viruses

Article

Comparison of CRISPR-Cas9 Tools for Transcriptional
Repression and Gene Disruption in the BEVS

Mark R. Bruder, Sadru-Dean Walji

check for

updates
Citation: Bruder, M.R.; Walji, S.-D.;
Aucoin, M.G. Comparison of
CRISPR-Cas9 Tools for
Transcriptional Repression and Gene
Disruption in the BEVS. Viruses 2021,
13,1925. https://doi.org/10.3390/
v13101925

Academic Editors: Jiri Hejnar and
Ben Berkhout

Received: 19 July 2021
Accepted: 21 September 2021
Published: 24 September 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Marc G. Aucoin *

Department of Chemical Engineering, University of Waterloo, Waterloo, ON N2L 3G1, Canada;
m2bruder@uwaterloo.ca (M.R.B.); dru.walji@gmail.com (S.-D.W.)
* Correspondence: marc.aucoin@uwaterloo.ca

Abstract: The generation of knock-out viruses using recombineering of bacmids has greatly acceler-
ated scrutiny of baculovirus genes for a variety of applications. However, the CRISPR—Cas9 system
is a powerful tool that simplifies sequence-specific genome editing and effective transcriptional
regulation of genes compared to traditional recombineering and RNAi approaches. Here, the ef-
fectiveness of the CRISPR—Cas9 system for gene disruption and transcriptional repression in the
BEVS was compared. Cell lines constitutively expressing the cas9 or dcas9 gene were developed,
and recombinant baculoviruses delivering the sgRNA were evaluated for disruption or repression
of a reporter green fluorescent protein gene. Finally, endogenous AcMNPYV genes were targeted
for disruption or downregulation to affect gene expression and baculovirus replication. This study
provides a proof-of-concept that CRISPR—Cas9 technology may be an effective tool for efficient
scrutiny of baculovirus genes through targeted gene disruption and transcriptional repression.
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1. Introduction

Baculoviruses are a diverse group of enveloped viruses that contain large, double-
stranded DNA (dsDNA) genomes. The insect-specific infection cycle is complex and
biphasic; primary infection of the midgut cells of the insect requires occlusion-derived
virus (ODVs), which are virions encapsulated in a proteinaceous matrix, while cell—cell
transmission is established by the budded virus (BV) phenotype [1]. Initial interest in
baculoviruses nearly 100 years ago was for their promise as safe and selective bioinsecti-
cides [2]; however, a recombinant baculovirus Autographa californica multiple nucleopoly-
hedrovirus (AcMNPYV; rBEV) was used to produce human IFN-f in 1983, marking the
inception of the baculovirus expression vector system (BEVS) as a platform for recombinant
protein production [3]. Recombinant AcMNPV and its permissive cell lines Sf9 or High
Five is the most common format of the BEVS [4]. A major milestone of BEVS biotechnology
was the development of the bacmid system, which allowed site-specific integration of
foreign genes in the ACMNPV genome propagated in E. coli [5]. Coupled with the A-red or
RecET recombineering systems [6,7], mutant AcCMNPV genomes with sequence-specific
deletions (i.e., knock-out viruses, KOVs) were efficiently obtained, allowing functional
studies of many of the ~150 annotated open reading frames (ORFs) of AcMNPV [8-13].
Studies identifying per os infectivity factors, genes with insecticidal properties, and gene
disruptions that improved recombinant protein production, have also been conducted
using bacmid technology [14-17].

Bacmid technology has undeniably propelled baculovirus biotechnology, but like all
genetic engineering approaches, it has drawbacks; even with recombineering, targeted
gene disruption requires multiple experimental steps to achieve, and genetic instability has
been reported during the ‘hyper-recombination’ state (i.e., during phage recombinase gene
expression), resulting in intramolecular rearrangements in E. coli [18]. While this is largely
abrogated by recombination of the bacmid and transfer vector in insect cells, isolation of
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the desired mutant rBEV is challenging with this approach [19]. The evaluation of KOVs
is typically conducted by transfecting Sf9 cells with the bacmid and observing the spread
of infection, which can be impacted by transfection efficiency, and it may fail to identify
ORFs that are amenable to downregulation but not disruption. For example, the disruption
of the AcMINPV ORF34 OREF resulted in its categorization as an essential gene; however,
its downregulation by RNA interference (RNAi) not only permitted virus replication but
improved heterologous gene expression [20]. Finally, trans-complementing cell lines may
be required to enable the production of infective virions when essential genes are targeted
for disruption [21,22].

Gene silencing via RNAi involves the production of double strand RNA (dsRNA)
molecules that inhibit gene expression by triggering the degradation of messenger RNA
(mRNA) through the RNA-induced silencing complex (RISC). The dsRNA molecules are
typically introduced by the transfection of small interfering RNAs (siRNAs) directly or
plasmids from which short hairpin RNAs (shRNA) are transcribed. While less prominently
employed compared to gene disruption, RNAi has found utility in the BEVS [23]. Target
sequence selection, however, often requires extensive empirical validation to identify
high silencing efficiency targets, and the effectiveness may be limited by low transfection
efficiency and relatively high cytotoxicity of the transfection reagent [24,25].

The CRISPR—Cas9 system has seen development for precision genome editing and
targeted transcriptome engineering in a multitude of biological organisms over the past
decade [26-29]. Genome editing was recently reported in Sf9 and High Five cells, and
for genome editing of AcMNPV itself [30,31]. Here, we have extended upon these recent
advancements by implementing and comparing strategies based on Cas9 and its nucle-
ase deficient variant dCas9 for targeted gene disruption (CRISPRd) and transcriptional
repression (CRISPRi), respectively. Using cell lines developed for expression of the cas9
or dcas9 genes and sgRNAs delivered by the rBEV, 4 genes on the rBEV were targeted for
gene disruption and transcriptional repression. In each case, the expected phenotype was
observed. Importantly, virus seed stocks could be produced in parental Sf9 cells, and the
same rBEVs could be used for evaluating gene disruption and transcriptional repression.
Target gene selection is achieved by exchanging the spacer sequence of the sgRNA, which
can be done using conventional PCR. Accordingly, this approach simplifies the generation
of KOVs by reducing the experimental steps required and allows for investigation of gene
function using gene disruption and transcriptional repression using the same rBEV.

2. Materials and Methods
2.1. Cells

59 cells were maintained in suspension culture in Gibco SF900 III serum-free medium
(Fisher Scientific, Whitby, ON, Canada) as described previously [32]. Sf9 cells were trans-
fected as adherent cultures in tissue culture treated 6-well plates (VWR, Mississauga, ON,
Canada) with Escort IV transfection reagent (Sigma-Aldrich, Oakville, ON, Canada) ac-
cording to manufacturer’s directions. To derive the transgenic Sf9-Cas9 and Sf9-dCas9 cell
lines, parental Sf9 cells were transfected with the plasmid pOplE2-Cas9-puro or pOplE2-
dCas9-puro, respectively. Approximately 48 h post transfection (hpt), growth medium
was aspirated and replaced with fresh medium containing 5 ug/mL puromycin (Sigma-
Aldrich). Selective pressure was maintained for at least 2 weeks, and resistant cells were
pooled and adapted back to suspension culture. The recombinant cells were maintained in
suspension culture for ~10-15 additional passages in medium containing puromycin prior
to further analysis.

2.2. Plasmid Construction

All plasmids used in this study were constructed using NEBuilder HiFi DNA Assem-
bly master mix (New England Biolabs, Whitby, ON, Canada) according to the manufac-
turer’s directions. Primers used for construction of all plasmids and retargeting sgRNAs
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were purchased from Integrated DNA Technologies (IDT; Coralville, IA, USA) and are
listed in Table S1.

To construct plasmid pOplE2-Cas9-puro, the cas9-T2A-pac region from pAc-sgRNA-
Cas9 [33] (Addgene #49330, Cambridge, MA, USA) and a fragment containing the Orgyia
pseudotsugata MNPV immediate-early 2 promoter (OpIE2) and 3’ untranslated region
(UTR) [34], origin of replication (ori), and ampicillin resistance gene (ampR) for propagation
in E. coli were amplified via PCR, and the 2 PCR fragments were used in a Gibson assembly
reaction [35]. The resulting plasmid placed the cas9-T2A-puro expression cassette under the
control of the constitutive OpIE2 promoter. To generate plasmid pOplE2-dCas9-puro, the
dcas9 ORF was amplified from pdCas9::BFP-humanized [28] (Addgene #44247) and used
in a Gibson assembly reaction along with a PCR fragment containing the OplE2 promoter,
T2A-puro cassette, and OplE2 3" UTR to place the dCas9 gene under the constitutive control
of the OpIE2 promoter.

For plasmids containing the OplE2-GFP cassette and SfU6 sgRNA, the mAzami-
Green gene (Addgene #54798; herein referred to as gfp) encoding a monomeric green-
emitting fluorescent protein [36] gene was PCR amplified and placed between the OpIE2
promoter region and 3’ UTR. Separately, the S. frugiperda U6-3 (5fU6) small nuclear
RNA (snRNA) promoter [30] was synthesized as a gblock (IDT), and PCR amplified
along with the single guide RNA (sgRNA) and transcriptional terminator from plas-
mid pCFD4-U6:1_Ué6:3tandemgRNAs [37] (Addgene #49411). The OplE2-GFP fragments
were inserted along with the SfU6-sgRNA DNA fragment into pACUWS51 to derive
plasmid pOpIE2GFP-sgRNA.

To construct p10-GFP and p6.9-GFP-encoding CRISPR plasmids, first, the coding
region of the p10 gene, including upstream and downstream sequences to include its
endogenous promoter and 3’ UTR, was amplified from AcMNPV genomic DNA and
inserted into pACUWS51. The p10 ORF was then replaced with the gfp gene, and the SfU6-
sgRNA fragment was inserted downstream to derive pl0GFP-sgRNA. Finally, the p6.9
promoter region was amplified from AcMNPV genomic DNA and inserted in place of the
p10 promoter sequence in pl0GFP-sgRNA to yield p6.9GFP-sgRNA.

The spacer sequences used to target Cas9 and dCas9 to specific ACMNPV genomic
loci were selected using the sgRNA scorer 2.0 software [38]. Briefly, the coding sequence
for the target gene was submitted to the sgRNA scorer 2.0 software which generated a list
of putative target sites scored according to their predicted activity. For each gene target,
2-4 target sequences were selected based on two criteria: predicted activity and the strand
(template or nontemplate) the target sequence resided on. Inverse PCR was used to retarget
sgRINA spacer sequences to the target of interest [39]. Two primers were designed to anneal
to the cas9 handle of the sgRNA sequence and to the U6 promoter sequence and extend in
opposite directions. The desired targeting spacer sequence was appended to these primer
sequences, which were used to amplify the entire plasmid as a linear fragment. The spacer
sequence served as the homologous sequence required for Gibson assembly to ligate and
re-circularize the new plasmid. The spacer sequences used in this study are presented
in Table 1.
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Table 1. Protospacer sequences for sgRNA targets.

rBEV Target Protospacer Sequence (5-3’) PAM Strand
Control n/a caccttgaagcgcatgaact n/a n/a
GFP1 gfp gggcaagggcaacccctacg agg Template
GFP2 gfp gtcgtaggcgaagggcaggg ggg Nontemplate
GFP3 gfr gttgecgtactggaacacgg tgg Nontemplate
GFP4 gfp ccgagggctaccactgggag agg Template
IE1 ie-1 accgtgtcggctccatcegggge tgg Nontemplate
1E2 ie-1 tgatatctgacagcgagactg cgg Template
VL1 vlf-1 acacggactcgaaccggggag cgg Nontemplate
VL2 vlf-1 ggcaacgatgcacgcccgacg agg Template
VPl up80 gcecgecgcaategecgeeg cgg Template
VP2 up80 gctggatgttaccegegg cgg Nontemplate
VP3 up80 tcgatgeggecaggtege tgg Nontemplate
VP4 up80 gcggatcgetaaatgecg tgg Nontemplate

2.3. Virus Generation, Amplification, and Quantification

Plasmids for homologous recombination at the polyhedrin locus in the AcMNPV
genome were co-transfected with flashBACGOLD™ (Oxford Expression Technologies Ltd.,
Oxford, UK) genomic DNA according to manufacturer’s directions. Supernatant from each
transfection was harvested 4-5 days post transfection and used to infect early exponential
phase (~1.5-2 x 10° cells/mL) suspension Sf9 cultures at low multiplicity of infection (MOL;
MOI = ~0.01-0.1) to amplify the rBEVs for 3-4 days or until the viable cell density dropped
to ~80%. After 2 sequential rounds of amplification, the rBEV titer was quantified using
end-point dilution assay (EPDA). Briefly, Sf9 cells were diluted to ~2.0 x 10° cells/mL, and
100 pL was used to seed each well of a 96-well plate (VWR). The virus was serially diluted
(1072 to 10~8), and 10 uL of each dilution was added, in 12 replicates, to the 96-well plate.
Plates were incubated for seven days at 27 °C, after which they were checked for green
fluorescence using a fluorescence microscope. Results were converted from TCIDsg and
reported as plaque forming units per ml (pfu/mL). Where appropriate, tests for statistical
significance of differences in infectious virus titer were performed using Student’s t-test,
with a significance level value of 5%.

2.4. Infections

5f9-dCas9, S{9-Cas9, or the parental Sf9 cells were infected with rBEVs at a density of
~1.5-2 x 10° cells/mL and MOI of 3. Samples were taken at 24, 48, and 72 h post infection
(hpi), and cells were fixed with 2% paraformaldehyde for ~30 min prior to further analysis.

2.5. Flow Cytometry and Analysis

Samples were analyzed using a FACSCalibur™ flow cytometer (BD Biosciences, San
Jose, CA, USA) equipped with a 15 mW air-cooled argon-ion laser with an excitation fre-
quency of 488 nm. Samples were run at the low flow setting (12 uL./min), and 10,000 events
were collected. The analysis of flow cytometry data was performed using Flow]Jo® V10 flow
cytometry analysis software (FlowJo LLC, Ashland, OR, USA). Briefly, after applying gates
to remove debris and intrinsic cellular fluorescence from the analysis, median fluorescence
intensity in FL1 was calculated. Where appropriate, tests for statistical significance of dif-
ferences in fluorescence intensity were performed using Student’s ¢-test, with a significance
level value of 5%.

2.6. Real-Time Reverse Transcription Polymerase Chain Reaction (RT-PCR)

Infected cells (~1.5-2 x 10° cells/mL, MOI = 3) were collected at 0, 24, 48, and 72 hpi
by centrifugation at 1000 x g for 10 min at 4 °C. RNA was extracted using the Geneaid Total
RNA Mini kit (FroggaBio, Concord, ON, Canada), and 500 ng was used as template for
first-strand cDNA synthesis using the SensiFAST cDNA synthesis kit (FroggaBio) according
to manufacturer’s directions. Real-time PCR was performed using the SensiFAST SYBR
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Hi-ROX kit (FroggaBio) according to manufacturer’s directions on an Applied Biosystems
StepOnePlus™ Real-Time PCR System (Fisher Scientific). Primer pairs used are given
in Table S1.

2.7. Western Blot

Infected cells (~1.5-2 x 10° cells/mL, MOI = 3) were collected at 0, 24, 48, and 72 hpi
by centrifugation at 1000x g for 10 min at 4 °C. The cells were lysed in RIPA buffer
(Fisher Scientific), quantified by BCA assay (Fisher Scientific), and ~10 pg of protein was
separated by electrophoresis in 10% TGX Stain-Free precast mini SDS-PAGE gels (Bio-Rad,
Mississauga, ON, Canada) according to manufacturer’s directions. After transfer to PVDF
membranes, Western blot analysis was performed with anti-Cas9 (MAC133; Sigma-Aldrich)
or anti-GP64 (AcV5, Fisher Scientific) as primary antibodies and goat anti-mouse IgG HRP
secondary (Bio-Rad) and imaged on a ChemiDoc MP Imager (Bio-Rad). The Image Lab
software was used for further image processing (Bio-Rad).

2.8. Quantification of Baculovirus Particles Using Flow Cytometry

Sample preparation for analysis via flow cytometry was described previously [40].
Briefly, samples were diluted in D-PBS and fixed with paraformaldehyde for ~1 h, after
which the samples were subjected to one freeze—thaw cycle followed by incubation with
Triton X-100 to permeabilize the membrane. The nucleic acid stain SYBR Green I was
added and incubated at 80 °C for 10 min in the dark to stain double stranded DNA. After
cooling on ice, the samples were analyzed via flow cytometry. Flow-Set Fluorospheres
(Beckman Coulter, Mississauga, ON, Canada) were used for calibration, and all samples
were run in triplicate. The statistical significance was evaluated using Student’s t-test with
a significance value of 5%.

3. Results
3.1. Development of Recombinant Sf9 Cell Lines for Constitutive Expression of Cas9 and dCas9

Expression of the Cas9 and dCas9 proteins were conferred via the development of
transgenic S{9 cell lines transfected with plasmids pOplE2-Cas9-puro and pOpIE2-dCas9-
puro, which include either the cas9 or dcas9 gene and the pac gene sequences separated by
the viral T2A element [41]. After selection with puromycin for at least 2 weeks, resistant
cells were pooled and maintained in suspension culture for an additional ~10-15 passages
under selective pressure before removing the puromycin from the medium. Although
routine maintenance of these cell lines with or without puromycin provided no evidence
that ectopic expression of either Cas9 protein had any effect on their growth (data not
shown), prior to performing any gene disruption or transcriptional repression experiments,
the cell lines were characterized with infection experiments to determine whether there
were any distinguishable differences between them and parental Sf9 cells. As shown
in Figure 1A, transcription of the gfp reporter and the viral capsid protein vp39 genes
were similar, indicating that there were no discernable differences in progression of the
infection. Similarly, the production of GFP from the viral late gene promoter p6.9 and
progeny virus appeared unimpaired (Figure 1B,C). Interestingly, RT-PCR (Figure 1A) and
Western blot data (Figure S1) indicated that transcription of cas9 and dcas9 were significantly
downregulated by 24 hpi and protein was undetectable on Western blot by 48 hpi.
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Figure 1. S5f9-Cas9 and Sf9-dCas9 cells are indistinguishable from the parental Sf9 cell line. (A). QPCR threshold cycle
(Cy)values of the Sf9-encoded 285 rRNA housekeeping gene, (d)cas9 gene, and virus-encoded vp39 and p6.9 promoter-

expressed gfp reporter gene in baculovirus-infected Sf9 (squares), Sf9-Cas9 (circles), and Sf9-dCas9 (triangles) cells at 0, 24,
48, and 72 hpi. NTC: no template control (B). GFP fluorescence intensity of baculovirus-infected Sf9 (squares), Sf9-Cas9
(circles), and Sf9-dCas9 (triangles) cells at 24, 48, and 72 hpi and (C). infectious virus titer of supernatants from infected Sf9,
5f9-Cas9, and Sf9-dCas9 cells at 72 hpi. NS indicates non-significant differences in means according to Student’s t-test.
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3.2. Evaluation of CRISPR-Mediated Repression and Disruption on GFP Production

Initial experiments sought to establish transcriptional repression of the rBEV-encoded
gfr gene. Individual rBEVs with sgRNAs targeting the template (GFP1 and GFP4) and
nontemplate (GFP2 and GFP3) strands within the gfp ORF were constructed, and repression
of gfp transcribed with immediate early (OplE2), late (p6.9), and very late (p10) promoters
was assessed. Sf9-dCas9 cells infected with rBEVs encoding nontemplate strand-targeting
sgRNAs showed a marked decrease in the proportion of GFP-positive cells and fluorescence
intensity compared to the control at 48 hpi for OpIE2-GFP (Figure S2A). For p6.9-GFP and
p10-GFP, there appeared to be a slight (p6.9-GFP) or significant (p10-GFP) reduction in
GFP-positive cells compared to the control at 24 hpi; however, there was no difference at 48
and 72 hpi (Figure 2A and Figure S2B). Nevertheless, the fluorescence intensity for GFP2
and GFP3 targets was reduced compared to the control at all time points for p6.9-GFP and
at 48 and 72 hpi for p10-GFP. The fluorescence intensity of rBEVs encoding strand targeting
sgRNAs (GFP1 and GFP4) were indistinguishable from the control in all experiments,
however, indicating potential strand bias for CRISPRi.
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Figure 2. CRISPR-mediated targeting of mAzami-Green (gfp) transcribed from the late p6.9 promoter.
Percentage of the population that is GFP-positive and fluorescence intensity of gfp- targeting rBEVS
in Sf9-dCas9 cells (A,B) and Sf9-Cas9 cells (C,D), respectively. *** denotes p < 0.001.
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For CRISPRd experiments, p6.9-GFP rBEVs encoding sgRNAs GFP2, GFP3, and GFP4
were used to infect 5f9-Cas9 cells. For all three sgRNAs, the proportion of GFP-positive
cells was significantly reduced compared to the control at all time points. The GFP2 sgRNA
resulted in the lowest GFP-positive phenotype compared to GFP3 and GFP4. Significantly,
whereas the proportion of GFP-positive cells was higher at 24 hpi and increased by 48 hpi
for GFP3 and GFP4, GFP2 was less than 10% GFP-positive at 24 hpi and did not increase
as the infection progressed. For the fluorescence intensity measurements of the GFP-
positive cells, though, the GFP2 sgRNA rBEV was only slightly reduced compared to
the untargeted control rBEV. Conversely, the GFP3 and GFP4 sgRNAs had significantly
reduced fluorescence intensity compared to both GFP2 and control (Figure 2C,D).

Importantly, parental 59 cells infected with each of the p10-GFP (data not shown) and
p6.9-GFP rBEVs produced fluorescence intensity measurements that were both increased
compared to the same infections in either Sf9-Cas9 or Sf9-dCas9 cells and were also all
similar to the control (i.e., untargeted) rBEV. Finally, the release of progeny BV was not
statistically different for any of the viruses replicating in any cell line (Figure S3). Taken
together, these data indicate that the production of GFP was influenced by the presence of
both (d)Cas9 and sgRNA and was unaffected in the absence of either of these molecules,
and is therefore consistent with CRISPR-mediated targeting of the gfp gene.

3.3. Extension of CRISPRi and CRISPRd to Endogenous AcMNPV ie-1 and vlf-1

Next, the ability of the CRISPRi and CRISPRd systems to affect the production of
endogenous AcMNPV genes was assessed (Figure 3). Spacer sequences were selected
to target the ie-1 and vlf-1 genes encoding immediate-early protein 1 (IE-1) and very late
factor 1 (VLE-1), respectively. The ie-1 gene encodes a transcriptional activator and is
essential for viral DNA replication, late gene expression, and subsequent progeny virus
production. The vIf-1 gene encodes a transcriptional activator for the very late class of
genes but has no effect on late gene promoters. The production of progeny virus and GFP
transcribed from the p10 promoter was measured to assess the phenotypic impact of these
targets in 5f9-dCas9 cells. Similar to previous experiments, the proportion of GFP-positive
cells was reduced at 24 hpi for the IE1 sgRNA; however, it increased by 48 hpi and was
indistinguishable from the control. The proportion of GFP-positive cells was not affected
for either IE2, VL1, or VL2. Reduced fluorescence for the rBEVs encoding nontemplate-
targeting sgRNAs (IE1 and VL1), but not the sgRNAs targeting the template strand (IE2
and VL2) was observed. Finally, the analysis of progeny virus production showed that the
IE1 sgRNA reduced the infectious virus titer (IVT) ~90% compared to the control at 48 hpi.
The difference in IVT for the other targets was not statistically significant (Figure 3A).

For CRISPRd in Sf9-Cas9 cells, a marked reduction in GFP-positive cells was observed
for both IE1 and IE2 sgRNA rBEVs, but not VL1 or VL2, at all time points. Fluorescence
intensity was also significantly reduced for each sgRNA compared to the untargeted control.
Since VLF-1 stimulates transcription from very late promoters but has no effect on late
genes, rBEVs encoding the VL1 and VL2 sgRNAs and the p6.9-GFP expression cassette
were prepared and used to infect Sf9-Cas9 cells. Importantly, the analysis of fluorescence
indicated no difference compared to the control rBEV for both VL1 and VL2 (data not
shown). Finally, the IVT was reduced by ~99% compared to the control for IE1 and IE2,
and ~64% for VL2. The measured IVT for VL1 was not statistically different from that of
the control (Figure 3B).

Parental Sf9 cells infected with each of ie-1 and vlf-1-targeted sgRNAs showed flu-
orescence and IVT levels that were consistent with those of the control (i.e., nondis-
rupted /repressed), indicating that both (d)Cas9 and sgRNA are required for disruption or
downregulation of ie-1 and vlf-1 (Figure 3C). Additionally, since both fluorescence intensity
and IVT were similar for all the rBEV infections in Sf9 cells, it is unlikely that the pheno-
types observed in S5f9-Cas9 or Sf9-dCas9 are the result of genetic heterogeneity between the
rBEVs or differences in late gene expression and/or virus replication.
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3.4. CRISPRA Is More Effective Than CRISPRi for Obstructing Progeny BV Release

Finally, rBEVs with sgRNAs targeting the vp80 gene were prepared. The vp80 gene
encodes the capsid-associated protein VP80, and its disruption prevents capsid assembly
but has no effect on late gene expression. The fluorescence intensity of GFP transcribed from
the late p6.9 promoter and progeny virus production were used to assess the effectiveness
of CRISPRi and CRISPRd, and four sgRNAs were tested for CRISPRi and two for CRISPRd.
The fluorescence intensity was similar for each vp80-targeting rBEV compared to the
untargeted control in each cell line, and showed no differences when used to infect either
519, S5£9-Cas9, or S{9-dCas9 cells (Figure 4A). Similarly, the IVT of infected Sf9 cell culture
supernatants for each rBEV were similar, indicating unimpaired BV release in the absence
of Cas9 or dCas9. The VP2, VP3, and VP4 rBEVs reduced IVT ~79%, ~68%, and ~57%
compared to the control rBEV, respectively, in 5f9-dCas9 cells, while VP1 was similar
to the control and to the IVT yielded from its infection of parental Sf9 cells. Infection
with VP1 to S5f9-Cas9 cells, on the other hand, reduced the IVT by ~98% compared to the
untargeted control, and VP2 by ~96% (Figure 4C). The latter result represents an ~85%
improvement over the result in Sf9-dCas9 cells. Finally, flow cytometry analysis indicated a
reduction in total number of particles in culture supernatant for VP80 targets as compared
to nontargeted control experiments in Sf9-Cas9 cells (Figure 4B).
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Figure 4. CRISPR-mediated targeting of the AcMNPV vp80 gene. (A) Mean fluorescence intensity for
vp80-targeting and control rBEVs in Sf9-Cas9, Sf9-dCas9, and parental Sf9 cells. (B) Total particles in
culture supernatants of infected Sf9-Cas9 cells and (C) IVT for control and vp80-targeting rBEVs in
each cell line at 48 hpi. ***: p < 0.001; **: p < 0.01; *: p < 0.05.
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4. Discussion

The present study sought to develop an efficient technology for targeted genome
engineering that would be capable of scrutinizing the effect of gene disruption or repression
on viral gene expression and replication. To this end, transgenic Sf9 cell lines constitutively
expressing the cas9 or dcas9 gene were developed. To test the efficacy of gene disruption and
transcriptional repression using this approach, Sf9-Cas9 and Sf9-dCas9 cells were infected
with rBEVs encoding both the sgRNA and the genetic target for disruption or repression.

Since downregulation of host protein expression due to infection with AcMNPV is
a characteristic of the BEVS [42], experiments to assess expression of (d)Cas9 using RT-
PCR and Western blot were conducted. Consistent with prior studies, downregulation of
dcas9 and cas9 transcription was observed by 24 hpi; however, the baculovirus immediate-
early promoter supported transgene expression until 72 hpi [43,44]. As the amount of
dCas9 protein present could impact the effectiveness of CRISPRI, the repression of gfp
transcribed from immediate-early (OplIE2), late (p6.9), and very late (p10) promoters were
evaluated to establish the efficiency of repression for promoters differing in temporal
and relative strength expression characteristics. A significant reduction in fluorescence
intensity was observed for each promoter. Additionally, the possibility of a ‘strand bias’
was observed in the BEVS system, in which transcriptional repression can only be achieved
by targeting the sgRNA /dCas9 RNP to the nontemplate strand. This phenomenon has
been observed in various other prokaryotic and eukaryotic systems previously [26,28].
The experiments conducted with Sf9-Cas9 cells (CRISPRd) showed decreased fluorescence
intensity measurements compared to the control, and the population of GFP-positive
cells was significantly reduced. Notably, GFP2 was less than 5% GFP-positive; however,
fluorescence intensity was higher in Sf9-Cas9 cells than in 5f9-dCas9 cells with the same
rBEV. This observation is presumably due to the mechanisms by which CRISPRd and
CRISPRI function; for CRISPRi, successful targeting blocks transcript elongation and leads
to a reduction in mRNA produced and translated by the cell. This ultimately leads to an
overall, but typically incomplete, reduction in fluorescence intensity without introducing
irreversible mutations in the genome. On the other hand, gene disruption mediated by
CRISPRd results in indel mutations from dsDNA break repair, which are irreversible and
often result in loss-of-function mutations in the encoded protein [28,29]. Consequently,
gene copies with indel mutations in the ORF are transcribed, but the encoded protein is
nonfunctional, whereas gene copies that are not successfully targeted or the indel mutation
is silent would be transcribed and function protein is translated at wildtype levels.

Finally, endogenous AcMNPV ie-1, vlf-1 and vp80 genes were targeted for transcrip-
tional repression and gene disruption. The IE-1 protein is the major transcriptional regulator
of AcMNPV and is responsible for trans-activation of several known early genes [45,46].
Importantly, it is required for late gene expression and viral genome replication [47], and
its deletion results in loss of infectivity [11]. The VLF-1 protein is a regulator of very late
gene transcription and is responsible for the ‘transcriptional burst’ observed for the very
late class of genes but has no effect on the late class of genes [48,49]. Complete deletion
of the vlf-1 gene may also impair assembly of BVs, although DNA replication and late
gene transcription appeared to be reduced but permitted [13]. On the other hand, the vp80
gene encodes a capsid-associated protein that is essential for BV production but not for
viral late gene expression [21]. Selection of these endogenous genes provided the ability
to observe the efficacy of CRISPRi and CRISPRd in several ways; repression/disruption
of ie-1 should impact the entire infection cycle of the rBEV, while targeting vlf-1 should
reduce expression from the very late p10 promoter but not the p6.9 promoter. Finally,
disruption of vp80 expression should impact the production of progeny BV but not inhibit
late gene expression.

Infections with rBEVs encoding sgRNAs targeting each of these genes yielded the
expected result in all three cases; significant reduction in GFP and BV release for IE-1
targets, reduced BV production but unimpaired late gene expression for VP80 targets,
and targeting VLF-1 led to a reduction in fluorescence intensity for GFP expressed from
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the p10 promoter but not p6.9. Interestingly, although there appears to be a reduced IVT
for VL1 and VL2 rBEVs in Sf9-Cas9 cells (~42% and ~64%, respectively) and for VL1 in
Sf9-dCas9 cells (~50%), only the VL2 rBEV IVT was statistically different from the control.
This could indicate that either the resolution in the assay is not sensitive enough to detect
this difference or that enough VLF-1 was produced to permit replication and production
of progeny virus to near wildtype levels. Unsurprisingly, the template-targeting sgRNA
VP1 did not result in reduced progeny virus production in Sf9-dCas9 cells. Targeting the
up80 gene with sgRNAs VP2, VP3, and VP4, however, reduced IVT by ~79%, ~68%, and
~57%, respectively; however, the result with VP4 was not statistically significant. Given
that transcriptional repression efficiency has been observed to be inversely correlated to
the distance of the target spacer sequence from the transcriptional start site [28], it may not
be entirely surprising that this sgRNA was less effective.

In addition to the apparent strand bias in the experiments with Sf9-dCas9 cells, the
proportion of cells displaying a GFP-positive phenotype at 24 hpi was substantially reduced
for the IE1 rBEV, while fluorescence was significantly lower at all time points and for both
targets in Sf9-Cas9 cells compared to control infections. The analysis of BV release at 48 hpi
also showed a ~90% decrease in the IVT for IE1 compared to controls for CRISPRi and ~99%
for CRISPRd. This latter result is significant since a report in which transformed Sf9 cells
expressing a ~470 bp dsRNA molecule targeting the ACMNPYV ie-1 gene exhibited strong
viral repression at early stages of infection, but subsequent recovery of viral proliferation
was observed by the late stages of the infection cycle [50].

Deletion of the vp80 gene has previously been shown to prevent BV production whilst
permitting replication of viral DNA and transcription of viral late genes at or near wild-
type levels [21]. The results presented here support these conclusions: production of
GFP was similar for each virus in S5f9-dCas9, Sf9-Cas9 and the parental Sf9 cells; how-
ever, BV release was decreased by >90% in Sf9-Cas9 cells. Interestingly, the supernatant
from Sf9 cells infected with the Aup80-rBEV in that study appeared to have undetectable
IVT [21]. The assessment of infected culture supernatants at 4, 8, and 12 hpi here and
previously [32], however, revealed IVT ~10%-10° pfu/mL at each time point (data not
shown), indicating incomplete viral uptake before the onset of progeny BV release. Further,
the trans-complementation strategy resulted in a ~25-fold decrease in BV seed production
and constitutive expression of the up80 gene appeared unstable or toxic to Sf9 cells. Finally,
higher MOI (MOI = 10) was required to produce recombinant protein at the same level
as the wildtype rBEV [21]. In this study, there was no difference in GFP production at
MOI = 3 and each of the rBEVs displayed no indication of impaired replication in Sf9 cells.
Taken together, this strategy may contribute to reduced downstream processing complexity
by minimizing rBEV contamination. Nevertheless, targeted disruption of vp80 reduced
the IVT by ~98% and ~96% for VP1 and VP2, respectively. Compared to CRISPRi, these
results indicate that CRISPRd may be more effective for reducing progeny virus production.
Finally, to ensure that targeting vp80 resulted in a reduction in particles released to the
culture supernatant as opposed to the release of defective particles that are not infectious,
flow cytometry was used to analyze supernatants from several control and VP80-targeted
infections in Sf9-Cas9 cells. The results indicated a ~90% reduction in particle concentration
in the VP80-disrupted infections compared to the control. Consistent with previous reports
in which the ratio of total particles quantified using flow cytometry to IVT measured using
EPDA ranged from 1 to 10 [40], the FC:IVT ratio in the samples analyzed was ~5-10 as well.

5. Conclusions

Taken together, the phenotypes observed in this report are consistent with disruption
or repression of the endogenous AcMNPV ie-1, vlf-1, vp80 genes. The results indicate
that CRISPRd may be more effective than CRISPRi for total disruption of target genes,
whereas CRISPRi allows expression of the targeted gene at levels that are lower than
the wildtype, suggesting it may be more appropriate for targets that are not amenable
to deletion. Consequently, the CRISPRd tool developed here may be more useful for
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evaluating the essentiality of endogenous AcMNPV genes and reducing BV contamination
in culture supernatants, whereas CRISPRi may be more effective for use in prolonging
the infection cycle and accompanying bioprocess in order to increase yield of the target
recombinant molecule. This report serves as a foundation for further improvement of the
BEVS as a platform for recombinant protein therapeutics.
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10.3390/v13101925/5s1, Table S1: Primers, Figure S1: (d)Cas9, GP64 Western blots, Figure S2: CRISPRi
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IVT for all cell lines.

Author Contributions: Conceptualization, M.R.B. and M.G.A.; methodology, M.R.B.; validation,
M.R.B. and M.G.A ; formal analysis, M.R.B.; investigation, M.R.B. and S.-D.W.; resources, M.G.A.;
data curation, M.R.B.; writing—original draft preparation, M.R.B.; writing—review and editing,
M.R.B., S.-D.W., and M.G.A; supervision, M.G.A.; project administration, M.G.A.; funding acquisi-
tion, M.R.B. and M.G.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Natural Sciences and Engineering Research Council of
Canada (NSERC) post-graduate scholarship to M.R.B, and NSERC Discovery (RGPIN 355513-2017)
and Strategic Project Grants (STPGP 462995-14) to M.G.A.

Data Availability Statement: All data generated and analyzed during this study are included in this
article and its supplementary information files.

Acknowledgments: We thank D. Theilmann for kindly donating the plasmid pOpIE2E2.3 and A.
Frenette for help with Western blotting.

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

References

1. Miele, S.A.B.; Garavaglia, M.].; Belaich, M.N.; Ghiringhelli, P.D. Baculovirus: Molecular Insights on Their Diversity and
Conservation. Int. |. Evol. Biol. 2011, 2011, 379424. [CrossRef]

2. Moscardi, F. Assessment of the Application of Baculoviruses for Control of Lepidoptera. Annu. Rev. Entomol. 1999, 44, 257-289.
[CrossRef]

3. Smith, G.E.; Summers, M.D.; Fraser, M.]. Production of Human Beta Interferon in Insect Cells Infected with a Baculovirus
Expression Vector. Mol. Cell. Biol. 1983, 3, 2156-2165. [CrossRef]

4. van Oers, M.M.; Pijlman, G.P; Vlak, ].M. Thirty Years of Baculovirus-Insect Cell Protein Expression: From Dark Horse to
Mainstream Technology. J. Gen. Virol. 2015, 96, 6-23. [CrossRef]

5. Luckow, V.A; Lee, S.C.; Barry, G.E; Olins, P.O. Efficient Generation of Infectious Recombinant Baculoviruses by Site-Specific
Transposon-Mediated Insertion of Foreign Genes into a Baculovirus Genome Propagated in Escherichia Coli. J. Virol. 1993, 67,
4566-4579. [CrossRef] [PubMed]

6.  Datsenko, K.A.; Wanner, B.L. One-Step Inactivation of Chromosomal Genes in Escherichia Coli K-12 Using PCR Products. Proc.
Natl. Acad. Sci. USA 2000, 97, 6640-6645. [CrossRef] [PubMed]

7. Muyrers, ].PP; Zhang, Y.; Testa, G.; Stewart, A.F. Rapid Modification of Bacterial Artificial Chromosomes by ET-Recombination.
Nucleic Acids Res. 1999, 27, 1555-1557. [CrossRef] [PubMed]

8.  Cohen, D.PA.; Marek, M.; Davies, B.G.; Vlak, ] M.; van Oers, M.M. Encyclopedia of Autographa Californica Nucleopolyhedrovirus
Genes. Virol. Sin. 2009, 24, 359—414. [CrossRef]

9.  McCarthy, C.B.; Theilmann, D.A. AcCMNPV Ac143 (Odv-E18) Is Essential for Mediating Budded Virus Production and Is the 30th
Baculovirus Core Gene. Virology 2008, 375, 277-291. [CrossRef] [PubMed]

10. Fang, M.; Dai, X.; Theilmann, D.A. Autographa Californica Multiple Nucleopolyhedrovirus EXONO (ORF141) Is Required for
Efficient Egress of Nucleocapsids from the Nucleus. J. Virol. 2007, 81, 9859-9869. [CrossRef]

11. Stewart, T.M.; Huijskens, I.; Willis, L.G.; Theilmann, D.A. The Autographa Californica Multiple Nucleopolyhedrovirus Ie0-Iel
Gene Complex Is Essential for Wild-Type Virus Replication, but Either IEO or IE1 Can Support Virus Growth. J. Virol. 2005, 79,
4619-4629. [CrossRef] [PubMed]

12. Lin, G.; Blissard, G.W. Analysis of an Autographa Californica Multicapsid Nucleopolyhedrovirus Lef-6-Null Virus: LEF-6 Is
Not Essential for Viral Replication but Appears to Accelerate Late Gene Transcription. J. Virol. 2002, 76, 5503-5514. [CrossRef]
[PubMed]

13.  Vanarsdall, A.L.; Okano, K.; Rohrmann, G.F. Characterization of a Baculovirus with a Deletion of VIf-1. Virology 2004, 326,
191-201. [CrossRef] [PubMed]

14. Kaba, S.A,; Salcedo, A.M.; Wafula, P.O.; Vlak, ].M.; Oers, M.M. van Development of a Chitinase and V-Cathepsin Negative

Bacmid for Improved Integrity of Secreted Recombinant Proteins. . Virol. Methods 2004, 122, 113-118. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/v13101925/s1
https://www.mdpi.com/article/10.3390/v13101925/s1
http://doi.org/10.4061/2011/379424
http://doi.org/10.1146/annurev.ento.44.1.257
http://doi.org/10.1128/MCB.3.12.2156
http://doi.org/10.1099/vir.0.067108-0
http://doi.org/10.1128/jvi.67.8.4566-4579.1993
http://www.ncbi.nlm.nih.gov/pubmed/8392598
http://doi.org/10.1073/pnas.120163297
http://www.ncbi.nlm.nih.gov/pubmed/10829079
http://doi.org/10.1093/nar/27.6.1555
http://www.ncbi.nlm.nih.gov/pubmed/10037821
http://doi.org/10.1007/s12250-009-3059-7
http://doi.org/10.1016/j.virol.2008.01.039
http://www.ncbi.nlm.nih.gov/pubmed/18328526
http://doi.org/10.1128/JVI.00588-07
http://doi.org/10.1128/JVI.79.8.4619-4629.2005
http://www.ncbi.nlm.nih.gov/pubmed/15795248
http://doi.org/10.1128/JVI.76.11.5503-5514.2002
http://www.ncbi.nlm.nih.gov/pubmed/11991978
http://doi.org/10.1016/j.virol.2004.06.003
http://www.ncbi.nlm.nih.gov/pubmed/15262507
http://doi.org/10.1016/j.jviromet.2004.07.006
http://www.ncbi.nlm.nih.gov/pubmed/15488628

Viruses 2021, 13, 1925 14 of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

Boogaard, B.; Evers, F,; van Lent, ] W.M.; van Oers, M.M. The Baculovirus Ac108 Protein Is a per Os Infectivity Factor and a
Component of the ODV Entry Complex. J. Gen. Virol. 2019, 100, 669—-678. [CrossRef]

Zhu, S.; Wang, W.; Wang, Y.; Yuan, M.; Yang, K. The Baculovirus Core Gene Ac83 Is Required for Nucleocapsid Assembly and Per
Os Infectivity of Autographa Californica Nucleopolyhedrovirus. J. Virol. 2013, 87, 10573-10586. [CrossRef]

Ros, VI.D.; Houte, S.; Hemerik, L.; van Oers, M.M. Baculovirus-induced Tree-top Disease: How Extended Is the Role of Egt as a
Gene for the Extended Phenotype? Mol. Ecol. 2015, 24, 249-258. [CrossRef]

Westenberg, M.; Soedling, H.M.; Mann, D.A_; Nicholson, L.]J.; Dolphin, C.T. Counter-Selection Recombineering of the Baculovirus
Genome: A Strategy for Seamless Modification of Repeat-Containing BACs. Nucleic Acids Res. 2010, 38, e166. [CrossRef]

van Oers, M.M. Opportunities and Challenges for the Baculovirus Expression System. |. Invertebr. Pathol. 2011, 107, S3-515.
[CrossRef]

Salem, T.Z.; Zhang, F.; Thiem, S.M. Reduced Expression of Autographa Californica Nucleopolyhedrovirus ORF34, an Essential
Gene, Enhances Heterologous Gene Expression. Virology 2013, 435, 225-238. [CrossRef]

Marek, M.; van Oers, M.M.; Devaraj, EE; Vlak, ].M.; Merten, O.-W. Engineering of Baculovirus Vectors for the Manufacture of
Virion-Free Biopharmaceuticals. Biotechnol. Bioeng. 2011, 108, 1056-1067. [CrossRef]

Monsma, S.A.; Oomens, A.G.; Blissard, G.W. The GP64 Envelope Fusion Protein Is an Essential Baculovirus Protein Required for
Cell-to-Cell Transmission of Infection. J. Virol. 1996, 70, 4607-4616. [CrossRef]

Chavez-Pena, C.; Kamen, A.A. RNA Interference Technology to Improve the Baculovirus-Insect Cell Expression System. Biotechnol.
Adv. 2018, 36, 443-451. [CrossRef] [PubMed]

Xu, J.; Nagata, Y.; Mon, H,; Li, Z.; Zhu, L.; liyama, K.; Kusakabe, T.; Lee, ].M. Soaking RN Ai-Mediated Modification of Sf9 Cells
for Baculovirus Expression System by Ectopic Expression of Caenorhabditis Elegans SID-1. Appl. Microbiol. Biotechnol. 2013, 97,
5921-5931. [CrossRef] [PubMed]

Zhao, H.-F; L'Abbé, D.; Jolicoeur, N.; Wu, M.; Li, Z.; Yu, Z.; Shen, S.-H. High-Throughput Screening of Effective SIRNAs from
RNAI Libraries Delivered via Bacterial Invasion. Nat. Methods 2005, 2, 967-973. [CrossRef] [PubMed]

Bruder, M.R; Pyne, M.E.; Moo-Young, M.; Chung, D.A.; Chou, C.P. Extending CRISPR-Cas9 Technology from Genome Editing to
Transcriptional Engineering in the Genus Clostridium. Appl. Environ. Microbiol. 2016, 82, 6109-6119. [CrossRef]

Doudna, J.A.; Charpentier, E. The New Frontier of Genome Engineering with CRISPR-Cas9. Science 2014, 346, 1258096. [CrossRef]
Qi, L.S.; Larson, M.H.; Gilbert, L.A.; Doudna, J.A.; Weissman, ].S.; Arkin, A.P.; Lim, W.A. Repurposing CRISPR as an RNA-Guided
Platform for Sequence-Specific Control of Gene Expression. Cell 2013, 152, 1173-1183. [CrossRef] [PubMed]

Hsu, P.D.; Lander, E.S.; Zhang, F. Development and Applications of CRISPR-Cas9 for Genome Engineering. Cell 2014, 157,
1262-1278. [CrossRef] [PubMed]

Mabashi-Asazuma, H.; Jarvis, D.L. CRISPR-Cas9 Vectors for Genome Editing and Host Engineering in the Baculovirus-Insect
Cell System. Proc. Natl. Acad. Sci. USA 2017, 114, 9068-9073. [CrossRef]

Pazmifio-Ibarra, V.; Mengual-Marti, A.; Targovnik, A.M.; Herrero, S. Improvement of Baculovirus as Protein Expression Vector
and as Biopesticide by CRISPR/Cas9 Editing. Biotechnol. Bioeng. 2019, 116, 2823-2833. [CrossRef]

George, S.; Jauhar, A.M.; Mackenzie, J.; Kieflich, S.; Aucoin, M.G. Temporal Characterization of Protein Production Levels from
Baculovirus Vectors Coding for GFP and RFP Genes under Non-Conventional Promoter Control. Biotechnol. Bioeng. 2015, 112,
1822-1831. [CrossRef]

Bassett, A.R.; Tibbit, C.; Ponting, C.P,; Liu, J.L. Mutagenesis and Homologous Recombination in Drosophila Cell Lines Using
CRISPR/Cas9. Biol. Open 2014, 3, 42-49. [CrossRef]

Theilmann, D.A.; Stewart, S. Molecular Analysis of the Trans-Activating IE-2 Gene of Orgyia Pseudotsugata Multicapsid Nuclear
Polyhedrosis Virus. Virology 1992, 187, 84-96. [CrossRef]

Gibson, D.G.; Young, L.; Chuang, R.-Y.; Venter, ].C.; Hutchison, C.A.L; Smith, H.O. Enzymatic Assembly of DNA Molecules up to
Several Hundred Kilobases. Nat. Methods 2009, 6, 343-345. [CrossRef] [PubMed]

Karasawa, S.; Araki, T.; Yamamoto-Hino, M.; Miyawaki, A. A Green-Emitting Fluorescent Protein from Galaxeidae Coral and Its
Monomeric Version for Use in Fluorescent Labeling. J. Biol. Chem. 2003, 278, 34167-34171. [CrossRef]

Port, E; Chen, H.-M,; Lee, T.; Bullock, S.L. Optimized CRISPR/Cas Tools for Efficient Germline and Somatic Genome Engineering
in Drosophila. Proc. Natl. Acad. Sci. USA 2014, 111, E2967-E2976. [CrossRef] [PubMed]

Chari, R.; Yeo, N.C.; Chavez, A.; Church, G.M. SgRNA Scorer 2.0: A Species-Independent Model to Predict CRISPR/Cas9 Activity.
ACS Synth. Biol. 2017, 6, 902-904. [CrossRef] [PubMed]

Stemmer, W.P.; Morris, S.K. Enzymatic Inverse PCR: A Restriction Site Independent, Single-Fragment Method for High-Efficiency,
Site-Directed Mutagenesis. Biotechniques 1992, 13, 214-220. [PubMed]

Shen, C.E; Meghrous, J.; Kamen, A. Quantitation of Baculovirus Particles by Flow Cytometry. J. Virol. Methods 2002, 105, 321-330.
[CrossRef]

Wang, Y.; Wang, F; Wang, R.; Zhao, P; Xia, Q. 2A Self-Cleaving Peptide-Based Multi-Gene Expression System in the Silkworm
Bombyx Mori. Sci. Rep. 2015, 5, 16273. [CrossRef]

Ooi, B.G.; Miller, L K. Regulation of Host RNA Levels during Baculovirus Infection. Virology 1988, 166, 515-523. [CrossRef]

Lin, C.-H.; Jarvis, D.L. Utility of Temporally Distinct Baculovirus Promoters for Constitutive and Baculovirus-Inducible Transgene
Expression in Transformed Insect Cells. J. Biotechnol. 2013, 165, 11-17. [CrossRef]


http://doi.org/10.1099/jgv.0.001200
http://doi.org/10.1128/JVI.01207-13
http://doi.org/10.1111/mec.13019
http://doi.org/10.1093/nar/gkq596
http://doi.org/10.1016/j.jip.2011.05.001
http://doi.org/10.1016/j.virol.2012.10.022
http://doi.org/10.1002/bit.23028
http://doi.org/10.1128/jvi.70.7.4607-4616.1996
http://doi.org/10.1016/j.biotechadv.2018.01.008
http://www.ncbi.nlm.nih.gov/pubmed/29395442
http://doi.org/10.1007/s00253-013-4785-1
http://www.ncbi.nlm.nih.gov/pubmed/23467826
http://doi.org/10.1038/nmeth812
http://www.ncbi.nlm.nih.gov/pubmed/16299483
http://doi.org/10.1128/AEM.02128-16
http://doi.org/10.1126/science.1258096
http://doi.org/10.1016/j.cell.2013.02.022
http://www.ncbi.nlm.nih.gov/pubmed/23452860
http://doi.org/10.1016/j.cell.2014.05.010
http://www.ncbi.nlm.nih.gov/pubmed/24906146
http://doi.org/10.1073/pnas.1705836114
http://doi.org/10.1002/bit.27139
http://doi.org/10.1002/bit.25600
http://doi.org/10.1242/bio.20137120
http://doi.org/10.1016/0042-6822(92)90297-3
http://doi.org/10.1038/nmeth.1318
http://www.ncbi.nlm.nih.gov/pubmed/19363495
http://doi.org/10.1074/jbc.M304063200
http://doi.org/10.1073/pnas.1405500111
http://www.ncbi.nlm.nih.gov/pubmed/25002478
http://doi.org/10.1021/acssynbio.6b00343
http://www.ncbi.nlm.nih.gov/pubmed/28146356
http://www.ncbi.nlm.nih.gov/pubmed/1327007
http://doi.org/10.1016/S0166-0934(02)00128-3
http://doi.org/10.1038/srep16273
http://doi.org/10.1016/0042-6822(88)90522-3
http://doi.org/10.1016/j.jbiotec.2013.02.007

Viruses 2021, 13, 1925 15 of 15

44.

45.

46.

47.

48.

49.

50.

Chen, Y.-R.; Zhong, S.; Fei, Z.; Hashimoto, Y.; Xiang, ].Z.; Zhang, S.; Blissard, G.W. The Transcriptome of the Baculovirus
Autographa Californica Multiple Nucleopolyhedrovirus in Trichoplusia Ni Cells. J. Virol. 2013, 87, 6391-6405. [CrossRef]
Guarino, L.A.; Summers, M.D. Functional Mapping of a Trans-Activating Gene Required for Expression of a Baculovirus
Delayed-Early Gene. J. Virol. 1986, 57, 563-571. [CrossRef]

Passarelli, A.L.; Miller, L.K. Three Baculovirus Genes Involved in Late and Very Late Gene Expression: Ie-1, Ie-n, and Lef-2. J.
Virol. 1993, 67, 2149-2158. [CrossRef]

Rapp, J.C.; Wilson, J.A.; Miller, L.K. Nineteen Baculovirus Open Reading Frames, Including LEF-12, Support Late Gene Expression.
J. Virol. 1998, 72, 10197-10206. [CrossRef]

Mistretta, T.-A.; Guarino, L.A. Transcriptional Activity of Baculovirus Very Late Factor 1. J. Virol. 2005, 79, 1958-1960. [CrossRef]
[PubMed]

Yang, S.; Miller, L.K. Activation of Baculovirus Very Late Promoters by Interaction with Very Late Factor 1. J. Virol. 1999, 73,
3404-3409. [CrossRef] [PubMed]

Kanginakudru, S.; Royer, C.; Edupalli, S.V,; Jalabert, A.; Mauchamp, B.; Chandrashekaraiah; Prasad, S.V.; Chavancy, G.; Couble, P;
Nagaraju, ]. Targeting Ie-1 Gene by RNAi Induces Baculoviral Resistance in Lepidopteran Cell Lines and in Transgenic Silkworms.
Insect Mol. Biol. 2007, 16, 635-644. [CrossRef] [PubMed]


http://doi.org/10.1128/JVI.00194-13
http://doi.org/10.1128/jvi.57.2.563-571.1986
http://doi.org/10.1128/jvi.67.4.2149-2158.1993
http://doi.org/10.1128/JVI.72.12.10197-10206.1998
http://doi.org/10.1128/JVI.79.3.1958-1960.2005
http://www.ncbi.nlm.nih.gov/pubmed/15650223
http://doi.org/10.1128/JVI.73.4.3404-3409.1999
http://www.ncbi.nlm.nih.gov/pubmed/10074194
http://doi.org/10.1111/j.1365-2583.2007.00753.x
http://www.ncbi.nlm.nih.gov/pubmed/17894559

	Introduction 
	Materials and Methods 
	Cells 
	Plasmid Construction 
	Virus Generation, Amplification, and Quantification 
	Infections 
	Flow Cytometry and Analysis 
	Real-Time Reverse Transcription Polymerase Chain Reaction (RT-PCR) 
	Western Blot 
	Quantification of Baculovirus Particles Using Flow Cytometry 

	Results 
	Development of Recombinant Sf9 Cell Lines for Constitutive Expression of Cas9 and dCas9 
	Evaluation of CRISPR-Mediated Repression and Disruption on GFP Production 
	Extension of CRISPRi and CRISPRd to Endogenous AcMNPV ie-1 and vlf-1 
	CRISPRd Is More Effective Than CRISPRi for Obstructing Progeny BV Release 

	Discussion 
	Conclusions 
	References

