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The baculovirus–insect cell system (BICS) has been widely used to
produce many different recombinant proteins for basic research
and is being used to produce several biologics approved for use in
human or veterinary medicine. Early BICS were technically com-
plex and constrained by the relatively primordial nature of insect
cell protein glycosylation pathways. Since then, recombination has
been used to modify baculovirus vectors—which has simplified the
system—and transform insect cells, which has enhanced its protein
glycosylation capabilities. Now, CRISPR-Cas9 tools for site-specific
genome editing are needed to facilitate further improvements in
the BICS. Thus, in this study, we used various insect U6 promoters
to construct CRISPR-Cas9 vectors and assessed their utility for site-
specific genome editing in two insect cell lines commonly used as
hosts in the BICS. We demonstrate the use of CRISPR-Cas9 to edit
an endogenous insect cell gene and alter protein glycosylation in
the BICS.
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The baculovirus–insect cell system (BICS), first described in
1983 (1), has been used to produce thousands of different

recombinant proteins for diverse areas of biomedical research.
Since 2009, the BICS has also been used to produce several bio-
logics approved for use in human or veterinary medicine (reviewed
in ref. 2). Thus, the BICS is an important recombinant protein
production platform that has had and will continue to have a large
and broad impact on basic research, biotechnology, and medicine.
Two precedents suggest the BICS would have even more impact if

it could be engineered to enhance its capabilities or extend its utility.
In the 1980s, the isolation of baculovirus expression vectors was a
highly inefficient, time-consuming, and frustrating process. However,
by the early 1990s, efforts to engineer the baculoviral genome in
various ways had greatly simplified this process (3–5). These re-
finements effectively converted a complex system created in highly
specialized laboratories to a routine tool that could be easily used in
many different laboratories. This was followed by efforts to enhance
the BICS by engineering host protein N-glycosylation pathways
(reviewed in ref. 6). However, host glycoengineering and other host
improvement efforts have been limited to the use of nonhomologous
recombination to knockin heterologous genes at random sites
(reviewed in ref. 7). This is because there have been no tools for site-
specific genome manipulation in the insect cell lines most commonly
used as hosts in the BICS. These cell lines include Sf9 (8) and High
Five (9), which are derived from the lepidopteran insects Spodoptera
frugiperda (Sf) and Trichoplusia ni (Tn), respectively.
Sf9 and High Five cells clearly have the machinery required for

protein N-glycosylation, but cannot synthesize the same end
products as mammalian cells (reviewed in refs. 10–14). More
specifically, both of these lepidopteran insect cell lines can transfer
N-glycan precursors to nascent polypeptides and trim them to
produce processing intermediates identical to those produced by
mammalian cells. However, neither can process those intermedi-
ates through the additional steps needed to produce larger,
mammalian-like structures with terminal sialic acids. Interestingly,
we know insect cells encode the machinery needed to produce
sialylated N-glycans and we also know some cells in whole

insects naturally produce endogenously sialylated glycoproteins
(15–17). Nevertheless, this genetic capacity is not expressed in
Sf9 or High Five cells. Insect cells also have a trimming enzyme,
absent in mammalian cells, which antagonizes N-glycan elon-
gation (18–21). This enzyme, which is a specific, processing
β-N-acetylglucosaminidase called fused lobes (FDL), removes a
terminal N-acetylglucosamine residue from trimmed N-glycan–
processing intermediates. This antagonizes elongation because
it eliminates the N-glycan intermediates used as substrates for
N-acetylglucosaminyltransferase II, which initiates the elonga-
tion process. The inability of the BICS to produce mammalian-
type, elongated N-glycans is a major deficiency of this system
because these structures are required for clinical efficacy in
glycoprotein biologics (22). Because of its inability to synthesize
these structures, it is widely believed that the BICS platform
could never be used for glycoprotein biologics manufacturing.
As indicated above, this limitation has been addressed by using

nonhomologous recombination to engineer insect cell N-glycosyla-
tion pathways for mammalian-type N-glycan biosynthesis (reviewed
in refs. 12–14 and 23). These efforts have yielded new, transgenic
insect cell lines that can be used to produce recombinant glyco-
proteins with fully elongated, mammalian-type N-glycans. However,
further glycoengineering is needed to create host cell lines that can
more efficiently process N-glycans in mammalian fashion and pro-
duce homogeneously glycosylated proteins. These more refined
glycoengineering efforts will require tools for site-specific genome
editing in the BICS, and fdl, which encodes an antagonistic func-
tion, will be a critically important target.
The CRISPR-Cas9 system is a relatively new and exceptionally

powerful tool for site-specific genome editing (24–26). CRISPR-
Cas9 vectors have been constructed for and used in many different
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biological systems, including insect cell systems. In fact, it has
been shown that endogenous U6 promoters can be used to drive
single-guide RNA (sgRNA) expression for CRISPR-Cas9 genome
editing in S2R+, a cell line derived from the dipteran insect,
Drosophila melanogaster (Dm) (27, 28), and BmN, a cell line derived
from the lepidopteran insect, Bombyx mori (Bm) (29). These findings
prompted us to attempt to adopt the CRISPR-Cas9 system for site-
specific genome editing in the BICS. The broader purpose of this
effort was to provide enabling technology for precise genetic modi-
fications that will further enhance and expand the utility of this
important recombinant protein production platform.

Results
Heterologous Insect U6 Promoters Fail to Support CRISPR-Cas9 Editing in
Sf9 Cells. When we undertook this effort, there were no known
S. frugiperda or T. ni RNA polymerase III promoters. However, as
noted above, there were DmU6 and BmU6 promoters with the
known ability to drive sgRNA expression in D. melanogaster and
B. mori cells, respectively (27–29). Thus, we chose to use the
DmU6 and BmU6 promoters as potential surrogates for CRISPR-
Cas9 genome editing in Sf9 and High Five cells, based on their ability
to drive sgRNA expression in other insect cell systems. D. mela-
nogaster is a dipteran and B. mori is a lepidopteran, so the former is
relatively distantly and the latter more closely related to S. frugiperda
and T. ni, from which Sf9 (8) and High Five (9) were derived.
We initially designed generic CRISPR-Cas9 vectors (Fig. 1A) that

included an S. frugiperda codon-optimized Streptococcus pyogenes
(Sp) Cas9 coding sequence under the control of a baculovirus ie1
promoter, which provides constitutive transcription in a wide variety
of organisms (30), followed by either the DmU6:96Ab or BmU6-2
promoter for sgRNA expression and a targeting sequence cloning
site. These vectors also included a puromycin-resistance marker
(puromycin acetyl transferase, pac) under the control of baculovirus
hr5 enhancer and ie1 promoter elements (Fig. 1A). After con-
structing, mapping, and sequencing the generic DmU6:96Ab and
BmU6-2 CRISPR-Cas9 vectors, we designed, synthesized, and
inserted targeting sequences (Table S1) for the D. melanogaster (Fig.
S1A) or B. mori (Fig. S1C) fdl genes. We then examined the editing
capacities of the products by transfecting D. melanogaster (S2R+)
or B. mori (BmN) cell lines, respectively, and performing CEL-I

nuclease assays on puromycin-resistant derivatives. The results of
this control experiment showed the Dm-fdl gene was efficiently
edited in S2R+ cells transfected with the DmU6 vector encoding
the Dm-fdl–specific sgRNA and in S2R+ cells transfected with
AcCas9DmFDLt3, a previously described CRISPR-Cas9 vector
encoding a Dm-fdl–specific sgRNA (28), but not in S2R+ cells
transfected with a vector encoding Cas9 alone (Fig. S1B). Sim-
ilarly, the Bm-fdl gene was efficiently edited in BmN cells
transfected with each of three BmU6-2 vectors encoding differ-
ent Bm-fdl–specific sgRNAs, but not in BmN cells trans-
fected with a vector encoding Cas9 alone (Fig. S1D). These
results indicated our CRISPR-Cas9 vectors produced func-
tional Cas9 under ie1 promoter control, functional sgRNAs under
DmU6:96Ab and BmU6-2 promoter control, and also showed they
could be used for efficient CRISPR-Cas9 editing of endogenous
gene targets in cells from the homologous species.
Therefore, we constructed DmU6:96Ab and BmU6-2

CRISPR-Cas9 vectors encoding sgRNAs with three different
Sf-fdl targeting sequences (Fig. 1B and Table S1) and used them
to transfect Sf9 cells in an effort to edit the Sf-fdl gene. However,
CEL-I nuclease assays revealed no evidence of Sf-fdl indels in
the resulting puromycin-resistant Sf9 derivatives (Fig. 1C). Be-
cause the results obtained with D. melanogaster and B. mori cells
indicated these vectors induced adequate Cas9 and pac expres-
sion, this result suggested the DmU6 and BmU6 promoters were
unable to support adequate sgRNA expression in Sf9 cells, which
are derived from a heterologous insect species. Therefore, we
concluded we needed to identify an endogenous SfU6 promoter
to induce sgRNA expression in Sf9 cells.

An Identified SfU6 Promoter Supports CRISPR-Cas9 Editing in Sf9
Cells. Using the BmU6-2 snRNA sequence (31) as a query to
search the S. frugiperda draft genome sequence (32), we found
only one putative SfU6 snRNA coding sequence. We had no
confidence in this hit because insect snRNA sequences are often
derived from pseudogenes (31). Thus, we used splinkerette PCR
(33) in an attempt to experimentally isolate SfU6 promoter
candidates from Sf9 genomic DNA. This approach yielded six
unique U6 snRNA upstream sequences (Fig. 2A), including the
one (SfU6-3) identified using bioinformatics. Additional bio-
informatics showed only SfU6-3 included the proximal sequence
element A (PSEA) and TATA box required for insect U6 pro-
moter function (Fig. 2A).

Fig. 1. D. melanogaster and B. mori U6 promoters do not support CRISPR-
Cas9 editing in Sf9 cells. (A) Diagram showing generic CRISPR-Cas9 vectors
encoding, (Left to Right) SpCas9 under the control of a baculovirus ie1 pro-
moter, an sgRNA expression cassette that includes an insect species-specific
U6 promoter and a targeting sequence cloning site consisting of two SapI
recognition sites, and a puromycin-resistance marker under the control of
baculovirus hr5 enhancer and ie1 promoter elements. (B) Diagram showing Sf-
fdl gene structure and highlighting specific Cas9 targeting sequences (Table S1)
and PCR primer sites. (C) CEL-I nuclease assay results obtained using genomic
DNA from Sf9 cells edited with CRISPR-Cas9 vectors encoding various Sf-fdl
targeting sequences (SfFDLt1, SfFDLt2, and SfFDLt3) (Table S1) under the con-
trol of either the DmU6:96Ab or the BmU6-2 promoter.

Fig. 2. Identification of putative SfU6 promoters and successful CRISPR-Cas9
editing of Sf-fdl. (A) Multiple sequence alignment of BmU6-2 promoter and
SfU6 promoter candidates. (B) CEL-I nuclease assay results obtained using genomic
DNA from Sf9 cells edited with CRISPR-Cas9 vectors encoding Sf-fdl targeting
sequences (Table S1) under the control of the BmU6-2 or SfU6-3 promoters.
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Based on these results, we used SfU6-3 to construct a generic
CRISPR-Cas9 vector (Fig. 1A) and then constructed three de-
rivatives using the Sf-fdl targeting sequences previously inserted
into the DmU6 and BmU6 CRISPR-Cas9 vectors (Fig. 1B and
Table S1). We used each construct to transfect Sf9 cells, selected
puromycin-resistant derivatives, and then performed CEL-I nu-
clease assays with genomic DNAs from those cells. The results
showed all three SfU6-3–based CRISPR-Cas9 vectors produced
Sf-fdl indels (Fig. 2B) and this was confirmed by PCR and se-
quencing (Fig. S2). These results demonstrated the SfU6-3 pro-
moter, but not the DmU6:96Ab or BmU6-2 promoters, can be
used for CRISPR-Cas9 editing in Sf9 cells.

Identified TnU6 Promoters Support CRISPR-Cas9 Editing in T. ni Cells.
We extended these results by using splinkerette PCR to identify
eight putative TnU6 promoters as potential tools for CRISPR-
Cas9 editing of High Five cells (Fig. 3A). We then used TnU6-2, -3,
-4, and -5, all of which had PSEA and TATA elements, to construct
generic CRISPR-Cas9 vectors. Finally, we inserted a Tn-fdl–specific
targeting sequence (Fig. 3B and Table S1), transfected High Five
cells with the resulting constructs, selected for puromycin resistance,
and examined the cellular Tn-fdl genes using CEL-I nuclease assays.
The results indicated the Tn-fdl gene was edited in each case,
demonstrating that TnU6-2, -3, -4, and -5 are all effective as pro-
moters for CRISPR-Cas9 editing in High Five cells (Fig. 3C). In-
terestingly, the CEL-I nuclease assays also indicated the SfU6-3,
BmU6-2, and DmU6:96Ab CRISPR-Cas9 vectors encoding the
Tn-fdl–specific sgRNA produced efficient, inefficient, and no de-
tectable Tn-fdl gene editing in High Five cells, respectively (Fig. 3C).
These results showed that TnU6-2, -3, -4, -5, and SfU6-3 promoters
can all be used for CRISPR-Cas9 editing in High Five cells.

CRISPR-Cas9 Editing Efficiencies Mediated by Various Insect U6 Promoters
in Various Insect Cell Lines. Considering the U6 promoters derived
from T. ni and S. frugiperda both mediated Tn-fdl gene editing in
High Five cells, we chose to more quantitatively document the ef-
ficiencies of CRISPR-Cas9 editing provided by various insect
U6 promoters in the various insect cell lines used in this study. First,
we transformed S2R+, Sf9, High Five, and BmN cells with an
EGFP expression plasmid. Then, we transfected each transformed
derivative with CRISPR-Cas9 vectors encoding an EGFP-specific
sgRNA under the control of D. melanogaster, B. mori, S. frugiperda,
or T. ni U6 promoters and measured cellular fluorescence (Fig. 4).
The results showed only the homologous U6 CRISPR-Cas9 vectors
significantly reduced fluorescence in S2R+ and Sf9 cells (Fig. 4 A
and B), whereas the U6 promoters from several species reduced
fluorescence in T. ni and B. mori cells (Fig. 4 C and D). Overall,
among those tested, the DmU6:96Ab, SfU6-3, and TnU6-4 pro-
moters would be the best choices for CRISPR-Cas9 editing in S2R+,
Sf9, and High Five cells, respectively. In contrast, the BmU6-2,
SfU6-3, and TnU6-4 promoters all provided about the same effi-
ciencies and the heterologous SfU6-3 promoter would likely be the
best choice for CRISPR-Cas9 editing in BmN cells.

Phenotypic Impact of Gene Editing with SfU6-3-SfFDLt1 CRISPR-Cas9
Vector in Sf9 Cells. Finally, we assessed the phenotypic impact of
gene editing using one of the CRISPR-Cas9 tools created in this
study. Sf9 cells were transfected with the CRISPR-Cas9 vector
encoding the Sf-FDLt1 sgRNA under SfU6-3 promoter control,
puromycin-selected, and the resulting polyclonal cell population
(SfFDLt1) was used to isolate 30 single-cell clones. The Sf-fdl
sequences in the parental Sf9, polyclonal SfFDLt1, and
SfFDLt1 clones were then examined by CEL-I nuclease assays
and TIDE analysis, as described in Materials and Methods. The

Fig. 3. Identification of putative TnU6 promoters and successful CRISPR-Cas9 editing of Tn-fdl. (A) Multiple sequence alignment of SfU6 promoter and
TnU6 promoter candidates. (B) Diagram showing Tn-fdl gene structure and highlighting specific Cas9 targeting sequences and PCR primer sites. (C) CEL-I
nuclease assay results obtained using genomic DNA from High Five cells edited with CRISPR-Cas9 vectors encoding a Tn-fdl targeting sequence (Table S1)
under the control of the DmU6:96Ab, BmU6-2, SfU6, or TnU6 promoters.
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CEL-I nuclease assay results indicated all 30 clones had Sf-fdl
indels (Fig. S3) and TIDE analysis revealed four clones had no
wild-type Sf-fdl sequences or potentially functional in-frame
deletions (Fig. S4 and Table S2).
We subsequently infected one of those clones (#32), as well as

Sf9 cells and the polyclonal SfFDLt1 cell population, with a
recombinant baculovirus encoding an affinity-tagged version of
human erythropoietin (hEPO) and purified the secreted product
from each culture, as described in Materials and Methods. We then
enzymatically released the N-glycans from each purified protein
preparation and analyzed the permethylated glycan structures by
MALDI-TOF-MS, as described in Materials and Methods. The
spectra showed the major N-glycan on hEPO from Sf9 and
SfFDLt1 (polyclonal) cells was Man3GlcNAc2, whereas the major
N-glycan on hEPO from SfFDLt1 #32 was GlcNAcMan3GlcNAc2
(Fig. S5). A quantitative analysis showed Man3GlcNAc2 repre-
sented about 90%, 60%, and 8% of the total N-glycans on hEPO
from Sf9, SfFDLt1 (polyclonal), and SfFDLt1 clone #32, re-
spectively (Fig. 5). Reciprocally, GlcNAcMan3GlcNAc2 repre-
sented about 10%, 30%, and 65% of total N-glycans on hEPO from
Sf9, SfFDLt1 (polyclonal), and SfFDLt1 clone #32, respectively
(Fig. 5). Finally, GlcNAc2Man3GlcNAc2 was only detected on
hEPO from SfFDLt1 (polyclonal), and SfFDLt1 #32 (Fig. 5).
These results clearly demonstrate the phenotypic impact of ge-

nome editing with the SfU6-3-SfFDLt1 CRISPR-Cas9 vector in
Sf9 cells. Specifically, the structures of theN-glycans observed in the
Sf9 cells treated with this vector reveal a partial (polyclonal) and
nearly complete (clone #32) loss of FDL function resulting from fdl
editing with this vector. We conclude that the CRISPR-Cas tools
created in this study can be used to engineer host pathways in ef-
forts to enhance and expand the capabilities of the BICS.

Discussion
The major outcome of this study was successful creation of CRISPR-
Cas9 tools that can be used for site-specific genome editing in the
BICS. These tools will enable far more sophisticated host-cell

engineering efforts, which to date have been limited to using
nonhomologous recombination to knockin genes at random sites
in the insect cell genome. Thus, these tools will enable new efforts
to enhance and expand the utility of the BICS as a recombinant
protein production platform.
In our efforts to achieve this goal, we initially tested D. mela-

nogaster and B. mori U6 promoters that were previously shown to
direct effective sgRNA expression and CRISPR-Cas9–mediated
genome editing in dipteran and lepidopteran insect cells (27–29).
We assumed these promoters might drive these same functions in
S. frugiperda and T. ni cells, which would have allowed us to quickly
produce CRISPR-Cas9 vectors for the BICS.
In fact, CRISPR-Cas9 vectors encoding Dm- or Bm-fdl–specific

targeting sequences under D. melanogaster or B. mori U6 pro-
moter control produced indels in cell lines from homologous
species (Fig. S2). However, CRISPR-Cas9 vectors with these same
D. melanogaster or B. mori U6 promoters encoding sgRNAs with
Sf- or Tn-fdl–specific targeting sequences failed to produce any
detectable indels in S. frugiperda (Fig. 1) or T. ni cells (Fig. 3),
respectively. This forced us to identify putative S. frugiperda and
T. ni U6 promoters, which we then used to produce CRISPR-
Cas9 vectors encoding sgRNAs with the same Sf- or Tn-fdl–specific
targeting sequences. We found CRISPR-Cas9 vectors with the
homologous U6 promoters efficiently produced indels in S. frugi-
perda (Fig. 2) and T. ni (Fig. 3) cells, respectively.
We subsequently established an EGFP reduction assay, which

could be used to more quantitatively measure the relative effi-
ciencies of editing by CRISPR-Cas9 vectors encoding a GFP-
specific sgRNA under the control of various insect U6 promoters in
different insect cell species, as described in Materials and Methods.
The results (Fig. 4) indicated only the CRISPR-Cas9 vectors with
homologous U6 promoters significantly reduced GFP expression in
D. melanogaster and S. frugiperda cells. In contrast, while the ho-
mologous U6 promoter provided the highest CRISPR-Cas9 editing
efficiency in High Five cells, SfU6-3 also provided a reasonable
efficiency and the B. mori, S. frugiperda, and T. ni promoters all
provided about the same efficiencies of CRISPR-Cas9 editing in
BmN cells. These results indicate SfU6-3 has the broadest—while
DmU6:96Ab has the narrowest—host range among the insect
U6 promoters tested in the insect cell lines used in this study.
Additional studies will be required to extend these findings to in-
clude a broader range of insect U6 promoters and cell lines and,

Fig. 4. CRISPR-Cas9 editing efficiencies by various insect U6 promoters in
various insect cell lines. (A) S2R-EGFP, (B) Sf9-EGFP, (C) High Five-EGFP, and
(D) BmN-EGFP cells were transfected with DmU6:96Ab, SfU6, TnU6-4, and
BmU6-2 CRISPR-Cas9 vectors encoding an EGFP-specific sgRNA, selected for
puromycin resistance, and EGFP was measured by flow cytometry (the bars
show mean fluorescence ± SD, n = 3 per group).

Fig. 5. CRISPR-Cas9–mediated Sf-fdl gene editing for host engineering in
the BICS. The bar graph shows the relative proportions of different N-glycan
structures released from hEPO produced by Sf9, SfFDLt1 polyclonal pop-
ulation, and SfFDLt1 clone #32. These data are derived from the MALDI-TOF-
MS profiles shown in Fig. S5 and represent the relative percentages of each
N-glycan shown along the bottom of the figure as a percentage of total.
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ultimately, determine their underlying host-range determinants at
the molecular level.
In a previous study, a recombinant baculovirus designed to express

Cas9 and sgRNAs under the control of mammalian promoters was
used as a transducing vector to induce CRISPR-Cas9 genome
editing in mammalian cells (34). In contrast, the present study
yielded new CRISPR-Cas9 tools designed to express Cas9 and
sgRNAs under the control of baculovirus and insect cell promoters
and examined their relative utility for genome editing in the BICS.
Finally, our study provided proof-of-concept that these tools can be
used for host cell engineering in the BICS. In our example, we
targeted fdl, which encodes a key enzyme that distinguishes insect
and mammalian cell protein N-glycosylation pathways by antago-
nizing N-glycan elongation. As such, fdl has been a high-priority
target for knockout, as this would facilitate efforts to glycoengineer
the BICS and other insect-based recombinant protein production
platforms for high-efficiency mammalian-type protein N-glycosyla-
tion. Several previous publications demonstrated various RNAi ap-
proaches can reduce FDL activity, but with little or no phenotypic
impact on N-glycan processing (20, 35–37). We previously used
existing CRISPR-Cas9 tools to knockout Dm-fdl in S2R+ cells and
demonstrate this had the expected impact on N-glycan processing
(28). However, we were unable to knockout Sf-fdl or Tn-fdl until we
created the tools needed for site-specific gene editing in the BICS.
We then used a CRISPR-Cas9 vector encoding an Sf-fdl–specific
sgRNA under the control of the SfU6-3 promoter to produce
polyclonal and monoclonal Sf9 cell derivatives. CEL-I nuclease as-
says and TIDE analysis indicated this CRISPR-Cas9 vector directed
efficient editing of the Sf-fdl gene (Fig. S4 and Table S2). Finally, we
documented the phenotypic impact of these genotypic changes by
analyzing the N-glycans isolated from recombinant hEPO produced
by polyclonal and monoclonal Sf-fdl knockout cells described in this
study. As expected, we observed reduced proportions of pauci-
mannose (Man3GlcNAc2) and increased proportions of terminally
GlcNAcylated (GlcNAc1–2Man3GlcNAc2) structures on hEPO pro-
duced by SfFDLt1 cells, compared with Sf9 cells (Fig. 5 and Fig. S5).
Thus, in summary, this study presents CRISPR-Cas9 vectors for site-
specific genome editing and clearly demonstrates they can be used
successfully for host cell engineering in the BICS.

Materials and Methods
Cells. S2R+ cells (38) were maintained at 28 °C as adherent cultures in
Schneider’s Drosophila medium (Life Technologies) containing 10% (vol/vol)
FBS (Atlanta Biologics). Sf9, High Five, and BmN cells were maintained at
28 °C as adherent cultures in TNM-FH medium containing 10% (vol/vol) FBS.
Sf9 cells were transfected using a modified calcium phosphate method (8)
and S2R+, High Five, and BmN cells were transfected with poly-
ethyleneimine, as described previously (28). S2R-EGFP, Sf9-EGFP, Tn-EGFP,
and BmN-EGFP cells are transgenic derivatives of S2R+, Sf9, High Five, and
BmN cells, respectively, produced by transfecting each parental cell line with
pIE1-EGFP-Bla and selecting for blasticidin resistance. Blasticidin-resistant
cells expressing EGFP in the top quartile were isolated using a MoFlo Leg-
acy Cell Sorter (Beckman Coulter) and enriched cell subpopulations were
maintained under the same growth conditions as the parental cell lines.

Plasmid Constructions. All CRISPR-Cas9 constructs were generically designed
to include three distinct cassettes for expression of Cas9, an sgRNA, and a
puromycin resistance marker. The Cas9 expression cassette consists of a
S. pyogenes Cas9 sequence codon optimized for S. frugiperda and assembled
with the AcMNPV ie1 promoter and p10 polyadenylation signal using the
Golden Gate method. The sgRNA expression cassettes consist of DmU6:96Ab,
BmU6-2, SfU6-3, TnU6-2, TnU6-3, TnU6-4, or TnU6-5 promoters assembled
with various downstream sgRNA sequences. The targeting sequences in-
corporated into various sgRNAs are given in Table S1. A targeting sequence
cloning site consisting of two SapI recognition sites was inserted between

the U6 promoter and sgRNA in each CRISPR-Cas9 plasmid. Finally, the
puromycin-resistance marker was codon optimized for S. frugiperda and
assembled with the AcMNPV ie1 promoter and p10 polyadenylation signal.
The generic CRISPR-Cas9 plasmid and specific target-sgRNA sequences are
given in SI Appendix.

Splinkerette PCR. Splinkerette PCR was performed as described previously
(39). Briefly, Sf9 or High Five genomic DNA was digested with BamHI, BglII,
BstYI, HindIII, SalI, SpeI, or XbaI, and ligated with splinkerette adaptors
complementary to the resulting overhangs. Primary and secondary PCRs
were performed with Splink1 and SfU6-Rv1 and Splink2 and SfU6-Rv2 as the
primer pairs, respectively (primer sequences are given in Table S3). The
resulting amplimers were cloned into pGEM-T (Promega) and three in-
dependent clones were sequenced to determine the consensus.

Genomic DNA Isolation and CEL-I Nuclease Assays. Genomic DNA was
extracted from Sf9, High Five, BmN, and S2R+ cells using theWizard genomic
DNA extraction kit (Promega) according to the manufacturer’s instructions.
CEL-I nuclease assays were performed as described previously (28). The se-
quences of the primers used to amplify various target loci are given in
Table S4.

TIDE Analysis. We performed TIDE analysis as described previously (40).
Briefly, we directly sequenced the PCR products amplified from Sf9 and
SfFDLt1 monoclonals’ genomic DNA as described above and used the se-
quencing results as queries for a TIDE web program (https://tide-calculator.
nki.nl/). All analyses were performed with a default setting.

EGFP Reduction Assay. S2R-EGFP, Sf9-EGFP, Tn-EGFP, and BmN-EGFP cells were
transfected with various CRISPR-Cas9 vectors targeting EGFP or a control vector
encoding no sgRNA and selected for puromycin resistance. Puromycin-resistant
survivors were analyzed using a Guava easyCyte HT flow cytometer (Millipore)
and EGFP+ cell populations were quantified using FlowJo software.

Expression and Purification of hEPO. We isolated AcRMD2-p6.9-hEPO, a
recombinant baculovirus encoding an N-terminally affinity-tagged version of
hEPO, in two steps. First, we recombined a gene encoding the Pseudomonas
aeruginosa GDP-4-dehydro-6-deoxy-D-mannose reductase (rmd) cds under
the control of the AcMNPV ie1 promoter into the chi-cth locus of a bacu-
lovirus vector called BacPAK6-p6.9-GUS (41) to produce AcRMD2. Second, we
recombined a honey bee melittin signal peptide, 8XHIS-tag, Strep II-tag,
tobacco etch virus recognition site, and mature hEPO cds under the con-
trol of the AcMNPV p6.9 promoter into the polh locus of AcRMD2. hEPO was
expressed and purified as described previously (42).

Isolation and Characterization of Monoclonal SfFDLKO Cell Lines. Single cell
clones were isolated from the polyclonal SfFDLt1 cell population, as described
previously (43). Indels were analyzed by CEL-I nuclease assays and the Sf-fdl
gene sequences in clones 4, 14, 32, and 49 were amplified, sequenced, and
the sequences were analyzed by TIDE, as described previously (28, 40).

Mass Spectrometry. N-glycans were enzymatically released from purified hEPO
and derivatized, as described previously (42), then analyzed by MALDI-TOF-MS
using an Applied Biosystems SCIEX TOF/TOF 5800 (SCIEX), with 400 shots accu-
mulated in reflectron positive-ion mode. Structures were manually assigned to
peaks based on knowledge of the insect cell N-glycan processing pathway.
Quantification involved dividing the peak intensities of permethylated N-glycan
structures by the total intensity of all annotated N-glycan peaks having >1% of
total intensities.
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