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ABSTRACT

Manipulation of viral genomes is essential for studying viral gene function and utilizing viruses for
therapy. Several techniques for viral genome engineering have been developed. Homologous
recombination in virus-infected cells has traditionally been used to edit viral genomes; however, the
frequency of the expected recombination is quite low. Alternatively, large viral genomes have been
edited using a bacterial artificial chromosome (BAC) plasmid system. However, cloning of large viral
genomes into BAC plasmids is both laborious and time-consuming. In addition, because it is possible
for insertion into the viral genome of drug selection markers or parts of BAC plasmids to affect viral
function, artificial genes sometimes need to be removed from edited viruses. Herpes simplex virus
(HSV), a common DNA virus with a genome length of 152 kbp, causes labialis, genital herpes and
encephalitis. Mutant HSV is a candidate for oncotherapy, in which HSV is used to kill tumor cells. In
this study, the clustered regularly interspaced short palindromic repeat-Cas9 system was used to very
efficiently engineer HSV without inserting artificial genes into viral genomes. Not only gene-ablated
HSV but also gene knock-in HSV were generated using this method. Furthermore, selection with
phenotypes of edited genes promotes the isolation efficiencies of expectedly mutated viral clones.
Because our method can be applied to other DNA viruses such as Epstein-Barr virus,
cytomegaloviruses, vaccinia virus and baculovirus, our system will be useful for studying various
types of viruses, including clinical isolates.
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large viral genome.

Engineering viral genomes is essential not only for the
study of viral genes but also for the clinical application of
viruses. To date, several techniques for viral genome
engineering have been developed. For viruses with small
genomes, such as HIV and hepatitis C virus, editing is
relatively easy because small viral genomes can be cloned
into plasmids. On the other hand, for viruses containing
large genomes, including herpesviruses (1), coronavi-
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ruses such as severe acute respiratory syndrome
coronavirus, and baculoviruses, homologous recombi-
nation in virus-infected cells has traditionally been used
to edit viral genomes; however, the frequency of the
expected recombination is quite low. Alternatively, large
viral genomes can be edited by homologous recombina-
tion in Escherichia coli at relatively high frequencies
once the viral genome has been successfully cloned into a
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BAC plasmid (2-8). However, cloning of large viral
genomes into BAC plasmids is both laborious and time-
consuming. In addition, it is possible for insertion into
the viral genome of drug selection markers or parts of
BAC plasmids to affect viral function. Therefore,
artificial genes sometimes need to be removed from
edited viruses using recombination systems such as the
cre-loxP or Flp-FRT recognition target systems.

Invading nucleic acids can be destroyed by the
CRISPR microbial defense system (9-11). A chimeric
sgRNA directs Cas9 nuclease from Streptococcus
pyogenes to genome sequences that are followed by a
5'-NGG PAM (12-15). The CRISPR nuclease system,
which has been adapted for use in mammalian cells,
facilitates genome editing by co-expressing bacterial
Cas9 nuclease, which is optimized for expression in
mammalian cells along with the guide sequence (16-18).
Consequently, the CRISPR-Cas system has been used to
generate genetically engineered mice (19) and induce
alterations to the genomes of zebrafish (20), Drosophila
(21), Caenorhabditis elegans (22), plants (23) and yeast
(24). In this study, we developed an efficient method for
editing large viral DNA genomes using the CRISPR-Cas
system.

MATERIALS AND METHODS
Viruses and cells

Herpes simplex virus-1 (strain F; Gene Bank:
GU734771.1) was kindly provided by Dr. Y. Kawaguchi
(University of Tokyo, Tokyo, Japan). HEK 293 T and
Vero cells were cultured at 37 °C in 5% CO, in DMEM
(Nacalai, Kyoto, Japan) supplemented with 10% or 1%
FCS (Hyclone, Logan, UT, USA), 100 U/mL of penicillin,
100 pg/mL of streptomycin and 50 wM 2-mercaptoe-
thanol (Nacalai).

Plasmid and transfection

The targeting plasmids of the CRISPR-Cas9 system were
constructed by introducing synthesized oligo-DNA
primers corresponding to each target sequence into
the Bbsl restriction sites of the pX330-U6-Chimeric_BB-
CBh-hSpCas9 plasmid (Addgene, Cambridge, MA,
USA). Guide sequences were selected by identifying
the 20 bp sequence directly upstream of any 5-NGG
sequence in either gE or TK genes. Twenty nucleotide
guide sequences for gE or TK that contained 15 or fewer
nucleotides matched to any unrelated genomic sequen-
ces were selected. An additional guanine or cytosine was
appended in the sense or anti-sense primer directly at the
5" or 3’ end of the target sequence to allow guanine to be
the first base of the U6 transcript. Human CDS8A
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(AY039664.1) was cloned into the pClneo expression
plasmid (pClneo-CD8; Promega, Madison, WI, USA).
Plasmids and ssODN were transfected into cells using
PEI Max (2 pg/mL in H,O; Polysciences, Warrington,
PA, USA).

Mutant virus production

Human embryonic kidney 293 T cells were cultured at a
density of 6 x 10°cells/dish in a 100 mm dishes with
12mL of DMEM containing 10% FCS. Transfection
reagents were prepared as described below. For genera-
tion of mutant viruses, mock or targeting Cas9/sgRNA
constructs and pCIneo-CD8 (12 g each) were diluted in
1.5 mL of OPTI-MEM (Life Technologies, Carlsbad, CA,
USA). For generation of revertant or knock-in viruses, a
pair of targeting Cas9/sgRNA constructs, pClneo-CDS,
and ssODN, containing sequences (6 ug each) for
repairing or knock-in was diluted in 1.5mL of OPTI-
MEM. The diluted plasmids were mixed with 120 g of
PEI diluted in 1.5 mL of OPTI-MEM for 20 min at room
temperature. Thereafter, the plasmids and PEI mixture
were added to HEK 293 T cells. After culture for 2 days,
the transfectants were mixed with microbeads labeled
with anti-human CD8 monoclonal antibody (mAb;
Miltenyi Biotech, Bergisch Gladbach, Germany) and
CD8+ cells isolated using autoMACS or MACS LS
columns (Miltenyi), and then infected with HSV-1. After
2-3 hr of infection, the supernatants were replaced with
fresh DMEM containing 1% FCS to remove the original
viruses. At the same time, ssODN (0.8 ug/50 uL of
OPTI-MEM) containing sequences for repairing or
knock-in was retransfected using PEI (4 ng/50 nL of
OPTI-MEM) to generate revertant or knock-in viruses.
After 2-3 days of culture, supernatants that were
expected to contain mutated viruses were serially diluted
10°-10°-fold and then mixed with Vero cells (3 x 10*
cells/well in 96-well tissue culture plates) and kept for 3-
5 days. Cell surface phenotypes of Vero cells infected
with the recombinant viruses were analyzed by flow
cytometry. ACV-resistant cells were obtained by cultur-
ing the infected cells in the presence of ACV (3 pg/mL).
The gE and TK genes were amplified from culture
supernatants of infected cells and then sequenced.

ssODN

ssODN bearing a wild-type gE sequence of 150 nt was
designed to generate revertant virus (5-CAGACAC-
GATTCGTATATTCGCATCTCGGCACACGAGGTC-
GGCACGTCGAATCTCAACCAGACGACGTCCAT-
GGTGTAGGTCTGGTCGTCGTGCGCGATCGCAT-
GGATCGAGACGTTCGTGCTAAACGCCTCCCCG-
GGGGAAAACAGGAT-3). For generating virus carrying
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His-tagged gE, 138 ntssODN containing a His-tag sequence
between a gE signal sequence and extracellular domain of
gE (5-ATGGATCGCGGGGCGGTGGTGGGGTTTCT-
TCTCGGTGTTTGTGTTGTATCGTGCTTAGCGCA-
TCATCACCATCACCATGGAACGCCGAAAACGTCC-
TGGAGACGGGTGAGTGTCGGCGAGGACGTTTCGT-
TGCTTCCA-3") was used. Silent mutations (italicized) were
included in each ssODN sequence so they would not be
recognized by the Cas9/sgRNA constructs.

Flow cytometry analysis

Cells were incubated with anti-gE mAb (clone 0112;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) or
anti-6 x His mAb (clone OGHis; MBL, Nagoya, Japan)
as well as anti-gB mAb (clone 8) followed by Alexa 488-
or 647-conjugated anti-mouse IgGl or anti-mouse
IgG2a mAb (Life Technologies). Anti-gB mAb (clone
8) was established by immunizing the N-terminal gB
fragment (amino acid residues 30-150) fused with the
human IgG1 Fc region using TiterMax Gold adjuvant
(CytRx, Los Angeles, CA, USA) according to the
manufacturer's instructions. Anti-gB mAb produced
by B cell hybridoma was generated using a previously
described method (25). Expression of HSV-1 gE, gB and
6xHis was assessed using a flow cytometer, FACSCalibur
(BD Biosciences, Franklin Lakes, NJ, USA).

Genetic analysis

The gE and TK ORFs flanked with the 5 and 3’
untranslated region were amplified by PCR from
cultured supernatants of Vero cells infected with
mutated HSV-1 using KOD FX DNA polymerase
(Toyobo, Osaka, Japan) and sequence-specific primer
pairs (for gE: sense, 5'-TGACTTTGGCTCTTCTGGCG-
3’ and anti-sense, 5-ATCGCGATTAGCTCGTCTCC-
3'; for TK: sense, 5'-TGCAGCGACCCGCTTAACAG-3'
and anti-sense, 5-CGTCATAGCGCGGGTTCCTT-3')
according to the manufacturer’s instructions. After
purification of amplified DNA using the Wizard SV
Gel and PCR Clean-Up System (Promega), the gE and
TK DNA sequences were determined using a 3130x 1
genetic analyzer (Applied Biosystems, Waltham, MA,
USA).

RESULTS

Ablation of HSV gE and TK gene using the
CRISPR-Cas9 system

Herpes simplex virus 1 contains a large DNA genome of
152 kbp. HSV-1 gE functions as an Fc receptor to host
immunoglobulins and forms a heterodimer with gI (26,
27). To determine whether the CRISPR-Cas9 system
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could be used to edit viral genomes, first an attempt was
made to edit the gE gene by designing three unique 20 nt
guide sequences followed by PAM sequences in the ORF
of gE (Fig. la) and then cloning them into a plasmid-
expressing codon-optimized S. pyogenes Cas9 (Cas9)
and a chimeric sgRNA (17).These gE- or mock-targeting
Cas9/sgRNA constructs were transfected into HEK
293T cells along with a plasmid expressing human
CD8 as a marker of transfection. When CD8 positive
cells transfected with gE- or mock-targeting Cas9/
sgRNA were enriched and infected with HSV-1, high
proportions of gE-negative cells in HSV-infected cells
were observed in gE-targeting Cas9/sgRNA transfectants
but not in mock-transfectants (Fig. 1b). The proportion
of gE-negative cells in HSV-infected cells was quite low
when cells transfected with gE-targeting Cas9/sgRNA
had not been enriched for CD8 positive cells. Therefore,
enrichment of sgRNA/Cas9-expressing cells by using cell
surface marker increases efficiency of genome editing by
sgRNA/Cas9.

In order to isolate HSV-1 clones targeted by the
CRISPR-Cas9 system, culture supernatants containing
HSV-1 produced from the transfectants were sequen-
tially diluted and inoculated onto Vero cells in 96-well
tissue culture plates. Wells containing Vero cells that
were monoclonally infected with HSV-1 were identified
by microscopy and the HSV-1 genome around the gE
gene was amplified by PCR from the culture super-
natants of the infected cells. Thereafter, each gE gene
sequence was determined (Fig. 1a). Mutations in the gE
gene were detected in HSV-1 clones obtained from the
transfectants with all three gE-targeting plasmids but not
with mock plasmids (Fig. 1c). In particular, more than
60% of the clones contained the expected mutations in
gE when targeting sequences #30 and #776 had been
used. Cells infected with viruses possessing frameshift
mutations did not express gE on their surfaces (Fig. 1d).
On the other hand, cells infected with some HSV-1
clones carrying in-frame mutations in gE, such as #6-3
and #30-4, still expressed gE on their surfaces (Fig. 1d,f).
When expression of gE on cells infected with each HSV-
1 clone was assessed by flow cytometry and the gE gene
of each HSV-1 clone lacking gE expression on the cell
surface sequenced, almost all clones were found to
contain the expected gE mutations (Fig. le,f).

Next, another HSV-1 gene, TK, which is responsible
for susceptibility to ACV, one of the drugs used to treat
HSV and varicella-zoster virus infections, was examined.
ACV is phosphorylated by viral TK but not cellular TK,
and phosphorylated ACV competitively inhibits viral
DNA polymerase for deoxyguanosine triphosphate,
resulting in inhibition of viral replication (28, 29).
TK-disrupted viruses were also generated using the
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a -20 19 nucleotide No. C Mutated gE
5 . TCGGCTGCTATCCCCGGGACATGGA-TCGBBBGGCGGTGG.. 3 WT No.of clones| jiferent clone) Wild type g& Sequenced
TCGGCTGCTATCCCCGGGACATGGACTCGCGGGGCGGTGG..  mutant (6)-1 ook m =
TOGGCTGCTATCCCCGGGACATG---TCGOGGGGCGGTGG..  mutant (6)-2 oc 0(0)
TCGGCTGCTATCCCCGGGACATGG-—————— GGGCGGTGG..  mutant (6)-3 Target #6 4(3) 8 12
TATCCCCGGGACATGGA-TCG target (6) Target #30 5 (4) 5 "
2 40 nucleotide No.
5 . TGGATCGCGGGGCGGTGGTGGGGTTTCT-TCTEGETGTTT.. 3 WT Target #776 179 b 28
TGGATCGCGGGGCGGTGGTGGGGTTTCTTTCTCGGTGTTT..  mutant (30)-1
TGGATCGCGGGGCGGTGGTGGGGTTTC--TCTCGGTGTTT..  mutant (30)-2
TGGATCGCGGGGCGGTGGTGGGGTTT---TCTCGGTGTTT..  mutant (30)-3
TGGATCGCGGGGOGGTGGTGGGGTT---~TCTCGGTGTTT mutant (30)-4
GOGGTGGTGGGGTTTCT-TCT target (30) d
751 787 nucleotide No. o
5 . ATCGCCCACGACGACCAGACCTAC--ACCATBBACGTCG.. 3 WT non- #6-1 - #6-2
...ATCGCCCACGACGACCAGACCTAC-AACCATGGACGTCG. mutant (776)-1 infection
ATCGCCCACGACGACGAGACCTACACACCATGGACGTCG mutant (776)-2
ATCGCOCACGACGACGAGACCTACAGACCATGGACGTCG: mutant (776)-3 "
- ATCGCCCACGACGACCAGACCTAC--~CCATGGACGTCG. mutant (776)-4
 ATCGCCCACGACGACCAGACCTAC---ACATGGACGTCG.. mutant (776)-5
- ATCGCCCACGACGACCAGACCTA—--ACCATGGACGTCG..  mutant (776)-6
ATCGCOCACGACGA————————————— CCATGGACGTCG mutant (776)-7

CGACGACCAGACCTAC—--ACCA target (776)

Mock Cas9/sgRNA
Not infected  CD8* _Notisolated  CD8*

T e e T TTTTT—T

T HSVinfection (gB)—— &

e Flow cytometry analysis
No. of clones or wells

HSV i.nfection (gBy——»

No. of clones | gE gE (+) || Analyzed f
-20 15 63 70 nucleotide No.
Mock 0 24 24 TATCCCCGGGACATGGA-TCG target (#6)
Target #6 9 11 20 5'..TCGGCTGCTATCCCCGGGACATGGA-TCGBBBGGCG...AACGCCCA... 3@ WT
.. TCGGCTGCTATCCCCGGGACATGG--TCGCGGGGCG...AACGCCCA...  mutant (#8)-4
Target #30 4 16 20 .. TCGGCTGCTATCCCCGGGACATG-~--TCGCGGGGCG... AACGCCCA. mutant (#5)-1
. TCGGCTGCTATCCCCGGGACATGGACTCGCGGGGCG...AACGCCCA mutant (#5)-2
Target #776 34 1 45 . TCGGCTGCTATCCCCGGGACATGGAATCGCGGGGCG. AACGCCCA . mutant (#5)-5
.. TCGGCTGCTATCCCCG———=—=—=—= TCGCGGGGCG...AACGCCCA...  mutant (#5)-6
TCGGCTGCTATCCCCGGGACATGGA === == === ==~ ===~ CCCA mutant (#6)-7
. 2 40 nucleotide No.
Sequence anaIySIS GOGGTGGTGGGGTTTCT--TCT target (#30)
5 TGGATCGCGGGGCGGTGGTGGGGTTTCT--TCTEGETGTTT... 3 WT
TGGATCGCGGGGCGGTGGTGGGGTTTCTTTTCTCGGTGTTT. mutant (#30)-5
No. of clones TGGATCGCGGGGCGGTGGTGGGGTTT---~TCTCGGTGTTT mutant (#30)-3
Mutated gE 751 CGACGACCAGACETAG o 787 nucleotide No
ACGACCAGACCTAC-=====~, target (#776)
No.jof c\ones| (different clone) Wild type gE H Sequenced 5 . ATCGCCCACGACGACCAGACCTAC-. ACCATBBACGTCG.. 3 WT
...ATCGCCCACGACGACCAGACCTAC— AACCATGGACGTCG. mutant (#776)-1
Mock 0 (0) 2 2 ...ATCGCCCACGACGACCAGACCTAC--~---AGACCATGGACGTCG.. mutant (#776)-3
ATCGCCCACGACGACCAGACCTAC-----ATACCATGGACGTCG mutant (#776)-8
Target #6 9 (6) 0 9 ATCGCCCACGACGACCAGACCTAC— mutant (#776)-9
ATCGCCCACGACGACCAGACCTA-TGGACCAACCATGGACGTCG mutant (#776)-10
Target #30 3@ 0 2 ATCGCCCACGACGACCAGACCTAC--~~~----CCATGGACGTCG: mutant (#776)-4
Target #776 23 (8) 1 24 ATCGCCCACGACGACCAGACCTAC- ~-ATGGACGTCG.. mutant (#776)-11

ATCGCCCACGACGACCAGACC-~~~

ATGGACGTCG mutant (#776)-12

Fig. 1. Introduction of high-frequency gene-specific mutations into the HSV-1 genome using the CRISPR-Cas9 system. (a) Nucleic acid
sequences of the targeting sites on the wild-type HSV-1 gE gene and the mutated gene sequences induced by gE-targeting Cas9/sgRNA are
shown. Nucleic acid numbers for the g gene are indicated in the figure. PAM sequences are indicated by blue highlighting and substituted,
deleted or inserted nucleotides are in red font. (b) HEK 293T cells were transfected with g (#776)- or mock-targeting Cas9/sgRNA plasmid
along with CD8-expressing plasmid or only gt (#776)-targeting Cas9/sgRNA plasmid. CD8 positive cells were isolated with anti-CD8 mAb
labeled with magnetic beads. The isolated transfectants or cells transfected with only g (#776)-targeting Cas9/sgRNA were infected or not
infected with HSV-1. Expression of gE on infected and noninfected HEK 293T cells was assess by flow cytometry. Expression of gB was assessed
to distinguish infected cells from noninfected cells. (c) Nucleic acid sequences of g£ in HSV-1 clones produced from cells transfected with gE- or
mock-targeting Cas9/sgRNA constructs were analyzed. Numbers of gE-mutated and nonmutated HSV-1 clones and the total number of clones
are shown. (d) Expression of gE on Vero cells infected with the mock- or gE-mutated HSV-1 and not infected was assessed by flow cytometry.
Expression of gB was assessed to distinguish infected cells from noninfected cells. (e) Expression of gE on the surface of HSV-1 clones produced
from cells transfected with gE-targeting Cas9/sgRNA constructs were assessed by flow cytometry (upper panel). Nucleic acid sequences of gE in
HSV-1 clones that had not expressed gE on the cell surfaces of infected cells were analyzed. Two mock plasmid-transfected and gE-expressing
clones were analyzed as controls. Numbers of gE-mutated and nonmutated HSV-1 clones as well as total number of clones are shown (lower
panel). (f) Nucleic acid sequences around the targeting sites of the g£ gene are shown. After selection of HSV-1 clones expressing no gE on the
infected cells according to flow cytometry, the sequences of each gE gene of gE negative clones were analyzed. Nucleic acid numbers for the g£

gene are indicated in the figure. PAM sequences are indicated by blue highlighting and substituted, deleted or inserted nucleotides are in red
font.
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CRISPR-Cas9 system with the same procedure as that
used to generate gE-ablated viruses (Fig. 2a,b). Many
ACV-resistant HSV-1 mutants were obtained from cells
transfected with TK-targeting Cas9/sgRNA constructs,
whereas only one ACV-resistant HSV-1 clone was
obtained from cells transfected with mock-targeting
Cas9/sgRNA constructs (Fig. 2c). Almost half of the
clones obtained from cells transfected with TK-targeting
Cas9/sgRNA constructs contained the expected muta-
tions in the TK gene when construct #515, which targets
Cas9/sgRNA, had been used. Some clones (#515-2 and
-3) contained in-frame deletions in the TK gene but were
resistant to ACV. Because the region between amino acid
residues 161 and 192 in TK is highly conserved among
HSVs and is involved in nucleotide binding and
homodimerization of TK, an in-frame deletion in this
region might have significantly affected the function of
TK. Furthermore, all clones were found to contain
mutations in the TK gene after ACV selection (Fig. 2d).

In contrast, one ACV-resistant HSV-1 clone obtained
from cells transfected with mock-targeting Cas9/sgRNA
constructs had a mutation in TK gene that is not related
to the targeting site.

Generation of HSV-1 gE-revertant virus
using CRISPR-Cas9 system

Attempts were made to generate gE-revertant viruses
from gE-mutant HSV-1 using the CRISPR-Cas9 system
(Fig. 3a). A pair of Cas9/sgRNA constructs targeting the
flanking region of the mutated sites, a sSODN bearing a
wild-type gE sequence as the repair template and a CD8-
expressing plasmid, were cotransfected into HEK 293T
cells. Silent mutations were included in the repair
ssODN sequence so that it would not be recognized by
the Cas9/sgRNA constructs. Two days later, CD8
expressing cells were isolated and infected with gE-
mutant viruses (mutants #776-1,-2 and -9) (Fig. 1a,f).

a — Target Tar%et
. #41 2 #51
49 818 823 nucleotide No.
GACACGCGTCTGCGTTCG----ACC target (#41) 3 g
5 ..ATCAACACGCGTCTGCGTTCG---—-ACCAGGCTG...AGCCCC...3' WT
..ATCAACACGCGTCTG-=========—————m— == CCC... mutant (#41)-1
...ATCAACACGCGTCTGCGTTCG—=—-~ CCAGGCTG.,. mutant (#41)-2
...ATCAACACGCGTCTGCGTTCGG—-~--ACCAGGCTG... mutant (#41)-3
...ATCAACACGCGTCTGCGTTCGGCGCACCAGGCTG... mutant (#41)-4
489 509 hucleotide No.
CGCCGCCCTCCTGTGCT--ACC target (#515)
5 ..ATCCCATCGCCGCCCTCCTGTGCT--ACCEBEBECCGCGCGAT... 3' WT
...ATCCCATCGCCGCCCTCCTG-~~-~--, ACCCGGCCGCGCGAT...  mutant (#515)-1
...ATCCCATCGCCGCCCTCCTGT-~--= ACCCGGCCGCGCGAT...  mutant (#515)-2
...ATCCCATCGCCGCCCTCCTGTG-~---~ CCCGGCCGCGCGAT...  mutant (#515)-3
...ATCCCATCGCCGCCCTCCTGTG----ACCCGGCCGCGCGAT...  mutant (#515)-4
...ATCCCATCGCCGCCCTCCTGTGC---ACCCGGCCGCGCGAT...  mutant (#515)-5
...ATCCCATCGCCGCCCTCCTGTGCT-TACCCGGCCGCGCGAT...  mutant (#515)-6
...ATCCCATCGCCGCCCTCCTGTGC-CTACCCGGCCGCGCGAT...  mutant (#515)-7
...ATCCCATCGCCGCCCTCCTGTGCTCTACCCGGCCGCGCGAT...  mutant (#515)-8
...ATCCCATCGCCGCCCTCCTGTGCTGTACCCGGCCGCGCGAT... mutant (#515)-9
b Non-treatment
No. of clones mutated TK unrelated mutation wild type TK sequenced CPE+ inoculated well
. (different clone)
mock 0(0) 0 29 29 33 33
Target #41 4(3) 0 64 68 101 101
Target #515 25 (8) 0 27 52 65 80
d ACV-treatment
No. of clones (dmg:zﬁ]et‘ié};e) unrelated mutation wild type TK “ sequenced “ CPE+ | inoculated well
mock 0(0) 1 0 1 1 228
Target #41 6(2) 7 0 13 22 112
Target #515 66 (9) 4] 0 66 69 176

Fig. 2.

(a) Nucleic acid sequences of targeting sites for the wild-type HSV-

1 TK gene and mutated gene sequences induced by the CRISPR-Cas9

system are shown. Nucleic acid numbers for the 7K gene are indicated in the figure. PAM sequences are indicated by blue highlighting and

substituted, deleted or inserted nucleotides are indicated in red. (b) Nucleic

acid sequences of TK in HSV-1 clones produced from cells transfected

with TK- or mock-targeting Cas9/sgRNA constructs were analyzed. (c) Vero cells infected with HSV-1 produced from cells transfected with TK-
targeting CAS9/sgRNA constructs in the presence or absence of ACV were analyzed by microscopy (200 x). ACV-sensitive cells are round. (d)

Nucleic acid sequences of TK in HSV-1 clones that acquired ACV-resistance

© 2014 The Societies and Wiley Publishing Asia Pty Ltd

were analyzed.
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a

697 702 738 800 847 852 nucleotide No.
G==—=CCATGGACGTCGTCTGGTTG target (#793)
5 ...GCTATC...CTCCATCCATGCCATCGCCCACGACGACCAGACCTACA=—-CCATGGACGTCGTCTGGTTGAGETT...CTGTAT... 3
DL L U L D ULt 1l wr
3 -.CGATAG...GAGEBTAGGTAC! GCEEETGCTGCTGGTCTGGATGT ===GGTACCTGCAGCAGACCAACTCCTT...GACATA... &
TAG...GAGCTAGGTACGCTAGCGCGTGCTGCTGGTCTGGATGT ~—-GGTACCTGCAGCAGA CCAACTCTAA...GAC Oligo-DNA for repair
AGGTACGGTAGCGGGTGCTG target (#745¢)
AGCGGGTGCTGCTGGTCTGG target (#754c)
TGCTGCTGGTCTGGATGT---GG target (#760c)
...GCTATC...CTCCATCCATGCCATCGCCCACGACGACCAGACCTACA——ACCATGGACGTCGTCTGGTTGAGGTT...CTGTAT...  mutant (#776)-1
...GCTATC...CTCCATCCATGCCATCGCCCACGACGACCAGACCTACA-GACCATGGACGTCGTCTGGTTGAGGTT...CTGTAT...  mutant (#776)-3
...GCTATC...CTCCATCCATGCCATCGCCCACGACGACCAGACCTACAGCACCATGGACGTCGTCTGGTTGAGGTT...CTGTAT...  mutant (#776)-9
...GCTATC...CTCGATCCATGCGATCGCGCACGACGACCAGACCTACA-——CCATGGACGTCGTCTGGTTGAGATT...CTGTAT...  revertant (#745c+#793)
...GCTATC...CTCCATCCATGCGATCGCGCACGACGACCAGACCTACA-——CCATGGACGTCGTCTGGTTGAGATT...CTGTAT...  revertant (#754c+#793)
...GCTATC...CTCCATCCATGCCATCGCGCACGACGACCAGACCTACA===CCATGGACGTCGTCTGGTTGAGATT..CTGTAT...  revertant (#760c+#793)
non- E() revertant revertant revertant
infection 9

(#745C+#793) (#754c+#793) (#760c+#793)

HSV infection (gB)

c Flowcytometry analysis
No. of clones or wells
parent Targeting plasmids gE negative gE positive infected well
mutant (#776)-1 Mock 16 0 16
Target #745¢ + #793 11 1 12
Target #754c¢ + #793 13 1 14
Target #760c + #793 8 4 12
mutant (#776)-3 Mock 16 0 16
Target #745¢ + #793 9 2 11
Target #754¢ + #793 7 0 7
Target #760c + #793 6 1 7
mutant (#776)-9 Mock 16 0 16
Target #745c¢ + #793 10 2 12
Target #754c + #793 11 2 13
Target #760c + #793 10 1 11
Sequence analysis
No. of clones
parent Targeting plasmids revertant non-revertant additional mutation sequenced
mutant (#776)-1 Mock 0 16 0 16
Target #745¢ + #793 1 1 6 8
Target #754c¢ + #793 1 0 10 11
Target #760c + #793 3 4 2 9
mutant (#776)-3 Mock 0 14 0 14
Target #745¢ + #793 2 1 7 10
Target #754¢ + #793 0 3 4 7
Target #760c + #793 1 4 1 6
mutant (#776)-9 Mock 0 16 0 16
Target #745¢ + #793 2 2 8 12
Target #754c¢ + #793 1 4 4 9
Target #760c + #793 1 4 5 10

Fig. 3. Revertant HSV-1 was generated from gE-mutated HSV-1. (a) Nucleic acid sequences of targeting sites on the HSV-1 gE gene, sequence
of ssODN bearing the wild-type gE with some silent mutations used as a repair template, and the mutated gene sequences induced by the CRISPR-
Cas9 system are shown. Nucleic acid numbers for the gE gene are indicated in the figure. PAM sequences are indicated by blue highlighting,
substituted nucleotides are indicated in red and reverted sequences have orange highlighting. (b) Expression of gE on Vero cells infected with gE-
mutated parental HSV-1, gE revertant and cells without infection. gB and gE expression on infected Vero cells was assessed by flow cytometry. The
expression of gB was analyzed to distinguish infected cells from noninfected cells. Representative data derived from three independent experiments
are shown. (c) gE-reverted HSV-1 clones were produced from cells transfected with gE- or mock-targeting Cas9/sgRNA constructs and repair ssODN.
The gE expression on the surface of cells infected with each HSV-1 clone was assessed by flow cytometry. The number of HSV-1 clones that did or did
not express gE as well as the total number of HSV-1 clones analyzed are shown (upper panel). The nucleic acid sequence of gE in each HSV-1 clone
was analyzed. Numbers of gE-reverted HSV-1, gE-mutated parental HSV-1 and HSV-1 that acquired additional mutations are shown (lower panel).
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Production of gE-revertant clones was evaluated by
using flow cytometry to assess expression of gE on the
cell surfaces as well as sequencing of the gE genes of each
clone (Fig. 3a,b). Revertants expressing gE with silent
mutations were detected but no clone possessing the
wild-type gE was identified (Fig. 3a). No revertant was
obtained when the repair ssODN was transfected
without a pair of targeting plasmids. Generation by
revertant viruses was less efficient than that by viruses
carrying simple gE mutations (Figs. 1c, e and 3c). Some
viruses that failed to incorporate the repair ssODN had
additional muations in gE that were generated by a pair
of gE-targeting plasmids. The gE gene sequences around
the targeted sites of all five revertant clones generated
with a pair of plasmids targeting gE (#745c) and gE
(#793) along with ssODN were identical. Also, identical
gE sequences were obtained from the two revertant
clones generated with plasmids pair targeting gE (#754c)
and gE (#793) and from all five clones with plasmids
targeting gE (#760c) and gE (#793). The gE sequences
outside the targeted sites remained identical with the
parental sequence (Fig. 3a). HSV-1 genomic DNA
deleted by the pair of Cas9/sgRNA is seemingly repaired
more efficiently by ssODN than an undeleted parental
genome DNA is.

Mutant viruses expressing His-tagged gE from wild-
type HSV-1 were then generated using a procedure
similar to that used to generate the gE-revertant viruses.
A pair of Cas9/sgRNA constructs was designed to target
the flanking region of the signal sequence cleavage site.
ssODN co-transfected with the pair of Cas9/sgRNA
constructs was designed to include a His-tag down-
stream of the gE signal sequence (Fig. 4a). Vero cells
infected with the His-tagged gE mutant HSV-1 generat-
ed by this technique expressed His-tags on their surfaces
(Fig. 4b,c upper panel). Sequencing of gE genes amplified
by PCR from the culture supernatants of His-tag
expressing HSV-1-infected cells confirmed that the
His-tag was inserted within the gE gene sequence as
designed (Fig. 4a). The overall production frequency of
His-tagged knock-in viruses was approximately 10%
(Fig. 4c lower panel).

DISCUSSION

In this study, we exploited the CRISPR-Cas9 system to
edit a large 152kb genome of HSV-1. Our procedure
enabled us to generate HSV-1-containing specific gene
mutations at a high frequency in less than 2 weeks (Figs.
1c and 2b). More than 50% of the HSV-1 clones
generated by this system had the expected mutations
when appropriate target sequences had been used.
Because of the high efficiency of HSV-1 genome editing
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by our Cas9/sgRNA system, we could obtain the specific
mutants apparently without unexpected mutations.
However, not all targeting plasmids were highly efficient
at HSV-1 genome editing. Indeed, gene-ablation
efficiency was 33% and 5.8% when plasmids targeting
gE #6 and TK #41, respectively, were used. Efficiency of
editing viral genomes seems to be affected by the target
sequence. Use of certain phenotypic changes induced by
mutations enhances efficiency, as we have shown for
mutations of gE or TK. Indeed, almost 100% of the viral
clones had the expected mutations when the mutant
viruses were phenotypically enriched by gE expression or
ACV sensitivity. Therefore, generation of mutant HSV-1
using the CRISPR-Cas9 system is much more efficient
than that using the conventional method, in which
mutant viruses are generated by spontaneous homolo-
gous recombination in the presence of an extrinsically
introduced gene. Although we did not edit essential
genes that are involved in viral survival or infectivity, it
may be possible to edit the essential genes by using HEK
293T cells and Vero cells transfected with the wild-type
gene of interest. Although undesired “off-target”
mutations have been of concern with the CRISPR-
Cas9 system, off-target mutations might be decreased by
using a mutated Cas9 nuclease that does not cause
double-strand breaks but introduces a single-strand nick
(30). Use of mutant Cas9 might be useful for decreasing
the off-target effect in viral genome editing. Recently,
engineering of genes of adenovirus and HSV-1 by the
CRISPR-Cas9 system was reported (31). However, in the
current study, we generated not only gene-ablated virus
but also revertant virus from the gene gene-ablated virus,
which is close to essential for studying specific viral
genes. In addition, we assessed cells infected with mutant
virus by flow cytometry to directly ascertain the effects of
gene editing. Therefore, this study provides important
information required for editing viral genes with the
CRISPR-Cas9 system.

Use of the CRISPR-Cas9 system enabled us to rapidly
and efficiently generate mutant viruses without con-
structing BAC plasmids containing the viral genomes. In
addition, this method will allow functional analysis of
viral genes directly derived from the field or patients.
Because we detected knock-in viruses in approximately
10% of randomly chosen clones without the use of
selection markers, this system is useful not only for
introducing genetic ablation into viruses but also for
generating knock-in viruses. The CRISPR-Cas9 system is
reportedly useful for editing HIV genome integrated into
host cell genome (32). However, these authors' technique
differed from ours in that viral DNA genome was
directly edited by the CRISPR-Cas9 system. Because
HSV-1 mutants are candidates for clinical trials of
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a
-3 33 93 123  nucleotide No.
GTGTTTGTGTTGTATCGTGCT target (#53)
GTGTGTTGTATCGTGCTTGGC target (#57)
5 ..GACATG..CGGTGTTTGTGTTGTATCGTGCTIGECCR GG AACGCCCAAAACGTCCTGGAGACGGGTGAGT...CCAGCT... 3'
3' ..CTGTAC...GCCACAAACACAACATAGCACGAACCGCH========——eoee CCTTGCGEGEITTTGCAGGACCTCTGCCCACTCA...GGTCGA...5'
TTTGCAGGACCTCTGCCCACG target (#73c)

5' ..GACATG..CGGTGTTTGTGTTGTATCGTGCTTAGCGCATCATCACCATCACCATGGAACGCCGAAAACGTCCTGGAGACGGGTGAGT...CCAGCT... 3' His-gE (#53+#73c)
5 ...GACATG...CGGTGTTTGTGTTGTATCGTGCTTAGCGCATCATCACCATCACCATGGAACGCCCAAAACGTCCTGGAGACGGGTGAGT...CCAGCT... 3 His-gE (#57+#73c)
ATG...CGGTGTTTGTGTTGTATCGTGCTTAGCGCATCATCACCATCACCATGGAACGCCGAAAACGTCCTGGAGACGGGTGAGT...CCA Oligo-DNA for KI
6 x His

non-
infection

His-gE Kl
(#53+#73c)

His-gE Ki

mock (#57+#73c)

9E ()

HSV infection (gB)

Flow cytometry analysis
No. of clones or wells

Targeting plasmids | His negative  His positive || Infected well
Mock 95 0 95

Target #53 + #73¢C 71 3 74

Target #57 + #73¢ 77 4 81

Sequence analysis

No. of clones

Targeting plasmids| His-tagged gE  wild type gE  Additional mutation || Sequenced

Mock 0 84 0 84
Target #53 + #73¢C 3 60 4 67
Target #57 + #73c 4 64 8 76

Fig. 4. A His-tag was inserted into the gE sequence of wild-type HSV-1. (a) Nucleic acid sequences of targeting sites on the HSV-1 gE gene,
sequence of ssODN bearing a His-tag sequence downstream of gE signal sequence with some silent mutations used as a repair template, and the
mutated gene sequences induced by the CRISPR-Cas9 system are shown. Nucleic acid numbers for the gE gene are indicated in the figure. PAM
sequences are indicated by blue highlighting, substituted nucleotides are in red font and inserted sequences have orange highlighting. (b) The
His-tagged gE expression on Vero cells infected with HSV-1 mutated with mock-targeting Cas9/sgRNA along with ssODN, mutated with gE-
targeting Cas9/sgRNA along with ssODN and cells without infection are shown. Cells infected with HSV-1 that acquired additional mutations are
indicated as gE(—). Expression of gB and His-tagged gE on infected Vero cells was assessed by flow cytometry. The expression of gB was
analyzed to distinguish infected cells from noninfected cells. Representative data derived from three independent experiments are shown. (c)
HSV-1 clones expressing His-tagged gE were produced from cells transfected with gE- or mock-targeting Cas9/sgRNA constructs and ssODN for
His-tag insertion. The expression of His-tagged gE on the surface of cells infected with each HSV-1 clone was analyzed by flow cytometry. The
number of HSV-1 clones that did or did not express His-tagged gE as well as the total number of HSV-1 clones analyzed are shown (upper
panel). The nucleic acid sequence of gE in each HSV-1 clone was analyzed. Numbers of viruses expressing the His-tagged gE, wild-type gE and
additionally mutated gE are shown (lower panel).

oncolytic virotherapy, editing large viral genomes using
the CRISPR-Cas9 system could contribute to generating
mutant viruses suitable for therapeutic applications. In
addition, this system can be further applied to other large
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DNA viruses belonging to the Herpesviridae, Poxviridae
and Baculoviridae families, such as cytomegalovirus,
varicella-zoster virus, Epstein-Barr virus and vaccinia
virus. Furthermore, our technique will enable
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engineering of viruses for therapeutic usage such as viral
vector and tumor lysis more readily than conventional
methods.
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