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Figure 2.9 AcrllA5 prevents DNA binding and leads to sgRNA cleavage
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(A) Overview of CRISPRi luminescence assay. A constitutively active promoter
controls the lux expression and its transcription is blocked when dSpyCas9
binds, resulting in no luminescence. Anti-CRISPR proteins can inhibit the binding
of dSpyCas9 to the target DNA and restore the transcription and expression of
the lux cassette. (B) The luminescence signal (AU, arbitrary units) is measured
from cells expressing dSpyCas9 targeting the lux promoter in the presence of the
indicated anti-CRISPRs. Data represent the mean and SD of luminescence
measurements for three replicates. (C) Hise-Nme1Cas9 was co-expressed and
co-purified without anti-CRISPR (-), or with AcrlIC1 or AcrllAS. Ribonucleoprotein
complexes were analyzed by SDS-PAGE gel (top) and polyacrylamide/Urea gel
(bottom). (D) A schematic of the Nme1Cas9 sgRNA with the target DNA is
shown. The sgRNA secondary structure is predicted from other Cas9-sgRNA
structures. Arrows indicate the positions of RNA cleavage in the sgRNA bound to
the Nme1Cas9 co-expressed with AcrllAS. The image is representative of at
least three replicates of sequencing using the NEBnext Small RNA kit. (E) A
domain architecture of Nme1Cas9 protein with amino acid substitutions in the
RuvC domain (D16A), the HNH domain (H588A), and the double mutant (dm)
with substitutions in both domains (D16A/H588A). Nme1Cas9 variants were co-
expressed without Acr, or with AcrlIC1 or AcrllA5, and then purified by Ni-NTA
chromatography. Ribonucleoprotein complexes were analyzed by a 15% Tris-
tricine polyacrylamide gel using SDS-PAGE and visualized by stain-free imaging
(top). For sgRNA visualization complexes were resolved on a 12.5%
polyacrylamide/Urea gel and by SYBR™ Gold staining (bottom).



105

2.3 Discussion

CRISPR-Cas systems and anti-CRISPR proteins that inactivate them are in
strong accord with the Red Queen hypothesis, which proposes that bacteria must
evolve new mechanisms to resist invaders while the invaders simultaneously
evolve countermeasures (Labrie et al., 2010). The widespread prevalence,
extreme diversity, and sometimes co-occurrence of CRISPR-Cas systems in
prokaryotic genomes, as well as the adaptive nature of the resulting defenses,
pose a significant challenge to phages and other MGEs. An in vitro evolution
study showed that the only way for phages to escape CRISPR-mediated
extinction is by the expression of an anti-CRISPR gene (van Houte et al., 2016).
Anti-CRISPR proteins provide phages with an effective tactic to inactivate
CRISPR-Cas systems and likely contribute to phage persistence in the face of

host defense mechanisms.

For the first time, we report the existence of the inhibitors of CRISPR interference
in Type Il systems (AcrlIC1-3 families for Nme1Cas9) (Pawluk, Amrani, et al.,
2016). As a continuous exploration to uncover anti-CRISPR proteins, we report
AcrlIC4 and AcrlIC5 that inhibit Nme1Cas9, HpaCas9, and SmuCas9. With time,
our lab and others subsequently found that AcrllC1-3 families of the Type II-C
system inhibit Cas9 with varying potency and specificity by employing unique
mechanisms of actions. Some Type II-C proteins have a narrow spectrum of

inhibition while others demonstrate a broad-spectrum inhibition. Cross-species
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inhibition may be graded depending on the similarity of the Cas9 orthologs. One
prominent example of a broad-spectrum anti-CRISPR is AcrlIC1, which
inactivates multiple Type |I-C Cas9 orthologs (Harrington, Doxzen, et al., 2017).
This is likely because it binds to the highly conserved HNH domain, whereas
other Type II-C Acrs may bind to Cas9 domains that are less conserved. On the
other hand, AcrlIC2 and AcrlIC3 can inhibit only Nme1Cas9 by interfering with
sgRNA loading and DNA binding and cleavage, respectively (Thavalingam et al.,
2019; Zhu et al., 2019). It remains to be tested whether AcrlIC4 and AcrlIC5
prevent DNA binding by precluding initial recognition of the PAM, by interfering
with the R-loop formation and Cas9 structural rearrangement, or a combination of

both.

Anti-CRISPR proteins that can inhibit Cas9s across different subtypes (e.g. Type
lI-A, 1I-B, and II-C) are uncommon. We show that AcrllA5 can inhibit 9 different
Cas9 orthologs of both Type II-A and 1I-C systems, displaying the specificity
broader than that of AcrllIC1yvme and has a unique feature of resulting in sgRNA
truncation. However, based on the heterogeneous population of truncated
sgRNAs that vary in the abundance and identity as well as the presence of a full-
length sgRNA indistinguishable from that bound to Nme1Cas9 in the absence of
AcrllA5, we conclude that sgRNA cleavage alone cannot account for the
inhibitory activity of AcrllA5. Instead, AcrllAS may partially dislodge the sgRNA
from Cas9, leaving it prone to digestion by intracellular RNases. The portion of

the sgRNA that we observed to be digested, stem-loops 1 and 2, are the more
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exposed parts of the sgRNA in the Cas9-sgRNA complex. We speculate that the
sgRNA truncation may be due to a conformational change in Cas9 that alters the
integrity of sgRNAs. It may not necessarily be the inhibitory mechanism per se

but rather results from the interaction between AcrllA5 and Cas9.

Another group reported that AcrllA5 inhibits the RuvC domain of SpyCas9 while
DNA binding is unaffected (G. Song et al., 2019). We and others previously
reported that AcrllA5 hinders DNA binding activity and such discrepancy may
have resulted because the function of AcrllA5 was assessed based on the
indirect measurements by monitoring a reporter gene (Garcia et al., 2019; J. Li et
al., 2018; Nakamura et al., 2019). The expression and stability of heterologous
proteins in tested systems may have also influenced the varying results. For
example, the expression of AcrllA5 has been shown to reduce the reporter gene
expression regardless of matching sgRNAs in a dCas9 binding assay (Marshall
et al., 2018; G. Song et al., 2019). Moreover, we had difficulty purifying AcrllAS in
the active form due to a low expression level of AcrllAS, which has also been
documented by Song et al. (2019). Therefore, the results should be interpreted
with caution. Recently, An et al. reported that a solution structure of AcrllA5 has
an N-terminal intrinsically disordered region (IDR) and performed extensive
truncation and substitution experiments to understand its role in inhibition of
Cas9 (An et al., 2020). Based on their findings, the length of IDR mediates the
interaction between the AcrllA5 and Cas9-sgRNA while the amino acid content of

AcrllIAS dictates the catalytic efficiency of the inhibitory complex (An et al., 2020).
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The conformational plasticity of the IDR may contribute to the broad-spectrum
inhibition of multiple Cas9 effectors. To tie all the pieces together, AcrllAS may
bind to the guide RNA binding region of Cas9 and the N-terminal IDR may
extend toward the RuvC domain to inhibit the nuclease activity of Cas9. A co-
crystal structure may help us better understand the whole picture of the inhibitory

mechanism of AcrllA5 in the future.

Although most studies are in agreement with one another, some discrepancies
are notable as the Acrs may have multiple inhibitory mechanisms and one or the
other may be revealed depending on how the studies are conducted. Extensive
efforts combining different approaches spanning from in vitro biochemical studies
to structural analyses are ongoing to dissect the mechanisms of many anti-

CRISPR proteins that may surprise us with new exciting biology.

Beyond the host-phage arms race, anti-CRISPR proteins also hold immense
potential for biotechnological uses. We demonstrate that the anti-CRISPR
proteins can be used as potent off-switches for mammalian genome engineering
for both Cas9 and dCas9 applications. Many such applications stand to benefit
from increasing the numbers, specificities, and inhibitory mechanisms of anti-
CRISPREs, for instance, through combinatorial control over multiple Cas9/dCas9
proteins. For example, both broad-spectrum (e.g., AcrliC1, AcrllA5) and highly-
specific (e.g., AcrliC3-5) anti-CRISPR proteins could be used to control multiple

Cas9s simultaneously, or specific Cas9s but not others, upstream or downstream
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of target recognition, to achieve maximal flexibility of both genome manipulation
and regulation. Applications of genetically encoded anti-CRISPR inhibitors to
provide a means to spatially, temporally, or conditionally control Cas9 activity are

discussed in the next chapters.
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2.4 Materials and Methods

Bioinformatics searches for anti-CRISPR proteins

Putative anti-CRISPR genes were identified using the guilt-by-association
bioinformatic method. Briefly, BLAST searches were conducted using aca2 and
acad3 as the query and orthologs of aca genes that had a small, uncharacterized

hypothetical ORF immediately upstream were curated manually.

Plasmid vector construction

Appendix Table 1 contains the protein sequences of Cas9 and anti-CRISPR
proteins. Appendix Table 2 summarizes plasmids used in this chapter. Plasmid

maps and sequences are available on Addgene.

Expression vectors for bacterial expression

Nme1Cas9 sgRNA was synthesized by GenScript and cloned into the pMCSG7
expression vector downstream of the Nme1Cas9 ORF. DNA sequences
encoding candidate anti-CRISPR proteins were synthesized by either GenScript

and subcloned into pHAT4 vector or IDT and subcloned into the pMCSG?7 vector.

Expression vectors for mammalian expression

Each Acr ORF was synthesized as a gene block (IDT) and then inserted into the

pCSDest2 vector (Addgene). The resulting plasmids placed the Acr-encoding
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genes under the control of the CMV-IE94 promoter. Cas9 expression vectors,
also pCSDest2 under CMV-IE94 promoter, were identical in all respects except
for the respective Cas9 ORFs. Similarly, plasmids for the expression of sgRNAs
in pLKO.1 vectors for each Cas9 ortholog were also identical in all respects

except for the sgRNA sequences themselves.

Vectors for fluorescence microscopy

pHAGE-TO-DEST dSpyCas9-(mCherry)s and dNme1Cas9-(sfGFP)3z plasmids
(Ma et al., 2015) were purchased from Addgene and used directly for no-sgRNA
control experiments. All-in-one versions that also included the sgRNA-expressing
cassette for targeting telomeric repeats were made by inserting the U6
promoter/sg-telomere cassette into its cognate dCas9 plasmid via Gibson
assembly (NEB). To make the Acr plasmids, we amplified a mTagBFP2 cassette
and incorporated it into pCSDest2 with ACR ORFs by Gibson assembly. To

generate the control, simply Acr OF was removed and re-ligated.

Purification of recombinant proteins

6xHis-tagged recombinant proteins were expressed in E. coli BL21 (DE3). Cells
were grown in either LB or TB medium at 37 °C to an optical density (ODeoo nm).
Protein expression was induced by the addition of 1 mM IPTG for 16 hr at 16 °C.
Cells were lysed by sonication in 50 mM Tris pH 7.5, 500 mM NaCl, 20 mM

imidazole, 0.5 mM DTT and 5% glycerol supplemented with 0.5 mM PMSF,
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lysozyme and protease inhibitor cocktail (Sigma). Clarified lysates were bound in
batch to Ni-NTA agarose (Qiagen), and the bound protein was eluted with 300
mM imidazole. After elution from Ni-NTA resin, anti-CRISPR proteins were
dialyzed in 10 mM Tris pH 7.5, 250mM NaCl, and 5mM b-mercaptoethanol and
incubated with His-tagged Tobacco Etch Virus (TEV) protease overnight at 4°C.
The second round of Ni-NTA purification was used to isolate successfully
cleaved, untagged anti-CRISPRs by collecting the unbound fraction. Cas9s were
further purified using cation exchange chromatography using a Sepharose
HiTrap column (GE Life Sciences). Size exclusion chromatography was used to
purify Nme1Cas9 further in 20 mM HEPES-KOH (pH 7.5), 300 mM KCI and 1 mM

TCEP.

In vitro DNA cleavage

sgRNA was generated by in vitro T7 transcription (Epicentre). Cas9 was
incubated with purified, recombinant anti-CRISPR protein in cleavage buffer [20
mM HEPES-KOH (pH 7.5), 150 mM KCI, 10% glycerol, 1 mM DTT, and 10 mM
MgClI2] for 10 min. Next, sgRNA was added and the mixture was incubated for
another 15 min. For target DNA, a plasmid containing the protospacer was
linearized by enzyme digestion or amplified by PCR. The reactions were
incubated at 37°C for 30-60 min, treated with proteinase K, and visualized after

electrophoresis in a 1% agarose/1xTAE gel.

Mammalian genome editing
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Transient transfection

Plasmids for mammalian expression of Cas9s, their respective sgRNAs, and the
anti-CRISPR proteins were transiently transfected in approximately 1.5 x 10°
mid-passage HEK293T cells [cultured at 37 °C, 5% CO in DMEM (Gibco) + 10%
FBS(Sigma) + 1% Penicillin/Streptomycin (Sigma)] in a 24-well plate using
PolyFect (Qiagen). The total amount of DNA was equal in all transfections (e.g.,
for the no-sgRNA controls, the sgRNA-expressing plasmids were replaced with
the same mass of an irrelevant plasmid). 72 hr after transfection, cells were
harvested and gDNA was extracted with the DNeasy Blood and Tissue kit
(Qiagen) and then was used for PCR amplification [High Fidelity 2X PCR Master
Mix (NEB)] with primers flanking the targeted site. PCR products were heat-
denatured, re-annealed, and digested with T7 Endonuclease | (NEB). The
samples were visualized in a 2.5% agarose/1xTAE gel and quantified with the
ImageMaster-TotalLab program. Indel percentages (“% lesion” in the figures)
were calculated as previously described (Guschin et al., 2010). Alternatively,
indel frequencies were estimated by Sanger sequencing followed by TIDE
(Brinkman et al., 2014) or the Next-generation sequencing followed by analysis

with custom scripts.

Ribonucleoprotein Delivery

RNP delivery of Nme1Cas9 was performed using a Neon electroporation system

following the manufacturer’s instructions (ThermoFisher). Briefly, ina 10 pl
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reaction volume, 15 pmol of Nme1Cas9 and 150 pmol of anti-CRISPR protein
were mixed in buffer R and incubated at room temperature for 20 min. Then,

20 pmol of T7 in vitro-transcribed sgRNA was added to the Cas9-Acr complex
and incubated at room temperature for 30 min. Approximately 50,000 to 100,000
cells were mixed with the RNP-Acr-sgRNA complex, electroporated (Neon
nucleofection system), and then plated in 24-well plates. After gDNA collection,
PCR amplification of the target sites, and column purification, PCR products were
sent for Sanger sequencing (Genewiz), and trace files (ab1 files) were analyzed

using TIDE (Brinkman et al., 2014).

Targeted deep sequencing analysis

We used a two-step PCR amplification approach to produce DNA fragments for

each on-target and off-target site. In the first step, we used locus-specific primers

bearing universal overhangs with ends complementary to the TruSeq adaptor

sequences. DNA was amplified with High Fidelity 2x PCR Master Mix (NEB)

using appropriate annealing temperatures for the on-target (NTS1C) and off-

target (NTS1C-OT1) sites. In the second step, the purified PCR pool was

amplified with a universal forward primer and an indexed reverse primer to
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reconstitute the TruSeq adaptors. Full-size products (~250bp in length) were

extracted using AMPure beads (Beckman Coulter). The purified library was deep

sequenced using a paired-end 150bp MiSeq run. High-throughput sequencing

data are available at the NCBI Sequence Read Archive (accession no.

PRJNA505886)

Fluorescence microscopy

U20S cells were cultured at 37 °C (5% CO32) in DMEM (Gibco) supplemented
with 10% FBS (Sigma) and 1% Pen/Strep (Sigma). For imaging, cells were
grown on 170 ym, 35 x 10mm glass-bottom dishes (Eppendorf). Cells were co-
transfected with all-in-one plasmids. sgRNA-expressing plasmids, and anti-
CRISPR/mTagBFP2 plasmid using PolyFect (Qiagen). The additional sgRNA-
only plasmid was included because we found the levels of sgRNAs expressed
from the all-in-one plasmid alone to be sub-saturating. For the no-sgRNA control
experiments, the additional sgRNA-only plasmids were excluded, and the sgRNA
cassette was also excluded from the cognate dCas9-expressing plasmid. After
24 hr of incubation, live cells were imaged with a Leica DMi8 microscope
equipped with a Hamamatsu camera (C11440-22CU), a 63x oil objective lens,
and Microsystems software (LASX). Further imaging processing was done with

Fiji-lmaged. For the blinded experiments to score cells with telomeric foci, each
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condition was coded by one experimenter and then scored by another who did
not know which set of cells were from which condition. Only cells that exhibited
mTagBFP2 and sfGFP fluorescence, as well as dSpyCas9-(mCherry)s telomeric
foci, were assessed for the presence or absence of co-localizing dNme1Cas9-
(sfGFP)3 telomeric foci, and all such imaged cells were included in the

quantifications.

PAM determination assay

A library of a protospacer with randomized PAM sequences was generated using
overlapping PCRs, with the forward primer containing the 10-nt randomized
sequence flanking the protospacer. The library was subjected to in vitro cleavage
by purified recombinant HpaCas9 or SmuCas9 proteins as well as in vitro-
transcribed sgRNAs. The segment of a gel where the cleavage products were
expected to be was purified and subjected to library preparation as described
previously (Z. Zhang et al., 2012). The library was sequenced using the lllumina

NextSeq500 sequencing platform and analyzed with custom scripts.

Electrophoretic mobility shift assay (EMSA)

Nme1Cas9 (1 uM) was incubated with 1 yM sgRNA in 1x binding buffer (20 mM
Tris-HCI [pH 7.5], 150 mM KCI, 2mM EDTA, 1 mM DTT, 5% glycerol, 50 pg/ml
heparin, 0.01% Tween 20, 100 pg/ml BSA) for 20 min at room temperature to

form the RNP complex. Acrs were added to a final concentration of 10 uM and
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incubated for an additional 20 min. Finally, the FAM-tagged NTS4B protospacer
oligonucleotide was added to the mixture and incubated at 37°C for 1 hr. The
mixture was loaded onto a native 6% acrylamide gel, and the FAM-tagged DNA

was visualized using a Typhoon imager.

SgRNA EMSA

Nme1Cas9 (1.5 yM) and anti-CRISPR (20 uM) proteins were preincubated in 1x
binding buffer for 10 min, and then sgRNA (0.15 uM) was added to the reaction
mixture for an additional 10 min. The complexes were resolved on a 6%
polyacrylamide native gel, stained by SYBR Gold (ThermoFisher), and visualized

with a Typhoon imager.

Fluorescence polarization assay

Preformed RNP complex of Nme1Cas9 and sgRNA was added to 1x binding
buffer (20 mM Tris-HCI [pH 7.5], 150 mM KCI, 5 mM EDTA, 5 mM MgCI2, 1 mM
DTT, 5% [vol/vol] glycerol, 50 pg/ml heparin, 0.01% Tween 20, and 100 pg/mi
BSA) and incubated for 30 min followed by the addition of 10 uM Acrs. This
mixture was incubated for 30 min followed by the addition of an 8 nM FAM-
tagged NTS4B protospacer (34 bp containing only 8-bp PAM duplex). After an
incubation of 30 min the polarization measurements were made on Victor3
multilabel plate counters (Perkin Elmer). To calculate fraction-bound values, data
were normalized by setting the lowest anisotropy to 0 and highest to 1. The curve

fitting was performed in GraphPad Prism using the following equation:
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Y =
2 x [DNA|

In vivo phage Mu plaguing assays

E. coliBB101 cells were co-transformed with plasmids expressing Cas9-sgRNA
combinations targeting phage Mu and a pCDF-1b plasmid expressing the
different anti-CRISPR proteins. Cells containing both plasmids were sub-cultured
in LB supplemented with chloramphenicol and streptomycin and grown for 2 hr,
at which point anti-CRISPR expression was induced with 0.01mM IPTG for 3 hr.
Cells were then mixed with soft LB-agar and top-plated on LB supplemented with
both antibiotics and 200 ng/mL aTc, 0.2% arabinose, and 10 mM MgSOQ. Serial
dilutions of phage Mu were spotted on top and the plates were incubated

overnight at 37°C. Experiments were performed in triplicate.

dSpyCas9 binding luminescence assay

A plasmid in which the J23119 artificial promoter drives constitutive expression
of the luxCDABE operon from Photorhabdus luminescens (Winson et al., 1998)
was targeted by dSpyCas9 with its crRNA, which was cloned into the Bsal site of
the pCRISPathBrick plasmid (Cress et al., 2015). The target DNA plasmid was
co-transformed into E. coli BL21 cells with pCM-str, a pCDF-1b plasmid
expressing the anti-CRISPR proteins and a protospacer targeting the J23119

promoter. Cells containing the three plasmids were grown in LB supplemented
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with kanamycin, chloramphenicol and streptomycin until they reached ODgoo nm
of 0.6. The cultures were then diluted to an ODeoo of 0.1 in LB containing 200
ng/mL aTc, 0.2% arabinose and 0.01 mM IPTG, and 100 pl was dispensed into a
96-well plate. The plate was incubated with shaking at 37°C using a Synergy H1
reader controlled by Gen5 2.09 software (BioTek Instruments Inc.), and the

ODesoo and luminescence was monitored for 24 hr.

Co-expression and co-purification of Nme1Cas-/sgRNA and anti-CRISPR

E. coli BB101 cells were co-transformed with 6x-His-tagged Nme1Cas9-sgRNA
in pMCSGY7 or 6x-His-tagged SpyCas9-sgRNA in pMCSG7 and a pCDF-1b
vector encoding untagged anti-CRISPR protein. Cells were grown in LB at 37°C
to an ODeoo of 0.8. Protein expression was induced by the addition of TmM IPTG,
and the cells were incubated for an additional 3 hr at 37°C. Cells were collected
by centrifugation, resuspended in binding buffer [50 mM Tris-HCI (pH 7.5), 200
mM NaCl, 5% glycerol, 20 mM imidazole], and lysed by sonication. Clarified
lysates were incubated with Ni-NTA agarose (Qiagen) for 30 min at 4°C, washed
with binding buffer supplemented with 30 mM imidazole, and bound protein was
eluted with binding buffer supplemented with 300 mM imidazole. The purified
ribonucleoprotein complexes were analyzed by SDS-PAGE using a 15% Tris-
Tricine gel, and the proteins were visualized using Coomassie stain. The co-
purifying sgRNA was examined using a denaturing 12.5% polyacrylamide/Urea

gel and visualized by SYBR™ Gold (ThermoFisher Scientific) staining.
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RNA cloning and sequencing

sgRNAs bound to affinity-purified Nme1Cas9 in the presence or absence of
AcrllA5 or in the presence of AcrllC1 were electrophoresed on a denaturing
12.5% polyacrylamide/Urea gel and visualized by SYBR™ Gold (ThermoFisher
Scientific) staining. Bands corresponding to full-length sgRNAs were excised for
each sample and bands with higher mobility than the full-length sgRNAs were
excised from the sample of Nme1Cas9 purified from the cells grown in the
presence of AcrllA5. The gel slices were soaked in 250 yL of DNA Gel Elution
Buffer (NEB) supplemented with 1:100 SUPERase- In RNase Inhibitor
(ThermoFisher Scientific) and rotated overnight at 4°C. The eluate was filtered
through a Nanosep® MF 0.45 ym column (Pall Laboratory, ODM45C35). RNA
was ethanol precipitated and reconstituted in ultrapure water. Libraries were
prepared with the NEBNext Small RNA Library Prep Set for lllumina (NEB)
following the protocol provided by the manufacturer. The resulting DNA library
was visualized using 8% PAGE and bands corresponding to the sgRNA
fragments were excised. DNA was eluted from the excised bands by rotating
overnight in the DNA Gel Elution buffer at room temperature. The eluate was
filtered through a Nanosep® MF 0.45 ym column and the DNA was ethanol
precipitated and resuspended in ultrapure water. DNA fragments were then
ligated to the TOPO Blunt vector (ThermoFisher Scientific), DNA was purified
from single colonies, and inserts were sequenced using the M13F or M13R

primers.
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Chapter 3 Applications of anti-CRISPR proteins for genome engineering

3.1 Introduction

Although RNA-programmable CRISPR-Cas9 genome engineering has
revolutionized biological research and promises to do so for clinical applications,
limitations and safety issues remain (Doudna, 2020). The discovery of anti-
CRISPR proteins provides the opportunity to exploit their ability to inhibit Cas9
and to address some of the limitations of Cas9 genome engineering (Marino et
al., 2020). In this chapter, | describe a method of improving HDR efficiency and
controlling various genome editors using anti-CRISPR proteins to demonstrate

the broader utility of Acrs in genome engineering applications.
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3.1.1 Precise gene editing using HDR is inefficient

One of the limitations of the Cas9 genome editing is the inefficiency of precise
DNA insertions, deletions, or substitutions by HDR due to the competing NHEJ
repair pathway (Jasin & Rothstein, 2013). To achieve a precise integration of the
target DNA efficiently, various approaches have been used to promote HDR,
inhibit NHEJ, or both (M. Liu et al., 2018; Yeh et al., 2019). One of the drawbacks
of such approaches is that they directly interfere with the cellular DNA repair
machinery, possibly jeopardizing the cell’s ability to repair endogenous DNA
breaks in the genome. Studies of DSB repair pathways in eukaryotic cells
support that the repair pathway choice is largely dependent on the cell-cycle
phase: HDR is active in late S/G2 phases and suppressed in other cell cycle

phases whereas NHEJ is active in all cycle phases (Hustedt & Durocher, 2016).

Suppressing the NHEJ or enhancing the activity of HDR by gene knockdown,
small molecules (Chu et al., 2015; Maruyama et al., 2015; Pinder et al., 2015;
Robert et al., 2015; J. Song et al., 2016; Srivastava et al., 2012; Yu et al., 2015),
or engineered proteins (Canny et al., 2018; M. Charpentier et al., 2018; Nambiar
et al., 2019) can improve the efficiency of HDR (Yeh et al., 2019). To increase
the effectiveness of HDR by using the cell-cycle dependence of repair pathway

choice, different chemical inhibitors have been used to synchronize the cell cycle.

They function to arrest the cells in G2 and/or M phase and narrow down the

timing of Cas9 editing (S. Lin et al., 2014; D. Yang et al., 2016). Although this
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cell-cycle synchronization strategy improves HDR efficiency, it will be difficult to
implement in animals and humans. An alternate approach to enhance the HDR
efficiency is an endogenous regulation to control Cas9 activity by restricting the
Cas9 editing to S/G2 phases and inhibiting Cas9 in the G1 phase by anti-

CRISPR proteins.

To this end, we adopted the FUCCI (Fluorescence Ubiquitin Cell Cycle Indicator)
system developed originally by Sakaue-Sawano et al. (2008) for degron-
mediated proteolysis of Cas9 and anti-CRISPR proteins. The FUCCI technology
takes advantage of two components of the DNA replication control system: the
licensing factor Cdt1 and its inhibitor Geminin (Sakaue-Sawano et al., 2008;
Zielke & Edgar, 2015). Cdt1 and Geminin protein abundance oscillate during the
cell cycle: Geminin levels are high during S/G2 phase, but low in M/G1 phase
while Cdt1 protein peaks in the G1 phase (with a steep decline in the S phase)
(Arias & Walter, 2007). This reciprocal expression of Geminin and Cdt1 is
mediated by E3 ubiquitin ligases APC/CCdh1 and SCFSkp2, respectively. In the
FUCCI system, degron sequences derived from Geminin (hGems.110) and Cdt1
(hCdt130-120) are fused to fluorescent proteins to monitor the cell cycle
progression (Sakaue-Sawano et al., 2008; Zielke & Edgar, 2015). We
repurposed this system so that the degrons are transferred to Cas9 and anti-
CRISPR proteins to improve HDR efficiency by restricting Cas9 editing to S/G2
phases and preventing the editing in other phases using anti-CRISPRs. The

degrons will promote the degradation of each protein in the respective cell cycle
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phases: Cas9 with M/G1-specific hGem1.110 degron will be degraded in the M/G1
phase and Acr with S/G2-specific hCdt130-120 degron will be degraded in the S/G2
to permit Cas9 editing and HDR. This approach will be described in more detail

in the section 3.2.1.
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3.1.2 Enhancing target specificity often requires engineering nucleases

Another challenge of using CRISPR-Cas9 is a safety concern over off-target
gene editing. For instance, studies have shown that high expression of Cas9s
leads to a prolonged activity and increased off-target cleavages (Cameron et al.,
2017; Hsu et al., 2013; S. Kim et al., 2014) and limiting Cas9 concentration may
help reduce off-target activity (Cameron et al., 2017; Hsu et al., 2013; S. Kim et
al., 2014). Unlike traditional gene editors such as ZFNs or TALENSs, which are
designer nucleases that have been optimized for highly specific DNA targeting
via protein engineering, CRISPR systems, though easily programmable, are
often prone to off-target editing. Various methods have been developed to
improve the specificity by modifying either guide RNA scaffolds or nucleases

themselves (D. Kim et al., 2019).

One interesting protein engineering approach is to combine the CRISPR
nuclease with a programmable DNA binding domain (pDBD; such as ZFNs or
another Cas9 ortholog) to ensure enhanced specificity while retaining the robust
on-target activity (Bolukbasi et al., 2015, 2018). In this platform, Cas9 has
reduced binding affinity to the target DNA due to the mutations introduced in the
residues involved in PAM recognition. A PAM-attenuated SpyCas9 (SpyCas9V™)
fused to a pDBD enables SpyCas9 binding to be dependent on the pDBDs
(Bolukbasi et al., 2015). The first step is mediated by pDBD recognition of a

sequence downstream of the PAM. The increased local concentration of
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SpyCas9MT upon pDBD binding facilitates the recognition of the PAM and
unwinding of the target DNA (R-loop formation) and subsequent DNA cleavage
based on the sufficient complementarity between the sgRNA and the target site.
These additional licensing steps, therefore, restrict editing by the Cas9 nuclease
to the intended on-target site while suppressing off-target editing. ZFNs,
TALENS, or orthogonal dCas9s can serve as the pDBD (Bolukbasi et al., 2015,
2018). The biggest advantage of using a pDBD is the enhancement of target
binding and near elimination of off-target activity of Cas9. Although Nme1Cas9 is
intrinsically hyper-accurate, an extra layer of accuracy can help eliminate even a
low risk of off-target activities where precision is paramount as is in gene therapy
applications. For this reason, we previously developed a Nme1Cas9-pDBD
platform based on the SpyCas9 system (Amrani et al., in preparation). In section
3.2.2, we show that the inhibition of Nme1Cas9 by anti-CRISPRs proteins can be
also extended to the chimera Nme1Cas9-pDBD, validating that these anti-
CRISPR proteins can be used as potent off-switches for a large fusion protein in

genome engineering applications.



127

3.2 Results

3.2.1 Anti-CRISPRs with cell-cycle-dependent degrons improve HDR

In eukaryotes, DSB repair pathway choice is largely dependent on the cell cycle:
HDR is active only in S/G2 phases whereas NHEJ is active throughout the cell
cycle (Hustedt & Durocher, 2016) (Figure 3.1A). To enhance the efficiency of
HDR with minimal perturbations in cells, we took advantage of the cell-cycle
dependence of DSB repair pathway choice and degron-mediated proteolysis
(Figure 3.1B). One of the proteins that oscillates during the cell cycle is Geminin,
an inhibitor of a replication licensing factor, Cdt1. Geminin is a direct substrate of
the anaphase-promoting complex (APC)/Cdh1, a protein-ubiquitin ligase that is
active in late M/G1 phases and promotes degradation of target substrates by
ubiquitination (Arias & Walter, 2007). Previously, SpyCas9 was fused to the first
110 amino acids of Geminin containing a destruction box motif, designated as a
human Geminin degron (hGem1.110) (Gutschner et al., 2016). This increased the
HDR efficiency by promoting degradation of SpyCas9 in the G1 phase when
HDR is not active; however, the effects were modest (<2-fold), probably due to
residual SpyCas9 activity from the incomplete degradation (Gutschner et al.,
2016). Cas9 editing in the G1 phase may result in indels if DSBs are repaired by
NHEJ and can reduce the number of available sites that can be targeted for HDR
(Figure 3.1B). To further restrict Cas9 editing to S/G2 phases by preventing its

activity in G1 phase, we used anti-CRISPR proteins to inactivate Cas9 in the G1
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phase, but permit editing in the S/G2 phases by fusing Acr to a degron from the
licensing factor, Cdt1. 30-120 aa of human Cdt1 (hCdt13o-120) is targeted for
ubiquitination and degradation by Skp, Cullin, F-box containing complex
(SCF)/Skp2 in S/G2 phases (Zielke & Edgar, 2015). We hypothesized that
restricting the activity of Cas9 strictly to the S/G2 phases will enhance HDR

efficiency.
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Figure 3.1 Cell-cycle dependence of DSB repair pathways. (A) Left: Cell-
cycle dependent DSB repair: NHEJ (blue) and HDR (red). Right: Cas9 editing
window can be tailored to mirror HDR activity throughout the cell cycle. While
SpyCas9-hGem is degraded in the M/G1 phase, AcrllA5-hCdt1 is degraded in
the S/G2 phase when HDR activity is high. The activity of protein-ubiquitin
proteases APC/Cdh1 and SCF/Skp2 that mediate cell-cycle progression is
responsible for cell-cycle-dependent degradation of hGem and hCdt1 fused
proteins, respectively. (B) A schematic of how Cas9 and anti-CRISPR degron

fusion proteins would help increase the HDR:NHEJ ratio throughout the cell
cycle.
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Engineering AcrllA5-hCdt1 for cell-cycle-dependent inhibition of Cas9

Since SpyCas9-hGem construct is already validated and available to test our
hypothesis using Type IlI-A anti-CRISPR proteins, we chose to engineer AcrllAS
for cell-cycle dependent degradation (Figure 3.2A). AcrllA5 can work not only
against SpyCas9 but also other types of Cas9 that are commonly used in
genome editing, therefore maximizing its utility. Although Acrs are generally small
and do not require an NLS for efficient nuclear import, we added an NLS on the
C-terminus of Acr as well as a FLAG epitope tag, followed by hCdt1 degron

sequences.

To estimate the efficiency of HDR and NHEJ, we took advantage of the TLR-
MCV1.0 cell line, a modified traffic-light reporter (TLR) system (Certo et al., 2011;
lyer, Mir, et al., 2019) (Figure 3.2B). Briefly, a TLR locus consists of a broken
eGFP cassette interrupted by an artificial fragment of target sites for different Cas
effector proteins and an out-of-frame mCherry ORF downstream of the eGFP
and a self-cleaving peptide T2A. Providing Cas9 and sgRNA targeting the broken
eGFP will result in indels that can be repaired by either NHEJ or HDR if the
eGFP donor is supplied. Therefore, a DSB will result in eGFP fluorescence if
repaired by HDR, or mCherry if repaired by NHEJ (Figure 3.2B) (Certo et al.,
2011; lyer, Mir, et al., 2019; Mir, Alterman, et al., 2018). This system allows us to
easily evaluate the efficiencies of each repair outcome based on the green or red

fluorescence by flow cytometry.
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We generated a stable HEK293T cell line expressing the TLR system as well as
AcrllA5-hCdt1 (Figure 3.2B). Then SpyCas9 or SpyCas-hGem plasmids were
transiently transfected in these cell lines along with donor templates. We tested
the effect of different exogenous eGFP DNA donor types: a plasmid donor, a

linear dsDNA, or a TEG-modified dsDNA (Figure 3.2C).

A plasmid dsDNA donor was used as a template to generate a linear dsDNA and
a TEG donor by PCR amplification. For TEG donors, custom primers with the &’
end modification were used for PCR. The TEG donor consists of 2'OMe-
RNA::TEG at both 5 ends of the DNA donor. The &' addition of either TEG or
2'0OMe-RNA has been shown to dramatically improve HDR potency and these
modifications retain its high potency across dsDNA, ssDNA, and ssODN donors

(Ghanta et al., 2018).

Next, we tested combinations of the following: 1) TLR cell line or mTLR-AcrlIAS-
hCdt1 cell line, 2) SpyCas9 or SpyCas9-hGem, and 3) plasmid, linear, or TEG
donor. We then used flow cytometry to score the efficiencies of HDR (GFP+) and
NHEJ (mCherry+) in the total cell population to determine the absolute and

relative HDR efficiencies (Figure 3.2D).
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Figure 3.2 Experimental overview of testing Cas9 and anti-CRISPR proteins
with cell-cycle-dependent degrons. (A) Schematic of plasmids constructs.
NLS, nuclear localization signal; HA, Hemagglutinin tag; FLAG, Flag epitope tag.
(B) Generation of a stable cell line by a lentiviral transduction of a variation of a
traffic-light reporter (TLR) system from Certo et al. (2011). Resulting HEK239T-
MTLR2.0 expresses AcrllA5-hCdt1 (mTLR-AcrllA5-hCdt1). (C) Schematic
representation of donor types tested in the current study. TEG donor, dsDNA
donor with 2’'0OMe-RNA:: TEG moieties covalently attached to 5’ ends of each
DNA strand and PNA::NLS is annealed to the RNA overhangs. Linear dsDNA
donor is produced by PCR amplification of the circular dsDNA plasmid donor. (D)
The workflow of transfecting the stable cell lines with plasmids expressing
SpyCas9 variants and sgRNA targeting the TLR locus and analyzing cells by flow
cytometry.
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A combination of AcrllA5-hCdt1 and TEG donor improve HDR:NHEJ ratio

To evaluate the effect of SpyCas-hGem in our system, the TLR reporter cell line
was transiently transfected with either SpyCas9 or SpyCas9-hGem along its
sgRNA targeting the TLR locus. A TLR cell line expressing AcrllA5-hCdt1
(mTLR-AcrllA5-hCdt1) was also tested with SpyCas9 and SpyCas9-hGem to
determine if we can observe the effect of AcrllA5-hCdt1 alone and additive or
synergistic effects from the combination of two degron systems for Cas9 and
anti-CRISPR proteins. AcrllA5 in the stable TLR cell line decreased (~50%
reduction) the editing efficiencies (mCherry) compared to that of the TLR cell line
without the AcrllA5 (Figure 3.3A). The overall editing efficiencies may be
decreased due to the incomplete degradation of AcrllIAS-hCdt1in S/G2 phases
that still may inhibit Cas9 editing. To better visualize the relative efficiency of
HDR occurrences and the inhibition of NHEJ by AcrllA5-hCdt1, we calculated the
ratio of GFP positive cells to mCherry positive cells (HDR:NHEJ) (Figure 3.3B).
We observed increased events of HDR compared to NHEJ in the following order:
SpyCas9 = SpyCas9-hGem < SpyCas9 + AcrllA5-hCdt1 = SpyCas9-hGem +
AcrllA5-hCdt1. We anticipated either synergistic or additive effects from
combining both SpyCas9-hGem and AcrllA5-hCdt1, however, we could not
detect any improvement from SpyCas9-hGem alone, to begin with. Therefore, we
observed a maximum of ~3-fold improvement of HDR:NHEJ ratio primarily due to

the AcrllA5-hCdt1 contribution.



