsid may play a role. In addition, cis-elements on MVM, bound by proteins that can localize

to cellular DDR sites, could also impact genome localization. Factors including CTCF and

cohesin, which contain binding sites on MVM and to cellular promoters respectively, and are

known to localize to cellular sites of DNA damage in the nucleus, are candidates for such a role

[42–44]. The DDR adaptor molecule MDC1, which dimerizes to bridge the DNA-break sens-

ing MRN complex and γH2AX chromatin marks, remains distinct from MVM APAR bodies

during infection [20]. If the phosphorylated isoform of MDC1 at threonine-4 (MDC1PT4)

associated with its dimerization [40,45,46] also colocalizes with APAR bodies, it could suggest

that MDC1 contributes to genome localization.

Our observation of NS1 translocating a bound DNA molecule to a cellular DDR site sug-

gests that NS1 transports MVM genomes to sites of DNA damage as well as to additional sites

of genomic DNA breaks, as the genome amplifies. The Large T antigen (LT) protein of the

DNA tumor virus SV40 induces cellular DNA damage while also associating with the viral

genome at 3 sites [47,48]. The connecting link between LT and the cellular DDR pathways are

the proteins BUB1 and NBS1, which interact with LT on the SV40 genome [48–50]. The HPV

genome associates with cellular fragile sites through interaction between the E2 protein and

BRD4, a chromatin-targeting cellular protein at sites called PEB-BLOCs which also regulates

PCNA loading on eukaryotic replication forks [51,52]. The transport of E2-bound HPV

genome to PEB-BLOCs before being tethered to the host genome by BRD4-mediated bridging

seems to present a potential mechanism by which papillomaviruses localize to their appropri-

ate nuclear sites. Interestingly, the HPV E2- associated genomic sites are enriched in active

chromatin [51] similar to EBNA3A of EBV, which also binds to the cellular genome at strong

enhancers and poised promoters [53]. Although MVM-genome associated VAD sites are

enriched in active chromatin (mostly Type A; [21,34]), ectopic NS1 colocalizes with limited

regions of active host chromatin, instead showing a preference for γH2AX (Fig 2F). Since only

a portion of VAD sites are shared by individually expressing NS1, even if viral proteins trans-

port the viral genome to DNA break sites, it is possible that the genome amplifies to occupy

regions of active chromatin induced during infection. How small DNA viruses establish their

ongoing replication centers is a fundamental aspect of their life cycle, and for the parvovirus

MVM, the large non-structural protein NS1 likely participates in this process.

Materials and methods

Contact for reagent and resource sharing

Further information and requests for resources and reagents should be directed to and will be

fulfilled by Kinjal Majumder (km3k5@missouri.edu) and David J. Pintel (pinteld@missouri.

edu).

Cell lines, virus and virus infections

Male murine A9 and female human U2OS cells were propagated in 10 percent Serum Plus

(Sigma Aldrich) containing DMEM media (Gibco) supplemented with Gentamicin at 37

degrees Celsius and 5 percent carbon dioxide. A9 and U2OS cells were used to demonstrate
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the generalizability of NS1 localization to cellular sites of DNA damage. Cell lines are routinely

authenticated for mycoplasma contamination, and background levels of DNA damage

detected by γH2AX staining. As A9 cells have smaller nuclei and higher background γH2AX

levels relative to U2OS, imaging-based studies of NS1 localization to cellular DDR sites can be

difficult to discern microscopically using this system. Therefore, U2OS cells were predomi-

nantly used for the laser microirradiation and imaging assays. Wild-type MVMp and the 1989

mutant of MVM (MVMpΔNS2) were produced as previously described [15,24] and genome

copies were quantified by Southern blotting [54]. MVM infection was carried out at a Multi-

plicity of Infection (MOI) of 10. Lentivirus constructs designed to inducibly express NS1 were

generated by co-transfecting equal concentrations of HIV Gag/Pol, Vesicular Stomatitis Virus

glycoprotein G (VSV-G) and relevant pINDUCER20 plasmids containing NS1WT and

NS1K405S into HEK293T cells for 48 hours [22,28]. Stable doxycycline-inducible A9 cell lines

were selected with 800 μg/ml of Geneticin (Gibco). pINDUCER20 lentivirus-transformed cell

lines were induced with 500 ng/ml Doxycycline hydrochloride (MP Biomedicals) for the indi-

cated amount of time.

Cell synchronization and drug treatments

A9 cells were parasynchronized in G0 phase of cell cycle by isoleucine deprivation for 42 hours

as previously described [15]. Cells were infected with MVM upon release into complete

DMEM medium (described above). The cells enter S phase approximately 12 hours post

release [15,22,24]. A9 cells containing an integrated NS1-pINDUCER20 cassette were induced

with 500 ng/ml Doxycycline hydrochloride (MP Biomedicals) upon release. For ChIP-seq

experiments, parasynchronized A9 cells containing an integrated NS1-pINDUCER20 cassette

were treated with 1 mM Hydroxyurea (Sigma Aldrich) at 8 hours post release for 16 hours as

indicated in Fig 2. For immunofluorescence assays in U2OS cells expressing NS1 for 16 hours,

doxorubicin hydrochloride (Sigma Aldrich) treatment was carried out at a final concentration

of 200 nM and HU treatment was carried out at a final concentration of 1 mM, starting at 12

hours post-transfection for 4 hours.

Plasmids and transfections

The NS1 ORF was cloned into the mammalian expression vectors pCDNA3.1 (Invitrogen) as

previously described [55]. This vector was used as the template to generate pINDUCER20 cas-

settes containing the NS1 ORF. The MVM p38 site containing ACCAACCA consensus

sequence, as well as the scrambled consensus sequence were cloned into the pUC18 vector

using gene blocks flanked by HindIII restriction enzyme sites (Supplemental file 1) and trans-

formed into DH5α competent cells. pINDUCER20 reagents were a gift from Guang Hu (NIH/

NIEHS) [23,28]. Transient transfection of cells were performed using LipoD293 (SignaGen

Laboratories).

Laser micro-irradiation for immunofluorescence

Laser micro-irradiation was performed on 1 million A9 or U2OS cells cultured on glass bot-

tomed dishes (MatTek Corp.) infected with MVM at an MOI of 10 for 18 hours, transfected

with 1 microgram of NS1-expression vectors for 16 hours or induced with Doxycycline for 16

hours. Cells were sensitized with 3 μl of Hoechst dye (ThermoFisher Scientific) 5 minutes

prior to micro-irradiation. Samples were irradiated using a Leica TCP SP8 confocal micro-

scope using 40X oil objective and 3X digital zoom with a 405 nm laser using 25 percent power

at 40 Hz frequency for 1 frame per field of view. Regions of interest (ROIs) were selected across

PLOS PATHOGENS MVM NS1 Aids in viral genome localization to sites of cellular DNA damage

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009002 October 16, 2020 14 / 21

https://doi.org/10.1371/journal.ppat.1009002


the nucleus such that they did not traverse the nuclear membrane. Samples were processed for

immunofluorescence imaging (described below) immediately after micro-irradiation.

Immunofluorescence assays

A9 and U2OS cells were pre-extracted with CSK Buffer (10 mM PIPES pH 6.8, 100 mM

Sodium Chloride, 300 mM Sucrose, 1 mM EGTA, 1 mM Magnesium Chloride) and CSK with

0.5% Triton X-100 for 3 minutes each before fixation with 4 percent paraformaldehyde for 10

minutes at room temperature. Cells were washed in PBS before being permeabilized with 0.5%

Triton X-100 in PBS for 10 minutes at room temperature. Samples were blocked with 3% BSA

in PBS for 1 hour, incubated with the primary antibody diluted in 3% BSA solution for 1 hour,

washed in PBS and incubated with secondary antibody (tagged with Alexa Fluor fluorophores)

for 1 hour. Samples were washed in PBS and mounted on slides with DAPI Fluoromount

(Southern Biotech).

Immuno-FISH assays

U2OS cells were grown on glass bottomed dishes for laser micro-irradiation induced DNA

damage after sensitization with 3 μl Hoechst 3342 (3X digital zoom; 33Hz; 15% power). Samples

were pre-extracted in CSK (recipe described above) for 3 minutes, followed by CSK with 0.5%

Triton X-100 for 3 minutes before washing with PBS and fixing with 4% PFA in PBS for 10 min-

utes. Calls were washed with PBS before being permeabilized in 0.5% Triton X-100 in PBS for

10 minutes at room temperature. Samples were treated with 2 μl RNase A in PBS for 1 hour at

37 degrees Celsius. Samples were denatured in 70% Formamide solution (70% Formamide, 2X

SSC) for 3 minutes at 77.8 degrees Celsius, 50% Formamide solution (50% Formamide, 2X

SSC) for 1 minute, before adding the denatured FISH probe in Hybridization mixture (1 ul

probe, 25 ul Hybridization buffer, 15 μl sonicated salmon sperm DNA), sealed with parafilm

and incubated at 37 degrees Celsius for 30 minutes. Samples were washed 3 times with 2X SSC/

0.1% Triton X-100 at 37 degrees Celsius for 5 minutes each, followed by 3 washes in 2X SSC at

37 degrees Celsius for 5 minutes each. Samples were blocked in 3% BSA in PBS for 1 hour at

room temperature in the dark, and processed for immunofluorescence as described above.

DNA probe labelling for Immuno-FISH assays were carried out using the FISH Tag DNA

Multicolor Kit from ThermoFisher Scientific according to manufacturer’s protocol.

The intensity of FISH signal over the laser micro-irradiated region was quantified using the

plotprofile tool on ImageJ [56]. Briefly, 8.4 μm ROIs were selected where γH2AX resulting

from laser stripe and FISH signals coincided. The FISH signal intensity was calculated in 72

nm intervals along the ROI for at least 10 nuclei, and averaged using Graphpad Prism.

Antibodies

Mouse anti-γH2AX (EMD Millipore; 05–636), rabbit anti-γH2AX (Abcam; ab11174), rabbit

anti-NR5A2 (Abcam; ab189876), rabbit anti-FOXP1 (Cell Signaling; 2005S), anti-mouse

AF488 secondary (Life Technologies; A11029), anti-rabbit AF488 secondary (Life Technolo-

gies; A11034), anti-mouse AF568 secondary (Life Technologies; A11031), anti-rabbit AF568

secondary (Life Technologies; A11036). The mouse anti-NS1 monoclonal antibody has been

previously generated and validated by the Pintel lab [21].

Chromatin Immunoprecipitation followed by sequencing (ChIP-seq)

A9 cells were crosslinked with 1% formaldehyde for 10 minutes on a rocker at room tempera-

ture before being quenched with glycine (0.125 M) for 5 minutes on ice. Cells were collected in
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cold PBS followed by lysis in ChIP lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH

8, protease inhibitors). The whole-cell lysates were sonicated using a Diagenode Bioruptor for

60 cycles (30 seconds on and 30 seconds off). The samples were centrifuged at 4 degrees Cel-

sius for 10 minutes before the lysate was added to suspensions of antibodies and Protein A

Dynabeads (Thermo Scientific). The samples were incubated by rotation at 4 degrees Celsius

overnight before being washed with Low Salt Wash (0.1% SDS, 1% Triton X-100, 2 mM

EDTA, 20 mM Tris-HCl pH 8, 150 mM NaCl), High Salt Wash (0.1% SDS, 1% Triton X-100, 2

mM EDTA, 20 mM Tris-HCl pH 8, 500 mM NaCl), Lithium Chloride Wash (0.25 M LiCl, 1%

NP-40, 1% Deoxycholate, 1 mM EDTA, 10 mM Tris-HCl pH 8) and twice with TE wash buff-

ers before being eluted in SDS elution buffer (1% SDS, 0.1 M Sodium Bicarbonate). Following

elution, the chromatin-antibody complexes were reverse-crosslinked with 100 mM sodium

chloride heated at 65 degrees Celsius and Proteinase K for 2 hours. The eluted DNA was puri-

fied using a Qiagen PCR purification kit and samples were eluted in 50 ul of Buffer EB

(Qiagen).

Sequencing libraries were generated from ChIP DNA using the NEBNext Ultra II Library

Prep Kit for Illumina, and the sonication quality was verified using Agilent Bioanalyzer. For

ChIP-seq assays, all nine samples were pooled and sequenced on an Illumina Next Seq 500

instrument using 75 base-pair Single End Sequencing.

ChIP-seq samples were aligned to the mouse genome (build mm10) using Bowtie2 [57].

The resultant SAM files were converted to BAM files using Samtools [58]. BED files were gen-

erated using BEDtools [59]. Peaks were called with EPIC analysis software using the SICER

algorithm [60–62] according to default parameters. Called peaks that were shared between 2

independent biological replicates were identified using BEDtools software [59]. In order to

compare the magnitudes of ChIP-seq peaks between different treatment conditions, rpm val-

ues were calculated (using Galaxy project, [63]) on the bedgraph files generated from EPIC,

and were quantile normalized using preprocessCore package on RStudio [64]. Statistical sig-

nificance of overlapping ChIP-seq peaks were performed using the Jaccard function on BED-

tools software. The Jaccard analysis represents the ratio of the intersection of two sets (in this

case, called ChIP-seq peaks) to that of the union of the same sets. The resultant overlap is rep-

resented as a decimal between 0 (reflecting no overlap) and 1 (complete overlap). “Random”

BED files were permuted using BEDtools, such that they contained comparable number of

peaks of similar size as determined by NS1 ChIP-seq assays, ensuring that the size of the sets

being compared were similar, which were subsequently sorted before calculation by Jaccard

analysis. Bioinformatic codes used have been provided in S2 Table.

ChIP-loop assays

2 million A9 cells modified to inducibly express NS1 using the pINDUCER lentiviral system

(22, 28) were grown in 100 mm tissue culture plates. Cells were induced with doxycycline for

24 hours. Cells were transfected with 0.5 μg of modified pUC18 plasmid (described above)

using LipoD293 transfection reagent (Signagen) at 12 hours post-induction. Cells were pulsed

with 1mM Hydroxyurea (Sigma) at 18 hours post-induction and harvested for ChIP-loop at

24 hours. Cells were crosslinked in 2% Formaldehyde for 10 minutes at room temperature by

shaking, followed by quenching of the crosslinks with 0.125M Glycine for 5 minutes at room

temperature on the rocker. The cells were scraped and collected into tubes, washed with PBS

and lysed with 500 μl 3C lysis buffer (10 mM Tris-HCl pH 7.5, 10 mM NaCl, 0.2% NP-40,

[21,65]) supplemented with 1X protease inhibitor (MedChemExpress) for 10 minutes on ice.

Cells were spun down, aspirated and the resulting nuclei were resuspended in 500 μl of 1.2X

NEB Buffer 2. Nuclei were permeabilized in 0.3% SDS for 30 minutes at 37 degrees C in a
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shaker. The permeabilization agent was sequestered with 2% Triton X-100 for 30 minutes at

37 degrees C in a shaker. The chromatin was digested with 400U HindIII overnight by shaking

at 37 degrees Celsius, followed by 300U HindIII for 3 hours next day. Simultaneously, 40 μl of

Protein A Dynabeads (Thermo Scientific) were washed 3 times in 1 ml of 0.02% Tween 20 in

PBS for 3 minutes on a rotator at 4 degrees Celsius. The Dynabeads were incubated with 2 μg

of anti-NS1 protein for 4 hours on a rotator at 4 degrees Celsius. The digested 3C chromatin

was inactivated in 56 degrees Celsius for 15 minutes before the bead-antibody mixture were

combined, and incubated overnight at 4 degrees Celsius on a rotator. Samples were washed

twice in 1% Triton X-100 in PBS and twice in ChIP-loop wash buffer (10 mM Tris-HCl, pH

8.0, 0.25 M LiCl, 0.5% NP-40, 0.5% DOC, 1 mM EDTA) before resuspending the beads in

100 μl 1X T4 DNA Ligase Reaction Buffer (NEB). Samples were ligated overnight with 100U of

T4 DNA Ligase (NEB) at room temperature on a rotator. DNA was eluted with 50 μl of ChI-

P-Elution Buffer (described above) twice at 56 degrees Celsius. Crosslinks were reversed with

10 μl of 5M NaCl and 5 μl of Proteinase K at 56 degrees Celsius overnight. DNA was purified

using a PCR Purification Kit (Qiagen) and samples were eluted twice in 50 μl of Buffer EB

(Qiagen). DNA ligation junctions were analyzed by Taqman qPCR, with the viewpoint probe

on the modified pUC18 vector containing the P38 sequence and capture primers described in

S1 Table.

Quantification and statistical analysis

Statistical analysis was performed using GraphPad Prism (GraphPad Software), and BEDtools

2.26.0 [59]. Quantile normalization of ChIP-seq data was carried out on RStudio using the pre-

processCore package [64].

Supporting information

S1 Fig. Analysis of NS1 localization and relocalization to DDR sites throughout the mouse

genome. Representative NS1 and γH2AX ChIP-seq data throughout the mouse genome in A9

fibroblasts inducibly expressing NS1 for 24 hours (top 2 panels, in red and green histograms),

and in cells pulsed with 1 mM Hydroxyurea for 16 hours starting at 8 hours post-expression

(bottom 2 panels, in blue and purple histograms). Y-axis represents quantile normalized reads

per million values of ChIP-seq reads for each sample. The chromosome number and scales are

indicated for each chromosome throughout the mouse genome.

(TIF)

S2 Fig. Comparison of NS1 binding sites with that of active chromatin marks in fibro-

blasts. The relative position of NS1 ChIP-seq peaks when NS1 was expressed alone (using

doxycycline; top panels in red) and when expressed in the presence of HU (bottom panels in

blue) were visualized 1 Mb upstream and downstream of previously published active histone

modifications for H3K27ac (left; [32]) and H3K9ac (right; [33]) in 3T3 cells, using deepTools

bioinformatics resource on the Galaxy project platform [63,67].

(TIF)

S1 Table. Table of primer sequences used.

(DOCX)

S2 Table. Table of bioinformatics codes used.

(DOCX)

S1 Data. Spreadsheet of underlying data used.

(XLSX)
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