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Chandrasekaran, A.P., et al., 2018. Different methods of delivering CRISPR/Cas9 into cells

Delivery strategies of the CRISPR-Cas9 gene-editing system 

Viral-mediated delivery
(Adenoviruses, AAV, 

Lentiviruses)

Chemical delivery 
(Liposomes, Cationic vectors, 

etc.)

Physical delivery
(Electroporation, 

microinjection, etc.)
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Non-viral delivery
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Liu, C. et al., 2017. Delivery strategies of the CRISPR-Cas9 gene-editing system for therapeutic applications.

Induced transduction 
by osmocytosis and 
propanebetaine



 Identification of known and novel genes essential for viral infection in human cells
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VF approach: Transient CRISPR-Cas9 system expression

Whole-genome sequencing to detect
mutations (rather than statistical estimation

through targeted amplicon sequencing)

HeLa



Gene knockout screens using pooled sgRNA libraries

30,840 pairs of individually synthesized oligos to construct genome-scale sgRNA
library  10,280 human genes targeted  3 sgRNAs per gene

An sgRNA plasmid in a pool of tens of thousands of sgRNAs can still direct Cas9 to 
induce complete KO of a target gene in human cell lines 6

Hprt1:hypoxanthine phosphoribosyl transferase 1
- purine salvage pathway
- converts 6-TG (6-thioguanine) into an active 

compound that can kill cells

6-TG (6-thioguanine)

Sanger sequencing  each resistant colony 
had mutations at sgRNA target



Pooled sgRNA screens for enterovirus EV-D68

ST3GAL4: ST3 Beta-Galactoside 
Alpha-2,3-Sialyltransferase 4

Dropout library
in which the three sgRNAs specific to ST3GAL4 were excluded

component
of oligomeric 

Golgi complex 1

component
of oligomeric 

Golgi complex 5

mannosyl (α-1,6-)-
glycoprotein

Β-1,6-N-acetyl-
glucosaminyltransferase



Hits characterization

COG1 and COG5 play an important role in presenting sialic acid on the cell surface and 
disruption of these genes leads to resistance to EVD68 entry into cells 9

EV-D68 entry into cells is dependent on cell-surface sialic acid 
ST3GAL4 and MGAT5 genes as essential for EV-D68 infection via their role in sialic acid conjugation in the 
Golgi 
 COG1 and COG5 genes associated with sialic acid conjugation?

Flow cytometry
Surface sialic acid presentation

Fluorescein-labeled Maackia amurensis lectin I 
(MALI), which binds selectively to 2,3-linked sialic acid

WT-NA: neuraminidase, which removes sialic acid 
residues from glycoproteins on the cell surface

DAPI
Green: anti-enterovirus D68 VP1 antibody
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Advantages

• Transient transfection of sgRNA and Cas9 plasmids into human cells gives rise to 

high-level expression of these components, resulting in efficient disruption of the 

target genes

• Few days to disrupt genes compared to the 2–3 weeks required by lentiviral sgRNA

Disadvantages

• Cell lines in which transfection with cationic lipids is not efficient  

• Mutation-phenotype reliable link: difficult for genomically unstable cell lines (HEK, 

HeLa, CHO)

• Genes exerting mild phenotypes could be missed due to the stringent selection 

performed in this experiment in comparison with lentivirus-based screening (high 

depth sequencing required)



MERA: Multiplexed Editing Regulatory assay
- High-throughput CRISPR-Cas9-based approach that tiles thousands of
mutations across cis-regulatory regions
- Knock-in GFP reporters to read out gene activity (four embrionic stem cell-
specific genes)
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VF approach: replacing an integrated dummy gRNA with a pooled
library by homologous recombination (electroporation)

 Identification and quantification of the effects of cis-regulatory DNA on gene
expression



Developing the MERA assay

• Crucial to have only one gRNA per cell
• Each of the 4 genes requires a different gRNA library (3,908 gRNAs tiling cis-

regulatory regions)
 Lentiviral library production would be time-consuming and expensive 

• Integration of a single copy of the gRNA expression construct (U6 promoter driving 
expression of a dummy gRNA hairpin) into the ROSA locus of mouse embryonic 
stem cells

• The gRNA library has homology arms to the expression construct
• CRISPR-Cas9 mediated Homologous Recombination to replace the dummy gRNA 

with the library, such that each cells receives a single gRNA (30% efficiency)
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MERA screens identify required regulatory regions

Tdgf1
Teratocarcinoma-Derived 
Growth Factor 1

ZFP42 Zinc Finger Protein
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Hits validation

This robust and straightforward relationship between local genotype and GFP 
expression provides compelling evidence that the local DNA sequence at a 
URE is required for Tdgf1 expression.

gRNAs flanking two regions 
(enhancer and URE) predicted to 
induce GFP loss by the MERA screen

GFPneg contain the deletion genotype

HDR to wt: partial recover of GFP 
expression

HDR to wt: recover of Tdgf1 expression
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Advantages

• Single gRNA integration

• Reduced time, cost and effort compared to lentiviral library production

Disadvantages

• Lower efficiency (30%) compared to lentiviral libraries

• Large number of cells needed

• Not ideal for cells with limited homologous recombination



VF approach: Recombinase-based method (transfection)
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CHO: Chinese Hamster Ovary cells
75,488 gRNAs targeting 15,028 expressed genes

 Negative selection (cell proliferation) and positive selection (improve survivability 
in stress context) screen 



Design of the VF, genome-wide CRISPR pooled screening platform
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Bxb1: mycobacteriophage large serine recombinase

The RMCE-positive cells were then 
further enriched by puromycin selection 
for 14–20 days

Twenty-five days after gRNA RMCE, the 
RMCE cell population was fully enriched



Precise integration of gRNA expression cassette results in lower
clonal variance in cell population and achieves high library coverage
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99.98%

99.95%



Enriching for Cas9-transfected cells results in high gene editing rate
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1. Blasticidin-selected Cas9-transfected CHO cells
2. Cas9-BSD without blasticidin selection (1 or 2 

rounds)
3. Transient transfection of the gRNA into a CHO 

cell line with constitutive Cas9 expression



Genes essential for cell proliferation are identified in the VF CRISPR 
screen
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NGS to measure gRNA depletionNGS to measure gRNA depletion

1,980 genes (significant): essential for 
cell proliferation

Gene set 
enrichment analysis

47%

37%

35% 33% 57%



Genes sensitive to induced ER stress are identified in VF CRISPR screen
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‘‘difficult-to-express“(DTE)/"difficult-to-produce" (DTP) proteins  unfolding  unfolded protein response 
(UPR)  apoptosis

Reducing UPR-mediated ER stress
to improve protein productivity?

ER-stress-inducing 
compound TM to 
simulate a DTE/DTP 
production situation.

gRNAs targeting 77 
genes enriched in 

this
screen 



Validation of candidate genes
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Delta 4-
Desaturase, 
Sphingolipid 1

Cas9-CHO cells with stable Cas9 expression were transfected with 
these two gRNAs, independently. Seven days after transfection, we 
treated the cell pools with TM (20 ng/mL) for an additional 7 days.



Validation of candidate genes
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Bag6 (BCL2-Associated Athanogene)
Zfx (Zinc-Finger Protein X-Linked)

ER-stress marker

VF CRISPR screen can successfully identify candidate genes via gRNA enrichment 
analysis
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Advantages

• Works with CRISPR screen analysis tools

• Single integration in 92.5% of cells decreased bias

• Targeted integration

 decreased clone-to-clone variance compared with random insertion

• Coverage: 99.95% (comparable to lentiviral)

• Stability of the platform no cassette loss

• Higher efficiency than paper #2

Limitations

• Pre-engineer cells to have the RMCE landing pad integrated in the genome

(primary cells, cells difficult to trasfect)
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