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Abstract

Lytic herpes simplex virus 1 (HSV-1) infection triggers disruption of transcription termination
(DoTT) of most cellular genes, resulting in extensive intergenic transcription. Similarly, cellu-
lar stress responses lead to gene-specific transcription downstream of genes (DoG). In this
study, we performed a detailed comparison of DoTT/DoG transcription between HSV-1
infection, salt and heat stress in primary human fibroblasts using 4sU-seq and ATAC-seq.
Although DoTT at late times of HSV-1 infection was substantially more prominent than DoG
transcription in salt and heat stress, poly(A) read-through due to DoTT/DoG transcription
and affected genes were significantly correlated between all three conditions, in particular at
earlier times of infection. We speculate that HSV-1 either directly usurps a cellular stress
response or disrupts the transcription termination machinery in other ways but with similar
consequences. In contrast to previous reports, we found that inhibition of Ca®* signaling by
BAPTA-AM did not specifically inhibit DoG transcription but globally impaired transcription.
Most importantly, HSV-1-induced DoTT, but not stress-induced DoG transcription, was
accompanied by a strong increase in open chromatin downstream of the affected poly(A)
sites. In its extent and kinetics, downstream open chromatin essentially matched the poly(A)
read-through transcription. We show that this does not cause but rather requires DoTT as
well as high levels of transcription into the genomic regions downstream of genes. This
raises intriguing new questions regarding the role of histone repositioning in the wake of
RNA Polymerase Il passage downstream of impaired poly(A) site recognition.
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Author summary

Recently, we reported that productive herpes simplex virus 1 (HSV-1) infection leads to
disruption of transcription termination (DoTT) of most but not all cellular genes. This
results in extensive transcription beyond poly(A) sites and into downstream genes. Subse-
quently, cellular stress responses were found to trigger transcription downstream of genes
(DoG) for >10% of protein-coding genes. Here, we directly compared the two phenom-
ena in HSV-1 infection, salt and heat stress and observed significant overlaps between the
affected genes. We speculate that HSV-1 either directly usurps a cellular stress response or
disrupts the transcription termination machinery in other ways with similar conse-
quences. In addition, we show that inhibition of calcium signaling does not specifically
inhibit stress-induced DoG transcription but globally impairs RNA polymerase I, I and
III transcription. Finally, HSV-1-induced DoTT, but not stress-induced DoG transcrip-
tion, was accompanied by a strong increase in chromatin accessibility downstream of
affected poly(A) sites. In its kinetics and extent, this essentially matched poly(A) read-
through transcription but does not cause but rather requires DoTT. We hypothesize that
this results from impaired histone repositioning when RNA Polymerase II enters down-
stream intergenic regions of genes affected by DoTT.

Introduction

Transcription termination is an essential process in gene expression that is coupled to all parts
of RNA metabolism including transcription initiation, splicing, nuclear export and translation
(reviewed in [1, 2]). It results in the release of RNA polymerase II (Pol II) and the nascent tran-
script from the chromatin, determines the general fate of individual transcripts and plays a
crucial role in limiting the extent of pervasive transcription of the genome. Herpes simplex
virus 1 (HSV-1) efficiently modulates cellular RNA metabolism and both cellular and viral
gene expression to facilitate lytic infection [3-9]. Using 4-thiouridine-(4sU)-tagging followed
by sequencing (4sU-seq), we recently reported that lytic HSV-1 infection results in the disrup-
tion of transcription termination (DoTT) of the majority but not all cellular genes [10]. This
was dependent on de novo protein synthesis and already became broadly detectable by 2-3h of
infection, which is before the release of the first newly generated virus particles at around 4h
post infection (p.i.). At 7-8h p.i., about 50% of all 4sU-seq sequencing reads mapping to the
human genome originated from intergenic regions (compared to <10% in uninfected cells).
Previously, we referred to transcription beyond poly(A) sites due to DoTT as ‘read-out’. As
this term has led to confusion, we now use the term ‘read-through’ to refer to transcription
that extends beyond poly(A) sites. Transcription into a downstream gene arising from read-
through from an upstream gene is referred to as ‘read-in’. For more than half of expressed cel-
lular genes, poly(A) read-through affected >35% of their transcription. Read-in transcription
into downstream genes was responsible for the seeming induction of about 1,100 cellular pro-
tein-coding and non-coding genes late in infection. In addition, it resulted in chimeric tran-
scripts spanning two or more genes as evidenced by intergenic splicing events that connect
exons of neighboring cellular genes.

Subsequently, two other studies reported on the disruption of transcription termination in
cellular stress responses and cancer [11, 12]. Transcription downstream of genes (DoG) was
observed in the osmotic stress response in human neuroblastoma cells, which was independent
of de novo protein synthesis but appeared to at least partially rely on inositol-1,4,5-trispho-
sphate receptor (IP3R) activation and calcium signaling [11]. In addition, pervasive
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transcription read-through was identified in renal cell carcinoma [12]. This was dependent on
the loss of histone methyltransferase SETD2, consistent with the role of epigenetic factors in
RNA processing. Similar to HSV-1 infection, novel RNA chimeras were observed. Invasion of
oncogenes by polymerases that initiated at upstream genes indicated a novel link between
aberrant expression of oncogenes and chimeric transcripts prevalent in cancer. Taken
together, these findings raise important questions regarding the underlying molecular mecha-
nisms and functional roles of DoTT/DoG transcription in HSV-1 infection, cellular stress
responses and cancer.

DoG transcription during osmotic stress was identified by Vilborg et al. upon exposure to
80mM KCl for 1h (from now on referred to as ‘salt stress’) in a human neuroblastoma cell line
(SK-N-BE(2)C) by RNA-seq on nuclear, RiboMinus-treated RNA [11]. This revealed about
2,000 human genes to be affected. In addition, DoG transcription was also observed following
heat stress (44°C) [11]. Recently, Vilborg et al. also reported on DoG transcription upon oxida-
tive stress and found significant similarities but also clear stress-specific differences between
the three stressors [13]. In our primary study, we analyzed newly transcribed RNA purified
using 4sU-seq in one hour intervals of the first 8h of Iytic HSV-1 infection of primary human
foreskin fibroblasts (HFF) (Fig 1A). Under these conditions, the HSV-1 infected cells only
start to lyse around 16 to 24h of infection. This allowed us to directly assess and quantify the
relative frequency of transcripts experiencing DoTT as well as the extent of read-through tran-
scription occurring within one hour intervals during the first eight hours of infection [10].
Throughout this manuscript, we refer to HSV-1-induced disruption of transcription termina-
tion as ‘DoTT’ to differentiate it from stress-induced DoG transcription. It is important to
note here that transcription in intergenic regions downstream of genes was almost exclusively
observed on the sense strand in relation to the upstream gene. This clearly distinguishes read-
through from the recently reported activation of antisense transcription of the host genome
during lytic HSV-1 infection [14].

Although DoTT was much more prominent at late times (7-8h p.i.) of HSV-1 infection
than in salt or heat stress, we wondered whether the two phenomena might reflect the same
cellular mechanism. We thus performed a detailed comparison and characterization of HSV-
1-induced DoTT and DoG transcription triggered by salt and heat stress using 4sU-seq in the
same cell type, namely HFF. This showed clear similarities in read-through between HSV-1
infection and the different stresses but also clear context- and condition-specific differences.
Furthermore, we performed ATAC-seq (transposase-accessible chromatin using sequencing
[15]) to compare chromatin accessibility before and during HSV-1 infection and stress. Strik-
ingly, HSV-1-induced DoTT was accompanied by a strong increase in chromatin accessibility
downstream of the affected poly(A) sites, which essentially matched the region of read-through
transcription. This did not cause but rather required DoTT as well as a high level of transcrip-
tional activity into downstream genomic regions. Interestingly, this effect was specific to HSV-
1 and not observed in salt or heat stress (up to 2h) indicating that other mechanisms by which
HSV-1 perturbs RNA processing contribute to this unexpected gene-specific alteration in the
host chromatin landscape.

Results
Quantitative analysis of DoTT/DoG transcription in salt and heat stress

To directly compare HSV-1-induced DoTT with DoG transcription during cellular stress
responses, we performed 4sU-seq analysis (60min 4sU-tagging followed by RNA sequencing)
of HFF exposed to either salt (80mM KCl) or heat stress (44°C) for 1 and 2h (see Fig 1B). Two
biological replicates of each condition as well as 2 untreated samples for each stressor were
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Fig 1. Experimental set-up and read distribution downstream of genes. (a-b) Experimental set-up of our original 4sU-seq time-course for HSV-1
infection [10] (a) and for the analysis of DoG transcription in salt and heat stress (b). 4sU-tagging was performed in 1h intervals before infection and
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stress as well as for the first 8h of HSV-1 infection and for the first 2h of salt and heat stress. Two biological 4sU-RNA replicates of each condition were
subjected to Illumina sequencing (4sU-seq). (c-d) 4sU-seq read coverage (= number of mapped sequencing reads, sum of 2 replicates) for the genes
SRSF3 (c) and GAPDH (d) in uninfected/untreated samples (gray), during HSV-1 infection (cyan) and in salt (yellow) and heat (red) stress. Read
coverage ranges are indicated in square brackets on the y-axis. Only reads mapping to the corresponding strand are shown. RefSeq gene annotation is
indicated below (blue). Boxes indicate coding regions and untranslated regions (UTRs; narrow boxes) and lines intronic regions. The transcribed
strand is indicated by the direction of the arrowheads. (e-f) Distribution of reads mapping in sense direction downstream of annotated gene 3’ ends in
HSV-1 infection (e) and salt and heat stress (f) (shown separately for the two replicates: solid lines = replicate 1, dashed lines = replicate 2). Only gene
3’ ends with no gene on either strand within the 100kb downstream region were considered. Read counts in sense direction to the gene were
determined in 2kb windows downstream of gene 3’ ends and divided by window length and the total number of mapped reads. Reads counts mapping
to the antisense strand are shown in Fig B in S3 File.

https://doi.org/10.1371/journal.ppat.1006954.9001

analyzed. 4sU-seq data for the first 8h of HSV-1 infection in HFF were obtained from our pre-
vious study [10]. A visual inspection of mapped reads for marker genes with either strong
(SRSE3, SRSF6) or no (GAPDH, ACTB) DoTT/DoG transcription already indicated a striking
similarity between presence or absence of DoTT/DoG transcription in the three conditions
(Fig 1C and 1D; Fig A in S3 File, links to UCSC genome browser sessions showing read cover-
age for all cellular genes and samples separately for both replicates can be found at www.bio.ifi.
Imu.de/HSV-1). As previously reported for HSV-1 infection [10] (Fig 1E), the percentage of
reads mapping to intergenic regions downstream of gene 3’ ends increased substantially dur-
ing salt and heat stress in HFF (Fig 1F). Intergenic read counts were highest directly down-
stream of gene 3’ ends and gradually decreased with increasing distance to gene 3’ ends.
Furthermore, downstream intergenic transcription occurred almost exclusively in the same
orientation as the upstream gene in all conditions (Fig B in S3 File). The low levels of antisense
reads downstream of genes increased with increasing distance from gene 3’ ends as a conse-
quence of read-through transcription for genes expressed from the opposite DNA strand out-
side of the 100kb downstream window considered. The gradual decrease in read levels
downstream of genes was not due to differences in the length of read-through between genes,
but was also observed at the level of individual genes (Fig B in S3 File and Fig C in S3 File). It
could be approximated reasonably well by a linear fit at least late in HSV-1 infection and at 2h
salt and heat stress, but the slope of the linear fit differed between genes (Fig C in S3 File). As a
consequence of this gradual decrease and in contrast to regular mRNAs, 3’ ends of poly(A)
read-through transcripts are not clearly defined [10, 11]. As the extent of read-through for
individual genes gradually increased throughout infection, read-through transcripts extended
further and further downstream of the gene.

To compare the extent of DoTT/DoG transcription between the three conditions, we
focused on the 9,404 protein-coding and lincRNA (long intergenic non-coding RNA) genes
whose expression was well detectable (fragments per kilobase of exons per million mapped
reads (FPKM) >1) in all uninfected/untreated 4sU-seq samples. We then applied our previous
approach [10] of dividing expression in the 5kb downstream of genes by the gene expression
(FPKM) value (see methods). This measure (denoted as percentage of downstream transcrip-
tion) is independent of any normalization to sequencing depth, which is canceled out in the
division. As 4sU-tagging provides newly transcribed RNA from defined intervals of infection
and stress, the obtained ratios quantify the percentage of transcripts newly transcribed in this
interval that experience poly(A) read-through. To avoid confounding effects due to transcrip-
tion of neighboring genes, we only included genes separated from neighboring genes on the
same strand by at least 5kb on either side (5,928 genes). Although the restriction to the first
5kb downstream of a gene is relatively arbitrary, using a larger window of e.g. 10kb resulted in
highly correlated values of downstream transcription (Spearman correlation R, > 0.95) but
would exclude an additional 737 genes (12.4%) from the analysis. To account for small levels
of downstream transcription in uninfected and untreated cells (mean = 4.2% and 0.06%,
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respectively), we calculated read-through as the difference in the percentage of downstream
transcription between infected/stressed and uninfected/untreated samples (see methods).
Read-in was quantified in the same way by first quantifying transcription in the 5kb upstream
of genes relative to gene expression and then subtracting levels in uninfected/untreated sam-
ples. Since our previous study indicated that genes with read-in were more prone to read-
through, we only used genes for the comparative analysis with at most 10% read-in in both
HSV-1 infection and salt and heat stress (3,682 genes, Table A in S1 File). With the exception
of the first three hours of HSV-1 infection where DoTT was hardly detectable, read-through
values were highly correlated between replicates (Fig D in S3 File; R, > 0.85).

The induction of DoG transcription upon salt and heat stress was reflected in median read-
through levels of 6 to 15% (Fig 2A; Fig D in S3 File for individual replicates). Consistent with
the recent report by Vilborg et al. [13], global read-through levels peaked at 1h of salt stress,
but required 2h to reach comparable levels in heat stress. At the highest level, read-through in
both salt and heat stress was comparable to read-through at 4-5h post HSV-1 infection, but
considerably lower (~3-fold) than at the end of our HSV-1 infection time-course (7-8h p.i.).
Median read-through levels in all conditions were highly correlated (R, = 0.99) to the overall
perturbation of gene expression (measured as standard deviation of FPKM log2 fold-changes;
Fig 2B). Here, results for salt and heat stress fitted very well to a curve estimated from our
HSV-1 time-course. At single gene level, however, read-through showed only a weak positive
correlation with fold-changes in gene expression for HSV-1 infection (after the first 3h), salt
and heat stress (Fig E in S3 File; R, < 0.37). Vilborg et al. [13] also only found weak correla-
tions between fold-changes in DoG transcription and fold-changes in expression of the respec-
tive genes (R, = 0.12). The even lower correlations observed by Vilborg et al. may be
explained by their use of nuclear RNA, which also contains RNA produced before stress. This
underestimates gene expression changes for genes with low basal RNA turnover [16]. It should
be noted that gene expression fold-changes estimated from RNA-seq data (even after normali-
zation to house-keeping genes as performed here) only indicate changes in the relative, but not
absolute, abundance among all expressed genes. As the overall transcription levels decline dur-
ing lytic HSV-1 infection [17], positive fold-changes do not necessarily indicate actual tran-
scriptional induction but only less down-regulation compared to other genes.

RNA motifs associated with DoTT/DoG transcription

In our previous study, we reported that DoTT-induced read-through was increased for genes
without the canonical AAUAAA poly(A)-signal upstream of the gene 3’end. Similarly, Vilborg
et al. found several 6-mers to be depleted (including AAUAAA) or enriched downstream of
genes with pan-stress DoG transcription. However, their analysis focused on the total fre-
quency of the 6-mers downstream of all pan-stress DoG genes instead of the frequency for
individual genes. We now aimed to identify 6-mers whose abundance in the 100nt up- or
downstream of individual gene 3’ends was significantly correlated to read-through (FDR
adjusted p-value <0.0001 for at least one condition or time-point, see methods). Strikingly,
AAUAAA was the only 6-mer whose abundance upstream of gene 3’ends was significantly
correlated with read-through in both stresses and HSV-1 infection (Fig 2C) and its absence
upstream of gene 3’ ends was associated with significantly higher read-through (Wilcoxon
rank sum test, p<0.0001; Fig 2D). Other 6-mers were only significantly correlated to read-
through in HSV-1 infection and showed no significant differences in read-through in salt or
heat stress (Fig F in S3 File). Upstream of gene 3’ends, negative correlations were found for a
6-mer overlapping the AAUAAA sequence as well as two C-rich motifs. Downstream of gene
3’ends, this included a number of G-rich motifs. Only one motif downstream of genes was
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Fig 2. Global characteristics of DoTT/DoG transcription in salt and heat stress and HSV-1 infection. (a) Boxplots
showing the distribution of read-through in salt (orange) and heat stress (red) and HSV-1 infection (cyan). Results for
individual replicates are shown in Fig D in S3 File. (b) Median read-through values for each condition and time-point
are plotted against the standard deviation in gene expression (= gene FPKM) fold-changes (log2). The gray curve
indicates the result of a locally weighted polynomial regression (LOWESS) on all HSV-1 infection time-points.
Spearman correlation (Cor) between median read-through and standard deviation in log2 expression fold-changes
across all samples is also indicated. (c) 6-mers whose frequency in the 100nt up- or downstream of gene 3’ ends is
significantly correlated to read-through in at least one sample (FDR adjusted p<0.0001). FDR adjusted p-values for all
samples are color-coded (red for negative correlations, blue for positive correlations). (d) Boxplots showing the
distribution of read-through in 2h salt and heat stress and 4-5h and 7-8h p.i. for genes without (w/o) or with (w/) at
least one occurrence of the AAUAAA motif in the 100nt upstream of gene 3’ends. P-values of Wilcoxon rank sum tests
comparing read-through in each sample between the two groups are indicated above the x-axis.

https://doi.org/10.1371/journal.ppat.1006954.9002

positively correlated to read-through (AUUUUU), but only in HSV-1 infection. This sequence
resembles binding motifs of a number of RNA binding proteins [18, 19], including HNRNPC
(Heterogeneous Nuclear Ribonucleoprotein C), which has been shown to influence poly(A)

site usage.

Similarities and differences between DoTT and DoG transcription

To directly compare HSV-1-induced DoTT to DoG transcription, we calculated Spearman
rank correlations of read-through values between each pair of conditions and time-points.
This compares the ranking of genes with regard to read-through, i.e. whether top- and lowest-
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ranked genes tend to be the same between samples. Read-through mostly correlated extremely
well (R, > 0.8) between adjacent time-points for the same condition apart from the first three
hours of HSV-1 infection where DoTT was hardly noticeable (Fig 3A). Moderate but compara-
ble correlations were observed between salt stress and either heat stress or HSV-1 infection at
4-5h p.i. (R, = 0.45 — 0.51). In contrast, read-through in heat stress was slightly better corre-
lated to salt stress than to HSV-1 infection (R, = 0.4). Since we observed a weak correlation
between read-through and gene expression fold-changes in all conditions, we also calculated
correlations after excluding genes with highest fold-changes (>2 in any sample). This aimed to
exclude genes for which differences in read-through between conditions might be explained
by changes in transcriptional activity. However, correlations for the remaining 2,601 genes did
not increase, which is probably explained by the observation that gene expression fold-changes
were also well correlated (Fig G in S3 File). Thus, differences between conditions in DoTT/
DoG transcription cannot be explained by differential alterations in transcriptional activity.

Next, we performed hierarchical clustering of genes based on read-through (average of rep-
licates) for each condition (Fig 3B). This identified a large cluster of 1,368 genes (37%) with
read-through in all conditions (marked in blue) as well as a number of clusters with differences
between conditions. It furthermore highlighted the prevalence of DoTT/DoG transcription
with only 102 genes (3%) showing no DoTT/DoG transcription (defined as <5% read-
through) in any infected/stress sample. Overrepresentation analysis for Gene Ontology (GO)
terms using DAVID [20] found an enrichment of genes with extracellular regions (25 genes)
and heparin binding (6 genes) among these 102 genes. However, no functional categories were
overrepresented for the 1,368 genes with read-through in all conditions.

Interestingly, the only gene experiencing >75% read-through already after 2-3h p.i. HSV-1
infection and in all stress conditions was interferon regulatory factor 1 (IRF1) (Fig H in S3
File). IRF1 is an important mediator of both type I and II interferon signaling and studies with
IRF1-deficient mice have shown an important role for IRF1 in the immune response against
viruses [21-23]. Furthermore, even a relatively small reduction in IRF1 expression, e.g. medi-
ated by cellular miR-23a, is sufficient to measurably augment HSV-1 replication in cell culture
[24]. Notably, ribosome profiling data from our previous study revealed a >4-fold drop in
IRF1 translation during HSV-1 infection despite an >1.8-fold increase in total RNA at 8h p.i.
[10]. This presumably reflects the negative effects of DoTT on IRF1 translation and suggests
that HSV-1 exploits DoTT to evade the host immune response.

A striking characteristic of HSV-1-induced DoTT was the associated increase in aberrant
splicing [10]. In particular, this comprised novel intragenic and intergenic splicing events as well
as splicing associated with nonsense-mediated decay (NMD). Intergenic splicing joins known
exons of neighboring genes and confirms transcription of large chimeric transcripts spanning
two or more cellular genes. It can be observed as early as 3-4h p.i. in HSV-1 infection. One of
the most prominent examples connects SRSF2 and JMJD6. We also observed intergenic splicing
in the two stress conditions, but the few examples did not cluster with intergenic splicing events
in HSV-1 infection (Fig 3C). Analysis of induced splicing events upstream of gene 3’ ends, how-
ever, showed similar characteristics in both HSV-1 infection and salt and heat stress. In all three
conditions, induced intragenic splice junctions were enriched for novel splice junctions and
junctions found only in processed transcripts (containing no ORF but not classified as long or
short non-coding RNAs) or in NMD-associated transcripts (Fig 3D; examples in Fig I in S3
File). Genes with induced intragenic splicing events showed increased read-through in all three
conditions (Fig I in S3 File), but read-through was also observed in genes without induced splic-
ing events. Thus, aberrant splicing upstream of gene 3’ ends more likely resulted from, rather
than is responsible for DoTT/DoG transcription. One possible explanation for the association of
aberrant splicing with DoTT/DoG transcription may be that all serine and arginine rich splicing
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Fig 3. Comparison of DoTT/DoG transcription and association with aberrant splicing. (a) Spearman correlation for read-through values between all samples. (b)
Heatmap of read-though for all 3,682 analyzed genes in salt and heat stress and HSV-1 infection (excluding the first two time-points with very low levels of read-
through). Colors indicate read-though >5%. Hierarchical clustering was performed using average linkage clustering based on Euclidean distances. (c) Heatmap of read
counts (sum of 2 replicates) for intergenic splicing events connecting exons of neighboring genes on the same strand. Junctions are annotated with the upstream and
downstream gene symbol. Results for the intergenic splicing junction connecting SRSF2 and JMJD6 are highlighted by a blue box. Only junctions are shown with >2
reads covering at least 5bp of both exons in either 2h salt stress, 2h heat stress or 7-8h p.i. HSV-1 infection. Hierarchical clustering was performed as for (b). (d)
Percentage of splicing junctions that are part of protein-coding transcripts, novel (using either 2 or 1 known exon boundary), nonsense-mediated-decay (NMD)-
associated or only observed in a processed transcript. Results are shown separately for non-regulated, up-regulated and down-regulated junctions (see methods for
definition) for 2h salt and heat stress and 4-5h and 7-8h p.i. HSV-1 infection.

https://doi.org/10.1371/journal.ppat.1006954.9003

factor (SRSF) genes included in our analysis (SRSF2, SRSF3, SRSF5, SRSF6, SRSF7, SRSF10,
SRSF11) showed DoTT/DoG transcription in at least two, but mostly all three conditions. All of
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these SRSF genes showed a >2-fold greater drop in translation at 8h p.i. HSV-1 infection in the
ribosome profiling data than expected from the changes in their total RNA levels.

Role of Ca”* release and IP3R in DoTT/DoG transcription

Vilborg et al. reported that salt stress-induced DoG transcription in SK-N-BE(2)C cells
depends on IP3R activation, Ca®" release from intracellular stores and downstream kinases
[11]. HSV-1 entry into cells is dependent on the activation of Ca®* signaling pathways and trig-
gers Ca?" release from intracellular stores [25, 26]. In addition, HSV-1 infection results in an
increasing loss of stable, resting Ca®* at late times of infection indicating a bimodal role of Ca®
* signaling in HSV-1 infection [27]. Before assessing the effect of Ca** signaling inhibitors on
DoTT in HSV-1 infection of HFF, we first aimed to reproduce the results by Vilborg et al. in
salt stress. HFF were exposed to 80mM KCl for 1h in presence of (i) an inhibitor of IP3R sig-
naling (2-APB), (ii) the membrane permeable Ca** chelator BAPTA-AM, or (iii) inhibitors of
the downstream kinases Ca**/calmodulin-dependent protein kinase IT (CaMKII) and protein
kinase C/protein kinase D (PKC/D) (KN93 and G66976, respectively). DoG transcription was
first quantified by qRT-PCR on total RNA for DDX18, which shows strong read-through in
HSV-1 infection as well as salt and heat stress. Consistent with the previous report, BAP-
TA-AM prevented DoG transcription while the other inhibitors resulted only in a moderate
(25-65%) reduction (Fig 4A). We thus aimed to assess the effect of BAPTA-AM on DoTT in
HSV-1 infection. To avoid the described detrimental effects of BAPTA-AM on virus entry and
the onset of productive infection [25, 26], we only added BAPTA-AM to the cell culture media
of HFF at 1h p.i. (MOI = 10) when viral gene expression is already well initiated. To first deter-
mine its effect on viral gene expression, we quantified immediate-early (ICP0), early (ICP8)
and true late (ICP5) gene expression at 8h p.i. by QRT-PCR. Strikingly, BAPTA-AM treatment
was highly detrimental to viral gene expression of all three kinetic classes resulting in a
>1,000-fold drop in viral mRNA levels (Fig 4B).

Considering this strong reduction in viral gene expression, we hypothesized that depletion
of intracellular Ca** by BAPTA-AM in HFF might globally impair Pol IT activity rather than
specifically interfere with DoTT/DoG transcription. We thus analyzed the effect of 1h of BAP-
TA-AM treatment of uninfected cells on transcriptional activity of three cellular genes (SRSF3,
IRF1 and DDX18). For this purpose, we labeled newly transcribed RNA by adding 500uM 4sU
to the cell culture medium for 1h. Following isolation and purification of the 4sU-labeled
newly transcribed RNA (4sU-RNA) from a fixed amount of biotinylated total RNA per condi-
tion (60pg), transcriptional activity of these genes was quantified using qRT-PCR on
4sU-RNA. BAPTA-AM indeed induced a drop in transcriptional activity that was at least as
strong as observed upon inhibition of Pol II using actinomycin D (Act-D; Fig 4C). In addition,
global 4sU incorporation rates into total cellular RNA were substantially reduced upon BAP-
TA-AM treatment (Fig 4D). This indicated that BAPTA-AM might not only interfere with Pol
I but also with rRNA synthesis (Pol I and III transcription), which contributes about 50-60%
of 4sU-RNA in HFF as estimated from our RNA-seq data [10]. We thus quantified transcrip-
tion rates from 4sU-RNA for a Pol I transcript (18S rRNA), a Pol III transcript (5S rRNA) in
addition to four genes transcribed by Pol IT (GAPDH, SRSF3, IRF1 and DDX18) upon expo-
sure of HFF to 80mM KCl for 1 and 2h and BAPTA-AM (Fig 4E). In addition, we tested
whether the combined exposure of cells to G56976 and KN93, which also diminished salt
stress-induced DoG transcription in total RNA, also globally affected transcriptional activity.
While salt stress alone already resulted in a drop in transcription rates for Pol I (=1.5-fold), II
(3- to 5-fold) and III (~1.4-fold) transcripts, BAPTA-AM impaired transcriptional activity of
all three polymerases. This suggests that global inhibition of cellular RNA polymerases by
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https://doi.org/10.1371/journal.ppat.1006954.9004

BAPTA-AM rather than a specific effect on transcription termination is responsible for the
loss of salt stress-induced DoG transcripts. As BAPTA and its derivatives share a high selectiv-
ity for Ca®*" over Mg”* (>10° stronger binding), the observed effects did not result from the
co-depletion of intracellular Mg** [28]. Interestingly, combined G66976/KN93 treatment also
globally impaired Pol I, I and III transcription, albeit to a lesser degree (2- to 10-fold), thereby
explaining the slight reduction in DoG levels in total RNA (Fig 4A). In contrast, 2-ABP treat-
ment, which had shown no effect on DoG transcription when analyzing total cellular RNA,
did not impair polymerase activity. Finally, we quantified read-through transcription for the
three DoG genes SRSF3, IRF1 and DDX18 in 4sU-RNA (Fig 4F). Neither KN93/G66976 nor
2-ABP treatment had any effect on the induction of the respective DoG transcripts. Unfortu-
nately, BAPTA-AM treatment did not allow to reliably measure read-through transcription
due to the impaired transcription (very low copy numbers or even negative PCR results). We
conclude that the reduced levels of DoG transcripts upon inhibition of Ca** signaling do not
result from direct effects on DoG transcription but from global inhibitory effects on cellular
transcription in general. To our knowledge, this strong inhibitory effect of BAPTA-AM
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treatment on RNA polymerase activity has not been appreciated so far and should be consid-
ered when interpreting results obtained using BAPTA-AM to inhibit calcium signaling.

Subcellular RNA localization of read-through transcripts in HSV-1
infection

Vilborg et al. initially reported that DoG transcripts (DoGs) were strongly enriched at the
chromatin [11] and that one of the more abundant DoGs, doSERBP1 (downstream of
SERBP1), remained at the site of synthesis. However, they subsequently also observed DoGs in
the nucleoplasma of cells when searching for them by confocal microscopy with increased sen-
sitivity [13]. To assess the fate of the transcripts arising from DoTT in HSV-1 infection, we sep-
arated cell lysates (uninfected cells and 8h p.i.) into cytoplasmic, nucleoplasmic and
chromatin-associated fractions [29, 30] and analyzed all three fractions as well as total cellular
RNA by RNA-seq (2 replicates). The efficient separation of the cytoplasmic from the nuclear
RNA fraction was confirmed by the enrichment of well-described nuclear lincRNAs
(MALAT1, NEAT1, MEG3; Fig ] in S3 File) in nucleoplasmic and chromatin-associated RNA
as well as cytoplasmic enrichment of reported cytoplasmic lincRNAs (LINC00657, VTRNA2-
1; Fig ] in S3 File). In addition, overrepresentation of intronic reads in chromatin-associated
RNA compared to nucleoplasmic RNA (>5-fold higher) demonstrated the efficient separation
of these two RNA fractions (Fig ] in S3 File)

In uninfected cells, only chromatin-associated RNA showed notable levels of downstream
transcription (median 7.2%; Fig 5A), consistent with the standard model of transcription ter-
mination in eukaryotic cells [1]. At 8h p.i., substantial read-through was observed in all frac-
tions except for cytoplasmic RNA (Fig 5B, Table B in S1 File), indicating that read-through
transcripts are not efficiently exported to the cytoplasm. When we grouped genes according to
their extent of read-through in 7-8h p.i. 4sU-RNA, we observed a strong increase during infec-
tion in the enrichment of the respective mRNAs (counting only the exonic regions upstream
of gene 3’ ends) in both nucleoplasmic (Fig 5C) and chromatin-associated RNA (Fig J in S3
File) depending on the extent of read-through. While no change in nuclear enrichment was
observed for genes without read-through, genes with >75% read-through were on average
>2.5-fold more enriched at 8h p.i. than in uninfected cells. In particular, IRF1 was >6 and
4-fold more enriched in nucleoplasmic and chromatin-associated RNA, respectively, at 8h p.i.
than in uninfected cells. Further evidence for an inefficient export of read-through transcripts
is provided by intergenic splicing events, which are mostly absent in cytoplasmic RNA at 8h p.
i. despite their considerable abundance in the other subcellular RNA fractions (Fig 5D). This
also explains our previous observation based on ribosome profiling that RNA chimeras and
consequently genes induced by read-in transcription arising from DoTT are not, or only
poorly translated [10]. We conclude that DoTT leads to nuclear retention of the respective
read-through transcripts and thereby notably contributes to HSV-1 induced host shut-off.

The similar overall level and high gene-specific correlation (R, = 0.8) of read-through in
nucleoplasmic and chromatin-associated RNA indicates that transcripts resulting from HSV-
1-induced DoTT are generally released from the chromatin, i.e. the site of synthesis, into the
nucleoplasm (see e.g. Fig 5F). Nevertheless, we identified 18 genes (Table C in S1 File) for
which these transcripts appeared to remain at the chromatin (<5% read-through in nucleo-
plasmic and cytoplasmic RNA, but >25% in chromatin-associated RNA; examples in Fig K in
S3 File).

Interestingly, there was a modest correlation (R, = 0.32 — 0.53) between the percentage
of downstream transcription observed in chromatin-associated RNA of uninfected/unstressed
cells and read-through upon stress or HSV-1 infection (Fig 5E). This suggests that genes with a
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read counts (sum of 2 replicates) in total, cytoplasmic, nucleoplasmic and chromatin-associated RNA for the intergenic splicing events shown in Fig 3C. Results for the
intergenic splicing junction connecting SRSF2 and JMJD6 are highlighted by a blue box. (e) Spearman correlation between read-through (calculated from 4sU-seq data)
in all conditions and the percentage of transcription downstream of genes identified in chromatin-associated RNA of uninfected/untreated cells. Correlation to mock
read-through values is shown below. Mock read-through values were calculated as described in methods and correlations were averaged for each condition. (f) Mapped
sequencing reads (negative strand) for total (light/dark pink), cytoplasmic (light/dark green), nucleoplasmic (light/dark red) and chromatin-associated RNA (light/dark
cyan) in uninfected cells (light colors) and at 8h p.i. (dark colors) for the IRF1 gene. Read coverage ranges and RefSeq gene annotation are indicated as in Fig 1C. (g)
Scatterplot of read-through at 2-3h p.i. against the percentage of transcription downstream of genes identified in chromatin-associated RNA of uninfected/untreated
cells. Colors indicate density of points (red = highest density, blue = lowest density).

https://doi.org/10.1371/journal.ppat.1006954.9005

relatively high extent of downstream transcription in uninfected/unstressed cells might be pre-
disposed for DoTT/DoG transcription. To exclude that this was an artifact of read-through
being calculated from downstream transcription, we calculated ‘mock’ read-through values
from the two biological replicates for the same time-point (see methods). For mock read-
through, the correlation was much lower at only ~0.13. This suggests a link between down-
stream transcription detectable in chromatin-associated RNA in uninfected/untreated cells
and read-through in stress/infection. A possible explanation might be that the respective poly
(A) sites are weaker and thus more prone to further disruption by HSV-1 or stress-related
mechanisms. Fig 5F illustrates this for IRF1, for which downstream transcription in chroma-
tin-associated RNA of uninfected cells was 14% and covered ~5kb. Interestingly, the correla-
tion between downstream transcription in chromatin-associated RNA in uninfected cells and
read-through during infection was highest at early time-points, i.e. at 1h for salt/heat stress
and 2-3h p.i. for HSV-1 infection (Fig 5E and 5G). At late stages of HSV-1 infection, even cel-
lular genes with very little downstream transcription in chromatin-associated RNA from unin-
fected cells showed read-through transcription (Fig J in S3 File).

DoTT increases chromatin accessibility downstream of cellular genes

Based on publicly available DNase hypersensitive and ATAC-seq data for unstressed murine
fibroblasts, Vilborg et al. recently reported that, even prior to stress, pan-DoG genes are
already characterized by a chromatin signature indicative of an open chromatin state. How-
ever, due to the lack of respective data following salt or heat stress, they could not assess the
consequences of read-through on cellular chromatin. We thus performed ATAC-seq in HFF
at0, 1, 2,4, 6 and 8h of HSV-1 infection and 1 and 2h of salt and heat stress (n = 2). For all
ATAC-seq samples, open chromatin regions (OCRs) were enriched around promoters,
thereby confirming the high quality of the data (Fig L in S3 File). Both length and score of
OCRs at gene promoters correlated with gene expression in uninfected cells (R, = 0.42 and
0.4, respectively; Fig L in S3 File). In contrast to the findings by Vilborg et al., we did not
observe a positive correlation between DoTT/DoG transcription and the presence of OCRs in
the 5kb downstream of genes in unstressed/uninfected cells (Fig M in S3 File). However, we
noted a weak positive correlation (R, < 0.25) between the presence of downstream OCRs
(dOCRs) and the expression level of the corresponding genes (Fig M in S3 File). Notably, the
highly expressed genes GAPDH and ACTB, which were not affected by DoTT/DoG transcrip-
tion (Fig 1D; Fig A in S3 File), were characterized by open chromatin downstream of their
3’ends already in uninfected cells (Fig M in S3 File). In summary, our data argues against
genes being predisposed for DoTT/DoG transcription by open chromatin downstream of
their 3’ ends.

We next analyzed the impact of HSV-1-induced DoTT on chromatin accessibility. To
our surprise, we observed a substantial increase in open chromatin downstream of individ-
ual genes with HSV-1-induced DoTT (Fig 6A, Fig N in S3 File). Here, downstream regions
were often covered by OCRs for tens-of-thousands of nucleotides, similar to the pattern of

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006954 March 26, 2018 14/27


https://doi.org/10.1371/journal.ppat.1006954.g005
https://doi.org/10.1371/journal.ppat.1006954

o ®
@ : PLOS | PATHOGENS HSV-1- and stress-induced disruption of transcription termination
o
b S uninf. (Rep. 1)
a chré Kb @ uninf. (Rep. 2)
36,580 kb, 36,600 kb 36,620 kb 36,640 kb 36, 660 kb 36,680 kb 36,700 kb 36,720 kb 7 thpi. (Rep. 1)
- SRR peEn
6 p.i. (Rep.
4sU-seq uninfected [+] v bb!” ul 8 § N i. (Rep. 2)
. - - Rep. 1)
4sU-seq 2-3h p.i. [+] uﬁ _lj [S] | Rep. 2)
) &] - [5) Rep. 1)
sussqasnpit TR o 2 5 )
. e e 5 2 N Rep. 1)
4sU-seq 7-8h p.i. [+] _unhsmnu..mm TRV PTTRRETITY SOOI PR [ z o - (Rep. 2)
4sU-seq 2h salt stress [+] 3
4sU-seq 2h heat stress [+] | o
[O“ITMN'I“MJ P . PO . T T T T T T
ATAC-seq uninf. F ISR (U TR IO | VORI NS Y § 2000 6000 10000 14000
OCRs uninf. - W . - e c—— . . . - e . » | h
. [0-27] ’ minimum lengt|
ATAC-seq 1h pl FPRUSPRUT PUREPRGE T IR DU § S IA 4,..1..,,4. Jll.—.lALA,. At B Am Kbt R A A ,.l;, 1 PPN § ,AL-JI. - c
OCRs 1h p.i. - - P—— _— e L All genes
. [0-31] S <
ATAC-seq 2h p.i. .l._a._.“...l_._._u.‘_ PP .Jl O [T JLJ._L da e 3 - ]
OCRs 2h p.i. e o 5 ,/~i’f/—~—/"
0 72 “ o | o
ATAC-seq 4h p.i. L e 1 § o =
OCRs 4h p.i. p— - - ! 32
£ o |
ATAC-seq 6h p.i. % S %Read-through
OCRs 6h p.i. o . 0-5
ATAC-seq 8h p.i. g o] - g(;fga
OCRs 8h p.i. . . £
[ - r— 3 o 38-56
ATAC-seq 1h salt stress 11 ] Al s ° — 56-80
SOVIPUTY IRUPRURURURINS FRFUTOII PIPEITRRTT IO | | s oo J it mna e aoadabhe
OCRs 1h salt stress . e e e Tl o stediude fostnden 9 ° — >80
. Q g
ATAC-seq 2h salt stress L 1 ‘. GE, = T T T T
OCRs 2hsaltstress -0 i o 0 5000 10000 15000 20000
[0-19] dOCR length 6h p.i.
ATAC-seq 1h heat stress addib Ll ...l-dl.u Aul el xa lLa...l TR J. TR .u.h.l.m.u. TS PPN _..u...i....n sl b bude b e i Ju.
OCRs 1h heat stress - e o T —
0 - 45 H | | i |
ATAC-seq 2h heat stress t ! | o dgCF\; g(])%th
OCRs 2h heat stress T - L. o ST 10 [+ - 1 3 <5000
i [ ——t T - —
RefSeq Genes SRSF3  MIR3925 CDKN1A RAB44 CPNES5 s [l ] .
s L ol
d chs 56—:-:**%..;
245 kb (™ == | ' | !
127,460 kb 127,500 kb 127,540 kb 127,580 kb 127,620 kb 127,660 kb j =] n
h ] 1 ] ] 1 ] I ] 1 1 I I 1 ] ] ] 4 . T — T - # 4:—
o- o P | = e H
4sU-seq uninfected [+] L l o B e = H
s. - ‘ I u .|Jm .Il 7 O PP R AT BRI o | L4 4 4+ 4 = QE
4sU-seq 7-8h p.i. [+] M IL.“ | i i : i S —
okbines | Y TR ST R - -
. 5 ey e < K ey ey ey ey
vt T e T crIITRLE
0- 154 - .
450500 781 pi ] [ ] M ”| ‘ “ | ’ ‘ ‘ “ H fC o Highly expressed genes
00 o 1 =2 e
[0-73] § . ;jr_rﬂJ—/
ATAC-seq uninf. l c @
I RNy SR S ...._nk-...._.l OO AU USRI S VY e S e
OCRs uninf. o : o ! : T = T - " ‘ : ' : _g
[0-74) T © |
ATAC-seq 6h p.i. 2 e %Read-through
) i iosd uu.l.la.mu.lm.m..h...m - 0-5
OCRS Gh pl .-.-.-.:‘..‘..—-__ [ra—— ...-.mm.._‘. ——— _.- .- - - - .:. __. —— E O' | — 5—20
[0-72] 2 20-39
ATAC-seq 8h p.i. | M I ‘ 3 N 39-57
mmnuhndamldm. .AMuhuﬂmuuh“u © e — 57-80
OCRs 8h p.i. —— R - 8 — >80
RefSeq Genes a3
SLC12A2 FBN2 g T T T T T T
0 10000 20000 30000 40000 50000

dOCR length 6h p.i.

Fig 6. Extensive increase of downstream open chromatin during HSV-1 infection. (a) 4sU-seq read coverage for SRSF3 (strand-specific, grey = uninfected/unstressed,
cyan = selected time-points of HSV-1 infection, yellow = 2h salt stress, red = 2h heat stress) as well as ATAC-seq data (no strand specificity, green = HSV-1 infection,

brown = salt and heat stress) and identified open chromatin regions (OCRs, black lines). The OCRs shown here were derived from replicate 1. Read coverage ranges and
RefSeq gene annotation are indicated as described in Fig 1C. (b) Numbers of identified OCRs (y-axis) with a certain minimum length (x-axis) for all ATAC-seq samples.
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Results for replicates are shown separately (solid lines = replicate 1, dashed lines = replicate 2). (c) Empirical cumulative distribution functions indicating the fraction of
genes (y-axis) with at most a certain dOCR length (average between two replicates) at 6h p.i. (x-axis). Genes were grouped according to read-through in 7-8h p.i. as
described in methods. (d) 4sU-seq and ATAC-seq read coverage and identified OCRs in HSV-1 infection for the FBN2 and SLC12A2 genes. 4sU-seq reads are shown
separately for positive [+] and negative [-] strand. ATAC-seq reads are not strand-specific. Read coverage ranges and RefSeq gene annotations are indicated as in Fig 1C.
(e) Boxplots indicating the distribution of gene expression (FPKM) values for genes with >80% read-through at 7-8h p.i. and dOCR length of either >5kb (white) or
<5kb (gray.) (f) Empirical cumulative distribution functions indicating the fraction of genes (y-axis) with at most a certain downstream dOCR length at 6h p.i. (x-axis)
for highly-expressed genes (FPKM at 7-8h p.i. >2). Genes were grouped according to read-through in 7-8h p.i. as described in methods.

https://doi.org/10.1371/journal.ppat.1006954.9006

read-through transcription in these downstream regions. This already became detectable at
4h p.i and resulted in a substantial increase in the number of long OCRs (Fig 6B), which
were specifically enriched downstream of genes (Fig O in S3 File). Thus, these do not result
from global effects of HSV-1 infection on cell viability (e.g. due to enhanced chromatin
accessibility in a subpopulation of dying cells). To quantify the total extent of open chro-
matin downstream of individual genes, we assigned dOCRs to genes if they were either
close to the gene 3’ end or another dOCR that had already been assigned to the respective
gene (see methods) and then calculated the total genomic length covered by

dOCRs (= dOCR length). This revealed a specific increase of dOCR length throughout
infection for genes with high read-through (Fig 6C). For 174 of the 681 genes (26%) with
>80% read-through at 7-8h p.i., dOCR length exceeded 5kb at 6h p.i., while only 26 of 326
(8%) genes with <5% read-through at 7-8h p.i. had a dOCR length >5kb at 6h p.i. (Fisher’s
exacttest p = 6.71 x 107"%). For 11 of these 26 genes (42%), this was likely due to a close-
by downstream gene with DoTT on the opposite strand (see Fig 6D for FBN2, >60kb
dOCR matches the read-through of the SLC12A2 gene on the opposite strand). These 11
genes showed no DoTT despite long dOCRs (originating from DoTT for genes with con-
vergent transcription on the opposite strand) and strong expression at 7-8h p.i. (10 with
FPKM >1, 6 with FPKM >3). This indicates that the increase in downstream open chro-
matin during HSV-1 infection is not responsible for DoTT but rather that the formation of
dOCRs requires DoTT. Furthermore, induction of long dOCRs for genes with read-
through was dependent on the transcription rates of the respective genes. Genes with
>80% read-through and long dOCRs were much higher expressed at 7-8h p.i. than read-
through genes without long dOCRs (Fig 6E). Accordingly, when dOCR length was com-
pared to read-through for the 1,273 most highly expressed genes (FPKM >2) at 7-8h p.i.,
the difference in dOCR length between genes with different read-through levels was much
more pronounced (Fig 6F). Finally, strong increases in OCRs within gene bodies or pro-
moter regions were only observed for genes with read-in transcription but not upstream of
the poly(A) read-through. This explains the smaller, but nevertheless notable global
increase in long OCRs in gene bodies (Fig O in S3 File).

Given the striking increase in dOCR length for well-expressed genes affected by HSV-1
induced DoTT, we also expected to see an increase in chromatin accessibility for salt and heat
stress. However, there was no general increase in the number of long OCRs during salt or heat
stress and no increase in dOCR length for individual genes in contrast to HSV-1 infection (Fig
P in S3 File). Accordingly, dOCR length did not increase for genes with high levels of stress-
induced DoG transcription (Fig P in S3 File), not even for highly expressed genes (Fig 6A, Fig
N in S3 File). Since read-through at 2h salt and heat stress was comparable to 4-5h p.i. HSV-1
infection and extensive dOCRs were clearly detectable at 4h p.i., stress-induced DoG transcrip-
tion does not appear to lead to open chromatin downstream of genes. Thus, only HSV-1
induced DoTT, but not DoG transcription in salt or heat stress, results in this striking increase
in the accessibility of genomic regions downstream of affected genes.
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Histone modifications and DoTT/DoG transcription

In addition to enhanced chromatin accessibility downstream of pan-stress DoGs, Vilborg et al.
also found an enrichment of several histone marks typically found at actively transcribed
genes (H3K36me3, H3K79me2) and at enhancers (H3K4mel, H3K27ac) based on ENCODE
data from unstressed murine NIH-3T?3 fibroblasts [13]. Considering the discrepancy of our
findings regarding open chromatin to their findings, we also analyzed ChIP-seq data from
ENCODE for histone marks in uninfected/unstressed HFF. Significant positive correlations
(FDR adjusted p-value <0.01) between read-through in stress conditions and the presence of
histone marks in the 5kb downstream of genes were only observed for the elongation marker
H3K36me3 and DoG transcription in heat stress (Fig M in S3 File). However, weak positive
but not significant correlations were also observed in salt stress for H3K36me3. The same was
true in both stresses for two markers of accessible regulatory chromatin, H3K27ac and
H3K4mel. Interestingly, for H3K36me3, positive correlations were also observed to read-
through already detectable in the first two hours of HSV-1 infection. However, at later times of
infection, this shifted to highly significant negative correlations between read-through and the
presence of H3K27ac, H3K27me3, H3K4mel and H3K4me3 marks in the ENCODE data for
uninfected cells. While this highlights important differences between DoTT and DoG tran-
scription, the biological significance of the presence of certain histone marks in cells prior to
stress or infection remains unclear. ChIP-seq data from time-course experiments of both
HSV-1 infection and stress will be required to resolve these conflicting observations.

HSV-1-activated antisense transcription, DoTT and dOCRs

In collaboration with Wyler et al., we recently reported on the activation of antisense transcrip-
tion in the human genome during lytic HSV-1 infection [14]. To assess whether this antisense
transcription was also associated with the formation of OCRs, we investigated the 11 antisense
transcripts that had been extensively validated by RT-qPCR and Nanostring nCounter assays
(Fig Q in S3 File). Interestingly, induction of antisense transcripts was clearly accompanied by
an induction of corresponding long OCRs in three of these cases (BBCas, EFNBlas, INGlas).
These represented 3 of the 4 (together with Clorf159as) most highly expressed antisense tran-
scripts at 7-8h p.i., consistent with a role of transcription in the formation of long OCRs. For
another four cases, an effect on open chromatin was visible but less clear (NFKB2as, IFFO2as,
FOXO3as, Clorfl59as). Moreover, similar to transcripts of DoTT-affected genes, the length of
the 11 antisense transcripts gradually increased quite substantially during HSV-1 infection,
indicating that they are also affected by DoTT. To exclude that long OCRs during HSV-1
infection are an artifact of or are directly related to the induced antisense transcription, we
determined the fraction of long OCRs (>5kb; <80 long OCRs per replicate in uninfected cells,
>500 per replicate at 6 and 8 p.i.) that overlapped (>25% of OCR in antisense transcript) any
of the 3,098 antisense transcripts identified by Wyler et al. (Fig R in S3 File). In uninfected
cells, >40% of the few long OCRs overlapped with an antisense transcript. With increasing
duration of infection, this fraction decreased and only ~13% of long OCRs overlapped an anti-
sense transcript at 8h p.i., but often also a region of read-through transcription on the opposite
strand. This supports a model in which HSV-1-induced dOCRs originate from read-through
transcription while antisense transcripts also experience DoTT and consequently show the
associated long OCRs if transcribed at a sufficient rate.

Discussion

HSV-1 infection, cellular stress responses and cancer result in extensive transcriptional activity
downstream of a subset of cellular genes [10-12], but the relationships between the underlying
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molecular mechanisms remained unclear. By directly comparing HSV-1-induced DoTT with
DoG transcription in salt and heat stress in the same experimental setting, we show significant
overlaps between the genes affected by DoTT/DoG transcription but also clear context- and
condition-specific differences. Importantly, differences were not only observed between DoTT
and DoG transcription but also for DoG transcription between the two different stresses.
Notably, the gene-specific correlation of read-through between salt stress and heat stress essen-
tially equaled the correlation between salt stress and HSV-1 infection at 4-5h p.i. Multiple cis-
and trans-regulatory factors are known to determine both splicing and poly(A) site usage [31]
and even promoter elements have been shown to shape RNA processing by influencing Pol II
processivity [32]. Thus, variability in DoG transcription upon different stressors and HSV-
1-induced DoTT may originate from differences in downstream responses, interactions with
other signaling pathways activated upon the different stresses or infection or even activation of
alternative pathways with similar molecular consequences on the transcription termination
machinery. In any case, the striking similarities between DoTT and DoG transcription indicate
that related mechanisms are at play during HSV-1 infection. While the extent of DoTT further
increased at late times of infection, salt stress-induced DoG transcription already declined by
2h, presumably due to detrimental effects of prolonged exposure to enhanced extracellular K*
concentrations on the exposed cells. In this respect, the expression of viral proteins counteract-
ing the consequences of detrimental stress responses such as translational arrest and apoptosis
may enable the much more efficient disruption of transcription termination by HSV-1.

The results presented here and in our previous manuscript [10] could have been a result of
transcriptional noise that becomes evident in the context of transcription inhibition or exten-
sive degradation of actively transcribed mRNAs by the virion-associated host shut-off protein
(vhs) [33]. Alternatively, it might result from de novo pervasive transcription initiation down-
stream of the respective genes. However, we disfavor these models. First, it is important to
note that we analyzed newly transcribed rather than total RNA. Therefore, transcriptional
activity downstream or upstream of genes is always directly compared to the transcriptional
activity of the corresponding gene occurring during the same timeframe of infection. The
global loss in Pol IT activity should equally affect genomic regions within, downstream and
upstream of genes. Furthermore, strong transcriptional down-regulation of hundreds of genes
has been analyzed in a broad range of different conditions using 4sU-seq [34-36], none of
which showed any increase in transcriptional activity downstream of genes. In addition, infec-
tion with a vhs-null mutant, which does not trigger a notable decline in transcriptional activity
until at least 12h of infection [17], still resulted in a very similar extent of read-through tran-
scription as wild-type HSV-1 infection [10].

The data obtained in this study provide further strong evidence that downstream transcrip-
tional activity arises from DoTT. First, the high correlations between the extent of read-
through in HSV-1 infection, salt and heat stress indicate that all three conditions involve a
common mechanism, namely poly(A) read-through. Second, RNA-seq analysis of subcellular
RNA fractions revealed a striking dependence of nuclear retention of exonic regions during
infection on the extent of read-through observed for the respective genes. The most likely sce-
nario is that DoTT and extensive poly(A) read-through transcription result in large aberrant
transcripts that cannot be efficiently exported to the cytoplasm. Third, the induction of exten-
sive dOCRs for genes experiencing DoTT, which depends on the transcription level of these
genes, provides strong evidence for an increase in absolute transcriptional activity downstream
of these genes during infection. Additional evidence against pervasive de novo transcription
initiation downstream of genes is provided both by the intergenic splicing events between
neighboring genes induced in HSV-1 infection and the strong strand-specificity of the down-
stream transcriptional activity. De novo transcription initiation would not be limited to the
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strand of the upstream gene but would be expected to occur on either strand. The strong
strand-specificity also excludes that downstream transcriptional activity is an artifact of the
reported activation of antisense transcription during infection [14]. Moreover, DoTT and
read-through transcription is clearly much more prominent than this antisense transcription.
We now even provide evidence that antisense transcripts are also affected by DoTT and show
DoTT-associated dOCRs.

Vilborg et al. reported that DoG transcription was associated with an open chromatin state
downstream of genes prior to stress [11]. This observation was not confirmed in our ATAC-
seq data from primary human fibroblasts. While we currently cannot fully explain the discrep-
ancy between these findings, we hypothesize that the enrichment of accessibility marks
observed by Vilborg et al. may result from a restriction to pan-DoG genes detectable in nuclear
RNA. As this also includes RNA transcribed before stress, relative levels of DoG transcripts are
lower than in newly transcribed RNA. Thus, their analysis may be biased towards more highly
transcribed DoG transcripts, which are more readily detectable. When we analyzed histone
mark ChIP-seq data from ENCODE for uninfected HFF, we could only reproduce the positive
correlation reported by Vilborg et al. [13] between the presence of the transcription elongation
mark H3K36me3 (but not H3K4mel and H3K27ac) and read-through in heat stress and to a
lesser degree in salt stress. Interestingly, this was also observed during the first two hours of
HSV-1 infection, which nicely fits to our observation that genes with active downstream tran-
scription in chromatin-associated RNA in uninfected cells are more prone to read-through. In
addition, it indicates that read-through occurring very early in HSV-1 infection may reflect a
cellular stress response to infection and thus essentially DoG transcription. Later in infection,
however, the picture completely shifts to negative correlations between read-through and
repressive (H3K27me3) and general (H3K4me3) promoter marks as well as accessible regula-
tory chromatin (H3K27ac and H3K4mel). While the correlation with both repressive pro-
moter marks and activating histone marks late in HSV-1 infection is difficult to interpret and
seems contradictory, it hints that at this point other mechanisms than a general stress response
may come into play. It is important to note, however, that the respective ChIP-seq data were
only obtained from uninfected/unstressed cells and thus do not reflect the changes in histone
marks upon infection/stress.

The most striking finding of our study is the extensive increase in genome accessibility
downstream of well-expressed genes affected by DoTT during HSV-1 infection, which essen-
tially matched the transcriptional read-through observed at the respective time of infection. Of
note, the peak heights of extensive dOCRs were often similar to levels observed in gene pro-
moters of the respective genes where histones are displaced by transcription factors binding to
promoter elements. However, in DoTT-associated dOCRs, this was not restricted to a few
hundred base pairs but extended for tens-of-thousands of nucleotides. Our data indicate that
dOCRs are not the cause but rather the consequence of DoTT and their formation additionally
requires high levels of transcriptional activity in the respective downstream genomic regions.
Considering the high correlation between DoTT and DoG transcription, we were surprised
not to observe any evidence of dOCRs for DoG transcription in salt or heat stress. As DoTT-
associated dOCRs were already well detectable by 4h of infection when the overall extent of
DoTT and DoG transcription was very similar, the lack of dOCRs in salt and heat stress is not
merely due to quantitative differences between the three conditions.

Progression of transcribing Pol II across a gene is accompanied by the displacement of
nucleosomes, followed by their rapid co-transcriptional repositioning immediately behind Pol
IT (reviewed in [37]). We hypothesize that dOCRs result from impaired histone repositioning
in the wake of Pol II. The lack of dOCRs in salt and heat stress indicates that dOCRs do not
merely arise when Pol II starts transcribing far into previously untranscribed regions of the
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genome. Furthermore, gene bodies upstream of poly(A) sites affected by DoTT showed no
general induction of OCRs, suggesting that there is no general inhibition of histone reposition-
ing during HSV-1 infection. However, induced OCRs were also observed in gene bodies fol-
lowing read-in transcription, which argues against a role of distinct histone modifications in
intergenic regions. Interestingly, HSV-1 infection was found to mobilize histones including
linker and core histones (H1, H2B, H3.1 and H4) as well as histone variants (H3.3) [38, 39].
This resulted in increases in the pools of “free” histones despite an inhibition of histone syn-
thesis during infection [40, 41]. Therefore, it is unlikely that the induction of dOCRs results
from a deprivation of free histones. On the contrary, the reported histone mobilization may at
least partly result from impaired histone repositioning downstream of genes and thus release
of histones from the respective regions into the nucleoplasm following read-through transcrip-
tion. A critical role in nucleosome reassembly is played by the histone chaperons Spt6 and the
FACT (FAcilitates Chromatin Transcription) complex (reviewed in [42]). Interestingly,
recruitment of Spt6 to active cellular genes includes direct interactions with the C-terminal
domain (CTD) of Pol II [43, 44]. Here, specific post-translational modifications of the CTD,
which depend on the position of the transcribing Pol IT within a gene, govern the functional
state and properties of Pol I and its interactions with other factors [45]. Recently, the HSV-1
ICP22 protein was found to relocate both Spt6 and FACT to viral replication compartments.
This may limit their availability to Pol II when transcribing cellular genes in HSV-1 infection
[46], but does not explain the selective failure in nucleosome reassembly only downstream of
genes with read-through. Follow-up studies on recruitment and disengagement of Spt6 and
FACT from Pol II upon infection with wild-type HSV-1 and mutant viruses as well as the con-
current analysis of post-translational modifications of the Pol II CTD will provide important
insights into the functional regulation of transcription by Pol II and its termination down-
stream of genes.

In summary, our findings provide a much more detailed picture of the molecular processes
involved in DoTT/DoG transcription and point the direction for further studies to elucidate
the underlying molecular mechanisms.

Materials and methods
Cell culture and infections

Human fetal foreskin fibroblasts (HFF) were purchased from ECACC and cultured in DMEM
with 10% FBS Mycoplex and 1% penicillin/streptomycin. HFF were utilized from passage 11
to 17 for all high-throughput experiments. This study was performed using wild-type HSV-1
strain 17. Virus stocks were produced in baby hamster kidney (BHK) cells (obtained from
ATCC) as described [10]. HFF were infected with HSV-1 24h after the last split for 15 min at
37°C using a multiplicity of infection (MOI) of 10. Subsequently, the inoculum was removed
and fresh media was applied to the cells.

Salt and heat stress

Salt stress was initiated by adding 80mM KClI to the tissue culture medium. Heat stress was
started by replacing the cell culture medium with pre-warmed 44°C medium and culturing the
cells for 1 or 2h at 44°C. Newly transcribed RNA was labeled for 1h using 500uM 4-thiouridine
(Carbosynth). Total RNA was isolated using Trizol and newly transcribed RNA was purified
as described [10]. The IP3R inhibitor 2-APB (100uM, Sigma-Aldrich), the PKC/PKD inhibitor
G066976 (10uM; Tocris), the CaMKII inhibitor KN-93 (10uM; Tocris) and the calcium chelator
BAPTA-AM (50pM; Cayman Chemical) were applied as described [11]. Actinomycin D (2ug/
ml, Sigma-Aldrich) was applied at a final concentration of 2uM to inhibit Pol II. Reverse
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transcription was performed using All-in-One cDNA Synthesis Supermix (Biotool) including
a mix of hexanucleotide random primers and poly-dT primers. qRT-PCR was performed
using the SYBR Green 2x Mastermix (Biotool) (QRT-PCR primer sequences in Table D in S1
File). Relative quantitation was performed using the AACr approach. Dot blot analysis was
performed as described previously [47] with a few minor changes regarding the detection of
4sU-incorporation into total cellular RNA. Briefly, metabolic labeling of newly transcribed
RNA was initiated by adding 500uM 4sU to the cell culture medium together with either
50uM BAPTA-AM, 2ug/ml Actinomycin D or mock (DMSO). Total RNA was isolated using
Trizol and thiol-specifically biotinylated using Biotin-HPDP. Following removal of the unin-
corporated Biotin-HPDP by Chloroform extraction and recovery of the biotinylated RNA by
isopropanol/ethanol precipitation, 200ng down to 22ng of biotinylated RNA or 60ng to 0.6 ng
of a biotinylated oligo (50bp) were spotted on a positively charged Zeta membrane (Biorad) in
alkaline buffer. The membrane was subsequently probed with a Streptavidin-DyLight-680 con-
jugate and visualized using a LI-COR imaging system.

Preparation of subcellular RNA fractions

Subcellular RNA fractions (cytoplasmic, nucleoplasmic and chromatin-associated RNA) were
prepared combining two previously published protocols [29, 30]. For the detailed protocol see
S2 File. The efficiency of the fractionations was controlled by qRT-PCRs for intron-exon junc-
tions for ACTGI (chromatin-associated vs other three fractions) and western blots for histone
H3 (nuclear vs cytoplasmic fraction). Fractionation efficiencies were furthermore confirmed
on the RNA-seq data by comparing expression values of known nuclear and cytoplasmic
RNAs as well as intron contributions (Fig J in S3 File).

Library preparation and sequencing

Sequencing libraries were prepared using the TruSeq Stranded Total RNA kit (Illumina).
While rRNA depletion was performed for total RNA and all subcellular RNA fractions using
Ribo-zero, no rRNA depletion was performed for the 4sU-RNA samples. Sequencing of 75bp
paired-end reads was performed on a NextSeq 500 (Illumina) at the Cambridge Genomic Ser-
vices and the Core Unit Systemmedizin (Wiirzburg).

ATAC-seq

HFF were infected for 8h with wild-type HSV-1 at an MOI of 10 or exposed to 1h or 2h of
80mM KCl or 44°C as described above. ATAC-seq was performed according to the original
protocol starting with 1x10” cells per condition [15]. ATAC-seq libraries were quantified by
Agilent Bioanalyser and sequenced by NextSeq 500 at the Cambridge Genomic Services (75bp
paired-end reads).

Processing of 4sU-seq data

Sequencing adapters were trimmed from sequencing reads using cutadapt [48]. Trimmed
sequencing reads were mapped against (i) the human genome (GRCh37/hg19), (ii) human
rRNA sequences and (iii) the HSV-1 genome (HSV-1 strain 17, GenBank accession code:
JN555585, only for HSV-1 infection data) using ContextMap v2.7.9 [49] (using BWA as short
read aligner [50] and allowing a maximum indel size of 3 and at most 5 mismatches). For the
two repeat regions in the HSV-1 genome, only one copy each was retained, excluding nucleo-
tides 1-9,213 and 145,590-152,222. As ContextMap produces unique mappings for each read,
no further filtering was performed and all reads mapped to the human genome were used for
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downstream analyses. Number of mapped sequencing reads per genome position (= coverage,
sum of 2 replicates) were visualized using the Integrative Genomics Viewer (IGV) [51]. No
normalization was performed for this purpose.

Quantification of gene expression and transcription read-through

Number of read fragments per gene were determined from the mapped 4sU-seq reads in a
strand-specific manner using featureCounts [52] and gene annotations from Ensembl (version
87 for GRCh37). All read pairs (= fragments) overlapping exonic regions on the corresponding
strand by >25bp were counted for the corresponding gene. HSV-1 gene annotations were
obtained from GenBank (GenBank accession code: JN555585). Expression of cellular protein-
coding and lincRNAs was quantified in terms of fragments per kilobase of exons per million
mapped reads (FPKM) and averaged between replicates. Only reads mapped to the human
genome were counted for the total number of mapped reads for FPKM calculation. Fold-
changes in FPKM values were normalized by dividing by median fold-changes for housekeep-
ing genes (as defined in [53]) to account for different levels of DoTT/DoG transcription and
consequently different numbers of intergenic reads in different samples and conditions.

The percentage of transcription downstream or upstream of a gene (on the same strand)
were calculated separately for each replicate as:

* %downstream transcription = 100 x (FPKM in 5kb downstream of gene)/(gene FPKM)
* %upstream transcription = 100 x (FPKM in 5kb upstream of gene)/(gene FPKM)

As both transcription downstream or upstream of the gene (= FPKM in 5kb downstream
or upstream of gene) and transcription within the gene (= gene FPKM) are quantified in the
same timeframe of infection using 4sU-seq, both should be affected to the same degree by a
general decrease in transcription. Thus, calculation of this ratio cancels out the effect of any
general decrease in transcription.

%downstream and upstream transcription were averaged between replicates and transcrip-
tion read-through and read-in were then calculated as:

« read-through = %downstream transcription in infected or treated cells-%downstream tran-
scription in uninfected or untreated cells

« read-in = %upstream transcription in infected or treated cells-%upstream transcription in
uninfected or untreated cells.

If this resulted in negative values for a gene, read-through or read-in were set to 0. As calcu-
lation of %downstream transcription or %upstream transcription cancels out the effect of any
overall decrease in transcription, calculation of read-through or read-in are independent of
any such decrease.

Mock read-through values were calculated from the two replicates for each time-point for
each condition. Here, mock read-through(x, r) = %downstream transcription in replicate r for
sample x - %downstream transcription in replicate r for sample x. Here, r, r € {1,2} and

r .

Motif analysis

Occurrence numbers of all possible 6-mer nucleotide sequences were determined within 100nt
up- or downstream of gene 3’ends. Spearman correlations between these counts for each gene
and read-through values in each sample as well as significance of correlations were calculated
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using the cor.test function in R and adjusted for multiple testing for each sample using the
method by Benjamini and Hochberg for controlling the false discovery rate (FDR) [54].

Identification of induced splicing events

Splice junctions and read counts for splice junctions were determined from spliced 4sU-
seq/RNA-seq read mappings. All predicted junctions were considered that used at least one
annotated exon boundary and ended within the annotated 3’ and 5’ ends of the correspond-
ing gene. Only reads were counted that included at least 5bp on either side of the splice
junction. Regulation (up- or downregulation) of splice junctions was evaluated in terms of

o
1
o

o
A
%)

fected or untreated cells, respectively. ¢;; and ¢, are the counts for all other junctions of the

the odds-ratio: - Here, ¢; and c; are the junction counts in infected or treated and unin-

same gene in infected or treated and uninfected or untreated cells, respectively. Odds-ratios
and significance of odds-ratios were calculated from replicate data using the Mantel-Haens-
zel chi-squared test in R. Multiple testing correction was performed with the method by
Benjamini and Hochberg [54]. Splicing events were considered significantly upregulated
(downregulated) if the adjusted p-value was < 0.01 and the odds-ratio >2 (<0.5).

Analysis of ATAC-seq data

Adapter trimming and mapping to human and HSV-1 genomes was performed as described
for the 4sU-seq data. BAM files with mapped reads were converted to BED format using BED-
Tools [55] and OCRs were determined from these BED files using F-Seq with default parame-
ters [56]. No filtering of OCRs was performed. Assignment of OCRs to gene promoters was
performed using ChIPseeker [57]. 5kb dOCR length for each gene was calculated as the num-
ber of nucleotides in the 5kb directly downstream of the gene 3’ end that overlap an OCR.
dOCR length for a gene was calculated as the total genomic length of downstream OCRs
(including only the positions downstream of the gene 3’ end) assigned to the gene in the fol-
lowing way. First, all OCRs overlapping with the 10kb downstream of a gene were assigned to
this gene. Second, OCRs starting at most 5kb downstream of the so far most downstream OCR
of a gene were also assigned to this gene. This was performed iteratively, until no more OCRs
could be assigned. 5kb dOCR length and dOCR length were averaged between replicates.
Empirical cumulative distribution functions for dOCR length were calculated with the ecdf
function in R [58]. For this purpose, genes were grouped according to read-through at 7-8h p.
i. HSV-1 infection or salt or heat stress. Thresholds were chosen such that genes without
DoTT (read-through <5%) were in one group and the remaining genes were divided in equal-
sized groups according to read-through.

Analysis of histone modification marks downstream of genes

Narrow peaks for ChIP-seq data of histone modification marks (H3K27ac, H3K27me3,
H3K36me3, H3K4mel, H3K4me3, H3K9me3) in HFF were downloaded from ENCODE (epi-
genome series ENCSR403RCR). Presence of histone modification marks downstream of each
gene was evaluated by determining the number of nucleotides in the 5kb directly downstream
of the gene 3’ end that overlap peaks for the corresponding histone marks (denoted as down-
stream histone mark length). Spearman correlations between read-through in all conditions
and downstream histone mark length and significance of correlations were calculated using
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the cor.test function in R and adjusted for multiple testing for each sample using the method
by Benjamini and Hochberg [54].

Accession numbers

The datasets generated and analyzed in the current study are available in the Gene Expression
Omnibus (GEO) database under the following accession numbers:
4sU-seq data of HSV-1 infection: GSE59717.
4sU-seq data of salt and heat stress: GSE100469.
RNA-seq of total, cytoplasmic, nucleoplasmic and chromatin-associated RNA: GSE100576.
ATAC-seq data for HSV-1 infected cells: GSE100611.
ATAC-seq data for salt and heat stress: GSE101731.

Supporting information

S1 File. Supplementary tables. Table A provides read-through values obtained from 4sU-seq
data for HSV-1 infection, salt and heat stress. Table B provides read-through values for total,
cytoplasmic, nucleoplasmic and chromatin-associated RNA at 8h p.i. HSV-1 infection. Table C
lists genes for which read-through transcripts at 8h p.i. HSV-1 infection appear to remain at the
chromatin, i.e. genes with <5% read-through in nucleoplasmic and cytoplasmic RNA, but
>25% in chromatin-associated RNA. Table D lists all qRT-PCR primers used in this study.
(XLSX)

S$2 File. Supplementary methods. Protocol for the separation of subcellular RNA fractions
used in this study.
(PDF)

S3 File. Supplementary figures. Contains Supplementary Figures A-R and legends.
(PDF)
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