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Abstract

Chinese hamster ovary (CHO) cells are widely used for biopharmaceutical protein production.
One challenge limiting CHO cell productivity is apoptosis stemming from cellular stress during
protein production. Here we applied CRISPR interference (CRISPRI) to downregulate the
endogenous expression of apoptotic genes Bak, Bax, and Casp3in CHO cells. In addition to
reduced apoptosis, mitochondrial membrane integrity was improved and the caspase activity was
reduced. Moreover, we optimized the CRISPRi system to enhance the gene repression efficiency
in CHO cells by testing different repressor fusion types. An improved Cas9 repressor has been
identified by applying C-terminal fusion of a bipartite repressor domain, KRAB-MeCP2, to
nuclease-deficient Cas9. These results collectively demonstrate that CHO cells can be rescued
from cell apoptosis by targeted gene repression using the CRISPRi system.

iCorrespondence to: Helene Faustrup Kildegaard (hef@biosustain.dtu.dk) and Nathan E. Lewis (nlewisres@ucsd.edu).
These authors contributed equally to this publication.
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Chinese hamster ovary (CHO) cells are the most commonly used host cells for the
production of therapeutic and diagnostic proteins (Walsh 2014). During protein production,
metabolic stresses in CHO cells can induce apoptosis and thus reduce the viability and
productivity of cells (Goswami et al. 1999). Suppressing apoptosis in CHO cell culture is
therefore a crucial challenge faced by academia and industry. Under cellular stress, pro-
apoptotic proteins Bak (Bcl-2 homologous antagonist/killer) and Bax (Bcl-2 associated X)
are involved in permeabilization of the mitochondrial outer membrane, thus leading to
release of cytochrome ¢ (Dewson and Kluck 2009). The released cytochrome ¢ can then
activate caspases (cysteine-dependent aspartyl-specific proteases) to cleave several hundred
cellular proteins for further programmed apoptosis (Dewson and Kluck 2009; Slee et al.
2001). To overcome apoptosis in CHO cells based on this known pathway, apoptosis-
resistance had been shown by gene inhibition or deletion of Bakand Bax (Cost et al. 2010;
Grav et al. 2015; Lim et al. 2006) as well as by gene inhibition of Casp3and Casp7 (Kim
and Lee 2002; Sung et al. 2007).

The CRISPR technology has emerged as an efficient method for precise genetic and
translational modification. A simplified CRISPR system generally includes two components:
a guide RNA (gRNA) and a Cas9 protein. The gRNA confers target specificity via DNA-
RNA base-pairing and the gRNA-Cas9 complex forms to mediate DNA cleavage at the
target site (Cong et al. 2013; Mali et al. 2013). Moreover, a catalytically inactive version of
Cas9 (dCas9) can be generated by mutagenesis to remove the nuclease activity of Cas9.
RNA-guided dCas9 can be applied to mediate gene repression by binding to the region
proximate to the transcription start site (TSS) of a target gene thus blocking transcription
initiation and RNA polymerase elongation (Qi et al. 2013). CRISPRIi has previously been
shown to repress a transgene dffr (coding dihydrofolate reductase) in CHO cells to enhance
protein production (Shen et al. 2017); however, the endogenous gene repression using
CRISPRI in CHO cells has not yet been demonstrated.

In this study, we use CRISPRI to downregulate the endogenous expression of apoptotic
genes, including Bak, Baxand Casp3 (Figure 1a). To test the effect of CRISPRi on apoptotic
genes in CHO cells, an N-terminal KRAB (Kriippel-associated box, transcription repressor)
domain was fused to a CHO codon-optimized dCas9 to generate a recombinant KRAB-
dCas9 repressor and three gRNA vectors were designed to target each apoptotic gene. First,
in a pilot experiment (see Supplemental Figure S1), KRAB-dCas9 and the individual gRNAs
were co-transfected into CHO-S cells to test all gRNAs individually or in combination. For
each test, we measured the transcriptional fold change of each target gene by quantitative
reverse-transcription PCR (gRT-PCR). Then, the temporal effect of CRISPRI of Bakand
Baxwas investigated. Collecting samples 24 hours after applying CRISPRi demonstrated
the most efficient repression compared to 48 and 72 hours (Supplemental Figure S2). Based
on these data, the best gRNA (gRNA3-Bak, gRNA3-Bax, gRNA1-Casp3) or a mix of all
three gRNA for each gene was applied in following experiments and sampling was
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performed 24 hours after transfection. As shown in Figure 1b, we further confirmed that
significant gene repression of Bak and Bax mediated by CRISPRi was achieved by
transfecting the gRNA mix and KRAB-dCas9; however, when we again transfected KRAB-
dCas9 and each best gRNA from our pilot experiment, the CRISPRi-mediated
downregulation was only evident for Bax (Figure 1b). In order to improve the repression
efficiency of CRISPRI, we established a KRAB-dCas9-CHO cell line displaying stable and
high expression of KRAB-dCas9 by precisely integrating a KRAB-dCas9 expression
cassette into a transcriptionally active site (Figure 1c). This integration site was previously
selected as an active genome site surrounded by highly expressing genes based on our
previous study (Petersen et al. 2018). In these established KRAB-dCas9-CHO cells,
CRISPRi-mediated gene repression of Bak, Baxand Casp3was achieved by transfecting the
best gRNA. Moreover, all apoptotic genes have successfully been repressed when
transfected with their respective gRNA mixes (Figure 1d). Taken together, using the
combination of a gRNA mix and constitutive KRAB-dCas9 in CRISPRi displayed a more
powerful repression, consistent with previous literature (Long et al. 2015). In addition, the
potential of using CRISPRI for simultaneous inhibition of multiple genes (Bak+Bax) was
also investigated in KRAB-dCas9-CHO cells; however, only Bax showed significant
repression by CRISPRI of Bak+Bax combinations (Supplemental Figure S3).
Correspondingly, a modest (but not significant) increase of viable cell density (VCD) was
observed after the CRISPRI treatment (Supplemental Figure S4).

To investigate if CRISPRi repression of apoptotic genes can reduce the apoptosis in CHO,
we transfected gRNAs targeting apoptotic genes in KRAB-dCas9-CHO cells. After 24
hours, we induced apoptosis by using Actinomycin D (ActD). 24 hours post induction, a
mitochondrial potential assay was performed. In apoptotic cells, depolarized mitochondria
lose the ability to aggregate JC-1 (5°,6’,6’-tetrachloro-1,1",3,3’- tetraethylbenzimidazolyl-
carbocyanine iodide) monomers. Therefore, the ratio of JC-1 aggregates to monomers is an
indicator of mitochondrial membrane integrity (Figure 2a). CCCP (Carbonyl cyanide m-
chloropheny! hydrazone), a mitochondrial membrane disruptor, was used as a positive
control to fully depolarize mitochondria. As the results show, CRISPRi of Bakand Bax
rescued the decreasing ratio of JC-1 aggregates to monomers after ActD induction compared
with the negative control transfected with non-targeting gRNA (Figure 2b), indicating
CRISPRI of apoptotic genes inhibits the depolarization of mitochondria. In addition, a
caspase activity assay was performed by incubating cells with a DEVD peptide linked
fluorescein (FITC). Caspase 3/7 in apoptotic cells can mediate the cleavage of the peptide
and release the FITC to stain the cell DNA (Figure 2c). As expected, ActD induction
enhances the caspase activity by increasing the percentage of FITC positive cells from basal
levels of around 10% to around 90%; however, CRISPRI of Casp3decreases caspase activity
in apoptotic cells by reducing FITC positive cells by ~10% (Figure 2d). In summary,
CRISPRI can reduce the apoptotic phenotype in CHO cells. Along with the reduced
apoptotic phenotype (Figure 2), there is an increase of VCD, albeit not significant
(Supplemental Figure S5).

With the significant decrease in apoptosis and only modest increases in VCD, we wondered
if the CRISPRI system could be enhanced. Although previous studies have shown that the
N-terminal KRAB fusion works more effectively than a C-terminal fusion for CRISPRi in
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human cells (Gilbert et al. 2014; Gilbert et al. 2013), the terminal-effects of KRAB fusion in
CHO cells remained unknown. To address this, another dCas9 repression construct was
designed by fusing a C-terminal KRAB to dCas9 to obtain a dCas9-KRAB construct (Figure
3a). As the results revealed by gRT-PCR (Figure 3b), C-terminal KRAB in dCas9-KRAB
constructs demonstrated more efficient repression compared to KRAB-dCas9 (indicated
with # in Figure 3b), which is, interestingly, in contrast to the conclusion in human cells.

We further evaluated the impact of using a second repressor domain to further enhance the
suppression of apoptosis and increase VCD. Thus, we fused the C-terminal Mecp2
transcriptional repression domain (TRD) (Nan et al. 1997; Yeo et al. 2018) to dCas9-KRAB
to generate a dCas9-KRAB-Mecp2 construct (Figure 3a). As predicted, the dCas9-KRAB-
Mecp2 construct showed enhanced repression efficiency in 5 out of 8 cases compared to
KRAB-dCas9 (indicated with # in Figure 3b) and in 4 out of 8 cases compared to dCas9-
KRARB (indicated with § in Figure 3b). We thus find that all three tested CRISPRi systems
could mediate the target gene repression in most cases (21 out of 24, indicated with *), albeit
with different efficacies. Moreover, while the standard CRISPRi experiments only showed a
modest increase in VCD (Supplementary Figure S4), the VCD after CRISPRi improved
significantly when using the optimized dCas9-KRAB and dCas9-KRAB-Mecp2 constructs
(Figure 3c). Notably, use of a C-terminal KRAB and fusing a Mecp2 repressor to dCas9
constructs can improve the gene repression efficiency of CRISPRi in CHO cells.

In summary, we found that CRISPRi can be successfully applied to repress endogenous
expression of apoptotic genes and rescue CHO cells from cell stress induced apoptosis.
Thus, the CRISPRI system joins other tools available for gene knockdowns, such as RNA..
However, CRISPRI provides unique advantages, including potentially lower off-target
effects than RNAI (Boettcher and McManus 2015) and advantages in that CRISPRI
suppresses transcription, while RNAI induces RNA degradation. These tools, however, will
be complementary and enable pooled loss-of-function screens to identify genes associated
with desired or undesirable traits, thereby guiding targeted cell line engineering. Thus, this
platform enables gene function dissection and provides a new horizon for CHO cell
engineering.

MATERIALS AND METHODS

gRNA design, vector construction and generation of a KRAB-dCas9-CHO cell line

gRNAs were designed to mediate CRISPRI of Bak, Baxand Casp3 (see Supplemental Table
S1 for target sequences and Supplemental Table S2 for oligos used for cloning). gRNAs
were combined with either transient delivery of KRAB-dCas9, dCas9-KRAB and dCas9-
KRAB-Mecp2 or delivered to cells stably expressing KRAB-dCas9 (Supplemental Figure
S6). Detailed materials and methods for gRNA design, vector construction and generation of
a KRAB-dCas9-CHO cell line are elaborated in supplementary information.

Cell culture, transfection and apoptosis induction

CHO-S cells (Thermo Fisher Scientific) were maintained in CD CHO medium
supplemented with 8 mM L-Glutamine (Thermo Fisher Scientific) and 2 pL/mL Anti-
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Clumping reagent (AC, Life Technologies). Cells were cultivated in 125 mL Erlenmeyer
shake flasks (Corning Inc., Acton, MA), incubated in a humidified incubator at 37°C, 5%
CO» at 120 rpm and passaged every 2-3 days. One day before transfection, cells were seeded
into the culture medium without AC. On the day of transfection, cells were transfected using
a total amount of 3.75 pg of DNA packaged with 3.75 pL of FreeStyle Max transfection
reagent (Thermo Fisher Scientific) per well of a 6-well plate (BD Biosciences) in 3 mL
culture medium without AC at the adjusted density of 1.0 x 10° viable cells/mL (details
about ratio of gRNA and dCas9 repressor for transfection in Supplementary table S3). All
transfections were performed in biological duplicates or triplicates. To induce apoptosis, 10
pg/mL of ActD (Sigma Aldrich) was added into the culture of KRAB-dCas9-CHO cells at
24 hours after transfection with or without gRNA.. 24 hours post ActD induction, cells were
harvested for detection of mitochondrial membrane potential and caspase activity as
described below.

Detection of mitochondrial membrane potential

For each sample, 1.0x10° cells were pelleted and resuspended in 1 mL warm phosphate-
buffered saline (PBS, Sigma-Aldrich). For the apoptosis control, 1 uL of 50 nM CCCP was
added and incubated for 5 minutes at 37 °C. 10 pL of 200 uM JC-1 was added to each
sample and the cells were incubated for 30 minutes at 37 °C, 5% CO». After incubation,
cells were washed and resuspended in PBS and measured via MACSQuant® VYB flow
cytometry (Miltenyi Biotec, Bergisch Gladbach, Germany) using 488 nm excitation and 529
nm (JC-1 monomers) + 590 nm (JC-1 aggregates) emission. The ratio of JC-1 aggregates to
monomers was calculated as a measure of mitochondrial membrane integrity.

Caspase activity assay

Caspase activity was detected by using CellEvent™ Caspase-3/7 Flow Cytometry Assay Kit
(Life Technologies). For each sample, 1x10° cells were pelleted and resuspended in 1 mL
warm PBS and mixed with CellEvent™ Caspase 3/7 detection reagent to a final
concentration of 500 nM. After 25 minutes of incubation at 37 °C and 5 % CO, the
SYTOX® AADvanced™ reagent was added at a final concentration of 100 uM. After an
additional incubation of 5 min at 37 °C and 5 % CO», the percentage of FITC positive cells
was measured via MACSQuant® VYB flow cytometry.

Quantitative detection of gene transcription

After CRISPRI, transcription level changes of each target gene were detected by qRT-PCR.
The primers and probes for the gRT-PCR were designed using PrimerQuest™ (Integrated
DNA Technologies, Coralville, IA) and listed in Supplemental Table S4. For each group 10°
cells were spun at 200xg, supernatant was removed, and total RNA was extracted using the
RNeasy Plus Mini Kit (Qiagen, Venlo, Netherlands) according to the manufacturer’s
instructions, followed by the quality and quantity measurement on the NanoDrop
spectrophotometer 2000 (Thermo Fisher Scientific). Isolated RNA was reverse transcribed
into cDNA using the Maxima First strand kit (Thermo Fisher Scientific), followed by gRT-
PCR using Tagman assay in the QuantStudio 5 instrument (Applied Biosystems, Waltham,
USA). Each sample had 3 technical replicates during quantification. Transcription levels of

Biotechnol Bioeng. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xiong et al. Page 6

target genes were normalized to those of Fkbplaand Gnbl and calculated using the 2-AACt
method (Livak and Schmittgen 2001).

Viable cell density and viability measurement

Generally, viable cell density (VCD) and viability were monitored using the NucleoCounter
NC-200 Cell Counter (ChemoMetec, Denmark). Particularly, necrosis assay was performed
in Figure3. 100 uL cell suspension was pelleted and resuspended in 100 L of staining
solution composed of CD CHO cell culture medium supplemented with 5 ug/mL propidium
iodide (Carl Roth, Karlsruhe, Germany). Cells were protected from light and incubated for
25 min at RT. Fluorescence assisted cell analysis was performed using a MACSQuant®
VYB benchtop flow cytometer (Miltenyi Biotec, Bergisch Gladbach, Germany) equipped
with a violet (405 nm), blue (488 nm) and yellow (561 nm) excitation laser. For each
sample, a total volume of 25 pL (approximately 20-30 k cells) was analyzed at a flow rate of
100 pL per min. Propidium iodide positives were considered as necrotic.

Statistical analysis

Statistical analysis was performed using Microsoft Excel and GraphPad Prism. Unless
otherwise stated, an unpaired two-tailed t-test was applied to determine statistical
significance between independent sets of samples. The one-way analysis of variance
(ANOVA) followed by a Dunnett’s multiple comparison post-test was conducted for
comparing more than two data sets and for many-to-one comparisons. To compare several
means to each other, the Tukey’s multiple comparisons test was applied. Significance was
assumed for p-values less than 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Characterization of CRISPRI induced repression of apoptotic genes in CHO cells. (a)
Schematic illustration of the application of CRISPRI in disrupting the apoptosis pathway in
CHO cells. (b) Transcriptional repression of Bak, Bax and Casp3via transient expression of
gRNA and KRAB-dCas9 in CHO cell measured by gRT-PCR. (c) Schematic illustration of
the KRAB-dCas9-CHO cell line with precise integration of the KRAB-dCas9 expression
cassette. (d) Transcriptional repression of Bak, Baxand Casp3via transient expression of
gRNA in KRAB-dCas9-CHO cells measured by gRT-PCR. In (b) and (d), The best gRNA or
the mixture of three designed gRNAs for each gene were tested in this study. mMRNA was
harvested 24h after transfection. NT indicates transfection with scrambled non-target gRNA
and KRAB-dCas9 as a negative control. Targeted gene expression fold was shown as mean
of the biological triplicates (n=3, * indicates p<0.05 vs NT) which were normalized to
Fkbplaand Gnbl as housekeeping genes. Each transfection replicate was measured with
technical triplicates of gRT-PCR. Dot represents the mean of technical triplicates in qRT-
PCR.
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Figure2.
Reduced apoptotic phenotype via CRISPRi. CHO apoptosis was induced by ActD 24 hours

after transfection of gRNA in KRAB-dCas9-CHO cells. Another 24 hours after induction,
cells were harvested and analyzed for changes in the apoptotic phenotype. (2) Schematic
illustration of determination of mitochondrial membrane integrity. (b) Mitochondrial
membrane integrity after CRISPRi of apoptotic genes in KRAB-dCas9-CHO cells. The
mixture of three gRNAs for each gene was tested in this study. (c) Schematic illustration of
caspase activity analysis. (d) Caspase activity after CRISPRi of apoptotic genes in KRAB-
dCas9-CHO cells. The best gRNA or the mixture of three gRNAs for Casp3were tested in
this study. NT represents transfection with scrambled non-target gRNA. CCCP represents
carbonyl cyanide m-chlorophenyl hydrazone, a mitochondrial membrane disruptor to fully
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depolarize mitochondria. Each treatment was performed in biological triplicates (n=3, *
indicates £<0.05 vs NT).
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Figure 3.

CRISPRI optimization in CHO cells. (a) Schematic comparison of CRISPRi vectors. NLS,
nuclear localization signal; CMV, cytomegalovirus promoter; Mecp2, gene element that
encodes the transcriptional repression domain of methyl CpG binding protein 2. (b)
Transcriptional repression of Bak, Baxand Casp3via the three CRISPRi systems we tested
was measured by gRT-PCR. We tested the best gRNA (gRNAS3 for Bax, gRNAS3 for Bak,
and gRNAL1 for Casp3) and the mixture of designed gRNAs for each gene. gRNA and
dCas9-repressors were transiently co-transfected and the mRNA samples was harvested 24
hours after transfection. NT represents transfection with scrambled non-target gRNA and
dCas9-KRAB-Mecp2. Targeted gene expression fold change was shown as mean of the
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biological triplicates (n=3, * indicates p<0.05 vs NT, # indicates p<0.05 vs KRAB-dCas9, §
indicates 0£<0.05 vs dCas9-KRAB). Fold change was normalized to Fkbplaand Gnbl as
housekeeping genes. Each biological replicate was measured with technical triplicates of
gRT-PCR. Error bar represents the standard deviation of transfection replicates. (c) The
viable cell density of the groups in (b) was measured by flow cytometry 24 hours after
transfection (n=3, * indicates p<0.05 vs NT, ** indicates p<0.01 vs NT, *** indicates
p<0.001 vs NT, **** indicates p<0.0001).
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