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Abstract

Chinese hamster ovary (CHO) cells are the most widely used mammalian hosts for recombinant protein production. However, by
conventional random integration strategy, development of a high-expressing and stable recombinant CHO cell line has always
been a difficult task due to the heterogenic insertion and its caused requirement of multiple rounds of selection. Site-specific
integration of transgenes into CHO hot spots is an ideal strategy to overcome these challenges since it can generate isogenic cell
lines with consistent productivity and stability. In this study, we investigated three sites with potential high transcriptional
activities: C120rf35, HPRT, and GRIK1, to determine the possible transcriptional hot spots in CHO cells, and further construct
a reliable site-specific integration strategy to develop recombinant cell lines efficiently. Genes encoding representative proteins
mCherry and anti-PD1 monoclonal antibody were targeted into these three loci respectively through CRISPR/Cas9 technology.
Stable cell lines were generated successfully after a single round of selection. In comparison with a random integration control, all
the targeted integration cell lines showed higher productivity, among which C120rf35 locus was the most advantageous in both
productivity and cell line stability. Binding affinity and N-glycan analysis of the antibody revealed that all batches of product
were of similar quality independent on integrated sites. Deep sequencing demonstrated that there was low level of off-target
mutations caused by CRISPR/Cas9, but none of them contributed to the development process of transgene cell lines. Our results
demonstrated the feasibility of C120rf35 as the target site for exogenous gene integration, and strongly suggested that C120rf35
targeted integration mediated by CRISPR/Cas9 is a reliable strategy for the rapid development of recombinant CHO cell lines.
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Introduction

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/500253-018-9021-6) contains supplementary
material, which is available to authorized users.

Mammalian cells are the dominant hosts for production of
recombinant therapeutic proteins, especially for proteins re-
quiring complex post-translational modifications. Chinese
hamster ovary (CHO) is the most commonly used mammalian
cell line for the industrial production of recombinant proteins
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due to its significant advantages, including the human-like
post-translational modifications, industrial scalability, and so
on (Fischer et al. 2015; Galleguillos et al. 2017; Zhu 2012).
The traditional method to obtain high-expressing recombinant
CHO (rCHO) cell lines for industrial production is random
integration of the recombinant protein gene (r-protein gene).
To obtain a clone with high expressing level, multiple rounds
of screening by a selective marker is obligatory (Lai et al.
2013; Zhu 2013). Moreover, due to lack of control of insertion
sites in random integration, protein productivity of some se-
lected clones may diminish over time, causing instability of
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cell lines. Site-specific integration is thus a promising strategy
to improve the development efficiency.

Several approaches have been employed to achieve site-
specific integration. The first kind is mediated by site-
specific recombinases including Flp/FRT (Baser et al. 2016),
Bxb1 (Inniss et al. 2017), Cre/loxP, and phiC31/R4 integrases
(Damavandi et al. 2017; Kawabe et al. 2016). Typically, this
kind of system requires the establishment of cell line platforms
for target gene integration. The second kind of system is me-
diated by engineered nucleases such as transcription activator-
like effector nucleases (TALENS) (Sakuma et al. 2015), zinc-
finger nucleases (ZFNs) (Gupta and Shukla 2017; Jabalameli
et al. 2015), and clustered regularly interspaced short palin-
dromic repeats (CRISPR)-associated (Cas) RNA guided nu-
cleases (Bachu et al. 2015; He et al. 2016; Lee et al. 2016; Lee
etal. 2015). These nucleases can induce a DNA double-strand
break (DSB) at a desired site of the genome, triggering the
homology-directed repair (HDR) insertion of the exogenous
transgene into the DSB location. In comparison with TALEN's
and ZFNs, CRISPR/Cas9 technology is more efficient, reli-
able, and cost-effective. Using a single guide RNA (sgRNA)
fused by the CRISPR RNAs (crRNAs) with a trans-activating
crRNA (tractRNA), the Cas9 protein can be directed to cleave
target DNA and induce the DSB at the specified loci, to gen-
erate site-specific integration by HDR in the presence of
plasmid-harboring homology arms (Cong et al. 2013).
CRISPR/Cas9 has already been successfully applied for the
insertion of targeted genes in many types of cell lines for
fundamental research, including CHO cells (Irion et al.
2014; Lee et al. 2016; Nakao et al. 2016). However, the use
of this strategy for industrial purposes remained to be
investigated.

In this study, we attempted to construct a CRISPR/Cas9-
mediated site-specific integration strategy to improve devel-
opment process of rTCHO cell lines. Due to the lack of system-
ic research regarding desired integration sites with high ex-
pression and stability, we selected three possible candidate
sites based on previous reports. The first was a telomeric re-
gion of chromosome 8 referred to as C12orf35. It was reported
that the transgenes located near the telomeric region were
more stable and productive than other types of clones (Li
et al. 2016; Ritter et al. 2016). The second site was HPRT,
which has been reported to be an ideal integration site capable
of generating high-expressing stable CHO cell lines for scFv-
Fc expression (Kawabe et al. 2017; Wang et al. 2017). The
third was GRIK1, a de novo integration site that has been
recently discovered by identification and re-targeting efforts
for transcriptional hot spots in the human genome (Cheng
etal. 2016). Genes encoding mCherry and anti-PD1 monoclo-
nal antibody (mAb) were used as model proteins to insert into
above selected sites for further evaluations. Finally, we iden-
tified C120rf35 to be the optimal integrating site to obtain
stable cell lines with consistent productivity and product
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quality, and demonstrated that CRISPR/Cas9-mediated site-
specific integration at C120rf35 is a reliable and efficient strat-
egy to develop rCHO cell lines for industrial purposes.

Materials and methods
Cells and culture media

The adherent CHO-K1 (Invitrogen, Carlsbad, CA, USA) cells
were maintained in high glucose DMEM supplemented with
10% FBS and incubated at 37 °C with 5% CO, in a humidi-
fied cell incubator (Thermo Fisher Scientific, Waltham, MA,
USA) (Sun et al. 2015). The suspension CHO-S (Invitrogen,
Carlsbad, CA, USA) cells were cultured with CD CHO me-
dium supplemented with 8 mM L-GlutaMax in 125-mL shake
flasks (Comning, Corning, NY, USA) at 37 °C with 125 rpm
and 8% CO, (Zong et al. 2017). All media and supplements
were purchased from Gibco (Thermo Fisher Scientific,
Waltham, MA, USA). Cell growth and viability were moni-
tored with a cell counter (Countstar, Shanghai, China).

Expression vector design and construction

Vectors carrying sgRNAs and GFP-Cas were designed for
each potential locus as presented in Figs. 1 and 2. The single
strand oligo sgRNAs were synthesized, phosphorylated,
annealed, and ligated to a pX458 plasmid. Donor plasmids
harboring site-specific 5’ and 3’ homology arms (750 bp for
each), protein expression cassette (hCMV-promoter, protein-
encoding genes, BGH pA), puromycin expression cassette
(PGK-promoter, puromycin, BGH pA), and pUC19 backbone
(Takara, Tokyo, Japan), were constructed using ClonExpress
MultiS One Step Cloning Kit (Vazyme, Shanghai, China),
according to manufacturer’s instructions (Figs. 1a and 2a, b).
We also added two CRISPR target sequences (sgRNA+ PAM)
of 23 bp length which flanked the insertion fragment for both
mCherry and anti-PD1 donor plasmids, which can facilitate
the linearization of the fragment by Crispr/Cas9 after entering
the nucleus (Fig. 2a). All primers used were synthesized by
Invitrogen (Shanghai, China) and are listed in Supplementary
Table S1. All comparts of the plasmid were amplified using
PrimeSTAR Max (Takara, Tokyo, Japan) by PCR, under the
following settings: 95 °C for 10 s, 55 °C for 5,72 °C for 10 s,
35 cycles. All plasmids were purified using Plasmid DNA
mini Kit (OMEGA Bio-Tek, Guangzhou, China) and se-
quenced at Invitrogen.

Plasmid transfection and sgRNAs screening for high
indel efficiency

CHO-K1 cells were transfected with Lipofectamine 2000 re-
agent (Invitrogen, Carlsbad, CA, USA), and CHO-S cells
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Fig. 1 Schematic illustration of FUT8 gene targeted integration in CHO-
K1 cell lines. a HDR-based targeted integration strategy at FUTS8 loci. b
The editing efficiency of five sgRNAs targeting the FUT8 gene was
estimated by the photodensity scanning of electrophoresed PCR frag-
ments digested by T7EL The size of un-digested PCR products for wild
type was about 1500 bp; for CRISPR-Cas9 edited cells, small fragments
were produced by T7EI digestion. ¢ The agarose gel results of 5'/3’

were transfected by Neon Transfection System Starter Pack
(Thermo Fisher Scientific; Waltham, MA, USA) with sgRNA
carrying plasmids according to the manufacturer’s instruc-
tions. Three days after transfection, the genome DNA was
extracted using the Genomic DNA Extraction Kit (Axygen,
San Francisco, CA, USA) and amplified with specific se-
quence primers (Supplementary Table S1). Two hundred
nanograms of purified PCR product was annealed according
to the following settings: 95 °C for 5 min and ramp down to
25 °C (at 0.5 °C/min). The annealed product was then treated
with T7 endonuclease (New England Biolabs, Ipswich, MA,
USA) at 37 °C for 30 min and separated on 1% agarose gel.
Related indels were detected using the TanonMP gel imaging
system (Tanon, Shanghai, China) and sgRNA indel efficiency
was calculated using ImagelJ software (NIH, Bethesda, MD,
USA).

Stable cell lines generation

Cells were stably transfected with different donor plasmids
and/or sgRNA plasmids. For CHO-K1 cells, 8 pg/mL of pu-
romycin (Amresco, Solon, OH, USA) was used for 2 weeks
and 50 pug/mL Lens culinaris agglutinin (LCA) (Vector

junction PCR. The expected fragment sizes were all about 1200 bp. d
Western blot of integrated cell clone or wild-type CHO-K1 cells for ex-
pression of CTLA4Ig. The bands indicated the correct insertion of
CTLAA4Ig, but the positions of both non-reducing and reduced samples
were higher than predicted (46 kDa for CTLA4lg monomer), possibly
due to the glycosylation

Laboratories, Peterborough, UK) for an additional week to
enrich integrated cells. For CHO-S cells, 8 pug/mL puromycin
was used for 3 weeks. Stably transfected pools were then
detected with 5'/3' junction PCR and Western blot, and further
seeded at 0.5-1 cell/well in 96-well plates for limiting dilu-
tion. After another 3—4 weeks, the colonies were generated
and analyzed by 5/3' junction PCR and Western blot for pro-
tein expression. Only those colonies positive in both junction
PCR and Western blot assessment were selected for further
investigation.

Genomic DNA extraction and 5'/3' junction PCR
at target region

Genomic DNA was extracted with QuickExtract DNA extrac-
tion solution (Epicenter, Madison, WI, USA) from stably
transfected pools and single cell clones for the amplification
of 5'/3" junction PCR according to the following PCR proce-
dure: 94 °C for 2 min; 30x: 94 °C for 30 s, 65 °C-50 °C (—
0.5 °Clcycle) for 30 s, 72 °C for 2 min; 20x: 94 °C for 30 s,
50 °C for 30 s, and 72 °C for 2 min. Primers are listed in
Supplementary Table S1. Purified 5/3" junction PCR product
was sequenced by Invitrogen.
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Fig. 2 Screening of efficient editing sgRNAs and construction of donor
plasmids for three candidate integration sites. a Schematic diagram of
HDR-mediated site-specific integration. Donor plasmids were construct-
ed with 5/3' homology arms (750 bp), the protein-encoding gene
(mCherry or anti-PD1 mAb), CRISPR target sites (sg, 23 bp), and resis-
tance gene (puromycin). As sgRNA-Cas plasmids were transfected into
CHO-S cells, donor plasmids were introduced to linearize DSB breaks at
the predetermined site. HDR-mediated repair was inserted into the DSB
location to achieve targeted integration. b The locations of three sgRNAs

Detecting targeted protein expression

After identification by 5/3" junction PCR, positive clones
were further analyzed for expression titer by flow cytometry
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targeting their respective integration sites. SgRNAs designed for the
C12o0rf35 locus was concentrated in the 1st exon. Targeted HPRT locus
were distributed at the 3rd exon and targeted GRIK1 gene was spread
throughout the 12th intron. ¢ T7EI endonuclease assay for detection of
Cas9 editing activity in CHO-S cells. Three days after transfection of
CHO-S cells with different Cas9 editing plasmids, the three respective
sites were assessed by PCR amplification of genomic DNA. Two hundred
nanograms of PCR product was loaded onto each lane

or Western blot, respectively. For mCherry, 1 x10° cells of
each clone were washed with PBS and re-suspended in
500 puL PBS for flow cytometry analysis. For CTLA4Ig and
anti-PD1 mAb, the cells supernate were collected and
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separated by a 10% SDS-PAGE. Next, the protein was trans-
ferred to a 0.45-um PVDF membrane, which was blocked by
10% skim milk, and then incubated with HPR conjugated
Affinipure donkey anti-human IgG (H+L) antibody (Jackson
ImmunoResearch Laboratories, Inc., Baltimore, PA, USA) to
recognize target proteins. The bands recognized by the anti-
body were detected by Immobilon Western
Chemiluminescent HRP Substrate (Millipore, Billerica, MA,
USA) and visualized with the TanonMP gel imaging system
(Tanon, Shanghai, China).

Quantitative real-time PCR for copy number analysis

To determine the relative copy number of the genes encoding
mCherry and anti-PD1 mAb, FastStart Universal SYBR
Green Master (Roche, Mannheim, Germany) was used to pre-
pare samples in triplicate on Applied Biosystems StepOnePlus
Real-time PCR System (Thermo Fisher Scientific, Waltham,
MA, USA) with the following parameters: 95 °C for 10 min;
40x%: 95 °C for 15 s, 60 °C for 60 s. All primers were designed
for transgene analysis including mCherry and anti-PD1 mAb,
with target genes including C12o0rf35, HPRT, GRIK1
(sgRNA-C1, sgRNA-HI, and sgRNA-G1 target site, respec-
tively), and reference gene GAPDH (Supplementary
Table S1). The delta-delta threshold cycle (AACT) method
was used to calculate relative copy numbers of targeted genes
(C120rf35, HPRT, GRIK1) related to endogenous products in
wild-type CHO-S cells, and that of transgenes (mCherry, anti-
PD1 mAb) related to reference clones obtained by random
integration.

Determination of exogenous protein productivity
and cell line stability

The productivity of mCherry-expressing stable cell lines
was determined by flow cytometry. The production levels
of anti-PD1 mAb stable cell lines were evaluated by the
final mass of antibodies purified by a prepacked
MabSelect SuRe cloumn (GE Healthcare, Uppsala,
Sweden). In detail, the column was balanced with bind-
ing buffer (20 mM phosphate buffer with 150 mM NacCl,
pH 7.4) for five column volumes (CVs). Then the culture
supernatant was loaded on the column at a rate of 1 mL/
min, and the product was eluted with elution buffer
(100 mM citric acid buffer, pH 3.0), which was immedi-
ately adjusted to pH 7.0 by adding 1 M Tris-HCI buffer
(pH 9.0). The elutants containing target antibodies were
dialyzed with a 25-kDa dialysis bag in PBS and subse-
quently quantified by BCA Protein Assay Kit (Beyotime,
Shanghai, China). Furthermore, the stability of the cell
lines was assessed by culturing the cells for 20 passages
and performing purification and evaluation every five
passages.

Binding affinity measurement

The binding affinity of anti-PD1 mAbs was determined by
Surface Plasmon Resonance (SPR) using BIAcore T200
(GE Healthcare, Uppsala, Sweden). Recombinant human
PD1-His protein (encoding the extracellular domain of hu-
man PD1 with amino acids Met 1 to Gln 167; Sino
Biological Inc., Beijing, China) was coated on a CM5 sen-
sor chip, with PBS with 0.1% Tween 20 as running buffer.
Binding rate (Ka), dissociation rate constants (Kd), and the
equilibrium dissociation constant (Kp) were determined
using a binding model with concentration series adjusted
toal:1.

Glycosylation analysis by LC-FLR-MS

LC-FLR-MS method was used to analyze glycosylation of
anti-PD1 antibodies produced by the selected stable clones.
According to GlycoWorks RapiFluor-MS N-Glycan Kit Care
and Use manual (Waters, Milford, MA, USA), 7.5 uL of pu-
rified antibody (1 mg/mL) was mixed with 15.3 uL of
18.2 M2 water and 6 pL of 5% RapiGest SF Surfactant so-
lution, followed by denaturation at 95 °C for 5 min. After
cooling down to room temperature, 1.2 puL of Rapid
PNGase F was added to release the N-linked glycans from
the antibody, and 12 pL. of RMFS solution was added to each
N-linked glycan sample for labeling N-glycosylamine, which
were further purified by hydrophilic interaction chromatogra-
phy (HILIC) column. Finally, the prepared samples were
loaded on a Waters Acquity ultrahigh-performance liquid
chromatography I class system (UPLC) was equipped with
FLR detector. UPLC BEH Glycan column (2.1 mm x
150 mm) was used with mobile phases A and B (A:
50 mM ammonium formate, pH 4.4; B: 100% acetonitrile)
to separate oligosaccharides, which were further precisely
identified by an interfaced Waters VION IMS Quadrupole
time-of-flight mass spectrometer (QTOF).

Analysis of off-target effects by whole-genome
sequencing for high-expressing clones

Clones KP6 and KP11 harboring anti-PD1 mAbs at the
C12o0rf35 locus showed a high level of productivity and sta-
bility, indicating the site is a potential integration hot spot.
Therefore, we performed whole-genome sequencing of the
two clones to assess potential off-target mutations induced
by CRISPR/Cas9. Two micrograms of genomic DNA for each
clone was sheared to 400 bp fragments for the construction of
an [llumina PE sequencing library and then sequenced on
[llumina PE 150 platform with 60 Gbp clean data.
Sequencing data were compared with the reference genome
of CHO cell line (genome ID: 2791) acquired from NCBI
through BWA, GATK, and BreakDancer software. The
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[lumina sequencing raw data of clones KP6 and KP11 have
been deposited in NCBI Sequence Read Archive database
(SRA accession number for clone KP6: SRP129928, SRA
accession number for clone KP11: SRP128889).

Results

Method establishment for site-specific integration
in CHO cell lines using CRISPR/Cas9

To investigate possible transcriptional hot spots in CHO cells,
we assessed the feasibility of CRISPR/Cas9-mediated site-
specific integration by targeting CTLA4Ig gene into the
FUTS locus in CHO-K1 cells. Firstly, we screened two most
efficient sgRNA (editing efficiency with 27.5% for sgRNA 2
and 31.7% for sgRNA 5) to double-click the FUTS loci as
shown in Fig. 1a and b. After transfection, a stable cell pool
was generated by puromycin selection for 2 weeks and enrich-
ment by LCA for an additional week. The 5'/3" junction PCR
results indicated that transfected pools co-transfected with
sgRNA vectors and donor plasmids could be amplified for
the target band of 1200 bp, which was not observed in random
transfected pools (Fig. 1c). Further sequencing confirmed the
precise gene insertion at FUTS locus (Supplementary Fig. S1).
After limited dilution for selection, we obtained 56 single
clones, among which 21 clones were 5'/3" junction PCR pos-
itive and adequately expressed the target protein (Fig. 1d).
These results demonstrated that this site-integration method
through CRISPR/Cas9 technology was applicable for subse-
quent study.

Site-specific integration and plasmid construction,
sgRNAs design and screening

To explore the most efficient integration sites, we constructed
plasmids as shown in Fig. 2b to insert the expressing cassettes
into the chromosomes of CHO-S cells. Donor plasmids carry-
ing mCherry and anti-PD1 genes were constructed due to their
ease of detectability or monoclonal nature (the most prevalent
type of biopharmaceutics). According to previous studies, lin-
er fragments were favorable for HDR in comparison to circu-
lar plasmids (Irion et al. 2014). Therefore, we constructed the
donor plasmids with 5" and 3’ homology arms flanked by the
above selected sgRNA sequences and to linearize the insertion
fragment, thus improving the efficiency of HDR-mediated
targeted integration. Three sgRNAs for each targeting site
were designed and assessed by T7EI endonuclease assay. As
shown in Fig. 2c, the most efficient sgRNAs were identified to
be sgRNA Cl1, sgRNA HI, and sgRNA G1. They were used
to transfect CHO-S cells and mediate Crispr/Cas9-assisted
site-specific integration by HDR.
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Selection and identification of targeted stable cell
clones

After transfection, we extracted genomic DNA and performed 5"/
3’ junction PCR, which showed desired fragments in agarose gel
analysis (Supplementary Fig. S2). The sequencing of the ampli-
fied PCR fragments further confirmed that there was a successful
insertion of exogenous genes (mCherry, anti-PD1 mAb) into all
the three target sites (Supplementary Fig. S3 A~F). However,
according to protein expression detected by flow cytometry or
Western blot, there was no difference observed between random
and targeted integration transfected pools 3 days post transfection
for either mCherry or anti-PD1 mAb (Fig. 3a, b). It can be ex-
plained that target proteins were mainly from transient expression
at 3 days post transfection, which overwhelming the low percent-
age of integrated stable expression.

In the stably transfected pools after 3 weeks of puromycin
selection, all targeted integration showed higher levels of pro-
tein expression compared to random integration cells for both
mCherry and anti-PD1 mAb transfected pool (Fig. 3c, d).
Additionally, we analyzed protein production. For mCherry,
C12o0rf35 targeted pool displayed a 4-fold higher expression
compared to HPRT targeted pool, 6-fold higher than GRIK1
targeted pool and 18-fold higher than random integration pool
(Supplementary Fig. S4 A~D). For anti-PD1 mAb, C120rf35
targeted pool displayed a 2-fold higher expression compared
to HPRT targeted pool, 3-fold higher than GRIKI targeted
pool and a 9.5-fold higher than the random integration pool
(Supplementary Fig. S5 A~D). In summary, the results indi-
cated that C120rf35 locus could be a promising transcriptional
hot spot for exogenous gene expression.

After verification of transfected pools expression, limiting
dilution was used to obtain the targeted cell clones, which were
further verified by 5'/3" junction PCR for positive clones. For
mCherry expressing clones, 21 out of 35 single clones for
C120rf35 locus targeted integration (Supplementary Fig. S6
A and B), 46 out of 95 for HPRT locus (Supplementary Fig.
S7 A and B), and 31 out of 47 for GRIK 1 locus (Supplementary
Fig. S8 A and B) were confirmed for successful integration. For
anti-PD1 mAb expressing clones, 10 out of 24 single clones for
C12o0rf35 locus (Supplementary Fig. S9 A and B), 17 out of 48
for HPRT locus (Supplementary Fig. S10 A and B), and 15 out
of 63 for GRIK1 locus (Supplementary Fig. S11 A and B) were
confirmed for successful integration. We then used flow cytom-
etry and Western blot analysis to verify the expression of
targeted proteins (mCherry, anti-PD1 mAb) for 5'/3’ junction
PCR positive clones, and all clones were confirmed to express
target genes successfully (Supplementary Fig. S12 A~C and
Fig. S13 A~C). The results demonstrated that all of the three
selected sites could be used for site-specific integration of ex-
ogenous genes with the targeting efficiency of 48.4~66% for
recombinant proteins like mCherry or 25.4~41.7% for I1gG pro-
tein like anti-PD1 mAb (Fig. 3e).
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Target locus Targeted protein Total clone 5’ junction 3’ junction Targeting
number PCR positive PCR positive Efficiency (%)
C120rf35 mCherry 35 28 27 60.0
HPRT mCherry 95 64 51 48.4
GRIK1 mCherry 47 36 37 66.0
C120rf35 anti-PD1 mAb 24 19 1 41.7
HPRT anti-PD1 mAb 48 26 21 354
GRIK1 anti-PD1 mAb 63 25 18 254

Fig. 3 Expression of targeted protein after transfection and puromycin
selection and targeting efficiency of stable cell clones. a mCherry
expressing transfected pools were verified by inverted fluorescence
microscope 3 days after transfection. b Anti-PD1 mAb expressing
transfected pools were verified by Western blot 3 days after transfection.
The left figure represents non-reduced protein while right represents re-
duced protein. ¢ mCherry expressing transfected pools were detected after
puromycin selection for 3 weeks. d Anti-PD1 mAb expressing

Growth profile, relative copy number,
and productivity analysis in targeted integration
clones

To investigate the loci for their potential application in site-
specific integration, we randomly selected two stable clones
for each site to perform further analysis. For C120rf35 targeted
clones, we selected KC6 and KC15 for mCherry and KP6 and
KP11 for anti-PD1 mAD integration. For HPRT targeted clones,
we selected HC6 and HC18 for mCherry and HP8 and HP38
for anti-PD1 mAD integration. For GRIK1 targeted clones, we
selected GC1 and GC7 for mCherry and GP34 and GP58 for
anti-PD1 mAb integration. Additionally, we cultured randomly

transfected pools were detected after puromycin selection for 3 weeks.
The left figure indicates non-reducing samples while right indicates re-
duced samples. Random transfected pools were obtained by transfection
of mCherry or antibody donor plasmid only, while site-specific integra-
tion transfected pools were obtained by transfection of mCherry or anti-
body donor plasmid plus Cas9 editing plasmid. e Targeting efficiency of
stable cell clones. Targeting efficiency was obtained by the percentage of
5'/3" junction PCR positive clones among total clones investigated

integrated clones as controls including one clone RC16 for
mCherry, and two clones RRP21 and RP26 for anti-PD1
mADb expression. We then compared the cell growth curves of
targeted clones with wild-type clones (CHO-S) for three paral-
lel experiments. As shown in Fig. 4a, b, growth profiles of
stable cell clones overall showed no significant difference
concerning the transgene insertion sites. All the three studied
sites are not essential to cell growth and could be engineered
without substantial interference to cell characteristics.

The transcripts of the integration sites and exogenous genes in
targeted integration clones were analyzed by real-time RT-PCR.
For clones KC6, HC6, HC18, GC1, KP6, KP11, HPS, HP38,
and GP34, the ratios of insertion site copy numbers relative to the
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sites in wild-type CHO-S cells were close to 0, indicating a
nearly complete disruption in these targeted cell clones
(Fig. 5a~h). While clones KC15, GC7, and GP58 had a partial
number of relative insertion copy number, suggesting
monoallelic knock-in that induced heterozygous disruptions in
these clones (Fig. 5c, e, h). For mCherry expressing clones, GC1
had the highest relative mCherry copy number (about four copies
while other clones with only one copy) (Fig. 5a). For anti-PD1
mAb expressing clones, KP6, KP11, and RP26 had higher rela-
tive antibody copy numbers (3~4 copies) than other clones (1
copy) (Fig. 5b). To summarize the data, mRNA expression level
of the inserted gene was not dependent on integrated locus or
biallelic/monoallelic insertion, indicating all three studied loci
suitable for stable transcription of the exogenous gene.

Expression stability of clones with targeted
integration

We further assessed the site-specific integration strategy by
evaluation of rCHO cell lines productivity and stability. The
cell lines were cultivated for a total of 20 passages and the
expressing level was inspected every five passages. For
mCherry integrated cells, KC6 and KC15 at C120rf35 locus
maintained expression level of 10,000~20,000 RFU, while
productivity of other clones began to decrease after the 10th
passage (Fig. 6a) (Supplementary Fig. S14 A~G). For anti-
PD1 mAb integrated cells, KP6 and KP11 exhibited stable
productivity of 110~190 mg/L for over 20 passages.
Meanwhile, productivities of all other selected clones were
much lower with an average level of 6.15+3.64 mg/L for
passage 5. What is more, clones HP38 and RP21 even failed
to grow over 15 passages, indicating the un-stability of the two
cell lines (Fig. 6b) (Supplementary Fig. S15 A~H).

We further investigated the productivity of anti-PD1 mAb
of pg/cell/day. As shown in Fig. 6¢, KP6 and KP11 showed
dramatically higher production ability compared to clones in-
tegrated into other sites, which reached up to 10~13 pg/cell/

Y

KC6
KC15
HC6
HC18
GC1
-8 GC7
=& CHO-S

Viable cell density
(10 cells/mL)

Cultivation time (day)

Fig. 4 Cell growth curves and productivity of selected transgene cell
lines. a Cell growth of mCherry expressing clones and CHO-S. b Cell
growth of anti-PD1 mAb expressing clones and CHO-S. Cell density was
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day and was sustained during 20 passages, supporting that
C12o0rf35 is an ideal integration target for exogenous gene
expression. All the above data demonstrated that C12orf35
targeted integration is a promising strategy for establishing
recombinant clones with high and stable productivities for
biopharmaceutical manufacturing.

Quality assessment of the products produced
by targeted integrations

We analyzed the antigen binding affinity and glycosylation of
anti-PD1 mAbs to evaluate the quality of the products produced
by site-specific integrated cells of passage 5 and passage 20. As
shown in Table 1, Ky, for KP6 and KP11 at C120rf35 locus fell
between 1.64 and 2.82, for HPS8 it was between 2.54 to 4.03,
and for GP34 it was between 1.85 and 3.06 (Supplementary
Fig. S16 A~D). The overall affinity of anti-PD1 mAbs gener-
ated from all targeted integration clones was identical to previ-
ously published reports (Ding et al. 2017; Wang et al. 2014).

Glycosylation is among the most critical quality control
criteria for monoclonal antibody drugs. To explore the effect
of integrated sites on glycosylation, we analyzed the N-glycan
patterns of anti-PD1 mAbs produced. As shown in Table 2, all
the products produced by selected cell lines showed similar N-
glycosylation patterns, without significant relationship to cell
passages (passages 5 and 20). The results illustrated that the
detected three integration sites did not affect glycosylation and
were suitable for exogenous protein producing. All the above
data demonstrated that the cell lines developed by site-specific
integration could produce products with stable quality for at
least 20 passages.

Off-target assessment
The off-target effect is always a concern for application of

CRISPR/Cas9 technology. Here we analyzed the off-target mu-
tations of KP6 and KP11 by whole-genome sequencing, which

b

800

600+

4004
KP6
KP11
HP8
HP38
GP34
GP58
CHO-S

(x10* cells/mL)

200+

Viable cell density

tett d

Cultivation time (day)

tested in 125-mL shaker flasks with 20 mL culture medium after 8 days of
cultivation. The error bars represent standard deviation (SD) of three
parallel experiments
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Fig. 5 Relative copy numbers of insertion sites and targeted exogenous
genes in integrated clones. a, c~e Relative copy number for mCherry
expressing clones. b, f~h Relative copy number for anti-PD1 mAb express-
ing clones. Genomic DNA of wild-type CHO-S was used as the reference

with improved integrity, accuracy, and randomness for se-
quencing detection (Fig. 7a). According to data analysis, GC
percentages for both clones were about 41% (Fig. 7b). There
were totally 58 mutations for KP6 and 59 for KP11 identified
and classified into Stopgain (early termination), Stoploss (ter-
minator missing), Frameshift deletion/insertion/substitution,
and Non-frameshift deletion/insertion/substitution (Fig. 7c).
Since the median protein code for CHO cell is 32,843 (data
from National Center for Biotechnology Information,
NCBI), the off-target efficiency was calculated to be
0.17% for clone KP6 and 0.18% for clone KP11. Despite
these mutations, both clones were stable in cell growth and
productivity during the cultivation of 20 passages, indicat-
ing that off-target mutations induced by CRISPR/Cas9 did
not contribute to cell properties or exogenous genes expres-
sion. C120rf35 locus targeted integration mediated by
CRISPR/Cas9 was a reliable and high efficient strategy to
develop rCHO cell lines for industrial application.

for calculating relative insertion site copy number, Clone HC6 was used as
the reference for measuring relative mCherry copy number, and Clone
GP34 was used as the reference for measuring relative antibody copy num-
ber. The error bars represent the standard deviations (n=3)

Discussion

In this study, we identified a transcriptional hot spot C120rf35,
with which we set up a CRISPR/Cas9-mediated site-specific
integration strategy to rapidly develop stable transgene cell
lines for biopharmaceutical industrial applications. Using this
approach, we successfully obtained stable cell lines to produce
mCherry and anti-PD1 mAb with excellent cell stability and
productivity.

CRISPR/Cas9 is a powerful technology for engineering
CHO cells to satisfy biopharmaceutical research demands. It
was employed to establish FUT8 knockout CHO-S cells in
our previous work which produced defucosylated antibodies
with enhanced in vitro antibody-dependent cellular cytotoxic-
ity (Sun etal. 2015; Zong et al. 2017). Site-specific integration
of exogenous genes into CHO cells through CRISPR/Cas9
was also discussed, even though no pharmaceutical purposed
application was performed (Lee et al. 2015). Here we aimed to

@ Springer



6114 Appl Microbiol Biotechnol (2018) 102:6105-6117
a b
2 250 200
[} c
c o
9 =
£ 2001 é 150 /
8 o _ =
S o~ 1507 ad
29 3 g "0 KP6
5 = 100- B~ KC6 E = - KP11
2 - KC15 a 504 HP8
> 504 HC6 g —— HP38
5 . HC18 € ‘/,\ == GP34
< GC1 © = -@ GP58
5 o -ﬁ.:";;- n - o e —————— | TV
E 0 5 10 15 20 25 =& RC16 0 5 10 15 20 25 —$- RP26
Passage Passage
(o]
16
14 |
7]
(]
= 12
=
5_ 10}
3%
23 38
o=
2§
<2 6
E2
a 41
o
= 2
[=
© 0 rm A I
B AP APAPP PP OO OO O OO OO OO LD DD DS D
43*’% ’*"i\‘f*’i“’*’i“' ff{, ffz,» i,ﬁ,sz@fz':\fz'; FENE IR :?f?;bﬁ';\ ’;‘bﬁ:‘,‘g’;’%g’;«,ﬁz@. J& ‘;%. SO
ERES S EEE S ELF L L EEELLLEEELSE

Fig. 6 Production of targeted protein for stable cell clones during long-
term cultivation. Two clones were selected for each integration site to
determine the productivity of mCherry (a) or anti-PD1 mAb (b) for over
20 passages. Randomly selected clones RC16 and RP21, RP26 were used
as control. C12orfl5 integrated KC6, KC15, KP6, KP11 showed

use CRISPR/Cas9-mediated site-specific integration to deter-
mine potential high transcriptional active sites in CHO cells,
to improve the development process of stable cell lines for
industrial applications. We first demonstrated the feasibility
of this strategy by inserting CTLA4Ig into FUTS locus in
CHO-K1 cells. Then we investigated three candidate chromo-
somal positions (C120rf35, HPRT, GRIK1) for targeted

Table 1 K, K, and Kp, of anti-PD1 mAbs produced by integrated
clones

Sample K, (1/Ms) Ky (1/5) Kp (nM)
KP6-P5 325x%10° 7.11%107* 2.19
KP11-P5 2.79x%10° 458x10* 1.64
HP8-P5 2.58x%10° 6.54x107* 2.54
GP34-P5 271x10° 5.00x107* 1.85
KP6-P20 341x10° 9.61x107* 2.82
KP11-P20 3.56x10° 731x10°* 2.05
HP8-P20 223x%10° 9.00x10°* 4.03
GP34-P20 1.88x10° 574x10°* 3.06

@ Springer

significantly higher and stable productivity in comparison with other sites
integrated clones. ¢ Anti-PD1 productivity (pg/cell/day) and sustainabil-
ity of the selected clones. KP6 and KP11 showed dramatically higher
productivities as well as exemplary sustainabilities for over 20 passages’s
cultivation

integration of two representative model proteins (mCherry,
anti-PD1 mAD) in experimental CHO-S cells. To optimize
the strategy, we added two sgRNA sequences flanking the
insertion fragments for the donor plasmid to linearize the ex-
ogenous genes during the transfection process. The method
improved the targeting efficiency from reported 10~30% to
our 25.4~66.0% with precise integration of exogenous genes
(from 3.7 to 5.9 kb) at targeted sites (Fig. 2) (Lee et al. 2016;
Lee et al. 2015).

Productivity and stability are the two most crucial factors in
stable cell line development. As observed during multi-
passage cultivation, the stable cell lines integrated at
C12o0rf35 locus resulted in the highest productivity and stabil-
ity compared to the random cells and other targeted integration
cells for both mCherry protein and anti-PD1 mAb. Notably,
the mCherry integrated clones at C120rf35, KC6 and KC15,
displayed 50-fold higher expression level than HPRT, GRIK1,
or random integrated clones. The anti-PD1 mAb integrated
clones at the C120rf35 site, KP6 and KP11, displayed a 10-
fold higher expression level than other site integrated clones
and random integrated clones. Moreover, the levels of



Appl Microbiol Biotechnol (2018) 102:6105-6117

6115

Table 2  N-glycan patterns of anti-PD1 mAbs produced by stable clones of different integrated sites

RapiFluor-M$

% GOF GI1F GI1F G2F
KP6-P5 57.65 16.00 14.57 7.26
KP11-P5 65.47 13.34 11.97 5.11
HP8-P5 56.38 16.04 13.75 7.35
GP34-P5 66.41 10.49 9.39 4.49
KP6-P20 62.39 11.62 10.82 4.62
KP11-P20 70.65 8.94 8.30 3.66
HP8-P20 71.07 10.35 9.02 3.15
GP34-P20 75.04 8.87 8.53 3.98

*J] N-acetyl glucosamine ) mannose { )galactose @ fucose

mCherry protein in KC6 and KC15 clones and anti-PD1 mAb
in KP6 and KP11 clones held stable for 20 passages. These
results demonstrated that exogenous gene induction into the

a

C120rf35 locus could maintain the producing level and cell
stability for at least 20 passages, strongly suggesting that the
C12orf35 locus is a transcriptional hot spot in CHO cell lines.
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Fig. 7 Off-target assessment by whole-genome sequencing on Illumina
PE 150 platform for clones KP6 and KP11. a Covering depth distribution
map of the chromosome for Illumina sequencing. b Base distribution for
high-expressing cell clones. ¢ Summary of identified off-target mutations.
Stopgain, early termination of locus mutations; stoploss, terminator miss-
ing; frameshift-deletion, frameshift mutations induced by lacking of

bases; frameshift-insertion, frameshift mutations induced by base inser-
tion; frameshift-substitution, frameshift mutations induced by base sub-
stitution; non-frameshift-deletion, non-frameshift mutations induced by
deletion; non-frameshift-insertion, non-frameshift mutations induced by
insertion; non-frameshift-substitution, non-frameshift mutations induced
by substitution
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One of the limitations of this study was that the current pro-
ductivity data was drawn from shake flasks cell culture rather
than from bioreactors. Expression of recombinant proteins in a
bioreactor would be more representative of the industry appli-
cations and which should be further examined.

Our strategy to insert exogenous genes into the C12orf35
locus of CHO cells through CRISPR/Cas9 significantly im-
proved the efficiency to develop stable transgene cell lines.
Multiple rounds of pressure selection were usually necessary
to construct rCHO cell lines of high yields by conventional
random integration strategy (~6—12 months) (Lai et al. 2013).
Both of time and cost could be saved if using the site-specific
integration strategy here reported, which takes only 3 weeks to
get targeted transfected pools and 5 weeks to select integrated
clones. However, with current process there was just ~
200 mg/L productivity for anti-PD1 mAb, which is far away
from meeting the industrial demands. Considering the low cell
density (~3 x 10°mL) and sub-optimal conditions in shake
flasks, it is promising to improve productivity by 5—10-folds
through optimization of cell culture conditions, including me-
dia, supplements, dissolved oxygen, trace elements, or even
using perfusion fed-batch process (Hiller et al. 2017; Xu and
Chen 2016). On the other hand, cell biology-based strategies
can further improve target protein production, such as key
molecules for cell cycle, apoptosis, or metabolism (Josse
et al. 2016; Templeton et al. 2014).

Off-target effect induced by CRISPR/Cas9 is the main ob-
stacle for this site-specific integration method. It has been re-
ported that base-mismatch of sgRNA may be the principal con-
tributor to off-target mutations (Cong et al. 2013; Mali et al.
2013). Many researchers have previously assessed target spec-
ificity by identifying potential off-target sites for each sgRNA
edit sequence (Lee et al. 2015). Unfortunately, the predicted off-
target mutations may not entirely coincide with actual muta-
tions. In this report, we used whole-genome sequencing to thor-
oughly evaluate the impacts of protein translation induced by
off-targeted mutations. Fortunately, all detected off-target mu-
tations were limited to two clones, KP6 and KP11, and did not
affect cell growth or antibody expression. In the future, several
other approaches can be used to improve on-target specificity,
such as the design of highly efficient sgRNAs (Doench et al.
2016; Moreno-Mateos et al. 2015), employing high-fidelity
SpCas9 (Kleinstiver et al. 2016), or reducing off-target activity
through double nicking (Ran et al. 2013).

Improving the efficiency, productivity, and stability during
cell line development has always been a challenge for research
and industrial manufacturing. In this study, we identified an
ideal integration site C120rf35, and developed a reliable site-
specific integration strategy mediated by CRISPR/Cas9 to es-
tablish stable cell lines of high productivity and excellent sta-
bility. Due to the wide use of CHO cells for mAb drugs pro-
duction, the integrated gene for anti-PD1 mAb could hypo-
thetically be substituted by other antibodies to develop stable

@ Springer

cell clones for target drug production. In addition, there have
been some other valuable techniques developed for recombi-
nant cell line development, such as the AGIS system which
can accumulate an expression cassette to improve target pro-
tein productivity (Wang et al. 2017) or the high-efficiency
CRIS-PITCH system which requires much shorter and sim-
pler microhomology sequences for targeting (Kawabe et al.
2017). The combination of these advanced strategies could be
applied to develop cell lines with high productivity, stability,
and efficiency for biopharmaceutical industrial purposes.
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