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Corresponding author(s): Joseph Ziegelbauer 

[Please use this template only if the submitted manuscript should be considered by the affiliate journal as a full 
revision in response to the points raised by the reviewers. 

If you wish to submit a preliminary revision with a revision plan, please use our "Revision Plan" template. It is 
important to use the appropriate template to clearly inform the editors of your intentions.] 

1. General Statements [optional]
This section is optional. Insert here any general statements you wish to make about the goal of the study or 
about the reviews. 

Enclosed please find the revised manuscript entitled, “Interferon-induced circular RNAs escape herpesvirus 
host shutoff and suppress lytic infection,” for your consideration. We believe this study is appropriate for 
publication given the conceptual advances and potential broad interest as human circular RNAs affecting 
herpesvirus infections is an expanding field.  

We and others have discovered various circular RNAs are made by human viruses. Here we extend this work 
across the herpesvirus family, to span alpha-, beta-, and gamma-herpesviruses. Our approach identified a 
cohort of host circular RNAs which respond to diverse herpesvirus infections. We included an interactive tool 
with a simple interface for readers to query expression changes of their protein-coding genes and circular 
RNAs of interest in various infection models. We also examined the mechanism underlying circular RNA 
response to infection and found a number of circular RNA which are induced by type I and II interferons.
During lytic herpesvirus infection, viral endonucleases degrade host RNA. Unexpectedly, we found circular 
RNAs, as a population, are resistant to this phenomenon. Circular RNAs were unaffected by ectopic viral 
endonuclease expression, unlike their colinear gene products. We propose a two-pronged model in which 
interferon-stimulated genes may encode both mRNA and circular RNA with antiviral activity, such as in the 
case of circRELL1. This finding was recently published in PNAS, where we described the mechanism of 
circRELL1 restriction of gamma-herpesvirus infection—a finding now extended to HSV-1 in our new 
manuscript. This is critical in cases of host shutoff, such as alpha- and gamma-herpesvirus infection, where the 
mRNA transcripts are degraded, but circular RNAs escape degradation. 

We suggest that this manuscript may be of interest to alpha-, beta-, and gamma-herpes virologists and those 
studying host-virus interactions. Additionally, RNA biologists studying non-coding RNAs could enjoy our 
studies and the future experimental plans that they might initiate. 

We thank the reviewers that have helped improve our manuscript. We also note that the reviewers were 
positive and did not dispute major conclusions of this manuscript.  
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2. Point-by-point description of the revisions

This section is mandatory. Please insert a point-by-point reply describing the revisions that were already 
carried out and included in the transferred manuscript. 

REVIEWER COMMENTS

Reviewer #1

Summary
The manuscript by Dremel et al reports on IFN-induced circRNAs that are produced in response to herpesviral 
infections and that are resistant to virus-mediated degradation (e.g. host shut-off). They provide a wealth of 
interesting data on circRNA production changes in response to infection with alpha, beta, and gamma 
herpesviruses and identify a number of host circRNAs that are commonly regulated across all subfamilies. 
Using circRELL1 as an example, they demonstrate a modest impact on productive HSV-1 infections (which 
follows up on their previous report of circRELL1 impacting KSHV lytic infection). They subsequently propose a 
new model in which a subset of IFN-stimulated genes produce both mRNAs and circRNAs with the potential 
for antiviral activity, the latter operating as a 'workaround' for avoiding virus-mediated shutoff. 

Evidence, reproducibility and clarity
Major Comments:

Line 146: The authors extended their analysis to HSV-1 latently infected mouse trigeminal ganglia but
potentially missed a trick but not including an analysis of HSV-1/VZV infected human trigeminal ganglia for
which potentially compatible datasets are available (PMID: 29563516).
Response: All differential expression analysis in this study was performed for infected samples relative to a
paired uninfected sample. While we appreciate the suggestion, the suggested dataset lacks a paired
uninfected sample it is not compatible with our profiling method in comparing host circRNAs that change in
expression after infection.

Line 264: The authors note that a direct relationship in gene expression changes was observed between
some circRNAs and mRNAs and not others. However, a gene level analysis may be problematic here as
many genes encode multiple distinct transcript isoforms that are variably regulated e.g. during infection. A
transcript level analysis (e.g. using Kallisto/Salmon) might enable the authors to specifically link circRNAs
with individual mRNA isoforms which would be valuable information in the context of interferon-driven gene
expression. Alternatively, the lack of a direct relationship in gene expression changes may also link to
variability in circRNA decay / halflives. The authors could potentially solve this using a metabolic labelling
approach to measure mRNA and circRNA decay rates for a subset of the genes of interest.
Response: We have performed transcript level analysis using the Salmon tool for our bulk RNA-Seq data
analyzed in Fig. 4. Expression changes, including all gene reads, circRNA reads, and transcript isoform
reads are graphed in Supplementary Fig. 4-4. Our major point, namely that select circRNAs including
EPSTI1, SP100, B2M, ZCCHC2, WARS1 reside within colinear genes that are upregulated to a similar
degree after interferon stimulation (Supplementary Fig. 4-4A) was echoed by the new transcript level
analysis (Supplementary Fig. 4-4B).

Line 273: The weak element in the paper relates to the role of circRELL1 in restricting HSV-1 productive
infections. The effects observed are modest at best and the biological impact appears limited. It is also
entirely unclear how circRELL1 might act to restrict HSV-1. The paper would significantly benefit from the
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authors extending their analysis to include 2-3 additional circRNAs that are commonly regulated by 
herpesviruses to determine (i) whether similar effects are observed and (iii) to determine whether a 
compound effect can be achieved by targeted silencing of multiple IFN-responsive circRNAs at the same 
time.
Response: In this study, we propose a model in which interferon stimulated genes may encode both mRNA 
and circRNA species, of which only the circRNA escapes virus mediated RNA decay. All points of this 
model were demonstrated for circRELL1, including its ability to impair lytic replication for KSHV (Tagawa et 
al. 2023 PNAS) and HSV-1 (Fig. 5). We agree with the reviewer’s comment and are very interested in 
extending our analysis to additional circRNAs and potential compound effects; however we feel performing 
functional studies for additional circRNA species is beyond the scope of the current study. 

Minor comments:
Line 55: To this reviewers knowledge, only eight routinely infect humans (HSV1, HSV2, VZV, HCMV,
HHV6, HHV7, EBV, and KSHV. It's possible the authors are considering HHV6A and HHV6B as distinct but
this is not really the case.
Response: ‘The Family Herpesviridae: a brief introduction’ chapter of Fields Virology 7th edition states,
“Nine herpesviruses have been identified that have humans as their primary host: herpes simplex viruses 1
and 2 (HSV-1 and HSV-2), human cytomegalovirus (HCMV), varicella-zoster virus (VZV), Epstein-Barr
virus (EBV), human herpesviruses 6A, 6B, and 7 (HHV-6A, HHV-6B, and HHV-7), and Kaposi sarcoma
herpesvirus (KSHV, also known as Kaposi’s sarcoma-associated herpesvirus and HHV-8).” The
International Committee on Taxonomy of Viruses (https://ictv.global/taxonomy) recognized HHV-6A and
HHV-6B as distinct viruses in 2012. As summarized by Ablashi et al. Archives of Virology 2014
(24193951), this decision was based on decades of data recognizing that HHV-6A and HHV-6B are
genetically and biologically distinct species. Intravariant recombinants are not found; they are distinguished
by their epidemiology and disease associations and biological differences in protein function and tissue
tropism.

Line 57: As written it implies that therapeutic agents capable of clearing VZV exist which is not really the
case.
Response: We have updated the text (lines 57-59) to read, “To date only varicella zoster virus has an FDA-
approved vaccine. Additionally, we lack antivirals capable of targeting the latent reservoir and there is no
therapeutic agent capable of clearing these viruses.”

Line 132: The authors inclusion of previously published data (e.g. HCMV) along with reams of their own
makes for a compelling analysis.
Response: We’re glad you appreciated the analysis.

Line 582: A number of the sequencing datasets are not yet publicly available. This should be rectified
before publication.
Response: All datasets are currently uploaded to SRA and will be publicly released before publication.

Significance
It is clear that a lot of work has gone into this manuscript and there a reams of data that will provide a great 
resource for mining to the wider herpesvirus community. While this naturally leads to a more descriptive 
nature, it does not undermine the value of the data. However, as indicated below, more functional validation is 
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required if this work is to provide a significant step forward in our understanding of how and why IFN-induced
circRNAs might be important for combating viral infections. 

Reviewer #2

Summary
In this manuscript, Dremel et al explore the interplay between herpesvirus and circRNAs. This team has been 
a pioneer in the field and has made important discoveries about the regulation of circRNAs during herpesviral 
infection. While past work focused on the gamma-herpesviruses, here in this study, they expand their work to 
alpha and beta HV as well as extending their findings into animal models. They found consistent increase in 
CircRNA levels and found that these circRNAs are mostly resistant to viral-induced RNA decay. They then 
uncover that these circRNA can be induced by interferon which indicates that circRNAs could act as a first line 
of anti-viral defense. Consistently, they found that circRELL1, previously identified as a circRNA inhibiting 
KSHV lytic infection, can also restrict HSV-1. This seemingly conserved anti-viral capacity could point to an 
evolutionarily conserved mechanism of defense against infection. This study combines together an impressive 
amount of sequencing data and elegantly draws parallels between the various HV. While this is a complex 
story, bringing together expression levels of mRNA, circRNA and even diving into miRNA networks, this is 
extremely well written and as a reader, you feel transported into a well-crafted journey that keeps uncovering 
novel and exciting findings.

Evidence, reproducibility and clarity
Major comments:

There is a back and forth between the HVs that are included in the study: fig 1 has HSV, CMV and KSHV;
while fig 2 is HSV, KSHV and MHV68. For clarity and consistency, the authors should consider including all
4 representative HV in their figures.
Response: We recognize presenting data from multiple viruses and human and mouse models may cause
some confusion for readers. We appreciate the suggestion, but for the following reasons have chosen to
keep Figure 1 and 2 in their current state. Figure 1 and paired supplementary figures was split by species
(human, mouse) as the purpose was comparative analysis between viruses and comparisons must be
performed in their respective species. In Figure 2, as we discuss in response to Reviewer #2’s third
comment, excludes HCMV. This was due to technical issues, namely the absence of ERCC spike-in
controls. We feel that presenting the HCMV data with our other virus models in Figure 2 would be
potentially misleading to readers.

This might be a misunderstanding that just needs clarification: CIRCScores provide a measure of CircRNA
reads over their linear counterparts: during host shutoff, the linear counterpart would likely decrease and
therefore the CIRCscore would artificially go up. So the fact that the CIRCscore remains constant over lytic
reactivation in KSHV and MHV68, wouldn't that indicate that instead the CircRNA level go down?
Response: We are not sure what data the reviewer is referring to regarding “CIRCscore remains constant
over lytic reactivation in KSHV and MHV68”. There are no plots including CIRCscore for KSHV lytic
reactivation data. The results in Figure 1C containing CIRCscore are from de novo infection of LECs with
KSHV and MHV68 analysis is not included in Figure 1. Supplementary Figure 1-2 contains CIRCscore for
MHV68 lytic reactivation and here we observe a general increase in CIRCscore with reactivation—this
occurs in tandem with increasing circRNA levels. Additionally, we performed transcript specific analysis in
Fig. 3A for all genes which give rise to circRNAs in our models, and our findings demonstrate that circRNA
species are more resistant to virus-induced downregulation than their colinear mRNA.
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What happens to circRNAs in HCMV infection as they do not encode an endoRNase?
Response: We performed similar analysis for HCMV infection as that included in Figure 2:

This was performed with the intention of it serving as a “negative control” regarding what happens to host 
transcripts during lytic infection and in the absence of a viral endoRNase. However, we still observed a 
global decrease in host transcripts by 72 hours post infection. Additionally, classic housekeeping genes 
such as GAPDH, HPRPT1, RPS13, and 7SL were downregulated. We are concerned this finding is 
artifactual as the HCMV RNA-Seq was the only model we did not sequence ourselves and lacked ERCC 
spike-in controls. We suspect that the total amount of RNA in HCMV infected cells increases at late times, 
thus comparison of host transcripts in uninfected samples and late lytic time points results in a relative 
down sampling. We are not an HCMV lab and lack the ability to confirm our theory. In the absence of 
ERCC spike-in controls we cannot account for global changes in total RNA content and as such chose not 
to include HCMV global profiling as it may mislead readers. This technical issue (undersampling at late 
time points) would not impact our findings in Figure 1 and suggests that the number of upregulated 
circRNAs is larger than we report.

line 238: the authors should discuss why CpG and poly I:C treatment largely failed to induce expression of
CircRELL1
Response: Additional text has been added to the discussion (lines 391-403) and reads, “Of the stimuli
tested, circRELL1 expression was largely unaffected by poly I:C and CpG treatment (Sup. Fig. 4-2). Poly
I:C and CpG DNA are recognized by endosomal toll-like receptors (TLR), TLR3 and TLR9, whereas LPS is
sensed by TLR4 on the cell surface. The subcellular localization of TLRs and relative amplitude of their
downstream signaling may impact circRELL1 upregulation. Additionally, poly I:C treatment can induce
robust RNase L-dependent circRNA decay (40); a phenomenon that may disguise poly I:C dependent
circRELL1 upregulation.”

line 289: if CircRELL1 is induced in response to infection, it could be interesting to induce its expression
after infection (maybe a DOX-inducible promoter on the lentivirus) instead of prior to infection (which might
hinder infection and hide more significant effects later).
Response: We agree that lentiviral transduction prior to infection may cause off-target effects and for this
reason all comparisons were made relative to a control which was transduced with a lentivirus expressing
circGFP. Due to the rapid pace of HSV-1 infection (DNA replication begins ~3 hpi, infectious viral progeny
detectable after ~6 hpi), lentiviral transduction after HSV-1 infection is not technically feasible.

line 329: the authors mention that the mRNA targets of SOX carry a "degenerate motif": do the circRNA
downregulated during KSHV infection contain such motif?
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Response: We have performed motif scanning for up and downregulated circRNAs present in our KSHV 
lytic reactivation model. These findings are now present as Supplementary Table 2 with text discussing 
them in the results (lines 190-199) and discussion section (lines 360-363).

Results section text: “We examined if the tri-modal distribution of host circRNAs during KSHV reactivation 
may be explained by sequence differences. A degenerate motif “UGAAG” can increase substrate 
recognition for the KSHV endoRNase, SOX (54). We posited that underrepresentation of this motif in 
circRNAs may allow them to escape KSHV host shut off. We performed motif scanning (Sup. Table 2) for 
our tri-modal circRNA populations to assess incidence of the motif. Proportions of motif-harboring circRNAs 
did not correlate with up- or down-regulation upon reactivation. Overall density of degenerate motifs was, 
however, highest in downregulated circRNAs and lowest in upregulated circRNAs, suggesting a potential 
role of UGAAG frequency in SOX resistance.”

Discussion section text: “Motif scanning suggested high frequency of the consensus “UGAAG” may be 
partially responsible for host circRNA up- or down-regulation during KSHV lytic reactivation (Sup. Table 2). 
This, however, does not rule out the possibility that SOX targeting may be ameliorated by additional 
factors.”

Supplementary Table 2. Analysis of SOX substrate-targeting motif 
The presence of SOX substrate-targeting motifs “UGAAG” was determined for subsets of human circRNAs 
from our KSHV reactivation model (iSLK-BAC16). 

Subset: Log2FC 
(3dpi/Uninduced # circRNA

# circRNA 
in 

circAtlas
# UGAAG 

motifs
# Motifs 

per 
circRNA

# Motifs 
per 1000 

nt

UGAAG+ circRNA
# circRNA % Total

Upregulated: 
≥0.5 42 39 circRNA 

(22459 nt) 71 1.9 3.2 37 88%

Unchanged:
<0.5 and >-0.5 28 28 circRNA 

(20,975 nt) 95 3.7 4.5 26 93%

Downregulated: 
≤-0.5 30 25 circRNA 

(12,900 nt) 104 4.7 8.1 22 73%

Minor comments:
figure 3B should show p-values
Response: We have now updated Figure 3B to include p-values.



Full Revision
figure 3B: showing expression levels of the endoRNases could provide some context for the extent of their
effect
Response: We measured
transcript expression using
qPCR and also included
histograms for Thy1.1 surface
expression from our flow
cytometry analysis before and
after Thy1.1 enrichment, see
Supplementary Figure 3-2.

I would refrain from using sentences referring to phenotype "trending upward" which basically reflects that
the results are not significant in either upward or downward direction.
Response: We have removed any text referring to statistically insignificant trends in our circRELL1
functional studies (lines 304-307).

Significance 
CircRNAs are only beginning to emerge as important regulators of gene expression in cells. Only recent 
developments in sequencing technology have allowed scientists to even detect the presence of these small 
RNA. Their roles and mechanism of induction remain largely uncharacterized, let alone in the context of viral 
infection. This team has pioneered the exploration of CircRNA in KSHV and is now poised to extend their 
findings to other members of the herpesvirus family. This study will be of interest to a broad audience, both 
virologist looking to better understand the viral-host battle during infection and RNA biologists seeking to better 
characterize how gene expression can be controlled with circRNA. There is also major therapeutic potential 
with these types of approaches.

Reviewer #3
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Summary 
The authors characterized circRNAs that can escape degradation in cells infected by alpha-, beta and gamma 
herpesviruses both in cultured cells and in mice. During lytic infection, ten circRNAs were modulated across 
the virus subfamilies, and 67 circRNAs were upregulated after virus infection or treatment with interferon-b or 
interferon-g. The authors examined in detail interferon-induced circRNA circRELL1 and noted that this circRNA
suppresses lytic infection, likely by interacting with the mTOR pathway and promoting cell proliferation. They 
also made the astonishing observation that the circRNAs were more resistant to cleavage by virus-encoded 
nucleases than their linear counterparts. This is a comprehensive study that reveals circRNA key players that 
control lytic and latent herpesvirus infections.

Evidence, reproducibility and clarity
Linear mRNA abundances are decreased after infection, but linear-derived circRNA abundances are
upregulated. What determines increased circRNA abundances when their linear counterparts become
limiting? Is the rate of splicing/back-splicing altered in infected cells? Is nuclear-cytoplasmic transport of
circRNAs changed?
Response: Our analysis of transcriptional activity for a subset of host circRNAs upregulated during HSV-1
infection found a decrease in Pol II occupancy on gene promoters and decrease in nascent (4sU-labeled)
RNA-Seq reads (Supplementary Fig. 3-1). This data suggests circRNA expression changes for this subset
are related to co-transcriptional processes such as increased rates of back-splicing, see lines 202-216. We
have previously performed a similar analysis using 4sU-Seq in a KSHV lytic reactivation model (Tagawa et
al. 2023 PNAS). The analysis also supported co-transcriptional circRNA upregulation, e.g. increased back-
splicing rates.

CircRELL1 loss of function experiment: Does the employed siRNA affect the abundance of linear RELL1
mRNA?
Response: By 12 hours post HSV-1
infection, RELL1 mRNA is undetectable
by qPCR—likely due to host shut off. To
ensure our siRNAs were specifically
targeting circRELL1 we collected RNA at
48 hours post siRNA treatment, in the
absence of infection, and measured
transcript levels. We observed significant
depletion of circRELL1 while the colinear
mRNA was unaffected, this data is now
present as Supplementary Figure 5-1 and
shown here.

CircRELL1 gain of function experiment: How was this performed?
Response: Thank you for catching this, we apologize for omitting details regarding how circRELL1 gain and
loss of function experiments were performed. Text describing our approach is now contained in the
methods section (lines 576-597).
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Why are circRNA and, especially circRELL1, resistant to degradation in interferon-treated cells when OAS
genes, and presumably RNAseL, are upregulated?
Response: RNase L is activated during an innate immune response by the interferon stimulated genes, 2'-
5'-oligoadenylate synthetases (OASs). OASs must bind dsRNA to synthesize 2-5-oligoadenylate, which
then activates RNase L. RNase L is an endoribonuclease which when activated targets cytoplasmic RNA
for decay. Prior work from Chu-Xiao Liu et al. (2019 Cell), analyzed RNase L-dependent circRNA depletion
following immune stimulation. Their study found that immune stimulation via IFN-beta or IFN-gamma
treatment did not result in widespread circRNA depletion. Uniquely, poly I:C treatment resulted in RNase L-
dependent circRNA decay. Our findings corroborate this study, namely IFN treatment does not result in
widespread circRNA depletion. Why RNase L is not activated despite gene expression of the OAS genes
may be potentially explained by the absence of dsRNA species and subsequent lack of 2-5-oligoadenylate
synthesis.

Significance
This study enhances our knowledge of circRNAs in viral infections.
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Not Applicable

Dual Use Research of Concern (DURC) Information included in 
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In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)
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biosecurity documents and list of select agents and toxins (CDC): 
https://www.selectagents.gov/sat/list.htm 

Not Applicable

If you used a select agent, is the security level of the lab appropriate and 
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Not Applicable

If a study is subject to dual use research of concern regulations, is the 
name of the authority granting approval and reference number for the 
regulatory approval provided in the manuscript?

Not Applicable

Reporting

Adherence to community standards Information included in 
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In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

State if relevant guidelines or checklists (e.g., ICMJE, MIBBI, ARRIVE, 
PRISMA) have been followed or provided.

Not Applicable

For tumor marker prognostic studies, we recommend that you follow the 
REMARK reporting guidelines (see link list at top right). See author 
guidelines, under ‘Reporting Guidelines’. Please confirm you have followed 
these guidelines.

Not Applicable

For phase II and III randomized controlled trials, please refer to the 
CONSORT flow diagram (see link list at top right) and submit the 
CONSORT checklist (see link list at top right) with your submission. See 
author guidelines, under ‘Reporting Guidelines’. Please confirm you have 
submitted this list.

Not Applicable

Data Availability

Data availability Information included in 
the manuscript?

In which section is the information available?
(Reagents and Tools Table, Materials and Methods, Figures, Data Availability Section)

Have primary datasets been deposited according to the journal's 
guidelines (see 'Data Deposition' section) and the respective accession 
numbers provided in the Data Availability Section?

Yes Data Availability Section

Were human clinical and genomic datasets deposited in a public access-
controlled repository in accordance to ethical obligations to the patients and 
to the applicable consent agreement?

Not Applicable

Are computational models that are central and integral to a study 
available without restrictions in a machine-readable form? Were the 
relevant accession numbers or links  provided?

Not Applicable

If publicly available data were reused, provide the respective data citations 
in the reference list. Yes

The MDAR framework recommends adoption of discipline-specific guidelines, established and endorsed through community initiatives. Journals have their own policy about requiring 
specific guidelines and recommendations to complement MDAR.




