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Abstract

Epstein-Barr virus (EBV) and Kaposi sarcoma herpesvirus (KSHV) are cancer-causing

viruses that establish lifelong infections in humans. Gene editing using the Cas9-guideRNA

(gRNA) CRISPR system has been applied to decrease the latent load of EBV in human Bur-

kitt lymphoma cells. Validating the efficacy of Cas9-gRNA system in eradicating infection in

vivo without off-target effects to the host genome will require animal model systems. To this

end, we evaluated a series of gRNAs against individual genes and functional genomic ele-

ments of murine gammaherpesvirus 68 (MHV68) that are both conserved with KSHV and

important for the establishment of latency or reactivation from latency in the host. gRNA

sequences against ORF50, ORF72 and ORF73 led to insertion, deletion and substitution

mutations in these target regions of the genome in cell culture. Murine NIH3T3 fibroblast

cells that stably express Cas9 and gRNAs to ORF50 were most resistant to replication upon

de novo infection. Latent murine A20 B cell lines that stably express Cas9 and gRNAs

against MHV68 were reduced in their reactivation by approximately 50%, regardless of the

viral gene target. Lastly, co-transfection of HEK293T cells with the vector expressing the

Cas9-MHV68 gRNA components along with the viral genome provided a rapid read-out of

gene editing and biological impact. Combinatorial, multiplex MHV68 gRNA transfections in

HEK293T cells led to near complete ablation of infectious particle production. Our findings

indicate that Cas9-gRNA editing of the murine gammaherpesvirus genome has a deleteri-

ous impact on productive replication in three independent infection systems.

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0252313 June 4, 2021 1 / 19

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Foreman H-CC, Kirillov V, Paniccia G,

Catalano D, Andrunik T, Gupta S, et al. (2021)

RNA-guided gene editing of the murine

gammaherpesvirus 68 genome reduces infectious

virus production. PLoS ONE 16(6): e0252313.

https://doi.org/10.1371/journal.pone.0252313

Editor: J. Pedro Simas, Universidade de Lisboa,

PORTUGAL

Received: March 1, 2021

Accepted: May 13, 2021

Published: June 4, 2021

Copyright: This is an open access article, free of all

copyright, and may be freely reproduced,

distributed, transmitted, modified, built upon, or

otherwise used by anyone for any lawful purpose.

The work is made available under the Creative

Commons CC0 public domain dedication.

Data Availability Statement: The sequencing data

are available on the NCBI Sequence Read Archive

(BioProject ID 705685).

Funding: This research was supported in part by

the Intramural Research Program of the NIH, by

the Stony Brook Foundation Discovery Prize and

NIH R43 AI31958. The funders had no role in study

design, data collection and analysis, decision to

publish, or preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://orcid.org/0000-0002-8637-2360
https://orcid.org/0000-0002-9648-522X
https://orcid.org/0000-0002-0531-5568
https://doi.org/10.1371/journal.pone.0252313
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0252313&domain=pdf&date_stamp=2021-06-04
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0252313&domain=pdf&date_stamp=2021-06-04
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0252313&domain=pdf&date_stamp=2021-06-04
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0252313&domain=pdf&date_stamp=2021-06-04
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0252313&domain=pdf&date_stamp=2021-06-04
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0252313&domain=pdf&date_stamp=2021-06-04
https://doi.org/10.1371/journal.pone.0252313
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/


Introduction

Herpesviruses are large DNA viruses that cause incurable infections. These viruses typically

undergo lytic replication, then establish a lifelong infection predominantly characterized as a

quiescent latency program with intermittent reactivation. The two human gammaherpes-

viruses, Epstein Barr virus (EBV, human gammaherpesvirus 4) and Kaposi sarcoma herpesvi-

rus (KSHV, human gammaherpesvirus 8), are associated with malignant lymphoproliferative

diseases and cancers of stromal cells. EBV infects an estimated 90–95% of adults world-wide

[1]. The seroprevalence of KSHV ranges from 5% - 90% in adult populations, with highest

infection rates in sub-Saharan Africa [2]. People living with HIV and recipients of organ trans-

plants are at highest risk for KSHV and EBV cancers [3].

Novel strategies of intervention are needed to prevent cancer development in people

infected with EBV and KSHV. Current therapeutics are limited in efficacy. Nucleoside analogs

bind and inhibit the viral DNA polymerase to block DNA replication [4], but do not impact

the latency program [5]. Cytotoxic chemotherapies that target proliferating cells are not

completely effective in controlling all EBV and KSHV cancers. Immunotherapies that ablate B

cells or transfer cytotoxic T cells are costly and experimental. Pomolidomide was recently

approved for FDA use against Kaposi sarcoma, but its mechanism of action and utility for

other KSHV cancers is unclear [6]. Theoretically, the most effective approach would be the

elimination of latent herpesviruses prior to the development of malignancy. For instance, elim-

inating latent EBV infection in donor bone marrow would reduce the risk of post-transplant

lymphoproliferative diseases that arise in ~30% of recipients post-transplant [7].

Murine gammaherpesvirus 68 (MHV68, murid gammaherpesvirus 4) is a natural pathogen

of murid rodents with genetic and biologic similarities to the human gammaherpesviruses that

is used to study the molecular determinants of pathogenesis in vivo [8, 9]. MHV68 conserves

approximately 61 genes among its 80 genes with KSHV [9]. Among the conserved genes that

are critical for multiple aspects of virus biology and pathogenesis, MHV68 ORF50 encodes the

replication and transcription activator (RTA) that is essential for rhadinovirus replication and

reactivation from latency. In the absence of RTA, KSHV is attenuated for early gene expression

and viral DNA synthesis, and no infectious particles are produced [10]. A parallel phenotype is

observed for MHV68, RTA-null viruses do not grow without complementation by ORF50

expression and are impaired for reactivation from latency [11, 12]. RTA-null viruses are also

impaired for latency establishment in the spleens of mice [13, 14].

ORF72 encodes the viral cyclin (v-cyclin), a homolog of mammalian D-type cyclins and is

required for viral reactivation from latency in MHV68 and KSHV infections [15]. V-cyclin

interacts with several cyclin-dependent kinases (CDKs) resulting in constitutive activation of

CDK complexes to enhance proliferation and influence replication in distinct phases of infec-

tion [16, 17]. Genetically, the requirement of MHV68 v-cyclin is alleviated in the absence of

host CDK inhibitor p18INK4c in vivo, indicating that v-cyclin functions to bypass this CDK

inhibitor to promote reactivation from latency [18]. In addition, v-cyclin is an oncogene that

promotes KSHV-induced cellular transformation and tumorigenesis by overriding contact

inhibition [19]. Expression of MHV68 v-cyclin in early T cells drives lymphoblastic lymphoma

[20].

ORF73 encodes the latency-associated nuclear antigen of MHV68 (mLANA) and KSHV

(kLANA) that tethers the terminal repeat region of the non-integrated viral genome to the

host chromosome and recruits cellular factors to ensure replication and segregation of the rep-

licated viral genomes to daughter cells [5, 9]. In the absence of LANA, KSHV and MHV68

exhibit severe defects in the establishment of latency and dysregulated viral lytic gene expres-

sion [21]. The kLANA is functionally interchangeable with mLANA in the context of MHV68
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pathogenesis and latency in mice [22]. In addition, mLANA promotes cell survival through

inhibition of p53 during lytic viral replication [23]. Consistent with this function of mLANA,

kLANA interacts with p53 and the p53-interacting domain is required for establishment of

latency and persistent MHV68 infection in mice [24].

The KSHV and MHV68 genomes each harbor two functional lytic origins of replication

(oriLyt1 and oriLyt2) [25, 26]. In KSHV, the two oriLyt regions share an almost identical

~1.15 kb sequence and a 600-bp downstream GC-rich repeat sequence. Together, this ~1.7 kb

DNA sequence is sufficient to function as a cis signal for replication [26]. Similarly, the oriLyt

regions of MHV68 also contain GC-rich repeat sequences [27]. While the two oriLyts are dif-

ferentially required in several cell lines for lytic replication, both are equally required for effi-

cient latency establishment in mouse spleens following intranasal inoculation of C57BL/6

mice. However, the MHV68 mutant deleted for oriLyt2 was more impaired for ex vivo reacti-

vation from latency [28].

Cas9-gRNA gene-editing technology provides a potentially potent method for disrupting

gammaherpesvirus infection and disease. The Cas9-gRNA system consists of a Cas9 endonu-

clease and a guideRNA (gRNA) which contains a scaffolding region that binds to Cas9 and a

20-nucleotides guide sequence that has homology to a target DNA sequence [29]. The gRNA

guides Cas9 to generate a double-strand DNA (dsDNA) break that is typically repaired by

non-homologous end joining (NHEJ) that introduces indels into the DNA, potentially knock-

ing out the function of a gene due to a missense or nonsense mutation [30].

Here we examined the impact of this potential therapeutic strategy on MHV68 replication

in multiple infection systems. We evaluated the mutational spectra in the targeted loci by a

nuclease cleavage assay and deep sequencing. The functional consequence for infectious virus

production was determined in fibroblast and epithelial cells permissive for de novo infection

and in latent B cells induced to reactivate from latency. These efforts provide a critical step

towards the development of a Cas9-gRNA based antiviral therapeutic against gammaherpes-

virus infection.

Materials and methods

Cells and viruses

NIH3T12 (ATCC CCL-164) and NIH3T3 cells (ATCC CCL-163) were maintained at 37˚C in

5% CO2 in Dulbecco’s modified Eagle medium (DMEM) supplemented with 8% fetal bovine

serum (FBS), 100 U/mL penicillin, 100 mg/mL streptomycin, and 2 μM L-glutamine. X-293T

cells (Clontech #632180) and HEK 293T cells were maintained in Dulbecco’s modified Eagle

medium (DMEM) supplemented with 10% FBS, 100 U/mL penicillin, 100 mg/mL streptomy-

cin, and 2 μM L-glutamine. A20-HE cells [31] were maintained in RPMI1640 medium con-

taining 10% FBS, 100 U/mL penicillin, 2 μM L-glutamine and 50 μM β-mercaptoethanol. The

recombinant MHV68-H2BYFP bacterial artificial chromosome (BAC) was a gift of Dr. Samuel

Speck [32].

Design and synthesis of pLENTICRISPR expressing guideRNAs to MHV68

Three genes and one non-coding element of the MHV68 genome (WUMS strain,

NC_001826) were selected as targets for Cas9-gRNA. The 5’ sequences of ORFs 50, 72 and 73

were input into http://crispr.mit.edu [33], and gRNAs 5’ of a PAM site were selected based on

a high score, which indicates a low likelihood of off-target binding to the mouse mm9 genome

and a 20 bp spacing on opposite strands (Table 1). An approximate 200 bp oligonucleotide

geneblock (IDT, San Jose California) was synthesized, which includes the gRNA, a portion of

the U6 promoter, and a portion of the gRNA scaffold, flanked by a 5’ NdeI and 3’ EcoRI site. A

PLOS ONE Gene editing of MHV68

PLOS ONE | https://doi.org/10.1371/journal.pone.0252313 June 4, 2021 3 / 19

http://crispr.mit.edu/
https://doi.org/10.1371/journal.pone.0252313


similar process was used to analyze and clone the non-targeting (NT) gRNAs [34]. None of the

NT gRNAs contain PAM sequences. These were digested and ligated into the pLentiCRISPR

(Adgene#51760) [35] vector that was digested with EcoRI and NdeI. Clones were identified

with PCR screening and verified by sequencing (Stony Brook Genomics Core Facility) and

aligned to the in-silico design files in Geneious (Version 10.2.4; Biomatters, Auckland New

Zealand).

To produce lentivirus encoding the Cas9-gRNA editing system, X-293T cells at ~80% con-

fluency were transfected with pLentiCRISPR plasmids using the Lenti-X-Packaging Single

Shot reagent per manufacturer guidelines (Takara, Mountain View California). After 48 hrs,

supernatants were centrifuged at 500 x g for 10 mins and stored at -80˚C.

MHV68 gene editing in cell culture

To generate stable bulk cell lines expressing WT Cas9 and gRNAs, NIH3T3 cells plated at

2x105 cells per well of a 6-well plate one day prior were overlaid with 0.5 mL of the

Cas9-gRNA lentivirus stock in 8 μg/mL polybrene. X-293T conditioned media without len-

tivirus were used as negative controls. The plates were centrifuged at 200 X g for 60 mins at

32˚C, then 1.5 mL of 8% FBS-DMEM was added to each well before incubation at 37˚C.

Puromycin (1.5 μg/mL) was added 24 hrs later, and the media was changed every 3 days for

approximately 10 days until all non-transduced cells died and the transduced cells reached

confluency and were pooled. Cas9-gRNA expressing NIH3T3 cells (PuroR CRISPR-3T3)

were plated at 1X105 cells per well of a 12-well plate and infected the next day with

H2B-YFP MHV68 at a low multiplicity of infection (MOI 0.01) in triplicate. Cells were then

washed twice with prewarmed PBS before addition of 1 mL of 8% FBS-DMEM media. Cells

were collected 96 hpi to analyze viral genomes, infectious particles and to evaluate expres-

sion of proteins.

A20-HE cells seeded at 1X106 cells/ml in 12-well plates were nucleofected with 1 μg pLenti-

CRISPR plasmids encoding Cas9 and gRNA using methods described before [36]. Cells were

selected with 1.0 μg/ml puromycin for approximately four weeks until the resistant PuroR

CRISPR-HE cells proliferated at a normal rate. Independent clones were generated with 1–4

Table 1. Guide RNA sequences.

gRNA against MHV68 Sequence of Target Region in MHV68 Genomea Off-Target Scoreb Construct Name

ORF50 g1 5’ GGATTCCCCTTCAGCCGATAAGG 3’ 95 pLentiCRISPR-50g1

ORF50 g2 5’ CAGAAATTCCCTCGTAGTGCAGG 3’ 90 pLentiCRISPR-50g2

ORF72 g1 5’ GCACACACAAAACATCCACGTGG 3’ 64 pLentiCRISPR-72g1

ORF72 g2 5’ GGATAACAACGTCTTTCCCCTGG 3’ 62 pLentiCRISPR-72g2

ORF73 g1 5’ GGCATCCCGGTGGTGGAGGAGGG 3’ 71 pLentiCRISPR-73g1

ORF73 g2 5’ AGGTGATGAGGAGTCCAGCCAGG 3’ 76 pLentiCRISPR-73g2

OriLyt2 g1 5’ GGGAGCGGGCTGCCCGGCCCGGG 3’ 71 pLentiCRISPR-OL2g1

OriLyt2 g2 5’ GCTCCGGGGCCCCGTCCCCCCGG 3’ 74 pLentiCRISPR-OL2g2

NT1 c 5’ GCGAGGTATTCGGCTCCGCG 3’ N/A pLentiCRISPR-NT1

NT2 c 5’ GCTTTCACGGAGGTTCGACG 3’ N/A pLentiCRISPR-NT2

NT3 c 5’ GACTCCGGGTACTAAATGTCGT 3’ N/A pLentiCRISPR-NT3

NT4 c 5’ GCTTCTACTCGCAACGTATT 3’ N/A pLentiCRISPR-NT4

a Underlined sequences are PAM sequences.
b Off target scores are the inverse likelihood of off-target binding to the mouse genome.
c Derived from [34].

https://doi.org/10.1371/journal.pone.0252313.t001
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clones for each gRNA. Cells seeded at 1X105 cell per well in 12-well plates were either left

untreated or treated with TPA at 20 ng/ml for 48 hrs to reactivate latent virus.

HEK293T cells seeded at 1X105 cells per well in 12-well plates one day prior were trans-

fected with 0.25 μg of MHV68-H2BYFP BAC DNA or co-transfected with 0.25 μg

MHV68-H2BYFP BAC DNA together with 0.25 μg pLentiCRISPR plasmids using Tran-

sIT-LT1 (Mirus) according to the instruction of the manufacturer. Cells were collected 72

hours post transfection to quantitate viral genomes and infectious particles.

Immunoblot analysis

Infected PuroR CRISPR-3T3 cells as described above were collected in RIPA lysis buffer (150

mM sodium chloride, 1.0% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% sodium dode-

cyl sulfate, 50 mM Tris [pH 8.0]) supplemented with protease inhibitors and PMSF. Protein

concentration of the total protein lysate was quantified using Bradford assay (Bio-rad, Hercu-

les, CA) and 40 μg were separated using 4–15% gradient SDS-PAGE and transferred to polyvi-

nylidene fluoride membranes, followed by incubation with antibody to Cas9 (7A9-3A3, Cell

Signaling Technology), ORF73 (mLANA) [37], GAPDH (Sigma-Aldrich, St. Louis, MO).

Detection was performed with HRP-conjugated anti-mouse or anti-rabbit IgG (Sigma) by

enhanced chemiluminescence reagent (ECL, Thermo Scientific). Data was collected with LAS

500 Chemiluminescence Imager (GE Healthcare).

Quantitation of viral genomes and infectious particles

The copy number of MHV68 normalized to the number of mouse genomes from PuroR

CRISPR-HE cells was determined by qPCR. The MHV68 copy numbers in samples were

determined using a plasmid standard curve as previously described with primers specific for

Orf46 and associated plasmid standard [36]. Similarly, the copy number of mouse genome was

determined with primers TertF (5’-GACCTCCTTGTCCTGACCATCTG-3’) and TertR (5’-
TCCATTGTGTTCTCTGAGAAGGCA-3), and a plasmid standard containing the amplified

product of 101 bp Tert fragment. MHV68 copy number is calculated as the ratio of viral DNA

copy number normalized to copies of Tert in the same sample. MHV68 fold increase with

TPA is calculated as the fold increase of MHV68 copy number following TPA-treatment over

the average of MHV68 copy numbers of the untreated wells of the same clone.

Infectious particles were analyzed by plaque assay. Briefly, NIH3T12 cells were seeded at

100,000 cells per well of a 12-well plate one day prior to infection with a serially diluted,

freeze-thaw disrupted cell lysate. Wells were overlaid with 1.5% methylcellulose and incu-

bated at 37˚C for 8 days. Cells were washed with PBS, fixed with 100% methanol and stained

with 1% crystal violet dye in 20% methanol to visualize plaques in the monolayers and

determine PFU/mL.

Mismatch endonuclease cleavage assay

PCR amplicons of 730–750 bp that encompassed the targeted regions (Table 2) were purified

by column filtration, denatured, and self-hybridized prior to digestion with the mismatch

endonuclease according to manufacturer instructions (Takara, Mountain View California).

Next-generation sequencing and analysis of mutations

Genomic DNA isolated from edited or control cells were used as template to amplify a frag-

ment of ~650–780 bp using the primers as listed in Table 2 using Q5 polymerase (NEB). The

PCR products were then purified, mixed and diluted to 1 ng/μL for fragmentation and ligation
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to Index using Nextera XT DNA Library kit (Illumina), then purified with agarose beads. The

quantity and fragment range of the samples was verified by Bioanalyzer before 2X75 bp

sequencing with NextSeq 500 in the Genomics Core Facility in Stony Brook University.

Data analysis was carried out using Geneious Prime. Sequences were paired and then

trimmed using BBDuk at a minimum quality setting of 30 and minimum length of 20 bp.

After removal of duplicates, reads were mapped to the reference sequence to identify variations

and SNPs. Changes (deletion, insertion or substitution), the number of all the reads encom-

passing the position of the polymorphism, and the number and frequency of reads of the poly-

morphism were exported for further analysis in Excel and Prism. The smallest value of each

range was depicted for the polymorphisms. Because >90% of reads ranged from 75–76 bp in

length, or ~1/10 of the entire amplicon that was randomly fragmented, the co-occurrence of

changes in the amplified fragment could not be determined when their distance was larger

than 75 bp. Therefore, two different types of calculations were used to assess the frequency of

the polymorphism. First, the percent change reflects the frequency of change at the nucleotide

(s) position and was calculated by the raw number of reads encoding one specific type of poly-

morphism and the number of all reads covering the position of this polymorphism. This

reflects the frequency of this type of change at a particular position. Second, the percentage of

reads containing change provides an estimate of the total frequency of changes within a spe-

cific amplicon and was calculated by the number of reads containing any type of change as a

percentage of the total reads mapped to this amplicon.

Results

Design and construction of lentiviruses expressing guide RNAs targeting at

MHV68

Cas9 generates specific dsDNA breaks 4 nt from the PAM site and through NHEJ repair, an

array of substitution, insertion or deletion mutations arise around this position [30]. MHV68

ORFs 50, 72 and 73 are genes conserved with KSHV that have well-characterized functions

which promote pathogenesis. The 5’ ends were chosen for gRNA targeting to maximize the

potential impact of editing on the protein coding sequence (Fig 1). In addition, a repetitive ele-

ment within the origin of lytic replication (oriLyt2), was selected as a gRNA target to evaluate

the impact of multiple edits in the genome (Fig 1). A pair of gRNA targeting sequences were

chosen for each region and they are less than 20 bp apart such that the PAM tri-nucleotides of

gRNA targeting sequences were located at the opposite ends away from each other. The origi-

nal intention was for this pair of gRNA sequences to be used with Cas9_D10A nickase to gen-

erate single-stranded nicks for a homology-directed repair method of gene editing. Due to

difficulties related to the introduction of a linear oligonucleotide during infection, we instead

Table 2. Amplicon information for endonuclease cleavage assay and NGS.

Amplicon region Forward (F) and Reverse (R) primer sequences (5’-3’) Amplicon size (bp) Expected size of cleavage

products (bp)

g1 g2

ORF50 F: GCTGGTGAGGCTGGGAAGTTATG 782 ~250 ~270

R: GGACAGCCTTGTGGCATTTAATGC ~530 ~510

ORF72 F: GTGTGATTAGCACTGGGCGTTTC 652 ~240 ~260

R: CACCCCACAACATTCCACCTTC ~410 ~390

ORF73 F: GGCAATGGATCAGATGGATTATGCG 747 ~270 ~260

R: CCATACTTGAGGGACACCGTACAG ~480 ~490

https://doi.org/10.1371/journal.pone.0252313.t002
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pursued a NHEJ-directed repair approach using WT Cas9. As controls, non-targeting (NT)

sequences were selected from the GECKO CRISPR library [34]. Each gRNA was cloned into

the pLentiCRISPR vector to drive concurrent expression of the gRNA with Cas9 and enable

puromycin selection [35].

Stable expression of the CRISPR/Cas9 system in murine NIH3T3

fibroblasts reduces MHV68 production following de novo infection

Loss of ORF50 and ORF73 function upon mutation in MHV68 is expected to impact virus rep-

lication. To test whether the Cas9-gRNA system interferes with de novo virus infection,

NIH3T3 cells stably transduced with lentiviruses to express Cas9 and individual gRNAs

(PuroR CRISPR-3T3) were infected with wild type MHV68 at a low multiplicity of infection

(MOI) of 0.01 plaque forming units (PFU) per ml (Fig 2A). Cas9 was detected in the stable

transductants (Fig 2B). As expected, NIH3T3 cells transduced with non-targeting gRNAs

(NT1 or NT3) did not interfere with virus replication at 96 hpi (Fig 2C). Consistent with the

observation that v-cyclin is not required for MHV68 replication in fibroblasts [15], viral titers

from 72g2 PuroR CRISPR-3T3 cells were similar to that from NT1 PuroR CRISPR-3T3 cells

(Fig 2C). However, lower levels of infectious virus were observed in all other PuroR CRISPR-

3T3 cells. 50g2, 73g2 and OriLytg1 cells had a moderate 0.4 to 0.7 log decrease in infectious

virus production (Fig 2C). A drop in virus production by more than one log was observed for

50g1, 73g1 and OriLytg2 PuroR CRISPR-3T3 cells (Fig 2C). Expression of Cas9 and gRNAs

targeting three independent regions of the MHV68 genome at the onset of de novo infection

reduce virus output in fibroblast cells.

Since 50g1 targets the first exon of ORF50 CDS [38, 39], gene editing in this region was

expected to result in loss of RTA function, which is required for lytic replication. Thus, one

possibility for the reduction of infectious particles as enumerated by plaque assay is that

ORF50-edited viruses were produced yet could not lead to plaques due to loss of RTA. To

address this, NIH3T12 cells expressing the wild type RTA protein that fully restore the replica-

tion of MHV68 mutants lacking ORF50 [12] were used to measure infectious virus produced

from the 50g1 PuroR CRISPR-3T3 cells. Virus produced from NT3 and 73g1 PuroR CRISPR-

3T3 cells were used as controls. As observed in Fig 2C, a significant reduction in infectious

virus was produced from either 50g1 or 73g1 PuroR CRISPR-3T3 cells, compared to that from

Fig 1. Relative positions and function of viral genes/elements targeted by gRNAs in MHV68 genome. The solid line indicates the whole linear genome of

MHV68; the solid black boxes (TR), terminal repeats; gray and green boxes, OriLyt1 and OriLyt2; red arrows, the coding sequences (CDS) of ORF50; purple

arrow, ORF72 CDS; blue arrow, ORF73 CDS. The solid black arrowheads under the enlarged ORFs and OriLyt2 indicate the positions of the gRNAs as

indicated. Note that ORF50g2 is immediately upstream of the initiation codon of RTA, but within Orf50 Exon 1. The OriLyt2g1 and g2 target the repetitive

elements within OriLyt2 that repeat 22 times.

https://doi.org/10.1371/journal.pone.0252313.g001
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NT3 cells when titered on parental 3t12 cells (Fig 2D, first three lanes). In RTA-expressing

3T12 cells, slightly higher viral titers were generated consistent with heightened RTA expres-

sion and immediate early lytic gene transactivation functions (Fig 2D, last three lanes). How-

ever, RTA-expression did not fully restore infectious titers for the inoculum produced from

the 50g1 PuroR CRISPR-3T3 cells (Fig 2D). These results indicate that the gRNA targeting

50g1 effectively impairs virus production altogether, the reduction was not due to mutations

in the lytic transactivator gene that would preclude enumeration by plaque assay.

Gene editing in the context of lytic replication

To assess gene editing, DNA fragments encompassing the gRNA targeting sequences were

PCR amplified using high fidelity polymerases and subject to mismatch endonuclease cleavage

Fig 2. Stable expression of the MHV68 gRNA editing system hinders subsequent viral replication in NIH3T3 cells. A. Schematic representation

of the approach to evaluate the effect of Cas9 and gRNA-mediated gene editing on lytic MHV68 infection in NIH3T3 cells. Created with BioRender.

com. B. Expression of Cas9 and cellular housekeeping protein GAPDH in parental fibroblast NIH3T3 cells or the indicated PuroR CRISPR-3T3 cells

upon MHV68 infection at MOI of 0.01 for 96 h. C. Infectious virus output (PFU/ml) from NIH3T3 or indicated PuroR CRISPR-3T3 cells were

determined 96 h after infection with MHV68 at MOI of 0.01. D. Infectious virus output from either parental NIH3T12 cells or NIH3T12 cells

expressing RTA after infection with viruses prepared from the indicated PuroR CRISPR-3T3 cell lines. Ordinary one-way ANOVA followed by

Dunnett’s multiple comparison test with NT1 was used to determine significance as indicated: �, p<0.05; ��, p<0.01; ���, p<0.001; ����, p<0.0001.

Results shown are combined from two independent experiments.

https://doi.org/10.1371/journal.pone.0252313.g002
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analysis. In this assay, amplicons are denatured and rapidly rehybridized such that DNA

hybrids with unpaired bases due to indels are substrates for endonuclease cleavage. Though

the Cas9-mediated dsDNA break is at -4 position from the PAM site, NHEJ repair results in

random incorporation of indels around the break point [30]. As expected, amplicons prepared

from infected parental NIH3T3 cells or NT1, NT3 PuroR CRISPR-3T3 cells were not cleaved

(Fig 3A–3C). However, amplicons prepared from infected 50g1 and g2 (Fig 3A), 72g2 (Fig

3B), and 73g1 and g2 (Fig 3C) exhibited DNA-fragmentation patterns consistent with the pre-

diction according to the relative gRNA position (Table 2). For 72g2 PuroR CRISPR-3T3 cells,

virus replication was not impacted (Fig 2C), but mismatch endonuclease cleavage analysis

indicated the presence of gene editing (Fig 3B). The repetitive nature and the high-GC content

OriLyt2g1 and g2 genomic regions precluded this analysis. Taken together, gRNAs directed to

ORFs 50, 72, and 73 led to gene editing at the expected sites in the MHV68 genome with vari-

able impacts on infectious virus production.

We next analyzed the spectra of mutations in the genomic regions of MHV68 after expo-

sure to the PuroR CRISPR-3T3 cells. A change is defined as any unique difference in compari-

son to MHV68 reference sequence; this includes a deletion, substitution or insertion of one or

more nucleotides. No changes were identified in amplicons prepared from infected parental

3T3 cells or control PuroR CRISPR-3T3 cells expressing NT1 or NT3 (Table 3). Of the ampli-

cons prepared from cells expressing MHV68 gRNAs, variable numbers of changes were identi-

fied. As detailed in Material and Methods, due to the small stretch of reads obtained from

NGS, two methods were used to quantify the changes identified. First, as shown in Fig 3D and

3E, the location and the frequency of specific changes were depicted. Secondly, changes were

also summarized in Table 3 according to the type of change, either insertion, deletion or sub-

stitution. In amplicon ORF50 from infected 50g1 PuroR CRISPR-3T3 cells,>50% of the reads

were annotated as containing at least one type of change with the majority of the changes

noted as deletions (Table 3). A striking 100% of the reads of ORF50 amplicons generated from

infected 50g2 PuroR CRISPR-3T3 cells contained changes with ~95% of the changes defined as

deletions (Table 3). These changes clustered around the expected dsDNA break points (Fig

3D). The number of changes gradually diminished to the left of this center but stopped

abruptly to the right. Most changes to the left side were located between the coding regions of

ORF48 and ORF49 (Fig 3D). In amplicon ORF72 obtained from infected 72g2 PuroR CRISPR-

3T3 cells, ~53% of reads contained changes, the majority were deletions (Table 3). Again, the

changes clustered at the expected break point, and distributed more on the left side (Fig 3E,

top panel). Changes were not observed in a short stretch of DNA at the beginning the ORF72

CDS. In contrast, only 3.89% and 1.8%, respectively, of the total reads of ORF73 amplicons

obtained from 73g1 or 73g2 PuroR CRISPR-3T3 cells post infection contained changes

(Table 3). The majority of the changes observed were deletions, followed by nucleotide substi-

tutions and insertions. Most of these changes were located between the ORF73 and ORF74

CDS (Fig 2F). The rarity and the location of the edits observed in the infected 73g1 or g2

PuroR CRISPR-3T3 cells could be attributed to low editing efficiency or the elimination of

viruses following edition in the region.

NGS also provided an opportunity to evaluate the presence of rare off-target editing events

or changes presented further away from the expected breaking points. Of all the possible

amplicons prepared from samples that expressed irrelevant targeting gRNA (e.g., amplicon

ORF50 from 73g1 PuroR CRISPR-3T3 cells), only amplicon ORF72 obtained from 73g1 PuroR

CRISPR-3T3 cells contained edits (Fig 3E, bottom panel). As expected, the events were rare

such that only 0.49% of the reads carried changes (Table 3). Of note, 72g2 and 73g1 are less

than 1800 bp away. Overall, the NGS results confirm that our Cas9-gRNAs system led to spe-

cific editing of viral gene targets during an active viral infection of NIH3T3 fibroblast cells.
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Fig 3. Evaluation of gene editing by mismatch endonuclease cleavage and targeted next generation sequencing. (A-C) Amplicons from the indicated

genomic regions were generated from parental NIH3T3 (3T3) or the indicated PuroR CRISPR-3T3 cells 96 hpi (MOI of 0.01) and subjected to mismatch

endonuclease cleavage. The black dots indicate the cleaved DNA fragments. (D-F) Amplicons from the indicated genomic regions were generated from the

indicated PuroR CRISPR-3T3 cells 96 hpi (MOI of 0.01) and analyzed for mutations by next-generation sequencing (NGS). Reads obtained from NGS were

mapped to the respective amplicon sequence according to MHV68 reference sequence (NC_001826) and the percentage of reads containing each specific

change was determined. Each dot represents one specific change observed at the indicated position and the percent change (% change) indicates the percentage

of reads containing a unique change among all reads encompassing the position of the change. The gene structure and genomic coordinates of the amplicon is

depicted below the graphs. Small triangles indicate gRNA positions. Arrows indicate direction of ORFs and broken ends depict a portion of the incomplete

CDS.

https://doi.org/10.1371/journal.pone.0252313.g003

PLOS ONE Gene editing of MHV68

PLOS ONE | https://doi.org/10.1371/journal.pone.0252313 June 4, 2021 10 / 19

https://doi.org/10.1371/journal.pone.0252313.g003
https://doi.org/10.1371/journal.pone.0252313


Stable expression of the CRISPR/Cas9 system reduces MHV68 reactivation

Next, we evaluated the capacity of this CRISPR-Cas9 system to edit latent viral genomes. The

A20-HE B-cell line is latently infected with reactivation-competent MHV68 [31]. A20-HE cells

were nucleofected with pLentiCRISPR plasmids encoding gRNA targeting MHV68 or NT

controls and 1–4 clones of PuroR CRISPR-HE cells expressing each gRNA were selected (Fig

4A). The mismatch endonuclease cleavage analysis of amplicons prepared from individual

PuroR CRISPR-HE clones verified gene editing in the expected genomic region, albeit at vari-

able levels between clones (Fig 4B). Next, the copy number of viral genomes was determined

using primers specific to MHV68 ORF46, a region not related to the gRNA targets [36]. The

copy number of mouse genome was determined using primers for the host Tert sequence.

Using DNA isolated from NT2 or NT3 PuroR CRISPR-HE clones, the mean ratio of the copy

number of ORF46 to Tert was close to 2. Considering that each normal cell contains two cop-

ies of Tert, this result indicates that in these cells, an average cell contains about 4 copies of the

virus (Fig 4C). In multiple clones of 50g1, 50g2 and O2g1 PuroR CRISPR-HE cells, the ORF46/

Tert ratio was reduced down to an average of 1.2 to 1.5 (Fig 4C). These results indicate that the

MHV68-targeting Cas9-gRNA system is also suitable to edit the latent viral genomes of B cells.

To determine the impact of such editing on viral reactivation from latency, the fold increase of

viral genomes was examined after stimulating the cells to reactivate with TPA. Reactivation

varied between clones and experiments, but a clear trend of lower reactivation was observed in

clones expressing MHV68 targeting gRNAs compared to control NT-gRNAs (Fig 4D). In NT2

and NT3 PuroR CRISPR-HE cells, viral copies increased 146- and 149-fold following TPA

stimulation, respectively (Fig 4D). In contrast, only a mean 61- and 78-fold increase was

observed in respective 50g1 and 50g2 PuroR CRISPR-HE cells, indicating a 50% reduction in

viral reactivation (Fig 4D). A more dramatic decrease in reactivation was observed in 73g1 and

g2 PuroR CRISPR-HE cells such that the viral genome copy number only increased by a

Table 3. NGS results for amplicons prepared from infected PuroR CRISPR-3T3 cells.

Amplicon region gRNA targeting region: # of Total readsa in corresponding amplicon % of Reads containing change Type of change

Deletion Insertion Substitution

ORF50 ORF50g1 362,235 51.23% 47.97% 0.19% 3.17%

ORF50 ORF50g2 360,475 100% b 94.98% 2.63% 4.86%

ORF50 NT1 132,098 ND c

ORF50 NT3 116,740 ND

ORF72 ORF72g2 343,432 52.83% 49.59% 0.56% 2.36%

ORF72 NT1 94,885 ND

ORF72 NT3 164,758 ND

ORF73 ORF73g1 409,964 3.89% 3.75% undetected 0.14%

ORF73 ORF73g2 130,093 1.80% 1.62% 0.03% 0.15%

ORF73 NT1 100,129 ND

ORF73 NT3 88,280 ND

Evaluation of off-target effect:

ORF72 ORF73g1 327,707 0.49% 0.33% undetected 0.17%

The number of reads that mapped to the reference sequence.
bMore reads of Amplicon-ORF50 prepared from ORF50g2 PuroR CRISPR-3T3 cells contained changes than the total number of reads mapped to the region. Some

reads may contain both deletions and substitutions, but the program does not distinguish reads containing two (or more) changes from those containing only one type

of change.
cND: none detected.

https://doi.org/10.1371/journal.pone.0252313.t003
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respective average of 18- and 41-fold (Fig 4D). A significant decrease in viral reactivation was

also evident in OriLyt2g1 and g2 PuroR CRISPR-HE cells where an average of 34- and 17-fold

induction in viral copy number occurred (Fig 4D). In sum, Cas9-gRNA directed gene editing

decreases latent viral load and reduces the efficiency of MHV68 reactivation in latent B cells.

Near complete blockage of MHV68 multiplication in 293T cells following

transfection of multiple pLentiCRISPR-MHV68gRNA plasmids

Our results indicated that the expression of Cas9 and MHV68-specific gRNAs led to editing of

the viral genome during lytic infection and latency that impacted virus production. However,

the efficiency of edits and reduction in virus output was variable. We postulated that gene edit-

ing and double strand breaks at multiple locations on each viral genome would have a greater

impact. To evaluate the impact of a multiplex approach, the effect of the gRNAs was tested in

Fig 4. Stable expression of the MHV68-specific Cas9-gRNA system reduces latent MHV68 copy number per cell and hinders subsequent viral

reactivation in A20-HE cells. A. Schematic representation of the approach to evaluate the effects of Cas9-gRNA system mediated gene editing on latent

MHV68. Created with BioRender.com. B. Mismatch endonuclease cleavage of amplicons ORF50 (top) and ORF73 (bottom) prepared from the indicated

PuroR CRISPR-HE clones. With the same gRNA, each lane represents an independent clone. C. MHV68 viral load determined by qPCR with MHV68

ORF46 and normalized to mouse Tert. D. Reactivation of latent MHV68 by TPA treatment. Viral copies were determined by qPCR and normalized to

mouse Tert. The fold change in viral copy number after TPA treatment relative to the average viral copy number in basal, uninduced conditions of the

same clone are plotted. For C and D, results were compiled from four experiments containing independent clones of PuroR CRISPR-HE cells described in

(B), with six repeats for 50g1 clone 1, NT2 and NT3, and three repeats for all other clones. Ordinary one-way ANOVA followed by Dunnett’s multiple

comparisons with NT3 (C) and NT2 or NT3 (D) were used to determine statistical significance as indicated. �: p<0.05; ��: p<0.01; ���: p<0.001 and ����:

p<0.0001.

https://doi.org/10.1371/journal.pone.0252313.g004
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singlet and then in combination upon transfection with the infectious MHV68 bacmid

genome in HEK293T cells (Fig 5A). Co-transfection of the MHV68 bacmid together with plas-

mid encoding control gRNAs NT2 resulting in an average viral titer of 5.6 X105 PFU/ml (Fig

5B). In comparison, co-transfection with plasmids encoding MHV68 targeting gRNA resulted

in a 1–3 log decrease in infectious virus production (Fig 5B). 50g2 tended to be more effective

in reducing virus multiplication; an average of only 1.5X103 PFU/ml were produced in

HEK293T cells co-transfected with plasmid encoding 50g2 and the MHV68 bacmid, while the

average viral titer was 2.1X104 PFU/ml for 50g1 (Fig 5B). In comparison, the 73g1 and g2

gRNAs led to a moderate decrease to 8.4 X104 and 5.2 X104 PFU/ml, respectively (Fig 5B). Ori-

Lyt2g1 and g2 had similar impacts on infectious virus production, reducing yield to 2.8 X103

and 3.4 X103 PFU/ml, respectively. Next, 50g2, 73g2, OriLyt2g1 and g2 were chosen to evaluate

the impact of combinatorial gRNA targeting on virus production. MHV68 bacmid co-trans-

fection with plasmid encoding control NT2 yielded 1.2 X105 PFU/ml. A 2–3 log decrease

was observed upon single administration of 50g2, 73g2, OriLyt2g1 or g2 (Fig 5C). However,

multiplex administration of these MHV68-targeted gRNAs led to a striking reduction to 1–2

PFU/ml of infectious particles, at the cusp of the limit of detection. This striking ~5 log

decrease in virus production suggests that simultaneous editing of different regions of the viral

DNA leads to additive repression of virus replication.

Fig 5. Multiplex gRNAs knock-down of MHV68 virus production. A. Schematic representation of the approach to

evaluate the effects of Cas9-gRNA-mediated gene editing in 293T cells upon co-transfection of MHV68 BACmid DNA

with pLentiCRISPR plasmid(s). Created with BioRender.com. B. Infectious virus output analyzed 72 hrs post-

transfection with the indicated gRNAs in single. Data is representative of two independent experiments performed in

biological triplicate. C. Infectious virus output analyzed 72 hrs post-transfection with single or multiple gRNAs.

Multiplex samples delivered 50g2, 73g2, OriLyt2g1 and g2. Ordinary one-way ANOVA followed by Dunnett’s multiple

comparisons to NT2 was used to determine significance as indicated: ����, p<0.0001. Results are the compilation of

two independent experiments, each with three biological replicates.

https://doi.org/10.1371/journal.pone.0252313.g005
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Discussion

We report that Cas9-gRNA gene editing technology reduced MHV68 replication in three dis-

tinct cell culture systems that represent both lytic and latent models of infection. Using a mis-

match endonuclease assay followed by NGS, gene editing was confirmed at the predicted

locations in the viral genome. Gene editing did not entirely eliminate virus replication, but

virus replication was significantly impaired as evidenced by a decrease in viral DNA load or

reduction in infectious particle production across cell systems. Significantly, multiplex gRNA

delivery resulted in the largest reduction in virus production by as much as ~5 logs per ml of

culture.

The NGS and mismatch endonuclease cleavage analyses demonstrated gene editing by the

MHV68-targetted gRNAs. In the PuroR CRISPR-3T3 and the PuroR CRISPR-HE cells, the

mismatch endonuclease cleavage analysis indicated that the coding regions of the viral genes

were specifically targeted by their respective gRNAs (Figs 3A–3C and 4B). NGS analysis of the

infected CRISPR-3T3 cells indicated that 50g2 led to the highest frequency of edits, followed

by 50g1 and 72g2; while editing directed by 73g1 and 73g2 was less effective (Table 3). Even so,

both 50g1 and 73g1 led to similar reductions in virus output in NIH3T3 cells that exceeded the

reduction by 50g2 and 73g2 (Fig 2C). This apparent lack of correlation between the efficiency

of editing and the impact on lytic replication of particular gRNAs might involve PCR bias

inherent in the initial amplification and NGS library construction and sequencing. Another

consideration is that the mismatch endonuclease cleavage and NGS analyses only assess the

viral genomes that remain at the time of sampling. In other words, if the Cas9-gRNA gene edit-

ing leads to decreased viral genome replication via loss of lytic gene function, a cis replication

element or direct damage to template genomes, the edited genomes will be underrepresented

in the DNA from the infected cell culture.

The apparent escape from editing might also reveal novel biology. ORF50g2 was designed

to knock-out exon 1 but curiously did not dramatically reduce lytic replication in spite of a

high efficiency of editing. Splicing in the ORF50 locus is complex, characterized by alternate

transcript isoforms that originate from multiple upstream promoters [38, 39]. Characterization

of 50g2-edited mutants might reveal novel ORF50 transcripts.

Although a reduction in the average number of latent viral genomes per cell was observed

in the MHV68 gRNA PuroR CRISPR-HE cells in comparison to those NT ones (Fig 4C), lytic

replication in cell culture system was the primary readout in our studies. These systems may

not be sufficient to analyze the full biological impact of edits in ORF72 (v-cyclin) or ORF73

(mLANA). While v-cyclin has been shown previously to have some role in acute virus replica-

tion, the major phenotype of v-cyclin mutants is a defect in reactivation from latency in sple-

nocytes of infected mice [15]. The mLANA knockout virus exhibits altered gene expression

during lytic replication [40], but mLANA mutants are most severely compromised in the

establishment of latency [41]. A recent study evaluating the effects of Cas9-gRNA in cells car-

rying latent KSHV also chose LANA as a target and observed a partial decrease in viral genome

copies [42]. They reasoned that inefficient delivery of Cas9-gRNA system to B cells was a

major hurdle [42]. Future studies of latency in the B cell reservoir in mice will require novel

strategies and/or transgenic mice to deliver the gRNA and Cas9 components.

An additional consideration for herpesvirus editing is the higher order chromatinized

structure of the viral genome that may preclude gRNA recognition and accessibility for Cas9

cleavage. ORF50 encodes the immediate early RTA protein and its transcription in the early

stages of de novo infection or reactivation would likely provide an open chromatin structure

that is more sensitive to gene editing. On the other hand, since mLANA expression is required

to maintain the viral genome during latency when B cells proliferate, the ORF73 region would
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be an ideal locus to target during latency. Interestingly, we observed a more severe reduction

in viral load in the context of reactivation than during long-term steady state latency for many

gRNAs. Cas9-gRNA editing of the EBV genome and viral clearance has been demonstrated for

latently infected tumor cells. Indeed, Wang and Quake observed complete elimination of the

EBV from latent Raji cells upon CRISPR-gene editing [43], but Cas9-gRNA appeared ineffi-

cient at targeting quiescent HSV-1 genomes [44]. Aubert et al. recently reported that AAV-

delivered meganucleases were superior to CRISPR in mediating efficient gene editing and

elimination of latent HSV in vivo [45]. Furthermore, HSV gene edits driven by meganucleases

were increased in the context of a histone deacetylase inhibitor [46]. While meganucleases

might also be considered for elimination of latent gammaherpesvirus, histone deacetylase

inhibitors might improve the efficacy of editing latent genomes by CRISPR.

The impact of gene editing on MHV68 was variable within and across cell culture systems.

This may relate to Cas9 expression levels that vary in copy number or with the site of lentiviral

integration. Genetic drift occurs in cell culture and may be exacerbated when drug-selection is

applied. Due to the high GC-content and repetitive nature of the oriLyt2 sequence, we failed to

consistently amplify this genomic region, but a reduction of viral titers was observed in all

three cell systems with gRNA targeting to this region. It remains to be determined if virus

reduction was due to the loss of a cis-element that contributes to lytic DNA replication or if

multiple edits in close proximity triggered a DNA damage response that results in death of

both the cell and the virus [46, 47].

HEK293T cells provided the most robust readout for changes in virus output and enabled

combinatorial gRNA analysis. We delivered infectious viral genomes along with Cas9-gRNA

constructs to target single or multiple viral targets. In addition to the nearly 100% transfection

efficiency that is achieved in HEK293T cells, cytoplasmic delivery of the transfected material

may provide gRNAs unhindered access to naked genomes. This contrasts with the higher

order chromatinized genomes in latent B cells and the encapsidated genomes upon de novo

infection of fibroblast cells. Multiplex gRNA exposure to the MHV68 genome led a potent

additive amelioration of virus production in HEK293T cells. A multiplex targeting strategy

was found to be more effective than single gRNA target in decreasing EBV genome copy num-

bers in Raji lymphoma cells [43]. A mixture of gRNAs targeting several viral genes was shown

to be more effective in decreasing viral replication in other herpesvirus models [48]. Taken

together, once individual gRNAs are validated, a multiplex targeting strategy should be consid-

ered to physically broaden the impact of dsDNA breaks and the editing of viral genes and

genomic regions that drive pathogenesis.

Cas9-gRNA have been applied to target latent viral infections including herpes simplex

virus type 1, human cytomegalovirus, EBV, KSHV and HIV in cell culture [42–44, 49]. These

reports showcased the potential therapeutic value of targeted gene editing in treating lifelong

viral infections. A number of critical barriers to the efficient implementation of antiviral gene

editing technology remain. First, an efficient method for in vivo delivery of nucleases like Cas9

to target reservoirs of latency is required [50]. Second, the efficiency of gene editing is con-

strained by the chromatinization of the targeted region [51]. Third, off-target effects must be

minimized.

Here we report the first application of a Cas9-gRNA gene editing system to directly target

and edit MHV68 in the context of virus elimination for a therapeutic purpose. The genes and

functional OriLyt elements in MHV68 have direct homologs with analogous functions in

KSHV infection. The results presented here provide a foundation for future evaluation in a

small animal pathogenesis model. This will enable pre-clinical evaluation of the feasibility of

delivery to latent B cell reservoirs, the efficacy of reducing viral load, and safety of a gene edit-

ing system towards the eradication of gammaherpesviruses in vivo.

PLOS ONE Gene editing of MHV68

PLOS ONE | https://doi.org/10.1371/journal.pone.0252313 June 4, 2021 15 / 19

https://doi.org/10.1371/journal.pone.0252313


Supporting information

S1 Raw images. The original blots of Fig 2B and original gels of Figs 3A–3C and 4B as indi-

cated. Samples and size markers of the original blots or gels were labeled according to the

descriptions of the final figures shown in the main text and unused lanes were indicated with

“X”.

(PDF)

Acknowledgments

We thank John Schwedes and Dimitri Gnatenko at the Genomics Core Facility in Stony Brook

University for NGS.

Author Contributions

Conceptualization: Hui-Chen Chang Foreman, Laurie T. Krug.

Data curation: Yue Zhang.

Formal analysis: Yue Zhang.

Funding acquisition: Laurie T. Krug.

Investigation: Hui-Chen Chang Foreman, Varvara Kirillov, Gabrielle Paniccia, Demetra Cata-

lano, Trevor Andrunik, Swati Gupta, Yue Zhang.

Methodology: Trevor Andrunik.

Project administration: Laurie T. Krug.

Supervision: Hui-Chen Chang Foreman, Laurie T. Krug.

Validation: Varvara Kirillov, Yue Zhang.

Visualization: Varvara Kirillov, Laurie T. Krug, Yue Zhang.

Writing – original draft: Hui-Chen Chang Foreman, Gabrielle Paniccia, Yue Zhang.

Writing – review & editing: Laurie T. Krug, Yue Zhang.

References
1. Dunmire SK, Hogquist KA, Balfour HH. Infectious Mononucleosis. Curr Top Microbiol Immunol. 2015;

390(Pt 1):211–40. Epub 2015/10/02. https://doi.org/10.1007/978-3-319-22822-8_9 PMID: 26424648;

PubMed Central PMCID: PMC4670567.

2. Minhas V, Wood C. Epidemiology and transmission of Kaposi’s sarcoma-associated herpesvirus.

Viruses. 2014; 6(11):4178–94. Epub 2014/11/07. https://doi.org/10.3390/v6114178 PMID: 25375883;

PubMed Central PMCID: PMC4246215.

3. Yarchoan R, Uldrick TS. HIV-Associated Cancers and Related Diseases. N Engl J Med. 2018; 378

(22):2145. Epub 2018/05/31. https://doi.org/10.1056/NEJMc1804812 PMID: 29847760.

4. Coen N, Duraffour S, Topalis D, Snoeck R, Andrei G. Spectrum of activity and mechanisms of resis-

tance of various nucleoside derivatives against gammaherpesviruses. Antimicrob Agents Chemother.

2014; 58(12):7312–23. Epub 2014/10/01. https://doi.org/10.1128/AAC.03957-14 PMID: 25267682;

PubMed Central PMCID: PMC4249563.

5. Uppal T, Banerjee S, Sun Z, Verma SC, Robertson ES. KSHV LANA—the master regulator of KSHV

latency. Viruses. 2014; 6(12):4961–98. Epub 2014/12/17. https://doi.org/10.3390/v6124961 PMID:

25514370; PubMed Central PMCID: PMC4276939.

6. Polizzotto MN, Uldrick TS, Wyvill KM, Aleman K, Peer CJ, Bevans M, et al. Pomalidomide for Symptom-

atic Kaposi’s Sarcoma in People With and Without HIV Infection: A Phase I/II Study. J Clin Oncol. 2016;

34(34):4125–31. Epub 2016/11/20. https://doi.org/10.1200/JCO.2016.69.3812 PMID: 27863194;

PubMed Central PMCID: PMC5477825.

PLOS ONE Gene editing of MHV68

PLOS ONE | https://doi.org/10.1371/journal.pone.0252313 June 4, 2021 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252313.s001
https://doi.org/10.1007/978-3-319-22822-8%5F9
http://www.ncbi.nlm.nih.gov/pubmed/26424648
https://doi.org/10.3390/v6114178
http://www.ncbi.nlm.nih.gov/pubmed/25375883
https://doi.org/10.1056/NEJMc1804812
http://www.ncbi.nlm.nih.gov/pubmed/29847760
https://doi.org/10.1128/AAC.03957-14
http://www.ncbi.nlm.nih.gov/pubmed/25267682
https://doi.org/10.3390/v6124961
http://www.ncbi.nlm.nih.gov/pubmed/25514370
https://doi.org/10.1200/JCO.2016.69.3812
http://www.ncbi.nlm.nih.gov/pubmed/27863194
https://doi.org/10.1371/journal.pone.0252313


7. Uhlin M, Wikell H, Sundin M, Blennow O, Maeurer M, Ringden O, et al. Risk factors for Epstein-Barr

virus-related post-transplant lymphoproliferative disease after allogeneic hematopoietic stem cell trans-

plantation. Haematologica. 2014; 99(2):346–52. Epub 2013/09/24. https://doi.org/10.3324/haematol.

2013.087338 PMID: 24056821; PubMed Central PMCID: PMC3912966.

8. Cieniewicz B, Santana AL, Minkah N, Krug LT. Interplay of Murine Gammaherpesvirus 68 with NF-kap-

paB Signaling of the Host. Front Microbiol. 2016; 7:1202. Epub 2016/09/02. https://doi.org/10.3389/

fmicb.2016.01202 PMID: 27582728; PubMed Central PMCID: PMC4987367.

9. Barton E, Mandal P, Speck SH. Pathogenesis and host control of gammaherpesviruses: lessons from

the mouse. Annu Rev Immunol. 2011; 29:351–97. Epub 2011/01/12. https://doi.org/10.1146/annurev-

immunol-072710-081639 PMID: 21219186.

10. Xu Y, AuCoin DP, Huete AR, Cei SA, Hanson LJ, Pari GS. A Kaposi’s sarcoma-associated herpesvi-

rus/human herpesvirus 8 ORF50 deletion mutant is defective for reactivation of latent virus and DNA

replication. J Virol. 2005; 79(6):3479–87. Epub 2005/02/26. https://doi.org/10.1128/JVI.79.6.3479-

3487.2005 PMID: 15731242; PubMed Central PMCID: PMC1075731.

11. Pavlova IV, Virgin HWt, Speck SH. Disruption of gammaherpesvirus 68 gene 50 demonstrates that Rta

is essential for virus replication. J Virol. 2003; 77(10):5731–9. Epub 2003/04/30. https://doi.org/10.

1128/jvi.77.10.5731-5739.2003 PMID: 12719566; PubMed Central PMCID: PMC154050.

12. Li G, Ward C, Yeasmin R, Skiena S, Krug LT, Forrest JC. A codon-shuffling method to prevent reversion

during production of replication-defective herpesvirus stocks: Implications for herpesvirus vaccines. Sci

Rep. 2017; 7:44404. Epub 2017/03/14. https://doi.org/10.1038/srep44404 PMID: 28287622; PubMed

Central PMCID: PMC5347388.

13. Moser JM, Farrell ML, Krug LT, Upton JW, Speck SH. A gammaherpesvirus 68 gene 50 null mutant

establishes long-term latency in the lung but fails to vaccinate against a wild-type virus challenge. J

Virol. 2006; 80(3):1592–8. Epub 2006/01/18. https://doi.org/10.1128/JVI.80.3.1592-1598.2006 PMID:

16415035; PubMed Central PMCID: PMC1346930.

14. Frederico B, Chao B, May JS, Belz GT, Stevenson PG. A murid gamma-herpesviruses exploits normal

splenic immune communication routes for systemic spread. Cell Host Microbe. 2014; 15(4):457–70.

Epub 2014/04/12. https://doi.org/10.1016/j.chom.2014.03.010 PMID: 24721574.

15. van Dyk LF, Virgin HWt, Speck SH. The murine gammaherpesvirus 68 v-cyclin is a critical regulator of

reactivation from latency. J Virol. 2000; 74(16):7451–61. Epub 2000/07/25. https://doi.org/10.1128/jvi.

74.16.7451-7461.2000 PMID: 10906198; PubMed Central PMCID: PMC112265.

16. Lee KS, Suarez AL, Claypool DJ, Armstrong TK, Buckingham EM, van Dyk LF. Viral cyclins mediate

separate phases of infection by integrating functions of distinct mammalian cyclins. PLoS Pathog.

2012; 8(2):e1002496. Epub 2012/02/10. https://doi.org/10.1371/journal.ppat.1002496 PMID:

22319441; PubMed Central PMCID: PMC3271081.

17. Verschuren EW, Jones N, Evan GI. The cell cycle and how it is steered by Kaposi’s sarcoma-associated

herpesvirus cyclin. J Gen Virol. 2004; 85(Pt 6):1347–61. Epub 2004/05/29. https://doi.org/10.1099/vir.

0.79812-0 PMID: 15166416.

18. Williams LM, Niemeyer BF, Franklin DS, Clambey ET, van Dyk LF. A Conserved Gammaherpesvirus

Cyclin Specifically Bypasses Host p18(INK4c) To Promote Reactivation from Latency. J Virol. 2015; 89

(21):10821–31. Epub 2015/08/21. https://doi.org/10.1128/JVI.00891-15 PMID: 26292318; PubMed

Central PMCID: PMC4621100.

19. Jones T, Ramos da Silva S, Bedolla R, Ye F, Zhou F, Gao SJ. Viral cyclin promotes KSHV-induced cel-

lular transformation and tumorigenesis by overriding contact inhibition. Cell Cycle. 2014; 13(5):845–58.

Epub 2014/01/15. https://doi.org/10.4161/cc.27758 PMID: 24419204; PubMed Central PMCID:

PMC3979920.

20. van Dyk LF, Hess JL, Katz JD, Jacoby M, Speck SH, Virgin HI. The murine gammaherpesvirus 68 v-

cyclin gene is an oncogene that promotes cell cycle progression in primary lymphocytes. J Virol. 1999;

73(6):5110–22. Epub 1999/05/11. https://doi.org/10.1128/JVI.73.6.5110-5122.1999 PMID: 10233974;

PubMed Central PMCID: PMC112556.

21. Fowler P, Marques S, Simas JP, Efstathiou S. ORF73 of murine herpesvirus-68 is critical for the estab-

lishment and maintenance of latency. J Gen Virol. 2003; 84(Pt 12):3405–16. Epub 2003/12/03. https://

doi.org/10.1099/vir.0.19594-0 PMID: 14645921.

22. Gupta A, Oldenburg DG, Salinas E, White DW, Forrest JC. Murine Gammaherpesvirus 68 Expressing

Kaposi Sarcoma-Associated Herpesvirus Latency-Associated Nuclear Antigen (LANA) Reveals both

Functional Conservation and Divergence in LANA Homologs. J Virol. 2017; 91(19). Epub 2017/07/28.

https://doi.org/10.1128/JVI.00992-17 PMID: 28747501; PubMed Central PMCID: PMC5599733.

23. Sifford JM, Stahl JA, Salinas E, Forrest JC. Murine Gammaherpesvirus 68 LANA and SOX Homologs

Counteract ATM-Driven p53 Activity during Lytic Viral Replication. J Virol. 2015; 90(5):2571–85. Epub

PLOS ONE Gene editing of MHV68

PLOS ONE | https://doi.org/10.1371/journal.pone.0252313 June 4, 2021 17 / 19

https://doi.org/10.3324/haematol.2013.087338
https://doi.org/10.3324/haematol.2013.087338
http://www.ncbi.nlm.nih.gov/pubmed/24056821
https://doi.org/10.3389/fmicb.2016.01202
https://doi.org/10.3389/fmicb.2016.01202
http://www.ncbi.nlm.nih.gov/pubmed/27582728
https://doi.org/10.1146/annurev-immunol-072710-081639
https://doi.org/10.1146/annurev-immunol-072710-081639
http://www.ncbi.nlm.nih.gov/pubmed/21219186
https://doi.org/10.1128/JVI.79.6.3479-3487.2005
https://doi.org/10.1128/JVI.79.6.3479-3487.2005
http://www.ncbi.nlm.nih.gov/pubmed/15731242
https://doi.org/10.1128/jvi.77.10.5731-5739.2003
https://doi.org/10.1128/jvi.77.10.5731-5739.2003
http://www.ncbi.nlm.nih.gov/pubmed/12719566
https://doi.org/10.1038/srep44404
http://www.ncbi.nlm.nih.gov/pubmed/28287622
https://doi.org/10.1128/JVI.80.3.1592-1598.2006
http://www.ncbi.nlm.nih.gov/pubmed/16415035
https://doi.org/10.1016/j.chom.2014.03.010
http://www.ncbi.nlm.nih.gov/pubmed/24721574
https://doi.org/10.1128/jvi.74.16.7451-7461.2000
https://doi.org/10.1128/jvi.74.16.7451-7461.2000
http://www.ncbi.nlm.nih.gov/pubmed/10906198
https://doi.org/10.1371/journal.ppat.1002496
http://www.ncbi.nlm.nih.gov/pubmed/22319441
https://doi.org/10.1099/vir.0.79812-0
https://doi.org/10.1099/vir.0.79812-0
http://www.ncbi.nlm.nih.gov/pubmed/15166416
https://doi.org/10.1128/JVI.00891-15
http://www.ncbi.nlm.nih.gov/pubmed/26292318
https://doi.org/10.4161/cc.27758
http://www.ncbi.nlm.nih.gov/pubmed/24419204
https://doi.org/10.1128/JVI.73.6.5110-5122.1999
http://www.ncbi.nlm.nih.gov/pubmed/10233974
https://doi.org/10.1099/vir.0.19594-0
https://doi.org/10.1099/vir.0.19594-0
http://www.ncbi.nlm.nih.gov/pubmed/14645921
https://doi.org/10.1128/JVI.00992-17
http://www.ncbi.nlm.nih.gov/pubmed/28747501
https://doi.org/10.1371/journal.pone.0252313


2015/12/18. https://doi.org/10.1128/JVI.02867-15 PMID: 26676792; PubMed Central PMCID:

PMC4810692.

24. Juillard F, de Miranda MP, Li S, Franco A, Seixas AF, Liu B, et al. KSHV LANA acetylation-selective

acidic domain reader sequence mediates virus persistence. Proc Natl Acad Sci U S A. 2020; 117

(36):22443–51. Epub 2020/08/21. https://doi.org/10.1073/pnas.2004809117 PMID: 32820070;

PubMed Central PMCID: PMC7486799.

25. Adler H, Steer B, Freimuller K, Haas J. Murine gammaherpesvirus 68 contains two functional lytic ori-

gins of replication. J Virol. 2007; 81(13):7300–5. Epub 2007/04/20. https://doi.org/10.1128/JVI.02406-

06 PMID: 17442722; PubMed Central PMCID: PMC1933304.

26. Lin CL, Li H, Wang Y, Zhu FX, Kudchodkar S, Yuan Y. Kaposi’s sarcoma-associated herpesvirus lytic

origin (ori-Lyt)-dependent DNA replication: identification of the ori-Lyt and association of K8 bZip protein

with the origin. J Virol. 2003; 77(10):5578–88. Epub 2003/04/30. https://doi.org/10.1128/jvi.77.10.5578-

5588.2003 PMID: 12719550; PubMed Central PMCID: PMC154033.

27. Deng H, Chu JT, Park NH, Sun R. Identification of cis sequences required for lytic DNA replication and

packaging of murine gammaherpesvirus 68. J Virol. 2004; 78(17):9123–31. Epub 2004/08/17. https://

doi.org/10.1128/JVI.78.17.9123-9131.2004 PMID: 15308708; PubMed Central PMCID: PMC506910.

28. Sattler C, Steer B, Adler H. Multiple Lytic Origins of Replication Are Required for Optimal Gammaher-

pesvirus Fitness In Vitro and In Vivo. PLoS Pathog. 2016; 12(3):e1005510. Epub 2016/03/24. https://

doi.org/10.1371/journal.ppat.1005510 PMID: 27007137; PubMed Central PMCID: PMC4805163.

29. Doudna JA, Charpentier E. Genome editing. The new frontier of genome engineering with CRISPR-

Cas9. Science. 2014; 346(6213):1258096. Epub 2014/11/29. https://doi.org/10.1126/science.1258096

PMID: 25430774.

30. Jiang F, Doudna JA. CRISPR-Cas9 Structures and Mechanisms. Annu Rev Biophys. 2017; 46:505–29.

Epub 2017/04/05. https://doi.org/10.1146/annurev-biophys-062215-010822 PMID: 28375731.

31. Forrest JC, Speck SH. Establishment of B-cell lines latently infected with reactivation-competent murine

gammaherpesvirus 68 provides evidence for viral alteration of a DNA damage-signaling cascade. J

Virol. 2008; 82(15):7688–99. Epub 2008/05/23. https://doi.org/10.1128/JVI.02689-07 PMID: 18495760;

PubMed Central PMCID: PMC2493333.

32. Collins CM, Speck SH. Tracking murine gammaherpesvirus 68 infection of germinal center B cells in

vivo. PLoS One. 2012; 7(3):e33230. Epub 2012/03/20. https://doi.org/10.1371/journal.pone.0033230

PMID: 22427999; PubMed Central PMCID: PMC3302828.

33. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. Genome engineering using the CRISPR-

Cas9 system. Nat Protoc. 2013; 8(11):2281–308. Epub 2013/10/26. https://doi.org/10.1038/nprot.2013.

143 PMID: 24157548; PubMed Central PMCID: PMC3969860.

34. Joung J, Konermann S, Gootenberg JS, Abudayyeh OO, Platt RJ, Brigham MD, et al. Genome-scale

CRISPR-Cas9 knockout and transcriptional activation screening. Nat Protoc. 2017; 12(4):828–63.

Epub 2017/03/24. https://doi.org/10.1038/nprot.2017.016 PMID: 28333914; PubMed Central PMCID:

PMC5526071.

35. Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA, Mikkelson T, et al. Genome-scale CRISPR-Cas9

knockout screening in human cells. Science. 2014; 343(6166):84–7. Epub 2013/12/18. https://doi.org/

10.1126/science.1247005 PMID: 24336571; PubMed Central PMCID: PMC4089965.

36. Santana AL, Oldenburg DG, Kirillov V, Malik L, Dong Q, Sinayev R, et al. RTA Occupancy of the Origin

of Lytic Replication during Murine Gammaherpesvirus 68 Reactivation from B Cell Latency. Pathogens.

2017; 6(1). Epub 2017/02/18. https://doi.org/10.3390/pathogens6010009 PMID: 28212352; PubMed

Central PMCID: PMC5371897.

37. Paden CR, Forrest JC, Tibbetts SA, Speck SH. Unbiased mutagenesis of MHV68 LANA reveals a

DNA-binding domain required for LANA function in vitro and in vivo. PLoS Pathog. 2012; 8(9):

e1002906. Epub 2012/09/13. https://doi.org/10.1371/journal.ppat.1002906 PMID: 22969427; PubMed

Central PMCID: PMC3435236.

38. Gray KS, Allen RD 3rd, Farrell ML, Forrest JC, Speck SH. Alternatively initiated gene 50/RTA tran-

scripts expressed during murine and human gammaherpesvirus reactivation from latency. J Virol. 2009;

83(1):314–28. Epub 2008/10/31. https://doi.org/10.1128/JVI.01444-08 PMID: 18971285; PubMed Cen-

tral PMCID: PMC2612301.

39. Wakeman BS, Johnson LS, Paden CR, Gray KS, Virgin HW, Speck SH. Identification of alternative

transcripts encoding the essential murine gammaherpesvirus lytic transactivator RTA. J Virol. 2014; 88

(10):5474–90. Epub 2014/02/28. https://doi.org/10.1128/JVI.03110-13 PMID: 24574412; PubMed Cen-

tral PMCID: PMC4019092.

40. Forrest JC, Paden CR, Allen RD 3rd, Collins J, Speck SH. ORF73-null murine gammaherpesvirus 68

reveals roles for mLANA and p53 in virus replication. J Virol. 2007; 81(21):11957–71. Epub 2007/08/19.

https://doi.org/10.1128/JVI.00111-07 PMID: 17699571; PubMed Central PMCID: PMC2168792.

PLOS ONE Gene editing of MHV68

PLOS ONE | https://doi.org/10.1371/journal.pone.0252313 June 4, 2021 18 / 19

https://doi.org/10.1128/JVI.02867-15
http://www.ncbi.nlm.nih.gov/pubmed/26676792
https://doi.org/10.1073/pnas.2004809117
http://www.ncbi.nlm.nih.gov/pubmed/32820070
https://doi.org/10.1128/JVI.02406-06
https://doi.org/10.1128/JVI.02406-06
http://www.ncbi.nlm.nih.gov/pubmed/17442722
https://doi.org/10.1128/jvi.77.10.5578-5588.2003
https://doi.org/10.1128/jvi.77.10.5578-5588.2003
http://www.ncbi.nlm.nih.gov/pubmed/12719550
https://doi.org/10.1128/JVI.78.17.9123-9131.2004
https://doi.org/10.1128/JVI.78.17.9123-9131.2004
http://www.ncbi.nlm.nih.gov/pubmed/15308708
https://doi.org/10.1371/journal.ppat.1005510
https://doi.org/10.1371/journal.ppat.1005510
http://www.ncbi.nlm.nih.gov/pubmed/27007137
https://doi.org/10.1126/science.1258096
http://www.ncbi.nlm.nih.gov/pubmed/25430774
https://doi.org/10.1146/annurev-biophys-062215-010822
http://www.ncbi.nlm.nih.gov/pubmed/28375731
https://doi.org/10.1128/JVI.02689-07
http://www.ncbi.nlm.nih.gov/pubmed/18495760
https://doi.org/10.1371/journal.pone.0033230
http://www.ncbi.nlm.nih.gov/pubmed/22427999
https://doi.org/10.1038/nprot.2013.143
https://doi.org/10.1038/nprot.2013.143
http://www.ncbi.nlm.nih.gov/pubmed/24157548
https://doi.org/10.1038/nprot.2017.016
http://www.ncbi.nlm.nih.gov/pubmed/28333914
https://doi.org/10.1126/science.1247005
https://doi.org/10.1126/science.1247005
http://www.ncbi.nlm.nih.gov/pubmed/24336571
https://doi.org/10.3390/pathogens6010009
http://www.ncbi.nlm.nih.gov/pubmed/28212352
https://doi.org/10.1371/journal.ppat.1002906
http://www.ncbi.nlm.nih.gov/pubmed/22969427
https://doi.org/10.1128/JVI.01444-08
http://www.ncbi.nlm.nih.gov/pubmed/18971285
https://doi.org/10.1128/JVI.03110-13
http://www.ncbi.nlm.nih.gov/pubmed/24574412
https://doi.org/10.1128/JVI.00111-07
http://www.ncbi.nlm.nih.gov/pubmed/17699571
https://doi.org/10.1371/journal.pone.0252313


41. Moorman NJ, Willer DO, Speck SH. The gammaherpesvirus 68 latency-associated nuclear antigen

homolog is critical for the establishment of splenic latency. J Virol. 2003; 77(19):10295–303. Epub

2003/09/13. https://doi.org/10.1128/jvi.77.19.10295-10303.2003 PMID: 12970414; PubMed Central

PMCID: PMC228443.

42. Tso FY, West JT, Wood C. Reduction of Kaposi’s Sarcoma-Associated Herpesvirus Latency Using

CRISPR-Cas9 To Edit the Latency-Associated Nuclear Antigen Gene. J Virol. 2019; 93(7). Epub 2019/

01/18. https://doi.org/10.1128/JVI.02183-18 PMID: 30651362; PubMed Central PMCID: PMC6430552.

43. Wang J, Quake SR. RNA-guided endonuclease provides a therapeutic strategy to cure latent herpesvir-

idae infection. Proc Natl Acad Sci U S A. 2014; 111(36):13157–62. Epub 2014/08/27. https://doi.org/10.

1073/pnas.1410785111 PMID: 25157128; PubMed Central PMCID: PMC4246930.

44. van Diemen FR, Kruse EM, Hooykaas MJ, Bruggeling CE, Schurch AC, van Ham PM, et al. CRISPR/

Cas9-Mediated Genome Editing of Herpesviruses Limits Productive and Latent Infections. PLoS

Pathog. 2016; 12(6):e1005701. Epub 2016/07/01. https://doi.org/10.1371/journal.ppat.1005701 PMID:

27362483; PubMed Central PMCID: PMC4928872.

45. Aubert M, Strongin DE, Roychoudhury P, Loprieno MA, Haick AK, Klouser LM, et al. Gene editing and

elimination of latent herpes simplex virus in vivo. Nat Commun. 2020; 11(1):4148. Epub 2020/08/20.

https://doi.org/10.1038/s41467-020-17936-5 PMID: 32811834; PubMed Central PMCID:

PMC7435201.

46. Aubert M, Madden EA, Loprieno M, DeSilva Feelixge HS, Stensland L, Huang ML, et al. In vivo disrup-

tion of latent HSV by designer endonuclease therapy. JCI Insight. 2016; 1(14). Epub 2016/09/20.

https://doi.org/10.1172/jci.insight.88468 PMID: 27642635; PubMed Central PMCID: PMC5026126.

47. Haapaniemi E, Botla S, Persson J, Schmierer B, Taipale J. CRISPR-Cas9 genome editing induces a

p53-mediated DNA damage response. Nat Med. 2018; 24(7):927–30. Epub 2018/06/13. https://doi.org/

10.1038/s41591-018-0049-z PMID: 29892067.

48. Chen YC, Sheng J, Trang P, Liu F. Potential Application of the CRISPR/Cas9 System against Herpesvi-

rus Infections. Viruses. 2018; 10(6). Epub 2018/05/31. https://doi.org/10.3390/v10060291 PMID:

29844277; PubMed Central PMCID: PMC6024784.

49. Yin C, Zhang T, Qu X, Zhang Y, Putatunda R, Xiao X, et al. In Vivo Excision of HIV-1 Provirus by

saCas9 and Multiplex Single-Guide RNAs in Animal Models. Mol Ther. 2017; 25(5):1168–86. Epub

2017/04/04. https://doi.org/10.1016/j.ymthe.2017.03.012 PMID: 28366764; PubMed Central PMCID:

PMC5417847.

50. Wang CX, Cannon PM. The clinical applications of genome editing in HIV. Blood. 2016; 127(21):2546–

52. Epub 2016/04/08. https://doi.org/10.1182/blood-2016-01-678144 PMID: 27053530; PubMed Cen-

tral PMCID: PMC4882804.

51. Horlbeck MA, Witkowsky LB, Guglielmi B, Replogle JM, Gilbert LA, Villalta JE, et al. Nucleosomes

impede Cas9 access to DNA in vivo and in vitro. Elife. 2016;5. Epub 2016/03/18. https://doi.org/10.

7554/eLife.12677 PMID: 26987018; PubMed Central PMCID: PMC4861601.

PLOS ONE Gene editing of MHV68

PLOS ONE | https://doi.org/10.1371/journal.pone.0252313 June 4, 2021 19 / 19

https://doi.org/10.1128/jvi.77.19.10295-10303.2003
http://www.ncbi.nlm.nih.gov/pubmed/12970414
https://doi.org/10.1128/JVI.02183-18
http://www.ncbi.nlm.nih.gov/pubmed/30651362
https://doi.org/10.1073/pnas.1410785111
https://doi.org/10.1073/pnas.1410785111
http://www.ncbi.nlm.nih.gov/pubmed/25157128
https://doi.org/10.1371/journal.ppat.1005701
http://www.ncbi.nlm.nih.gov/pubmed/27362483
https://doi.org/10.1038/s41467-020-17936-5
http://www.ncbi.nlm.nih.gov/pubmed/32811834
https://doi.org/10.1172/jci.insight.88468
http://www.ncbi.nlm.nih.gov/pubmed/27642635
https://doi.org/10.1038/s41591-018-0049-z
https://doi.org/10.1038/s41591-018-0049-z
http://www.ncbi.nlm.nih.gov/pubmed/29892067
https://doi.org/10.3390/v10060291
http://www.ncbi.nlm.nih.gov/pubmed/29844277
https://doi.org/10.1016/j.ymthe.2017.03.012
http://www.ncbi.nlm.nih.gov/pubmed/28366764
https://doi.org/10.1182/blood-2016-01-678144
http://www.ncbi.nlm.nih.gov/pubmed/27053530
https://doi.org/10.7554/eLife.12677
https://doi.org/10.7554/eLife.12677
http://www.ncbi.nlm.nih.gov/pubmed/26987018
https://doi.org/10.1371/journal.pone.0252313

