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ABSTRACT

A first line of defense during infection is expression of interferon (IFN)-stimulated gene
products which suppress viral lytic infection. To combat this, herpesviruses express
endoribonucleases to deplete host RNAs. Here we demonstrate that IFN-induced circular
RNAs (circRNAs) can escape viral-mediated degradation. We performed comparative circRNA
expression profiling for representative alpha- (Herpes simplex virus-1, HSV-1), beta- (human
cytomegalovirus, HCMV), and gamma-herpesviruses (Kaposi sarcoma herpesvirus, KSHV;
murine gamma-herpesvirus 68, MHV68). Strikingly, we found that circRNAs are, as a
population, resistant to host shutoff. This observation was confirmed by ectopic expression
assays of human and murine herpesvirus endoribonucleases. During primary lytic infection,
ten circRNAs were commonly regulated across all subfamilies of human herpesviruses,
suggesting a common mechanism of regulation. We tested one such mechanism, namely how
interferon-stimulation influences circRNA expression. 67 circRNAs were upregulated by either
IFN-B or -y treatment, with half of these also upregulated during lytic infection. Using gain and
loss of function studies we found an interferon-stimulated circRNA, circRELL1, inhibited lytic
HSV-1 infection. We have previously reported circRELL1 inhibits Iytic KSHV infection,
suggesting a pan-herpesvirus antiviral activity. We propose a two-pronged model in which
interferon-stimulated genes may encode both mRNA and circRNA with antiviral activity. This is
critical in cases of host shutoff, such as alpha- and gamma-herpesvirus infection, where the

MRNA products are degraded but circRNAs escape.
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INTRODUCTION

Herpesviridae is a family of large, double-stranded DNA viruses with a biphasic life cycle, a
lytic (replicative) and latent (quiescent, immune evasive) phase. There are nine species known
to infect humans, including the alpha-herpesvirus Herpes Simplex Virus-1 (HSV-1), beta-
herpesvirus human cytomegalovirus (HCMV), and gamma-herpesvirus Kaposi sarcoma-
associated herpesvirus (KSHV). Herpesviruses are a major public health concern with
individuals testing seropositive for at least three of the nine species by adulthood (1-6).
Infection is asymptomatic for many individuals but, in cases of immune-compromise—such as
transplant recipients, neonates, and those with HIV/AIDS—these viruses have devastating
effects. HSV-1 commonly causes recurrent oral and genital lesions, but can also cause herpes
keratitis, herpetic whitlow, and encephalitis (7). HCMV is the most common congenital infection
in addition to a severe opportunistic infection in transplant recipients and individuals with
HIV/AIDS (8). KSHYV is the etiological agents of several cancers including Kaposi sarcoma and
primary effusion lymphoma (9). Murine gamma-herpesvirus 68 (MHV68) has close genetic
homology to KSHV and serves as a tractable animal model for pathogenesis (10, 11).
Therapeutic agents capable of clearing these viruses or vaccines, for all human herpesviruses

excluding Varicella Zoster Virus, are lacking.

Viruses evolve unique mechanisms to invade hosts, alter cellular pathways, and redirect
cellular factors for viral processes. In parallel, the host employs a barrage of proteins and RNA
species to combat infection. An emerging class of transcripts, circular RNAs (circRNA), has
recently been implicated in this host-pathogen arms race (12-16). CircRNAs are single-

stranded RNAs circularized by 5’ to 3’ covalent linkages called back-splice junctions (BSJs).
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High-throughput sequencing paired with chimeric transcript analysis enables global circRNA
detection and quantification (17). These techniques find circRNAs to be ubiquitously expressed
in an array of organisms and tissues (18, 19). CircRNAs are also expressed by viruses,
including KSHYV, Epstein Barr Virus (EBV), human papillomavirus, Merkel cell polyomavirus,
hepatitis B virus, and respiratory syncytial virus (20-26). The mechanism underlying host
circRNA synthesis, back-splicing, is catalyzed by the spliceosome and regulated by RNA
binding proteins (RBPs) and tandem repeat elements which mediate interaction of BSJ
flanking sequences (27-30). CircRNAs function as miRNA sponges, protein scaffolds, and
transcriptional enhancers (31). CircRNAs are generally classified as noncoding RNAs
(ncRNAs), although they possess the capacity for cap-independent translation (32-34).
Recently, we identified a host circRNA, circRELL1, that increased the growth of KSHV-infected
cells while suppressing the lytic cycle, thereby promoting the viral latency program (16).
Additional host circRNAs modulate viral infection (circHIPK3-KSHYV, circPSD3-Hepatitis C
virus) and are implicated in virus-driven tumorigenesis (circARFGEF1-KSHV, circNBEA-
Hepatitis B virus) (14, 15, 35, 36). Furthermore, circRNAs made by spliceosome-independent
mechanisms leads to activation of the pattern recognition receptor (PRR), RIG-I (12). Another
report found that circRNAs, as a class, sequester the RBP encoded by interleukin enhancer-

binding factor 3 (NFO0/NF110) and this axis modulates vesicular stomatitis virus infection (13).

As circRNAs lack ends, they are generally resistant to exoribonucleases with approximately
2.5-fold longer half-lives than their linear counterparts (37, 38). CircRNAs are also more stable
in the extracellular space, a feature which has led to much interest in their potential use as a

diagnostic biomarker (39). Circularity, however, does not prevent susceptibility of circRNAs to
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endoribonucleases (endoRNases) such as RNase L and RNase P (40, 41). Herpesviruses
also express endoRNases, e.g. HSV-1 virion host shutoff (vhs), EBV BamHI fragment G
leftward open reading frame 5 (BGLF5), KSHV shutoff and exonuclease (SOX), and MHV68
murine SOX (muSOX). These viral proteins drive a phenomenon called “host shutoff’, which, in
part, ablates the immune response by degrading interferon-stimulated genes (42, 43). The viral
endoRNases display broad nucleolytic activity in vitro relying on viral and host protein adapters
in vivo to fine tune their RNA substrates (44). These adaptors facilitate a preference for
translationally competent RNA leaving ncRNA enriched in the escapee population (45-50).
Circularity itself provides some protection from vhs cleavage in vitro, however circRNAs
containing an internal ribosome entry site can still be targeted (47). In the context of HSV-1
infection, a recent study reported enrichment of circRNAs relative to their colinear gene

products, which was not observed in the context of a vhs-null virus (51).

To define host circRNAs commonly regulated by herpesviruses, we performed comparative
circRNA expression profiling of cells infected with alpha- (HSV-1), beta- (HCMV), and gamma-
herpesviruses (KSHV; MHV68, a murine model of KSHV). We profiled cell culture and animal
models, spanning lytic and latent infection. During lytic HSV-1, KSHV, and MHV68 infection,
circRNAs were, as a population, unaffected by host shutoff. Ectopic expression assays with
human and murine herpesvirus endoRNases confirmed this observation. This agrees with prior
reports regarding HSV-1 vhs-mediated decay (47, 51) and expands the observation to gamma-
herpesvirus endoRNases. We identified four human and twelve murine circRNAs commonly
upregulated after infection across subfamilies of herpesviruses. The most upregulated

pathways in our models of HSV-1, HCMV, and KSHYV lytic infection were related to immunity.
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Thus, we examined if circRNA expression was affected by treatment with various immune
stimuli (LPS, poly I:C, CpG) or type | and Il interferons (IFN). 67 circRNAs were upregulated by
IFN treatment, with half of these also upregulated during viral infection. Finally, we tested if one
of these interferon-stimulated circRNAs, circRELL1, echoed the antiviral function of its colinear
gene product. Using gain and loss of function studies, circRELL1 was found to inhibit lytic
HSV-1 infection. These results echo our prior finding, that circRELL1 inhibits lytic KSHV
infection (16), and hints at a common mechanism of action that spans disparate cell types
(fibroblast vs. endothelial) and viruses (alpha vs. gamma-herpesviruses). Our data suggests
this class of host shutoff escapees may have largely unprobed potential as immunologic

effectors.
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RESULTS

CircRNA profiling of alpha-, beta-, and gamma-herpesvirus infection.

As alternative splicing products, circRNAs share almost complete sequence identity with their
linear counterparts derived from the same gene. We used CIRCExplorer3-CLEAR to quantify
the unique sequence of circRNAs, namely the 5’ to 3’ back splice junctions (52).
CIRCExplorer3 also calculates CIRCscore, the number of reads spanning circRNA BSJs (circ
fragments per billion mapped bases, circFPB) against reads spanning mRNA forward splice
junctions (linear fragments per billion mapped bases, linearFPB). We profiled RNA-Seq data
from alpha-, beta-, and gamma-herpesvirus infection, in cell culture and animal models (Fig.
1A, Sup. Fig. 1-1A, Sup. Fig. 1-2A). The data was a combination of our own RNA-Seq data
(HSV-1, KSHV, MHV68) in addition to a previously published dataset (HCMV) from Oberstein
& Shenk (2017). For all RNA-Seq, excluding the previously published HCMV dataset (53),
ERCC (External RNA Controls Consortium) spike-ins were used to control for global
transcriptomic shifts caused by infection. We have summarized all the circRNA and gene
expression profiling as interactive data tables (Supporting Datasets 1-6) with their utility

demonstrated in Sup. Fig. 1-3.

In primary lytic infections we identified 151, 70, and 316 upregulated (log> fold change (log2FC)
Infected/Uninfected >0.5) human circRNAs for HSV-1, HCMV, and KSHYV, respectively (Fig.
1B-C, Sup. Table 1). Four circRNAs were upregulated across viruses (Fig. 1B). A similar
number of circRNAs were downregulated after infection (log2FC <0.5), with six overlapping
between models (Fig. 1B). In HSV-1 infection, disparate circRNA/mRNA expression changes

were particularly evident, resulting in dramatic CIRCscore shifts (Fig. 1C). Multiple loci had
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CIRCscores >5, indicating the circRNA, rather than the colinear mRNA, was the predominant
mature transcript for that gene. An increasing CIRCscore with infection was also present for
other lytic infection models (Sup. Fig. 1-2C, Fig. 1C). We extended our analysis to mouse
models, including HSV-1 infected trigeminal ganglia and MHV68 infected cell lines. We
identified 113 murine circRNAs upregulated by HSV-1 infection, although none overlapped
between latency, explant-induced reactivation, and drug-enhanced reactivation (Sup. Fig. 1-
1B-C, Sup. Table 1). There were 72 murine circRNAs upregulated by MHV68 infection, with
four overlapping between primary infection and lytic reactivation (Sup. Fig. 1-2B-C, Sup. Table
1). There were 12 circRNAs in common between HSV-1 and MHV68 infection models, of these
circMed13!l (mmu_circ_0001396) was upregulated in all infection models (Sup. Fig. 1-1 and 1-

2).

Differentially expressed circRNAs (DECs) common across disparate virus and cell models
hints at a common mode of induction. To investigate this, we performed overrepresentation
analysis (ORA) on the colinear genes of circRNAs expressed in human infection models (Sup.
Fig. 1-4). ORA identified enrichment of genes involved in cellular senescence for all fibroblast
(MRC-5) models, likely representing that infection is performed in GO cells. Interestingly, genes
within the lysine degradation pathway were enriched after infection of HSV-1, HCMV, and
KSHV (Sup. Fig. 1-4). One biological function of circRNA is regulation of mMRNA expression
through miRNA sponging (31). We performed circRNA-miRNA-mRNA network analysis for
circRNA commonly upregulated by herpesvirus infection (circEPHB4, circVAPA, circPTK2, and
circKMT2C) (Sup. Fig. 1-5). In silico analysis predicted miRNA-mRNA interaction nodes which

were enriched for mRNA involved in adaptive immunity including MHC complex assembly, TAP
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complex binding, and peptide antigen stabilization, suggesting a potential role in antiviral

immunity for these commonly upregulated circRNAs.

Global distribution shifts for mRNA, IncRNA, and circRNA during lytic infection.

In HSV-1 infection of MRC-5 (Fig. 1C), circRNA upregulation was at odds with the stark
decrease in colinear gene expression. A similar trend was visible, albeit less notable, for other
lytic infection models (Sup. Fig. 1-2C, Fig. 1C). This finding led us to question if circRNAs were
resistant to the global downregulation of host RNAs which occurs during lytic infection. Using
ERCC normalized RNA-Seq datasets we plotted read distribution shifts for HSV-1, KSHV, and
MHVG68 lytic infection (Fig. 2). We compared expression changes for protein-coding (mRNA)
genes, long noncoding RNAs (IncRNAs), and circRNAs. In Figure 2A we observed a sharp
decrease in host MRNA levels, with a median Log2FC of -4.3 (HSV-1 12 hpi), -2.2 (KSHV 72
hpi), and -1.9 (MHV68 18 hpi). This coincides with high levels of viral gene expression. As has
been previously reported (48-50), this effect was partially ablated for IncRNAs with median
Log2FC of -3.9 (HSV-1 12 hpi), -1.3 (KSHV 72 hpi), and -1.5 (MHV68 18 hpi) (Figure 2B).
Strikingly, host circRNAs were globally resistant to HSV-1 shutoff and instead exhibited a
general upregulation (Log2FC +1.3) by 24 hpi (Figure 2C). During KSHV and MHV68 infection,
host circRNA expression changes were tri-modal with a down-regulated, unaffected, and up-
regulated subpopulation. However, the bulk of circRNA species were again largely unchanged
with median Log2FC of +0.2 (KSHV 72 hpi) and -0.2 (MHV68 18 hpi). Our analysis
demonstrates that host circRNAs, as a species of RNAs, are resistant to the global

downregulation of RNA which occurs during lytic herpesvirus infection.
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CircRNAs are resistant to viral endonuclease mediated decay.

Figure 2 plots expression changes across an entire RNA class. To investigate if similar trends
occurred for circRNAs and mRNAs derived from the same gene, we evaluated expression
shifts for circRNAs (circFPB) and mRNAs (linearFPB) as log2FC (Infected/Uninfected) for HSV-
1, KSHV, and MHV68 Iytic infection (Fig. 3A). Each dot is a gene that can be alternatively
spliced, generating both circRNAs and mRNAs. Echoing our results in Fig. 1C and Fig. 2A, C,
circRNA abundance increased while mRNA decreased for vast majority of genes after HSV-1
infection (Fig. 3A). For KSHV and MHV68, mRNA downregulation was consistently more
pronounced than circRNA downregulation. Bulk RNA-Seq examines steady-state transcript
abundance, averaging the effects of transcriptional activity in addition to co- and post-
transcriptional processing such as splicing and decay. To examine what most influences
circRNA upregulation we examined our previously published nascent RNA-Seq and ChlP-Seq
data (54) for a subset of genes colinear to circRNAs upregulated during HSV-1 infection (Sup.
Fig. 3-1). All four genes (POLR2A, EPHB4, CREBBP, PLEKHM1) had a drop in RNA
Polymerase Il (Pol Il) and TATA-binding protein (TBP) occupancy by 4 hpi, consistent with
published mechanisms of host transcriptional shutoff during HSV-1 infection (55-59). In the
case of EPHB4, CREBBP, and PLEKHM1 we also observed a drop in 4 thiouridine (4sU)-Seq
read coverage, consistent with decreased nascent transcripts. This data suggests circRNA
expression changes—for at least this subset—are related to co- or post-transcriptional

processing.

Given this observation, we explored if differences in viral endoRNase-mediated decay might

explain the disparate expression profiles for circRNA and their colinear genes. Using the
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approach of Rodriguez et al. (2019), plasmids expressing HSV-1 vhs, EBV BGLF5, KSHV
SOX, and MHV68 muSOX were transfected into HEK-293 cells. After 24 hours we collected
total RNAs and measured transcript levels relative to a GFP vector control (Fig. 3B). As
expected, transfection with viral endoRNases decreased GAPDH expression (60). Conversely,
NcRNAs such as U6 snRNA, 7SL, and MALAT1 were either unaffected or were increased. We
also recapitulated prior findings, regarding escape of the SHFL mRNA from SOX-mediated
decay (60). We then tested expression changes of circRNAs and colinear mRNAs using
divergent or convergent primers, respectively. Across all genes tested and viral endoRNases
transfected, circRNA were more resistant to decay as compared to their colinear gene product.
Thus, we propose circRNAs as a general class of host shutoff escapees. Our data agrees with
prior work from HSV-1 (51), arguing circRNA resistance to viral endoRNases is primarily
responsible for the disparate expression changes of circRNAs relative to their colinear mRNA

gene products.

Detection of interferon-stimulated circRNAs (ISCs).

The most significantly upregulated pathways during HSV-1, HCMV, and KSHYV infection fell
largely within the category of immune responses, with IFN-B and -y predicted as upstream
regulators (Sup. Fig. 4-1). This led us to investigate if circRNA expression may be modulated
by innate immune signaling. We treated fibroblast (MRC-5), lymphatic endothelial cell (LEC),
and B-cell lymphomas (Akata-, BJAB, Daudi) with immune stimulants including
lipopolysaccharide (LPS), CpG DNA, poly I:C, IFN-$ and -y (Sup. Fig. 4-2). A canonical
interferon-stimulated gene (1ISG), ISG15, was measured as a surrogate for immune

stimulation. We measured circRELL1 expression, as this circRNA was upregulated in HCMV,
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KSHYV, and to a lesser extent, HSV-1 infection (Fig. 1C). circRELL1 was upregulated in LEC
treated with LPS or IFN-y and B-cell lymphomas treated with poly I:C, LPS, or IFN-B (Sup. Fig.
4-2). ISG15 activation did not always correlate with circRELL1 expression—notably CpG and
poly I:C treatment largely failed to induce expression. Additionally, IFN-B and -y caused inverse
phenotypes in circRELL1 expression when comparing LEC and B-cell models (Sup. Fig. 4-2B).
These findings demonstrate that circRELL1 can be upregulated by Toll-like receptor
engagement and type | and Il interferon stimulation, and the expression profile varies by cell

type and mechanism of immune stimulation.

To globally profile interferon-stimulated circRNAs (ISCs) we performed RNA-Seq on fibroblast,
lymphatic endothelial, and B-cells treated with IFN- and -y. B-cells (Akata) were only treated
with IFN-B as we found them refractory to IFN-y (Sup. Fig. 4-2B). Transcriptomic analysis
identified strong upregulation of many canonical ISGs including OAS1, OAS2, OASL, IFITT1,
IFITM1, MZ1, HLA-DRB1, HLA-DQA1, and HLA-DMA after IFN treatment (Fig 4A, Supporting
Dataset 6). The extent and range of ISGs was most pronounced for B-cells treated with IFN-
(n=4173 DEGs) (Fig. 4A-B) and smallest for fibroblast treated with IFN-p (n=472 DEGs). We
identified approximately a dozen interferon-stimulated circRNAs in each model (Fig 4C). Of
these, circEPSTI1 (hsa_circ_0000479) was upregulated in all conditions (Fig 4D). We tested if
circRELL1 and circEPSTI1 expression changes could be recapitulated in peripheral blood
mononuclear cells (PBMCs) and observed a 1.5 and 9-fold increase, respectively, after IFN-3

treatment (Sup. Fig. 4-3).
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A number of colinear mMRNAs and circRNAs were stimulated by interferon treatment, including
transcripts derived from CRIM1, EPSTI1, ZCCHC2, SP100, AFF1, B2M, and WARS (Fig 4B,
D). The typical mechanism of ISG induction relies upon promoter activation by factors like
IRF3, IRF7, IRF9, STAT1, and STAT2. If this mechanism is similarly responsible for circRNA
upregulation, we would expect circRNA levels to correlate with changes in their colinear gene
products. We plotted gene expression relationship for ISCs and colinear transcripts (Fig 4E). A
subset of ISC-hosting genes, EPSTI1, SP100, B2M, and WARS, had a direct relationship
between circRNA and colinear gene expression changes. However, this was not globally the
case, with linear regression R? values ranging from <0.3 (MRC-5 + IFN-B, LEC + IFN-y, Akata
+ IFN-B) to 20.6 (MRC-5 + IFN-y, LEC + IFN-B). We next examined overlaps between our
interferon-stimulated and infection-stimulated circRNAs (Fig. 1, Supporting Datasets 1, 2, 3,
and 6). Approximately half of the ISCs detected were also upregulated during models of HSV-
1, HCMV, KSHYV, or EBV infection (Fig. 4F). These findings demonstrate tunability in circRNA

expression with dependence on cell type and immune stimulation.

circRELL1 restricts HSV-1 lytic infection.

In this study, we found circRELL1 to be induced by HSV-1 (1.3-fold), HCMV (1.4-fold), and
KSHV (2-fold) infection (Fig. 1C). circRELL1 was also upregulated by immune stimulants
including LPS, poly I:C, IFN-B and -y (Sup. Fig. 4-2 and 4-3). Our lab has previously reported
inhibition of lytic KSHV infection by circRELL1 (16). Thus, we questioned if it could be broadly
antiviral, by perturbing circRELL1 within the context of HSV-1 infection. To test the impact of
loss of function, we depleted circRELL1 48 hours prior to infection using siRNAs targeting the

BSJ. MRC-5 cells were infected at a low (0.1 plaque forming units (PFU)/cell) and high (10


https://doi.org/10.1101/2023.09.07.556698

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556698; this version posted September 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

PFU/cell) multiplicity of infection (MOI). We achieved significant depletion (4- to 10-fold
decrease) of circRELL1 as compared to a Non-Targeting Control (Fig. 5A, D). Viral gene
expression for immediate early (IE), early (E), and true late (L2) genes trended upwards, but
was largely unaffected by circRELL1 knockdown. Viral entry was likely unaffected as viral
genomes at 2 hpi were comparable between Non-Targeting Control and siRNA against
circRELL1 (Fig. 5B, E). By 12 hpi, HSV-1 genome copies/cell trended upwards with circRELL1
depletion. The effect of circRELL1 depletion was most apparent when measuring infectious
viral yield, with a 1.8- and 2.2-fold increase for low and high MOI infections, respectively (Fig.
5C, F). For gain of function studies, we transduced circRELL1 in MRC-5 with a replication-null
lentivirus for 48 hours followed by infection with HSV-1 at high MOI (10 PFU/cell). By 60 hours
post-lentivirus infection, circRELL1 expression was 100-fold greater than our lentivirus control
that harbors circGFP (Fig. 5G). While we observed no alterations in IE, E, or L2 viral
transcripts, viral yield was decreased 4.4-fold by circRELL1 overexpression (Fig. 5F-G). Our
loss and gain of function models agree, supporting an anti-lytic role for circRELL1 in HSV-1

infection that appeared to be independent of viral gene expression.
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DISCUSSION

CircRNAs are gaining traction as important factors at the virus-host interface. CircRNAs have
an interesting combination of physical features: versatility to interact with DNA, RNA, and
proteins simultaneously, longer half-lives than colinear mRNAs, and secretion to extracellular
spaces. Some of these features are shared by other molecules like INcRNAs or microRNAs,
but circRNAs uniquely possess all those flexible and multi-faceted characteristics. In this study,
we probed the role of circRNAs during herpesvirus infection. We performed comparative
circRNA expression profiling and identified four host circRNAs commonly upregulated by all
subfamilies of human herpesviruses (Fig. 1). Whether there are universal functions of these
commonly regulated circRNAs is not clear but over-representation analysis of colinear
transcripts showed their enrichment in cell division/senescence pathways and lysine
degradation (Sup. Fig. 1-4). In silico circRNA-miRNA-mRNA interaction networks predict
circEPHB4, circVAPA, circPTK2, and circKMT2C may regulate cellular immunity via repression
of miRNA mediated decay of mMRNAs involved in antigen presentation (Sup Fig. 1-5). We
identified a subset of circRNAs induced by herpesvirus infection and interferon stimulation (Fig.
4). Since circRNAs and mRNAs expressed from the same loci can have distinct targets and
functions, they can be thought of as polycistronic genes. We propose a two-pronged model in
which interferon-stimulated genes may encode both mRNA and circRNA with immune-
regulatory activity (Fig. 6). This is critical in cases of host shutoff, such as alpha- and gamma-

herpesvirus infection, where the mRNA product is degraded but circRNA escapes.
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CircRNAs were resistant to ectopic expression of HSV-1, EBV, KSHV, and MHV68
endoribonucleases (Fig. 3B), suggesting them to be a general class of host shutoff escapees.
These results were echoed during lytic infection, with global circRNA levels generally
unaffected as lytic infection progressed (Figure 2C). For the gamma-herpesviruses, KSHV and
MHV68, we observed a subpopulation of circRNA which were downregulated by infection. This
created a tri-modal circRNA distribution which was not observed for HSV-1. The different
circRNA expression modalities for alpha- versus gamma-herpesviruses likely reflects the
mechanisms by which specific endoRNases are recruited. HSV-1 vhs targets the 5’
untranslated region (UTR) of mRNAs near the 5’ cap and binding is mediated by the translation
factors elF4H and elF4Al/ll (45-47, 61). CircRNAs may escape vhs degradation as they do not
have a 5’ cap or UTR. This mechanism would not apply to gamma-herpesvirus endoRNases
(BGLF5, SOX, muSOX) which bind to a degenerate motif with little preference for relative
position within the transcript (43, 62). An RNA moitif called the SOX resistant element (SRE)
can confer resistance to cleavage in a cis-acting, dominant fashion (63, 64). CircRNAs tend to
shape characteristic stem structures which may potentially act as SREs (40). RNA
modifications or general accessibility may also confer endoRNase resistance. The host is
known to use m6A modifications to distinguish self and non-self circRNA (65). Recently, a m6A
reader YTHDCZ2 was found to be essential for the host shutoff resistance from KSHV SOX
(66). RNA Binding Proteins (RBPs) may also play a role in circRNA decay as they can
aggregate and cover up to 100% of circRNAs (67), potentially restricting endoRNase substrate
recognition. A combination of circRNA sequence and structure likely contributes to the subsets

of gamma-herpesvirus endoRNase susceptibility.
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CircRNA upregulation in disparate virus and cell models hints at a common mode of induction.
As a first line of the antiviral response, the host senses and responds to pathogens through
pattern recognition receptors to induce interferons and interferon-stimulated genes. In line with
this, the most significantly upregulated pathways during lytic infection were immune-related
with IFN-B and -y predicted as upstream regulators (Sup. Fig. 4-1). We profiled expression
after type | and Il interferon treatment and identified 67 upregulated circRNAs (Fig. 4), with half
of these also upregulated in our infection models. mMRNA and circRNA products for several
genes including EPSTI1, B2M, and ZCCHCZ2 were induced comparably after interferon
stimulation. These interferon-stimulated circRNAs are therefore likely regulated at the level of
gene expression. ISCs with disparate expression changes to their colinear gene product (Fig.
4E), may be the results of secondary effects such as altered back-splicing or decay. Zinc finger
antiviral protein (ZAP) is upregulated upon IFN stimulation and recruits de-capping enzyme
Dcp1 and deadenylase PARN to degrade mRNAs (43). circRNAs are devoid of cap structures
or accessible poly(A) tails and likely to resistant to ZAP-mediated degradation, which may

result in the accumulation of circRNAs compared to co-linear mRNAs upon IFN stimulation.

An interferon-stimulated circRNA, circRELL1, exemplifies the functionally conserved circRNA.
EBV, KSHV, and HCMV infection upregulates circRELL1 expression. We previously showed
that circRELL1 has an anti-lytic cycle role during infection with a gamma-herpesvirus, KSHV
(16, 21). Here, comparable defects in viral genome replication and infectious progeny after
circRELL1 perturbation were observed for the alpha-herpesvirus, HSV-1 (Fig. 5). This
functional conservation signifies the importance of commonly regulated circRNAs identified in

this study. The mechanism by which this circRNA represses lytic infection is not fully


https://doi.org/10.1101/2023.09.07.556698

364

365

366

367

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556698; this version posted September 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

understood. circRELL1 was found to interact with TT/7 mRNA, a component of mTOR
complex, which is targeted by EBV, KSHV, HCMV, and HSV-1 to regulate viral replication (68).
Effects of infection-induced circRNAs on mTOR signaling pathway and its consequences thus

warrant further study.
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METHODS

Cells and Viruses

Vero (ATCC #CCL-81) were maintained in Dulbecco's modified eagle medium (DMEM, Gibco
#11965-092) supplemented with 5% fetal bovine serum (FBS, Gibco #16000044), 1 mM
sodium pyruvate (Gibco # 11360070), 2 mM L-glutamine (Gibco # A2916801), 100 U/mL
penicillin-streptomycin (Gibco # 15070063). MRC-5 (ATCC #CCL-171) were maintained in
DMEM (Gibco) supplemented with 10% FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, 100
U/mL penicillin-streptomycin. NIH 3T3 (ATCC #CRL-1658) and NIH 3T12 (ATCC #CCL-164)
were maintained in DMEM (Corning #10-017-CV) supplemented with 8% FBS, 2 mM L-
glutamine, 100 U/mL penicillin-streptomycin. A20 HE-RIT B cells harbor a recombinant MHV68
expressing a hygromycin-eGFP cassette (69) and doxycycline-inducible RTA (70). A20 HE-RIT
were maintained in RPMI supplemented with 10% FBS, 100 U/mL penicillin-streptomycin, 2
mM L-glutamine, 50 uM beta-mercaptoethanol, 300 ug/ml hygromycin B, 300 ug/mL
gentamicin, and 2 yg/mL puromycin. iSLK-BAC16 (71) were maintained in DMEM (Gibco
#11965-092) supplemented with 10% Tet system-approved FBS (Takara #631368), 50 pg/mL
hygromycin B, 0.1 mg/mL gentamicin, 1 ug/mL puromycin, 100 U/mL penicillin-streptomycin.
293T (ATCC #CRL-3216) cells were maintained in DMEM supplemented with 10% FBS and
100 U/mL penicillin-streptomycin. Lymphoma cell lines, EBV-positive and negative Akata
(designated with (+) or (-)) (72), Daudi (ATCC #CCL-213), and BJAB (DSMZ #ACC757) were
maintained in Roswell Park Memorial Institute (RPMI) 1640 (Gibco #11875093) supplemented

with 10% FBS and 100U/ml penicillin-streptomycin. HDLEC (PromoCell #C-12216) were
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maintained in EBM-2 basal medium (Lonza #CC-3156) supplemented with EGM-2

SingleQuots supplements (Lonza #CC-4176).

Virus Stock Preparation and Titration

HSV-1. Vero cells were infected with KOS (73) or strain 17 at a low multiplicity of infection
(MOI; ~0.01 plaque forming units (PFU)/cell) and harvested when cells were sloughing from
the sides of the vessel. Supernatant and cell fraction were collected and centrifuged at 4,000 x
g 4°C for 10 minutes. The subsequent supernatant fraction was reserved. The pellet fraction
was freeze (-80°C 20 min)/thawed (37°C 5 min) for three cycles, sonicated for 1 minute, and
centrifuged at 2,000 x g 4°C for 10 minutes. The final virus stock was composed of the cell-
associated virus and reserved supernatant virus fractions.

KSHV. iSLK-BAC16 cells were induced with 1 pg/mL doxycycline and 1 mM sodium butyrate
for 3 days. Cell debris was removed from the supernatant fraction by centrifuging at 2,000 x g
4°C for 10 minutes and filtering with a 0.45 polyethersulfone membrane. Virus was
concentrated after a 16,000 x g 4°C 24 hour spin and resuspended in a low volume of DMEM
media (approx. 1000-fold concentration). To assess viral infectivity, LECs were infected with
serial dilutions of BAC16 stock and assessed using CytoFlex S (Beckman Coulter) for GFP+
cells at 3 days post infection. BAC16 contains a constitutively expressed GFP gene within the
viral genome. Based on these assays, BAC16 stock was used at a 1:60 dilution, resulting in
70% infection for LEC (MOI 1).

MHV68. NIH 3T12 based cell lines were infected at a low MOI with MHV68 until 50%
cytopathic effect was observed. Infected cells and conditioned media were dounce

homogenized and clarified at 600 x g 4°C for 10 minutes. Clarified supernatant was further
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centrifuged at 3,000 x g 4°C for 15 min and then 10,000 x g 4°C for 2 hrs to concentrate 40-

fold in DMEM. H2B-YFP was prepared and titered using plaque assays in NIH 3T12 cells.

De Novo Infection

HSV-1. Confluent MRC-5 cells were infected with 0.1 or 10 PFU per cell. Virus was adsorbed
in PBS for 1 hr at room temperature. Viral inoculum was removed, and cells were washed
quickly with PBS before adding on DMEM media supplemented with 2% FBS. 0 hour time
point was considered after adsorption of infected monolayers when cells were place at 37°C.
KSHV. Subconfluent LEC were infected with BAC16 at an approximate MOI of 1 (70% cells
infected), as assessed by GFP+ cells at 3 dpi. Virus was adsorbed in a low volume of media
for 8 hr at 37°C, after which viral inoculum was removed and replaced with fresh media. 0 hour
time point was when virus was added and cells were first placed at 37°C.

MHVG68. Subconfluent NIH3T3 fibroblasts were infected with 5 PFU per cell. Virus was
adsorbed in a low volume of DMEM media supplemented with 8% FBS for 1 hr at 37°C, prior
to overlay with fresh media. O hour time point was when virus was first added and cells were

placed at 37°C.

HSV-1 Mouse Infections

Female 8-week-old BALB/cAnNTac mice were infected with 10° PFU HSV-1 (strain 17) via the
ocular route. Latently infected trigeminal ganglia were harvested approximately four weeks
after primary infection and immediately processed. For explant-induced reactivation, latently
infected trigeminal ganglia were explanted into culture (DMEM/1% FBS) for 12 hours at

37°C/5% CO2 in the presence of vehicle (DMSO) or 2 yM JQ1+ to enhance reactivation
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(Cayman Chemical CAS: 1268524-70-4). Pools of 6 ganglia were homogenized in 1 ml TriPure
isolation reagent (Roche) using lysing matrix D on a FastPrep24 instrument (3 cycles of 40
seconds at 6 m/s). 0.2 ml chloroform was added for phase separation using phase lock gel
heavy tubes and RNA isolation from the aqueous phase was obtained by using ISOLATE II
RNA Mini Kit (Bioline). RNA quality was verified with Agilent 2100 Bioanalyzer System using
RNA Nano Chips (Agilent Technologies). All animal care and handling were done in
accordance with the U.S. National Institutes of Health Animal Care and Use Guidelines and as
approved by the National Institute of Allergy and Infectious Diseases Animal Care and Use

Committee (Protocol LVD40E, T.M.K.).

Lytic Reactivation

KSHV. Subconfluent monolayers of iSLK-BAC16 were induced with 1 pg/mL doxycycline, 1

mM sodium butyrate in DMEM media supplemented with 2% Tet system-approved FBS. 0 hour
time point was when induction media was added and cells were first placed at 37°C.

MHVG68. One day prior to induction, A20 HE-RIT cells were subcultured at a 1:3 dilution in
media lacking antibiotics. Cells were seeded subconfluently and induced for 24 hours with
RPMI media containing 5 pg/ml doxycycline and 20 ng/ml 12-O-tetradecanoylphorbol-13-

acetate (TPA).

rRNA-depleted total RNA-Seq
Total RNA was isolated from cells using the Direct-zol RNA MiniPrep kit (Zymo Research
R2053), following manufacturer’s instructions. ERCC spike-in controls (ThermoFisher

4456740) were added to 500-1000 ng of total RNA. RNA was sent to the NCI CCR-lllumina
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Sequencing facility for library preparation and sequencing. RNA was rRNA depleted and
directional cDNA libraries were generated using either Stranded Total RNA Prep with Ribo-
Zero Plus (lllumina # 20040525) or TruSeq Stranded Total RNA Ribo-Zero Gold (lllumina #RS-
122-2303). 2-4 biological replicates were sequenced for all samples. Sequencing was
performed at the National Cancer Institute Center for Cancer Research Frederick Sequencing
Facility using the Illlumina NextSeq 550 or lllumina NovaSeq SP platform to generate 150 bp

paired-end reads.

Oligos

A list of all oligos used is located in Supplementary Table 2.

RNA extraction and RT-qPCR.

Total RNA was extracted with Direct-zol RNA miniprep kit with on-column DNase | digestion
(Zymo Research #R2053). 0.5 to 1 pg of total RNA was used for reverse-transcription with
ReverTra Ace gPCR RT master mix (Toyobo #FSQ-101) and quantitative PCR (qPCR) was
performed with Thunderbird Next SYBR qPCR mix (Toyobo #QPX-201) and StepOnePlus real-

time PCR system (ThermoFisher) following manufacturer’s instructions.

Measuring viral genomes

The cell fraction was isolated from infection models. Cell pellets were washed with 1x PBS and
lysed using 0.5% SDS, 400ug/mL proteinase K, 100 mM NaCl. Samples were incubated at
37°C for 12-18 hours and heat inactivated for 30 minutes at 65°C. DNA samples were serial

diluted 1:1000 and measured using qPCR with primers specific to HSV-1 UL23 and human
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GAPDH. Standard curves were generated using purified genomic stocks (HSV-1 bacterial
artificial chromosome and human genome Promega #G1471). Absolute copy number of

genomic stocks was determined using droplet digital PCR (Biorad QX600). Values were

viral gene copy number

plotted as follows: viral genomes/cell =

host gene copy number/2’

Viral nuclease ectopic expression

3x10°8 293T cells were seeded to 10 cm petri dishes and incubated overnight. Cells were
transfected with 8 pg of plasmid DNAs (pCMV-Thy1.1-F2A-dsGFP/muSOX/SOX/vhs/BGLF5S)
using 48 yl Transporter 5 (Polysciences #26008) and 1ml Opti-Meml (Gibco #31985070). After
24 hours, cells were resuspended in 5 ml staining buffer [1x PBS Gibco # 10010023
supplemented with 2mM ethylenediaminetetraacetic acid (Sigma) and 0.5% FBS (Gibco)] and
mouse Thy1.1-expressing cells were magnetically enriched with CD90.1 MicroBeads (Mlitenyi
#130-121-273). Cells were stained with Alexa Fluor 647 anti-mouse Thy-1.1 Antibody
(BioLegend; clone OX-7) and enrichment was confirmed with CytoFlex S (Beckman Coulter).
70~80% cells were positive for Thy1.1 after sorting and lysed with TRI reagent (Zymo

Research #R2050-1) for RT-gPCR.

Interferon stimulation
Confluent monolayers of MRC-5 and LEC were treated with 25 ng/mL recombinant human

IFN-B and y (Peprotech #300-02BC and #300-02) in the culture media. For Akata(-) 10 ng/mL

IFN-B was added to culture media. After 48 hours RNA was isolated from the cell fraction.
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BIOINFORMATIC ANALYSIS

Gene quantitation

RNA-Sequencing reads were trimmed using Cutadapt (74) and the following parameters: --
pair-filter=any, --nextseq-trim=2, --trim-n, -n 5, --max-n 0.5, -0 5, -q 20, -m 15. Trimmed reads
were mapped using STAR (75) with 2-pass mapping to concatenated genome assemblies
which contain the host genome (hg38 or mm39) + virus genome (KT899744.1, NC_001806.2,
NC_006273.2, NC_009333.1, MH636806.1) + ERCC spike-in controls. Details on mapping
assemblies are included below. RNA STAR mapping parameters are as follows: --
outSJfilterOverhangMin 15 15 15 15, --outFilterType BySJout, --outFilterMultimapNmax 20, --
outFilterScoreMin 1, --outFilterMatchNmin 1, --outFilterMismatchNmax 2, --
outFilterMismatchNoverLmax 0.3, --outFilterintronMotifs None, --alignintronMin 20, --
alignintronMax 2000000, --alignMatesGapMax 2000000, --alignTranscriptsPerReadNmax
20000, --alignSJoverhangMin 15, --alignSJDBoverhangMin 15, --alignEndsProtrude 10
ConcordantPair, --chimSegmentMin 15, --chimScoreMin 15, --chimScoreJunctionNonGTAG O -
-chimJunctionOverhangMin 18, --chimMultimapNmax 10. RNA STAR GeneCount (per gene
read counts) files were used for transcript quantitation. The only RNA-Seq data not generated
in-house is from HCMYV infection (53). This data did not contain ERCC spike-in controls and
thus was normalized as Transcripts per Million (TPM). For all other models, ERCC reads were
used to generate standard curves similar to (76), using their known relative concentrations. All
biological replicates had ERCC derived standard curves with R?>0.9. ERCC normalized gene

counts were calculated as follows:

Log.RPRM: L ( Raw gene Counts )
082 +0G2 gene size in kb X Million total reads
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*Raw gene counts includes forward spliced reads and excludes reads containing BSJ.

ERCC derived slope (y)

Log,(RPKM) — ERCC derived intercept (b
ERCC norm. gene counts : (2’\< 92( ) Pt ( )>> /10,000

CircRNA quantitation

RNA-Seq data was trimmed (Cutadapt) and aligned (STAR, 2-pass) as described in the gene
quantitation section above. Note that we required a minimum of 18 nucleotides flanking any
chimeric BSJ calls to ensure high-confidence in circRNA quantitation. Back-splice junctions
(BSJ) were quantified using CIRCExplorer3 (CLEAR) pipeline (52) and normalized as TPM
(HCMV data) or relative to ERCC spike in controls (all other data). BSJ variants are reported

relative to their colinear gene products and circbase annotations (http://www.circbase.org/)

(77). Gene length for circRNA was treated as 0.15 kb as that is the total read length and full

circRNA size is unknown. ERCC normalized circRNA counts were calculated as above.

Differentially expressed circRNA (DEC) calling

Bulk RNA-Seq data. Up or down-regulated circRNAs had a raw BSJ count across the sample

set >10, Log2FC>0.5, and p-value <0.05. With the exception of interferon stimulated RNA-Seq
data (Fig. 4), significance was calculated by rank product paired-analysis with RankProd R
package (78). For interferon stimulated RNA-Seq data EdgeR was used to calculate statistical
significance.

EBV microarray data. Data was previously published in (16), comparing Akata(+) and Akata(-)

cells assessed by microarray (074301 Arraystar Human CircRNA microarray V2). Upregulated
circRNAs had a Log2FC>0.5 and p-value <0.05. Significance was calculated by rank product

paired-analysis with RankProd R package (78).
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Genome assemblies

HSV-1, strain KOS: KT899744.1, with the corresponding coding sequence (CDS) annotation

used for transcript quantification

HSV-1, strain 17: NC_001806.2, with the corresponding CDS annotation used for transcript

quantification

HCMV: NC_006273.2, with the corresponding CDS annotation used for transcript
quantification

KSHV: NC_009333.1, with the corresponding CDS annotation used for transcript quantification
MHV68: MH636806.1 (79) modified to remove the beta-lactamase gene (A103,908-105,091),
with the corresponding CDS annotation used for transcript quantification

Human: hg38, gencode.v36

Mouse: mm39, gencode.vM29

ERCC Spike-In: available from ThermoFisher (#4456740)
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DATA AVAILABILITY

Additional information about data analyzed in this study is present in Supplementary Table 3.

HSV-1 infection: SRR19779319, SRR19779318, SRR19787559

HSV-1 murine infection: SRR19792335, SRR19792334, SRR25824398, SRR25824397,

SRR25824394, SRR25824396

HCMV lytic infection: SRR5629593, SRR5629594, SRR5629591, SRR5629592,

SRR5629589, SRR5629590, SRR5629587, SRR5629588, SRR5629577, SRR5629578,
SRR5629575, SRR5629576, SRR5629573, SRR5629574, SRR5629571, SRR5629572

KSHYV infection: SRR20020769, SRR20020770, SRR20020761, SRR20020757,

SRR20020758, SRR25816558, SRR25816557, SRR25816556

MHV68 infection: SRR19792326, SRR19792325, SRR19792324, SRR19792321,

SRR25823338, SRR25823339

Interferon stimulation: SRR25905055, SRR25905049, SRR25905048, SRR25905050,

SRR25905054, SRR25905051, SRR25905053, SRR25905052

EBV circRNA microarray data: GSE206824



https://doi.org/10.1101/2023.09.07.556698

598

599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556698; this version posted September 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC

105 and is also made available for use under a CCO license.

REFERENCES

1. H. Bradley, L. E. Markowitz, T. Gibson, G. M. McQuillan, Seroprevalence of Herpes
Simplex Virus Types 1 and 2—United States, 1999-2010. The Journal of Infectious
Diseases 209, 325-333 (2013).

2. S. L. Bate, S. C. Dollard, M. J. Cannon, Cytomegalovirus Seroprevalence in the United
States: The National Health and Nutrition Examination Surveys, 1988-2004. Clinical
Infectious Diseases 50, 1439-1447 (2010).

3. J. Baillargeon, J. Piper, C. T. Leach, Epidemiology of human herpesvirus 6 (HHV-6)
infection in pregnant and nonpregnant women. J Clin Virol 16, 149-157 (2000).

4. D. V. Ablashi et al., Human herpesvirus-7 (HHV-7): current status. Clinical and
Diagnostic Virology 4, 1-13 (1995).

5. J. B. Dowd, T. Palermo, J. Brite, T. W. McDade, A. Aiello, Seroprevalence of Epstein-
Barr virus infection in U.S. children ages 6-19, 2003-2010. PLoS One 8, €64921 (2013).

6. X. Zhang et al., Prevalence and correlates of Kaposi's sarcoma-associated herpesvirus
and herpes simplex virus type 2 infections among adults: evidence from the NHANES llI
data. Virology Journal 19, 5 (2022).

7. D. Saleh, S. Yarrarapu, S. Sharma, Herpes Simplex Type 1.

8. P. Griffiths, M. Reeves, Pathogenesis of human cytomegalovirus in the
immunocompromised host. Nature Reviews Microbiology 19, 759-773 (2021).

9. E. Cesarman et al., Kaposi sarcoma. Nat. Rev. Dis. Primers 5, 9 (2019).

10.  S. Dong, J. C. Forrest, X. Liang, Murine Gammaherpesvirus 68: A Small Animal Model
for Gammaherpesvirus-Associated Diseases. Adv Exp Med Biol 1018, 225-236 (2017).

11. Y. Wang, S. A. Tibbetts, L. T. Krug, Conquering the Host: Determinants of Pathogenesis
Learned from Murine Gammaherpesvirus 68. Annu Rev Virol 8, 349-371 (2021).

12. Y. G. Chen et al., Sensing Self and Foreign Circular RNAs by Intron Identity. Mol Cell
67, 228-238.e225 (2017).

13.  X. Li et al., Coordinated circRNA Biogenesis and Function with NFOO/NF110 in Viral
Infection. Mol. Cell 67, 214-227.e217 (2017).

14. S.Yao et al., CircRNA ARFGEF1 functions as a ceRNA to promote oncogenic KSHV-
encoded viral interferon regulatory factor induction of cell invasion and angiogenesis by
upregulating glutaredoxin 3. PLoS Pathog 17, 1009294 (2021).

15. K. L. Harper et al., Dysregulation of the miR-30c/DLL4 axis by circHIPK3 is essential for
KSHYV lytic replication. EMBO reports 23, €54117 (2022).

16. T. Tagawa et al., A virus-induced circular RNA maintains latent infection of Kaposi's
sarcoma herpesvirus. PNAS 120, e2212864120 (2023).

17. L. Szabo, J. Salzman, Detecting circular RNAs: bioinformatic and experimental
challenges. Nature Reviews Genetics 17, 679-692 (2016).

18. J. Salzman, R. E. Chen, M. N. Olsen, P. L. Wang, P. O. Brown, Cell-type specific
features of circular RNA expression. PLoS Genet 9, e1003777 (2013).

19. P. G. Maass et al., Amap of human circular RNAs in clinically relevant tissues. J Mol
Med (Berl) 95, 1179-1189 (2017).

20. N. Ungerleider et al., The Epstein Barr virus circRNAome. PLOS Pathogens 14,
e1007206 (2018).

21. T. Tagawa et al., Discovery of Kaposi sarcoma herpesvirus-encoded circular RNAs and

a human antiviral circular RNA. PNAS 115, 12805-12810 (2018).


https://doi.org/10.1101/2023.09.07.556698

643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556698; this version posted September 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

105 and is also made available for use under a CCO license.

T. Toptan et al., Circular DNA tumor viruses make circular RNAs. PNAS 115, E8737-
e8745 (2018).

J. Zhao et al., Transforming activity of an oncoprotein-encoding circular RNA from
human papillomavirus. Nat. Commun. 10, 2300 (2019).

B. Abere et al., Merkel Cell Polyomavirus Encodes Circular RNAs (circRNAs) Enabling
a Dynamic circRNA/microRNA/mRNA Regulatory Network. mBio 11, e03059-03020
(2020).

T. C. Zhou et al., Differential expression profile of hepatic circular RNAs in chronic
hepatitis B. J Viral Hepat 25, 1341-1351 (2018).

W. Yao et al., The Cellular and Viral circRNAome Induced by Respiratory Syncytial Virus
Infection. mBio 12, e03075-03021 (2021).

R. Ashwal-Fluss et al., circRNA Biogenesis Competes with Pre-mRNA Splicing. Mol.
Cell 56, 55-66 (2014).

S. Starke et al., Exon Circularization Requires Canonical Splice Signals. Cell Rep. 10,
103-111 (2015).

Simon J. Conn et al., The RNA Binding Protein Quaking Regulates Formation of
circRNAs. Cell 160, 1125-1134 (2015).

W. R. Jeck et al., Circular RNAs are abundant, conserved, and associated with ALU
repeats. RNA 19, 141-157 (2013).

L. Kristensen et al., The biogenesis, biology and characterization of circular RNAs. Nat.
Rev. Genet. 20, 675-691 (2019).

C.-y. Chen, P. Sarnow, Initiation of Protein Synthesis by the Eukaryotic Translational
Apparatus on Circular RNAs. Science 268, 415-417 (1995).

N. R. Pamudurti et al., Translation of CircRNAs. Mol. Cell 66, 9-21.e27 (2017).

l. Legnini et al., Circ-ZNF609 Is a Circular RNA that Can Be Translated and Functions in
Myogenesis. Mol. Cell 66, 22-37.e29 (2017).

T.-C. Chen et al., Host-derived circular RNAs display proviral activities in Hepatitis C
virus-infected cells. PLOS Pathogens 16, €1008346 (2020).

X.-Y. Huang et al., Comprehensive circular RNA profiling reveals the regulatory role of
the circRNA-100338/miR-141-3p pathway in hepatitis B-related hepatocellular
carcinoma. Scientific Reports 7, 5428 (2017).

Y. Enuka et al., Circular RNAs are long-lived and display only minimal early alterations
in response to a growth factor. Nucleic Acids Res. 44, 1370-1383 (2016).

S. Memczak et al., Circular RNAs are a large class of animal RNAs with regulatory
potency. Nature 495, 333-338 (2013).

C. Wang, H. Liu, Factors influencing degradation kinetics of mMRNAs and half-lives of
microRNAs, circRNAs, IncRNAs in blood in vitro using quantitative PCR. Scientific
Reports 12, 7259 (2022).

C.-X. Liu et al., Structure and Degradation of Circular RNAs Regulate PKR Activation in
Innate Immunity. Cell 177, 865-880.e821 (2019).

O. H. Park et al., Endoribonucleolytic Cleavage of m(6)A-Containing RNAs by RNase
P/MRP Complex. Mol Cell 74, 494-507.e498 (2019).

J. R. Smiley, Herpes simplex virus virion host shutoff protein: immune evasion mediated
by a viral RNase? J Virol 78, 1063-1068 (2004).

E. Abernathy, B. Glaunsinger, Emerging roles for RNA degradation in viral replication
and antiviral defense. Virology 479-480, 600-608 (2015).


https://doi.org/10.1101/2023.09.07.556698

689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556698; this version posted September 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

105 and is also made available for use under a CCO license.

R. Daly, D. A. Khaperskyy, M. M. Gaglia, Fine-tuning a blunt tool: Regulation of viral
host shutoff RNases. PLOS Pathogens 16, e1008385 (2020).

P. Feng, D. N. Everly, Jr., G. S. Read, mRNA decay during herpes simplex virus (HSV)
infections: protein-protein interactions involving the HSV virion host shutoff protein and
translation factors elF4H and elF4A. J Virol 79, 9651-9664 (2005).

H. G. Page, G. S. Read, The Virion Host Shutoff Endonuclease (UL41) of Herpes
Simplex Virus Interacts with the Cellular Cap-Binding Complex elF4F. Journal of
Virology 84, 6886-6890 (2010).

L. A. Shiflett, G. S. Read, mRNA decay during herpes simplex virus (HSV) infections:
mutations that affect translation of an mRNA influence the sites at which it is cleaved by
the HSV virion host shutoff (Vhs) protein. J Virol 87, 94-109 (2013).

S. Covarrubias et al., Coordinated Destruction of Cellular Messages in Translation
Complexes by the Gammaherpesvirus Host Shutoff Factor and the Mammalian
Exonuclease Xrn1. PLOS Pathogens 7, 1002339 (2011).

M. M. Gaglia, S. Covarrubias, W. Wong, B. A. Glaunsinger, A Common Strategy for Host
RNA Degradation by Divergent Viruses. Journal of Virology 86, 9527-9530 (2012).

E. Abernathy et al., Gammaherpesviral Gene Expression and Virion Composition Are
Broadly Controlled by Accelerated mRNA Degradation. PLOS Pathogens 10, e1003882
(2014).

M.-S. Friedl et al., HSV-1 and influenza infection induce linear and circular splicing of
the long NEAT1 isoform. PLOS ONE 17, e0276467 (2022).

X. K. Ma et al., CIRCexplorer3: A CLEAR Pipeline for Direct Comparison of Circular and
Linear RNA Expression. Genomics Proteomics Bioinformatics 17, 511-521 (2019).

A. Oberstein, T. Shenk, Cellular responses to human cytomegalovirus infection:
Induction of a mesenchymal-to-epithelial transition (MET) phenotype. Proc Natl Acad
Sci U S A 114, E8244-e8253 (2017).

S. E. Dremel, F. L. Sivrich, J. M. Tucker, B. A. Glaunsinger, N. A. DeLuca, Manipulation
of RNA polymerase Il by Herpes Simplex Virus-1. Nature Communications 13, 623
(2022).

A. D. Kwong, N. Frenkel, Herpes simplex virus-infected cells contain a function(s) that
destabilizes both host and viral mMRNAs. Proc Natl/ Acad Sci U S A 84, 1926-1930
(1987).

R. G. Abrisch, T. M. Eidem, P. Yakovchuk, J. F. Kugel, J. A. Goodrich, Infection by
Herpes Simplex Virus 1 Causes Near-Complete Loss of RNA Polymerase Il Occupancy
on the Host Cell Genome. J Virol 90, 2503-2513 (2015).

C. H. Birkenheuer, C. G. Danko, J. D. Baines, Herpes Simplex Virus 1 Dramatically
Alters Loading and Positioning of RNA Polymerase Il on Host Genes Early in Infection.
J Virol 92 (2018).

D. T. McSwiggen et al., Evidence for DNA-mediated nuclear compartmentalization
distinct from phase separation. eLife 8, e47098 (2019).

S. E. Dremel, N. A. DelLuca, Herpes simplex viral nucleoprotein creates a competitive
transcriptional environment facilitating robust viral transcription and host shut off. eLife
8, 51109 (2019).

W. Rodriguez, K. Srivastav, M. Muller, C190RF66 Broadly Escapes Virus-Induced
Endonuclease Cleavage and Restricts Kaposi's Sarcoma-Associated Herpesvirus.
Journal of Virology 93, 10.1128/jvi.00373-00319 (2019).


https://doi.org/10.1101/2023.09.07.556698

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556698; this version posted September 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

735 61. B. M. Karr, G. S. Read, The Virion Host Shutoff Function of Herpes Simplex Virus

736 Degrades the 5° End of a Target mRNA before the 3" End. Virology 264, 195-204

737 (1999).

738 62. M. M. Gaglia, C. H. Rycroft, B. A. Glaunsinger, Transcriptome-Wide Cleavage Site

739 Mapping on Cellular mMRNAs Reveals Features Underlying Sequence-Specific Cleavage
740 by the Viral Ribonuclease SOX. PLOS Pathogens 11, e1005305 (2015).

741  63. S. Hutin, Y. Lee, B. A. Glaunsinger, An RNA Element in Human Interleukin 6 Confers
742 Escape from Degradation by the Gammaherpesvirus SOX Protein. Journal of Virology
743 87, 4672-4682 (2013).

744 64. M. Muller, B. A. Glaunsinger, Nuclease escape elements protect messenger RNA

745 against cleavage by multiple viral endonucleases. PLoS Pathog 13, e1006593 (2017).

746  65. Y. G. Chen et al., N6-Methyladenosine Modification Controls Circular RNA Immunity.
747 Mol Cell 76, 96-109.e109 (2019).
748 66. D. Macveigh-Fierro, A. Cicerchia, A. Cadorette, V. Sharma, M. Muller, The m6a reader

749 YTHDC?2 is essential for escape from KSHV SOX-induced RNA decay. Proceedings of
750 the National Academy of Sciences 119, €2116662119 (2022).

751 67. T.L.H.Okholm et al., Transcriptome-wide profiles of circular RNA and RNA-binding
752 protein interactions reveal effects on circular RNA biogenesis and cancer pathway

753 expression. Genome Med 12, 112 (2020).

754 68. V.Le Sage, A. Cinti, R. Amorim, A. J. Mouland, Adapting the Stress Response: Viral
755 Subversion of the mTOR Signaling Pathway. Viruses 8 (2016).

756 69. J.C. Forrest, S. H. Speck, Establishment of B-cell lines latently infected with

757 reactivation-competent murine gammaherpesvirus 68 provides evidence for viral

758 alteration of a DNA damage-signaling cascade. Journal of virology 82, 7688-7699

759 (2008).

760 70. A.L.Santana et al., RTA Occupancy of the Origin of Lytic Replication during Murine
761 Gammaherpesvirus 68 Reactivation from B Cell Latency. Pathogens 6 (2017).

762 71. K. F. Brulois et al., Construction and Manipulation of a New Kaposi's Sarcoma-

763 Associated Herpesvirus Bacterial Artificial Chromosome Clone. Journal of Virology 86,
764 9708-9720 (2012).

765 72. J. Komano, M. Sugiura, K. Takada, Epstein-Barr virus contributes to the malignant

766 phenotype and to apoptosis resistance in Burkitt's lymphoma cell line Akata. J Virol 72,
767 9150-9156 (1998).

768 73. K. O. Smith, Relationship Between the Envelope and the Infectivity of Herpes Simplex
769 Virus. Proceedings of the Society for Experimental Biology and Medicine 115, 814-816
770 (1964).

771 74. M. Martin, Cutadapt removes adapter sequences from high-throughput sequencing
772 reads. 2011 17, 3 (2011).

773  75. A.Dobin et al., STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21
774 (2012).

775 76. M. D. Schertzer, M. M. Murvin, J. M. Calabrese, Using RNA Sequencing and Spike-in
776 RNAs to Measure Intracellular Abundance of IncRNAs and mRNAs. Bio-protocol 10,
777 e3772 (2020).

778 77. P. Glazar, P. Papavasileiou, N. Rajewsky, circBase: a database for circular RNAs. Rna
779 20, 1666-1670 (2014).


https://doi.org/10.1101/2023.09.07.556698

780
781
782
783
784

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556698; this version posted September 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

78.  F. Del Carratore et al., RankProd 2.0: a refactored bioconductor package for detecting
differentially expressed features in molecular profiling datasets. Bioinformatics 33, 2774-
2775 (2017).

79. T.O'Grady et al., Global transcript structure resolution of high gene density genomes
through multi-platform data integration. Nucleic Acids Research 44, e145-e145 (2016).


https://doi.org/10.1101/2023.09.07.556698

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556698; this version posted September 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

785 FIGURES & LEGENDS
A HSV-1 HCMV  KSHV | B .
» Upregulated human circRNAs
=1 HSV-1 (MRC-5 12h), 151 DECs
KOS, TB4OIE, BAC16, CMV (MRC-5 72h), 70 DECs
0 MOI 3 MOI 1 13 KSHV (LEC 72h), 316 DECs
279
; Downregulated human circRNAs
55 30 124 | 21 HSV-1 (MRC-5 12h), 181 DECs
Fibroblast Fibroblast Lymphatic G CMV (MRC-5 72h), 55 DECs
(MRC-5) (MRC-5) endothelial 8 40 KSHV (LEC 72h), 355 DECs
Oberstein & Shenk  cell (LEC) 301
\_ PNAS, 2017 CIRC
- score
CircRNA Counts Gene Counts HSV-1 HOMV KSHV
C HSV-1 HCMV KSHV HSV-1 HCMV KSHV . : o
§§ §8 §8§ §§ §8 §8§ §8 £§8
- & NN~ N N~ - N N N~ NN~ N~ DA N~ DEC Cluster

786

EPHB4 circ_0001730 TOX
VAPA circ_0006990 5 =0
X Al;;_’lz(é circ_0006646 & < Z
1 circ_0001769
ATXN10 circ_0001247
IGF1R circ_0005035
SH2B3 [><><><]circ_0006741
NAB1 circ_0002024
FBXW4 circ_0008362
ESYT2 L circ_0001776
PMS1 circ_0001083
CPSF6 | circ_0000417
TMED2 circ_0000458
CDYL2 >< circ_0004087
ARHGAPS5 circ_0031583
FAM120A circ_0001875
WDR1 circ_0003550
CRKL circ_0001206
SENP6 circ_0001614
ASH1L circ_0000137
SETD3 circ_0000567
PTK2 circ_0005982
OLR2A circ_0000741 S
o PLEKHM1 circ_0044177 ©
$ DCUN1D4 circ_0001410 &
© CREB circ_0007637
5 CHSY1 circ_0005019 >
2 SKIL circ_0067938 5
= SKA3 circ_0000467 3
O PLEKHM3 circ_0001095 =
o ATXN2 circ_0002457 &
GLIS2 circ_0005692 g
IARS1 | circ_0006702
TNPO3 circ_0001741
NFAT5 circ_0006845
PPP6R2 circ_0001258
TTC28 circ_0003618
TMEM181 circ_0001663
HIPK2 circ_0001756
KANSL1 B circ_0005455
AMD1 circ_0005954
MTHFD2L circ_0069982
MYO9B circ_0000907
BANP circ_0040823
EFCAB13 >< circ_0000778
SMA circ_0003456
ANKRD17 circ_0001417
B. circ_0001451
RELL1 circ_0001400
PUM1 [ circ_0000043
ANKHD1 circ_0001541
RREB1 circ_0001573
KLHL2 circ_0071375
CCT2 circ_0002940

B T X<
-5 0

+5 not detected
Log, FC (Infected/Uninfected)

[ ]
0 0.5 1 >5 notdetected

CIRCscore (circFPB/linearFPB)


https://doi.org/10.1101/2023.09.07.556698

787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.07.556698; this version posted September 7, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. This article is a US Government work. It is not subject to copyright under 17 USC
105 and is also made available for use under a CCO license.

Figure 1. Human circRNAs upregulated in de novo lytic infection models.

A) Infographic for infection models used in this study. For HSV-1, fibroblasts (MRC-5) were
infected with strain KOS at a multiplicity of infection (MOI) of 10 for 12 hours. For HCMV,
fibroblasts (MRC-5) were infected with strain TB40/E at an MOI of 3 for 72 hours (Oberstein &
Shenk 2017). For KSHV, human dermal lymphatic endothelial cells (LEC) were infected with
strain BAC16 at an MOI of 1 for 72 hours. B) Overlap of differentially expressed circRNAs
(DECs) detected by bulk RNA-Seq from HSV-1 (n=2-4), HCMV (n=2), and KSHV (n=2)
infection. DECs had a raw back splice junction (BSJ) count across the sample set >10, Log2FC
(fold change)>0.5 or <-0.5, and rank product p-value <0.05. C) Heatmaps for DECs which
overlap between viruses, with DEC clusters indicating which virus the circRNA was found to be
significantly upregulated within. Data is plotted as CircRNA counts (Log2FC
Infected/Uninfected normalized BSJ counts), Gene counts (Log2FC Infected/Uninfected
normalized gene counts), or CIRCscore (circFPB (fragments per billion mapped
bases)/linearFPB). Heatmap values are the average of biological replicates. Log2FC is relative
to a paired uninfected control.
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Figure 2. Global distribution shifts for mRNA, IncRNA, and circRNA during lytic
infection.

Bulk RNA-Seq data from HSV-1 lytic infection (MRC-5 infected with strain KOS MOI 10, n=2-
4), KSHYV lytic reactivation (iSLK-BAC16 induced with 1 pg/mL Doxycycline (Dox) 1 mM
Sodium Butyrate (NaB), n=4), and MHV68 lytic infection (NIH3T3 infected with strain H2B-YFP
MOI 5, n=2). Data is plotted for A) protein-coding genes (top 10,000), B) IncRNAs (top 100),
and C) circRNAs (top 100). A-C) Relative frequency distribution was plotted for log1o ERCC
normalized reads or log2FC (Infected/Uninfected or Induced/Uninduced). Log2>FC for
representative genes were plotted, data points are biological replicates, column bars are the
average, and error bars are standard deviation.
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Figure 3. CircRNA are resistant to viral endonuclease mediated decay.

A) Bulk RNA-Seq analyzed using CLEAR (CircExplorer3) from HSV-1 (MRC-5 infected with
KOS MOI 10 for 12 hours, n=4), KSHV (iSLK-BAC16 reactivated with Dox/NaB for 3 days,
n=4), and MHV68 (3T3 infected with H2B-YFP MOI 5 for 18 hours, n=2) infection. Graphs are
limited to genes where raw BSJ and forward splice junction (FSJ) counts were >1 across all
biological replicates. The average Log2FC Infected/Uninfected (HSV-1, MHV68) or
Induced/Uninduced (KSHV) was plotted for linearFPB and circFPB, with each dot being a
distinct gene. B) HEK-293 cells were transfected for 24 hours with plasmid vectors expressing
GFP or viral endonucleases (vhs, BGLF4, SOX, muSOX). RNA was collected and assessed
after reverse transcription using gPCR to quantitate mMRNAs and noncoding RNAs (ncRNAs).
Data is plotted as relative expression (ddCt) using 18S rRNA as the reference gene, and
relative to a paired GFP transfected sample. Data points are biological replicates, column bars
are the average, and error bars are standard deviation.
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Figure 4. Detection of interferon-stimulated circRNAs (ISCs).

A-E) MRC-5, LEC, or Akata- cells were treated with recombinant interferons for 48 hours (n=3).
MRC-5 and LEC were treated with IFN-$ and -y (25 ng/mL conc). Akata- were treated with IFN-
B (10 ng/mL). Bulk RNA-Seq was performed and data was normalized relative to ERCC spike-
in controls. A, C) Volcano plots for ERCC normalized mRNA or circRNA reads. P-values were
calculated using EdgeR. Log2FC was calculated relative to a paired untreated sample. B, D)
Venn diagrams of significantly upregulated circRNA or mRNAs. DECs had a raw BSJ count
across the sample set >10, Log2FC>0.5 and EdgeR p-value <0.05. DEGs had a Log2FC>0.5
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and EdgeR p-value <0.05. E) Log2FC (stimulated/untreated) was plotted for DECs in B and D
relative to their colinear gene reads. R? values are from linear regression analysis. F) Overlap
of circRNAs upregulated during herpesvirus infection (Fig. 1) or interferon-stimulation (Fig 4B,
D).
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Figure 5. circRELL1 (hsa_circ_0001400) restricts HSV-1 lytic infection.

A-F) circRELL1 was depleted in MRC-5 cells using siRNAs for 48 hours and subsequently
infected with HSV-1 strain KOS at MOI of 0.1 or 10 PFU/cell. Data is relative to a paired Non-
Targeting Control siRNA (NTC). G-H) MRC-5 cells were infected with a lentivirus expressing
circRELL1 for 48 hours and subsequently infected with HSV-1 strain KOS at MOI of 10 for 12
hours. Data is relative to a control lentivirus expressing circGFP. A, D, G) RNA was collected
from the cell fraction and reverse transcribed. qQPCR data is plotted as relative expression
(ddCt) using 18S rRNA as the reference gene. B, E) DNA was isolated from the cell fraction
and assessed by gPCR for viral and host genome copies. C, F, H) Supernatant was collected
at 12 hpi and assessed by plaque assay. Data points are biological replicates, column bars are
the average, and error bars are standard deviation. Paired two-tailed t-tests were performed
and any p-value <0.1 are shown.
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Figure 6. Proposed polycistronic model for interferon-stimulated genes.

We propose a polycistronic model in which interferon-stimulated genes can produce both
mMRNA and circRNA with antiviral activity. This is critical in cases of host shut off, such as
alpha- and gamma-herpesvirus infection, where the mRNA product is degraded but circRNA
escapes. The interferon-stimulated circRNA, circRELL1, exemplifies this model. EBV, KSHV,
and HCMV infection upregulates circRELL1 expression which functions to suppress lytic
infection of HSV-1 and KSHV.
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