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Targeted genetic engineering before genome editing

Gene targeting Inefficient Genotoxic

Inapplicable to primary human cells = no therapeutic applications

Ruis et al Mol Cell Biol (2008) 28(20):6182-95. Bylund et al. Cytogenet Genome Res (2004) 106 (1): 28–32



Genome Editing: a Whole New World
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Genome Editing: 
From Basic Science to Universal Tool
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Genome Editing: 
Three Decades of Scientific Insight
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Genome Editing B.C. (Before CRISPR): Two Enduring Concepts

2005

2010

An engineered enzyme (“the genome editor”) 
(i) binds a DNA target in a cell in an investigator-specified way and 
(ii) drives an enzymatic reaction that results in genetic change at that 
target.

1 – as all enzymes, genome editors follow biochemical principles that 
can be studied, understood, and that inform their in-cell action

2 – in contrast to enzymes reacting with substrates in a test tubes, 
genome editors act on the genome in its living form. 

The biology of the cell is the prism through which genome editors act.

Urnov et al Nature (2005) 435: 646-651 | Urnov et al Nature Reviews Genetics (2010) 11: 636-646.





Jinek et al Science (2012) 337: 816-821 | Pacesa et al Cell (2022) 185: 4067-4081.



Double Strand Break (DSB) Repair: Two Major Pathways 
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Schematic provided by Dr Lorraine Symington, Columbia University



DSB-driven editing

https://innovativegenomics.org/crisprpedia/



DSB-driven editing
and DSB-R

Nambiar et al. (2022) Molecular Cell 82: 348-388
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Genome editing can produce small, nonrandom deletions and 
insertions at native genes in human cells

2008 (ZFNs):

2013 (Cas9):

Perez et al. (2008) Nature Biotechnology 26: 806-816 | Cho et al (2013) Nature Biotechnology 31: 230-232 | van Overbeek et al (2014) Molecular Cell 56: 333-339 



“Structural basis for Cas9 off-target activity”
“The target DNA specificity of the CRISPR-associated genome editor nuclease Cas9 is determined by 
complementarity to a 20-nucleotide segment in its guide RNA. However, Cas9 can bind and cleave partially 
complementary off-target sequences, which raises safety concerns for its use in clinical applications.”

Pacesa et al Cell (2022) 185: 4067-4081.
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In a test tube:
Cas9 cuts different DNA targets with comparable efficiency

Test tube:

Jinek et al Science (2012) 337: 816-821 | Lazzarotto et al Nature Biotechnology (2022) 38: 1317-1327.



In a cell:
Cas9 cutting efficiency varies dramatically target-to-target

Jinek et al Science (2012) 337: 816-821 | Lazzarotto et al Nature Biotechnology (2022) 38: 1317-1327.



In a cell:
Cas9 cutting specificity varies dramatically gRNA to gRNA

Jinek et al Science (2012) 337: 816-821 | Lazzarotto et al Nature Biotechnology (2022) 38: 1317-1327 | schematic courtesy of Dr Shengdar Tsai, St Jude



The number of DNA targets a given Cas9-gRNA can cut in the naked 
human genome is a small fraction of what it actually cuts in a cell

Jinek et al Science (2012) 337: 816-821 | Lazzarotto et al Nature Biotechnology (2022) 38: 1317-1327 | schematics courtesy of Dr Shengdar Tsai, St Jude



How You Handle the Cells During Genome Editing Provides 
Critical Input to the Outcome

“[In a comparison of] the results from our laboratory experiments 
(where substantial chromosome loss was detected) and our clinical 
trial (where we did not observe chromosome loss above 
background levels), there were multiple technical differences in the 
parameters used for chromosome loss estimation. 
We tried to account for these differences by downsampling the 
CROP-seq screen dataset so that its parameters were similar to 
those of the clinical trial dataset, which was sparser. Even upon 
downsampling, our estimations of chromosome loss in the CROP-
seq screen were comparable to the original complete dataset. 
This supports the conclusion that biological rather than technical 
reasons explain the dramatic difference in chromosome loss 
estimation.”

Tsuchida et al Cell (2023) 186: 4856-4582



Key conclusion
The presence in a human genome of a perfect sequence match, or partial match, to a gRNA spacer 
that Cas9 can carry is of questionable utility in determining the potency or the outcome spectrum of 
genome editing using that Cas9/gRNA in a living human cell.
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Context is critical in determining the outcomes of genome editing in a primary human cell:

• What Cas9 was used? In what form?

• What gRNA?

• What chemical composition of both?

• Targeted to what sequence?

• Delivered how and at what amount of each?

• Into what kind of cells?

• How were the cells handled before and after genome editing?

• What were the functional consequences of editing on the cells in the near- and long-term?
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