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ABSTRACT

Article info: Herpes simplex virus type 1 (HSV-1) is a highly contagious pathogen that establishes lifelong

Received: 12 aue 200 latent infections. The replication of HSV-1 is potentially influenced by the arginine succinate
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synthase (ASS1) gene, a key regulator of cellular metabolism. This study utilized the CRISPR—

Cas9 genome editing platform to specifically target and disrupt the ASS1 gene to examine its

effect on viral propagation. A guide RNA (gRNA) was designed to complement a sequence

Keywords: within the ASS1 gene. A donor plasmid and the pCas-guide plasmid were cloned and
Genome editing cotransfected into the human embryonic kidney (HEK) cells with sheared adenovirus (Ad)5
IC{IS{}/S';,R_Caw DNA (HEK293-AD) cells. Potential ASS1-knockout clones were identified and validated via
ASSI gene polymerase chain reaction (PCR) and DNA sequencing analysis. The impact on HSV-1

replication was quantified via a plaque assay to determine the viral titer. Sequencing data from
ASS1-gRNA/Cas9-treated cells did not confirm successful gene knockout, as the intended ASS1
disruption was not achieved. The viral titer did not significantly differ between the HSV-1
infection group (MOI=0.01) and the control group. These findings indicate that the single gRNA
designed for this study lacked sufficient specificity to elicit a CRISPR-Cas9-mediated gene
knockout. Therefore, employing a set of more specific gRNAs is recommended to increase
targeting efficiency. Further investigations are needed to elucidate the desired genetic
modification and observe its subsequent effects on HSV-1.
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1. Introduction

HSV-1, a prevalent member of the Herpesviridae
family, affects an estimated 64% of the global adult
population [1,2]. Primary infection occurs at epithelial
surfaces, followed by retrograde transport to sensory
ganglia, where the virus establishes a permanent latent
state within neuronal nuclei [3-5]. The metabolic
landscape of the host cell is significantly altered by
HSV-1, which increases glycolysis and modulates
pyruvate carboxylase activity. These reprogramming
channels carbon units into the tricarboxylic acid (TCA)
cycle and bolsters de novo nucleotide synthesis, leading
to an expanded pool of various nucleotides and an
increased flux of carbon through aspartate [6,7].
Arginine, an indispensable amino acid in the human
body, is involved in many biological functions, such as
the activation of reproductive systems, hormone
secretion, lipid metabolism, and wound healing. This
amino acid is produced from citrulline via two steps that
involve the enzymes arginine succinate synthase
(ASS1) and arginine succinate lyase, with ASS1 acting
as the limiting factor in this process [8,9]. The evidence
suggests that small interfering RNA (siRNA)-mediated
knockdown of ASS1 can increase HSV-1 production,
whereas ASS1 overexpression reduces the viral yield in
fibroblasts. Notably, ASS1-deficient cells remain
permissive for viral replication and protein synthesis
[6,10,11].

Clustered regularly interspaced short palindromic
repeats (CRISPR) systems, which rely on CRISPR
RNAs (crRNAs) along with CRISPR-associated (Cas9)
proteins, represent defense mechanisms within bacterial
and archaeal organisms that serve to direct the
destruction of complementary sequences found within
target DNA [12,13]. The CRISPR/Cas9 system is
predicated upon the Streptococcus pyogenes type 11
CRISPR system, which comprises gRNA and the Cas9
nuclease. The gRNA and Cas9 nuclease collaborate to
form an RNA-protein complex, which subsequently
enables the digestion of exclusive target sequences [14-
17]. The chimeric CRISPR/Cas9 system has been
modified for use in the cells of eukaryotic organisms,
leading to alterations in the genomes of various
organisms, such as  Drosophila, Zebrafish,
Caenorhabditis elegans, yeast, plants, and even
mammals [14,15,18].

In the present work, a monocistronic cassette
harboring a cytomegalovirus (CMV) promoter, a red
fluorescent protein (RFP) gene, and Simian vacuolating
virus 40 (SV40) polyadenylation signals were
constructed. This cassette was flanked by homology
arms corresponding to the ASSI locus to facilitate
precise  integration via  CRISPR-Cas9-assisted
homologous recombination. The objective of this
research was to design a gRNA to direct Cas9 to the
ASS1 gene, assess the inhibition of ASS1 expression,
and monitor the consequent effects on the kinetics of
HSV-1 replication.
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2. Materials and Methods

2.1 Cell culture

The human embryonic kidney (HEK) cells with
sheared adenovirus (Ad)5 DNA (HEK293-AD) were
cultured in high-glucose Dulbecco's modified Eagle’s
medium (DMEM) (Gibco, Gaithersburg, MD, USA)
enriched with 10% fetal bovine serum (FBS) (Gibco,
USA), streptomycin (100 pg/ml), and penicillin (100
IU/ml) (Sigma-Aldrich, St. Louis, MO, USA) and
maintained at 37°C with 5% CO2 [19].

2.2 Construction of plasmids

The plasmid GE100018 was utilized as a vector for
gRNA (pCas-Guide-EF1a-GFP) (Rockville, MD,
USA), and the plasmid pTZ57R/T (Thermo Fisher
Scientific, USA) was employed as a donor vector for
homologous recombination (HR). To establish the
CRISPR—Cas9 system that targets exon 13 of the human
ASS1 gene, we designed a gRNA sequence (5'-
GATCGACACTCACGCGACTTCGTTCG-3")  [20]
and inserted it into the gRNA expression cassettes of the
pCas-Guide-EF1a-GFP (GE100018) vector, which
includes the U6 promoter for gRNA transcription and
the CMYV promoter for Cas9 protein expression.

For the HR donor plasmid, the pTZ57/R vector was
used as a backbone. The pCMV-DsRed-SV40polyA
reporter cassette from the pDsRed-N1 vector (Takara
Bio) was subcloned and inserted into this backbone. To
generate compatible ends for TA cloning, the insert was
amplified via Taq DNA polymerase. The multiple
cloning site (MCS) region of the pDsRed-N1 fragment
was excised via digestion with BamHI and BglIl to
avoid conflict with restriction sites in the HR vector
MCS. Two homology arms designed to flank the Cas9
cleavage site were amplified via PCR. The pTZ57/R
vector, with T-overhangs suitable for TA cloning, has
an optimal packaging size for recombinant genomes
between 4.1 and 4.9 kb; however, the targeting
efficiency is highest, with homology arms exceeding 2
kb. This study utilized shorter arms of 0.6-0.9 kb [21,
22]. Specific primers with incorporated restriction sites
(EcoRI/Kpnl for the left arm; BamHI/HindIII for the
right arm) were used to amplify the ASS1 homology
arms (primer sequences in Table 1). The final ASS1
donor plasmid was assembled with a 5" homology arm
(791 bp), the pPCMV-DsRed-SV40polyA cassette, and a
3’ homology arm (834 bp) [23-25]. A diagram of the
plasmids is provided in Figure 1 and 2; both figures
were generated using the SnapGene software 8.0 (GSL
Biotech LLC, San Diego, CA, USA) [26].

2.3 Ligation, transformation, and colony PCR

The ligation step involved inserting the RFP gene into
the pTZ57R/T vector via a TA cloning kit made by
Thermo Fisher Scientific, USA.
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Table 1. The primers used for amplification of homologous arms.
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Primers Sequences 5'------—- >3’ Enzyme sites
FleftASS1 GAATTCCGGAAGGACGTGCCCAAGGTCGCCCA EcoRI
RleftASS1 GGTACCCCGGAAGTCGCGTGAGTGTCTGCAG Kpnl
FrightASS1 GGATCCGCGGTACATGAAGAGCTCCAAGGAGG BamHI
RrightASS1 AAGCTTGGGGGATTAGCCGCCAACTTTGAACA HindIII

PTZ57R/T
2887 bp

e
(CAP binding site)

Figure 1. pTZ57R/T vector and pDsRed-N1 vector.

- : FLAG
HRdsredwith left and right arm -

5947 bp e SV40 NLS

SV40 NLS}

Figure 2. Homologous recombination (HR) plasmid and pCas-guide plasmid.

The reaction mixture was prepared in a 10 pl volume
consisting of 3 pl of the insert gene (RFP), 3 pl of the
pTZ57R/T vector, 1 ul of T4 ligase, 2 pl of 5x ligation
buffer, and 1 pul of distilled water. The mixture was first
kept at 22°C for one hour and then kept at 4°C
overnight. The competent cells wused in the
transformation step were prepared via the calcium
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chloride method with the DHS5a strain of Escherichia
coli bacteria [27]. Specifically, E. coli cells were
cultured in 5 ml of Luria—Bertani (LB) (Sigma-Aldrich,
USA) broth and kept at 37°C overnight. The following
day, 100 pul of these cells was transferred to 5 ml of LB
broth and kept at 37°C until they grew to a certain
density (OD 0.6). After incubation, the mixture was
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centrifuged at 3000 rcf and 4°C for 5 minutes. The
supernatant was subsequently removed, and the pellet
was mixed with 1 ml of cold calcium chloride (0.1 M).
The suspension was then kept at -20°C for 5 minutes,
followed by centrifugation at 3000 rcf and 4°C for 5
minutes. This process was repeated twice with 750 pl
and 250 pl of cold calcium chloride. Finally, 3 ul of the
ligated DNA was mixed with 50 pl of the cell
suspension and kept cold on ice for 30 minutes. After
that, the suspension was quickly heated to 42°C for 90 s
before being immediately returned to ice. Subsequently,
950 pl of LB broth without antibiotics was added, and
the mixture was incubated at 37°C for 45 minutes. To
assess successful transformation, 100 pl of these cells
was plated on LB agar media supplemented with 100
mg/ml ampicillin, 20 mg/ml X-Gal, and 20 mg/ml IPTG
(Thermo Fisher, US). The plates were maintained at
37°C for 18 hours and then transferred to a 4°C
refrigerator for 2 hours. The recombinant plasmids
(pTZ-RFP) were confirmed through colony PCR via
M13 gene-specific primers [28].

A colony was removed via a loop and suspended in 50
ul of distilled water. Following centrifugation, 2 pl of
the solution was used as a template for PCR
amplification. The PCR protocol included initial
denaturation (95°C for 5 minutes), followed by 35
cycles of amplification (94°C for 30 seconds, 55°C for
30 seconds, and 72°C for 1 minute and 30 seconds), with
a final extension step at 72°C for 10 minutes. The
recombinant plasmids (pTZ-RFP) were removed from
the white colonies with a plasmid extraction kit
(Favorgen, Taiwan). Finally, to confirm the correct
orientation of the RFP gene in the pTZ57R vector, the
recombinant plasmid (pTZ-RFP) was digested with the
xbal enzyme (Thermo Fisher, USA) [29].

2.4 Generation of ASS1-knockout cell lines

To generate ASS1-knockout clones, HEK293-AD
cells were cotransfected with the pCas-Guide-EF1a-
GFP vector and the donor vector for ASS1. The
transfection was carried out via calcium phosphate
(Abcam, UK) according to the established protocols
provided by the supplier. The cells were subsequently
examined under a fluorescence microscope the
following day. Once observed, the entire contents of
each well were carefully removed from the 24-well
plate, and the cells were then placed in a refrigerated
centrifuge for 10 minutes at a rate of 10000. In the
subsequent stage, DNA extraction was performed on the
cells via deposition via a Yekta Tajhiz DNA Extraction
Kit. However, the accuracy of the ASS1-knockout clone
was verified by amplifying the DNA surrounding the
targeted region via PCR, followed by sequencing to
confirm the genetic modifications. The specific primers
utilized for PCR and sequencing can be found in Table
2. Furthermore, HEK293-AD cells were used as a
control in this study [25].
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2.5 Viral titer

To conduct an experiment examining the efficiency of
HSV-1 infection in ASSI gRNA-cloned cells, we
initiated the process by generating a series of dilutions
using a multiplicity of infection (MOI) of 0.01 for the
HSV-1 strain KOS. The HEK293 cells were
subsequently subjected to infection with the
aforementioned dilutions, specifically at a concentration
of 2x10°, for one hour at 37°C in DMEM. Upon
completion of this step, the supernatant containing the
viral particles was collected and subsequently
supplemented with 5% DMEM in each well of the cells
[30]. To determine the virus titer, we executed a plaque
assay, which was based on our previously conducted
research study [20,31,32]. By utilizing the dilution
factor, the number of formed plaques, and the amount of
virus, the viral titer was calculated in terms of plaque-
forming units (PFUs) per milliliter.

3. Results

3.1 Direct fluorescence assay

After a period of 24 hours, the cells were transfected
with Cas9 and gRNA plasmids. Subsequently,
fluorescence screening was conducted via fluorescence
microscopy to assess the transfection rate. A high
percentage of cells treated with either the CRISPR-Cas9
constructs or the control plasmids exhibited both green
and red fluorescence, confirming successful delivery
and expression of the plasmids (Figure 3).

3.2 Targeted disruption of the ASSI gene via the
CRISPR system

The efficacy of ASS1 gene disruption was analyzed
via PCR on genomic DNA from gRNA/Cas9-treated
HEK-AD cells. The assay was designed to detect two
distinct bands (1590 bp and 3111 bp) upon successful
knockout. However, only the 1590 bp band,
corresponding to the wild-type allele, was observed in
all the samples. This result indicates that the CRISPR-
Cas9 system did not disrupt the ASS1 gene. The control
(untreated ASS1 gene) yielded a single PCR product of
412 bp.

3.3 Sequencing of ASS1

Plasmids containing the CRISPR—Cas9 system, as
well as a negative control, were transfected into
HEK293-AD cells. To further validate the impact of the
CRISPR—Cas9 system, the ASS1 gene was sequenced
in untreated cells and those treated with this system. The
results indicated that the DNA segment remained
unaltered by Cas9 (Figure 4). Hence, we confirmed that
the designed CRISPR—Cas9 system did not effectively
induce changes in the ASS1 gene.
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Table 2. The primers used for PCR and sequencing of the ASS1-knockout clone.

Primers Sequences 5'------- >3’ Products length (bp)
FbeforeASS1 AGGTGCTGATACGGAGGGGAGGGC 1590 and 3111
RafterASS1 ATGATTTGGGGACTGTCTGGAAGA

Figure 3. Results of the direct fluorescence assay of cells treated with the CRISPR—Cas9 system from left to right (Control plasmid, green fluorescent

protein (GFP), and red fluorescent protein (RFP)).

Treated ASS1 (21,286 .. 21,479)

LN ]
21,100! 21,200' 21,300!

21,400!

21,500! 21,600!

ASS1

Figure 4. The sequencing results of the ASS1 gene treated with the CRISPR—Cas9 system generated with SnapGene software.

3.4 Viral titer

By observing the morphological changes in HSV-1-
infected HEK293-AD cells, cytopathic effects were
identified within a 24- to 48-hour period. According to
the results of a plaque formation assay, no discernible
alterations resulting from the editing system were
observed in HSV-1 infection at an MOI of 0.01.

4. Discussion

The ASS1 gene, located on chromosome 9, encodes
argininosuccinate synthetase. Its functional depletion
typically hinders enzyme production, a condition
previously associated with increased HSV-1 genome
replication, infectivity, and viral titer [6,33,34]. To
achieve ASS1 knockdown, we employed the CRISPR-
Cas9 system and designed a single gRNA to target a
specific sequence in exon 13. We then evaluated the
system's capacity to inhibit ASS1 and modulate HSV-1
replication in HEK293-AD cells. Fluorescence-based
assays confirmed successful transfection, as evidenced
by green fluorescent protein (GFP), and red fluorescent
protein (RFP) expression. However, PCR analysis of

treated cells failed to detect any genetic disruption of the
ASSI1 locus.

This lack of editing was further corroborated by DNA
sequencing, which revealed no mutations in the target
sequence. Consequently, the viral titer at an MOI of 0.01
was unchanged following treatment with ASS1-gRNA-
Cas9. Previous studies have revealed a correlation
between intracellular arginine levels and HSV-1
replication efficiency, with arginine deprivation
inhibiting viral propagation [35-37].

The restoration of normal virus production upon
arginine supplementation underscores its critical role in
the viral life cycle [36,38]. Early work by Wildy et al.
(1982) suggested that arginase released from
macrophages suppresses HSV-1 replication, suggesting
that arginine modulation is an antiviral strategy [39]. In
support of this, more recent research by Sanchez et al.
(2016) demonstrated that treatment with pegylated
arginase (peg-ARG1) potently inhibits HSV-1
replication, cell-to-cell spread, and cytopathic effects,
resulting in superior anti-HSV-1 activity compared with
that of acyclovir [40]. This research faced a main
limitation due to the insufficient specificity and
effectiveness of the single-gRNA designed to target the
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ASSI gene. The failure to produce a genetic knockout,
as confirmed by PCR and sequencing analysis,
prevented a clear assessment of the role of ASS1 in
influencing HSV-1 replication in this cellular model. As
a result, the viral titers could not be reliably compared
between ASSl-knockout and wild-type cells.
Additionally, using shorter homology arms (0.6—0.9 kb)
in the donor plasmid, although faster, may have reduced
the efficiency of homology-directed repair (HDR),
which is known to work best with arms longer than 2 kb
[41,42]. Relying on a single clonal cell line and using
only one MOI for viral infection also restricts the
broader applicability of the findings.

Future investigations should adopt a multifaceted
gRNA strategy, using a combination of highly specific
gRNAs targeting multiple exons of the ASS1 gene to
increase the likelihood of successful and biallelic
knockout. Employing computational tools for thorough
off-target prediction and selecting gRNAs with the
highest on-target scores is highly recommended.
Additionally, constructing donor vectors with extended
homology arms (>1.5 kb) can significantly increase
HDR efficiency [43].

Subsequent studies should also incorporate robust
functional validation methods, such as Western blotting,
to verify the absence of the ASSI protein alongside
genetic confirmation. To thoroughly assess the impact
on HSV-1, future work should evaluate viral replication
kinetics across various MOls and cell types, including
primary cells, to confirm that the results are not cell line
specific.

In conclusion, this study aimed to elucidate the
functional relationship between the ASS1 gene and
HSV-1 replication by employing CRISPR-Cas9-
mediated gene editing. While the transfection protocol
was successful, as evidenced by robust fluorescent
reporter expression, the designed CRISPR system failed
to introduce the intended genetic disruptions in the
ASS1 locus. This lack of efficacy, attributed to the
inadequate specificity of a single gRNA, resulted in no
observable phenotypic change in the host cells and,
consequently, no significant alteration in viral
replication kinetics at the tested MOI. These findings
underscore a critical technical challenge in CRISPR-
based research: the absolute necessity of employing
highly efficient and specific gRNAs to achieve
meaningful genetic perturbations. Therefore, this work
highlights that the potential role of ASS1 in HSV-1
replication remains an open question that requires
further investigation with a more potent and validated
knockout model to draw definitive conclusions.
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