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A Self-restricted CRISPR
System to Reduce Off-
target Effects

To the Editor:

Genome editing technologies, such as
clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-
associated (Cas) systems, are being
widely applied in biomedical research
with the potential of developing novel
therapeutics.”” To date, a variety of viral
systems have been used to deliver CRISPR
reagents, including lentiviruses (LVs), ad-
enoviruses (AdVs), and adeno-associated
viruses (AAVs). Although viral vectors
offer high efficiency of delivery of CRISPR
systems in cultured cells or local tissues

in vivo, long-term constitutive expres-
sion of CRISPRs in cells and tissues for
months or even longer raises the concern
that any potential off-target effects could
be exacerbated. Use of nonintegrating
viral vectors could address this issue, but
the duration of CRISPR expression via
nonintegrating LVs, AdVs, or AAV's could
still last for weeks to months. Delivery of
CRISPRs in the format of Cas9 messen-
ger RNA (mRNA) with guide RNA as
mRNA/single guide RNA (sgRNA) com-
plexes or Cas9 recombinant protein with
guide RNA as ribonucleoproteins (RNPs)
provides potential solutions to reduce
off-target effects.” The use of engineered
nanoparticles for in vivo delivery of

Cas9 mRNA/sgRNA complexes or RNPs
represents an important delivery strategy
for potential therapeutics.* However,

the efficacy of these strategies is largely
constrained by poor in vivo delivery
efficiency, especially for large molecules
such as Cas9 mRNA, the lack of cell/tis-
sue specificity, and the relatively compro-
mised stability of mRNA/sgRNA or RNP
complexes after delivery. To promote the
delivery efficiency and to reduce the dura-
tion of CRISPR expression via viral vector
systems, we report here the development
of a self-restricted CRISPR system that
can be used to shorten Cas9 expression
duration within a lentiviral vector format
to a couple of days. Our approach contrib-
utes to a significant reduction in off-target
effects compared to the standard lenti-
CRISPR system.
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In this study, we re-engineered the
lentiCRISPR v2 plasmid® by inserting a
second guide RNA expression cassette
using a mouse U6 promoter. From this
cassette, a guide RNA targeting Cas9 itself
was co-expressed with the guide RNA that
recognized the target gene. Therefore, we
hypothesized that the Cas9 expression
cassette within the viral vector would be
simultaneously targeted and destroyed
along with the target gene, resulting in

A self-restricted CRISPR system

Human U6 Mouse U6 EFS

promoter promoter promoter
-E?év -
—

— - S

Target gene Cas9
gRNA gRNA
& &
Target gene \. ;E I e

LentiCRISPR v2

amuch reduced expression duration

of Cas9. Thus, we named this modified
CRISPR system a “self-restricted CRISPR
system” (Figure 1a). We first screened for
an efficient guide RNA targeting Cas9 (tar-
geting sequences: GGAAGGACTCTTC-
CAGTCTG + TGG), and in a proof-
of-principle experiment, generated
lentiviruses carrying the CRISPR targeting
the P53 gene (targeting sequences:
AGCACATGACGGAGGTTGTG + AGG)

P53 gRNA P53 gRNA+Cas9 gRNA

2d 4d 6d &d

2d 4d 6d 8 2d 4d 6d &d

a-Flag

—— ———— . — (Cas9)

a-tubulin

Regular lentiCRISPR

’9&
Q

-— e — 4 days

4 days

20 days

8 days

p53 Cas9

Self-restricted lentiCRISPR

+Cas9 gRNA

&
2% S @ 6 L L0
S E LTI

P53 gRNA : AGCACATGACGGAGGTTGTG + AGG

m20: TGCACATGACGGAGGTTGTG
m18: AGGACATGACGGAGGTTGTG
ml16 : AGCAGATGACGGAGGTTGTG
Mismatch- m14 : AGCACARGACGGAGGTTGTG

4 days

containing  m12: AGCACATGTCGGAGGTTGTG
guide m10: AGCACATGACCGAGGTTGTG
sequences m8: AGCACATGACGGTGGTTGTG
m6: AGCACATGACGGAGCTTGTG
m4: AGCACATGACGGAGGTAGTG

20 days

m2: AGCACATGACGGAGGTTGAG

Figure 1 A self-restricted CRISPR system to reduce off-target effects. (a) A schemat-
ic diagram of the self-restricted CRISPR system. LentiCRISPR v2 construct was modified by in-
serting a second guide RNA cassette targeting the Cas9 gene driven by a mouse U6 promoter.
(b) Exogenous Cas9 protein levels in Huh7 cells as determined by western blot using Flag anti-
body. Endogenous tubulin expression was used as an internal control of protein loading. Huh7
cells were transduced with different lentiviruses and harvested at different days post-infection
for analysis. (€) T7E1 assays performed at both the P53 and Cas9 targeting loci with genomic
DNA extracted from Huh7 cells. Cells were transduced with different lentiviruses and harvested
at the indicated days post-transfection. (d) Guide RNAs with single-point mutations were gener-
ated to evaluate the effect of spacer—protospacer mismatch at the P53 gene locus in regular and
self-restricted lentiCRISPR systems. (e) T7E1 assays performed at the P53 targeting locus with
genomic DNA from Huh7 cells transduced with respective lentiviruses carrying various guide
RNAs and harvested at the indicated days post-infection. Primers used in T7E1 assays at the Cas9
targeting locus are: 5'-CGTGATCACCGACGAGTACA -3’ and 5'-AGGTTTCCGAACAGGCCATT-3’;
Primers used in T7E1 assays at the P53 targeting locus are 5'-AGAGACCCCAGTTGCAAACC-3'and
5'-TTCTTTGCTGCCGTCTTCCA-3'. EFS, elongation factor-1a, short form; gRNA, guide RNA; m2,

m4, etc., mismatch-containing guide sequences.
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using both the regular lentiCRISPR and
self-restricted CRISPR systems. A human
hepatoma cell line Huh7 was respectively
transduced with lentiCRISPR v2 viruses
(without guide RNA), lentiCRISPR v2
viruses carrying guide RNA targeting P53
gene (regular lentiCRISPR), and lenti-
CRISPR v2 viruses carrying guide RNAs
targeting both P53 and Cas9 genes (self-
restricted CRISPR). Cells were harvested
at the indicated days post-infection for
subsequent analysis. Western blot analysis
showed that Cas9 protein expression was
significantly reduced in cells modified
with the self-restricted CRISPR system at
as early as day 2 post-infection compared
to the control groups (Figure 1b).

To determine the targeting efficiency
at the P53 gene locus, T7E1 analysis in
Huh7 cells harvested at days 4 and 8
displayed a significant and comparable
genome editing activity at the P53 gene
locus with specific cleavage activity at
the Cas9 gene locus in the self-restricted
CRISPR system (Figure 1c). In fact, we
noticed a slight increase in cleavage activ-
ity at day 8 compared to day 4 at both P53
and Cas9 gene loci. We suspected that
this was a result of residual Cas9 expres-
sion after 4 days in the self-restricted
CRISPR system, even though the signal
was not detected by western blot, possibly
as a result of limited sensitivity.

We next confirmed whether the
reduced off-target effect was a result of
a significantly shortened duration of
the Cas9 protein expression in the self-
restricted CRISPR system. Huh7 cells
were therefore transduced with lentivi-
ruses carrying the respective guide RNAs
and were then collected for analysis at
days 4 and 20 with prolonged expres-
sion of Cas9. We first assessed potential
off-target mutagenesis at 10 sites that are
mostly matched to the P53 on-target site
by genome-wide prediction using the
CRISPR Design Server (http: //crispr.
mit.edu/) (Supplementary Table S1).
We found no evidence of significant oft-
target mutagenesis for either the regular
CRISPR or self-restricted CRISPR sys-
tems with this specific guide RNA within
the limit of detection by the T7E1 assay
(Supplementary Figure S1).

As off-target effects for each guide
RNA vary with the target sequence, we
attempted to investigate whether poten-

Molecular Therapy vol. 24 no. 9 september 2016

tial off-target effects are caused by close
similarity of sequences between on-target
and oft-target sites. We therefore de-
signed 10 guide RNA sequences contain-
ing a single-nucleotide mismatch that
was introduced between the spacer and
protospacer target at the P53 gene locus
with varying distances from 5 to the
protospacer adjacent motif (Figure 1d).
Potential off-target effects using the two
CRISPR systems were then examined at
days 4 and 20 post viral infection. When
using the regular lentiCRISPR system, we
found clear editing activity mediated by
several guide RNAs harboring a single-
nucleotide mismatch at day 4, including
one with a mismatch that was proximal
to the protospacer adjacent motif (m2).
Moreover, almost all guide RNAs with
single-nucleotide mismatches displayed
significant editing activity at day 20,
indicating that single-base mismatches
still contribute to efficient genomic cleav-
age activity of Cas9, at least with these
specific guide RNA sequences. Therefore,
our results showed that prolonged expo-
sure to Cas9 could contribute to signifi-
cant oft-target effects (Figure 1le). On

the other hand, with the self-restricted
CRISPR system, the cleavage activity of
several guide RNAs was clearly reduced
compared to the regular lentiCRISPR
system, especially at day 20, suggesting
that reduced expression duration of Cas9
when using the self-restricted CRISPR
significantly improved the specificity of
genome editing.

In summary, we designed a self-re-
stricted CRISPR system by co-expressing
an additional guide RNA targeting the
Cas9 gene itself. We found that this
system limited the expression dura-
tion of the Cas9 protein to days even in
a genome integrating lentiviral vector,
resulting in a significant reduction in off-
target effects. Viral vectors are commonly
used for delivery of CRISPR materials.
For instance, CRISPRs expressed from
lentiviral vectors have frequently been
used to generate mutant cell lines and
for genome-wide screening. CRISPRs
expressed from AdVs or AAVs have
been used for in vivo genome editing to
develop potential therapeutics.

To address the potential issue that
long-term constitutive expression of
CRISPRs in cells and tissues when using
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viral vectors promotes more severe off-
target effects, researchers have devel-
oped different inducible expression sys-
tems to control Cas9 protein expression,
such as the intein-Cas9 variants that
can be triggered by small molecules,®

as well as the doxycycline-inducible
Cas9 viral vectors.” Indeed, consider-
ably decreased off-target effects without
influence on on-target efficiency have
been observed using these systems, a
finding that could support the working
strategy that Cas9 expression duration
can be manipulated to achieve higher
specificity. However, there is potential
toxicity associated with small molecu-
lar inducers. Moreover, an inducible/
repressible expression system requires
co-expression of additional genes (e.g.,
rtTA), and residual transgene expres-
sion often exists when turned off (re-
ferred to as leakiness). Altogether, these
approaches may complicate the system
and thus limit potential application for
in vivo therapeutics.

In the present study, we demonstrat-
ed that the self-restricted CRISPR sys-
tem enabled us to control off-target ef-
fects while maintaining the advantages
of using viral vectors that permit highly
efficient CRISPR genome editing as
well as the ease of generating CRISPR
constructs based on conventional strat-
egies. Although we have only utilized
the self-restricted CRISPR system in a
lentiviral vector targeting a single gene
in vitro, we anticipate that this system
might also be applied in a genome-wide
gene knockout screening platform, for
instance, using the GeCKO libraries’
to reduce potential off-target effects
that could affect accuracy of the screen.
Moreover, the self-restricted CRISPR
system can also be applied to other
viral vectors including AdVs and AAVs,
and can be used in combination with
currently available strategies to reduce
the off-target effects including the use
of Cas9 nickases,® Cas9-FokI chime-
ric proteins,’ or proper modifications
to residues of the Cas9 protein.'®!
Altogether, our approach could greatly
increase specificity for genome editing
by controlling Cas9 expression, paving
the way for more complexed in vivo
genome editing studies for developing
novel therapeutics.
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SUPPLEMENTARY MATERIAL

Table S1. Mutagenesis analysis at the ten
top genome-wide off-target sites used in this
study.

Figure S1. Top ten genome-wide off-target
sites used in this study.
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