Downloaded viaBROAD INST on March 6, 2021 at 21:03:10 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

central
science

http://pubs.acs.org/journal/acscii Research Article

Chemogenetic System Demonstrates That Cas9 Longevity Impacts
Genome Editing Outcomes

Vedagopuram Sreekanth,v Qingxuan Zhou,v Praveen Kokkonda,v Heysol C. Bermudez-Cabrera,
Donghyun Lim, Benjamin K. Law, Benjamin R. Holmes, Santosh K. Chaudhary, Rajaiah Pergu,
Brittany S. Leger, James A. Walker, David K. Gifford, Richard I. Sherwood, and Amit Choudhary*

Cite This: ACS Cent. Sci. 2020, 6, 2228-2237 I: I Read Online

ACCESS | [ihl Metrics & More | Article Recommendations | @ Supporting Information

FKBP12F36v
Cas9

dTAG-47 1 i

[
Proteasomal

degradation

ABSTRACT: Prolonged Cas9 activity can hinder genome engineering as it causes off-target effects, genotoxicity, heterogeneous
genome-editing outcomes, immunogenicity, and mosaicism in embryonic editing—issues which could be addressed by controlling
the longevity of Cas9. Though some temporal controls of Cas9 activity have been developed, only cumbersome systems exist for
modifying the lifetime. Here, we have developed a chemogenetic system that brings Cas9 in proximity to a ubiquitin ligase, enabling
rapid ubiquitination and degradation of Cas9 by the proteasome. Despite the large size of Cas9, we were able to demonstrate
efficient degradation in cells from multiple species. Furthermore, by controlling the Cas9 lifetime, we were able to bias the DNA
repair pathways and the genotypic outcome for both templated and nontemplated genome editing. Finally, we were able to dosably
control the Cas9 activity and specificity to ameliorate the off-target effects. The ability of this system to change the Cas9 lifetime and,
therefore, bias repair pathways and specificity in the desired direction allows precision control of the genome editing outcome.

B INTRODUCTION break and potentially impacts the recruitment of DNA repair

Cas9 is an RNA-guided DNA endonuclease’ that has furnished machinery, controlling Cas9 longle(:)vlilty will allow control over
transformative genome editing technologies, whose precision is th_e nature of genotyPlc outcome. Cas9-induced DSB_S als_o
impacted by the longevity of Cas9.2 Therefore, precisely trigger the pS3-mediated DNA damage response, resulting in

controlling Cas9 longevity will be invaluable for several s.ele'ction again.st_efﬁcient editing and. sele':ctli;’x;g3 fo_r cells with
applications. First, as off-target editing often occurs at a slower 11m1Fed P53 activity that can be t.ur.nongemc. " Fifth, there is
rate compared to on-target editing, terminating the activity of a high Apr‘evalence of a P re—emst‘mg‘ rmmune res&olrése tbat
Cas9 after on-target editing could improve precisiom.3 Second, W?uld limit the thergpeutlc aPphcatlons of (j,as?, *" which
fine-tuning the Cas9 lifetime would ameliorate the genotox- might be_able 'to be mitigated via a short Cas9 llfetl@e. Over'all,
icity, as constitutively active Cas9 can cause unwanted large the m.ultlple llnstances Of. an extended Cas9 lifetime causing
deletions and complex genomic rearrangements in edited cells, gnd‘esuable 51d.e—eﬂects 1nd‘1cate that a controllable - Cas9
which could have pathogenic consequences especially in lifetime would likely propel its therapeutic development.
mitotically active cells.*”” Third, controlling Cas9 longevity
in germline editing can resolve mosaicism that arises from Received: February 2, 2020
persistent and nonuniform Cas9 activity in dividing embryonic Published: November 18, 2020
cells leading to different cells with a different genotype.®”

Fourth, following Cas9-induced double-strand breaks, the

nature of DNA repair pathways determines the editing

outcome. Since Cas9 remains bound to the double-strand
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Figure 1. Demonstration of Cas9 degradation by dTAG-47. (A) Schematic showing the chemogenetic system to control Cas9 longevity using the

small molecule, dTAG-47. Cas9 is fused with multiple (FKBP)125¢V

domains and investigated for dTAG-induced proteasomal degradation. (B)

Dose-dependent and dTAG-47-induced Cas9 degradation in HEK293T cells transiently transfected with NL-FKBP-Cas9. (C) Upper panel:
schematic of eGFP knockout assay to investigate Cas9 activity. Lower panel: eGFP disruption in U20S.eGFP.PEST cells nucleofected with 10 pmol
of ribonucleoprotein (RNP). The matched gRNA and the mismatched gRNA (1—3) were incubated with Cas9 or NL-FKBP-Cas9 to form the
RNP. (D) dTAG-47 dose-dependent degradation of NL-FKBP-Cas9 in U20S.eGFP.PEST cells measured by Cas9 activity in the eGFP disruption
assay. (E) Top panel: schematic of knock-in of HiBiT ssODNs into GAPDH locus in HEK293T CRBN —/— and CRBN +/+ cell lines. GAPDH-
HiBiT fusion protein will form a split NanoLuc protein upon complementation with LgBiT. Bottom panel: dTAG-47 dose-dependent (0, 1, 10,
100, 1000, 3000 nM) decrease in luminescence activity in CRBN +/+ cells but no change in the luminescence levels in the CRBN —/— cells,
indicating that CRBN mediates Cas9 degradation. (F) Upper panel: schematic of eGFP knockout assay in Drosophila’s S2 cells by measuring the
indels using a T7E1 assay to investigate Cas9 activity. Lower panel: dose-dependent decrease in the indel formation due to degradation of NL-

FKBP-Cas9 in S2 cells.

The ideal system to control Cas9 longevity would have
several characteristics. First, it would be functional in multiple
species, as genome editing applications are wide ranging. As
Cas9 is a bacterial protein, its degradation inside other species’
ubiquitin—proteasome systems might not be efficient and must
be tested. Second, this system would effectively degrade a large
protein (>160 kDa) that is often found in a much larger
complex with RNA and DNA. Third, this control system
should be rapid and efficient, meaning that small-molecule
control is preferable to other genetic methods-reduction
techniques such as knockdown, which are slow to take effect.'®
Finally, ideally, the system should be minimalistic, consisting of
just the controller (e.g, small molecule) and Cas9. For
example, there currently exists an auxin-inducible degron
(AID)-fused CRISPR/Cas9 system that can be degraded in the
presence of auxin through the ubiquitin proteasome pathway.
However, AID is a multicomponent system that requires a high
dose of auxin and the coexpression of the SCFTIR1 E3
ubiquitin ligase substrate recognition component and auxiliary
factor TIR1, which make this system cumbersome and
dramatically limit its application.'”

Recently, a two-component system for temporally controlled
protein degradation was developed that artificially induces the
selective degradation of a protein-of-interest via a small
molecule that brings the target protein in proximity to the
E3 ligase."™*° This proximity-induction ubiquitinylates the

protein-of-interest, which is then processed through protea-
some-mediated degradation. Herein, we applied this degrada-
tion tag system (dTAG) to Cas9 by fusing the FKS06-binding
protein (FKBP) 12¢V tag to multiple positions on Cas9
(Figure 1). A heterobifunctional degrader, wherein one end
binds to the FKBP127%V tag and the other binds to an E3
ubiquitin ligase (cereblon, CRBN), can then be used to hijack
the cellular ubiquitin (Ub)—proteasome pathway.”' Benefiting
from event-driven pharmacology”® of such bifunctional
molecules that are often catalytic and rapid, we envisioned
that dTAG could induce FKBP12"¢V-fused Cas9 degradation
rapidly, sustainably, and in cells from multiple species. Using
this technology, we were able to show for the first time how
the Cas9 lifetime impacts the nature of the DNA repair
following double-strand break introduced by Cas9. In the
absence of a DNA repair template, the repair pathway leading
to larger deletions arising from microhomology-mediated end
joining (MMEJ) accumulated with an increase in Cas9
lifetime, while the nonhomologous end joining (NHE])
pathway leads to shorter 1—4 bp deletions predominated at
a shorter Cas9 lifetime. In the presence of DNA repair
template, error-free homology directed repair (HDR)
frequency saturated in a relatively short time period (<24
h), while error-prone NHE]-repair frequency accumulated with
increasing Cas9 editing time. Furthermore, we demonstrated
that Cas9 target specificity is enhanced when the Cas9 lifetime
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is fine-tuned to as short as 3 h. Overall, our system highlights
how strict control over the lifetime of Cas9 allows precision
control of both the genome editing outcome and specificity.

B RESULTS

Synthesis of dTAG-47. The synthesis of dTAG-47
involves a key building block ortho-AP1867 acid 10 (Scheme
S1, Supporting Information). To the best of our knowledge,
synthesis of this key intermediate is not described in the
literature. Following the szr_nthetic route used for the synthesis
of meta-AP1867 acid,”’~"" initial attempts to prepare ortho-
AP1867 acid 10 from the tert-butyl ester of 9a were not
fruitful. We then utilized TMSE (2-(trimethylsilyl)ethyl) ester
as a protecting group to prepare ortho-AP1867 acid 10. The
synthesis of dTAG-47 (Scheme S2, Supporting Information)
commenced with the aldol condensation of 2-hydroxyaceto-
phenone (1) and 3,4-dimethoxy benzaldehyde (2) to furnished
chalcone 3, which was subjected to Adam’s catalyst to furnish
ketone 4 that was alkylated*® using 2-(trimethylsilyl)ethyl 2-
bromoacetate (5)*” to produce TMSE ester 6. The asymmetric
reduction of 6 with (+)-DIP-chloride produced alcohol 7.
Next, we performed esterification of (S)-1-((S)-2-(3,4,5-
trimethoxyphenyl)butanoyl) piperidine-2-carboxylic acid 8°%*
with alcohol 7 to yield ester’” 9 followed by deprotection of
TMSE ester in 9 using TBAF to deliver ortho-AP1867 acid 10.
Finally, the acid 10 and amine®® 11 were coupled using HATU
to afford dTAG-47.>"*°

Dose-Dependent Degradation of Cas9 Using dTAG.
To target Cas9 for ubiquitinylation, we used the bifunctional
degrader dTAG. This small molecule consists of a binder for
FKBP12"¢V domains paired to a binder for the Cereblon E3
ligase (CRBN), thalidomide, for rapid ubiquitination and
degradation of an FKBP12P®-fused Cas9 protein by the
proteasome (Figure 1A). To determine where to fuse the
FKBP12F3V tag on Cas9, we used previous observations that
Cas9 activity was retained when other protein domains were
fused to the N-terminal, C-terminal, or the loop region of
Cas9.”' 7> Therefore, we systematically generated fusions with
various combinations by fusing the FKBP127¢V tag to the N-
terminal, C-terminal, or loop region of Cas9 and identified the
N-terminal and loop fusion (NL-FKBP-Cas9) to vyield
complete degradation in the presence of dTAG while
maintaining wild-type Cas9 activity in the absence of dTAG
(Figures S1-S5).""* We initially tested the degradation
potency of dTAG-13 and dTAG-47 that varied in linker length
and the CRBN-binding ligand and found that dTAG-47 was
more potent in inducing NL-FKBP-Cas9 degradation (Figure
S3). To further evaluate the potency of dTAG-47-induced
Cas9 degradation, HEK293T cells transfected with NL-FKBP-
Cas9 were treated with various concentrations of dTAG-47.
We observed significant degradation at concentrations as low
as 100 nM (Figure 1B) but no degradation of wild-type Cas9
(Figure S4).

We next evaluated the on-target activity and off-target profile
of our engineered NL-FKBP-Cas9 to ensure that it did not
differ from wild-type Cas9 using both matched eGFP-targeting
gRNA and mismatched gRNAs’* in the eGFP disruption assay
in U20S.eGFP.PEST cell line where Cas9-mediated knockout
triggers the loss of eGFP fluorescence. Cas9 ribonucleopro-
teins (RNPs) harboring partially mismatched gRNAs were less
active than Cas9 RNPs harboring perfect matched gRNA. We
found that NL-FKBP-Cas9 retained this on-target activity and
target specificity, suggesting that the activity of NL-FKBP-Cas9
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was comparable to that of wild-type Cas9 (Figure 1C). To
determine if the degradation of Cas9 could be dose controlled
in the context of genome editing, the recombinant NL-FKBP-
Cas9 was incubated with eGFP-targeting gRNA to form the
RNP complex and was then delivered to U20S.eGFP.PEST
cells by nucleofection. By analyzing eGFP positive/negative
cells, we observed that the activity of Cas9 completely vanished
at a dTAG-47 concentration as low as 100 nM (Figure 1D).
To confirm that the E3 ligase CRBN mediated the degradation
of Cas9, we investigated the activity of NL-FKBP-Cas9 in
HEK293T cells containing CRBN —/— null and CRBN +/+
genes using a split luciferase HiBiT assay. HEK293T cells were
transfected with Cas9 plasmid, the gRNA plasmid targeting the
GAPDH locus, and the HiBiT ssODN donor nucleotides, and
then the cells were incubated with different doses of dTAG-47
for 48 h. Cell lysates with HiBiT-tagged GAPDH were
complemented with Large Bit protein (LgBiT), and the
generated luminescence was measured (Figure 1E). We
observed no loss of luminescence signal from CRBN —/—
cells, whereas CRBN +/+ cells yielded a dose-dependent
decrease in the luminescence signal that indicated the CRBN-
mediated degradation of NL-FKBP-Cas9 (Figure 1E). Finally,
since CRBN is conserved across animal and plant species, we
anticipated that our Cas9 degradation system would apply in
Drosophila cells, and we confirmed that the indel formation
induced by NL-FKBP-Cas9 in the eGFP gene was reduced in
the presence of dTAG-47 in Drosophila S2 cells in a dose-
dependent fashion (Figure 1F).

Cas9 Lifetime Changes DNA Repair Outcomes. Cas9
cleaves the genomic target site to produce a double-strand
break, and this can be repaired either with or without an
available template. In the presence of an exogenous DNA
donor, the error-free pathway that is desirable for precise
genome editing is homology-directed repair (HDR).”>™ In
the absence of an exogenous DNA donor, the major repair
pathways include nonhomologous end joining (NHE]) and
microhomology-mediated end joining (MMEJ). NHE] causes
a smaller indel (1—4 nt deletions and insertions), while MME]
causes deletions and insertions of variable sizes, so moderating
the ratio between the two repair pathways is necessary for
achieving the desired outcome.

To examine the effects of the lifetime of Cas9 on Cas9-
mediated repair outcomes, we assessed these repair outcomes
at a set of 48 target sites in a genomically integrated, paired
gRNA and target site library referred to as “Reduced
Library”.*® The library sites, all predicted by inDelphi’*—a
machine learning algorithm to predict genotypic outcome
following Cas9-induced double-strand break—consisted of 16
targets from human disease loci predicted to have precise 1 bp
insertion repair (8 sites) or microhomology (MH) deletion
repair (8 sites), 16 computationally designed sites shown to
have precise 1 bp insertion repair (8 sites) or microhomology
deletion repair (8 sites), and 16 human genomic sites shown to
have balanced repair through multiple repair pathways.”’
Mouse embryonic stem cells (mESCs) stably expressing the
Reduced Library were transfected with a plasmid encoding
NL-FKBP-Cas9 followed by the addition of dTAG-47 at 6, 12,
24, and 48 h after transfection. Genomic DNA (gDNA) was
collected 120 h after transfection. As expected, a longer NL-
FKBP-Cas9 lifetime increased the fraction of Cas9-edited
alleles (Figure S6A,B).

In the absence of an exogenous DNA donor and with
dTAG-47 addition occurring soon after NL-FKBP-Cas9

https://dx.doi.org/10.1021/acscentsci.0c00129
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Figure 2. Cas9 lifetimes impact DNA repair outcomes. (A) Deep-sequencing analysis of non-MH deletions and MH deletions, both raised from the
NHE] pathway. The mESC cell line with stable Reduced Library genomic integration was transfected with NL-FKBP-Cas9 plasmid. Then, 1 uM
dTAG-47 was added at different time points after transfection (0—48 h) before genomic DNA was extracted at 120 h post-transfection. (B) ddPCR
quantification of single-nucleotide exchange at the RBM20 locus in HEK293T cells following templated DNA repair. For this, 400 ng of NL-FKBP-
Cas9 plasmid, 400 ng of RBM20 gRNA plasmid, and 40 pmol of ssODN were transfected to 0.2 X 10° HEK293T cells. dTAG-47 was introduced
0.5, 1,2, 4, 8, 12, 24, and 48 h after transfection, and this was incubated until 72 h post-transfection. Cells were harvested at 72 h post-transfection,
and percentages of HDR and NHE]J in the genomic DNA were analyzed by ddPCR analysis. At 72 h, no dTAG-47 addition occurred. (C)
Luminescence-based quantification of HiBiT knock-in at the GAPDH locus in HEK293T cells following templated DNA repair. For this, 400 ng of
NL-FKBP-Cas9 plasmid, 40 ng of GAPDH gRNA plasmid, and 40 pmol of ssODN were transfected to 0.2 X 10° HEK293T cells. dTAG-47 was
introduced at 0, 0.5, 1, 2, 4, 8, 12, 24, and 48 h after transfection and was incubated until 72 h post-transfection. Cells were lysed at 72 h post-
transfection and complemented with LgBiT protein to measure the luminescence. At 72 h, no dTAG-47 addition occurred.

transfection, non-MH deletions arising presumably from the
NHE] pathway were favored over MH deletions arising
presumably from the MME] pathway. This is consistent with
the idea that the NHE] pathway responds quickly to Cas9-
mediated DSBs. Additionally, MH-deletion products were
rarely observed when Cas9 was degraded at early time points
(6, 12, and 24 h long lifetime), and the relative frequency
increased the longer Cas9 was present (48, 120 h long
lifetime). Thus, the MH deletion repair outcomes require a
longer Cas9 exposure (Figure 2A, Figure S7). In addition to
the changes in the relative frequency of MH deletion outcomes
vs non-MH deletion outcomes, the observed frequency of 1 bp
insertion products increased with prolonged NL-FKBP-Cas9
exposure. Furthermore, for the sites predicted to undergo
precise 1 bp insertions, the 1 bp precision gRNAs produced a
significantly higher frequency of the expected 1 bp insertion
edited products compared to the control and MH deletion
gRNA groups (Figures S6B and S7).

When Cas9 cleaves the genomic target site to produce a
DSB, the common repair pathways can be either error-prone
(i.e., NHEJ and MME]) or precise HDR. To therefore improve
the frequency of HDR, various approaches have been reported,
including using small-molecule inhibitors of NHE],*~*
though such approaches can have severe adverse effects. For
example, inhibiting NHE]J proteins DNA ligase IV or DNA-
PKs can retard growth and cause immune deficiencies and
pancytopenia.** Here, we reasoned that, instead, modulating
Cas9 lifetime will allow us to control the relative levels of HDR
and error-prone editing outcomes. After we transfected
HEK293T cells with the NL-FKBP-Cas9 plasmid and
RBM20-targeting gRNA plasmid along with a single-stranded
oligonucleotide donor (ssODN), dTAG-47 were added at the
indicated time points (30 min and 1, 2, 4, 8, 12, 24, and 48 h
post-transfection). The HDR and error-prone repair frequen-
cies were investigated using the droplet digital PCR (ddPCR)
assay.” The error-prone repair frequency increased with an
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increasing Cas9 lifetime, while HDR frequency saturated at
about 24 h of Cas9 lifetime (Figure 2B).

We further evaluated the modulation of Cas9 lifetime in the
levels of HDR after the knock-in of a long ssODN. After we
transfected HEK293T cells with the NL-FKBP-Cas9 plasmid,
GAPDH-targeting gRNA plasmid, and HiBiT single-stranded
oligonucleotide donor (ssODN), dTAG-47 was added at the
indicated time points (30 min and 1, 2, 4, 8, 12,24, and 48 h
post-transfection). At 72 h post-transfection, cell lysates were
complemented with LgBiT, and the HDR activity was
quantified by HiBiT luminescence. Similar to the ddPCR
results, the HiBiT HDR frequency saturated at about 24 h of
Cas9 lifetime (Figure 2C). Our results suggest that a shortened
Cas9 lifetime offers a higher relative amount of HDR product,
which is favorable for precision genome editing.

Shortened Cas9 Lifetime Enhances On-Target Spe-
cificity. We envisioned that our Cas9 degrader could be
equivalently used as a Cas9 inhibitor. Indeed, we observed a
dose-dependent reduction of both on-target editing and off-
target editing at the EMXI loci, and the targeting specificity for
on-target versus off-target was enhanced (Figure 3A, Figure
S8). We anticipated that a fast degradation of Cas9 would
allow us to titer the optimal Cas9 lifetime to maximize the on-
target editing. At different time points after transfection,
dTAG-47 was added to HEK293T cells transfected with NL-
FKBP-Cas9 and EMXI-targeting gRNA. Genomic DNA was
collected and analyzed after 3 days. We observed an enhanced
on-target versus off-target ratio with a shortened Cas9 lifetime.
Limiting the Cas9 lifetime to within 24 h showed a significant
increase in target specificity compared to wild-type Cas9
(Figure 3B, Figure S9).

B DISCUSSION

In summary, we have developed a system to control Cas9
longevity in multiple species and demonstrated several
applications of this system. We employed dTAG-47 to
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Figure 3. Cas9 lifetime can impact Cas9 targeting specificity. (A) dTAG-47 dose-dependent control of on-target versus off-target activity of NL-
FKBP-Cas9 targeting EMX1. HEK293T cells were transfected with NL-FKBP-Cas9 and treated with dTAG-47 for 72 h before genomic DNA
extraction and analysis of on-target and off-target indel frequencies by next-generation sequencing. Left: EMXI on-target versus off-target site 1.
Right: EMX1 on-target versus off-target site 2. (B) dTAG-47 lifetime-dependent control of on-target versus off-target activity of NL-FKBP-Cas9
targeting EMX1. HEK293T cells transfected with NL-FKBP-Cas9 were treated with 1 yuM dTAG-47 at different time points after transfection (0—
48 h). Genomic DNA was extracted after 72 h, and on-target and off-target indel frequencies were analyzed by next-generation sequencing (NGS).
Left: EMX1 on-target versus off-target site 1. Right: EMXI on-target versus off-target site 2.

generate a small-molecule-controlled Cas9 degradation system
through a fusion with FKBP12"¢", and this system could be
easily extended to other species, such as Drosophila and mouse
(Figures 1F and 2A). Importantly, this system gave us the tools
necessary to study the effect of longevity on the employed
DNA repair pathways, providing the first evidence of exactly
how constitutive Cas9 activity changes which pathway
predominates and therefore also providing insights into how
these repairs can be better controlled through moderating the
lifetime of Cas9. Recent studies suggesting that the presence of
Cas9 can induce DNA damage and activate pS3 and NF-kB
pathways also stress the need for control over the lifetime of
Cag9, 121346

Our Cas9 degradation system uses the cell's own protein
destruction machinery for Cas9 degradation, which has
multiple advantages over inhibition for reducing off-target
effects and immunogenicity in genome editing. For example,
the small-molecule Cas9 degrader is more potent at a lower
concentrations, whereas small-molecule Cas9 inhibitors are
weak inhibitors at best.*”*® In addition, the Cas9 degrader also
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has a kinetic advantage over inhibition in that restoring Cas9
function requires new translation, while an inhibitor constantly
undergoes dissociation from the binding site. This means that
Cas9 inhibition can still have “leaky” Cas9 activity, whereas
degradation of Cas9 will be operated by “event-driven”
pharmacology.*® Finally, our singular system has an advantage
over the previously existing Cas9 degradation system in that it
no longer requires the cumbersome coexpression of degrada-
tion cofactor as with the reported AID system, which can also
be immunogenic.

We were then able to employ our system to test several
hypotheses about Cas9 editing and repair pathways. Previous
Cas9 kinetic studies suggest that the tight binding of Cas9 to
cleaved DNA may prevent repalr machinery onset, resulting in
erroneous and slow repair.'”"" The rapid degradation of the
FKBP.Cas9 fusion affects the nature of repair machinery and
allows us to control the editing outcome in a more precise and
rapid manner (Figure 2A—C). In template-mediated DNA
repair, our system showed that the prolonged Cas9 lifetime
(>1 day) accumulated mainly error-prone NHEJ edits while
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the more precise HDR-mediated editing was limited. Limiting
the Cas9 lifetime to a relatively short-time period (i.e., <24 h)
instead maximized the chances of HDR repair. Additionally,
we investigated whether the lifetime of Cas9 would change on-
target specificity. As expected, we found that the on-target
versus off-target ratio increased when Cas9 lifetime was
shorted. By additionally analyzing template-free DNA repair,
we found that NHE] and MME] repair pathways are also
dependent on the Cas9 lifetime in that NHE] is predominant
at an early stage of Cas9 editing, while MME] repairs
accumulated with a prolonged Cas9 lifetime. It remains to
be determined whether the increase in MH deletion products
with prolonged Cas9 exposure is driven by an increased use of
this pathway upon repetitive cycles of Cas9 cutting and perfect
repair, which is a requirement for prolonged Cas9 binding to
the target site, or preferential employment of MH deletion
repair in G2/M phases of the cell cycle as has been previously
reported, which would require cells to have transited through
these cell-cycle phases with active Cas9."

To conclude, we herein developed a small-molecule-
controlled system to modulate the lifetime of Cas9. This
system could be therapeutically relevant because it is singular,
extendable, and potent, and the duration of Cas9 activity can
be precisely controlled to achieve optimal editing outcomes.
More importantly, this system allows the deep study of the
temporal control of the different repair pathways and also
offers an opportunity to precisely control DNA repair
outcomes in therapeutically relevant scenarios in a more
consistent fashion than currently existing technologies.

B METHODS

dTAG-47 Synthesis. Synthetic procedures and character-
izations of dTAG-47 are included in the Supporting
Information.

Reagents and Plasmids. Lipofectamine 3000 (Life
Technologies) was used as transient transfection agent
following the manufacturer’s protocol. An SF and SE Cell
Line 4D-Nucleofector X kit (Lonza) was used as the
nucleofection agent following the manufacturer’s protocol.
TransIT-LT1 transfection reagent (Mirus Bio) was used for
lentiviral transfection. The plasmid sequence of different
FKBP-Cas9 constructs for either mammalian expression or
bacterial expression is included in the Supporting Information.

Protein Expression and Purification. The pET SUMO
NL-FKBP-Cas9 plasmid was produced by placing the NL-
FKBP-Cas9 coding sequence into a pET SUMO vector to
allow for T7 RNA polymerase-dependent expression of
SpCas9-FKBP with an N-terminal His6-SUMO tag. The
recombinant NL-FKBP-Cas9 was overexpressed in Rosetta
DES3 cells (Novagen) by induction at 37 °C via the addition of
1 mM isopropyl f8-p-1-thiogalactopyranoside (IPTG) followed
by overnight growth at 18 °C. The NL-FKBP-Cas9 was found
in the soluble lysates in the induced culture and was purified by
chromatography on the Ni-NTA column (QIAGEN), Mono S
(GE Healthcare), and HiLoad Superdex 200 16/60 (GE
Healthcare) columns.*

Cell Culture. HEK293FT cells and U20S cells with an
integrated eGFP-PEST fusion gene were cultured in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen)
supplemented with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, 1% penicillin—streptomycin—glutamax at 37 °C in a
5% CO, atmosphere. Drosophila S2 cells were cultured in
Schneider’s Drosophila medium (Gibco) supplemented with
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10% heat-inactivated FBS at room temperature. The mESC
lines were cultured as described previously (Sherwood et al,
2014).°" Cells matched their expected cell type morphology
and were routinely maintained at <90% confluency.

Immunoblotting. HEK293T cells expressing NL-FKBP-
Cas9 constructs were incubated with dTAG-47. Cells were
pelleted by centrifugation at 1000g for 5 min and lysed with
RIPA buffer (10 mM Tris-Cl pH 8.0, 1 mM EDTA, 1% Triton
X-100, 0.1% sodium deoxycholate, 0.1% SDS, 140 mM NaCl)
supplemented with complete protease inhibitor cocktail
(Roche) on ice for 30 min. The total soluble lysate was
collected as the supernatant following centrifugation at 15 000
rpm for 30 min at 4 °C. Protein concentration was determined
by bicinchoninic acid assay (BCA assay; ThermoFisher). 20 ug
of total cell lysates was electrophoresed in 10% SDS-
polyacrylamide gel, transferred onto a PVDF membrane, and
subjected to immunoblotting with a monoclonal antibody
against Cas9 (Abcam) and a monoclonal antibody against /-
actin, vinculin (Sigma-Aldrich, Cell signaling technologies).
Bands were detected with IRDye-labeled infrared secondary
antibody (LI-COR Biosciences) on an Odyssey CLx imager
(LI-COR Biosciences).

eGFP Disruption Assay. For plasmid transfection,
approximately 20 000 U20S.eGFP-PEST cells were nucleo-
fected with 300 ng of Cas9 expression plasmid and 30 ng of
gRNA expression plasmid using an SE Cell line 4D-
Nucleofector X kit (Lonza) following the manufacturer’s
protocol. For RNP transfection, wild-type Cas9 (10 pmol of
Cas9 and 12 pmol of gRNA) and NL-FKBP-Cas9 (15 pmol of
Cas9 and 18 pmol of gRNA) were nucleofected to 2 X 10°
U208S.eGFP.PEST cells. Cells were plated at 14 000 trans-
fected cells per well in 100 4L of DMEM medium in a 96-well
plate (Corning) and incubated for 48 h at 37 °C with the
indicated amount of compound. Cells were fixed in 4%
paraformaldehyde and stained by HCS NuclearMask Blue stain
(Invitrogen). Imaging was performed using an IXM ImageX-
press microscope or Operetta CLS microscope followed by
MetaXpress analysis or Operetta Harmony 4.8 (PerkinElmer)
software.

eGFP Disruption and T7 Endonuclease Assay in S2
Cells. For eGFP disruption in Drosophila S2 cells, approx-
imately 2 X 10° Drosophila S2 cells were nucleofected with 15
pmol of recombinant Cas9, and 18 pmol of eGFP-targeting
gRNA was plated at 2 X 10° cells per well in 1 mL of
Schneider’s Drosophila medium in a 12-well plate (Corning).
Cells were incubated for 48 h at 24 °C with the indicated
amount of compound. Cells were then harvested by
centrifugation, and the genomic DNA was extracted using a
DNeasy Blood and Tissue kit (Qiagen) and was PCR amplified
for the eGFP gene. Indel efficiency was measured by T7EI
assay using T7 endonuclease I (New England Biolabs) as per
the instructions suggested by the supplier. The PCR products
were resolved using a 1% agarose gel containing SYBR gold;
gel images were obtained using an Azure c600, and the band
intensity was quantified with Image]. The percentage of NHE]
was calculated using the following formula: 100 X {1 — [1 — (b
+¢)/(a+ b+ c)]"?}, where a is the intensity of the undigested
PCR product, and b and ¢ are the intensities of the T7E1
cleavage products.

mESC Cell Culture with Reduced-gRNA Library. The
mESC cell line containing the stable Reduced Library genomic
integration was described previously.”" Briefly, approximately
100 000 mESC cells per well were plated in a 6-well plate and
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were selected with 1 yg/mL of puromycin starting 24 h after
transfection and continuing for >1 week. Sequential Cas9
plasmid integration was performed using the Lipofectamine
3000 transfection protocol followed by selection with 10 ug/
mL blasticidin starting 24 h after a 2 day transient transfection.
Next, 1 uM dTAG-47 was introduced at 0, 6, 12, 24, and 48 h
time points after NL-FKBP-Cas9 plasmid transfection. The
genomic DNA was collected at 120 h after transfection.

Reduced Library and HTS Data Analysis. The analysis
for this paper was performed on 81 M raw reads from Illumina
deep sequencing collected following the addition of the small
molecule dTAG-47 at four time points to a CRISPR library
consisting of 48 well-characterized guide sequences. Sequenc-
ing reads were filtered to remove low-quality (Illumina average
quality <28) or unmapped reads and were genotyped. For each
sequencing read representing a CRISPR-Cas9 cutting event,
the cutting genotype was identified and categorized as an
insertion or deletion event, and overall fractions of insertions
and deletions of all lengths were computed for two replicates at
each different time point. The analysis protocol was described
previously.”

Droplet Digital PCR-Based Assay. First, 400 ng of NL-
FKBP-Cas9 plasmid, 400 ng of RBM20 gRNA plasmid, and 40
pmol of single-stranded oligonucleotide donor DNA (ssODN)
were nucleofected to 20000 HEK293T cells. The RBM20
gRNA targeting sequence and ssODN sequence were reported
previously.”” Transfected cells were plated at 10 000 cells per
well in 400 yL of DMEM medium in a 24-well plate (Corning)
and were incubated for 72 h at 37 °C with 1 yM dTAG-47 that
was added at 30 min and 1, 2, 4, 8, 12, 24, and 48 h. After 72 h,
the cells were harvested by centrifugation; the genomic DNA
was extracted using a DNeasy Blood and Tissue kit (Qiagen),
and it was read by droplet digital PCR.”

HiBiT Knock-In Assay. HEK293T cells or HEK293T cells
with CRBN +/+ or CRBN —/— (approximately 2 X 10° cells)
were transfected with 400 ng of NL-FKBP-Cas9, 40 ng of
gRNA, and 40 pmol of HiBiT ssODN using the SF Cell Line
4D-Nucleofector kit (Lonza) following the pulse program of
CM-130. Approximately 15000 cells were seeded in a well in
100 yL of DMEM media in a 96-well plate. Cells were
incubated at 37 °C for 48 (for CRBN —/— and CRBN +/+) or
72 h (HEK293T, time-dependent study), in the presence of
the indicated amount of compound. Next, cell viability was
measured using the PrestoBlue cell viability reagent (Thermo)
with SpectraMax MS and SoftMax Pro 7.0 (Molecular
Devices). Next, HiBiT detection was performed using the
Nano-Glo HiBiT lytic detection system (Promega) according
to the manufacturer’s protocol. The luminescence signal was
recorded by an EnVision Multilabel plate reader with EnVision
Manager 1.13 (PerkinElmer). The resulting luminescence
signals were normalized based on the Prestoblue-based cell
viability.

Next-Generation Sequencing. HEK293T cells (140 000
cells per well in a 24-well plate format) were transiently
transfected with 500 ng of Cas9 plasmid and 250 ng of
EMX1(1) gRNA plasmid in the presence of dTAG-47. In the
dose-dependent Cas9 degradation assay, indicated doses of
dTAG-47 were added from 0 h and incubated until 72 h. In the
time-dependent Cas9 degradation assay, 1 yuM dTAG-47 was
introduced at indicated time points after transfection and
incubated until 72 h. Genomic DNA was extracted 72 h after
transfection using a DNeasy Blood and Tissue kit (Qiagen).
Next-generation sequencing samples were prepared via two-
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step PCR following the protocol reported previously.*”
Amplicon sequences were analyzed by CRISPResso 2.
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