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Abstract: Hepatitis B virus (HBV) chronically infects more than 240 million people worldwide,
causing chronic hepatitis, cirrhosis, and hepatocellular carcinoma (HCC). Genome editing using
CRISPR/Cas9 could provide new therapies because it can directly disrupt HBV genomes. How-
ever, because HBV genome sequences are highly diverse, the identical target sequence of guide
RNA (gRNA), 20 nucleotides in length, is not necessarily present intact in the target HBV DNA in
heterogeneous patients. Consequently, possible genome-editing drugs would be effective only for
limited numbers of patients. Here, we show that an adenovirus vector (AdV) bearing eight multiplex
gRNA expression units could be constructed in one step and amplified to a level sufficient for in vivo
study with lack of deletion. Using this AdV, HBV X gene integrated in HepG2 cell chromosome
derived from a heterogeneous patient was cleaved at multiple sites and disrupted. Indeed, four
targets out of eight could not be cleaved due to sequence mismatches, but the remaining four targets
were cleaved, producing irreversible deletions. Accordingly, the diverse X gene was disrupted at
more than 90% efficiency. AdV containing eight multiplex gRNA units not only offers multiple
knockouts of genes, but could also solve the problems of heterogeneous targets and escape mutants
in genome-editing therapy.

Keywords: CRISPR/Cas9; genome editing; adenovirus vector; multiplex guide RNAs; hepatitis B
virus (HBV); hepatocellular carcinoma; gene therapy

1. Introduction

Hepatitis B virus (HBV) causes chronic hepatitis, liver cirrhosis, and hepatocellular
carcinoma (HCC). Approximately 250 million people worldwide are persistently infected
with this virus [1] and more than 850,000 die each year (World Health Organization (2019)
factsheet, https:/ /www.who.int/en/news-room/fact-sheets/detail / hepatitis-b, accessed
on 28 September 2021). Current anti-HBV treatments with either nucleoside /nucleotide
analogs or interferon-« cannot eliminate the virus, and relapse is common [2]. Con-
sequently, there is an urgent need to cure chronic HBV patients in a fundamentally
different way.

Chronic HBV infection is a major risk factor for the development of HCC, accounting
for 60% of cases worldwide [3]. Integrated viral DNA has been reported in approximately
85% of HBV-related HCC cases [4-6]. The HBV X gene is often integrated into a chromo-
some in HCC cases [7] and correlated with HCC development and progression [8-11].
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Genome editing approaches that directly target the HBV genome have been proposed
as potential curative therapies [12,13]. Cas9 derived from Streptococcus pyogenes (spCas9)
recognizes both PAM sequences of NGG and the upstream target sequence of 20 nucleotides
(nt) specified by a single guide RNA (sgRNA; gRNA hereafter), and it cleaves the target
DNA. The same therapeutic vector is probably effective for both chronic hepatitis and
HCC because the vector requires only the nucleotide sequences of the target, present in
both the free virus genome and the viral DNA integrated into a chromosome. However,
a key problem for gene-editing therapy against HBV-associated diseases is that the HBV
genome is extremely diverse [14,15]. Even in the same genotype, the sequences of HBV
genomes diverge by up to 8% (i.e., 8 nt changes per 100 bp) and differ from patient to
patient. Moreover, in chronic hepatitis, single patients possess diverse HBV genomes called
quasispecies [16-18]. Drug-resistant mutant HBVs emerge within a short time because a
few resistant genome clones are already present and quickly become a major population
by selective growth [17].

In genome-editing applications, 20 bp recognition sequences must be identical to that
of gRNA used for therapy. If two gRNAs are available, they produce an irreversible deletion
and the target gene is effectively disrupted. However, in this strategy, 40 nt sequences must
be identical. Moreover, inefficient cleavage of one of the gRNA targets would result in
viral escape [19,20], suggesting that two gRNAs are probably insufficient to inhibit escape.
De Silva Feelixge et al. [21] suggested that multiplex target sites that encompass a highly
conserved viral protein-coding region may prevent resistance. However, currently, no
vector systems are available to resolve this problem.

Replication-deficient or E1-deleted adenovirus vector (AdV) is one of the most efficient
gene delivery systems, having a broad range of cell and tissue types [22]. This vector can
transduce DNA to both dividing and nondividing cells and confers high expression. AdV
does not integrate into a cellular chromosome and disappear after genome editing, which
is an advantage over lentiviral vectors. Its capacity is 8 kb, sufficient to contain full spCas9
expression units, and it enables a double-nicking strategy to be used (see Section 3), in con-
trast to AAV vectors. These features are advantageous for CRISPR/Cas9 approaches [23].
Although high immunogenicity is considered a major drawback of this vector, this problem
may be resolved using an AdV system, which showed low immunogenicity and long-term
expression for six months in immunocompetent mice [24,25]. However, preexisting adap-
tive immunity to Cas9 protein is present in human population at a high frequency, which
could reduce the efficacy of gene therapy using Cas9 [26-28].

We recently developed AdVs that contain four multiplex gRNA units consisting of
two double-nicking units, and showed that they can be amplified without a lack of the
gRNA expression units for in vivo experiments [29]. Here, we show that eight multiplex
gRNA units inserted in the AdV genome were completely stable. As a model of HCC, we
used a cell line containing the HBV X gene in a chromosome. We attempted to disrupt the
X gene using an AdV expressing eight multiplex gRNAs. The HBV X gene was not cleaved
at the sites of four targets out of eight due to sequence mismatches but was cleaved at the
remaining four target sites, causing irreversible deletions. Consequently, the X gene was
efficiently disrupted. These results suggested that this AdV could disrupt HBV X or other
genes derived from many other heterogeneous patients with HCC and chronic hepatitis
infected with HBV of different genotypes.

2. Results
2.1. Production of AdVs Expressing Multiplex gRNAs

The structures of AdVs that contain multiplex gRNA expression units are shown
in Figure 1. The unit, approximately 400 bp in length, consists of the U6 promoter of
approximately 270 bp, the target sequences of 20 nt, and the scaffold sequence of approx-
imately 90 nt (upper right), together with the connecting region of approximately 20 bp
complementary to the sequencing primers. We have reported the AdV Axg4dHBV-DR1
(Figure 1a, the first AdV), containing four gRNA expression units in tandem, that targets



Int. . Mol. Sci. 2021, 22, 10570

30f15

the C-terminal region of the HBV X gene near DR1 (the right end of the AdV genome
shown as red to purple units in the figure). To examine whether more gRNA units inserted
in the AdV genome can be stably maintained, we attempted to construct AdVs bearing
eight, twelve, and sixteen gRNA units in tandem (Figure 1a, second to fourth AdVs). The
second AdV, Axg8HBV-X, contains eight gRNA units, targeting the central coding region
of the HBV X gene (blue to orange units in the second AdV genome). The third AdV,
Axgl12HBV-X-DR1, conta ins all twelve gRNA units, targeting both regions (red to orange
units). By chance, we obtained a cosmid containing the AdV genome of Ax16HBV-X-2xDR1
that bears 16 gRNA units, which consists of two sets of four units targeting DR1 (double
copies of red to purple array), together with eight units targeting the X region (blue to
orange array).
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Figure 1. Production of highly multiplex AdVs. (a) Structures of AdVs. Each colored box corresponds
to one gRNA expression unit. (b) The BspEI-cleaved AdV genome of the second viral stock. Lane
m, marker; lanes 1-6, clone number; lane ¢, the parent cosmid containing the AdV genome. A,
AdV fragment derived from the parent cosmid identical to the vector backbone; c, the fragment of
the cosmid—AdYV junction in the cosmid. A blue arrow shows the AdV DNA fragment containing
multiplex gRNA units. Asterisk, a band of the DNA fragment containing fewer or more gRNA units.
The total cellular DNA of 293 cells infected with AdV of the first stock was digested with BspEI and
analyzed by agarose gel electrophoresis. The picture shown as 4 gRNAs originates from Figure 2b
of reference [29]. (c) The BspEI-cleaved AdV genome derived from infected cells with the third and
fourth stocks.
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Figure 2. Disruption of the HBV X gene derived from a different patient using AdV expressing 8 and
12 gRNAs. (a) Sequences of the HBV X gene present in a chromosome of Gx11 cells. Blue bold line,
X gene coding region. Three nucleotides differing between the two patients are shown as vertical
boxes containing the diverse nucleotides in red. The blue numbers 2, 4, 5, 8, and 9 with bold and red
vertical arrows show cut sites by Cas9. Their 20 nt recognition sequences are boxed in red. The black
numbers 1, 3, 6, and 7 with thin and broken vertical arrows show the sites not cleaved by Cas9. Their
20 nt recognition sequences are boxed in black over and under the sequences. The PCR primers used
for (b) are indicated at the top and bottom of this figure. (b) Multiple cleavages of the X gene using
AdVs expressing 8 and 12 gRNAs. (Upper) Cleavage patterns using Axg8HBV-X. Gx11 cells were
infected with Axg8HBV-X together with AxCBCas9 (AxCas9), and 3 days later, total cellular DNA
was extracted and PCR was performed using the primer set shown in (a). The rates of disruption of
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the original 0.55 kb DNA using conventional PCR, which detects only deletions but not indels, are
shown under the lanes. (Lower) Cleavage patterns using Axgl2HBV-X-DR1. The representations are
the same as above. Asterisks indicate the region consisting of close bands from 0.47 kb to 0.51 kb
shown in (c). (c) Schematic explanation of the PCR fragments produced by 8 and 12 gRNAs expressed
by AdVs. The PCR fragment of 0.55 kb without deletion is shown at the top, the positions of active
cut 2, cut 4, cut 5, and cut 8 using Axg8HBV-X are shown in blue characters, and the position of cut 9,
an extra cleavage site using Axg12HBV-X-DR1, is indicated in red character. The produced DNA
fragments are shown below the top line together with their sizes. Among them, cut 2 and cut 8 were
major features at high MOI, and the 0.44 kb fragment produced by them is shown as a bold line.
Cut 1, cut 3, cut 6, and cut 7 shown in small green characters on the top line are uncleaved sites, with
the exception of cut 1, which showed partial cleavage probably due to a strong off-target effect. The
possible 0.54 kb fragment produced by double cleavages of cut 4 and cut 5, the second fragment of
gray in the figure, was not detected. The reason for this may be that their cutting sites overlap ((a),
fourth sequence row) and one cleavage abolished the 20 nt recognition sequence of the other. All
other expected fragments were detected.

We have reported that AdV Axg4HBV-DR1 was obtained with no detectable lack
of the four gRNA units present in the AdV genome (Figure 1b, the first, leftmost panel
is shown as “4 gRNAs”) [29]. The 293 cells were transfected with the DNA of the AdV
genome containing four gRNA units, and the total cellular DNAs of 293 cells infected with
the first viral stock of this AdV were prepared and digested with BspEI to examine the copy
numbers of the gRNA units. Five AdV clones out of six produced a 2.2 kb fragment, which
contained four intact gRNA units, and no band derived from deleted units was detected
(lanes 26, blue arrow of “2.2 (4g)”). In contrast, clone 1 produced a 1.8 kb band instead
of a 2.2 kb band (lane 1). The size exactly corresponds to that containing three gRNA
units, showing that one unit was deleted through homologous recombination (the extra
bands other than those containing the expected intact copies of gRNA units are marked
by red asterisks, hereafter) [29]. The third and fourth stocks were prepared, and BspEI
assay was performed (Figure 1c, panel of “4 gRNAs,”). The intensity of the 2.2 kb band
containing four gRNA units was similar to that of the higher band shown as “A” derived
from the vector backbone, suggesting that the copy numbers of the two DNA fragments
are comparable. In our experience, the four gRNA units were always stably maintained
with no apparent lack in the fourth viral stock, which is sufficient for in vivo experiments.
The expression of all gRNAs using the AdV containing four gRNAs was directly confirmed
by an AdV containing the same structure in our previous report [29].

To examine whether eight or more gRNA units can be stably maintained in the AdV
genome, three other AdV DNAs of Axg8HBV-X, Axg12HBV-X-DR1, and Axgl6HBV-X-
2xDR1 were assayed, the results of which are shown in Figure 1b as panels of “8 gRNAs”,
“12 gRNAs”, and “16 gRNAs”, respectively. We found that the eight gRNA units in the
AdV genome were maintained apparently intact in three clones out of six (“8 gRNAs,”
lanes 2, 3, and 5, 3.8 kb band shown by a blue arrow) because no deleted bands were
detected in these lanes. Clone 1 and clone 4 (lanes 1 and 4) produced the main 3.8 kb bands
as well as lower extra bands of 3.4 kb (two red asterisks), suggesting that these clones
also contain the AdV missing one of the eight units. Interestingly, clone 6 (lane 6) mostly
produced a higher extra band of 4.2 kb corresponding to nine gRNA units, suggesting
that a homologous recombination increasing one unit occurred at an early stage of AdV
genome replication.

Two AdV clones out of six contained a considerable amount of the intact array of
twelve gRNA units (“12 gRNAs,” lanes 2 and 6, the 5.5 kb band shown by red 12 g and
a blue arrow). The copy numbers of the intact twelve units were more than half of those
derived from the vector backbone (two As below the blue arrow). Most of the AdVs
contained fewer or even more copies of the twelve units (bands shown by red asterisks).
For AdVs containing sixteen gRNA units (panel “16 gRNAs”), the lanes containing a 7.8 kb
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band bearing sixteen units were mostly lost, but one clone still maintained a significant
amount of AdVs bearing sixteen intact gRNA units (lane 5).

Next, we examined whether AdVs containing eight and twelve gRNA units can
be amplified with no lack of the multiplex gRNA units or not using clone 2 (Figure 1b,
“8 gRNAs,” lane 2) and clone 2 (“12 RNAs,” lane 2), respectively. As for eight-unit AdV, the
eight gRNA units appeared to be maintained with no significant lack in the third and fourth
stocks, considering the intensity of the bands among the AdV bands (compare Figure 1b,
“8gRNAs,” lane 2 with Figure 1c, “8gRNAs,” lanes 3 and 4). The results suggest that, once
isolated, the eight gRNA units were stably amplified. To date, we have constructed six
AdVs that contain eight gRNA units, and in all cases the eight units were stably maintained
even in the fifth stock and in purified stocks sufficient for in vivo experiments, confirming
high stability during amplification. As for twelve-unit AdV, the ratios of twelve gRNA
units in the third and four stocks were significantly lower than that in the second stock
(compare Figure 1b, “12gRNAs” lane 2 with Figure 1c, “12gRNAs”).

2.2. Disruption of HBV-X Gene Derived from a Heterogeneous Patient Using AdV's Expressing
Eight and Twelve gRNAs

As a model of HCC containing diverse HBV DNA in a chromosome, we used the cell
line Gx11 [30], which is derived from HepG2 cells containing the entire HBV X coding
region integrated in a chromosome. Figure 2a shows the nucleotide sequences of the X
gene. All four AdVs expressing multiplex gRNAs shown in Figure 1a are designed to target
the C-terminal and central region of the HBV X gene shown in Figure 2a. The Axg8HBV-X
shown as the second AdV in Figure 1a contains eight gRNA units that target the HBV-X
central region at the eight possible cleavage sites (Figure 2a, sequence rows 4 and 5, vertical
arrows from cut 1 to cut 8). The third AdV, Axg12HBV-X-DR1, in Figure la contains all
twelve gRNA units and can additionally cleave at cut 9 (Figure 2a, sequence raw 7); the
remaining three cleavage sites are not included in Gx11 cells. The sequences of all nine
gRNA targets are shown in Supplementary Table Sla.

The recognition sequences of the nine gRNAs expressed by these AdVs and the target
sequences of the HBV X gene in Gx11 cells are derived from different patients. There were
three nucleotide differences, although the HBV genomes of the two patients belonged to
common genotype C. They were A/T mismatch 2 nt upstream of cut 1, A/G between
cut 3 and cut 4, and T/C between cut 6 and cut 7 (Figure 1b, fourth and fifth rows, vertical
black boxes containing mismatch nucleotides). These three nucleotide differences were
present in the 20 nt gRNA recognition sequences and may abolish the cleavages of cut 1,
cut 3, cut 6, and cut 7 (black numbers 1, 3, 6, and 7 on the broken vertical arrows and
overlapping open, thin horizontal boxes of 20 nt under or over the sequences, which
contain the three mismatch nucleotides), while these three mismatches did not overlap
with the gRNA recognition sequences of cut 2, cut 4, cut 5, cut 8, and cut 9 and may not
affect their cleavages (blue numbers 2, 4, 5, 8, and 9 on the red vertical arrows and red
horizontal boxes of 20 nt sequences filled in yellow). Therefore, the X gene may be cleaved
only at four sites of cut 2, cut 4, cut 5, and cut 8 using Axg8HBV-X and at five sites including
the additional site of cut 9 using Axg12HBV-X-DR1.

Gx11 cells were coinfected with Axg8HBV-X or Axg12HBV-X-DR1 at multiplicity of
infection (MOI) of 0, 1, 3, and 10 together with AxCBCas9 [29] (AxCas9, hereafter), highly
expressing Cas9, at the same MOI. Three days after infection, total cellular DNAs were
extracted and authentic PCR was performed using a set of primers indicated in Figure 2a.
The obtained results are shown in Figure 2b. Note that this assay detects only deletion
between two or more cutting sites and does not detect small insertions/deletions (indels),
although indel generation is the main mechanism of target disruption. When Axg8HBV-X
was used, the intensity of the intact 0.55 kb band decreased depending on the MOI and
the deletion efficiency was 92% at MOI 10 (Figure 2b, upper, lane 10). The main 0.44 kb
DNA is the product of double cleavages of cut 2 and cut 8 and subsequent end-joining
(Figure 2a, fourth and fifth rows). A significant amount of DNA was observed in the
broad region between the 0.55 kb and 0.44 kb bands (shown as an asterisk). The region
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appeared to be a mixture of partial cleavage products that consisted of DNAs between
cut 2 and cut 4, cut 2 and cut 5, cut 4 and cut 8, and cut 5 and cut 8 because their sizes
exactly matched the expected sizes (illustrated in Figure 2c). Because the amount of DNA
in the broad region is significant, these multiple partial digestions contributed to increase
the disruption efficiency, showing the advantage of multiplex gRNA expression compared
with the double cleavages of cut 2 and cut 8. Furthermore, although the 0.44 kb DNA
fragment was abundant at MOI 10, the result does not necessarily mean that cut 2 and
cut 8 were more effective than other cut sites because the 0.44 kb DNA is the final product
produced from complete cleavage. However, the possibility that the cleavages of both ends
are generally more efficient than the others cannot be ruled out. The band of approximately
0.43 kb was unexpected, but the DNA fragment was probably produced by the cleavage of
cut 1 together with cut 8, suggesting strong off-target cleavage of cut 1.

Axgl12HBV-X-DR1 additionally possesses the gRNA unit targeting cut 9 (Figure 2a,
red “12 gRNAs” on the seventh row). Four additional bands of the predicted sizes derived
from cut 9 in combination with cut 2, cut 4, cut 5, and cut 8 were observed (Figure 2c),
and no other bands were detected. The results of partial cleavages using Axg8HBV-X
and Axg12HBV-X-DR1 showed that all five gRNA expression units in tandem produced
functional gRNAs. The disruption efficiency of the 0.55 kb band using Axgl2HBV-X-
DR1 was weaker than that of Axg8HBV-X. This result is expected because the AdVs that
contained all twelve expression units were decreased (Figure 1c, “12 gRNAs”).

As noted above, these experiments using authentic PCR show only the efficiency of
deletion produced by simultaneous cleavages and miss the disruption by small indels
detectable by T7EI assay. This was confirmed using Axg4HBV-DR1, which cuts only a
single site at cut 9. Although no band below 0.55 kb was detected using PCR deletion assay
(Supplementary Figure 51, left), indel mutations at the target site were actually detectable
as approximately 3.4% at MOI 10 by T7EI assay using the single gRNA (Supplementary
Figure S1, right). Therefore, while the deletion efficiencies were 92% and 73% using
Axg8HBV-X and Axg12HBV-X-DR1, respectively, those using eight and nine gRNAs would
probably be even higher.

2.3. Southern Analyses Using the AdV Expressing Eight gRNAs Targeting HBV X Gene

To confirm the deletion produced by Axg8HBV-X, we examined the disrupted struc-
ture of the HBV X gene integrated into a cell chromosome. Amplicon sequencing analysis is
more sensitive and quantitative, but we chose Southern analysis to detect the deletion more
directly without PCR amplification. Figure 3a (upper) shows the HBV X coding region
(bold, blue arrow) and the surrounding areas. The major cleavage sites of cut 2 and cut 8 in
the coding region are approximately 0.1 kb apart from each other (Figure 2a). Gx11 cells
were infected with Axg8HBV-X at MOlIs 1, 3, and 10, together with AxCas9 under the same
condition as that in the PCR deletion assay shown in Figure 2b (upper). Then, the total
cellular DNA was extracted and double-digested with BamHI and HindIII (blue vertical
arrows in upper and middle panels). After the gel electrophoresis, Southern analysis was
performed using the probe from BamHI to HindlIlI (black horizontal line under the arrow
of the HBV X coding region).
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Figure 3. Southern analyses of HBV X gene integrated in Gx11 cell chromosome disrupted by the
AdYV expressing eight gRNA units. (a) The deleted region of the HBV X gene. All cleaved positions
and the ends of the produced fragments are common among the upper, middle, and lower parts.
(Upper) Cleavage sites of Cas9 and restriction enzymes used for Southern experiments at the HBV X
coding region. The cleavage sites of cut 2 and cut 8 are shown as red vertical arrows on the HBV X
coding region of the bold horizontal arrow. The 0.55 kb fragment amplified in the PCR deletion assay
is shown above the arrow of the HBV X coding region; the range of the Southern probe (BamHI-
HindIII fragment) is also shown below the HBV X arrow. neo, neo gene used for the selection of
Gx11 cells; GpA, poly(A) sequences of the rabbit 3-globin gene. These sequences are present because
the integrated DNA fragments are derived from the pCAGGS plasmid. (Middle) The positions of
the BamHI-HindlIII fragment containing the deletion between cut 2 and cut 8. Because the same
enzymes BamHI and HindIII are used for preparation of the Southern probe and for cleavages of
total cell DNA, their terminal positions are the same. Expected sizes of the fragments in Southern
analysis are shown on the right in kb. (Lower) The positions of the Styl-Styl fragment containing the
deletion between cut 2 and cut 8. (b) The results of Southern analyses. Gx11 cells were infected with
Axg8HBV-X at the indicated MOIs together with AxCas9 at the same MOI.
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The original 1.0 kb band shifted to 0.9 kb at MOI 10, which is 0.1 kb shorter. This
indicated that the original BamHI-HindIII of 1.0 kb DNA was cleaved at cut 2 and cut 8
and the termini were end-joined, producing 0.9 kb DNA (Figure 3b, left panel, lane 10;
explanations are shown in Figure 3a, middle panel, BamHI-Hindlll, “original” and “cut
& join”). This result also corresponded well with that obtained in the PCR deletion assay,
where the amount of original 0.55 kb DNA decreased by 92% and the 0.44 kb DNA increased
(Figure 2b, upper). Interestingly, a broad band of approximately 0.7 kb was also observed
at MOIs of 1, 3, and 10 (Figure 3b, left panel, lanes 1, 3, and 10). This may represent the
DNA fragments produced by Cas9 cleavages before end-joining (shown as a line of “before
joining” at 0.7 kb). They cannot be detected by PCR, even if they are present, because PCR
detects only the connected DNAs.

To confirm the deletion between cut 2 and cut 8 and also the presence of the possible
termini before end-joining, the infected Gx11 DNA was also digested with Sty (Figure 3a,
upper, green vertical arrows between cut 2 and cut 8 and near both terminals of the genome
line). Because the Styl site is between cut 2 and cut 8, the 0.1 kb deletion by cut 2 and cut 8
removes it, and the end-joining must connect the original two Styl fragments of 0.9 kb and
1.0 kb, generating a large 1.8 kb fragment (Figure 3a, lower, “original” and “cut & join”).
In fact, the expected 1.8 kb fragment was observed, and a broad band of 0.8 kb was also
detected at MOI 10, confirming the presence of the “before-joining” DNA fragment by
Southern analysis (Figure 3b, right panel).

3. Discussion

In this study, we showed that eight multiplex gRNA expression units were stably
maintained in the AdV genome. Using this AdV, we showed that the HBV X DNA present
in a cellular chromosome derived from a heterogeneous patient could be simultaneously
cleaved at four or five expected sites, producing irreversible deletions. The results suggest
that, although the HBV DNA sequences are highly diverse, a single AdV could be used as a
possible anti-HCC drug for genome-editing therapy, when cleavage of the cell chromosome
at the integration sites of HBV DNA is effective. The same AdV may also be applied for
treating chronic or acute HBV hepatitis.

While we report AdVs containing eight gRNA units, this number is much greater
than that using other viral vectors: four multiplex gRNAs have been reported using
lentiviral [31], AAV [32], and adenoviral vectors [29]. AdVs containing eight gRNA units
can be constructed using the standard method for the generation and amplification of
AdVs. Therefore, the limiting step is not AdV construction and handling, but rather the
construction of plasmids containing a >30 kb AdV genome with eight gRNA units with
lack of deletion. We recently developed a method, Tetraplex-guide Tandem [29,33], and
completely stable cosmids containing AdV genome bearing eight multiplex gRNA units
were obtained in a single step utilizing lambda in vitro packaging. The AdVs that we used
are commercially available Adex vectors [34,35], which possess the full Ad5 packaging
domain [36], while other AdVs, for example, those of Bett et al. [37] and Mizuguchi
et al. [38], do not. It is necessary to examine whether AdVs without lack of deletion of eight
gRNA units can be obtained using other systems.

AdVs simultaneously expressing highly multiplex gRNAs may be useful for effective
and reliable knockout of multiple target genes. The AdVs expressing eight gRNAs can
simultaneously knockout up to eight genes. It has been reported that two adjacent gRNAs
targeting one locus significantly facilitate gene disruption using native Cas9 [39]. Further-
more, it is often difficult to study the function of a gene owing to the presence of a family
of genes possessing similar function.

Simultaneous expression of eight multiplex gRNAs by AdVs has more merits than that
of four gRNAs, which we reported previously [29]. The method of Tetraplex-guide Tandem
can be used to construct an array of four or eight gRNA expression units in one step, and
the construction of other numbers of gRNA units requires some modification. Although
AdVs containing four or eight units can be constructed similarly in one step, most of the
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AdVs containing multiplex gRNA units produced in our lab are eight-unit AdVs using
double-nicking strategy. Off-target effects are an important concern when using native
Cas9. When more multiplex gRNAs are expressed, the off-target effects may increase in
proportion. For example, in the present study, strong off-target cleavage was observed
using the gRNA of cut 1 (Figure 2b, upper and lower, 0.43 kb band). Multiplex gRNA
expression enables us to use a double-nicking strategy with Cas9 nickase [29,40,41], which
decreases off-target effects by up to 1500-fold. This strategy offers safer genome-editing
therapy and is preferable for all experiments using the CRISPR/Cas9 system. The cleavage
efficiency of double-nicking is no less than that of single cleavage using native Cas9, and
is sometimes higher [29,42]. However, in this strategy, two gRNNAs are needed for one
cleavage, where two nicks are introduced at sense and antisense strands preferably within
30 nt. Notably, a single cleavage using double-nicking does not produce small indels
but irreversible deletion of several to several dozen base pairs in length [40,43]; therefore,
complete disruption can be achieved.

A problem of the double-nicking strategy is that both of the two gRNAs for one
cleavage must be active, so the possibility of low cleavage efficiency increases. It is not
practical to assay the activity of all of the candidate gRNAs before the experiment, and
there may be a position effect that influences the gRNA activity. Therefore, it is safe to use
two double-nicking cleavages for one target. Moreover, the knockout of two sites for one
gene or simultaneous disruption of two genes is effective to inactivate the function of a
cascade, if available. For these reasons, eight-unit AdVs are preferable. Of course, four
genes could be disrupted simultaneously using double-nicking. When the target genes
are heterogeneous, as in the present study, AdVs that express eight multiplex gRNAs are
obviously advantageous. The use of this strategy with the AAV vector is difficult because
the essential PAM sequence of saCas9, NNGRRT, is less frequent than that of spCas9,
NGG [44].

Simultaneous expression of eight gRNAs could be sufficient to introduce irreversible
deletions at three or four sites in the HBV genomes of major genotypes using the double-
nicking strategy. In HCC caused by HBV, multiple integrated viral DNAs are often present
in the single or multiple chromosomes in the same cell. Very large deletion between two
viral DNAs in one chromosome or damages in two or more chromosomes produced might
affect viability of these HCC cells using the multiplex gRNA approach, if two targets, at
least, are present in one chromosome, and even if viral DNA sequences are heterogeneous.
AdVs expressing highly multiplex gRNAs may be used for other viruses possessing a
DNA genome, for example, human immunodeficiency virus (HIV). Although genome-
editing therapy of HIV has been extensively studied, their viral genomes are also very
diverse [21,45]. Lebbink reported that combinatorial approaches using two potent gRNAs
effectively prevent viral escape, but inefficient cleavage of one of the two gRNAs was not
effective, probably because irreversible deletion of the HIV genome was not achieved [19].
We consider that the approach using eight multiplex gRNA expression units could be
useful. Although commonly used AdV type 5 shows low infectivity of T cells, AdVs of
other serotypes could be employed [46]. Moreover, it should be taken into account in
genome-editing therapies using saCas9 and spCas9 that most of possible patients may
possess preexisting adaptive immunity to these enzymes [26-28].

It is unexpected that the ends of the cleaved cell chromosome produced by native
Cas9 before end-joining were detected in Southern experiments. This probably occurred
because the Cas9 cleavage efficiency in our system is sufficiently high to detect these
molecules. PCR detects only the end-joined DNA, so the presence of the ends before
joining could have been missed. This suggests that two ends produced by one cleavage
of Cas9 may not immediately be joined by the cellular machinery. We imagine that the
detected ends of Cas9-cleaved DNA may not be free end products present in the nucleus,
but be short-lived, transient products included in a complex consisting of Cas9, gRNA, and
target DNA. The relationship of these ends with chromosomal rearrangement produced by
Cas9 is unknown.
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In conclusion, we showed that AdVs expressing eight multiplex gRNAs were stable.
Although it is necessary to examine whether these AdVs can be stably amplified to a scale
sufficient for therapeutic purposes, they could be applied for genome-editing therapy
of HBV HCC and chronic hepatitis. They are also probably useful for basic studies, in
which simultaneous knockout of multiple genes is desirable. Cassette plasmids of the
improved version of the method of Tetraplex-guide Tandem will become available from
Addgene, and the AdV expressing Cas9 under the control of CB promoter, AxCBCas9, will
be available from RIKEN BioResorce Bank (https://dna.brc.riken.jp/en/rvd/adenoen,
Clone Search, accessed on 28 September 2021).

4. Materials and Methods
4.1. Cell Culture

The human 293 cell line and HepG2 cell lines are derived from human embryonic
kidney and human hepatocellular carcinoma, respectively. Gx11 is a cell line derived from
HepG2, which possesses the HBV X gene in an inactive state [30]. The Gx11 cell line was
obtained from Dr. Kazuhiko Koike (University of Tokyo, Tokyo, Japan). The 293 cells were
cultured in Dulbecco’s Modified Eagles Medium (DMEM) (Kohjin Bio, Co., Ltd., Saitama,
Japan) supplemented with 10% fetal calf serum (FCS). The 293 cells constitutively express
adenoviral E1 genes and support the replication of E1-substituted AdVs. The HepG2 and
Gx11 cells were kept in high-glucose DMEM (Kohjin Bio) supplemented with 10% FCS.

4.2. Construction of Cosmids Containing AdV Genome Bearing Multiplex gRNA Units

Multiplex gRNA expression units were constructed in accordance with the Tetraplex-
guide Tandem method [29]. For the construction of eight gRNA units targeting the cen-
tral HBV-X region, two fragments of head block and mid block, each containing four
gRNA units, were doubly cleaved with AlwNI and Pvull and cloned into the Swal site of
pAxcdwit2 [47] as described previously [29] with slight modification. pAxc4wit2 is a deriva-
tive of pAxcwit2, which is commercially available from Takara Bio (Shiga, Japan) or RIKEN
Bioresource Center (RIKEN BRC: https:/ /dna.brc.riken.jp/en/key_search?q=pAxcwit2,
accessed on 28 September 2021). The former contains an Swal site in the E4 region, and
the latter contains it in the E1 region. The multiplex gRNA units can be cloned at the Swal
site in either cosmid. The SgrDI sequence, 5-CGTCGACG-3’, was added into the *ampl
Head-A F primer, so that the 5 terminal of eight gRNA units possessed the SgrDI site,
which is not present in the AdV backbone. The cosmids containing 12 and 16 gRNA units
were constructed by inserting a fragment containing four gRNA units of DR1 into the
unique SgrDlI site.

4.3. Production of AdV's

AdVs were produced as previously described [29]. Briefly, 293 cells were transfected
with the BstBl-linearized AdV genome in pAxc4wit2, using Lipofectamine LTX with Plus
Reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA), and the next day, the cells
were transferred to a 96-well plate. The first viral stocks were obtained within 2 weeks
(approximately 150 pL). Cells in the 24-well plates were infected with half of the first
stock to obtain the second stock, and one-tenth of the second stock was used for the
third stock. The amount of stock solution used for further stock amplification was 2- or
3-fold more than usual, while overinfection caused toxicity and was carefully avoided.
Total cellular DNA of the second, third, and fourth stocks was isolated and subjected to
BspEI digestion, as described previously [29]. The vector DNA fragment could be seen
by agarose gel electrophoresis without separation of the cellular DNA because the copy
numbers of the AdV genome were very high and the BspEI recognition sequence contained
CG dinucleotide, which is uncommon in mammalian DNA. AdVs were titrated using a
method described previously [47,48]. Briefly, the copy numbers of the viral genome that
was successfully transduced into the infected HepG2 cells were measured by real-time PCR.
The TCID50r in this work is the same as the relative viral titer (rVT) in these references
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based on the TCID50 titer of control virus AXEFGFP. The rTV titers are normally equivalent
to TCID50 and PFU, but more accurately reflect the copy numbers introduced into the target
cells because they are not influenced by the gene product that may be toxic to 293 cells.

4.4. Conventional PCR

Gx11 cells in 24-well cell culture dishes were infected at MOI 1, 3, and 10 and incubated
for 3 days postinfection in DMEM supplemented with 5% FCS. The same amount of AdV
expressing multiplex gRNAs and native Cas9, AxCBCas9 (AxCas9) [29], was used for
infection. Total cellular DNAs were prepared and amplified by PCR with Tks Gflex DNA
polymerase (Takara Bio) using the primer set HBV-X F (5'-AACTGGATCCTGCGCGGGAC-
GTCCTTTGTC-3') and HBV-X R (5-GAAAAAGATCTCAGTGGTATTTGTGAGCCAGG-
3’). The PCR cycling conditions were as follows: 94 °C for 1 min, followed by 30 cycles
at 98 °C for 10 s, 65 °C for 15 s, and 68 °C for 30 s. Images of DNA agarose gels after
electrophoresis were recorded using Printgraph AE-6932GXES (ATTO, Tokyo, Japan) and
were analyzed using the software Image J 1.52a version [49]. The PCR products of the
original 0.55 kb DNA were quantified, and the deletion efficiency was calculated as ratios
against MOI 0.

4.5. T7 Endonuclease Assay

The T7EI assay was performed as described previously [29]. Briefly, an amplified PCR
product was reannealed to form a heteroduplex using the following program: denaturation
at 95 °C for 5 min, reannealing from 95 °C to 85 °C at —2 °C/s, holding at 85 °C for 1 min,
cooling from 85 °C to 25 °C at —0.1 °C/s, and holding at 25 °C for 1 min, followed by
cooling to 4 °C. The sample was then exposed to T7 endonuclease I (New England BioLabs
Japan Inc., Tokyo, Japan) at 37 °C for 15 min and analyzed on agarose gels. These gels were
imaged and quantified by Image].

4.6. Cellular DNA Isolation

For the preparation of total cellular DNA, cells were suspended and incubated in a
lysis buffer containing 10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 10 mM EDTA, 100 pg/mL
proteinase K, 80 ug/mL RNase A, and 0.1% SDS at 50 °C for 2 h. The mixture was extracted
twice with phenol/chloroform and twice with chloroform, and precipitated with two
volumes of ethanol at —20 °C for 1 h and then washed once with 70% ethanol. The pellet
was dissolved with TE buffer.

4.7. Southern Blot Assay

Total cellular DNAs (10 pg) were digested by BamHI/HindIII or Styl at 37 °C for
4 h and were subjected to agarose gel electrophoresis. The agarose gel was treated with
0.5 M NaOH solution, and the DNA was then transferred to the nylon membrane Hybond-
N (GE Healthcare Life Sciences, Chalfont Saint Giles, UK) using the capillary-transfer
method. The probe is derived from the full HBV genome labeled with digoxigenin-UTP
using a DIG DNA Labeling and Detection Kit (Roche Diagnostics, Basel, Switzerland),
and specific DNA was detected using the chemiluminescence of CDP-Star, in accordance
with the manufacturer’s protocol. The bands were visualized using LAS-4000 (Fujifilm,
Tokyo, Japan).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms221910570/s1.

Author Contributions: Conceptualization, T.N. and LS.; methodology, Y.K. and T.N.; investigation,
YK, HT,KS., M.N,, and T.N,; data curation, T.N.; writing—original draft preparation, L.S.; writing—
review and editing, Y.K., TN., and L.S.; supervision, T.N.; project administration, I.S. and T.N. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Program on the Innovative Development and the Applica-
tion of New Drugs for Hepatitis B (JP21fk0310107 to TN), by Research Program on Emerging and


https://www.mdpi.com/article/10.3390/ijms221910570/s1
https://www.mdpi.com/article/10.3390/ijms221910570/s1

Int. J. Mol. Sci. 2021, 22, 10570 13 of 15

Reemerging Infectious Diseases (JP21fk0108106, JP20fk0108267, and JP20fk0108281 to TN), and by
The Translational Research Program, Strategic Promotion for Practical Application of Innovative
Medical Technology, TR-SPRINT (seeds A114 to 1.S.), from Japan Agency for Medical Research and
Development (AMED), and by JSPS KAKENHI Grant Number JP19K0647 to TN.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We thank Toshiyuki Sakaki for giving H.T. a chance to work in this project. We
also thank Aki Kato for excellent secretary work, and Ryoko Fuse and Megumi Yamaji for valuable
technical assistant. We are grateful to Kazuhiko Koike for kindly providing Gx11 cells.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  El-Serag, H.B. Epidemiology of viral hepatitis and hepatocellular carcinoma. Gastroenterology 2012, 142, 1264-1273.e1261.
[CrossRef] [PubMed]

2. Bang, K.B,; Kim, H.J. Management of antiviral drug resistance in chronic hepatitis B. World ]. Gastroenterol. 2014, 20, 11641-11649.
[CrossRef] [PubMed]

3.  Ishikawa, T. Clinical features of hepatitis B virus-related hepatocellular carcinoma. World . Gastroenterol. 2010, 16, 2463-2467.
[CrossRef]

4. Robinson, W.S. Molecular events in the pathogenesis of hepadnavirus-associated hepatocellular carcinoma. Annu. Rev. Med.
1994, 45, 297-323. [CrossRef] [PubMed]

5. Buendia, M.A. Hepatitis B viruses and hepatocellular carcinoma. Adv. Cancer Res. 1992, 59, 167-226. [CrossRef]

6. Kawai-Kitahata, F.; Asahina, Y.; Tanaka, S.; Kakinuma, S.; Murakawa, M.; Nitta, S.; Watanabe, T.; Otani, S.; Taniguchi, M.; Goto, E;
et al. Comprehensive analyses of mutations and hepatitis B virus integration in hepatocellular carcinoma with clinicopathological
features. . Gastroenterol. 2016, 51, 473-486. [CrossRef]

7. Hai, H.; Tamori, A.; Kawada, N. Role of hepatitis B virus DNA integration in human hepatocarcinogenesis. World . Gastroenterol.
2014, 20, 6236-6243. [CrossRef]

8. Guerrieri, F; Belloni, L.; Pediconi, N.; Levrero, M. Molecular mechanisms of HBV-associated hepatocarcinogenesis. Semin. Liver
Dis. 2013, 33, 147-156. [CrossRef]

9.  Kim, C.M.; Koike, K,; Saito, I.; Miyamura, T.; Jay, G. HBx gene of hepatitis B virus induces liver cancer in transgenic mice. Nature
1991, 351, 317-320. [CrossRef]

10. Kew, M.C. Hepatitis B virus x protein in the pathogenesis of hepatitis B virus-induced hepatocellular carcinoma. J. Gastroenterol.
Hepatol. 2011, 26 (Suppl. 1), 144-152. [CrossRef]

11. Ahodantin, J.; Lekbaby, B.; Bou Nader, M.; Soussan, P.; Kremsdorf, D. Hepatitis B virus X protein enhances the development
of liver fibrosis and the expression of genes associated with epithelial-mesenchymal transitions and tumor progenitor cells.
Carcinogenesis 2020, 41, 358-367. [CrossRef] [PubMed]

12.  Stone, D.; Niyonzima, N.; Jerome, K.R. Genome editing and the next generation of antiviral therapy. Hum. Genet. 2016, 135,
1071-1082. [CrossRef] [PubMed]

13.  Weber, N.D.; Aubert, M.; Dang, C.H.; Stone, D.; Jerome, K.R. DNA cleavage enzymes for treatment of persistent viral infections:
Recent advances and the pathway forward. Virology 2014, 454455, 353-361. [CrossRef] [PubMed]

14. Revill, PA; Tu, T.; Netter, H.].; Yuen, L K.W,; Locarnini, S.A.; Littlejohn, M. The evolution and clinical impact of hepatitis B virus
genome diversity. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 618-634. [CrossRef] [PubMed]

15. Glebe, D.; Goldmann, N.; Lauber, C.; Seitz, S. HBV evolution and genetic variability: Impact on prevention, treatment and
development of antivirals. Antivir. Res. 2021, 186, 104973. [CrossRef] [PubMed]

16. Rajoriya, N.; Combet, C.; Zoulim, F,; Janssen, H.L.A. How viral genetic variants and genotypes influence disease and treatment
outcome of chronic hepatitis B. Time for an individualised approach? J. Hepatol. 2017, 67, 1281-1297. [CrossRef]

17.  Kim, D.A.S.; Chang, H.; Shim, H.; Heo, ].; Cho, M.; Moon, B.; Moon, Y.; Paik, Y.; Lee, K. 563 hepatitis b virus quasispecies in the
polymerase gene in treatment-naive chronic hepatitis b patients. J. Hepatol. 2008, 48, S211. [CrossRef]

18. Kim, D.Y,; Chang, H.Y.; Lim, S.M.; Kim, S.U.; Park, J.Y;; Kim, J.K.; Lee, K.S.; Han, K.H.; Chon, C.Y.; Ahn, S.H. Quasispecies
and pre-existing drug-resistant mutations of hepatitis B virus in patients with chronic hepatitis B. Gut Liver 2013, 7, 329-334.
[CrossRef]

19. Lebbink, R.J.; de Jong, D.C.; Wolters, F.; Kruse, E.M.; van Ham, P.M.; Wiertz, E.J.; Nijhuis, M. A combinational CRISPR/Cas9
gene-editing approach can halt HIV replication and prevent viral escape. Sci. Rep. 2017, 7, 41968. [CrossRef]

20. Wang, G.; Zhao, N.; Berkhout, B.; Das, A.T. A Combinatorial CRISPR-Cas9 Attack on HIV-1 DNA Extinguishes All Infectious

Provirus in Infected T Cell Cultures. Cell Rep. 2016, 17, 2819-2826. [CrossRef]


http://doi.org/10.1053/j.gastro.2011.12.061
http://www.ncbi.nlm.nih.gov/pubmed/22537432
http://doi.org/10.3748/wjg.v20.i33.11641
http://www.ncbi.nlm.nih.gov/pubmed/25206270
http://doi.org/10.3748/wjg.v16.i20.2463
http://doi.org/10.1146/annurev.med.45.1.297
http://www.ncbi.nlm.nih.gov/pubmed/8198385
http://doi.org/10.1016/s0065-230x(08)60306-1
http://doi.org/10.1007/s00535-015-1126-4
http://doi.org/10.3748/wjg.v20.i20.6236
http://doi.org/10.1055/s-0033-1345721
http://doi.org/10.1038/351317a0
http://doi.org/10.1111/j.1440-1746.2010.06546.x
http://doi.org/10.1093/carcin/bgz109
http://www.ncbi.nlm.nih.gov/pubmed/31175830
http://doi.org/10.1007/s00439-016-1686-2
http://www.ncbi.nlm.nih.gov/pubmed/27272125
http://doi.org/10.1016/j.virol.2013.12.037
http://www.ncbi.nlm.nih.gov/pubmed/24485787
http://doi.org/10.1038/s41575-020-0296-6
http://www.ncbi.nlm.nih.gov/pubmed/32467580
http://doi.org/10.1016/j.antiviral.2020.104973
http://www.ncbi.nlm.nih.gov/pubmed/33166575
http://doi.org/10.1016/j.jhep.2017.07.011
http://doi.org/10.1016/S0168-8278(08)60565-6
http://doi.org/10.5009/gnl.2013.7.3.329
http://doi.org/10.1038/srep41968
http://doi.org/10.1016/j.celrep.2016.11.057

Int. J. Mol. Sci. 2021, 22, 10570 14 of 15

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

De Silva Feelixge, H.S.; Stone, D.; Roychoudhury, P.; Aubert, M.; Jerome, K.R. CRISPR/Cas9 and Genome Editing for Viral
Disease-Is Resistance Futile? ACS Infect. Dis. 2018, 4, 871-880. [CrossRef] [PubMed]

Lee, C.S.; Bishop, E.S.; Zhang, R.; Yu, X.; Farina, EM.; Yan, S.; Zhao, C.; Zheng, Z.; Shu, Y.; Wu, X,; et al. Adenovirus-Mediated
Gene Delivery: Potential Applications for Gene and Cell-Based Therapies in the New Era of Personalized Medicine. Genes Dis.
2017, 4, 43-63. [CrossRef] [PubMed]

Holkers, M.; Maggio, I.; Henriques, S.F; Janssen, ].M.; Cathomen, T.; Goncalves, M.A. Adenoviral vector DNA for accurate
genome editing with engineered nucleases. Nat. Methods 2014, 11, 1051-1057. [CrossRef] [PubMed]

Nakai, M.; Komiya, K.; Murata, M.; Kimura, T.; Kanaoka, M.; Kanegae, Y.; Saito, I. Expression of pIX gene induced by transgene
promoter: Possible cause of host immune response in first-generation adenoviral vectors. Hum. Gene Ther. 2007, 18, 925-936.
[CrossRef] [PubMed]

Chiyo, T.; Sekiguchi, S.; Hayashi, M.; Tobita, Y.; Kanegae, Y.; Saito, I.; Kohara, M. Conditional gene expression in hepatitis C virus
transgenic mice without induction of severe liver injury using a non-inflammatory Cre-expressing adenovirus. Virus Res. 2011,
160, 89-97. [CrossRef] [PubMed]

Charlesworth, C.T.; Deshpande, P.S.; Dever, D.P.; Camarena, J.; Lemgart, V.T.; Cromer, M.K.; Vakulskas, C.A.; Collingwood, M.A;
Zhang, L.; Bode, N.M,; et al. Identification of preexisting adaptive immunity to Cas9 proteins in humans. Nat. Med. 2019, 25,
249-254. [CrossRef]

Rusk, N. Human immunity to Cas9. Nat. Methods 2019, 16, 286. [CrossRef] [PubMed]

Wagner, D.L.; Amini, L.; Wendering, D.J.; Burkhardt, L.M.; Akyuz, L.; Reinke, P.; Volk, H.D.; Schmueck-Henneresse, M. High
prevalence of Streptococcus pyogenes Cas9-reactive T cells within the adult human population. Nat. Med. 2019, 25, 242-248.
[CrossRef]

Nakanishi, T.; Maekawa, A.; Suzuki, M.; Tabata, H.; Sato, K.; Mori, M.; Saito, I. Construction of adenovirus vectors simultaneously
expressing four multiplex, double-nicking guide RNAs of CRISPR/Cas9 and in vivo genome editing. Sci. Rep. 2021, 11, 3961.
[CrossRef]

Shintani, Y.; Yotsuyanagi, H.; Moriya, K.; Fujie, H.; Tsutsumi, T.; Kanegae, Y.; Kimura, S.; Saito, I.; Koike, K. Induction of apoptosis
after switch-on of the hepatitis B virus X gene mediated by the Cre/loxP recombination system. J. Gen. Virol. 1999, 80 Pt. 12,
3257-3265. [CrossRef]

Kabadi, A.M.; Ousterout, D.G.; Hilton, L.B.; Gersbach, C.A. Multiplex CRISPR/Cas9-based genome engineering from a single
lentiviral vector. Nucleic Acids Res. 2014, 42, e147. [CrossRef] [PubMed]

Yin, C.; Zhang, T.; Qu, X.; Zhang, Y.; Putatunda, R.; Xiao, X,; Li, F;; Xiao, W.; Zhao, H.; Dai, S.; et al. In Vivo Excision of HIV-1
Provirus by saCas9 and Multiplex Single-Guide RNAs in Animal Models. Mol. Ther. 2017, 25, 1168-1186. [CrossRef] [PubMed]
Nakanishi, T.; Maekawa, A.; Tabata, H.; Yoshioka, T.; Pei, Z.; Sato, K.; Mori, M.; Kato, M.; Saito, I. Highly multiplex guide RNA
expression units of CRISPR/Cas9 were completely stable using cosmid amplification in a novel polygonal structure. J. Gene Med.
2019, 21, e3115. [CrossRef] [PubMed]

Saito, I.; Stark, G.R. Charomids: cosmid vectors for efficient cloning and mapping of large or small restriction fragments. Proc.
Natl. Acad. Sci. USA 1986, 83, 8664—8668. [CrossRef] [PubMed]

Fukuda, H.; Terashima, M.; Koshikawa, M.; Kanegae, Y.; Saito, I. Possible mechanism of adenovirus generation from a cloned
viral genome tagged with nucleotides at its ends. Microbiol. Immunol. 2006, 50, 643-654. [CrossRef] [PubMed]

Grable, M.; Hearing, P. cis and trans requirements for the selective packaging of adenovirus type 5 DNA. |. Virol. 1992, 66, 723-731.
[CrossRef]

Bett, A.J.; Haddara, W.; Prevec, L.; Graham, FL. An efficient and flexible system for construction of adenovirus vectors with
insertions or deletions in early regions 1 and 3. Proc. Natl. Acad. Sci. USA 1994, 91, 8802-8806. [CrossRef]

Mizuguchi, H.; Kay, M.A. A simple method for constructing E1- and E1/E4-deleted recombinant adenoviral vectors. Hum. Gene
Ther. 1999, 10, 2013-2017. [CrossRef]

Zhou, J.; Wang, ].; Shen, B.; Chen, L.; Su, Y; Yang, ].; Zhang, W.; Tian, X.; Huang, X. Dual sgRNAs facilitate CRISPR /Cas9-mediated
mouse genome targeting. FEBS |. 2014, 281, 1717-1725. [CrossRef]

Ran, FA.; Hsu, PD.; Lin, C.Y.; Gootenberg, ].S.; Konermann, S.; Trevino, A.E.; Scott, D.A.; Inoue, A.; Matoba, S.; Zhang, Y.; et al.
Double nicking by RNA-guided CRISPR Cas9 for enhanced genome editing specificity. Cell 2013, 154, 1380-1389. [CrossRef]
Tsai, 5.Q.; Wyvekens, N.; Khayter, C.; Foden, ].A.; Thapar, V.; Reyon, D.; Goodwin, M.].; Aryee, M.].; Joung, ].K. Dimeric CRISPR
RNA-guided FokI nucleases for highly specific genome editing. Nat. Biotechnol. 2014, 32, 569-576. [CrossRef] [PubMed]
Gopalappa, R.; Suresh, B.; Ramakrishna, S.; Kim, H.H. Paired D10A Cas9 nickases are sometimes more efficient than individual
nucleases for gene disruption. Nucleic Acids Res. 2018. [CrossRef] [PubMed]

Kurihara, T.; Fukuhara, T.; Ono, C.; Yamamoto, S.; Uemura, K.; Okamoto, T.; Sugiyama, M.; Motooka, D.; Nakamura, S.; Ikawa,
M.; et al. Suppression of HBV replication by the expression of nickase- and nuclease dead-Cas9. Sci. Rep. 2017, 7, 6122. [CrossRef]
[PubMed]

Haeussler, M.; Concordet, ].P. Genome Editing with CRISPR-Cas9: Can It Get Any Better? J. Genet. Genomics 2016, 43, 239-250.
[CrossRef]

Wang, G.; Zhao, N.; Berkhout, B.; Das, A.T. CRISPR-Cas based antiviral strategies against HIV-1. Virus Res. 2018, 244, 321-332.
[CrossRef]

Li, C,; Lieber, A. Adenovirus vectors in hematopoietic stem cell genome editing. FEBS Lett. 2019, 593, 3623-3648. [CrossRef]


http://doi.org/10.1021/acsinfecdis.7b00273
http://www.ncbi.nlm.nih.gov/pubmed/29522311
http://doi.org/10.1016/j.gendis.2017.04.001
http://www.ncbi.nlm.nih.gov/pubmed/28944281
http://doi.org/10.1038/nmeth.3075
http://www.ncbi.nlm.nih.gov/pubmed/25152084
http://doi.org/10.1089/hum.2007.085
http://www.ncbi.nlm.nih.gov/pubmed/17907966
http://doi.org/10.1016/j.virusres.2011.05.019
http://www.ncbi.nlm.nih.gov/pubmed/21645560
http://doi.org/10.1038/s41591-018-0326-x
http://doi.org/10.1038/s41592-019-0385-z
http://www.ncbi.nlm.nih.gov/pubmed/30923392
http://doi.org/10.1038/s41591-018-0204-6
http://doi.org/10.1038/s41598-021-83259-0
http://doi.org/10.1099/0022-1317-80-12-3257
http://doi.org/10.1093/nar/gku749
http://www.ncbi.nlm.nih.gov/pubmed/25122746
http://doi.org/10.1016/j.ymthe.2017.03.012
http://www.ncbi.nlm.nih.gov/pubmed/28366764
http://doi.org/10.1002/jgm.3115
http://www.ncbi.nlm.nih.gov/pubmed/31348845
http://doi.org/10.1073/pnas.83.22.8664
http://www.ncbi.nlm.nih.gov/pubmed/3022301
http://doi.org/10.1111/j.1348-0421.2006.tb03829.x
http://www.ncbi.nlm.nih.gov/pubmed/16924150
http://doi.org/10.1128/jvi.66.2.723-731.1992
http://doi.org/10.1073/pnas.91.19.8802
http://doi.org/10.1089/10430349950017374
http://doi.org/10.1111/febs.12735
http://doi.org/10.1016/j.cell.2013.08.021
http://doi.org/10.1038/nbt.2908
http://www.ncbi.nlm.nih.gov/pubmed/24770325
http://doi.org/10.1093/nar/gky222
http://www.ncbi.nlm.nih.gov/pubmed/29584876
http://doi.org/10.1038/s41598-017-05905-w
http://www.ncbi.nlm.nih.gov/pubmed/28733609
http://doi.org/10.1016/j.jgg.2016.04.008
http://doi.org/10.1016/j.virusres.2017.07.020
http://doi.org/10.1002/1873-3468.13668

Int. J. Mol. Sci. 2021, 22, 10570 15 of 15

47.

48.

49.

Suzuki, M.; Kondo, S.; Pei, Z.; Maekawa, A.; Saito, I.; Kanegae, Y. Preferable sites and orientations of transgene inserted in the
adenovirus vector genome: The E3 site may be unfavorable for transgene position. Gene Ther. 2015, 22, 421-429. [CrossRef]

Pei, Z.; Kondo, S.; Kanegae, Y.; Saito, I. Copy number of adenoviral vector genome transduced into target cells can be measured
using quantitative PCR: application to vector titration. Biochem. Biophys. Res. Commun. 2012, 417, 945-950. [CrossRef]
Schneider, C.A.; Rasband, W.S.; Eliceiri, K.W. NIH Image to Image]: 25 years of image analysis. Nat. Methods 2012, 9, 671-675.
[CrossRef]


http://doi.org/10.1038/gt.2014.124
http://doi.org/10.1016/j.bbrc.2011.12.016
http://doi.org/10.1038/nmeth.2089

	Introduction 
	Results 
	Production of AdVs Expressing Multiplex gRNAs 
	Disruption of HBV-X Gene Derived from a Heterogeneous Patient Using AdVs Expressing Eight and Twelve gRNAs 
	Southern Analyses Using the AdV Expressing Eight gRNAs Targeting HBV X Gene 

	Discussion 
	Materials and Methods 
	Cell Culture 
	Construction of Cosmids Containing AdV Genome Bearing Multiplex gRNA Units 
	Production of AdVs 
	Conventional PCR 
	T7 Endonuclease Assay 
	Cellular DNA Isolation 
	Southern Blot Assay 

	References

